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Kapitel 1

Einleitung

atopo(, aus dem sich das Wort “Atom” ableitet, bedeutete urspriinglich das Unteil-
bare. Die Vorstellung, dafl die Materie aus fundamentalen, nicht weiter teilbaren Bau-
steinen besteht, geht auf den griechischen Naturphilosophen Demokrit zuriick. Eine
der grofften Errungenschaften der Physik dieses nun zu Ende gehenden Jahrhunderts
ist die Erkenntnis, dafl Atome nicht elementar sind, sondern eine komplexe Struktur
besitzen.

Am Ende des ersten Drittels dieses Jahrhunderts war bekannt, dafl sich die Kréfte
zwischen den Materiebestandteilen in vier Wechselwirkungskategorien einordnen las-
sen, namlich die gravitative, die starke, die elektromagnetische und die schwache Wech-
selwirkung, wobei die beiden letzteren vor ungefdhr 25 Jahren in der Theorie der elek-
troschwachen Wechselwirkung vereinheitlicht werden konnten.

Da bisher — aus Griinden, die weiter unten erldutert werden — die Prognosekraft
der Theorie der starken Wechselwirkung bei niedrigen Energien gering ist, erhofft man
sich, aus Experimenten zur Suche nach neuen Resonanzzustédnden neue Informationen
iiber die bisher unverstandenen Aspekte der starken Wechselwirkung zu gewinnen. Im
Rahmen dieser Arbeit wird in Kapitel 2 iiber die Suche nach einem aus 6 Quarks
aufgebauten Resonanzzustand berichtet. Die konventionellen Aspekte der dabei unter-
suchten Reaktionen werden in Kapitel 4 diskutiert.

Die vereinheitlichte Theorie der elektroschwachen Wechselwirkung und starken Wech-
selwirkung, das sogenannte Standardmodell der Elementarteilchenphysik, ist, obwohl
es mit sehr groflem Erfolg alle bisher bekannten Aspekte dieser Wechselwirkungen
beschreiben kann, aufgrund seiner groflen Zahl an freien Parametern unbefriedigend.
Vielerorts werden deshalb Experimente zur Suche nach Phénomenen durchgefiihrt, die
nicht im Standardmodell beschrieben werden konnen. In Kapitel 3 werden Experimen-
te zur Suche nach exotischen 7- und p-Zerfillen in Teilchen, die im Standardmodell
nicht bekannt sind, beschrieben.

Eine Ubersicht der Experimente gibt Tabelle 1.1, wobei iiber die Experimente,
die unter Federfithrung der Arbeitsgruppe “Mittelenergiephysik mit hadronischen Pro-
ben” des Physikalischen Instituts Tiibingen durchgefiihrt wurden (grau unterlegt),
ausfiihrlich berichtet wird. Die untersuchten physikalischen Fragestellungen sind in Ta-
belle 1.2 zusammengefafit. In Tabelle 1.3 sind die Kollaborationen aufgefiihrt, in deren
Rahmen und mit deren Hilfe die hier vorgestellten Experimente durchgefiihrt werden
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2 Kapitel 1. Einleitung

konnten bzw. werden. Der Anhang dieser Schrift enthélt ausgewahlte Veroffentlichungen,
auf denen die hier vorgestellte Arbeit basiert.

1.1 Die Entwicklung einer Theorie der starken Wech-
selwirkung

Innerhalb der letzten 25 Jahre hat sich die Quantenchromodynamik (QCD) als die
Theorie der starken Wechselwirkung etabliert. Ausgehend von der Entdeckung der Ver-
einheitlichung von Strangeness mit Isospin im Rahmen der Symmetrie-Gruppe SU(3)
in den frithen 60er Jahren, entstand die Hypothese, dafl alle Baryonen und Mesonen aus
Quarks aufgebaut sind [1, 2]. Diese Hypothese wurde bestétigt durch die Entdeckung
des Q~ [3]. Allerdings schien die Kombination von drei der Fermi-Dirac-Statistik un-
terliegenden strange-Quarks im 2~ das Pauli-Prinzip zu verletzen. Ein entscheidender
Schritt zur Losung dieses Problems auf dem Weg zur Formulierung der QCD war nun
die Einfiihrung eines neuen Freiheitsgrads, der sogenannten Farbladung und assoziiert
dazu die Einfiihrung der neuen Symmetrie-Gruppe SU(3). [4].

Im letzten Drittel dieses Jahrhunderts schliellich wurde die Theorie fiir die Be-
schreibung der Dynamik der Prozesse der starken Wechselwirkung ausgearbeitet und
die QCD damit in ihre endgiiltige Form gebracht. Die Grundlage dieser Entwicklungen
basiert auf der Einfithrung nicht-abelscher Eichtheorien [5, 6] und dem Nachweis deren
Renormierbarkeit [7]. Die Kraftfelder der QCD, deren Eichgruppe die oben erwihnte
SU(3). ist, bestehen aus einem Oktett masseloser Vektorfelder, deren Quanten Gluonen
genannt werden. Wichtige Eigenschaften der QCD sind deren asymptotische Freiheit
[8] und deren Farbeinschlufl oder Confinement [9, 10, 11]. Eindrucksvolle Bestatigungen
der QCD folgten im Jahre 1974 durch die Entdeckung neutraler schwacher Strome [12]
und die Erkldrung ihrer Unterdriickung aufgrund der Existenz eines vierten, charm
genannten Quarks [13], sowie durch die Entdeckung des J/¢(1S)-Mesons [14, 15]. Die
nun erreichte Konsistenz der QCD fiihrte dazu, daf sie als das Standardmodell der
starken Wechselwirkung anerkannt wurde. Komplettiert wurde es durch den Nachweis
eines fiinften (bottom) [16] und sechsten (top) [17, 18] Quarks am FNAL.

1.2 QCD bei niedrigen Energien

Obwohl die Gleichungen der QCD bekannt sind [59], sind sie bisher nicht exakt l6sbar,
und es gibt noch viele Aspekte der starken Wechselwirkung, die nicht verstanden sind,
insbesondere was den nicht-perturbativen Bereich bei niedrigen Energien anbelangt.
Diese Liicken im Versténdnis behindern ungemein die Anwendung der Theorie in Kern-
und Mittelenergiephysik. Die Ursachen dieser Verstédndnisprobleme liegen im Verhal-
ten der Kopplungskonstante der starken Wechselwirkung ag, dem Farbeinschluf3 oder
Confinement und der chiralen Symmetriebrechung.

Aufgrund der asymptotischen Freiheit der QCD erwies sich bei hohen Energien ein
perturbativer Ansatz zur Losung der Gleichungen und Beschreibung der experimen-

1Fermi National Accelerator Laboratory, Batavia, IL



| Labor/Beschleuniger

| Strahl

| Target

| Detektor

| Reaktion

| Wechselwirkung

| Referenzen |

Fixed Target Experimente
Baryon Induzierte Reaktionen

TSL Uppsala, CELSIUS p, 0.72 — 0.77 GeV Ho cluster gas jet PROMICE/WASA | pp — pprtn— stark [19, 20]
p, 0.65 — 0.77 GeV pp — NN77 stark [21]
p, 0.40 GeV pp — drt stark [22, 23, 24]
p, 0.40 GeV pp — pnmt stark [22, 23]
p, 0.31 GeV pp — ppr’ stark [25]
p, 1.3, 1.35 GeV PP — PPN stark [26]
p, 0.31 GeV PP — PPY stark, el.-mag. [27]
p, 0.20, 0.31 GeV PP — PPYY stark, el.-mag. [28]
p, 0.32 GeV Ds cluster gas jet pn — pnm stark [21]
p, 1.30 GeV pn — dn stark [29]
p, 1.30 GeV pn — pnn stark [30]
p, 0.93 — 1.10 GeV pd — pdn stark [31]
p, 0.93 — 1.10 GeV pd — 2Hen stark [31]
p, 1.04 GeV pd — ppn stark [21]
d, 0.44 — 0.56 GeV Hs cluster gas jet dp — dN~« stark [32, 21]
FZ Jiilich, COSY p, 1.73, 1.97 GeV H- fiissig COSY-TOF pp — pKTA stark, schwach [33]
p, 0.29 GeV PP — PPY stark, el.-mag. [34]
p, 0.69 — 0.73 GeV Ho cluster gas jet COSY-11 pp — ppm T stark [35]
Meson Induzierte Reaktionen
PSI Villigen 7T:E, 30 — 90 MeV H- fliissig LEPS TP — TP stark [36]
P TP — Tp stark [37]
12¢ (7, ) stark [38, 39]
Qi (v, 77) stark [40]
2e stark [41, 42]
60 stark [43]
ESS) stark [44]
40Ca stark [43]
56Fe stark [45, 46]
93Nb stark [47]
1A IS0, stark (48]
TRIUMF Vancouver w, 65 — 120 MeV SHe fliissig CHAOS (=, mT) stark [49, 50, 51]
mt, 50 — 130 MeV 4He fliissig (v, 77) stark [52, 53, 51]
| Photon Induzierte Reaktionen |
[ IKP Mainz, MAMI | 7,130 - 300 MeV [ D fliissig | TAPS [ 2H(y, %) | el.-mag. | [54, 55] |
PSI Villigen %, 65 MeV 7 Zerfall im Fluge LEPS T — ux schwach [56]
ut, 16 MeV w Zerfall HPGe ut —etx schwach [57]

Collider Experimente

ron

FNAL Batavia, Tevat- ‘ pD, /5 =1.8 TeV

‘DO

‘ pp — anything

stark, elektroschwach ‘ [58] ‘

Tabelle 1.1: Ubersicht der Experimente, an denen der Autor dieser Arbeit beteiligt ist oder war.
Ezxperimente wird in dieser Arbeit berichtet.

Uber die grau unterlegten

USLSIOUS UOSLIPOIU 190G ([N C'T
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Kapitel 1. Einleitung

Suche nach Teilchen/Zusténden diesseits des Standardmodells

d’ Dibaryon
“Dubna” Dibaryon

DCX, ?H(y, n°), pp — ppr @~
PP — PPYY

Suche nach Teilchen jenseits des Standardmodells

“Karmion”

T — px, u — eX

Konventionelle Aspekte

Reaktionsmechanismen: z.B. Meson Austausch-
Strome, A und weitere Resonanz-Anregungen,
Off-Shell Verhalten der NN Wechselwirkung

xPT

7NN Kopplungskonstante
Isospin Verletzung

o Term, ss Inhalt des Nukleons

DCX,
7, n und Strangeness Produktion,
pp Bremsstrahlung

7p und 7p Streuung, 2H(vy, 7°),
hadronische m Produktion

7p und 7p Streuung
7p und 7p Streuung

mp und 7P Streuung, pp — pKTA

Strangeness Produktion pp — pKTA

nd quasigebundener Zustand pn — dn
Trineutron 3He(r~, 7" )nnn
Protonen-Halo in "B DCX an 7Li
Kern-Spektroskopie: DCX an 60

0" Zustand bei 2.1 MeV in Ne

Matrixelemente,
128,130,

relevant fiir BB Zerfall von | DCX an 128139Te

Trennung von quasifreier und kohiirenter 7°- | 2H(vy, n°)
Photoproduktion

Tabelle 1.2: Physikalische Fragestellungen, untersucht mit den in der rechten Spalte
aufgelisteten Reaktionen.

tellen Daten als sehr erfolgreich [60]. Da es sich bei der QCD um eine nicht-abelsche
Eichtheorie handelt, tragen auch die Austauschteilchen, die Gluonen die Farbladung.
Dies fiihrt zu einer logarithmischen Abnahme der Kopplungskonstante ag mit zuneh-
mendem Quadrat des Impulsiibertrags [61]. Bei niedrigen Impulsiibertragen jedoch
wird oy grof3, so daf kein perturbativer Ansatz und damit in den meisten Féllen keine
Losung der QCD mehr moglich ist.

Die Ursache des Confinements liegt in der Kraft zwischen nicht-neutralen, farb-
geladenen Teilchen, die nicht mit dem Abstand zwischen ihnen abnimmt. Es miifite
eine unendlich grofle Energie aufgewandt werden, um die Teilchen zu trennen. Deshalb
kommen in der Natur nur farbneutrale Objekte wie Baryonen und Mesonen und even-
tuell Gluebélle, Hybride, Tetraquarks (qqqq-Systeme), Pentaquarks (qqqqg-Systeme),
Dibaryonen, und andere exotische Konfigurationen vor. Einzelne Quarks und Gluonen
wurden aufgrund ihrer Farbladung noch nie isoliert gefunden [59].

Ein zweites wichtiges nichtperturbatives Phénomen der QCD ist deren spontane
chirale Symmetriebrechung xySB. Unter der idealisierten Annahme masseloser Quarks
ist der Hamiltonian der QCD invariant unter chiralen SU(2)y, x SU(2)g Transformatio-
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Kollaborationen

A2/TAPS GSI Darmstadt, ITEP Moskau, Univ. Gieflen, Univ. Glasgow, Univ. Mainz,
Univ. Tiibingen

CELSIUS/WASA | Budker Institute of Nuclear Physics Novosibirsk, FZ Jiilich, INS Lédz, ITEP
Moskau, JINR Dubna, INS Warschau, KEK Tsukuba, TSL Uppsala, TU
Warschau, RCNP Osaka, Univ. Tiibingen, Univ. Uppsala, Univ. Warschau

CHAOS California State Univ. Sacramento, Hebrew Univ. Jerusalem, INFN Trieste,
INR Moskau, ITEP Moskau, Kurchatov Institut Moskau, TRIUMF Vancou-
ver, Univ. British Columbia Vancouver, Univ. Karlsruhe, Univ. Melbourne,
Univ. Regina, Univ. Trieste, Univ. Tiibingen

COSY-11 Atomic Energy Authority Kairo, FZ Jiilich, INP Krakau, Univ. Erlangen,
Univ. Krakau, Univ. Miinster, Univ. Tiibingen

COSY-TOF Atomic Energy Authority Kairo, FZ Jiilich, FZ Rossendorf, IUCF Bloo-
mington, TU Dresden, Univ. Bochum, Univ. Erlangen, Univ. Tiibingen

LEPS FZ Karlsruhe, PSI, Univ. Karlsruhe, Univ. Tiibingen

MUEX Univ. Edinburgh, Univ. Tiibingen

PROMICE/WASA | FZ Jiilich, INS Lédz, ITEP Moskau, JINR Dubna, INS Warschau, TSL
Uppsala, Univ. Tiibingen, Univ. Uppsala, Univ. Warschau

Tabelle 1.3: Die in dieser Arbeit wvorgestellten Fxperimente konnen aufgrund ih-
rer Komplexitdt nur im Rahmen von internationalen Kollaborationen durchgefiihrt
werden. Die beteiligten Arbeitsgruppen sind hier aufgefiihrt. Die Triibinger
Mittelenergiephysik-Arbeitsgruppe ist nicht stindiges Mitglied der A2/TAPS- und
COSY-11-Kollaborationen. Die Mitgliedschaft an diesen Kollaborationen erstreckt sich
nur auf die in dieser Arbeit beschriebenen, gemeinsam durchgefiihrten Ezrperimente.

nen, d.h. es gibt keine spontanen Uberginge zwischen den links- und rechtshindigen
Quarks. In der QCD gibt es eine starke Attraktion zwischen linkshéndigen Quarks und
rechtshindigen Antiquarks (bzw. zwischen rechtshindigen Quarks und linkshéndigen
Antiquarks). Diese Attraktion ist so stark, dafl Energie durch die Erzeugung von qq-
Paaren gewonnen werden kann. Deshalb enhilt das QCD-Vakuum ein Kondensat oder
einen See von qq-Paaren.

xSB und Confinement bestimmen die Struktur der Hadronen und ihrer angeregten
Zustéande sowie die Wechselwirkungen zwischen ihnen. Es ist deshalb von fundamenta-
lem Interesse, stark wechselwirkende Systeme im nichtperturbativen Bereich der QCD
zu untersuchen.

1.3 Exotische, stark wechselwirkende Zustéinde

Eine der wichtigsten Konsequenzen der QCD ist die Moglichkeit der Existenz von neuen
gebundenen Zustdnden und Resonanzen, die sich nicht im Bild der konventionellen Me-
sonen (qq-Zustinde), Baryonen (qqq) und Kerne beschreiben lassen. Zu den moglichen
neuen Zusténden gehoren Gluebélle (gg und ggg), Hybride (qqg), Pentaquarks (qqqqq)
und Dibaryonen (6q).
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1.3.1 Hexaquarks, Pentaquarks und Tetraquarks

Das Spektrum der beobachteten Hadronen 148t sich als Multiplett von Zustdnden aus
zwei und drei Quarks beschreiben. Die Massenunterschiede der Hadronen kénnen durch
die effektiven Quark-Massen und die farb-magnetische Wechselwirkung im Hamiltonian
der QCD erklédrt werden. Theoretische Rechnungen sagen die Existenz von Teilchen mit
mehr als drei Quarks vorher (zusétzlich zum bisher einzig sicher bekannten Dibaryon-
Zustand, dem Deuteron). So wurde von Jaffe [62] bereits vor mehr als 20 Jahren die
Existenz des H-Dibaryons H = |uuddss) vorhergesagt. Seither wurden umfangreiche
experimentelle Untersuchungen mit dem Ziel, das H-Dibaryon zu entdecken, durch-
gefiihrt [63, 64], bisher jedoch erfolglos. Weitere frithe Dibaryon-Vorhersagen wurden
in den Arbeiten von Mulders et al. [65, 66] verdffentlicht. Obgleich danach Serien von
Experimenten zur Dibaryon-Suche initiiert wurden (siehe z. Bsp. [67, 68, 69, 70, 71],
konnten bis jetzt keine eindeutigen Hinweise fiir ihre Existenz gefunden werden.

Der Grofiteil dieser Experimente war der Suche nach solchen Dibaryonen gewidmet,
die an die NN- oder NA-Kanéle ankoppeln. Allerdings sollten die Zerfallsbreiten dieser
Zusténde grof3 sein, im Vergleich zu den Breiten normaler Baryonresonanzen, die im
Bereich von 100 MeV bis 200 MeV liegen. Die Existenz derartiger Dibaryon-Resonanzen
ist im Experiment extrem schwierig nachzuweisen und deshalb eine mogliche Erklarung
fiir die bisher fehlgeschlagenen Suchen.

Fiir Dibaryonen, die von den NN- oder NA-Kanilen entkoppelt sind, ist die Situa-
tion vollig verschieden. Diese Resonanzen haben fiir Isospin I=0 die Quantenzahlen
JF¥ = 0%, 07, 27, 4 etc. und koppeln nur an die YNN- und 7NN-Kanile. In der
Tat sind solche Zusténde schon friih vorhergesagt worden [65, 66, 72], insbesondere
auch solche, deren Masse nur wenig oberhalb der 7NN-Schwelle liegt, und damit sehr
schmale Zerfallsbreiten in der Groflenordung von MeV aufweisen sollten. Experimentell
ist eine schmale Zerfallsbreite zum einen natiirlich von Vorteil, um ein mogliches Si-
gnal der Dibaryon-Resonanz vom Untergrund unterscheiden zu konnen. Zum anderen
bedeutet aber eine schmale Zerfallsbreite auch kleine Produktions- und Formations-
Wirkungsquerschnitte.

Im Jahre 1992 konnten in der pionischen doppelten Ladungsaustauschreaktion erste
Anzeichen der Formation einer schmalen Dibaryon-Resonanz mit Namen d’ gefunden
werden [46]. Im Rahmen dieser Arbeit wird die Suche nach d’ im pionischen doppelten
Ladungsaustausch und in anderen Reaktionen beschrieben. Gemeinsame Eigenschaft
aller DCX-Daten von leichten bis mittelschweren Kernen ist die universelle Struktur in
der Energieanregungsfunktion mit einem stark ausgepréagten Maximum bei ca. 50 MeV.
Diese Struktur war bisher nicht mit Hilfe der verschiedenen DCX-Reaktionsmodelle
erkldarbar. Es konnte ein Modell entwickelt werden, das die beobachteten Eigenschaften
der DCX-Reaktion bei niedrigen Energien fiir alle weltweit vorhandenen Datenpunkte
beschreiben kann. Dieses Modell [73] basiert auf der Annahme einer schmalen Resonanz
im mNN-System, der d’-Resonanz. Die Quantenzahlen sind J% = 0~, Isospin I=gerade,
Masse my =~ 2.06 GeV und Breite I'yy ~ 0.5 MeV.

Zusténde aus vier Quarks und einem Antiquark, sogenannte Pentaquarks, sollten
auch existieren konnen. Lipkin [74] und Gignoux et al. [75] haben ein Duplett von
Zustéinden P2, = |csuud) und Pz = |csddu) vorhergesagt, nach denen auch intensiv
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gesucht wird [76]. Ein weiteres Pentaquark ist der Z*-Zustand, der im Rahmen von
Rechnungen im Chiralen-Solitonen-Modell kiirzlich vorhergesagt wurde [77, 78].

Bisherige Untersuchungen der isoskalaren und isovektoriellen Resonanzen f,(980)
und ao(980) fithren zu verschiedenen Interpretationen. Die Zustédnde werden gedeutet
entweder als herkémmliche qq-Zustdnde innerhalb des skalaren Nonetts von Meso-
nen oder als Tetraquarks, die sich als Zwei-Quark Zwei-Antiquark Zustdnde oder als
mogliche KK-Molekiile manifestieren (siehe z. Bsp. [79, 80]).

1.3.2 Gluebille und Hybride

Die Mesonen-Spektroskopie hat in den letzten Jahren zu ersten Hinweise auf die Exi-
stenz von Gluebéllen und Hybriden gefiihrt (fiir Ubersichtsartikel siche z. Bsp. [81,
82]). Aus der Proton-Antiproton Annihilation in drei pseudoscalare Mesonen konnten
drei Zustinde mit den Quantenzahlen J7 ¢ — 0t identifiziert werden. Einer dieser
Zustande, namlich fy(1500) gilt zur Zeit als der sicherste Kandidat fiir einen Glueball.

Konventionelle Mesonen koénnen aufgrund der Eigenschaften der Quarks nicht alle
Quantenzahlkombinationen J¥¢ annehmen. Ausgeschlossen sind z. Bsp. die Kombina-
tionen JF¢ = 0~ oder 1~ . Der Nachweis von Zustinden mit solchen Quantenzahlen
deutet auf die Entdeckung exotischer Mesonen, auch Hybride genannt, hin. Vor kurz-
em wurden erste Hinweise eines solchen Mesonen im np-System am CERN? und BNL?
gefunden [83, 84].

1.4 Suche nach Physik jenseits des Standardmo-
dells

Die vereinheitlichte Theorie der Quantenelektrodynamik (QED) und der Quantenchro-
modynamik (QCD) wird im Standardmodell der Elementarteilchenphysik zusammen-
gefat. Das Standardmodell, in dessen Rahmen bisher mit groflem Erfolg alle Aspek-
te der elektroschwachen und starken Wechselwirkungen beschrieben werden konnten,
weist zahlreiche empirische Parameter auf. Diese Parameter sind die Massen der
Quarks und geladenen Leptonen, die Kopplungskonstanten der Wechselwirkungen, die
vier Koeffizienten der Cabbibo-Kobayashi-Maskawa Matrix (die die schwache Transfor-
mation eines Quarkflavors in einen anderen beschreibt), die Masse des W-Bosons und
die Masse des Higgs-Bosons. Das Standardmodell liefert keine Hinweise auf die Wer-
te dieser Parameter, obwohl die meisten Physiker nicht annehmen, dafl sie willkiirlich
sind. Daher werden Experimente zur Suche nach Physik jenseits des Standardmodell
durchgefiihrt, mit dem Ziel, eine grundlegendere Theorie mit weniger freien Parametern
zu entwickeln.
Die Experimente dazu lassen sich grob in drei Kategorien einordnen:

1. Experimente zur Erzeugung neuer Teilchen an Beschleunigern hochster Energie;

2European Laboratory for Particle Physics, Genf
3Brookhaven National Laboratory, Upton, NY
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2. Experimente zur Suche nach seltenen Zerfallsprozessen oder Oszillationen be-
kannter Teilchen, die an Beschleunigern erzeugt werden und

3. Experimente, die nicht an Beschleunigern durchgefiihrt werden.

Vor kurzem wurden in einem Experiment der dritten Kategorie starke Hinweise auf
Physik jenseits des Standardmodells entdeckt [85, 86]. Die Super-Kamiokande Kol-
laboration untersucht die Wechselwirkung von atmosphérischen Neutrinos in einem
mit 50 kTonnen Wasser gefiillten Detektor. Dabei konnte die Kollaboration ein Defizit
von Muon-Neutrinos in Abhéngigkeit des Zenit-Winkels nachweisen. Diese Beobach-
tung kann nur unter der Annahme von Neutrino-Oszillationen erkliart werden, d.h. die
Masse der Neutrinos mufl von Null verschieden sein.

Auch die KARMEN-Kollaboration sah in ihren Daten einen unerwarteten Effekt,
der zur Hypothese der Beobachtung eines im Standardmodell nicht bekannten Teilchens
gefithrt hat. Die Kollaboration untersucht in einem Experiment der zweiten Kategorie
neutrinoinduzierte Kernreaktionen an der ISIS-Spallationsquelle des Rutherford Ap-
pleton Labs. Dabei fand die Kollaboration im Jahre 1995 zum erstenmal Hinweise
auf Abweichungen im Zeitspektrum der im KARMEN-Detektor gemessenen Ereignisse
(siche Kapitel 3). Mogliche Erkérungen dieser Abweichungen sind die Beobachtung
eines neuen, massiven, neutralen, schwach-wechselwirkenden Teilchens, das entweder
in seltenen Pion- oder Muon-Zerfallsprozessen erzeugt wird. Diese Hypothese kann
durch Untersuchung dieser seltenen Zerfallsprozesse einem Test unterzogen werden.
Im Rahmen dieser Arbeit wurden Experimente zur Suche nach diesen Zerfallsprozes-
sen am Paul-Scherrer-Institut durchgefithrt und analysiert. Uber die Resultate wird in
Kapitel 3 berichtet.



Kapitel 2

Suche nach Zustianden diesseits des
Standardmodells: d’-Dibaryon

Im Vordergrund dieser Arbeit steht die Uberpriifung der d’-Hypothese mit Formations-
bzw. Produktionsexperimenten innerhalb bzw. auflerhalb des Kernmediums.

Die Existenz einer solchen Resonanz im B=2-System hétte weitreichende Konse-
quenzen im Hinblick auf die einzigartige Moglichkeit, zum erstenmal baryonische Syste-
me mit mehr als drei Quarks zu untersuchen. Zum Beispiel konnten neue Erkenntnisse
zum bisher unverstandenen Problem des Farbeinschlufles ( Confinement) gefunden wer-
den und dessen Losung niéher bringen. Ein weiterer interessanter Punkt ist die Auswir-
kung von dibaryonischen Resonanzen — bei denen es sich ja um Bosonen handelt —
auf das Verhalten von Kernmaterie unter extremen Bedingungen. In zahlreichen theo-
retischen Arbeiten sind diese Fragestellungen inzwischen detailliert untersucht worden
[87]-[110].

2.1 Resonanzen im B=2-System: Dibaryonen

Parallel mit der Entdeckung von Quarks als den grundlegenden Bausteinen der Hadro-
nen entstand in den ’70er Jahren die Idee, dafl diese Substruktur — zusétzlich zu dem
bekannten, meson-dominierten Nukleon-Nukleon (NN) Grundzustand, dem Deuteron
— auch zu nicht-trivialen Resonanzen im Dibaryon-System fiihren sollte. Hadroni-
sche Teilchen sind allerdings bisher nur als 2-Quark- (qq) oder 3-Quark- (3q) Zustéinde
bekannt. Groflere nicht-triviale Quarkcluster sind bisher nicht gefunden worden, ob-
wohl ihre Existenz der QCD! nicht widersprechen wiirde. Dies gilt insbesondere fiir
6q-Zustande. Obwohl tiefliegende Resonanzen solch exotischer 6g-Konfigurationen seit
vielen Jahren von einer Reihe von QCD-inspirierten Modellen [72, 66] vorhergesagt
werden, ist die experimentelle Suche nach ihnen bisher erfolglos geblieben [69, 68, 111].
Allerdings hatte sich diese Suche bisher fast ausschliefSlich auf Resonanzen konzentriert,
die an das NN-System ankoppeln. Nach heutigem Kenntnisstand wird allgemein an-
genommen, dafl derartige Resonanzen aufgrund ihres unbehinderten Zerfalls in den
NN-Kanal ( “fall apart decay”) riesige Zerfallsbreiten aufweisen und so einem expe-

!Quantenchromodynamik
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Abbildung 2.1: Mdégliche Prozesse zur Erzeugung der d'-Resonanz. Links: Formation
von d’' in der pionischen doppelten Ladungsaustauschreaktion, Mitte: Produktion von
d’ in der mw-Photoproduktion, Rechts: Produktion von d' in der 2m-Produktion in pp-
Kollisionen.

rimentellen Nachweis entgehen. Demgegeniiber sollten NN-entkoppelte Resonanzen
weitaus schmaélere Zerfallsbreiten aufweisen und in geeigneten Reaktionen experimen-
tell zugénglich sein.

2.2 NN-Korrelationen und wINN-Resonanzen

Kurzreichweitige NN-Korrelationen haben in jiingster Zeit starkes Interesse geweckt,
da sie einen Schliissel zum Nachweis subnukleonischer Freiheitsgrade im Kernverbund
darstellen. Allerdings ist ihr Nachweis sehr schwierig, da in Reaktionen im allgemeinen
Ein-Nukleonprozesse vorherrschen. Eine Ausnahme bildet hier der pionische doppelte
Ladungsaustausch (DCX) in Kernen, bei dem aufgrund der Ladungserhaltung minde-
stens zwei Nukleonen beteiligt sein miissen. Diese Reaktion ist daher in erster Ordnung
bereits ein genuiner Zwei-Nukleonprozef, ihr Wirkungsquerschnitt somit sehr klein,
aber duflerst empfindlich auf kurze Abstdnde zwischen den beteiligten Nukleonen und
damit potentiell auch auf unkonventionelle, nicht-nukleonische Reaktionsmechanismen.
Diese hohe Empfindlichkeit des DCX auf derartige NN-Korrelationen bei tiefen Ener-
gien, bei denen A-Absorptionseffekte eine untergeordnete Rolle spielen, konnte in einer
Reihe von Analysen nachgewiesen werden [112, 113].

In diesem Zusammenhang stellen TNN-Resonanzen eine ganz spezielle kurzreich-
weitige Korrelation im B=2-System dar. Zur Suche nach solchen Zustédnden ist die
doppelte Ladungsaustauschreaktion daher eine geeignete Reaktion (siehe auch Abbil-
dung 2.1).

In den letzten Jahren wurden im Rahmen dieser Arbeit intensive experimentelle
und theoretische Studien dieser Reaktion durchgefiihrt. Dabei konnte gezeigt werden,
daB alle weltweit verfiigharen Daten der niederenergetischen DCX-Reaktion an Kernen
mit Massen A > 7 durch Annahme einer schmalen Resonanz im m#NN-Subsystem — d’
genannt — beschrieben werden kénnen [40, 47, 43, 114, 73, 46].

2.3 Pionischer doppelter Ladungsaustausch zu dis-
kreten Endzustinden

Wie bereits eingangs ausgefiihrt, gibt es Griinde anzunehmen, in den Messungen zum
niederenergetischen DCX an Kernen einen aussichtsreichen Kandidaten fiir eine Iso-
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Abbildung  2.2: Systematik  der  DCX-Energieanrequngsfunktionen  fir  die
Vorwdrtswinkel- Wirkungsquerschnitte. — Die Datenpunkte unterhalb 100 MeV wur-
den von der LEPS-Kollaboration aufgenommen [40, 47, 43, 41, 42, 46, 44]. Die
durchgezogenen Kurven unterhalb 100 MeV sind die auf der d' Hypothese basierenden
Rechnungen.
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spin I=0 wNN-Resonanz gefunden zu haben. Unter Annahme einer derartigen Re-
sonanz gelingt es zum erstenmal, sowohl die beim DCX an einer Vielzahl von Tar-
getkernen (7 < A < 93, fiir eine Ubersicht siehe Tab. 1.1) gemessene resonanzarti-
ge Energieabhingigkeit des Wirkungsquerschnittes, als auch die gemessenen Winkel-
verteilungen quantitativ zu erkldren. Abb. 2.2 zeigt Energieanregungsfunktionen der
DCX-Reaktion an den Kernen "Li, '2C, 60, 4°Ca, *Fe und **Nb. Fiir diese Kerne
erwartet man bei Annahme konventioneller Reaktionsmechanismen sehr geringe Wir-
kungsquerschnitte bei niedrigen Energien (112, 113]. Signifikante Beitrdge zu diesen
nicht-analogen Ubergéngen sollten nur aus der A-Anregung kommen. Statt dessen
zeigen die Daten bei niedrigen Energien, d.h. unterhalb der A-Resonanz einen star-
ken Anstieg des Wirkungsquerschnitts. Die durchgezogenen Kurven sind die auf der
d’-Hypothese basierenden Rechnungen. Sowohl in den Energieanregungsfunktionen als
auch in den Winkelverteilungen zeigen die Rechnungen gute Ubereinstimmung mit den
Daten.

Die Analyse ergibt fiir d’ die Eigenschaften: J¥ = 0~, Isospin I=gerade, Masse
mg ~ 2.065 GeV und Breite I'yy ~ 0.5 MeV. Aufgrund seiner Quantenzahlen koppelt
die d’-Resonanz nicht an den NN-Kanal. Die einzigen hadronischen Zerfallskanéle sind
7 nn, 7~ pp und 7°np.

Wie bereits dargelegt, ist die doppelte Ladungsaustauschreaktion die ideale Reak-
tion, um das 7NN-System im s-Kanal auf etwaige Resonanzen hin zu untersuchen —
allerdings mit dem Nachteil, dafy diese Reaktion auf stabile Targetkerne beschrénkt ist
und damit Effekte des Kernmediums eine Rolle spielen. Diese konnen die extrahierten
Werte fiir Masse und Breite der Resonanz beeinflussen. So wurde der oben angege-
bene Wert fiir 'y aus den erhaltenen 7NN-Partialbreiten ',y unter Ausnutzung der
Isospinsymmetrie bestimmt: 'y = 3[,xn. Die im Kernmedium fiir d’ gefundene Ge-
samtbreite ist erheblich grofler als I'y aufgrund zweier Effekte. Zum einen aufgrund
der Schwerpunktsbewegung des am Reaktionsprozess teilnehmenden Nukleonenpaares
(“Fermiverschmierung”). Zum anderen aufgrund des Prozesses d'N — 3N ( “Collisi-
on Damping”). Jeder dieser beiden Effekte tragt 10 bis 20 MeV zur Gesamtbreite bei
[40, 47, 43, 73, 46]. Hinzu kommt, dafl bei der Analyse die Behandlung des nicht-
resonanten DCX-Prozesses entscheidend mit eingeht, der wiederum empfindlich von
Mediumeffekten geprigt sein konnte. Die Diskussion, wie stark derartige Distorsi-
onseffekte den Reaktionsmechanismus bei tiefen Pionenergien tatsédchlich beeinflussen,
wird seit Jahren vehement und zum Teil recht kontrovers gefiihrt [112]-[122].

Untersuchungen zur freien d’-Produktion an moglichst einfachen Systemen vermei-
den diese Problematik. Es wurde deshalb eine Serie von Experimenten initiiert und
durchgefiihrt, tiber die im folgenden Abschnitt berichtet wird.

2.4  Suche nach d’ in anderen Reaktionen

Da die aus den DCX-Daten ermittelte d’-Masse iiber der TNN-Schwelle liegt und der
NN-Zerfallskanal verboten ist, ist zu erwarten, dafl der Zerfall von d’ nach 7NN der mit
Abstand wahrscheinlichste Kanal ist. Aus diesem Grunde gibt es neben der doppelten
Ladungsaustauschreaktion noch zwei andere Reaktionstypen, die fiir die Suche nach d’
geeignet erscheinen: Die 1m-Photo- bzw. Elektroproduktion und die 27-Produktion im
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pp-Stof (siehe auch Abbildung 2.1).

In der folgenden Tabelle sind bereits durchgefiihrte Experimente (mit Ausnahme
der Reaktion (2b), bei der jedoch ein genehmigter Experimentiervorschlag am Jefferson
Lab (Williamsburg, VA) vorliegt) zur Suche nach der d’-Resonanz aufgefiihrt:

Experimente zur Suche nach d’

1. Pionischer doppelter Ladungsaustausch an 3*He

SHe(m—,m™T) (1a)
‘He(rt,77) (1b)

2. Elektromagnetische mw-Produktion am Deuteron
H(y, ) (2a)
*H(e,e'r™) (2b)

3. 2w-Produktion im pp-Stof3

pp — ppr wt (3)

2.4.1 Pionischer doppelter Ladungsaustausch an 3*He

Die leichtesten Kerne, an denen die doppelte Ladungsaustauschreaktion durchgefiihrt
werden kann, sind **He. Sowohl bei 3He als auch bei *He ist der Anfangszustand
einer der leichtesten gebundenen Kerne und der Endzustand ein System von 3 bzw. 4
identischen, ungebundenen Nukleonen. Daher sollten Effekte, die durch das nukleare
Medium hervorgerufen werden, deutlich reduziert sein.

Besonders im Energiebereich von 0 bis 40 MeV iiber der erwarteten d’ Produktions-
schwelle (59 MeV fiir *He bzw. 78 MeV fiir *He) zeigen konventionelle Vorhersagen und
Berechnungen im Rahmen der d-Hypothese Abweichungen voneinander in den Ener-
gieanregungsfunktionen (siehe Abbildung 2.3) sowie in den Impulsspektren der Pionen
im Endzustand. Aus experimenteller Sicht sind solche Messungen aufgrund der klei-
nen Wirkungsquerschnitte allerdings eine Herausforderung und bisherige Daten sind
von geringer statistischer Signifikanz bzw. iiberhaupt nicht existent. Die CHAOS?-
Kollaboration hat deshalb solche Messungen vorgeschlagen und am TRIUMF? durch-
gefithrt. Die Auswertung der Daten erfolgte am Physikalischen Institut in Tiibingen
[51] und fiihrte zu bisher vier Verdffentlichungen [49, 50, 52, 53].

In Abbildung 2.3 sind die Energieanregungsfunktionen im Vergleich zu Rechnun-
gen gezeigt. Um eine Aussage iiber mogliche Beitrage von d’ in diesen Reaktions-
kanilen machen zu koénnen, sind sowohl verldflliche Vorhersagen des konventionellen
DCX-Wirkungsquerschnittes als auch des erwarteten d’-Signals unabdingbar. Leider
existieren jedoch fiir den doppelten Ladungsaustausch an 3He keine zuverlissigen kon-
ventionellen Rechnungen fiir den hier vermessenen Energiebereich; fiir “He existieren
zwar eine Reihe konventioneller Modelle, keine dieser Rechnungen ist jedoch in der La-

2Canadian High Accpetance Orbit Spectrometer
3Tri University Meson Facility, Vancouver
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Abbildung 2.3: %4 He DCX-Energieanregungsfunktionen im Vergleich zu Rechnungen.
Links: Totale Wirkungsquerschnitte fiir die He(w~,m") Reaktion. Die durchge-
zogene Kurve zeigt das Ergebnis der Rechnung im Rahmen eines konventionellen,
halbklassischen Monte Carlo Modells, die gestrichelte Kurve die d'-Rechnung unter
Beriticksichtigung der Kollisionsverbreiterung und die strich-punktierte Kurve die in-
kohdrente Summe beider Rechnungen [49]. Rechts: Dasselbe wie links, jedoch fiir die
4He(m,7) Reaktion [52, 53]. Die Absolutnormierung des Monte Carlo Modells er-
folgte durch Anpassung der Rechnung an die Datenpunkte bei 120 MeV.

ge die Daten quantitativ zu beschreiben, weder im Bereich < 100 MeV noch dariiber.
Deshalb wurde ein auf *He und *He anwendbares halbklassisches Monte Carlo Modell
entwickelt [51], dessen Resultate in Abbildung 2.3 gezeigt sind.

Die gestrichelten Kurven in Abbildung 2.3 zeigen die aufgrund des Prozesses d'N —
3N modifizierten Vorhersagen im Rahmen des d’-Mechanismus [49, 131]. Das Haupt-
problem dieser Vorhersagen ist — neben der Benutzung realistischer Helium-Wellen-
funktionen — die Behandlung einer moglichen Resonanzverbreiterung aufgrund eines
zusétzlichen Zerfallskanals des d’N-Systems d'N — 3N, der in Konkurrenz zum d'-
Zerfallskanal im Vakuum d’ — NN7 steht. Urspriinglich wurde in [131] abgeschétzt,
daB der EinfluB dieser Resonanzverbreiterung schon ab einer Uberschufienergie T =
T — Tiresn = 0.5 MeV vernachléssigbar sei. Jedoch zeigen die Analysen der neueren
Daten an Kernen eine weit grofiere Resonanzverbreiterung [40, 47, 43] als seinerzeit
angenommen. Als Konsequenz davon ergibt sich nun fiir die Helium-Isotope [49] eine
enorme Dampfung des d’-Signals bis zu weit hoheren UberschuBenergien. Die derart
modifizierten d’-Vorhersagen sind in Abbildung 2.3 als gestrichelte Kurven, zusammen
mit der inkohdrenten Summe von konventionellem und d’-Beitrag als strich-punktierte
Kurven eingetragen, wobei die leichte Schulter in den Rechnungen kompatibel mit den
Daten ist. Ein d’-Beitrag zum DCX-Reaktionsprozess an den Isotopen von Helium
ist auch konsistent mit den Eigenschaften der w-Impulsspektren im Endzustand, die
durch einen solchen Beitrag besser beschrieben werden konnen [49, 52, 53]. Fiir eine
vollstédndige theoretische Beschreibung des Reaktionsprozesses wird jedoch eine Rech-
nung unumganglich sein, die die gekoppelten DCX- und Absorptionskanile einbezieht.
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2.4.2 1m-Photoproduktion am Deuteron

Dieser Prozefl hat den Vorteil, dafl er an einem einfachen System, nédmlich dem Deu-
teron, durchgefiihrt werden kann. Der Nachteil der Photoproduktion sind die grofien
Wirkungsquerschnitte mit Werten bis zu 300ub im Maximum der A-Resonanz (siehe
z. Bsp. [132]). Fiir Energien unterhalb der A-Resonanz, d.h. von der Produktions-
schwelle bei 140 MeV bis zu ungefahr 250 MeV ist der Wirkungsquerschnitt fiir die
70-Produktion bedeutend kleiner als die Wirkungsquerschnitte fiir die 7~ oder 7~ -
Produktion. Dies liegt an der Unterdriickung der Eq,-Amplitude im 7%Kanal und
fithrt deshalb zu der besonderen Eignung dieses Kanals, um nach der d’-Resonanz zu
suchen. Die m-Produktion am Deuteron verlduft entweder inkohérent, d.h. in einem
quasifreien Prozel an den beteiligten Nukleonen unter Aufbruch des Deuterons oder
kohérent, wobei dann das Deuteron gebunden bleibt.

Fiir die resonante d’-Bildung in der Photoproduktion von Pionen am Deuteron wird
bei Resonanzenergie E, =~ 200 MeV ein Resonanzwirkungsquerschnitt von o4 S 1 ub
erwartet[133]. Dieser mufl mit den bei dieser Energie gemessenen Pionproduktions-
querschnitten verglichen werden. In der Nihe der Produktionsschwelle (140 MeV <
E, < 160MeV) existieren neue Daten fiir die inklusive 7°-Produktion am Deuteron
[134], bei hoheren Energien jedoch gibt es keine verdffentlichten Daten fiir diesen
grundlegenden Reaktionskanal. Die Wirkungsquerschnitte kénnen deshalb nur ab-
geschitzt werden, zum einen aus Daten bei hoheren Photonenenergien, zum ande-
ren aus den zugrundeliegenden Photon-Nukleon-Wirkungsquerschnitten und schlief3-
lich aus theoretischen Rechnungen. Die quasifreie Photoproduktion neutraler Pio-
nen in der Reaktion *H(v, 7%)np weist bei E, &~ 200 MeV — wie oben diskutiert —
einen viel kleineren Wirkungsquerschnitt auf [o(*H(~y,7%)np) ~ 20 ub] als die Pro-
duktion geladener Pionen [o(2H(vy,7")nn) ~ 120 ub und o(*H(y, 7 )pp) ~ 160 ub].
Die kohérente 7°-Photoproduktion 2H(v,7%)d kann aus alten Daten von Bonn und
Orsay bei hoheren Energien [135] abgeschiitzt werden und fiithrt zu einem Wirkungs-
querschnitt von 5 40 ub bei E, = 200 MeV. Der abgeschétzte totale Wirkungsquer-
schnitt fiir die konventionelle quasifreie und kohirente 7%-Produktion betrigt somit
oot (PH(7, 7)) & 60 ub und ist damit um mindestens einen Faktor 60 gréfler als der
erwartete Wirkungsquerschnitt fiir d’-Bildung. Gelingt im Experiment jedoch eine
Trennung von quasifreier und kohirenter 7°-Produktion, so kann das Signal- zu Un-
tergrundverhéltnis um ungefahr einen Faktor drei verbessert werden.

Die m%-Photoproduktion am Deuteron wurde zusammen mit der TAPS* Kollabora-
tion am Mainzer Mikrotron MAMI im Jahre 1996 vermessen [54]|. Es gelang in der Mes-
sung dieser Reaktion im Energiebereich von der Produktionsschwelle bis zu 310 MeV
die erstmalige Trennung von quasifreiem und kohdrentem Reaktionskanal (siehe Abbil-
dung 4.1). Mit der momentanen Statistik der Daten ist es lediglich méglich, eine obere
Grenze fiir die Photoproduktion der d’-Resonanz im Bereich von etwa 5 ub angeben zu
koénnen.

4Two Arm Photon Spectrometer
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2.4.3 2m-Produktion im pp-Stofl

Die fundamentalste Methode zur hadronischen Erzeugung der d-Resonanz stellt die
2m-Produktion im pp-Stofl dar: pp — d'z*. Bei T}, = 750 MeV, d.h. im Laborsystem
40 MeV oberhalb der d’-Produktionsschwelle von T}, ~ 710 MeV, wird ein d’-Produkti-
onsquerschnitt von etwa 5 ub erwartet [136]. Wird der Reaktionskanal (3) betrachtet,
der den Vorteil hat, dafl im Ausgangskanal nur geladene Teilchen vorkommen, so re-
duziert sich der erwartete d-Wirkungsquerschnitt fiir pp — d’7" — ppr~ 7" um einen
Faktor drei, liegt also im Bereich von einem Mikrobarn.

Die bisher spirlich vorhandenen Daten der 2m-Produktion lassen totale Wirkungs-
querschnitte in der Gegend von 10 ub bei T, = 750 MeV erwarten (siehe Abbildung
4.3). Exklusive Messungen dieser Reaktion wurden initiiert und nach umfangreichen
Erweiterungen des PROMICE®? /WASA®-Detektors [137] an einem internen Gas-Jet-
Target des CELSIUS?-Speicherrings am The Svedberg Beschleunigerlabor in Uppsala
durchgefiihrt. Diese Messungen stellen die ersten exklusiven Daten der 27-Produktion
an einem Hy-Target dar — abgesehen von Blasenkammerdaten niedrigerer Statistik
bei hoheren Protonenergien. Alle iibrigen, bisherigen Daten zur 27-Produktion stam-
men von inklusiven Messungen und/oder Differenzmessungen an CHy- und C-Targets.
Das letztere ist der Fall fiir eine am ITEP® durchgefiihrte Messung der Reaktion
pp — ppr 7wt bei T, = 920MeV [138]. Aus den Differenzmessungen konnten die
Autoren die Spektren der Invarianten Massen M+ und M.~ der ppm*- und ppr~-
Systeme berechnen. Fiir kleine Invariante Massen My, des pp-Systems stellten sie
eine Uberhchung nahe 2.06 GeV im M, r--Spektrum fest, aber keine Uberhshung im
M,pr+-Spektrum. Falls diese Beobachtung korrekt ist, wire sie in Ubereinstimmung
mit der d’-Hypothese, falls d’ Isospin I=0 hat. Da allerdings die Statistik der Daten sehr
gering ist und Differenzmessungen sehr schwierig sind, wurden die neuen Messungen
am CELSIUS-Speicherring initiiert.

Erste Resultate dieser Messungen, durchgefiihrt im Rahmen der PROMICE /WASA-
Kollaboration, wurden in [20] verdffentlicht. Die gemessene Verteilung der Missing
Mass MM+ (wobei fiir die Reaktion pp — d'n" M- = MM+ gilt) wird durch die
GEANT [139] basierten Monte Carlo Simulationsrechnungen sehr gut wiedergegeben,
bis auf eine Abweichung bei MM, + = 2.063 GeV. Diese Irregularitét mit einer statisti-
schen Signifikanz von knapp 4o relativ zur Monte Carlo Simulationsrechnung ist zwar
mit der d’-Hypothese vertriaglich (sowohl in der Lage als auch in der Breite mit einem
Beitrag von 7% (relativ zur konventionellen 27-Produktion)), konnte bisher aber noch
nicht in weiteren Messungen bestétigt werden [19].

Inzwischen konnte jedoch gezeigt werden, dafl der in [136] vorhergesagte d'-Pro-
duktionsquerschnitt von 1.7ub bei T, = 750 MeV im Reaktionskanal pp — d'7* —
ppm~ 7" um mindestens eine Gréfienordnung zu optimistisch abgeschétzt wurde. Denn
der von uns ermittelte totale Wirkungsquerschnitt der 27-Produktion bei 750 MeV
(siche Abschnitt 4 und Abbildung 4.3) ist mit oy = (1.5 £ 0.4) ub um etwa ei-

5Production of Mesons in CELSIUS

6Wide Angle Shower Apparatus

"Cooling with Electrons and Storing of Ions from the Uppsala Cyclotron
8Institute for Theoretical and Experimental Physics, Moskau
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ne Groflenordnung kleiner als in der Literatur angenommen. Als Konsequenz davon
fithrt die Annahme eines — wie oben diskutiert — 7%igen d’-Beitrags zu einem d’-
Wirkungsquerschnitt von circa 0.1 ub.

Die Diskrepanz zur theoretischen Abschétzung des d’-Produktionsquerschnitts kann
ihre Ursache in der Unsicherheit der Bestimmung der Beitrdge von w-Meson-Aus-
tauschstromen im pp-Eingangskanal haben, die zu einer NN-Repulsion und damit zu ei-
ner Reduktion des NN — d'm Wirkungsquerschnitts fithren. Der vorhergesagte d’-Pro-
duktionsquerschnitt héngt deshalb von der Wahl der wNN-Kopplungskonstanten g,y
ab. Fiir Werte 4 < g nn/47 < 8 ist der d’-Produktionsquerschitt nur leicht von g, nn
abhéngig, fir groBere Werte jedoch ist die Abhéngigkeit exponentiell [136]. In [136]
wurde der Wert g,nn/4m = 6 den Rechnungen zugrunde gelegt. Andere Modelle bevor-
zugen jedoch weitaus groflere Werte fiir die wNN-Kopplungskonstante. So wird z. Bsp.
im Standard-Parametersatz des Walecka-Modells [140, 141] ein Wert von g, /47 =
15.2 angegeben, im Bonn-Potential sogar ein effektiver Wert von 20 [142]. Diese Werte
der Kopplungskonstanten fithren zu einem bis um etwa eine Gréflenordnung kleine-
ren Produktionsquerschnitt und damit zu nur sehr schwer mefbaren Beitrigen von d’
in der 2m-Produktion. Die starke Unterdriickung der 2m-Produktionsquerschnitte von
ungefihr einem Faktor 30 bei der Beriicksichtigung kurzreichweitiger Korrelationen
im Eingangskanal wurde auch in einer kiirzlich vertffentlichten theoretischen Arbeit
untersucht und bestétigt [143].

Zusétzlich zu den oben beschriebenen Arbeiten an CELSIUS wurde am COSY-
Speicherring im Jahre 1996 zusammen mit der COSY-11-Kollaboration ein Testexperi-
ment zur 2m-Produktion vorbereitet und durchgefithrt. Aufgrund der damals niedrigen
Luminositéit, der beschriankten Raumwinkelakzeptanz der Detektoraufbauten und vor
allem des — wie oben erldutert — iiberraschend kleinen Wirkungsquerschnitts war die
Datenausbeute gering [35].

2.5 Zusammenfassung der Experimente zur d’-Suche

Motiviert durch die Suche nach der hypothetischen TNN-Resonanz d’ wurde eine Serie
von Experimenten zum pionischen doppelten Ladungsaustausch, zur 7°%-Photoproduk-
tion und zur 77 -Produktion in pp-Stéfien initiiert, vorbereitet, durchgefiihrt und
analysiert.

Die DCX-Reaktion zu diskreten Zustdnden wurde mit dem LEPS-Spektrometer am
PST untersucht und der Weltdatenvorrat erheblich erweitert.

Die beobachteten Energieanregungsfunktionen der Vorwéartswinkel-Wirkungsquer-
schnitte an den Kernen von "Li bis *Nb (siehe Abbildung 2.2) weisen ein resonanzar-
tiges Verhalten bei niedrigen Energien auf. Die Position der Uberhhung, die systema-
tisch mit dem Q-Wert der Reaktion variiert, liegt zwischen 40 und 80 MeV. Die Breite
betragt ungefahr 20 MeV, und der Wirkungsquerschnitt im Maximum ist — bis auf
wohlverstandene Ausnahmen — ungefihr konstant. Die Ausnahmen sind zum einen
"Li, mit einem deutlich kleineren Wirkungsquerschnitt aufgrund der groen Kernradien
von “Li und “B; zum anderen '2C, mit einem gréBeren Wirkungsquerschnitt aufgrund
von Konfigurationsmischungen.
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Die beobachtete Systematik der Daten zeigt, dafl Distorsionen keine grofie Rol-
le spielen und die DCX-Reaktion bei niedrigen Energien sensitiv auf kurzreichweitige
Korrelationen ist. Dies und die Form der Energieanregungsfunktionen sowie der Win-
kelverteilungen fiihrte zur d’-Hypothese [73], da bisher kein konventionelles Reakti-
onsmodell die niederenergetischen DCX-Daten beschreiben konnte. Im Rahmen dieser
Hypothese kénnen alle weltweit verfiigbaren DCX-Daten gut beschrieben werden (siehe
Abbildung 2.2).

Zur Uberpriifung der d-Hypothese auBerhalb des Kernmediums wurden Experi-
mente an einfachen Systemen durchgefiihrt.

34He sind die leichtesten Kerne, an denen die DCX-Reaktion méglich ist. Da das
System aus drei bzw. vier identischen Teilchen im Endzustand ungebunden ist, weisen
auch die Pionen im Endzustand eine kontinuierliche Energieverteilung auf. Diese Re-
aktion wurde am TRIUMF mit dem CHAOS-Spektrometer untersucht, das eine grofie
Raumwinkelakzeptanz aufweist. Auch in diesem Fall konnte der Weltdatenvorrat er-
heblich erweitert und so weit wie nie zuvor an die Produktionsschwelle herangemessen
werden (siehe Abbildung 2.3).

Die vorhergesagten d’-Beitrdge [131] in diesem Reaktionskanal iiberschétzten die
Daten bis zu einer Groflenordnung. Die Beriicksichtigung des “Clollision Dampings”
aufgrund des Prozesses d'N — 3N vermindert den erwarteten d’-Beitrag zur DCX-
Reaktion an den Helium-Isotopen um mehr als eine Gréflenordnung und bringt die
Rechnungen in Ubereinstimmung mit den Daten (siehe Abbildung 2.3 und [49]). Um
jedoch endgiiltige Aussagen iiber den Beitrag von d’ zu diesem Reaktionsprozel ma-
chen zu konnen, wird eine vollstdndige theoretische Beschreibung des konventionellen
Reaktionsprozesses unumgénglich sein.

In der Pion-Photoproduktion am Deuteron ist der 7°-Kanal aufgrund der klei-
nen Wirkungsquerschnitte am besten zur Suche nach d’' geeignet. Zusammen mit der
A2/TAPS-Kollaboration wurden Messungen im ~y-Energiebereich von der Schwelle bis
zu 310 MeV durchgefiihrt. Weltweit zum ersten Mal gelang eine Trennung von quasi-
freiem und kohérentem Reaktionskanal [54]. Ein Beitrag von d’ sollte sich durch eine
Uberhshung des Wirkungsquerschnitts der quasifreien Reaktion bei E, ~ 200 MeV
bemerkbar machen. Leider erméglicht die Statistik der Daten nur die Angabe einer
oberen Schranke von ungefahr 5 ub fiir den d’-Beitrag, bei einem vorhergesagten Wir-
kungsquerschnitt von oq- < 1 ub [133].

Die Messungen zur 27-Produktion im pp-Stofl im Energiebereich von 0.65 bis
0.78 GeV wurden im Rahmen der PROMICE/WASA-Kollaboration am CELSIUS-
Speicherring durchgefiihrt. Eine Abweichung im Missing Mass Spektrum MM+, ge-
deutet als ein erstes Signal von d’ in der Reaktion pp — ppr ™7~ [20], konnte in weiteren
Messungen bisher nicht bestétigt werden [19]. Es handelt sich um die ersten exklusiven
Messungen dieser Reaktion. Der vorhergesagte d’-Beitrag zu diesem Reaktionskanal
[136] erwies sich nach Analyse der Daten [144], um mindestens eine Gréflenordnung
zu optimistisch, vermutlich hauptsédchlich aufgrund des als zu klein angenommenen
Wertes fiir die wNN-Kopplungskonstante.

So klar auch die beobachteten DCX-Energieanregungsfunktionen der Vorwirtswin-
kel-Wirkungsquerschnitte an Kernen von “Li bis > Nb bei niedrigen Energien auf einen
auBergewohnlichen Reaktionsmechanismus hindeuten, so konnte bisher noch keine ein-
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deutige Verifikation der d’-Hypothese durch Nachweis von d’ in Reaktionen an einfachen
Systemen (DCX an **He, Photoproduktion, 2w-Produktion) erbracht werden. Wie ge-
zeigt, lassen sich zwar alle Daten der hier vorgestellten Reaktionen nun konsistent mit
den berechneten d’-Beitrigen in Einklang bringen, allerdings mit der unbefriedigenden
Einsicht, dafl die d’-Beitrage klein sind, und somit Abweichungen vom konventionellen
Reaktionsmechanismus nur schwer eindeutig nachgewiesen werden konnen.






Kapitel 3

Suche nach Zustinden jenseits des
Standardmodells

Am RAL! untersucht die KARMEN?-Kollaboration Neutrino-Kern-Reaktionen (siehe
z. Bsp. [145, 146, 147] und Referenzen darin), die durch die Zerfallsprodukte positiver
Pionen induziert werden. Im Jahre 1995 berichtete die KARMEN-Kollaboration zum
ersten Mal iiber eine Anomalie im Zeitspektrum der v-induzierten Reaktionen, in einem
Zeitfenster korrespondierend zum Myon-Zerfall [148]. Sogar mit einer deutlich verbes-
serten aktiven Detektorabschirmung blieb die Anomalie in neuen KARMEN-Daten
bisher bestehen [149].

3.1 Der " — p*tx Zerfallskanal

Es wurde vorgeschlagen, dafl die Anomalie ihren Ursprung in der Beobachtung eines
bisher unbekannten, schwach wechselwirkenden, neutralen und massiven Fermions x
haben konnte, das in einem seltenen Zerfallsprozess des Pions 7+ — u*x entsteht.
Nach einer mittleren Flugstrecke von 17.5m und Flugzeit von tror = (3.60 £ 0.25) us
wird x durch seinen Zerfall im Kalorimeter des KARMEN-Detektors mit einer typischen
sichtbaren Energie von T, = 11—35 MeV registriert. Die beobachtete Geschwindigkeit
und die 2-Koérper-Kinematik des angenommenen Pion-Zerfallskanals fithren zu einer
Masse von m, = 33.9 MeV /c?, extrem nahe am kinematischen Limit.

In einem ersten Experiment [56] wurde am PSI mit dem Magnetspektrometer LEPS
nach Signalen von x gesucht, und zwar durch Untersuchung der Impulsspektren von aus
Pion-Zerféllen im Flug stammenden Myonen. Dabei gelang es, eine obere Schranke fiir
das Verzweigungsverhiltnis von BR(7t — ptx) < 7-107® (95% C.L.) zu bestimmen.
Dieser Wert fand Eingang in den Review of Particle Physics [150]. Inzwischen wurden
von anderen Gruppen weitere Messungen zur Suche nach dem x-Teilchen durchgefiihrt
[151, 152, 153], und die schirfste obere Schranke fiir das Verzweigungsverhéltnis ist
momentan BR(7" — p™x) < 1.2-107® (95% C.L.) [153]. Zusammen mit theoreti-
schen Bedingungen [154] schlieit dieses Resultat die Existenz eines solchen seltenen
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Pion-Zerfallskanals aus, falls x ein Neutrino mit schwachem Isospin 1=1/2 ist (Isodu-
plett). Falls x jedoch hauptséchlich ein Isosinglett- (steriles) Neutrino ist, kann das Ver-
zweigungsverhéltnis deutlich kleiner sein [155]. Experimentell konnte die KARMEN-
Kollaboration aus der Anzahl der beobachteten 7t-Zerfiille eine untere Schranke fiir
das Verzweigungsverhiltnis von 107! bestimmen [148].

3.2 Der p™ — e™X Zerfallskanal

Vor kurzem wurde vorgeschlagen [156], dafl die beobachtete Zeitanomalie auch durch
einen exotischen Myon-Zerfallskanal u+ — et X erklirt werden kann, der zur Produkti-
on eines neuen, schwach wechselwirkenden Bosons mit der Masse mx = 103.9 MeV /c?
fiihrt. Durch Betrachtung dreier verschiedener X-Boson Phidnomenologien sagen die
Autoren dieses Vorschlags Verzweigungsverhiltnisse zwischen 1072 und 107! voraus.
In der Vergangenheit, motiviert durch Vorhersagen iiber die Existenz leichter, schwach
wechselwirkender Bosonen wie Axionen, Majoronen, Familonen und Goldstone-Bosonen,
wurden bereits Suchen nach exotischen Zwei-Koérper Myon-Zerfallskanélen durchgefiihrt
[157]. Allerdings waren diese Suchen nicht sensitiv auf das in [156] vorgeschlagene X-
Boson der Masse mx = 103.9 MeV /c?, da der niedrigste Positron-Energiebereich, der
untersucht werden konnte, zwischen 1.6 MeV und 6.8 MeV lag, was dem X-Massenbe-
reich zwischen 103.5 MeV /c? und 98.3 MeV /c? entspricht.

Die MUEX-Kollaboration initiierte deshalb eine experimentelle Suche nach dem X-
Boson durch Untersuchung des niederenergetischen Endes des Michel-Spektrums auf
eine Uberhohung durch monoenergetische Positronen der Energie T, = (mi +m? —
m%)/(2m,) — me = 1.23MeV, die aus dem hypothetischen Zerfall yt — e*X stammen
sollten. Benutzt wurde ein Aufbau mit einem HPGe3-Detektor am pE4-Kanal des
PSI, und in einem ersten Experiment konnten Verzweigungsverhéltnisse von BR(u*™ —
e"X) < 5.7-107* (90% C.L.) fiir den groBiten Teil des Massenbereichs 103 MeV /¢? <
myx < 105MeV /c? erreicht werden (sieche Abbildung 3.1 und [57]).

3.3 Zusammenfassung der Experimente zur x- und
X-Suche

Motiviert durch die von der KARMEN-Kollaboration berichtete Anomalie im Zeitspek-
trum neutrinoinduzierter Reaktionen, die ihre Ursache in seltenen 7- und pu-Zerfillen
haben konnte, wurde eine Suche nach diesen exotischen Prozessen durchgefiihrt [57, 56].

Die Suche nach dem 7" — p*x Zerfallskanal erfolgte mit dem Magnetspektrometer
LEPS am PSI durch Untersuchung der Impulsspektren von Myonen, die aus Pion-
Zerfillen im Flug erzeugt wurden. Die Suche nach dem p* — e*X Zerfallskanal hinge-
gen beruhte auf der Untersuchung des niederenergetischen Endes des Michel-Spektrums
von in einem HPGe-Detektor gestoppten Myonen. Es resultierten obere Schranken
fir die Verzweigungsverhéltnisse von BR(r" — p'x) < 7-107% (95% C.L.) fiir
m, = 33.9MeV/c? und BR(u+ — e"X) < 4.9-107* (90% C.L.) fiir mx = 103.9 MeV /c?.

3High Purity Germanium
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Abbildung 3.1: Energiedeposition wihrend des verzigerten Gates im HPGe-Detektor
(oben) und Fitresultate zur Bestimmung oberer Grenzen fir das Verzweigungsverhdltnis
des Zerfalls u* — etX. Fiir die Abszisse wurden zwei korrespondierende Skalen ein-
gezeichnet (die fir alle Abbildungen gleich sind; mit Ausnahme der Einfigung in der
obersten Abbildung, die das gesamte aufgenommene Energiespektrum der Nachpulspo-
sitronen zeigt); eine Skala ist die kinetische Energie des Positrons T,, die andere die
X-Boson-Masse mx. Die Gauss-Kurve in der obersten Abbildung mit ihrem Schwer-
punkt bei 1.23 MeV zeigt die erwartete Detektorantwort, falls der Zerfall ut — e*tX
mit einem Verzweigungsverhdltnis von 5 - 10~° beitragen wiirde. Die zweite Abbildung
von oben zeigt das reduzierte x* des Fits, fiir einen Fit mit nur einem Polynom (ge-
strichelte Linie) und fiir einen Fit aus der Kombination eines Polynoms und einer
Gauss-Kurve (durchgezogene Linie). Die dritte Abbildung, bei der die Einheit der Or-
dinate bereits in Verzweigungsverhdltnis umgerechnet wurde, zeigt das Fitresultat fiir
den Inhalt (durchgezogene Linie) und den lo-Fehler der Gauss-Kurve. Die unterste
Abbildung schliefllich zeigt die obere Grenze fiir das p* — et X Verzweigungsverhdltnis
(90% C.L.) [57].
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Inzwischen wurden weitere Messungen des 77 — u*x Zerfallskanals durchgefiihrt
[153] bzw. sind in Planung fiir den u™ — e™X Zerfallskanal. Das Ziel ist, die bis-
herigen oberen Schranken um mehrere Grofenordnungen zu verbessern, da abhingig
von der Lebensdauer von x oder X die aus den experimentellen Daten der KARMEN-
Kollaboration bestimmten Verzweigungsverhéltnisse so klein wie 10716 sein kénnen.



Kapitel 4

Konventionelle Aspekte der
untersuchten Reaktionen

Die in Abschnitt 2 beschriebenen Experimente, die hauptsdchlich durch die Suche
nach der schmalen mNN-Resonanz d’ motiviert sind, haben zahlreiche weitere neue
Erkenntnisse erbracht, die im folgenden diskutiert werden.

4.1 Pionische doppelte Ladungsaustauschreaktion

Die Resultate zur pionischen doppelten Ladungsaustauschreaktion an den Isotopen
34He, (gemessen mit dem Magnetspektrometer CHAOS am TRIUMF) sowie an den
Kernen "Li, 12C 160, 32S, 4°Ca, 56Fe, %3Nb, 12130 ¢ (gemessen mit dem Magnetspektro-
meter LEPS am PSI) haben den Weltdatenvorrat fiir die DCX-Reaktion bei niedrigen
Energien erheblich vergroflert. Die Schwierigkeit dieser Messungen liegt u.a. in den
kleinen Wirkungsquerschnitten von nb/sr bis pub/sr und in der bendtigten guten Ener-
gieauflosung fiir den Pionnachweis zur Abtrennung von Untergrundreaktionen und zur
Unterscheidung verschiedener Endzusténde. Am PSI werden die Pionen durch Kollisio-
nen eines hochintensiven Protonenstrahls (1.5 mA Strahlstrom) der Energie 590 MeV
mit Kohlenstoffkernen erzeugt. Dadurch stehen selbst bei niedrigen Pionenergien im
Bereich von 50 MeV bis zu 10° Pionen pro Sekunde in einem schmalen Energieband
zur Verfiigung. Das LEPS-Spektrometer ist aufgrund seiner guten Energieauflésung,
Akzeptanz und Untergrundunterdriickung hervorragend fiir DCX-Messungen geeignet
und in der Kombination mit den hohen Pionintensititen weltweit konkurrenzlos.

Die Pionintensitdten am TRIUMF sind aufgrund des geringeren Protonenstroms
eine Groflenordnung kleiner als am PSI. Durch die grofie Akzeptanz des CHAOS-
Spektrometers, das einen Streuwinkelbereich von 0 bis 180 Grad abdeckt, wird die-
ser Nachteil aber kompensiert. CHAOS ist deshalb einzigartig geeignet, um DCX-
Reaktionen zu kontinuierlichen Endzustéinden an den Isotopen **He zu vermessen.

In den folgenden Abschnitten werden einige ausgewihlte Resultate der DCX-Mes-
sungen vorgestellt.
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4.1.1 Suche nach einem gebundenen Trineutron

Wenig-Nukleonen-Systeme sind sehr gut geeignet, um Kernmodelle und die zugrun-
de liegende NN-Wechselwirkung zu untersuchen. Ein direkter Weg, um solche Mo-
delle zu {iberpriifen, ist der Vergleich experimentell bestimmter Energieniveaus mit
theoretischen Berechnungen. Die Vorhersagen extremer Kernkonfigurationen wie ®n
oder *n bieten eine auflerordentlich hohe Sensitivitit auf die benutzten NN-Potentiale
(158, 159]. Es ist deshalb von grofiem Interesse, solche Multi-Neutron-Systeme zu un-
tersuchen. Obwohl die meisten theoretischen Arbeiten keinen gebundenen Trineutron-
Zustand vorhersagen, konnen geringe Anderungen im NN-Potential zu gebundenen
Zustanden fithren. Eine kiirzlich erschienene Publikation [160] sagt einen niedrig lie-
genden Resonanzzustand im ?n-System mit Quantenzahlen J¥ = 3/2% bei einer An-
regungsenergie zwischen 11 und 14 MeV und einer Breite von 13 MeV vorher.

In der Vergangenheit wurden Suchen nach dem Trineutron in vier Typen von Re-
aktionen durchgefiihrt: 3H(7~,v)%n, 3He(r~, 77)3n, He(r~, p)®*n und “Li(*! B, O)*n
[129, 161, 162, 163]. Bisher konnten in keiner dieser Reaktionen Hinweise fiir die
Existenz eines gebundenen Trineutrons gefunden werden. Aus der Untersuchung der
DCX-Reaktion an *He stammt die beste obere Schranke mit einem Wert von 120 nb/sr
[163].

Durch Untersuchung der neuen Daten der DCX-Reaktion an *He bei 120, 75 und
65 MeV (siche Abschnitt 2.4: Pionischer doppelter Ladungsaustausch an **He) konnten
die bisherigen oberen Schranken fiir die Existenz eines gebundenen Trineutrons deutlich
verbessert werden, und zwar auf ungefihr 30 nb/sr (90% C.L.) [50]. Es gelang auch die
Bestimmung oberer Schranken von 640nb/sr bei 120 MeV, 72nb/sr bei 75 MeV und
48 nb/sr bei 65 MeV fiir die kiirzlich vorhergesagte Resonanz im n-System [160].

Diese Schranken koénnen nun mit den zu erwartenden Produktionsquerschnitten fiir
ein gebundenes Trineutron verglichen werden. Um eine Idee fiir die moglichen Pro-
duktionsquerschnitte zu bekommen, kann ein dhnliches System in der DCX-Reaktion
an "Li betrachtet werden. Die Reaktion fiihrt zum Teilchen-instabilen Kern "B, der in
einem naiven Bild aus einem Helium-Kern und einem 3p-Halo besteht (siche unten).
Der Grundzustandsiibergang, mit einem Wirkungsquerschnitt in der Groflenordnung
von 100nb/sr [40], fithrt zur Formation eines quasi-gebundenen 3N-Systems. Die in
der DCX-Reaktion an *He bestimmten oberen Schranken von ungefiihr 30 nb/sr sind
damit deutlich kleiner und deshalb stringente Grenzen fiir die mégliche Existenz eines
Trineutrons.

4.1.2 Protonen-Halo in "B

Die DCX-Messungen am PSI lieferten auch neue Erkenntnisse zur Kernstruktur von
"B. "Li ist der leichteste Kern, an dem die DCX-Reaktion zu einem diskreten End-
zustand fiihrt, und dies obwohl der "B-Grundzustand bereits 3.65 MeV oberhalb der
Proton-Emissionsschwelle liegt. Dadurch hat der Grundzustand eine natiirliche Linien-
breite von 1.4(2) MeV [164], entsprechend einer mittleren Lebensdauer von 5 - 107%2s.
Dies ist in derselben Groflenordnung wie die klassische Umlaufzeit der drei Valenz-
protonen auflerhalb des Alpha-Kerns in “B. Die Frage nach dem Radius der Um-
laufbahn der Valenzprotonen ist deshalb gerechtfertigt, insbesondere auch die Frage,
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ob diese Valenzprotonen einen Protonen-Halo bilden. FEin vergleichbarer Fall wurde
kiirzlich fiir proton-instabile Zustéinde in '"F diskutiert [165]. Zur Untersuchung des
Neutronen-Halos in ''Li wurden kiirzlich Daten der Reaktion 'B(z~, 77)!"Li einer
theoretischen Analyse unterzogen [166]. In dieser Arbeit konnte gezeigt werden, dafl
die DCX-Reaktion auBerordentlich sensitiv auf den Neutronen-Halo von MLi ist und
eine verlaflliche Methode zur Bestimmung dessen Radius darstellt. Durch Anwendung
dieser Methode auf die mit LEPS gemessenen Wirkungsquerschnitte der DCX-Reaktion
an "Li und Vergleich mit den aufgrund der Systematik erwarteten Wirkungsquerschnit-
ten, konnte auf einen Proton-Halo in "B mit einem Radius von 3fm (d.h. so grof§ wie
ein Kern in der Ca-Region) geschlossen werden [40].

4.1.3 Neuer Kernzustand in *Ne

Bei der DCX-Reaktion an 0O wurde zusiitzlich zum Grundzustandsiibergang der
Ubergang zu einem Zustand bei einer Anregungsenergie von E, = 2.1(2) MeV in %Ne
beobachtet [43]. Der DCX-Ubergang zu diesem Zustand weist die gleiche Winkel-
verteilung wie der Monopol-Ubergang zum Grundzustand auf. Bei diesem Zustand
handelt es sich deshalb um den 03-Zustand in *Ne, der als vierfach isobarisch ana-
loger Zustand (QIAS!) des 03-Zustands in '°C bei E, = 3.03MeV [167] interpre-
tiert werden konnte [43]. Dies ist die erste Beobachtung eines angeregten 0t-QIAS
in einem Isotensor-Quintuplett von Kernen. Die dabei beobachtete Energiedifferenz
E,(16C) — E<(**Ne) = 0.9(2) MeV ist bedeutend grofer als die der entsprechenden 27 -
Zustande, die nur 0.1(1) MeV [167] betréigt. Ein Grund fiir dieses verschiedenartige Ver-
halten fiir 07~ und 2*-Zusténde kénnte in der Thomas-Ehrman-Shift [168] liegen. Die-
se Energieverschiebung tritt auf, falls Zustéinde im Isobaren-Multiplett proton-instabil
werden. Sie ist besonders grof}, falls sich die Nukleonen in s, -Schalen befinden. Fiir
den 03 -Zustand in '®Ne treffen beide Bedingungen zu, so daf die beobachtete grofie
Energieverschiebung verstanden werden kann.

4.1.4 Matrixelemente fiir 33-Zerfall der Tellur-Isotope '28130Te

Da bei der pionischen doppelten Ladungsaustauschreaktion mindestens zwei Nukleo-
nen involviert sein miissen, handelt es sich um eine ideale Reaktion zur Untersuchung
der Korrelationen zwischen gebundenen Nukleonen. Messungen der DCX-Reaktion
im Bereich der A-Resonanz und dariiber zeigten jedoch, dafl solche Korrelationsef-
fekte von anderen dominierenden Effekten wie der Pionabsorption verdeckt werden.
Daraufhin wurden DCX-Messungen bei niedrigeren Energien durchgefiihrt, was zu der
Entdeckung der Sensitivitdt dieser Reaktion auf NN-Korrelationen kurzer Reichwei-
te fithrte [112]. Zur gleichen Zeit wie diese Entdeckung wurde auch erkannt, daf
im doppelten (-Zerfall Teilchen-Teilchen-Korrelationen eine entscheidende Bedeutung
bei der Berechnung der mittleren Lebensdauern haben und eben diese um mehre-
re GroBenordnungen #ndern konnen [169, 170, 171, 172, 173, 174]. Aufgrund dieser
Abhéngigkeit von NN-Korrelationen stehen die DCX-Reaktion und der (3-Zerfall in
einem engen Zusammenhang, was NN-Matrixelemente betrifft. Die DCX-Reaktion an

LQuadruple Isobaric Analog State
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Kernen, die instabil gegen ((3-Zerfall sind, ist deshalb eine Testreaktion fiir den beim
B6-Zertall relevanten Kernstruktur-Anteil.

In [175] wurde die Verbindung zwischen neutrinolosem (3-Zerfall (Ov33) und der
DCX-Reaktion erstmals untersucht [175]. In darauffolgenden DCX-Messungen der
Grundzustandsiibergiinge an 12®Te und *°Te bei T, = 164 MeV konnte das Verhéltnis
der DCX-Wirkungsquerschnitte an diesen beiden Isotopen bestimmt werden und dar-
aus auch das zugehorige Verhéltnis der NN-Kernmatrixelemente [176]. Allerdings wie-
sen die Autoren auf die Notwendigkeit von DCX-Messungen bei niedrigeren Energien
hin, da aufgrund der kleinen mittleren freien Weglénge von Pionen bei Resonanzenergie,
die Anwendbarkeit dieser Methode zur Extraktion der Kernmatrixelemente in Frage
gestellt ist.

Motiviert durch diese Beobachtungen wurden deshalb Messungen der (71, 77) Re-
aktion an den beiden Isotopen 12®Te und *°Te bei T, = 48 MeV mit dem Magnet-
spektrometer LEPS am PSI durchgefiihrt [48]. Diese Messungen fithrten zur erstmali-
gen Beobachtung der DCX-Reaktion an schweren Kernen bei Energien unterhalb der
A-Resonanz mit Wirkungsquerschnitten von ungefihr 15nb/sr und einem Verhéltnis
von o(1*0Te) /o (1% Te) = 1.5735 bei einem Streuwinkel von 30°. Innerhalb der grofien
Unsicherheiten ist das beobachtete Wirkungsquerschnittsverhéltnis in zufriedenstel-
lender Ubereinstimmung mit mikroskopischen Rechnungen [117, 118, 177, 178, 179],
die im Rahmen des pnQRPA2-Modells durchgefithrt wurden. Dieses Modell wurde
schon erfolgreich bei der Beschreibung des einfachen [170, 171, 172, 180] und doppel-
ten [170, 172, 173, 174] (3-Zerfalls eingesetzt.

4.2 w%Photoproduktion am Deuteron

Die elektromagnetische Pionproduktion an Nukleonen und leichten Kernen ist von
fundamentalem Interesse und nimmt deshalb einen zentralen Platz in der Mittelener-
giephysik ein. Wie die zahlreichen theoretischen Arbeiten zeigen [181, 182, 183, 184,
185, 186, 187, 188, 189, erfihrt die Pionproduktion am Deuteron besonderes Interesse.
Dies hat mehrere Griinde: Die Struktur des Deuterons ist im Vergleich zu schwereren
Kernen wohlverstanden. Seine geringe Bindungsenergie ermoglicht, die Beitrédge sei-
ner Konstituenten zu Reaktionsprozessen mit den entsprechenden Beitrdgen von freien
Nukleonen zu vergleichen. Deshalb hat man am Deuteron am ehesten die Chance,
off-shell Effekte oder Modifikationen der elementaren Reaktionsprozesse im Kernme-
dium zu untersuchen. Von zentralem Interesse ist auch der Wert fiir die elementare
Neutron-Amplitude Egin der Reaktion yn — 7%n. Falls Effekte aufgrund von Endzu-
standswechselwirkungen klein sind, 1483t sich dieser Wert am besten aus Messungen am
leichtesten “Neutronen”-Target, dem Deuteron extrahieren.

Eine préizise Bestimmung der elementaren Amplituden zur Beschreibung der Photo-
produktion von Pionen erlaubt eine Uberpriifung der zugrunde liegenden theoretischen
Modelle und einen sensitiven Test der Isospin-Symmetrie bzw. deren Verletzung auf-
grund der Massendifferenz der leichten Quarks [184]. In den letzten Jahren haben
neue Messungen der m°-Photoproduktion zu einem prizisen Wert fiir die elementare s-

2proton-neutron Quasiparticle Random Phase Approximation
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Abbildung 4.1: Energieanregungsfunktion der Reaktion “H(d, ") von der Produktions-
schwelle bis 310 MeV [54].

Wellen-Proton-Amplitude Egip gefiihrt [190, 191, 192]. Dieser Wert ist in Widerspruch
zu Rechnungen, die auf klassischen LET? beruhen, und die einen um einen Faktor
vier grofleren Wert vorhersagen. Der Wert von Egip konnte aber kiirzlich im Rahmen
der xPT* erklirt werden [193, 194]. Fiir die Neutron-Amplitude ist die Situation um-
gekehrt, dort sagen LET-Rechnungen einen um einen Faktor vier kleineren Wert wie
xPT-Rechnungen vorher.

Experimentell ist die Messung der 7°-Photoproduktion am Deuteron sehr schwie-
rig; Daten wurden bisher von drei Gruppen veroffentlicht [134, 195, 196]. Bei den
beiden ersten Messungen wurde die Reaktion iiber das 7 durch seinen Zerfall in zwei
vs nachgewiesen. Die Messungen von Argan et al. [195] wurden von der Produktions-
schwelle bei E, ~ 140MeV bis 10 MeV dariiber in Saclay durchgefiihrt. Die neuen
Messungen von Bergstrom et al. [134] am SALS mit vielfach héherer Statistik decken
den Bereich bis 20 MeV iiber der Produktionsschwelle ab. Beide Gruppen konnen in ih-
ren Messungen jedoch nicht zwischen quasifreier vd — pnn® und kohérenter vd — dx®
Pion-Photoproduktion unterscheiden und sind fiir die Angabe von totalen und differen-

3Low Energy Theorems
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tiellen Wirkungsquerschnitten auf theoretische Abschédtzungen der relativen Beitréige
der beiden Reaktionskanéle angewiesen. Adams et al. [196] maflen die quasifreie Pion-
Photoproduktion durch koinzidenten Nachweis von Neutron und Proton, allerdings
methodisch bedingt nur bei grolen Impulsen der Nukleonen. Dadurch sind diese Da-
ten auch nicht geeignet fiir die Bestimmung der elementaren Amplitude am Neutron.

Die zusammen mit der A2/TAPS-Kollaboration durchgefiihrten Messungen an MA-
MI (siehe auch Abschnitt 2.4: Elektromagnetische 17-Produktion am Deuteron) decken
zum erstenmal den ganzen Energiebereich von der Produktionsschwelle bis fast zum
Maximum der A-Resonanz ab und liefern totale Wirkungsquerschnitte getrennt fiir
den quasifreien und kohérenten Reaktionskanal, als auch differentielle Wirkungsquer-
schnitte [54].

Der Pionnachweis erfolgt durch Messung der beiden 7-Quanten in TAPS, einem
grofiflichigen elektromagnetischen Kalorimeter mit mehr als 500 BaF,-Kristallen. Die
Trennung der beiden Reaktionskanile wird ermdglicht durch eine Analyse der aus den
Viererimpulsen der neutralen Pionen bestimmten Missing Energy Spektren und Ver-
gleich mit Monte Carlo Rechnungen, die auf dem Programmpaket GEANT [139] auf-
bauen. Ein erstes Resultat dieser Analyse ist in Abbildung 4.1 gezeigt. Aufgetragen
ist die Energieanregungsfunktion des totalen Wirkungsquerschnitts fiir den quasifreien
und den kohérenten Reaktionskanal.

Unsere Analyse der experimentellen Daten zeigt, dafl der von Bergstrom et al. [134]
aufgrund eines theoretischen Modells angenommene Beitrag des quasifreien Reaktions-
kanals deutlich unterschitzt wurde (16% bei 160 MeV gegeniiber unseren 27%), mit
weitreichenden Konsequenzen fiir die Interpretation ihrer Daten.

4.3 1m- und 27-Produktion in pp-Stéfien

Seit inzwischen zwei Jahrzehnten gilt die QCD als die akzeptierte Theorie der starken
Wechselwirkung. Die Wechselwirkung zwischen Quarks wird durch den Austausch von
Gluonen vermittelt; die Stérke der Wechselwirkung héngt vom Impulsiibertrag ab. Da-
durch kénnen bei hohen Impulsiibertrégen storungstheoretische Methoden zur Lésung
der Gleichungen der QCD angewandt werden. Bei niedrigen Impulsiibertragen hinge-
gen wird die starke Kopplungskonstante so grof}, dal storungstheoretische Methoden
versagen. Quarks und Gluonen konnen nicht mehr als freie Teilchen behandelt wer-
den, sondern binden sich aufgrund des Farbeinschlusses ( Confinement) in farbneutralen
Zustanden, den Mesonen und Baryonen.

Photoinduzierte Reaktionen, wie im vorherigen Abschnitt beschrieben, liefern kom-
plementére Informationen zu den rein hadronischen Prozessen. Fiir die letzteren stehen
neuere theoretische Ansétze, wie die chirale Stérungstheorie, noch ganz am Anfang.
Der Grund dafiir liegt in der erhohten Komplexitdt Nukleon-induzierter Reaktionen,
aufgrund der Wechselwirkung zwischen den beiden Nukleonen.

Weltweit stehen zur Zeit drei Beschleunigerlaboratorien zur Verfiigung, an denen
entsprechende Untersuchungen durchgefiihrt werden kénnen: IUCF® (T, < 0.5GeV)

6Indiana University Cyclotron Facility, Bloomington
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R(Q)

Q[MeV]

Abbildung 4.2: Verhiltnis R(Q) der differentiellen Wirkungsquerschnitte der Reaktio-
nen pp — pnrw und pp — dnt als Funktion der Anrequngsenergie ) im pn-System.
Die durchgezogene Kurve zeigt die Vorhersage aus Referenz [201].

[197], COSY” (T, < 2.5GeV) [198, 199, 200] und CELSIUS (T, < 1.4GeV). Im
Rahmen dieser Arbeit sind am CELSIUS Experimente zur 17- und 27-Produktion in
Proton-Proton-Kollisionen durchgefiihrt worden, iiber die im folgenden berichtet wird.

4.3.1 17-Produktion

Die 1m-Produktion hat in den letzten Jahren erneutes Interesse erfahren, zum einen
von experimenteller Seite aufgrund der Verfiigbarkeit der neuen Speicherringe mit
gekiihlten Protonenstrahlen und zum anderen von theoretischer Seite. Theoretische
Aspekte, die zur Zeit diskutiert werden, sind die Beitréige von Austauschstromen schwe-
rer Mesonen, die Natur des 7NN-Vertex und der Einflufl von Endzustandswechselwir-
kungen (FSI®) in diesen Reaktionen. Die Reaktionskanile 7d und 7NN sind verant-
wortlich fiir den groBten Teil der Inelastizitdt in der Nukleon-Nukleon-Streuung bei
mittleren Energien.

Messungen der Reaktionen pp — dn™ und pp — pnnt bei T, = 400 MeV wurden
mit dem PROMICE/WASA-Detektor am CELSIUS-Speicherring durchgefiihrt [22].
Im Kanal pn7™ kénnen in den Spektren der Invarianten Massen (M) explizit Effekte
der NN-Endzustandswechselwirkung beobachtet werden. Die Energie von 400 MeV ist
bereits grofl genug, um Beitrége der Produktion der A-Resonanz klar in M, -+ und M+
beobachten zu kénnen. Auflerdem beeinflufit die np-Endzustandswechselwirkung stark
M,,p, obwohl die Reaktionsenergie schon deutlich oberhalb der Pionproduktionsschwelle
liegt.

Auf eine enge Verkniipfung zwischen den beiden Kanilen dzt und pnm* wurde
kiirzlich in [201] hingewiesen. Unter der Annahme, dafl das pn-System sich in ei-
nem 3S;-Zustand befindet, und dafl der Pion-Erzeugungsoperator kurzreichweitig ist,
wurde eine einfache Beziehung fiir das Verhaltnis der differentiellen Wirkungsquer-
schnitte R(Q) hergeleitet (Formel 6 in Referenz [201]), wobei QQ die Anregungsenergie
im pn-System ist. In Abbildung 4.2 ist das experimentelle Resultat zusammen mit

"Cooler Synchrotron, Jiilich
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Abbildung 4.3: Energieanrequngsfunktion des totalen Wirkungsquerschnitts der Reak-
tion pp — pprm 7w . Gezeigt sind Resultate von Messungen der PROMICE/WASA-
Kollaboration und Daten von [203](c), [204](0), [205](%), [206](A) im Vergleich mit
theoretischen Rechnungen von [207] mit (gestrichelte Kurve) und ohne (durchgezogene
Kurve) Beriicksichtigung der pp-Endzustandswechselwirkung.

der Vorhersage aus [201] gezeigt. Obwohl die Ubereinstimmung zufriedenstellend er-
scheint, weisen die Daten doch eine deutlich stérkere Steigung als die Rechnung auf.
Die Diskrepanz bei kleinen Werten von QQ kénnte ihre Ursache in Beitrédgen von anderen
Partialwellen haben, insbesondere der 'Sy-Kanal im pn-System.

Die Daten des dr™-Kanals fanden Eingang in die SAIDY-Datenbank, mit der eine
kombinierte Analyse der Reaktionen pp — pp, 7d — 7md und 7d — pp durchgefiihrt
werden kann (siehe zum Beispiel [202]).

4.3.2 2mw-Produktion

Die Untersuchung inelastischer NN-Kollisionen liefert vielfiltige Einsichten zur NN-
Wechselwirkung und baryonischen Resonanzen. Ausgehend von der Erkenntnis, dafl
die 2m-Produktionsreaktionen am Nukleon YN — Nz und 7N — Namw wertvolle
Informationen {iber N(1440)Py;- und N(1520)D;3-Resonanzen liefern [208, 209] und
essentielle Uberpriifungen der YPT erméglichen [210], sollte auch die 27-Produktion
im NN-Stofl besonders aufschlufireich sein.

Bisherige Arbeiten zur 2w-Produktion im NN-Stof8 wurden vor allem im Zusammen-
hang mit dem sogenannten ABC-Effekt durchgefiihrt, einem Effekt, der auch heut-

9Scattering Analyses Interactive Dial-in
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zutage noch nicht zufriedenstellend verstanden ist [211, 212]. Der ABC-Effekt wird
beobachtet als eine Uberhshung in den Missing Mass Spektren MM, in der Nihe der
mr-Produktionsschwelle, fiir Reaktionskanéle, in deren Ausgangskanal ein gebunde-
ner Kernzustand gebildet wird. Dokumentiert ist der ABC-Effekt fiir die Reaktionen
pd — 3HeX [213], np — dX [211] und dd — *HeX [214]. Ein Schritt hin zu einem bes-
seren Verstdndnis des ABC-Effekts wurde in [215] getan. In dieser Arbeit konnten die
4He-Spektren der dd — *HeX Reaktion bei Tq = 1250 MeV unter der Annahme erklirt
werden, dafl die beiden Pionen unabhéngig voneinander in Reaktionen zwischen zwei
verschiedenen Nukleonenpaaren von Projektil und Target iiber die Produktion zweier
A-Resonanzen erzeugt werden.

Uberraschenderweise konnte die MOMO -Kollaboration kiirzlich ein dem ABC-
Effekt génzlich entgegengesetztes Verhalten beobachten [216]. Die Untersuchung der
Reaktion pd — 3Her "7~ bei T, = 546 MeV in einem kinematisch vollstéindigen Expe-
riment ergab eine Uberhohung im Spektrum der Invarianten Masse der beiden Pionen
bei mazimalen Invarianten Massen (der ABC-Effekt hingegen weist bei Strahlenergi-
en 1, > 745 MeV eine Uberhohung in der Nihe der 27-Schwelle bei 310 MeV auf
[217, 213]). Dieses Verhalten weist zusammen mit den beobachteten Winkelverteilun-
gen auf eine Dominanz von w7~ -Paaren mit relativem Bahndrehimpuls 1=1 in der
Reaktion hin. Als mogliche Erklarungen schligt die MOMO-Kollaboration einen sel-
tenen Zerfall der A-Resonanz bzw. die Produktion des p(770)-Mesons vor.

Kiirzlich wurde ein mikroskopisches Modell der NN — NNnm Reaktion ent-
wickelt [207]. Dieses Modell beinhaltet mehrere Reaktionsmechanismen, Anregun-
gen der N(1440)P;;- und A(1232)P33-Resonanzen, sowie einige nicht-resonante Bei-
trage und liefert eine zufriedenstellende Beschreibung der bisherigen Daten. Aller-
dings sind nur wenige Daten vorhanden und zudem nur mit geringer statistischer
Signifikanz belegt; insbesondere existieren keine exklusiven Messungen. Im Rah-
men der PROMICE/WASA-Kollaboration wurden deshalb exklusive Messungen der
Reaktion pp — ppr'n~ im Energiebereich von 650 MeV bis 775MeV mit dem
PROMICE/WASA-Aufbau am CELSIUS-Speicherring durchgefiihrt [144, 19, 218|.

Die aus den Messungen ermittelten totalen Wirkungsquerschnitte sind in Abbil-
dung 4.3 gezeigt. Die totalen Wirkungsquerschnitte wurden bestimmt durch Extrapo-
lation der Daten auf eine 47w-Raumwinkelakzeptanz, unter der Annahme einer reinen
Phasenraumverteilung der Reaktion. Die Luminositdt konnte durch Vergleich der si-
multan gemessenen elastischen pp-Streuung mit SAID-Rechnungen bestimmt werden.
Die resultierenden totalen Wirkungsquerschnitte sind um nahezu eine Gréflenordung
kleiner als diejenigen von Dakhno et al. [203]. Letztere Daten basieren jedoch auf
quasifreien pd-Messungen mit einer Blasenkammer, ohne wichtige Korrekturen wie die
Fermi-Impulse der involvierten Nukleonen im Deuteron-Target zu beriicksichtigen. Die
Fermi-Korrektur fithrt zu einer Verschiebung der Datenpunkte zu um ungefdhr 50 MeV
hoheren Energien [219]. Dadurch wird die Diskrepanz zu den PROMICE/WASA-
Messungen reduziert.

Der systematische Trend der Daten wird durch die Rechnungen von Alvarez-Ruso et
al. [207] gut beschrieben, erstaunlicherweise aber nur, falls die pp-Endzustandswechsel-
wirkung nicht beriicksichtigt wird (siehe Abbildung 4.3). Die Auswertung der differen-

10Molecules of Mesons Online



34 Kapitel 4. Konventionelle Aspekte der untersuchten Reaktionen

tiellen Wirkungsquerschnitte ist noch im Gange [19].

Weitere Messungen der Meson-Produktion in Nukleon-Nukleon-Stéf8en sind am
COSY-Speicherring mit dem COSY-TOF-Detektor und am CELSIUS-Speicherring mit
dem CELSIUS/WASA-Detektor in Vorbereitung.

4.4 Zusammenfassung zu “Konventionelle Aspekte
der untersuchten Reaktionen”

Es wurden Messungen der pionischen doppelten Ladungsaustauschreaktion bei Energi-
en unterhalb der A-Resonanz an den Kernen **He (mit CHAOS am TRIUMF) sowie
i, 12C, 160, 10Ca, Fe, *Nb und ?$139Te (mit LEPS am PSI) vorbereitet, durch-
gefiithrt und analysiert.

Durch Analyse der Daten der Reaktion *He(w~, 7 )®n konnte eine schérfere obere
Schranke fiir den Produktionsquerschnitt des Trineutrons bestimmt werden.

"Li ist der leichteste Kern, an dem der pionische doppelte Ladungsaustausch in
einer bindren Reaktion zu einem diskreten Endzustand fithrt. Die gemessenen Wir-
kungsquerschnitte erwiesen sich als deutlich kleiner als aus der Systematik schwererer
Kernen erwartet. Diese Unterdriickung des Wirkungsquerschnittes kann durch einen
Protonen-Halo im Teilchen-instabilen Kern "B erklirt werden.

Bei der DCX-Reaktion an 0 konnte der Ubergang zu einem 0*-Zustand bei E, =
2.1(2) MeV in *Ne beobachtet und als der Quadruple Isobaric Analog State des 0; -
Zustands in 6C interpretiert werden.

Die Resultate der DCX-Reaktion an den 33-instabilen Isotopen ?813Te ermdglichen
die Uberpriifung von theoretischen Modellen zur Beschreibung des §3-Zerfalls.

Die erstmalige Messung der 7°-Photoproduktion am Deuteron von der Schwelle bis
in das Maximum der A-Resonanz wurde zusammen mit der A2/TAPS-Kollaboration
am MAMI durchgefithrt. Es gelang die Trennung von quasifreiem und kohérentem
Reaktionsanteil, und zwar iiber den ganzen gemessenen Energiebereich. Theoretische
Modelle, die bei der Analyse der am SAL gemessenen Daten zur Photoproduktion zum
Einsatz kommen, unterschitzen stark den quasifreien Reaktionsanteil.

Die 17- und 27-Produktion in pp-Stoen wurde im Rahmen der PROMICE /WASA-
Kollaboration am CELSIUS-Speicherring untersucht. Die Observablen der pp — pnm™
Reaktion bei T, = 400 MeV werden stark durch NN-Endzustandswechselwirkungen
und A-Produktion beeinflufit. Das Verhéiltnis der Reaktionskanile pp — pnm™ und
pp — dnt wird gut durch eine kiirzlich veroffentlichte theoretische Vorhersage beschrie-
ben, was auf eine Dominanz der np-Produktion im relativen 3S;-Zustand hinweist.

Die 777~ -Produktion konnte erstmalig exklusiv im pp-Stofl bei Energien unterhalb
800 MeV vermessen werden. Ein besonders interessanter Aspekt dieser Reaktion liegt in
der Moglichkeit, die mm-Wechselwirkung zu untersuchen, besonders auch im Hinblick
auf den bisher unzureichend verstandenen ABC-Effekt. Ein neues mikroskopisches
Modell der 77~ -Produktion beinhaltet Anregungen der N(1440)P;;- und A(1232)P3;3-
Resonanzen und liefert eine zufriedenstellende Beschreibung der Daten.



Kapitel 5

Restimee

Im Rahmen dieser Arbeit wurden experimentelle Studien zur Suche nach exotischen
Teilchenzusténden durchgefiihrt.

Die Quantenchromodynamik ist inzwischen als die Theorie der starken Wechsel-
wirkung anerkannt. Eine ihrer wichtigsten Konsequenzen ist die Moglichkeit der Exi-
stenz von neuen — nicht im Meson- oder Baryon-Bild beschreibbaren — gebundenen
Zustédnden und Resonanzen, wie zum Beispiel Sechs-Quark-Zustédnde, den sogenann-
ten Dibaryonen. In Untersuchungen der pionischen doppelten Ladungsaustauschre-
aktion (77, 77) bzw. (77,77) an einer Vielzahl von Kernen von "Li bis Nb wur-
de eine resonanzartige Struktur in der Energieanregungsfunktion der Vorwartswinkel-
Wirkungsquerschnitte bei niedrigen Energien in der Gegend von T, = 50 MeV ge-
funden. Dieses Verhalten kann bisher nicht allgemein in theoretischen Rechnungen,
die auf konventionellen Reaktionsmodellen basieren, befriedigend beschrieben werden.
Unter der Annahme der Existenz des sogenannten d’-Dibaryons, einer schmalen, vom
Nukleon-Nukleon-System entkoppelten Resonanz im 7NN-System, konnte ein Modell
entwickelt werden, das alle weltweit vorhandenen Datenpunkte der doppelten Ladungs-
austauschreaktion (oder kurz DCX-Reaktion) bei niedrigen Energien beschreiben kann.

Da bisher unbekannte Kernstruktureffekte moglicherweise auch die resonanzar-
tige Struktur in der DCX-Energieanregungsfunktion erzeugen kénnten, wurden zur
Uberpriifung der d’-Hypothese Experimente an einfachen Systemen durchgefiihrt. Die-
se Experimente sind erstens die DCX-Reaktion an >*He, d.h. an den leichtesten Kernen,
an denen diese Reaktion moglich ist, zweitens die Pion-Photoproduktion am Deuteron
vd — pnn® und drittens die 2w-Produktion im pp-Sto pp — ppr 7, jeweils im
Energiebereich, die fiir den Nachweis der d’-Produktion besonders geeignet sind. In
all diesen Messungen konnte der Weltdatenvorrat erheblich erweitert und zahlreiche
neue Einsichten iiber konventionelle Reaktionsmechanismen gewonnen werden. FEine
eindeutige Verifikation der d’-Hypothese durch Nachweis von d’ in diesen Reaktionen
konnte jedoch bisher nicht erbracht werden. Zwar sind alle Daten dieser Reaktionen
in Einklang mit den berechneten d’-Beitridgen, allerdings sind die d’-Beitrige klein, so
dal Abweichungen vom konventionellen Reaktionsmechanismus nur schwer eindeutig
nachgewiesen werden kénnen.
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Aufgrund der unbefriedigend groflen Zahl von Parametern im Standardmodell der
Elementarteilchenphysik, werden derzeit vielerorts Experimente zur Suche nach Hin-
weisen auf Physik jenseits des Standardmodells durchgefiihrt, mit dem Ziel eine grund-
legendere Theorie zu entwickeln.

Motiviert durch die von der KARMEN-Kollaboration berichtete Beobachtung einer
Anomalie im Zeitspektrum neutrinoinduzierter Reaktionen und deren Interpretation
als exotische m — ux bzw. u — eX Zerfille mit neuen, massiven, schwach wechsel-
wirkenden Teilchen x bzw. X wurden Experimente zur Suche nach diesen Zerfallen
durchgefiihrt. Dabei konnte fiir den exotischen Pion-Zerfall eine obere Grenze fiir das
Verzweigungsverhéltnis von 7-107% (95% C.L.), fiir den exotischen Myon-Zerfall eine
obere Grenze von ungefihr 5-107* (90% C.L.) bestimmt werden.
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Signature of a zNN Resonance in Pionic Double Charge Exchange at LoW Energies
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All currently available data on the pionic double charge exchange reaction (z*,7~) on nuclei exhibit
a very peculiar energy dependence near 7, =50 MeV, while the anguiar distributions behave quite regu-
larly. We demonstrate that these features find their natural explanation by a narrow resonance in the
zZNN subsystem with JZ=0" and a mass of 2.065 GeV.

PACS numbers: 25.80.Gn, 14.20.Pt, 24.30.Gd

By charge conservation pionic double charge exchange
(DCX) on nuclei has to take place on at least two nu-
cleons within the nucleus. Hence, one of the original
hopes was that this reaction represents a unique tool for
studying correlations between two nucleons, preferably at
small spatial distances. However, experimental data tak-
en at energies in the region of the delta resonance and
above soon showed that the bulk features of DCX at
these pion energies arise from simple 4 dependences due
to strong absorption. And it was only recently discovered
[1,2] that the original hope seems to be fulfilled indeed at
pion energies considerably below the delta resonance,
where absorption processes are largely reduced. In vari-
ous theoretical investigations [1-7] it has been demon-
strated that the DCX cross sections at low energy exhibit
a high sensitivity to nucleon-nucleon (NN) correlations
concerning internuclear distances of 1-2 fm and below.
This discovery prompted quite a number of experiments
at low energies, though low beam intensities, high back-
ground from =z decay, and small DCX cross sections
render measurements in this energy region very difficult.
As a result of the common efforts undertaken at LAMPF,
TRIUMF, and PSI there now exists a substantial base of
low-energy DCX data on light and medium nuclei, which
all exhibit a very regular and smooth angular de-
pendence—as predicted by the various theoretical
models— however, also a very peculiar and totally unex-
pected energy behavior (Figs. 1 and 2) near T,= 50
MeV. Whereas the structure in the energy dependence is
reminiscent of some resonance, we see from the angular
distributions that this cannot be a pion-nucleus reso--
nance, since then the angular distributions would be
characterized by P#(cos@), where J is the spin of such a
resonance and 6 the scattering angle.

In this Letter we demonstrate that this puzzling energy
behavior, which as of yet has not been understood within
current models, finds its natural explanation by a reso-
nance in the zZNN subsystem, having J*=0", T=0, and
a mass of 2.065 GeV. Preceding short notes of this idea
are found in Refs. [8,91. Such a low-mass dibaryon reso-
nance actually has been predicted by QCD-inspired mod-
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els [10,11] for several years. Because of its quantum
numbers this resonance, henceforth called d', does not
couple to the NN channel, where most of the dedicated
yet unsuccessful dibaryon searches have been undertaken,
but nearly exclusively to the zNN channel. Hence to
look for dibaryon resonances in this channel the DCX at
low pion energies appears as an ideally suited reaction.
Its features, very small cross sections due to its two-step
character and high sensitivity to small NN distances,
render this reaction particularly sensitive to exotic, i.e.,
non-nucleonic processes, as already specuiated some time
ago in the six-quark concept of Miller [12].

In the context of correlations the d' resonance arises
from a particular NN correlation, which leads near
T,==50 MeV to a resonani enhancement of corrclations
between nucleons in a relative s state. In fact, such an
enhancement had already implicitly been demanded in
Ref. [13] for the explanation of the DCX data on '*C.

Figures 1 and 2 comprise the bulk of existing DCX
data [13-20] which extend down to low energies; for '2C
and *°Fe see Ref. [9]. The measured transitions are to
the double isobaric analog state (DIAT), in general
heavily favored due to maximum overlap of initial and
final state wave functions, and in the case of T > 1 target
nuclei also to the ground state (GST) in the final nucleus,
these latter transitions being then of nonanalog type. All

‘measured forward angle cross sections exhibit a steep rise

towards T,== 50 MeV, with the exception of the DIAT
on ®Ca. The special role of the latter has successfully
been explained by Auerbach et al. (AGGK) [1] within
the seniority concept. Though the AGGK model is in
agreement with the DIAT data on 48Ca, it cannot explain
the steep resonancelike energy dependence for all the oth-
er transitions (dotted lines in Figs. 1 and 2). This failure
is common to other current theoretical investigations.

In the following we demonstrate that the low-energy
DCX data suggest the existence of a J¥=0" resonance
in the #/VN subsystem within the nucleus. Since a reso-
nance in the ZVN subsystem is smeared out by the corre-
sponding center-of-mass (c.m.) motion of the particular
NN pair within the nucleus, the DCX transition for such

0031-9007/93/71(1)/42(4)$06.00
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FIG. 1. Excitation functions of (z ¥,z ) forward angle cross - : . .
sections for the DIAT in 7 =1 nuclei (top} as well as for GST FIG. 2. Same as Fig. 1 except for the angular distributions

and DIAT in T> 1 Ca isotopes (bottom). The full calculations at Tx=50 MeV. For the T=1 nuclei (top) calculations are
are shown by solid, and the nonresonant part by dotted lines. shown only for *C and **Ca. For the latter the resonant part is
The dash-dotted curve for ¥Ca GST is for go=+30°. displayed for spin J =0, 1, and 2 by the dashed lines.

a process is given by the primary resonance amplitude evaluated from the graph shown in Fig. 3, and folded with the
NN c.m. wave functions for valence nucleons in initial and final nuclear states:

12 f !
e [ i i

mymy 7 (Egr —m,)? & |k

J12i i3
xep (G1j2)doGiis)bine G i) bonew(Gijs)
% f Rynr (Q)RN'L'(Q')PL (COSﬁ)PJ(COS}') 3
E—Egp—kj/4m—Q-k/2m+il/2

0

Here I', T'y+, ', Eg =Mpg — 2my denote total and partial { - -
widths as well as the resonance energy of d' in the nu- wno(r') describe the relative motion of the two nucleons
clear medium, and kg is the pion momentum at reso- with / =0 and S =0 at distance r and r', respectively. N,
nance. Ryz and Ry (Q and Q') are the radial wave N', n, n', L, and L' are the quantum numbers for nodes
functions (momenta) of the c.m. motion of the NN pair and c.m. angular momentum resulting from the Talmi-
in initial and final nuclear states, whereas w,o{r) and Moshinsky transformation [coefficients by, (j1j2) in-
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FIG. 3. Graph of the d' resonance process in DCX.

cluding jj— LS couplingl of the single particle wave
functions with j; and j;, and ¢, (d.) denote the two-
nucleon coefficients of fractional parentage for initial
(final) nuclear states. The angles 8 and y appearing in
the Legendre polynomials Py(cosg) and P,(cosy) are
functions of the momenta Q, Q, k, and k', where k and
k' denote initial and final pion momenta, respectively, and
J stands for the spin of d'. Since §=0, /=0, we have
L'=L. For the formation of d' we simply assumed a
Gaussian interaction of range @ ~'. From quark models a
range in the order of 1 fm seems to be realistic. In the
calculations shown in this paper as well as in Ref. [9] we
have used @ ~!=1 fm. The final result does not crucially
depend on this choice. If we use @ ~'=0.5 fm (0) in-
stead, then fres increases by a factor 1.2 (1.7), lowering
correspondingly our results on the partial widths.

The measured structures in the DCX energy depen-
dence have roughly a width of 20 MeV. Using Eq. (1)
we see that the c.m. motion of the NV pair alone, already
contributes a width of 13~17 MeV. Thus the width I" of
d' within the nuclear medium has to be small, in the or-
der of a few MeV. For a detailed analysis we need to ac-
count for the nonresonant “background” (f;) due to the
conventional DCX process, which interferes with the res-
onance amplitude,

f1t®©) =1, (©) +e™f,(0) , 2)

with ¢ being a relative phase between background and
resonance amplitude. For the background we adopt the
AGGK concept [1], which has been most widely used for
the description of low-energy data. For the calculation of
Egs. (1) and (2) we have used the wave functions of
Refs. [1,2] for Ca and Ti isotopes, and those of Refs.
[21~23] for 'C, 'O, and 3*S, respectively. The back-
ground cross section is shown in Figs. 1 and 2 by dotted
lines. From inspection of the angular distributions we see
that the conventional mechanism, which also takes into
account the c.m. motion of the correlated NN pair in its
form factor, does already give quite a reasonable descrip-
tion of the shape of the measured angular distributions
near T,=50 MeV, though not of its absolute magnitudes.
From this we may infer already that the spin of ' is like-
ly to be zero, since then P;{cosy) =1 and Eq. (1) leads to
a comparable angular dependence. Indeed calculations of
Eq. (1) assuming J =1 or 2 predict angular distributions
which decline faster than the data by I and 2 orders of
magnitude, respectively, between 0° and 70° (dashed
lines in Fig. 1, for “?Ca). Only the J =0 calculations are
in agreement with the required angular dependence. The
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solid curves in Figs. 1 and 2 give the result if, according
to Egs. {1) and (2), a NN resonance is included having
JP=0", Mg=2.065 GeV, I'=5 MeV, I'y. =~ =0.17
MeV, and ¢9=—60°. The inclusion of the resonance
provides, for the first time, a quantitative description for
all measured transitions (for '2C and ®Fe, see Ref. [9]),
and only a few data points are severely missed, most not-
ably those for '*C DIAT and “Ca GST at T, =50 MeV.
In the latter case a good description could be retained if
we would change the phase ¢ in Eq. (2) from —60° to
+30° for this particular transition (dash-dotted curve in
Fig. 1). Unfortunately there is as yet no measurement of
its angular distribution. With regard to '*C DIAT the
configuration mixing in the realistic wave function for the
4C ground state increases the resonant cross section by
as much as a factor of 3 compared to the case of a pure
configuration. This extraordinary sensitivity to configu-
ration mixing is observed in particular for DIATS, since
there d; =c; causing the same NN wave function to enter
the cross section with the fourth power.

It is not the intention of this paper to present best fits
for each individual transition by adjusting resonance pa-
rameters individually or arguing about details of wave
functions. We rather want to emphasize that with the
use of reasonable wave functions and a single set of reso-
nance parameters the understanding of the low-energy
DCX data is improving drastically. Actually, an increase
of the width to =10 MeV would further improve the
description of the transitions on the light nuclei; other im-
provements would be gained by an individual adjustment
of ¢ or Er. Also the background description is not
unambiguous, differing appreciably among different au-
thors [1-7].

The resonance parameters as given above reflect the 4’
resonance embedded in nuclei. Hence both the total reso-
nance energy Mz and the total width I’ may be affected
by medium effects giving rise to the binding energy and

‘spreading width of 4'. Since T is in the order of a few

MeV, d’ must have even isospin, otherwise decay into NN
would be allowed, causing a much larger width for 4'. 1If
it exists in vacuum d' can decay therefore only into nnz ™,
npr®, and ppr ~—and with a tiny probability also by ¥
emission. Thus we have I'p=3T3+ and most of the ob-
served width I" for 4’ within the nuclear medium has to
be attributed to spreading. Such a decay mechanism in
the medium would be, e.g., Nd'— 3N. Another medium
effect would be a mixing phase hidden in the phase ¢q,
which we introduced in Eq. (2) as a relative phase be-
tween resonance and background, primarily for practical
reasons, since in the AGGK calculations only the moduli
of their amplitudes 4 and B have been given. In calcula-
tions with the code PIESDEX [24] we find on the other
hand that a phase of about —60° is very plausible for the
nonresonant background amplitude. Thus our fit value
for ¢o does not necessarily imply the need for a large mix-
ing phase.
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A low-mass dibaryon state with J =0~ would, in fact,
be in agreement with predictions based on QCD string
models, if we assume that d' has an isospin of T =0.
These models predict a triplet of states 0, 17, and 2~
in this very energy range, all other WN decoupled 6g
states being substantially heavier [10,11]. In these mod-
els d' constitutes basically a singlet diquark with angular
momentum /=1 relative to a four-quark cluster with
S=1, T==0. Since the mass of d' is close to the zZNN
threshold, the tiny width 'y also appears to be very
reasonable.

If d' really exists the question arises of why this reso-
nance has not been observed in other reactions. From its
quantum numbers the NN channel is excluded as already
discussed above. Hence the natural channel to look for
its existence is zVIV, which means scattering as well as
single and double charge exchange of pions on nuclei.
From the tiny resonance cross section (|fres|?2=0.1-1
ub/sr) it is clear, however, that only a dedicated reaction
like DCX, where competing processes are heavily
suppressed, is able to reveal its existence, So not many
possibilities seem to be left to check independently the ex-
istence of d’. One possibility would be, in principal,
d+y—d'— ppzr~. However, as already mentioned
above, the ¥ branch is tiny and we estimate this cross sec-
tion to be in the order of nb/sr, which has to be compared
with a nonresonant background of the order of 100 ub/sr.
Alternatively we suggest searching for d' in the reaction
pp—d'zt — ppr~z*, which gives experimentally the
favorable situation of four charged particles in the exit
channel. First estimates for the resonance contribution
near threshold to this reaction give cross sections in the
order of nb-ub, which seem to render measurements
feasible. Experiments on this reaction are currently being
planned.

In conclusion, we have presented evidence for the ex-
istence of a ZINN resonance with J¥ =0~ by inspection of
the pionic double charge exchange on nuclei. The as-
sumption of such a resonance provides a natural explana-
tion of the “peculiar” features of the low-energy DCX
and gives for the first time a quantitative description of
all presently available low-energy DCX data. Such a di-
baryon resonance which constitutes an exotic, i.e., non-
nucleonic 0~ state in the deuteron at E, =190 MeV
with an extremely narrow width of about half a MeV
would be in good agreement with predictions based on
QCD string models, if 4’ is isoscalar.
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Abstract. A search for the production of a bound trineutron state has been performed using the reaction
3He(7r777r+)nnn at incident pion energies of 65, 75, and 120 MeV. No evidence for the existence of the ®n
was found, and an upper limit for the production cross section of approximately 30 nb/sr (20 confidence
level) was obtained.

PACS. 21.45.4+v Few-body systems — 25.10.+s Nuclear reactions involving few-nucleon systems — 25.80.Gn

Pion charge-exchange reactions

Few-nucleon systems have since long been an ideal testing
ground for nuclear models and the underlying nucleon-
nucleon interaction. A straightforward way to perform
such tests is to compare experimentally determined en-
ergy levels with the corresponding theoretical calculations.
While the ground states of A=3 and A=4 nuclei are rather
insensitive to the various theoretical approaches, the pre-
dictions of extreme nuclear configurations such as n and
4n show a much enhanced sensitivity to nuclear poten-
tials [1,2]. Thus the investigation of those multi-neutron
systems seems appropriate to elucidate fine details of the
nuclear interaction. Most theoretical approaches are based
on realistic nucleon-nucleon potentials which are extracted
from phase shifts analyses of nucleon-nucleon scattering

¢ Present address: Department of Physics, CB 446, The Uni-
versity of Colorado, Boulder 80309-0446

b Present address: Sonigistix Corporation, Richmond, B.C.,
Canada V7A-5E3

data. Independent of the theoretical framework, such as
the Faddeev formalism or variational calculations, most
theoretical works do not predict a bound 3n state in the
three-neutron system. However, it has been stressed [3]
that subtle changes in the nucleon-nucleon potential —
which would not affect results from phase shifts analyses
— may lead to bound neutronic nuclei. The question of
low-lying 3n resonances was studied by Glockle [4], who

ruled out the possibility of low-lying J™ = %Jr resonances
in his model. However, a more recent calculation [5] pre-

dicts a J™ = %+ state at E=11-14 MeV with a width of
I'=13 MeV in the 3n system. Although such a resonance
would fit very well to early interpretations [6] of data on
the pionic double charge exchange (DCX) on *He, more
recent DCX investigations [7] do not see any experimen-
tal evidence for it. Apart from these aspects the question
whether multi-neutron systems exist is of principal inter-

est by itself.
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In the past, searches for trineutrons were conducted
in four types of reactions: H(7~, v)3n, 3He(r~, n7)3n,
“He(m~, p)®n and heavy ion reactions such as "Li(1'B,
150)3n. As of yet, none of these reactions provided ev-
idence for a bound trineutron. For a detailed discussion
of previous measurements see [8]. Upper limits for the
production cross section of 3n in heavy-ion reactions [9]
were determined to be 10 nb/(sr-MeV). From the study of
DCX at T, = 140 MeV an upper limit of 120 nb/sr was
found [10].

To get an idea what the production cross section of
a bound trineutron in DCX reactions could be, we con-
sider a similar system. The DCX reaction "Li(zw+,7=)"B
leads to a particle-unstable nucleus that, in a naive pic-
ture, consists of a helium core and a three-proton halo [11].
The cross section for the ground state transition which in-
cludes the formation of a quasi-bound three-nucleon sys-
tem was found to be in the order of 100 nb/sr [11]. There-
fore, the limit of 120 nb/sr deduced in [10] might not be
stringent enough to exclude the existence of a trineutron.
This argument is further supported by the fact that the
"Li(n+,77)"B reaction is an intra-shell transition whereas
the 3He(r~,7%)?n would involve a cross-shell transition
with a correspondingly smaller cross section.

In this work we examine the DCX reaction *He(7~,7 1)
at three incident pion energies, 65, 75, and 120 MeV. At
such low pion energies the typical recoil energy transferred
to the three-neutron system is only several MeV, which is
the same order of magnitude as the expected binding en-
ergy of a hypothetical trineutron. Thus intuitively it ap-
pears more likely to produce a trineutron in such a “soft”
reaction than at higher energies.

The experimental apparatus used was the CHAOS
(Canadian High Acceptance Orbit Spectrometer) detec-
tor [12,13] and a liquid 3He target. CHAOS is a mag-
netic spectrometer that allows momentum reconstruction
of the scattered particles with a momentum acceptance
from 50 MeV/c up to the kinematic limit. The angular
coverage is almost 360° (except for holes in the regions of
the incoming and outgoing beam) in-plane and +7° out-
of-plane. The particle identification is performed using an
array of plastic scintillators and lead glass Cerenkov coun-
ters that surround the detector. CHAOS provides a sophis-
ticated hardware trigger which is capable of detecting the
polarity change that identifies a charge exchange reaction.
The target was the same as was used previously [14] for
DCX measurements on *He except for minor modifications
that were necessary in order to condense 3He.
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From the momentum of the incoming 7~ and the re-
constructed momentum of the outgoing 7+ the invariant
mass My, of the three-neutron system has been recon-
structed for all events within the CHAOS acceptance. The
data reduction and normalization procedure is described
in detail in [15]. On the left of Fig. 1 My, is shown for 120,
75, and 65 MeV. It is seen that the three-neutron invariant
mass distributions leak into the region (see dashed curve
in Fig. 1) that is kinematically forbidden for a final state of
three unbound neutrons. However, this has not necessarily
to be ascribed to a bound trineutron but could be due to
the finite resolution of the reconstructed invariant mass. In
order to determine this “conventional” contribution in the
kinematical region of a bound trineutron, a cubic spline
fit was performed to account for the finite resolution. The
boundary conditions of the fit were a constant background
for Mypn, < 2803.7 MeV for My, > 2818.7 MeV a trineu-
tron with a binding energy 0 < Eg < 15 MeV (Eg > 0 for
bound states) do not affect the spline fit which then rep-
resents the true physical background. On the right hand
side of Fig. 1 the difference between the spline fit and
the experimental data is shown. No statistical significant
structure can be seen. In order to determine an upper limit
for the ®n production cross section Gaussian shaped dis-
tributions were fitted to the difference spectra for binding
energies Eg < 15 MeV. The widths of the Gaussian dis-
tributions were kept fixed at a value corresponding to the
appropriate detector resolution. The resolution was deter-
mined by GEANT Monte Carlo simulations to be 5.3, 3.5,
and 3.0 MeV at 120, 75, and 65 MeV, respectively. This
procedure results in upper limits (20 confidence level) for
the 3n production cross sections as given in Fig. 2.

In order to test the above procedure an alternative
method was used. Due to the lack of a reliable model for
the DCX reaction at low energies an attempt was made
to describe the experimental data under the assumption
of a simple 4-body phase space distribution in the final
state. After consideration of the detector resolution and
acceptance it was found that a reasonable description of

)nnn reaction 7

the invariant mass spectra above threshold could be ob-
tained. Again upper limits for the ®n production were ob-
tained from the analysis of the difference of the experi-
mental data and the 4-body phase space distribution. The
limits that were obtained using this procedure are some-
what larger but in qualitative agreement with the results
from the spline fit. Exemplarily, the 4-body phase space
distribution and the resulting upper limits are shown for
65 MeV as the dotted curves in Fig. 1 and Fig. 2.

In order to search for the predicted [5] unbound three-
neutron resonance with mass 2820-2823 MeV/c? the ex-
perimental resolution and the predicted width of 13 MeV
were taken into account and a Gaussian fit to the dif-
ference spectrum of the data and the spline fit was per-
formed. The obtained upper limits (30 confidence level)
for the formation cross section of such a resonance are 640,
72, and 48 nb/sr at 120, 75, and 65 MeV, respectively.

To summarize, the 3He(7~,m ") reaction has been ex-
amined at 120, 75, and 65 MeV. Invariant mass spectra
were obtained for the three-neutron system and no evi-
dence for a bound trineutron state has been found. The
deduced 20 upper limits (a~ 30 nb/sr) for the 3n produc-
tion are the most stringent limits obtained in DCX on
3He. Also no signal of an unbound three-neutron reso-
nance could be observed.
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Abstract

Using the CHAOS spectrometer at TRIUMF the total cross sections and outgoing pion momentum distributions for the
“He(w*,7) reaction were measured for 7+ kinetic energies from 70 to 130 MeV. At energies around 100 MeV the total
cross sections show an excess by a factor 3 over conventional model calculations which could be ascribed to a contribution
from a hypothetical d' dibaryon. © 1998 Elsevier Science B.V.

PACS: 25.80.Gn; 14.20.Pt; 25.10 + s
Keywords: Pionic double charge exchange; “He target; Dibaryon
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forward angle excitation function for DCX to well-
defined final states on light and medium weight
nuclei shows a resonance-like structure which is not
accounted for by conventional reaction mechanisms
[2].

The hypothetical =NN resonance d was pro-
posed [2] as a possible explanation of this peculiar
energy dependence in DCX to discrete final statesin
nuclei. According to this hypothesis the observed
behavior corresponds to the formation of the d' in
the course of the DCX process. The parameters of
the d' deduced from DCX to final statesin nuclei are
m= 206 GeV/c? I =05 MeV and 1(JP)=
even(0~). As pointed out in Ref. [3] an | = 2 assign-
ment for d could be in conflict with previous
dibaryon searches [4,5], hence a | =0 assignment
appears to be more likely and is favoured also by
QCD-inspired models. Recently a narrow signal con-
sistent with the d' hypothesis has also been observed
in the invariant mass spectrum M, - obtained in a
measurement of the reaction pp—ppm 7~ a
CELSIUS[6].

The pionic DCX reaction on “He is of interest
regardless of the d hypothesis because no cross
section data exist for this reaction below 100 MeV,
whereas for other light nuclei with A > 6 there are
ample data displaying the above mentioned structure.
Another interesting point is that the final state for the
4He case consists of four identical unbound nucleons
whereas in previous observations of the resonance-
like structure, the DCX reaction was always studied
for well-defined fina states. In the present work we
have measured the inclusive DCX cross section for
incoming pion kinetic energies between 70 and 130
MeV. The lower energy is below the d' threshold
and at 130 MeV the d' contribution is expected to be
small. Around 90 MeV, conventional models predict
cross sections that differ by as much as one order of
magnitude from predictions based on the d' hypothe-
sis [7]. As a possible additional test of the reaction
mechanism we also measured the momentum distri-
butions of the outgoing pions because it is expected
that a strong attractive final state interaction (FSI)
between protons from the d' decay is effective [8].
Due to this FSI, the d' hypothesis predicts a struc-
ture for the momentum distributions of the outgoing
pions which is peaked towards higher momenta com-
pared to conventional predictions.

The measurements were performed on the M11
channel at TRIUMF using the CHAQOS detector
(Canadian High Acceptance Orbit Spectrometer), and
a liquid *He target developed at the University of
Regina. CHAQOS [9] consists of four concentric
cylindrical wire chambers (WC1 to WC4) for parti-
cle tracking, placed in a vertical magnetic field. They
are surrounded by scintillation and Cerenkov coun-
ters (forming the CHAOS Fast Trigger blocks or
CFTs) for particle identification [10]. Charged parti-
cles were accepted over amost the entire angular
range in the scattering plane (with 18° holes in the
regions of the incoming and outgoing beam), and
within +7° out of plane. Thefirst level trigger (1LT)
condition was set to require at least one hit in the
CFT blocks by an outgoing charged particle. The
outgoing protons could not be detected in the present
experiment as they were stopped in the target. For
DCX-measurements the second level trigger (2LT)
additionally required a negative particle track, while
for elastic scattering measurements, made for nor-
malization purposes, there were no 2L T constraints.
The liquid *He target [11] was placed in the center
of the detector, inside WCL. It consisted of a 10 cm
high cylindrical target cell of 1.5 cm radius which
was surrounded by various copper heat shields and
Kapton vacuum windows with a total window and
heat shield thickness of 0.125 g/cm?. Fig. 1 shows a
typical DCX event in the CHAOS detector.

The total cross section of the *He(#",7~) reac-
tion was determined by detecting outgoing negative
pions over the full 360° within the scattering plane,
(except for the two 18° gaps mentioned above) and
extrapolating the finite acceptance to 4. The data
were normalized to 7*-*He elastic scattering [12]. In
addition, momentum distributions were obtained from
the measured spectra of the outgoing negative pions.
Data were taken for the reactions *He(w",7)
(*DCX’’) and *He(w*, 7" )*He (“EL"’) at channel
energies of 70, 80, 90, 100, 115 and 130 MeV. In
addition to the runs with liquid “He in the target,
background runs with the target empty were done at
al energies and for both the DCX and EL trigger
settings. The hit wire information from the propor-
tional chambers WC1 and WC2 and the drift time
information from the drift chambers WC3 and WCA4,
in conjunction with the CHAOS magnetic field map,
were used for track- and momentum reconstruction
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Fig. 1. A DCX event detected in CHAOS. The incoming 7"
interacts in the target volume, the outgoing negative particle
leaves a track in the wire chambers and is identified asa =~ in
the scintillation- and Cerenkov counters.

using the standard CHAOS track sorting algorithms
[9]. Particle identification was accomplished by com-
bining the pulse height information from the scintil-
lation and Cerenkov counters with the reconstructed
particle momenta [9].

The measured quantities in this experiment were
the angle- and momentum-dependent yields of out-
going negative pions for the DCX reaction and of
positive pions for the elastic scattering. The momen-
tum threshold for pion detection was about 50
MeV /c and dlightly field dependent; therefore the
momentum distributions for negative pions were ex-
trapolated to zero momentum using a spline fit. The
differential cross sections for elastic scattering of
positive pions on “He have been measured previ-
ously [12] with high accuracy. Comparing the elastic
scattering yields measured with CHAOS to the known
cross sections for elastic 7+ scattering [12], empiri-
cal normalizations were determined and found to be
independent of angle.

It was necessary to correct for pion losses be-
tween the target and the CFT blocks, which are
different for the DCX and EL reactions. The losses
are due to physical processes such as pion decay,
energy loss and multiple scattering and to inefficien-
cies in the reconstruction. They were determined by
computer simulations based on the Monte Carlo

program GEANT [13]. Correction factors were deter-
mined from the ratios of the number of generated
events within the CHAOS acceptance over the num-
ber of such events which were successfully recon-
structed using a redlistic GEANT setup for the
CHAOQOS detector and the standard CHAOS recon-
struction software.

The experimental results of the total cross sec-
tions measured in this work are shown in Fig. 2 as
solid points. The errors shown are statistical and
systematic errors added quadratically. The main con-
tributions to the systematic errors come from the
normalization to elastic scattering data from the liter-
ature [12], the efficiency of the particle identification
by means of the CFT blocks, the correction for the
finite angular acceptance, and the extrapolation to
momenta below 50 MeV /c. These errors are of the
order of 5%, 10%, 5% and 15%, respectively. The
data from this experiment are also compared in Fig.
2 to earlier data [14—19]. Note the good agreement
of our data with those from other recent measure-
ments [14,15,17,18].

For the theoretical description of the DCX on “He
within a conventional reaction mechanism there exist
several model calculations [20—-23] which differ by
their level of sophistication. In the following we
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Fig. 2. *He(w", 7~ ) total cross sections. The dot-dashed curve
shows results from the Gibbs-Rebka model, the dotted curve
represents the MC model, the full curve the d’ mechanism and the
dashed curve the incoherent sum of the MC model and the d'
mechanism.
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focus on the results of the model by Gibbs et al. [22],
as modified by Rebka[24]. This calculation assumes
a sequential single charge exchange process (SCX)
for the reaction, includes the full =N t-matrix, an
exact treatment of the five-body phase space and the
Pauli principle. The results of this calculation (dot-
dashed line in Fig. 2) yield only a qualitative agree-
ment with the data at energies above 120 MeV and
are an order of magnitude smaller than our data at
lower energies. However, before associating such a
failure with a non-conventional process, possible
shortcomings in the conventional description have to
be considered. Indeed, a major effect which is not
incorporated in this calculation is the final state
interaction (FSI) between the outgoing nucleons
which is expected to lead to an enhancement of the
cross section at low energies. Since there is no
simple and clean way to include FSI effects in this
fully quantum mechanical calculation, we have cho-
sen an aternative way to calculate the DCX reaction.

In this aternative, semi-classical model (dotted
curve in Fig. 2), the DCX reaction “He(w*,7~) pppp
is simulated as a sequential SCX reaction using a
Monte Carlo approach similar to a procedure that has
been successfully used in a previous work [14,17] to
describe the measured momentum distributions for
T,> 120 MeV. Initidly, the four nucleons in “He
are assigned random Fermi momenta according to
distributions extracted from “He(e,ep) data [25].
Two seguential SCX reactions are generated on the
two neutrons in their respective rest frames where it
is assumed that the energy necessary to break up the
“He nucleus is lost in the first step. The SCX cross
sections are taken from SAID [26], in the first step
30 MeV above the actual pion energy in order to
account for medium effects [14,17]. The Pauli princi-
ple is introduced by weighting each event with the
sguare of the momenta of the active nucleons as a
way of simulating p-wave behavior. A Watson-
Migdal-type FSI has been taken into account both
between the two active nucleons and between the
two spectator nucleons. The cross sections cal cul ated
from this approach are only in relative units and
hence have to be normalized. Note that competing
reaction channels are only implicitly included in our
MC approach as every step is weighted with the
SCX cross section. This is equivalent to a procedure
applied in interaction cascade models (e.g. [27)),

where at each step of the interaction a possible
process is generated with a strength according to its
individual cross section, independent of the cross
sections of other possible processes. Direct influence
of other channels, e.g. pion absorption, on the SCX
cross section in the medium is not included in our
calculation. It can not be excluded that such effects
have an impact on the energy dependence of the
DCX cross section. However, the results of our
approach describe both the differential and total DCX
cross sections of recent data [14,15] for all energies
above 150 MeV (where the absorption cross section
varies considerably), if we adjust our single normal-
ization constant at those data (dotted curve in Fig. 2).
This success gives confidence that our MC approach
provides also a reliable estimate of the conventional
DCX cross section at lower energies. Here our MC
approach gives a substantially larger cross section
compared to the Gibbs-Rebka prediction. This is
partly due to the inclusion of the Watson-Migdal FS|
effects which increase the cross section by 23% at 90
MeV. To exaggerate this point we have also simu-
lated an extreme, unphysical FSI [8] which would
give an additional enhancement of 27%.

It is seen that for #* energies around 100 MeV
the experimental cross sections are significantly
larger than the results from the two conventional
reaction models discussed above, being a factor of 3
larger than the MC calculations and an order of
magnitude larger than the results of the model of
Gibbs and Rebka. In addition, while al conventional
calculations predict a smooth energy dependence of
the total DCX cross section, the data suggest a
sudden rise just above the d' threshold and a pecu-
liar, amost ‘knee-like' energy dependence around
90 MeV. The predicted [7] d' contributions to the
cross section (full curvein Fig. 2) are clearly capable
of improving the description of the data. Indeed, the
incoherent sum of the d’ cross sections and the cross
sections of the MC model describe the data well, as
is seen from the dashed line.

We re-iterate here that the shape and absolute
magnitude of the d' curve shown in Fig. 2 is pre-de-
termined from the DCX studies and subsequent anal-
ysis of Ref. [2], and is not adjusted in any way to
conform to the present experimental results. Actu-
ally, the d' curve in Fig. 2 is curve (a) from Ref. [7]
without modification.



J. Gréter et al. / Physics Letters B 420 (1998) 37—42 41

507 80 Mev | 1007 r
404 r 804 L
£397 " 60 -
3
620 | 40 -
10 \ L
20 -
0 =1

0

0 S0 100 150 200 250 O 50 100 130 200 250
200 1 1 1 1 250 1 1 1 1

160 100 MeV 200 15 MeV -
150
100

I 504

0

0 50 100 150 200 250 O 50 100 180 200 250
Momentum [MeV/c] Momentum [MeV/c]

Fig. 3. Momentum distributions for the outgoing 7~ at incident
pion energies of 80, 90 100 and 115 MeV. The dotted and dashed
curves represent the conventional and the d’ mechanism, respec-
tively, with the full curve giving the sum. See text for details.

Next we attempt to see if the shapes of the
momentum distributions require the inclusion of the
d’" mechanism. Fig. 3 contains the measured angle-
integrated 7~ momentum distributions at 80, 90,
100 and 115 MeV. Also shown are calculated mo-
mentum distributions from the MC model (dotted
curves) and from d' production (dashed curves). The
normalizations for those two curves were derived
from a least-sguares fit of the sum (solid curve) to
the data. The d curves tend to favour higher 7~
momenta due to the attractive proton-proton FSI
which is expected to be stronger in the d' case than
in the conventional mechanism [8]. At 80 MeV
practically no d' contribution is required by the y2
fits, in contrast with the observed total cross section
which suggests a dominant d' contribution. At higher
energies the fit to the data is improved with a d
contribution of 23 + 12%, 32 + 12% and 28 + 18%
at 90, 100 and 115 MeV, respectively. The magni-
tudes of these d' admixtures are still a factor of 2—4
smaller than extracted from a comparison of the total
cross sections with the results of sequential SCX
calculations. However, in view of the statistical un-

certainties of the data, the small differences between
the shapes of the calculated momentum distributions,
and their model dependence (such as FSI), these
discrepancies should not be regarded as strong evi-
dence against the existence of the d'.

To summarize, using the CHAOS spectrometer at
TRIUMF and a liquid “He target the total cross
sections for the “He(7r",7~) reaction were measured
at energies between 70 and 130 MeV. In addition,
momentum spectra of the outgoing =~ were ob-
tained. Regardless of the d' hypothesis, the present
results extend the available data on pionic DCX
reaction on “He to lower energies. An on-shell MC
model is capable of describing the cross section data
up to 250 MeV apart from the excess cross section
near 100 MeV. We have seen that at energies around
100 MeV the description of the total cross section
data may be improved substantially by including
contributions from the d’ mechanism. Of course this
observation can not be construed as definitive proof
of the d hypothesis. On the contrary, the variation
represented by the two conventional calculations un-
derscores the inherent model -dependence of any such
conclusion. Yet, the fact that the total cross section
rises steeply at the d' threshold and both calculations
lie well below the experimental results in the region
where the d' is expected to dominate is noteworthy,
and it supports the d' hypothesis.
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The total cross section of tHéle(n*, 7 ~) reaction was measured far® kinetic energies ranging from 70
to 130 MeV using the CHAOS spectrometer at TRIUMF and a lidide target. Aroundr,=90 MeV, total
cross sections exceed conventional model predictions by a factor of 3, wheréas @0 MeV and forT
>130 MeV the data are consistent with these calculations. An attempt is made to understand this behavior by
assuming the production of the hypothetidaldibaryon.[S0556-28188)03609-1

PACS numbgs): 25.80.Gn, 24.30.Gd, 14.20.Pt

[. INTRODUCTION the so-calledd’ [2,3]. According to this hypothesis the ob-
served behavior corresponds to the formation ofdhen the
At energies in the region of thA resonance and above, course of the DCX process. This mechanism is capable of
the pionic double charge exchan@@CX) reaction seems to consistently reproducing most of the existing data. The pa-
be fairly well understood[1]. However, aroundT, rameters of thal’ as extracted from the analysis of DCX to
=50 MeV the forward angle excitation function for DCX to final states in nuclei aren~2.06 GeV, I' ;yy~0.5 MeV,
discrete final states consistently shows a resonancelike struand | (3”) =even(0"). These quantum numbers prevent the
ture which so far has not been accounted for by conventionatoupling of thed” to theNN channel, thus accounting for the
reaction mechanisms. extremely small width of this resonance. Recently a narrow
The inability of conventional calculations to quantita- signal consistent with the’ hypothesis has also been ob-
tively reproduce this peculiar energy dependence haserved in the invariant mass spectriy,,- of the reaction
prompted an attempt to explain this structure in terms of @p—ppn* 7~ at CELSIUS[4]. As no corresponding signal
resonance with baryon numbBe= 2 in the7NN subsystem, has been found in th#1,,.+ spectrum of this reaction, an
I =0 assignment appears likely. While no distinction of isos-
pin 1=0 andl =2 can be made from the analysis of the DCX
*Present address: University of Colorado, Boulder, CO 80309€xperiments, QCD-inspired calculations also tend to fdvor

0446. =0 for such a resonang¢s]. In addition, an =2 assignment
TPresent address: Sonigistix Corporation, Richmond, B.C.for the d’ would be in conflict with previous dibaryon
Canada V7A-5E3. searcheg6,7] in the energy region from 2000 up to 2100

0556-2813/98/5@)/157611)/$15.00 PRC 58 1576 © 1998 The American Physical Society
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MeV suggesting the isospin of thE to bel=0.
The DCX reaction to discrete final states is restricted to oillars

nuclei withA=7. For lighter nuclei this reaction can proceed / 1.59 mm Copper

0.05 mm Copper

solely to nucleon-unbound continuum states. In the case of
DCX on 3He and“He, these final states consist of identical
nucleons. Hence at low energies, where relat8/evaves
between the nucleons are favored, this reaction is Pauli target cell
blocked. Thed’ production threshold lies just in this region
of Pauli-suppressed DCX cross section. Therefore, ifdhe
exists, Pauli blocking is avoided and a sudden rise of the
cross section by one order of magnitude can be expected o
aroundT,~80 MeV [8]. At energies abovd ,~120 MeV 14.86 mm-" [+-44.45 mme
the predictedd’ cross section drops below the cross section 3080 mm-—~
A +—57.15 mm—e
expected from conventional DCX and consequently the cross
sections at such energies are no longer sensitive to a possible FIG. 1. Schematic top view of the target cell, support pillars,
d’ production. and heat shields.
While there exist several measurements of the DCX reac-
tion on *He [9—14 for incoming = kinetic energies above the physical constraints imposed by small cross sections and
100 MeV, no data for this reaction were available below 100arge backgrounds. CHAOS combines a large angular accep-
MeV. In this work the total DCX cross sections were mea-tance with a sophisticated multilevel hardware trigger and
sured for incoming pion kinetic energies between 70 and 13¢he capability of operating at incident pion beam rates of up
MeV along with the momentum spectra of the outgoingto 5 MHz. It is based on a dipole magnet that produces a
negative pions. While at 70 and 130 MeV only smdll  vertical magnetic field of up to 1.6 T. Four concentric cylin-
contributions are expected, conventional models differ sigdrical wire chamber§WC1 to WC4 are placed in the region
nificantly from predictions including thed’ mechanism of the magnetic field which provides a momentum determi-
around 90 MeV. There, thé’ hypothesis predicts cross sec- nation of the outgoing particles. The chambers are sur-
tions that exceed conventional calculations by almost oneounded by an array of plastic scintillatorAE,, AE,) and
order of magnitud¢8]. Also the predicted momentum distri- lead glass Cerenkov counterS)( for particle identification.
butions provide a means of testing the reaction mechanisnThe AE; , and C detectors form the CHAOS fast trigger
With the mass of the hypotheticdl being around 2.06 GeV  blocks (CFT) which provide the first level triggeflLT) by
the maximum kinetic energy of the decay protons is 25 MeVmeans of the fast scintillator signals. The second level trigger
in the center of mass system of tie. At such low energies (2LT) uses the wire chamber information to determine, e.g.,
an attractive final state interacti¢RSl) between the partici- the polarity of the outgoing tracks. Charged particles are ac-
pating nucleons is effective. Due to this FSI tthehypoth-  cepted within+7° of the scattering plan@vith holes in the
esis predicts a structure for the momentum distributions ofegions of the incoming and outgoing beam
the outgoing pions which is significantly peaked towards Since in our experiment most of the outgoing protons
higher momenta compared to conventional predictions.  were stopped inside the target the expected event multiplicity
A brief account of this work has been published previ-was one. Nevertheless, the 1LT requirement was set to one
ously [15]. In the present paper we first give experimentalor more hits in the CFT blocks to ensure that no good events
details(Sec. 1), and then describe the methods of data analywith an additional proton were lost. While there were no 2LT
sis used(Sec. Ill) to obtain the result§Sec. IV). We then  constraints for elastic scattering, for DCX measurements the
discuss existing model predictions and introduce an on-sheftL T additionally required that the track corresponded to a
Monte Carlo model(Sec. V} of the conventional DCX negatively charged particle.
mechanism which is assumed to proceed via two sequential Incident pions were counted using a plastic scintillator
single charge exchange processes. In this part we also recaktector G,) at the entrance of the spectrometer. The
the prediction based on the exotic reaction mechanism whicletector consisted of four 1.6 mm thick and 10 cm high
proceeds vial’ formation and decay. Finally, by comparing vertical, adjacent strips. The widths of the two inner and
our excitation function and angle-integrated momenturmputer strips were 8.0 mm and 12.0 mm, respectively.
spectra with various prediction$ec. V) we arrive at the The liquid “He target(see Fig. 1was placed in the center
conclusions(Sec. VII) concerning the possible contribution of the detector, inside WC1. It consisted of a cylindrical
of the hypotheticatl’ resonance to our measured cross secKapton cell of 14.9 mm radius, with 12&m thick walls.
tions. This cell was surrounded by two 50m thick copper heat-
shields at radii of 44.5 and 50.8 mm and a 12% Kapton
Il. EXPERIMENT vacuum window at a radius of 57.2 mm. The heat shields and
the vacuum window were mounted on two copper pillars of
1.59 mm thickness and an aluminum pillar of 2.38 mm thick-
The apparatus consisted of the CHAQ@Sanadian High ness, respectively. The support pillars covered 20° each at
Acceptance Orbit Spectrometedetector[16] at the M11 opposite sides of the target cell. The target rotation relative
channel at TRIUMF, and a liquitHe target developed at the to the beam was chosen such that these pillars were placed
University of Regind17]. CHAOS is a magnetic spectrom- asymmetrically at 55° and 235° from the beam direction.
eter for pion induced reactions whose design was driven bWhile the energy loss of pions in the target was typically

1.59 mm Copper

™~ 2.38 mm Aluminium
p—_0.127 mm Kapton

™~~.0.127 mm Kapton

VA

A. Apparatus
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mentum resolution of the track reconstruction, the additional
information of the vector drift chamber WC4 is taken into
account.

B. Particle identification

Particle identification was accomplished by combining the
pulse height information from thedE;, AE,, and C
counters with the reconstructed particle momdrii@]. For
the AE;, AE, scintillators this results in scatterplots that are
similar to those obtained from the well-knowxE-E tech-
nigue. While this method provides good discrimination of
protons and pions, above 100 MeV pions and electrons are
poorly separated. However, in this momentum regionGhe
detectors are a reliable tool for identifying electrons and
pions. In a scatterplot of the Cerenkov light versus the par-
ticle momentum, electrons form a band that extends to larger
pulse heights compared to the pion band. This is because a
primary electron creates a shower of secondary electrons
which give rise to an enhanced production of Cerenkov light.

FIG. 2. A DCX event detected in CHAOS. The incomimg ~ 1he main background of negative particles for the DCX
interacts in the target volume, the outgoing negative particle leaveBl€asurements resulted from pionic single charge exchange
a track in the wire chambers and is identified asain the scin-  on “He with subsequent® decay, either directly to final
tillation and Cerenkov counters. In the region of the incoming andstates containing electroriBalitz decay or via conversion
outgoing beam, the drift chambers WC3 and WC4 were switchedf the decay photons. The target pillars located at 55° and
off because of the high beam rate. 235° were an intense source of such conversion electrons.

These electrons appeared in the angular distribution of nega-
2-4 MeV, protons from the’He(w", = )pppp reaction tive particles as two peaks at scattering angles corresponding
were generally stopped in the liquid or the surroundingto the position of the target pillars. This background reaction
walls. A typical DCX event where only the outgoing™ is  was used as a test for the quality of the pion/electron sepa-

detected is shown in Fig. 2. ration by means of thaE and C counters. Figure 3 illus-
trates the efficiency of the particle identification. Figufe)3
B. Experimental method shows the result of a SCX Monte Carlo computer simulation.

The total cross section of tHiHe(r,7~) reaction was Indeed, the predicted angular dlstrlbuthn of seqqndary elec-
trons shows an enhancement at the pillar positions. Figure

determilned by detecting outgomg negatl\(e_ pions within the3>(b) shows the angular distribution of negative particles ob-
scattering plane, and extrapolating the finite acceptance tp

ained from experimental DCX data without taking into ac-
47. The data were corrected by means of a Monte Carlg . .

) ; . + 2 . . count the information from th€ detectors. Enhancements at
simulation and normalized ta™-“He elastic scattering. In : | di h d back q
addition momentum distributions for the outgoing pionsscatterlng angles corresponding to the expected backgroun
were obtained from the measured spectra of the ne ativOf electrons from the SCX reaction can be seen. Figiee 3

: pec Pl 92lVE the same as Fig.(B) but with the full particle identifica-
pions. Data were taken for the reactiofiBle(w",7 ") o heC d | f
(DCX) and*He(xr*, =) (el at channel energies of 70, 80 tion, i.e., t counters were used to separate electrons from
90. 100. 115 and, 130 MeV. In addition to the runs7 Wit,h pions. At the positions of the background electron peaks of
liquid “He in the target, background runs with the emptyFlg' 3(b) a decrease in the yield is obtained. This is reason-

taroet were performed at all eneraies and for both DCX an ble since not only the electrons are removed from this spec-
9 P 9 rum but also some pions are lost in the rather massive target
el trigger settings.

pillars. Apart from the above diminutions in regions of the
the target pillars and the ones in the regions of the incoming
Iil. DATA REDUCTION (®=180°) and outgoing beam®(=0°) the experimental

A. Track reconstruction angular distribution is compatible with the assumption of an
isotropic distribution of negative pions. Due to beam related

The wire hit information from the proportional chambers back :
o . : . ground(e.g., beam muonst was necessary to exclude
WC1 and WC2 and the drift time information from the drift ., " ~FT hiock next to the beam exit from the 1LT. There-

chambers WC3 and WC4 in conjunction with the CHAOS¢, 0 16 the outgoing beam, the uncovered angular region
magnetic field map were used for track and momentum re
construction using the standard CHAOS track sorting algo
rithms[16,18. The principle of the track sorting is that out-
going tracks must be circular, since WC1-WC3 are place
in the region of a homogeneous, vertical field. Therefore, for

single track events, the three innermost chambers unambigu-
ously define the outgoing trajectory and its momentum. To The total cross section for the DCX reaction was calcu-
reduce ambiguities in multitrack events and improve the molated by integrating doubly differential yields. Those yields

extends to scattering angles up to 30°. We estimate that the
systematic error of the integrated total cross sections due to
&)article identification problems is less than 10%.

C. Total cross sections
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> 804 ,f} 13 | Similarly, the differential cross section for elastic scattering
B3 3 ; is given by
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5 1601 b.) {{ i with the number of event¥, the number of countB in the
o 1201 {1} : - beam definition counte®,, the chamber efficiency.nam,
> g0l I t § | the pion fraction in the bear., the fraction of beam hitting
3 E;ii [ 333 ) : iiiii 3 the targete,, the target densityy, and the solid angle
401 B T AQ. The factorsf ¢ correct the observed yields for losses
00"' = Jo 8o 24io 330 380 due to pion decay, out-of-plane-scattering, energy loss, and
100 4 - : X the reconstruction efficiency of the analyzing software.
; The quantitieScham, €, €igts Nigr, @NdALQ are identical
< 897 c)! i for DCX and elastic scattering. The differential cross section
O 60 § { { ; { s for elastic scattering of positive pions 8He has been mea-
> 40 § }{{ {{ f }HH{ { | sured previously20] with high accuracy. With a normaliza-
'i} the i{ } {H tion factor
20+ ; . -
0 };i;i-é T I- 'i iu T dO'eI
0 60 120 180 240 300 360 Ng= BE'E / (Yei floss,ed » (5)
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FIG. 3. Angular distributions of outgoing negative particles for
an incoming pion energy of 130 MeVa) Electron distribution of a
computer simulation of the SCX reaction 8ide. (b) Experimental

which was found to be independent of the scattering aBgle
Eq. (2) can be rewritten as

distribution without the pion-electron separation by means of the”0ex= 27 fandf monNei

Cerenkov countergc) Same agb) but with the Cerenkov discrimi- Poeam 7Ty ( ) £0.p)

nation of electrons. See text for details. x > > XX 'P)Tioss bt . P SiNOAG.
B} =Pmin ;=0 Boex

were obtained by subtracting empty target spectra and apply- (6)

ing various correction factors. The normalization was

achieved by comparison to elastic scattering data.

The total cross section has the general form

0 o
Opcx—
p=0J0O=0

®=0

where p is the momentum of the outgoing pion. For the
geometry of the CHAOS detector this relation transforms to

pex= 27 F momf ang

Poeam

S dPopex(04,p)
X 2 dQdp

Pj=Pmin ©;i=0

2m d?opex(Q,p)
—odododp,

sin ®;A®Ap,

The determination offyss, Ngj, frmom, and fang is de-
scribed below. Table | shows the magnitude of the energy-
dependent correction factors for the various pion kinetic en-
ergies.

1. Correction factors fes pcx and fiogs el

In order to correct for all pion losses from the target to the
CFT blocks computer simulations based on the Monte Carlo
programGEANT [21] were used. There were two main rea-
sons for pion losses, namely, losses due to physical processes
such as pion decay, energy loss, and multiple scattering and
losses due to the reconstruction software. The correction fac-
tors were found as the ratios of the number of generated

2) events within the CHAOS acceptance over the number of

where®; is the scattering angle. The quantitigs,, andf ang reconstructed events using a realiSHEANT setup for the
are correction factors that account for the incomplete acce=HAOS detector and the standard reconstruction software.
tance of CHAOS in momentum and scattering angle, respeccorrection factorsf,{©,p) depending on momentum and
tively. The integrations over momentum and solid angleScattering angle were obtained for both DCX and elastic
were carried out as summations over angular and momentugfattering. Within the narrow kinematical momentum range
bins of A®=10° and Ap=10 MeV/c, respectively. of elastically scattered pions the correction factdyg e
CHAOS is symmetric in the scattering plane. Therefore, in-Were constant for a given channel energy. Also, the correc-
formation obtained at scattering angles>180° was added tion factorsfiess pex(®,p) were only slightly dependent on
to the scattering angl®’ =360°— 0. scattering angle and momentum. To give an idea of the mag-
The doubly differential cross section for DCX in E@)  hitude of these correction factors, averaged valygsand
can be written as floss,pcx @re given in Table I. Note, however, that for the
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200 4 ' l ' ' | TA_BLE I _E_nergy-dependent correction factors and estimated
combined efficiencye;y= €€ €chamn S€€ Sec. 1l C 2.
300 - L Tﬂ' [MeV] fmom fIoss,DC)( floss,el €tot
” 130 1.12£0.10 1.58-0.08 1.24-0.06 0.46
%200 ] L 115 1.170.20 1.59-0.08 1.28:0.07 0.41
© 100 1.24-0.30 1.59-0.07 1.32:0.08 0.33
90 1.41+0.30 1.62£0.07 1.34-0.08 0.25
100 1 B 80 1.71-0.40 1.74-0.08 1.42:0.09 0.25
_ 70 20+0.80 2.15-0.11 1.46:0.10 0.18
0 o QZT%' T
0 50 100 _ 150 200

T [Mev] obtained from this fit iNg of Eg. (5). Figure 5 shows the
. comparison of the yields from the present experiment and the
FIG. 4. Energy spectrum of scatteredr™ for the angular distributions from Ref20]. The uncertainty in this

4 + ot i ° N i
He(m ,m"")X reaction at 907 for an incident pion energy of 100 g o 1t in an error oN,, of about 5% for all pion kinetic
MeV. The arrow indicates the calculated energy for elastic scatter- ergies

. . P n
ing. The dotted curves represent the Gaussian distributions that . . -
g P In order to estimate the combined efficiencyy

were used to extract the elastically scattered pions. - ’
= €igi€r€champ O OUr €xperimental setup we used E4). with

values fom;, andAQ) derived from geometry. Table | shows
Nhe decrease of,,; with energy which was due to the beam
characteristics of the M11 channel. At lower energies the
pion fraction in the beam diminished rapidly which resulted
in a decrease of,, with decreasing energy. In addition, the

Momentum histograms were produced for elastically scatbeam defining slits had to be opened in order to achieve
tered positive piongin 10° angular binsfrom the runs with ~ reasonable rates. Therefore, the beam spot on the target was
2LT settings for elastic scattering. The elastically scatteredess focused, i.eg, decreased. Note that the efficieney;
pions were clearly separated from the inelastic backgrounwas not used to calculate the total cross section but only
due to the large binding energy 8ifle. Therefore, the sim- served as a rough monitor of the performance of the appara-
plest assumption of a Gaussian shape of the inelastic breakdigs-
reactions was sufficient to reliably subtract those background
reactiongsee Fig. 4. The resulting angular-dependent yields
Ye(©) for elastic scattering were multiplied by the averaged  The in-plane acceptance correction factg, was deter-
factor f,ss ¢ @nd then fitted to the angular distributions de-mined by extrapolating the angle-dependent momentum-
rived from Ref.[20]. In Ref.[20] differential cross sections integrated quantityf pcx(0) fioss pex( @) to in-plane regions
are given for incoming pion energies of 68, 75, 90, 110, andhat were not covered. Those regions were the beam exit, the
130 MeV. Therefore, we had to interpolate the results of Refbeam entrance, and the two regions of the target pillars. Fig-
[20] in order to obtain angular distributions at 70, 80, 100,ure 6 shows that outside those regions no dependence on the
and 115 MeV. The angle-independent normalization factoscattering angle could be observed. Therefore, the extrapola-

calculation of the total cross section the angular and mome
tum dependence dfi,ss pcx{ @, p) was taken into account.

2. Normalization on elastic scattering N

3. In-plane acceptance correction,fg

0 , X 0 , ,
70 MeV 80 MeV
% 104 104
2
0 * 10°
10° , , , , , 10° : , , \ .
0 60 10 10 240 300 360 ,0 60 120 180 240 300 360
o X : : . X 0 A X , : X
100 MeV 90 MeV
o ot L 10°
2 3 FIG. 5. w* “He elastic scattering yields com-
> o L 0] A d to differential tions from Ref
10 10 pared to differential cross sections from Ref.
[20].
10° , , , , r 10' : , , \ '
.0 60 120 180 240 300 360 ,0 60 120 180 240 300 360
10 . : . . . 10 . . . . .
115 MeV 130 MeV
T 10* 10*
2 o
>
10° 10°
10° . , , , . 10° . , , , .
0 60 120 180 240 300 360 O 60 120 180 240 300 360

@ [deg] ® [deg]
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FIG. 6. Angular distributions of théHe(s",7 ) reaction.

tion was performed using a horizontal straight line fit. Thethe peak position of the momentum spectra and the limited
regions which were not covered were 0—25°, 165—180° andtatistics at lower energies. The resulting correction factors
were the same for all pion kinetic energies. Taking the lim-f,,,, and their estimated errors are shown in Table I.
ited out-of-plane acceptance of CHAOS 7 °) into account,
we foundf,,=10.55. We estimate an uncertainty fqf,; of
5%. Note that since the obtained yields were independent of
the scattering angle the assumption of a constant correction The results for the total cross sections are shown in Fig. 8.
factor f5ng was justified. Statistical and systematic errors are added quadratically. In
Fig. 8 the data from this experiment are also compared to
earlier data[9—-14]. Note the good agreement of our data
The momentum threshold for pion detection was aboutvith those from other recent measuremd8ts12] where the
50 MeV/c, depending somewhat on the incident pion energyenergies overlap. The results are also listed in Table II. In
and the magnetic field of CHAOS. This threshold wasorder to focus on the data and not to guide the eye of the
caused by the combined effects of increased energy loss figader we have deliberately omitted any theoretical curves
the target and the strong curvature of low-energy outgoindor the moment. The angle-integrated momentum distribu-
tracks. The extrapolation of the momentum distributions belions above the pion detection threshold are shown in Fig. 7.
low the threshold p,,, was done for the momentum-
dependent angle-integrated quantitycy(p) fioss.oex(P). A
model-independent spline fit was performed to extrapolate
the momentum spectra to zero. The result of this procedure is There exist various calculations for the DCX reaction on
illustrated in Fig. 7. The extrapolation took into account only “He which differ by their level of sophistication as well as by
the data points that are shown with full dots. The open dotsheir theoretical approach. In the following we will first give
correspond to data points close to the detection thresholdn overview of previous models, then we focus on the Gibbs-
Pmin- The error of this procedure was strongly dependent ofiRebka model, and finally introduce a Monte Carlo approach

IV. RESULTS

4. Low momentum extrapolationf,m,

V. MODEL CALCULATIONS
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A. Previous models

various phenomena separately. All these calculations are ggcker and Schmif22] calculated the reaction in a

based on conventionall n'onexotic mechanisms. In.additiorbimme impulse approximation assuming the process to pro-
we shall recall the predictions based on the production of th@eed via a two-step sequential single charge exché®g)

hypotheticald’ in Sec. V D.

¢
10° s *He(m*,m )pppp g * O .
» - ]
i % J* :
— 12
3 i 5
3 f t ;
b‘6 o' ;_ T O Stetz e.t ol. (1981,1986) _;
E O  Falomkin et al. (1974,1976) 1
r A\ Gram et al. (1989) ]
- * Kinney et al. (1986,1997) 4
100 = O Lehmann et al. (1995) .
F ® This work E
TP B P IPERATEN PR i A B A
o |50 f100 150 200 250 300 350
DCX ' threshold
threshold reshe Tﬂ_ [MeV]

FIG. 8. ExperimentafHe(w*,7 ) total cross sections.

reaction entirely in theP33 N channel. Their predicted
cross sections are more than one order of magnitude above
the experimental results. The calculations of Jibuti and
Kezerashvili[23] as well as those of Germond and Wilkin
[24] come much closer to the data for.>130 MeV. How-
ever, at low energies the results of the former calculation are
strongly dependent on theN potential chosen and, there-
fore, their predictions do not appear reliable enough to test
the results of this experiment. The success of the calculation
of Germond and Wilkin assuming solely pion scattering on
the pion cloud(i.e., exchange currentsnust be considered
largely fortuitous. It considers the contribution of only one
Feynman diagramst *nn— 7~ pp) and completely neglects
the two spectator nucleons in the target and hence effects of
rescattering, five-particle phase space, and the Pauli prin-

TABLE Il. Total cross sections for the reactidhle(n™, 7).
The errors are statistical and systematic errors added quadratically.

T,.[Mev] 70 80 90 100 115 130
opex [ub] 5+7 27+18 60x21 75-21 13130 164+24
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SAREEEAREE R '_'__'_"\' DA guantum mechanical calculation, we consider in the follow-
o __ / & *x 0 1 ing an alternative, semiclassical approach.
E / E
: M'g ] C. On-shell Monte Carlo model
2 | < i In this approach, the DCX reactidie(=*, 7 )ppppis
510 3 4 E simulated as a two step single charge exchange process. Note
3 c ] that a similar model has been successfully used in previous
» [ 1 works [9,11] to describe the measured momentum distribu-
b31o‘ L O Stetz ot ol. (1981,1988) | tions for T,.>120 MeV. Initially, random Fermi momenta
’ Z Folomin et ol. (1974,676) 3 are assigned to the four nucleons“fe. The momenta are
- Grom et al (1959 ] distributed according to nucleon momentum distributions ex-
o | / * Kimney et al. (1086,1997) tracted from“He(e,e’p) data[28]. The incomingw™ i
e ! 2 pomern o < == 3 boosted to the rest frame of one of the neutrons. In this
T8 | S T e T T frame, the SCX reaction(«", 7% p is carried out, assuming
0 T 50 T 100 150 200 250 300 350 that the energy necessary to break up4He nucleus is lost
DOX e threshold T [Mev] in this first step. The SCX reaction cross section is taken into

account by randomly selecting a pion scattering angle and
FIG. 9. Total*He(s",7~) cross sections. The dot-dashed curve weighting the event according to the laboratory cross section
shows results from the Gibbs-Rebka model, the dotted curve reprdor pion nucleon SCX fronsaiD [29]. The sAID lab cross
sents the MC model, the full curve th#/ mechanism and the sections are taken at an energy 30 MeV above the actual pion
dashed curve the incoherent sum of the MC model anddthe energy in order to account for medium effef@s11].
mechanism. See text for details. After the first reaction, the proton and thé€ are boosted
to the laboratory frame and the rest frame of the second
ciple. The latter is particularly important at low energies, neutron, respectively. In the latter the second SCX reaction
where the kinematically preferred configuration with four n(7% 7 )p is performed analogous to the first one. The
identical nucleons in relativé state must be Pauli blocked. Pauli principle is introduced by weighting each event with
This is demonstrated by the calculations of Gilehsl.[25]  the square of the momenta of the active nucleons as a way of
which are discussed in the following section. For the sake osimulating P-wave behavior. A Watson-Migdal-type FSI is
completeness we finally mention the calculations ofridéu taken into account between both the two active nucleons and
and Thieg26] which describe the data with a quality similar the two spectator nucleons. To this aim the differential cross
to that of Refs[23—25. However, they employ a quite dif- Sections are weighted withig, which was calculated using
ferent concept based on the Boltzmann equation as an aph eikonal approximation in Reff31],
proach to the multiple-scattering problem. 5
(1/R)
Fes(a)=Fc| 1+

B. Gibbs-Rebka model F202+[(1/2)pg®—ag 12

The calculation of Gibbst al. assumes the reaction to
proceed via sequential SCX similar to REZ2]. However, it
includes the fullwN t matrix, an exact treatment of the five-
body phase space and antisymmetrical wave functions. This

)

where the Coulomb correction factbi: for proton-proton-
FSl is given by

work has been updated recently by Gibbs and RéBKhby F.= 2 ®)
) . o . CT 5 q(al2mad_1)"
implementing more realistic wave functions as well as acq(e 1)

double Pauli blocking. The effects of Pauli blocking are sub-

stantial at low energies. AT,<100 MeV the predicted Here,q is half the relative momentum of the two nucleons,
cross section drops by more than an order of magnitude dug=—7.8 fm is theNN scattering lengthp=2.78 fm is the

to Pauli blocking corrections. For the total DCX cross sec-effective range of th&N potential, anda,=57.5 fm is the
tion the result of this absolute calculation is shown in Fig. 9Coulomb scattering length. The parametermainly ac-

by the dot-dashed curve. While this calculation is in qualita-counts for the interaction range of the FSI. The valueRof
tive agreement with the experimental results at energies-2.0 fm used here fits well to calculations and measure-
above 120 MeV, it underpredicts our low-energy data byments of the FSI in low-energy proton-proton scattefi.
about an order of magnitude. Since a reliable description oThe result for our calculation with the above parameter is
the conventional DCX reaction at lower energies is impor-shown as the dashed curve in Fig. 9.

tant for the interpretation of our data, we have to consider Figure 10 demonstrates the effect of Pauli blocking and
what shortcomings in the calculation might cause this dis+SI on the calculated DCX cross section. Both corrections
crepancy in the energy dependence. Indeed, the only maj@re quite sizable with almost order-of-magnitude effects on
effect which is not yet incorporated in this calculation andthe total cross section—particularly in the steeply rising re-
which is thought to play an important role at low energies isgion above threshold. The Pauli blocking of relatvgvaves
the final state interactiofFSI) between the outgoing nucle- between the four protons indeed shows the expetieé
ons. It will counteract the Pauli effects and lead to an enSec. V B effect of reducing the rise of the excitation func-
hancement of the cross section at low energies. Since theretion. The observation that the FSI counteracts this reduction
no simple and clean way to include the FSI in this fully is also plausible. In the limiting case, a strongly attractive
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FIG. 10. Results of the Monte Carlo model including various ~We have presented a variety of conventional calculations
effects such as Pauli blocking and final state interactiesi). Also  of the DCX reaction orfHe. They differ substantially from
shown are the most recent experimental data above 150 MeV. Akkach other. Among these only our Monte Carlo approach
curves were normalized at 180 MeV. (after normalizatioh is capable of reproducing the experi-

mental data for energies above 150 MeV. However, a com-
FSI produces two diprotons and a pion in the final state andnon feature of all these predictions is a smooth behavior of
hence a cross section that rises according to a three-bodlge excitation function at low energies. This is in contrast to
phase space rather than to a five-body phase space. the expectation from the formation of taeN N resonancel’

Our approach provides total cross sections in relativen the course of the DCX reactio8]. This exotic mecha-
units only and hence the results have to be normalized. Weism predicts a steep rise just above ttie production
have chosen to normalize at 180 MeV for two reasons. Athreshold. The dashed curve in Fig. 9 represents the incoher-
180 MeV two recent experiments are fully consistent withent sum of our Monte Carlo approach and theprediction
each other and no contributions from pion productiordbr (taken from Ref[8] without modification. It is seen that our
formation are expected at this energy. The question might
arise if this normalization is energy dependent, since com-
peting reaction channels such as pion absorption vary con 50
siderably from 70 to 240 MeV. Following the spirit of simi- 80 MeV
lar cascade model¢e.g., Ref.[30]), at each step of the 40 1 ~ 80
reaction a SCX process is generated according to its indi- 4 34 L
vidual strength regardless of the cross section of other pos§
sible reaction channels. While direct influence of other chan-© 297 " 40-
nels on the SCX cross section is included implicitly, effects 194 \ L
from coupling among the various channels cannot be ex-
cluded and are not considered in our approach. However, the 0 0
results of our calculation describe both the differential and
total cross sections of recent ddi@,12] for all energies
above 150 MeV, if we adjust our normalization constant at 200 ———"—250 E—
one single energy. This success gives confidence that ou

100

60

20+

0 50 100 150 200 250 O 50 100 150 200 250

Monte Carlo(MC) approach provides also a reliable estimate 69 100 MeV: 1200+ 115 Mev -
of the conventional DCX cross section at lower energies. 20 5o
0
€
D. The d’ prediction § 80 L1004 L
While in conventional models the DCX reaction is as- 40 |
sumed to take place predominantly via two sequential SCX 501 i
processes, the resonant DCX is a one-step process with th o

d’ in the intermediate state. The graphs of these reactions ar - —
shown in Fig. 11. Detailed investigations have been under- 0 50 100 150 200 250 O 50 100 150 200 250
taken in order to calculate the resonant contribution to the Momentum [MeV/c] Momentum [MeV/c]
DCX amplitude. The generatNNd' vertex was formulated FIG. 12. Momentum distributions for the outgoing ™ at inci-

in Ref.[31] and applied to the case &fle in Ref.[8]. In Ref.  dent pion energies of 80, 90, 100, and 115 MeV. The dotted and
[8] FSI effects were incorporated in a similar way as wasdashed curves represent the conventional anddthmechanism,
done in our Monte Carlo approach. This calculation was perrespectively, with the full curve giving the incoherent sum. See text
formed for various'He wave functions. The prediction of the for details.
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low-energy data in addition to the most recent data of Refs. No conventional model is capable of consistently describ-
[9, 10] are well described by this sum. Without the inclusioning the experimental results in the energy range from 70 to
of thed’ mechanism the data exceed the Monte Carlo pre270 MeV. For the total cross section this situation improves
diction by a factor of 3 around 90 MeV. The quantum- considerably with the inclusion of tté¥ mechanism. Indeed
mechanical calculatioiGibbs-Rebka modglunderpredicts the steep rise predicted to occur at tthe threshold[8] is
the data even by an order of magnitude. borne out by the data. Yet, the large differences between the
Thed’ hypothesis modifies not only the excitation func- various conventional predictions show that this observation
tion but also the momentum distributions of the outgoingcannot be construed as a proof of the existence ofdthe
pions. As mentioned in the Introduction, in the case ofdthe Such evidence is sought from partially exclusive measure-
production the momentum spectra are expected to be peakaaents of the DCX reaction ofHe and®He. These experi-
at somewhat larger momenta compared to the conventionahents also used the CHAOS detector at TRIUMF and are
process. In order to test whether the measured momentutrying to obtainmNN invariant mass spectra. The formation
spectra require the inclusion of & contribution as sug- of ad’ resonance in the intermediate state should give rise to
gested by the total cross section behavior, we have examined narrow peak in the respective invariant mass spectrum.
the shape of the momentum distributions. We fitted the inPreliminary results of the experiment 6He have been pre-
coherent sum of the conventional and of thecontribution  sented in Ref[33].
to the experimental data. In this fit procedure the shapes of Irrespective of the existence of tldé the total cross sec-
the respective contributions were kept fixed and only theitions presented here constitute a considerable extension of
strengths were adjusted. The result of this procedure ithe excitation function towards the threshold of the DCX
shown in Fig. 12. The best? was achieved fod’ admix-  reaction, i.e., into a region that is difficult to access experi-
tures of 4-4%, 23-12%, 32-12%, and 2818% at 80, mentally. It is to be hoped that an increased theoretical effort
90, 100, and 115 MeV, respectively. The above numberso understand this few-body reaction will be stimulated by
refer to thed’ contribution to the combine¢conventional these new low-energy DCX data.
plus d’) DCX cross section. Thus at 80 MeV there is no
need to included’ contributions which is in contrast to the
interpretation of the observed total cross section which sug- ACKNOWLEDGMENTS
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Abstract

The reaction “Li(s*,77~)"B has been measured at incident pion energies of 30-90 MeV. ’Li constitutes the lightest
target nucleus, where the pionic charge exchange may proceed as a binary reaction to a discrete fina state. Like in the
A-resonance region the observed cross sections are much smaller than expected from the systematics found for heavier
nuclei. In analogy to the neutron halo case of MLj this cross section suppression is interpreted as evidence for a proton halo
in the particle-unstable nucleus ’B. © 1998 Elsevier Science B.V. All rights reserved.

PACS: 25.80.Gn; 27.20.+ n; 14.20.Pt

In recent years the pionic double charge exchange
(DCX) reaction has received much attention at ener-
gies below the A resonance, mainly for two reasons.
On the one hand the cross sections there have been
found to be sensitive to nucleon-nucleon (NN) corre-
lations of short range, a feature which has been
looked for since long in this genuine 2N reaction [1].
On the other hand the forward-angle cross sections
exhibit an unexpected though systematic resonance-
like energy dependence with peak cross sections
between T_= 45 and 70 MeV, which in general are
substantially larger than those in the A-resonance

! supported by the BMBF (06 TU 886), DFG (Mu 705/3,
Graduiertenkolleg), NFR and INTAS RFBR (95-605).

2 Present address: Department of Physics and Astronomy, Uni-
versity of Edinburgh.

® Present address: SAP, Walldorf, Germany.

region and above. Combination of both these fea-
tures has led to the so-caled d' hypothesis [2,3],
which postulates the existence of a NN-decoupled
7NN resonance with 1(J”) = even (07),m~ 2.06
GeV and vacuum width I"_\\ = 0.5 MeV to explain
the observed effects in DCX. In the nuclear medium
the width of such a resonance is broadened very
much by ‘‘ Fermi smearing’’ due to the motion of the
nucleon pair active in the DCX process as well as by
collision damping due to d'N— 3N, so that the
resulting width in the nuclear medium lies in the
order of 20 to 30 MeV. The question whether this
picture is correct or whether a subtle, as of yet not
understood medium effect is the origin of this reso-
nance-like structure, is not easy to settle within the
DCX, since the free process on a dinucleon is not
observable. However, one could expect to minimize
the influence of such contingent medium effects by

0370-2693,/98/$ - see front matter © 1998 Elsevier Science B.V. All rights reserved.
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studying the DCX process on the lightest nuclei
possible. ‘Li is the lightest nucleus where this reac-
tion may still proceed to a discrete final nuclear
state, though the ‘B ground state is already 3.65
MeV above the proton emission threshold. As a
result it has a natural width of 1.4(2) MeV [4]
corresponding to a lifetime of 5x 10~%? s. This is
till in the order of magnitude of the classical orbit-
ing time for the 3 valence protons outside the alpha
core in 'B. Hence it appears justified to ask about
the radius of these proton orhits, in particular whether
they possibly form a proton halo. A comparable case
has recently been discussed regarding proton-unsta-
ble states in *'F [5). With regard to DCX a similar
situation on the neutron side has recently been met in
the "B(7,7*)"Li reaction, where it has been
demonstrated [6] that this reaction is extremely sensi-
tive to the neutron halo in ™Li and provides a
reliable determination of its radius.

The measurements have been carried out with the
LEPS magnetic spectrometer [7] at the 7 E3 channel
at PSl. Sheets of metalic Lithium with an ared
density of 265 mg/cm? and a "Li isotopic purity of
about 95% served as target. Absolute cross sections
have been obtained by use of the lepton normaliza-
tion method [7] which is based on the measurement
of elastic u scattering. The simultaneously measured
elastic 7 scattering serves as cross check for the
validity of this method. The cross sections obtained
this way for elastic o scattering from ’Li are in very
good agreement with optical model calculations us-
ing the J4 potential [8], which is known to provide
reliable predictions for low pion energies. Sample
spectra obtained for the DCX reaction at @, = 30°
are shown in Fig. 1 for low and high incident
energies. In both spectra the peak corresponding to
the transition to the ‘B ground state (GST) is clearly
visible, however, the continuum due to the breakup
channels °Be + p and “He + 3p with Q-values of
+2.28 and +3.65 MeV, respectively, relative to the
B ground state increases strongly with increasing
incident energy. Hence especially for the higher
energies a proper treatment of the continuum is
important for a reliable extraction of the peak con-
tent. In Ref. [9] it has been shown that the continuum
due to breakup of light nuclei is not well described
by pure phase space, in particular at its high-energy
end, where the breakup fragments have very low

Li(m*, n7)'B
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Fig. 1. Sample DCX spectra taken at T, =45 and 80 MeV,
respectively, at a scattering angle of O, = 30°. The dotted lines
represent ®Be + p and *He + 3p breakup channels. The transi-
tion to the B ground state is fitted by a Gaussian, the width of
which has been determined from the experimental resolution
measured in corresponding elastic scattering runs.

relative energies and hence are likely to undergo
substantial final state interactions (FSI). Therefore
we have taken into account FSI [10] in the calcula-
tion of the shape of the breakup continuum. It is
significant particularly for the two-body breakup °Be
+ p which starts with a steep rise right at the
position of the GST peak. Fig. 1 shows the decom-
position of the experimental data into continuum part
(dashed lines) and GST peak. The description of the
continuum part is accomplished by adjusting the
absolute magnitude of the calculated distributions for
the two breakup channels (dotted) to the data. The
GST peak is described by a Gaussian the width of
which has been calculated from the experimental
resolution obtained in the corresponding elastic scat-
tering runs.

The experimental angular distributions for the
GST are shown in Fig. 2 for the different incident
energies. The error bars include the uncertainties
both from statistics and from the decomposition of
the spectra into GST peak and breakup continuum.
The observed angular dependence is rather weak as
expected for monopole transitions on light nuclei.
This is also borne out by the calculations (dashed
curves, adjusted in height to the data) performed
within the d" model, which will be discussed below
in more detail. Since in this model the angular
dependence is governed by the c.m. motion of the
active nucleon pair in initial and final nuclear states,
i.e. by the two-nucleon form factor, the predicted
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Fig. 2. Angular distributions of the GST in the energy range
T, =30-90 MeV. The dashed curves represent d' calculations
fitted in height to the data. The horizontal lines characterize an
isotropic angular dependence fitted to the data for T > 65 MeV.

angular dependence equals essentialy the one ex-
pected from a standard DCX treatment. The data are
compatible with the predicted angular dependence up
to T_=60 MeV. For the higher energies T_> 70
MeV, however, where the calculations predict an
increasing fall-off towards larger angles, the data
exhibit a nearly opposite behavior with cross sec-
tions tending to increase with increasing angle. This
change in the experimental angular behavior is clearly
borne out by comparing the 55 MeV and 70 MeV
data sets. Since at high incident energies the GST
peaks sit upon a large continuum of breakup chan-
nels, the question might arise whether some incorrect
treatment of the latter might have affected the GST
data. However, we tried various descriptions of the
background and none led to significant changes in
the GST angular dependence. If there is no experi-
mental problem with the data at these higher ener-

gies, then this change in the angle dependence has to
be associated with some physical origin. As will be
discussed below, beyond 60 MeV the d° amplitude
gets already small compared to the conventional
amplitude, which we identify with the tail of the AA
process[1], so that the angular distributions no longer
need to be governed by the d mechanism. We only
note in passing that in the DCX on still lighter
nuclei, the He isotopes, the angular distributions for
incident energies between 70 and 120 MeV are
observed to be practicaly isotropic, too [11,12].

Fig. 3 displays the energy dependence of the
forward angle cross section. For the A resonance
region there exists one measurement at T_= 180
MeV and @, = 5°[13]. In order to compare with its
result we have extrapolated our datato ®,,, = 5° by
the curves shown in Fig. 2. Since the angular distri-
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Fig. 3. Energy dependence of the forward angle cross section
(0 =5°). The data point at T, = 180 MeV is from Ref. [13]. At
low energies our extrapolated values as obtained from Fig. 2 are
shown. For T_ > 65 MeV we give two values: for the solid dots
an isotropic angular distribution is assumed as suggested by the
data, for the crosses the validity of the d' angular distributions is
assumed though they miss the trend in the data. The dashed lines
represent the AA process in a phenomenological parametrization.
The dotted and solid curves give the result, when the d’ amplitude
is added coherently using I e,q =10 and 15 MeV, respectively.
The inset shows the change in the calculated cross section due to a
change in the orbit radius of the active NN pair (see text).
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butions are very flat these extrapolations are quite
moderate except at the highest energies. Since there
the observed angular dependence is at variance with
the d'predictions we give two values in Fig. 3 for
T.> 65 MeV, the one obtained with the d’ angular
dependence as for the lower energies (crosses), and
the one obtained simply by assuming an isotropic
angular dependence as suggested by the data (dots).

The most conspicuous and common feature of
both the LAMPF datum and our measurements is the
surprisingly small cross sections, which are much
smaller than expected from systematics. For the dis-
cussion of this issue we first turn to the A resonance
region, where a great deal of systematic DCX studies
have been undertaken. There both analog and
nonanalog transitions have been shown [1,14] to
exhibit very simple systematic dependences on the
target mass A, which may be understood in simple
diffractive models of the DCX process in the A
region. Fig. 4 shows as an example the forward
angle data [13-15] for the nonanalog GSTs at T_=
164 and 180 MeV, respectively. At both energies the
data are in excellent agreement with the expected
A~*/3 dependence with the exception of two cases,
the "' B(7~, 7)™ Li cross section [15] at 164 MeV
and the "Li(#*,7~)'B cross section [13] at 180
MeV. Both are roughly a factor of three below their
value expected from the A~*/3 systematics. For the
"B case this huge discrepancy has recently been

a(5%) [nb/sr]

| —D0 164 MeV
—— @180 MeV

10 10 100

Mass Number A

Fig. 4. Systematics of the GSTs in the A-resonance region. Open
(solid) symbols represent the data at T, = 164(180) MeV (from
Refs. [13-15]). The solid and dashed lines give the A=4/3
dependence fitted to these data.

successfully explained by the neutron halo of ™Li.
According to Gibbs and Hayes [6] GSTs are very
sensitive to a change of the active nucleons' orbital
radius in the transition from initial to final states. In
the limiting case of extreme halo radii the cross
section is expected to scale as the inverse sixth
power of the halo radius. For redlistic cases this
dependence is much more moderate. In the case of
UB(7~, 7)™ Li the ratio of the measured cross sec-
tion o over the value o, expected from systematics
is 1/3.3(4). This ratio has been related in Ref. [6] to
a change of the radius of the active proton pair R2p
B to that of the active neutron pair R, in *Li
by R;n/Ryp, = 19(3). This represents rather a
quadratic dependence. The latter uncertainty includes
also systematic uncertainties in the calculations (wave
functions, distortion etc.). The resulting halo radius
of R,,=5 fm for "'Li determined this way agrees
very well with that obtained by other means [15].

It is therefore very tempting to try to explain the
surprisingly low cross sections for 'Li(7+,7~)'B in
full analogy to the above example. In this case we
would rather deal with a proton halo in B, which
appears to be not unplausible in view of the
particle-unbound character of this nucleus, as dis-
cussed aready in the introduction. From Fig. 4 we
seethat in this case the suppressionis o,/ o = 2.9(4),
which translatesmto Rzp/ R,,= 1.6(3), if we trans-
fer the findings for "'Li (Fig. 1 of Ref. [6]) straight
to our case. However, we have to be a bit more
careful, since in contrast to B the target nucleus
"Li has aready an unusually large charge radius due
toitsloosely bound « + t cluster structure. With 2.4
fm its root-mean-square radius is roughly 15% larger
than expected from the systematics of nuclear radii.
Since the A~4/3 dependence of forward angle cross
sections derived in diffractive models results from
geometrical considerations and represents essentially
a R™* dependence, the increased 'Li radius causes
o, daready to be lower by afactor of about 1.7. This
leads then to a reduced suppression of o,/0=
1.7(2), which translates into a value of R,,/R,,=
1.3(2) by Fig. 1 of Ref. [6].

As pointed out in Ref. [6] the reduction factor in
cross section due to the change of R, is largely
independent of the reaction mechanism and results
primarily from the overlap of the initial and final
NN-wave functions. Hence also the d' model, which
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contains this overlap, too, and which we will use for
the description of our low-energy data, should be
adequate for estimating R,,/R,,, even from the
datum a T_=180 MeV. The function o,/o=
f(R,,/R,,) calculated this way is shown as inset in
Fig. 3, it yields for the ratio of o,/0=17(2) a
vaue of R,,/R,, = 1.2-1.3 which agrees very well
with the value obtained above.

With this in mind we now turn to the discussion
of the low-energy data. The first striking feature
there is that the peak cross section is much below the
cross section at the A resonance, a feature observed
so far in no other case. Even for the neighboring
cases ?C and '°0 [3] the low-energy peak cross
sections are till well above those in the A-resonance
region. Since the low-energy cross sections are
known to depend strongly on NN correlations, it is
tempting to seek the solution there. Indeed, the un-
usually large charge radius of ’Li leads to a consid-
erable reduction of the probability to find the valence
neutrons active in the DCX process at small relative
distances. In the d' calculations this alone gives a
reduction by roughly a factor of two in cross section
compared to the case, where the usual A3 depen-
dence for the radius of ’Li is assumed. Another
strong reduction in the d' cross section results, if in
addition for ‘B a proton halo is assumed as discussed
in the preceding section. The cross sections calcu-
lated this way are displayed in Fig. 3. The dotted
curve shows the result, if we use R,,/R,,=1.3, as
derived from the 180 MeV datum, and a value of
I yyeaa = 10 MeV for the collison damping. These
calculations account already quite well for the data,
only the calculated resonance structure appears to be
somewhat too narrow. This can be improved if we
use I5enq = 15 MeV instead, but then the calculated
peak cross section gets somewhat too low. The
calculations may be brought back to the data if we
readjust the radius ratio to R,,/R,,=1.2 (solid
curve in Fig. 3). So our conclusions about a proton
halo in "B are somewhat dependent on I ThE
data clearly prefer the larger value for I,.q and
hence the more moderate value for the change in
redii. Yet, the value R,,/R,, =12 is till in good
agreement with the one derived above from the cross
section in the A-resonance region.

In conclusion, the measured cross sections for the
DCX on ‘Li leading to the ground state in 'B are

much smaller than expected from systematics both in
the A resonance region and below. This suppression
can partly be attributed to the exceptionaly large
radius of 'Li and partly to an even larger proton halo
in ‘B with a radius of about 3 fm, i.e. as big as the
radius of nuclei in the Ca region. The low-energy
data show again some peak structure in the energy
dependence, though much less pronounced than ob-
served for other nuclei. Within the d model this
suppression is understood as being due to the low
NN separation densities at short relative distances
because of the large radii in ‘Li and in particular in
’B. The observed angular dependence is well under-
stood at energies, where the d amplitude is the
dominating process. At higher energies, where the d’
amplitude is small compared to other processes, the
experimental angular distributions get surprisingly
flat, a phenomenon not yet understood.
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The (7", ) reaction on the isoscalar, doubly magic nué¢f@® and*’Ca has been measured in the
energy rangd’,, = 45-90 MeV. The forward angle cross sections of the ground state transitions (GST)
show a very pronounced resonancelike energy dependence. The observed energy and angle dependences
are well described by the recent hypothesis of the formation @& resonance in the course of the
double charge exchange process. The deduced spreading widths are in accordance with estimates of the
d’ collision damping in the nuclear medium. In the reaction'® in addition to the GST the transition
to a0" state atE, = 2.1(2) MeV in ®Ne has been observed, which is interpreted as the quadruple
isobaric analog state (QIAS) of tl)§ state in'°C atE, = 3.03 MeV. [S0031-9007(97)04511-0]

PACS numbers: 25.80.Gn, 14.20.Pt, 21.10.Hw, 27.20.+n

The pionic double charge exchange (DCX) reactionthe pp 7~ invariant mass spectrum of the reactipp —
on nuclei has received much attention in recent yearsppm~ 7" [5].
mainly because of two features. First, it has been shown In this Letter we report on measurements of the ground
that this genuine two-nucleonNj process is particu- state transitions (GST) on doubly magic isoscalar nuclei.
larly sensitive to correlations at smalN distances at In such cases cross shell transitions dominate, which in
energies below theél resonance [1,2], where distortion conventional mechanisms are expected to be particularly
effects no longer play a major role. Second, the experiweak. The measurements have been carried out with the
mental observation of a peculiar but systematic resonancé-ow Energy Pion Spectrometer (LEPS) setup [6] at the
like energy dependence has come as a big surprise antE3 channel at the Paul Scherrer Institute. In case of
has not yet found a satisfactory conventional explanation'®O(7*, 7 ~)'°Ne we have used as target purified water
Even an elaborate coupled-channel treatment carried owith thicknesses of 4—15 mm, which has been contained
on one particular example [3] has not been able to proin an aluminium frame between thin polyethylene foils.
vide a quantitative description of both energy and angulaFor the**Ca(7 ", 7 ~)*Ti measurements we used natural
dependences. Also such a coupled-channel mechanismgtallic Ca (isotopic abundance #fCa: 97%) of thick-
which crucially depends on details of the structure of in-ness 5 mm. Measurements have been performed in the
dividual nuclei, is not likely to explain a feature com- energy range of’, = 45-90 MeV with angle settings of
mon to all nuclei investigated so far. We therefore have®,,, = 30° and45° for most cases. In addition measure-
proposed recently [4] that this peculiar behavior of thements at®,,, = 17° and 65° have been carried out at a
DCX at low energies should be due to a particuly  few energies.
short-range correlation, the formation oiNa&v-decoupled Figure 1 shows a sampler™ spectrum of the
7NN resonance, called’. With this hypothesis we have '°O(#*, 7 ) reaction. In addition to the peak due to the
shown that all hitherto measured DCX transitions mayGST a second peak is observed sitting upon a continuum
be described reasonably well, both in their energy androm the DCX to the unbound system$O + 2p and
in their angular dependence, by assuming for this reso“F + p. This second peak corresponds to an energy
nance I(J¥) = even(07), I'zynv = 0.5 MeV, T = excitation of E, = 2.1(2) MeV in '®Ne and shows an
FCspread + I'mwv = 5 MeV, and my = 2065 MeV. We  angular distribution identical to that of the GST within
also demonstrated [4] that such an assumption is naincertainties (Fig. 2). Since the latter is characteristic
at variance with data on any other reaction, whéfe for a monopole transition we identify the peak as be-
could have been observed. Further support for dhe ing due to the transition to the; state in!°Ne, the
hypothesis stems from recent measurements at CElguadruple isobaric analog state (QIAS) of e state at
SIUS, which exhibit a narrow peak near 2.06 GeV inE, = 3.03 MeV in 'C [7]. This finding constitutes the
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16 + -\ 16 large for nucleons ins;/, shells. Both is the case for
O(ﬂ- , 1T ) Ne the 0, state in'°Ne. Adding the energy displacement
LU e B B B B LA of the '*Ne ground state as given in Ref. [9] results in
T = 65 MeV T a total displacement of-1.5(2) MeV for the 0, state.
-7 . T This value, though very large, fits very well into the
6., = 30 1 phenomenological systematics of Thomas-Ehrman shifts

i T across the proton dripline (see Fig. 1 of Ref. [9]). Based
on shell model calculations predicting this state at

2.6 MeV Gilmanet al.[10] calculate for this transition

a cross section 6 times smaller than for the GST at pion
energies in theA-resonance region. At energies below
the A resonance we observe both transitions to have
comparable energy dependences with a cross section ratio
of roughly 1:3.

Sample angular distributions are shown in Fig. 2. At
the energies shown, as well as at the other energies
measured, the data are well described by the shape of
angular distributions calculated within th# hypothesis
(solid lines in Fig. 2; see discussion below). Hence we
have used these calculated shapes to deduce forward angle

90 100 110 (® = 5°) cross sections. This way we may compare our
momentum [MeV/c] resultg Wlth.correspondlng LAMPF data [10]_at higher
energies (Fig. 3). We note that as shown in Ref. [4]
FIG. 1. Pion momentum spectrum of the DCX dfO, angular distributions calculated within th2 hypothesis
corrected for the acceptance of LEPS. The drawn lines showre very close in shape to those obtained with standard
the fits to peaks aE, = 0 and 2.1 MeV in'*Ne, which sit  pcx calculations. Hence this procedure should be largely
upon a smooth background due'fdNe breakup. - . .
model independent and clearly superior to previous purely
) ) ) ) ) phenomenological extrapolation methods [11].
first observation of an excited* QIAS in an isotensor The energy excitation functions of the forward angle
quintuplet of nuclei. The observed energy differ+encecross sections are shown in Fig. 3. They exhibit two
of EX(_MC) - Ex(léNe) = 0.9(2) MeV for these 0  pronounced bumps, a narrow one at low energies, and a
states is substantially higher than that known from th€,,55d one in the region of tha resonance. The latter
correspondin@; states, which is only 0.1(1) MeV [7]. one is well explained by the resonatth—or DINT—
This very different behavior may be due to the Thomasyechanism [10] and exhibits a very systematic*/3

Ehrman shift [8], which occurs if levels in the isobar gependence of the forward angle cross section, wHere
multiplet get proton unstable and which is particularly

yield

3 800 'Lo"&'i")ko'T'r
10 T T A T I + )16 Ca(m™,m~ i ]
C ¥ . O(m*,m™)"Ne
[ *O(mtmT)®Ne I *Ca(mtm)*Ti i ( ) 1
- T, =65 MeV [ __ 600 1 T ]
(0] ’-“—, 4
2 > ! 1
=t < 400 { % T .
c [ — [ . I _
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eg. eqg.
o ’ o g FIG. 3. Same as in Fig. 2, but for the energy dependence of
FIG. 2. Sample DCX angular distributions of the GSTs inthe forward angle cross sections. The open symbols show
190 and*'Ca, preferably at energies where the forward angleour results for thed; state in'Ne. Stars indicate the GST
cross sections peak. The open symbols give the results faneasurements # = 30°. Data for7, = 100 MeV are from

the transition to0; state in'°Ne. The drawn curves show LAMPF [10,14]. Dotted lines give the parametrization of the
d' calculations. The angular distribution f@t. = 49 MeV on AA process, solid lines aré’ calculations with" = 10 and

40Ca is scaled down by a factor of 2. 20 MeV for 10 and*’Ca, respectively.
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denotes the target mass number. The narrow bump able to provide a reasonable description. Since ¢he
low energies is very pronounced in both cases with aalues of the reaction offO and*’Ca are huge27.7
peak-to-valley ratio of 6:1. The energy location of theand —24.8 MeV, respectively), we have to account for
peak cross section turns out to be closely related to ththem properly also in the Breit-Wigner denominator of
reactionQ value. Figure 4 shows thé dependence of the d’ transition amplitude by substituting there [Eq. (1)
the peak energies of all GSTs and double isobaric analogf Ref. [4]] Ez by Ex — Q/2. The amplitude due to the
transitions (DIATs) measured so far (with the exceptiond’ formation will interfere with the one of thAA process,
of the DIAT in “Ca, which shows no bump for reasons which is indicated by the dotted lines in Fig. 3. Because
discussed in Ref. [4]). In Fig. 4 we also have includedof the large width of theA resonance the extension of
our most recent results for the GST Hr and '2C, which  this process to low energies is significant. In particular in
will be published in a forthcoming paper [12]. case of light nuclei like'®O, where this process is quite
Figure 4(left) shows the peak energies characterized bstrong, the interference ef’ and AA amplitudes is con-
the kinetic energy of the incoming piofig, = T,+. We  siderable and moves the peak energy towards higher pion
would expect a smooth systematic behavior, if the origirenergies.
of the bump were due to an initial state interaction (ISI) The calculations based on tké hypothesis are shown
effect; vice versa, if we characterize the peak energies bin Figs. 2 and 3 by the solid curves. For the GST
the kinetic energy of the outgoing piofis,, = T,+ + Q@  on '°0 we have assumed a pufelp;,)> — (7 1ds),)>
[Fig. 4(right)], then we would expect a smooth behaviortransition. If we assume for the DCX process to e
in case of a final state interaction (FSI) effect. In neitherstate in'Ne the transition(»1p;,,)*> — (72s1,2)?, then
case such a systematics shows up. On the other hange obtain from these calculations a cross section ratio of
if plotted asTyean = T+ + Q/2 the peak energies of 1:3, which is compatible to the observed one. Eia
both GST and DIAT do indeed group into two smoothwe have assumed that the shell closure is complete only
lines [Fig. 4(middle)]. Such &/2 dependence, which to 90%, the rest being due to configuration mixing as
gives a symmetric situation with regard to entrance anduggested by transfer reaction analyses and microscopic
exit channels, would appear to be characteristic for somealculations [10,13,14].
intrinsic process, like, e.g., the formation of @aVN The d’ resonance parameters have been taken from
resonance. Ref. [4] except for the total width in the nuclear medium,
In the AGGK model [2] based on seniority and on thewhich has been adjusted to the data resulting isr 9(4)
conventional DCX mechanism of two successive chargeand 19(5) MeV for'®O and“°Ca, respectively. For the
exchange processes, the GSTs on isoscalar nuclei are pgescription of theAA process (dotted lines in Fig. 3)
dicted to have vanishing cross sections. Though it wouldve have used the phenomenological Breit-Wigner ansatz
be inappropriate to simply transfer this prediction to ourof Ref. [15] including the parameters given there and
cases of cross shell transitions, we may, however, expeutith a phase running over 36@n this double-resonance
that calculations of the conventional DCX process in thes@rocess. The latter assures that this amplitude is real
nuclei lead to very small cross sections—aside from that resonance as requested for thd mechanism. The
problem of describing the observed narrow structure imelative phaseA¢ between thed’ and AA processes
the energy dependence. We hence investigate in the foils not known a priori; hence it is treated as a free
lowing, whether the recently proposet hypothesis is parameter. For the calculations shown in Fig. 2 (solid
lines) we have used ¢ = 0° for “°Ca andA¢ = —90°
for 1°0. Since this phase has quite some influence
80 ——T—7— ——— — T on the peak position if theAA process is large as is
. o I 1l ] the case in'°0, we obtain an equally good description
oo | ¢ o L 1 1 for the '°0O data, if we takeA¢ = 0° but readjust the
8 effectived’ mass tomy = 2.071 GeV. We note that the
Ta é 1 calculations of thed’ amplitude according to Eq. (1) of
| Ref. [4] do not include pion distortions in entrance and
E_ exit channels. Estimates of their effect in the energy
& range of interest range from 10% [1] up to a factor of 2
200 T =T pEa= T mean peac= Tout | [2,3] of increase in DCX cross sections. Hence, inclusion
1T 1T 1 of distorsions in thed’ amplitude could significantly
ol v . e . change the calculated energy dependences and thus reduce
0 2 40 0 20 40 0 20 40 60 the value for the partial width§'. = I',.yy/3 derived
in Ref. [4].

[MeV]
&

TFEAK
!
]

FIG. 4. Energy positiof,.,x of the peak forward angle cross / ; ; ~ ; .
sections for GSTs (full l():ircles) and DIATs (open squares), The ddgpre?]dlng WldttTFsS’read T‘Oti‘ltlré :)hevmlj
plotted versus the target mass number and in dependence glrear medium has recently been calculated by Valcarce
the ingoing and outgoing pion energigs = T+ andT,, — €t al.[16] assuming the isospin of th& beingl = 2 and

Ty, + Q, respectively, as well as @fyean = Tin + Q/2. exploiting theAN interaction in medium. Their result of
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a width increasing with the target mass is in qualitativenarrow structure, however, in favor of tl# hypothesis,
agreement with our findings. which is able to account also for the new data. The
If the isospin of thed’ is zero then theé\N-interaction  deduced collision damping of th& in the nuclear medium
ansatz of Ref. [16] is inadequate. In such a casés in qualitative agreement with estimates based on meson
the spreading width due to collision damping by theexchange mechanisms. We note, however, that inclusion
d'N — 3N process may be estimated from virtual of distortions could lead to significant changes in the

pion and sigma exchange of th# with a nucleon in resonance parameters, in particuladinyy. Finally, the
the surrounding medium. Starting with the Lorentz(7*, 7 ) reaction on'®O has revealed a hitherto unknown
invariant amplitude of thed’ decay in vacuum [17] excited 0" state atE, = 2.1 MeV in '*Ne, which we
Ay NNw = %ﬁlc%(nz;)ﬁzﬁ, where u;, are identify as the QIAS of thé), state in'®C exhibiting a
bispinors, C = y,yo,m denotes the nucleon mass, andlarge Thomas-Ehrman shift. )
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Abstract

The reaction ®Nb(7*,77)%Te has been measured in the energy range T, = 3060 MeV at various scattering angles. At
all energies the groundstate transition could be observed, whereas the transition to the double isobaric analog state has been
identified unambiguously only at T_= 50 MeV. The groundstate transition exhibits a pronounced resonance-like energy
dependence which extends the systematics of this peculiar feature to heavy nuclei. An explanation within the d’ hypothesis

is presented. © 1998 Elsevier Science B.V. All rights reserved.

PACS 25.80.Gn; 27.60.+ j; 14.20.Pt

Keywords: Reaction ®*Nb(7*,7~)®Te; Ground state transition; Transition to double isobaric analog state; Measured o (E,®)

The pionic double charge exchange (DCX) reac-
tion at energies below the A resonance has received
much attention in recent years. At these energies the
Cross sections are in general substantially larger than
at higher energies and aso sensitive to nucleon-
nucleon (NN) correlations of short range, a feature
which has been looked for since long in this genuine
2N reaction [1]. However, an even more intriguing
and completely unexpected observation has been the
energy dependence of the forward angle cross sec-

! Supported by the BMBF (06 TU 886), DFG (Mu 705/3,
Graduiertenkolleg), NFR and INTAS RFBR (95-605).

2 Present address: Department of Physics and Astronomy, Uni-
versity of Edinburgh.

% Present address: Institut fiir Hochbautechnik, ETH Zirich.

tions for monopole transitions in light to medium-
heavy nuclei up to *Fe. (We note that so far only
monopole transitions could be measured at low ener-
gies because they are kinematically favoured). Both
groundstate transitions (GST) and transitions to dou-
ble isobaric analog states (DIAT) consistently exhibit
a peculiar resonance-shaped structure at energies be-
low the A resonance. The energy of the maximum of
this structure shows a systematic dependence on
reaction Q-value and the mass number [2]. This
phenomenon has not yet found a satisfactory conven-
tional explanation. Even an elaborate coupled-chan-
nel treatment of the sequential charge exchange pro-
cess including explicitly a few individual intermedi-
ate nuclear states and carried out for the specific case
of the DIAT in *C [3] has not been able to provide a

0370-2693,/98,/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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quantitative description of both energy and angular
dependences. Also such a procedure, which crucially
depends on details of the structure of individual
nuclei, is not likely to be the explanation for a
feature common to al nuclei. With a conventional
explanation lacking it has been proposed recently [4]
that this peculiar phenomenon could be due to the
formation of an NN-decoupled 7NN resonance,
caled d, with 1(J?)= even (07),m=2.06 GeV
and I = 0.5 MeV. In the nuclear medium such a
resonance will be broadened by two effects, the
center-of-mass motion of the nucleon pair active in
the DCX process (‘' Fermi smearing’’) and the colli-
sion damping due to d'N — 3N. Each of these ef-
fects gives widths in the order of 10-20 MeV. The
d’ hypothesis has found further support recently by
measurements of *He(w*,7~) pppp reaction [5] and
in particular by exclusive measurements of the reac-
tion pp — pp7~ 7", where a narrow structure near
2.06 GeV has been observed in the pps~ invariant
mass spectrum [6].

In this Letter we report on DCX measurements on
9sNb at various angles and energies. Primary aspect
of this experiment has been the extension of the
systematics for low-energy DCX into the region of
heavy nuclei with emphasis on the question whether
the peculiar energy dependence observed in lighter
nuclei persists. Hitherto %¢Fe has been the heaviest
nucleus where angle and energy dependences of the
DCX reaction have been studied [7] at energies
below the A resonance. We have selected **Nb as an
example of a heavy nucleus for three reasons. First
of al, its nuclear structure is fairly simple with three
nucleons outside the Z = 40, N = 50 closed shell core,
the dominant configuration being two neutronsin the
2ds,, shell and the single proton in the 19,4, shell.
Second, natural Nb is an isotopically pure material
making extended targets of purely metallic *Nb
readily available, and third there has been a measure-
ment at LAMPF [8] yielding a surprisingly large
crosssection of 2.4(3) ub/sr for theDIAT a T_ = 50
MeV and @ = 25°,

Our measurements have been carried out with the
Low Energy Pion Spectrometer (LEPS) setup [9] at
the 7wE3 channel of the Paul Scherrer Institute. As a
target we used Nb metal sheets of size 100 X 100
mm? and areal densities of 428 and 855 mg,/cm?,
respectively. We note that DCX measurements on

heavy nuclei and a low energies are much more
difficult than on light nuclei and/or high energies
because competing processes may have huge cross
sections compared to the DCX process under investi-
gation. In particular, the elastic scattering cross sec-
tion exceeds that of the GST by a factor of 107 (cf.
Figs. 2 and 3 below).

In addition to the magnetic analysis of the nega-
tive pions in the LEPS spectrometer, the necessary
background reduction has been achieved by time-of-
flight measurements of events in the foca plane
relative to the LEPS entrance as well as relative to
the RF of the cyclotron. Further constraints on parti-
cle trgjectories and identification are imposed by
intermediate and focal plane detectors including a
range telescope downstream of the focal plane detec-
tor for further 7, u,e separation. Measurements have
been performed at two different magnetic field set-
tings of LEPS suitable for the observation of GST
and DIAT, respectively. Measurements with the GST
setting have been carried out at T_ = 30—-60 MeV in
the angular range 17°—65°, measurements with the
DIAT setting only at T_=50, 60 MeV and 30°.
Sample spectra for both settings are shown in Fig. 1.
Whereas the GST pesk is observed practically free
of background, the DIAT peak sits upon a large
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Fig. 1. Sample momentum spectra for DIAT (left) and GST (right)
settings. The left spectrum shows in addition to the DIAT peak an
indication of another peak at Q = —18 MeV, the expected posi-
tion of the IAS ® TAS [8]. The description of the background
(breakup channels) is shown by the dashed lines. The solid lines
include peaks fitted by Gaussians with experimentally determined
widths (s. text).
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background resulting from breakup channels and un-
resolved transitions. Also as a consequence of target
thickness and the large Q-value of —22 MeV, the
momentum resolution for the DIAT is somewhat
worse than for the GST (Q= —24 MeV). The
widths of the Gaussians fitted to the GST and DIAT
peaks have been deduced from elastic scattering
measurements at the respective channel energies.
From the evaluation of the spectra absolute cross
sections have been obtained by use of the lepton
normalization method [9]. As a check for the validity
of this method we show in Fig. 2 the simultaneously
obtained elastic = scattering data. The curves rep-
resent optical model calculations using the J4 poten-
tial [10], which has proven to provide reliable predic-
tions for pion-nucleus scattering at low energies. The
data are in full agreement with these predictions.
Next we show in Fig. 3 the DCX data obtained for
the GST. Measurements with thin and thick targets at
T_=50 MeV and @ = 30° agree within statistics and
have been combined to one data point. The curves
are angular distributions calculated within the d
hypothesis (see discussion below) and normalized in
height to the data This way we deduce forward
angle (@ =5°) cross sections which allow for a
comparison with corresponding LAMPF data [11]
taken at higher energies (Fig. 4). As pointed out
previously [4], angular distributions calculated with
the d° method are compatible in shape with those
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93Nb 7T+,7T+)93Nb
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Fig. 2. Angular distributions of elastic 7" scattering on **Nb
between 30 and 60 MeV. The curves are predictions of the J4
optica potential [10].
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Fig. 3. Angular distributions of the DCX to the ground state in
% Tcfor incident 77" energies of 30 to 60 MeV. The curves are d’
calculations normalized in height to the data

obtained in conventional DCX calculations which
assume the DCX to proceed via sequential SCX
processes. In addition, monopole transitions have
angular distributions which start with a zero slope at
O =0 and fal off to larger angles as dictated
primarily by the size of the target nucleus. Hence the
shape of the angular distributions in the forward
angle hemisphere can be considered as largely
model-independent, so that the extrapolation of our
data to @ =5 should be quite safe. The errors
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Fig. 4. Energy dependence of the forward angle cross section for
the GST in ®Nb. Data for T, > 100 MeV are from LAMPF [11].
The dashed line shows the parametrization of the A A-process, the
solid curve a d’ calculation.
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assigned to the ¢ (5°) values of Fig. 4 result from a
least-square fit of the angular distributions (calcu-
lated within the d’ model) to the data (Fig. 3).

The low energy data points of Fig. 4 display the
energy dependence of the forward angle cross sec-
tions for the GST as obtained from our measure-
ments. For higher energies the LAMPF data [11] are
shown. They are consistent with the predictions of
the AA excitation or DINT [1] mechanism as well as
with the well-known A~*/3 target mass dependence
of GSTs in the A resonance region. The dashed
curve in Fig. 4 shows the result a phenomenological
description of this process [12]. Fig. 4 demonstrates
rather strikingly that the new data exhibit a very
pronounced structure with a peak cross section at
T_=45 MeV which is an order of magnitude larger
than at the A resonance. In particular there is a fast
variation of the cross section by an order of magni-
tude within only 15 MeV between T_= 45 MeV and
60 MeV.

Before we seek for an explanation of this feature
by the d’ hypothesis, we briefly discuss the possibil-
ity of other explanations. It has been argued [1,13]
that the low-energy structure could be the result of
absorption processes increasing very much towards
energies in the A resonance region. However, for
heavy nuclei absorption cross sections are fairly
constant at low energies. In particular for **Nb the
absorption cross sections measured [14] at 50 and 85
MeV are of the same size within uncertainties. Hence,
it is hard to imagine how a coupling to this channel
should create the observed sharp structure in the
DCX excitation function. A similar conclusion holds
for the possible influence of other inelastic channels.
All these channels have cross sections with only
gradua changes over the energy region of interest.
One may also speculate whether the interesting struc-
ture in DCX somehow could be linked to the de-
structive interference of isovector s and p waves,
which in light nuclei causes a deep minimum near
T, =50 MeV in the forward angle cross section of
single charge exchange to isobaric analog states.
However, for heavy nuclei this minimum is pretty
much washed out and moreover shifted to T_= 60
MeV [15].

We turn now to the d' hypothesis as a possible
explanation of the pronounced structure observed in
the GST on *Nb. The solid curve in Fig. 4 repre-

sents a calculation with my, = 2.06 GeV, I\ =0.5
MeV and ;g = 15 MeV. The latter accounts for
collision damping and fits to the range of values
obtained for other nuclei as well as expected from
theoretical considerations [2]. The overall phase be-
tween d’ and AA amplitudes has been fixed at 180°.
In addition we have increased the d' amplitude by a
factor of two for an optimum fit to the data. This
factor should not be considered as a serious problem
for the d' hypothesis, since we have assumed only
the simplest shell model transition
(v2d5,,)*(m1g,,,)" = (71gy,,)° in our calcula
tions for simplicity and it is known that small config-
uration mixings can aready lead to a large enhance-
ment of the d amplitude [2,4].

Finally we briefly discuss the experimental situa-
tion for the DIAT, which sits upon a large back-
ground and hence needs good statistics to be safely
identified. For our 60 MeV measurement it turned
out that this criterion has not been met. The 50 MeV
measurements, however, carried out at ® = 30° with
both, thin and thick target exhibit a clear peak at the
position of the DIAT (Q = —22 MeV, see Fig. 1).
Both measurements give the same cross section
within statistical errors resulting in a combined value
of 520(90) nb/sr. This value, however, is smaller
than the corresponding LAMPF result [8] by a factor
of five and hence at variance with it. The reason for
this huge discrepancy is not known. We have checked
the lepton normalization also in the case of these
DIAT measurements against elastic pion scattering
cross section, which again agree with the J4 predic-
tions. We extrapolate our 30° value to 5° again by
use of the d’" model prediction for the angular depen-
dence of the DIAT. Thisresultsin o (5°) = 900(150)
nb/sr for the DIAT at T, = 50 MeV, a value which
is larger than the corresponding cross sections mea-
sured in the A resonance region and above [11], and
which fits also reasonably well into the systematics
of low-energy DIAT transitions [8,16]. We finally
note that one might be inclined to see in Fig. 1, left
part, the indication of a further peak structure near
Q= —18 MeV. In Ref. [8] it has been argued that
this is the transition to the analog of the antianalog
state in ®*Mo(IAS ® TAS). If we take this peak
seriously, then its cross section ratio to the DIAT
would agree within uncertainties with the one ob-
served in Ref. [8].
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In conclusion, the first measurement of the energy
dependence of the low-energy DCX on a heavy
nucleus exhibits a sharp structure in the forward
angle cross section of the GST. Beyond its maximum
at T =45 MeV the cross section drops by an order
of magnitude within AT = 15 MeV, afeature which
appears to be not easily explainable in any known
conventional picture. In particular, since all maor
reaction channels have a smooth energy dependence
in this energy region, channel coupling effects ap-
pear very unlikely as an explanation. On the other
hand this structure fits very well into the systematics
found for the low-energy DCX on lighter nuclei and
can again be accounted for reasonably well by the d’
hypothesis.
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Data of the ¢r*,7) reaction on'?®Te and'*Te atT, =48 MeV are presented, which constitute also the
first observation of pionic double charge exchaf@€X) on heavy nuclei at energies below t{&3) reso-
nance. For the ground state transitions in these isotopes we find very small cross sections of about 15 nb/sr only
at 30° and a ratio ofr(**Te)/o(*?®Te)=1.5"}-8 The experimental results and their impact on the under-
standing of theBB decay of the Te isotopes are discussed within the framework of recent proton-neutron
quasiparticle random phase approximation calculations. For the transitions to the double isobaric analog states
in 128Xe and*3%e we obtain cross sections in the ranggt/sr which fit very well into a systematics, that is
in accordance with a dominance of the short-range part of the DCX operator in analog transitions at low pion
energies[S0556-281®6)50105-4

PACS numbe(s): 25.80.Gn, 27.60kj, 23.40.Bw, 23.40 Hc

The (7" ,7 ") reaction has the unique property of chang-nately, measurements conducted in the past in the region of
ing the charge of a nucleus by two units while leaving thethe(3,3) resonance and above show that in this energy region
number of nucleons unchanged. Since these constraints forcerrelation effects in the cross sections are hidden beneath
at least two nucleons to be involved in this process, thiother dominating effects such as absorption phenomena. To
reaction has been thought for long to be an ideal probe foovercome this problem double charge exchafiy@X) mea-
investigating correlations between bound nucleons. Unfortusurements have been carried out at energies well below the

(3,3) resonance, where the mean free path of pions in nuclei

is very large. The subsequent discovély of a particular
“Now at CERN, PPE Division, CH-1211 Gere23, Switzerland.  sensitivity of low energy pionic double charge exchange to
Now at Temic Telefunken Microelectronics, Sieboldstr. 19, nucleon-nucleonNN) correlations of short range has stimu-

D-90411 Nunberg, Germany. lated systematic investigations of the low energy D{2X
*Now at Pietzsch AG, Automatisierungstechnik, Hertzstr. 32,In parallel to this it has been realized that also in doyble
D-76275 Ettlingen, Germany. (BB) decay particle-particle correlations play a crucial role

$Now at CERN, PPE Division, CH-1211 Gare23, Switzerland. changing the calculated lifetimes up to several orders of
'Now at Gesellschaft fuElektronische Informationsverarbeitung, magnitude[3,4]. The common dependence on internucleon
D-64283 Darmstadt, Germany. correlations puts both these processes, which connect the
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same initial and final states, in a very close relation to eaclurift chamber at the focal plane, which both determine posi-
other in as far as thé&IN-matrix elements are concerned, tion and angle of incidence of the detected particles. The
though both processes are driven by totally different interacparticle identification is done with a range telescope consist-
tions. Thus the DCX reaction o@p-instable nuclei can, in ing of a stack of scintillators in the focal plane as well as by
principle, serve as a critical test of the nuclear structure paime of flight measurements against the radio frequency of
relevant for the understanding g8 decay. the cyclotron. Application of all the different constraints re-
Fazely and Liu[5] have studied the connection betweensults in a background reduction of up to®1 the focal
neutrinoless8B decay(0vB8B) and DCX at resonance ener- plane. Thus very cleam™ spectra are obtained. The DCX
gies. Since there nonanalog ground state transiti@®T) runs have been normalized to calibration runs of elastic
are dominated byA processes they examined the role of scattering calibrated in turn with the “lepton normalization
those also in 8B decay and arrived at a data-to-data rela-technique”[14] which gives absolute cross sections accurate
tion between forward angle GST andv8g lifetime by  to within five percent. As target we used self-supporting wa-
eliminating theNN-matrix elements common to both pro- fers of 99.4% isotopically enriched materiat*{Te: 800
cesses. In a subsequent measureni@hof the GST’s in  mg/cn? of size 10 crx 10 cm; *¥9Te: 550 mg/cn? of size 9
128Te and ¥¥°Te at T_=164 MeV a ratio of o(**°Te)/  cmx9 cm), which are identical to those used in previous
o(*?*Te)=2.914) was obtained and a corresponding ratio DCX measurements at LAMP®,15] at higher energies.
for the NN-matrix elements was derived. However, realizing Two sets of measurements have been performed with
the small mean free path of resonant pions in nuclei and thuiese targets, the first one still on the o3 channel and
their restriction to the nuclear surface region, the relevancwith an ~200 uA proton beam incident on the production
of DCX measurements at resonance energies for the extratarget E. At T, =50 MeV this leads to a flux of about
tion of NN-matrix elements has been questioned by the au6X 10°7*/s at the place of the scattering target. The second
thors[6] emphasizing instead the need for measurements &et of runs has been carried out already on the més®
low energies. Since the low-energy DCX is not dominatedchannel with about 80QwA primary beam and a flux of
by A processes we will discuss the connection to g  about 2x 10’7 /s. Specifications of the new beamline are
decay here in a different approach by comparing our experigiven in Ref.[16]. Since the time resolution of the beam
mental DCX results on the Te isotopes with microscopicparticles in the new beamline is somewhat worse than in the
calculations performed in the framework of the proton-old one At=2 ns full width at half maximum compared to
neutron quasiparticle random phase approximatiom\t=1 ns[14]), a thin(2 mm) scintillator has been installed
(pnNQRPA), i.e., the same model which has been very sucat the entrance of LEPS in the runs with the new beamline in
cessful in the description of sing|d,7] and doubles decay order to obtain an additional time of flight measurement with
[3.4]. good time resolution between entrance and focal plane of
Aside from these very interesting interrelations DCX LEPS. With this setup measurements have been performed at
measurements on heavy nuclei are interesting in their owtwo LEPS momentum settings, the first one centered around
right. So far low-energy DCX data are available only for the reactiorQ values of the GST's'¢Te: Q=+ 1.89 MeV;
light nuclei up to °®Fe [2,8], and at a single energy and a 130Te: Q= +3.56 MeV), and the second one centered around
single angle for®*Nb [9]. At resonance energies and abovethe region expected for the DIAT'${Te: Q= —25.8 MeV;
the dependence of the forward angle DCX cross section of*°Te: Q= —25.5 MeV[15]). Note that for the ground state
the target mas# is well described 10] by simple scaling setting the collection of one spectrum typically took one
laws predicted in a strong absorption moflel]—both for ~ week of running time.
transitions to the double analog st@dAT) and for those to DCX spectra from these measurements are shown in Figs.
the ground statdGST). At T,~50 MeV the situation is 1 and 2. Figure 1 displays the results for the region of the
more complex. The forward angle cross sections of the DIATGST in ?®Te (top) and *°Te (bottom). The dashed lines
in T=1 nuclei (*C-’Ca) have turned out to be approxi- represent the momentum acceptance of LEPS as determined
mately independent oA, and the DIAT's inT>1 nuclei by elasticar scattering at various field settings of the spec-
appear to fit into a systematics which emphasizes the domirometer. The solid curves indicate the position of the peak
nance of short-range effects in the DCX transitions at lowexpected for the GST. The line shape has also been extracted
energied 9]. For the GST’s on the other hand, low energy from measurements of the elasticscattering. The number
data show no systematfc dependence; they rather appear toof DCX events observed in these spectra is largest at the
be very sensitive to individual nuclear structure effects atmost negativeQ values falling off smoothly towards less
smallNN distanceg?2,12]. negativeQ values. AtQ>0 there are only a few counts,
Here we report on DCX measurements on Te isotopes &ome in the region expected for the GST and very few also
low energies performed & ,,=30°,45° andT ,=48 MeV  above. These latter, of course, are a measure of the back-
midtarget energy, with the Low Energy Pion Spectrometeiground in our spectra and have been taken into account for
LEPS[13,14] at thewE3 channel of the Paul Scherrer Insti- the determination of the GST cross sections and their uncer-
tut (PSJ). Outstanding features of LEPS, which are crucialtainties. The shape of the observed spectra is comparable to
for reliable studies with small cross sections, are high backthat obtained aT ,=164 MeV[6]. The observed continuum
ground suppression in combination with a good energy resowith its onset at abouR~0 has to be associated with unre-
lution utilizing time of flight and energy loss technigues for solved transitions to bound states as well as with transitions
particle identification as well as vertex reconstruction. Theto continuum states< —6.3 MeV and—5.1 MeV, respec-
information for the latter is supplied by a six-plane multiwire tively) in 128Xe and *3*%e. The levels closest to the ground
proportional chamber at the intermediate focus and a verticadtate in*?2Xe and **%e are of spin 2 and higher; in particu-
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FIG. 1. DCX spectra for*?®Te (top) and **°Te (bottorm at a Q [Mev]

spectrometer setting in the region of the ground state transition |G, 2. Sample DCX spectra fdf®Te (top) and 2°Te (bottom)
(GST). The solid curve gives the expected response for the GSTyt 5 spectrometer setting in the region of the double isobaric analog
the dashed lines illustrate the acceptance of the LEPS spectrometgggte transitioDIAT). The solid and dash-dotted curves show the
DIAT peak fitted onto a smooth background with lindalotted
lar there are no excitedOstates below an excitation energy lines) and quadrati¢dashed linesmomentum dependence, respec-
of E,=1.5 MeV. Since in all previous DCX measurementstively, and folded with the LEPS momentum acceptafsieort-
at forward angles and low energies no sizeable strength ofashed lines
transitions to other than™Ostated2] has been observed, and
since our experimental resolution is in the order of 1 MeV,respectively. These were obtained by least-squares fitting of
we are confident that at the position of the G8@lid curves  the data with first and second order polynomials, respec-
in Fig. 1) there are no counts due to other transitions. Wetively, multiplied by the momentum acceptance of LEPS; the
then deduce cross sections of@2nb/sr and 167) nb/sr for  |atter is indicated by the long-dashed curve. Also included in
the GST in*?Te and **°Te, respectively, al ,=48 MeV  the fit procedure was the height of a peak at the position of
and @ ,,,=30°. the DIAT (Q~26 MeV) with the shape being deduced from
From our 30° values we may extrapolate forward angleelastic scattering at accordingly reduced channel momentum.
cross sections oér(0°)=54(27) and 8&0) nb/sr, respec- The uncertainties in the DIAT cross sections due to these
tively, based on the shape of angular distributions predictedifferent assumptions for the description of the background
in pnQRPA calculationgFig. 4 with g, ,=1.2 in Ref.[17])  are 10-20 % only in case df°Te, but as much as 50% in
which will be discussed below. These cross sections are afase of 1*Te due to the inferior statistics accumulated in
similar magnitude as those obtainedTaj=164 MeV and these spectra.
0.,=5° [24(7) and 7@26) nb/sr[6], respectively. In the Our results for the DCX cross sections on the Te isotopes
present case the ratio of cross sectionsoiss(**°Te)/  are summarized in Table I. The observed DIAT cross sec-
oss(*?®Te)=1.5"38 whereas af ,=164 MeV a value of tions are in accordance with the systematics from DIAT data
2.9(14) has been obtained. Within their large statistical erat T,,~50 MeV, which is shown in Fig. 3. Our values in-
rors these values are compatible with each other. cluded there have been extrapolated to forward angles based
Figure 2 displays sample spectra for the region of theon our 30° and 45° values as well as on the typical slow
DIAT in ?%Te (top) and '*°Te (bottom), respectively. We angle dependence of DIAT’s known for lighter nuclei. As
associate most of the observed events with a continuousan be seen in Fig. 3, the forward angle DIAT cross sections
physical background represented by dotted and dashed linedivided by (N—2Z)/(N—Z—1) are approximately constant
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TABLE I. Cross sections found in this work for GST and DIAT sults on the Te isotopes with microscopic calculations per-
in 128Te and'3Te (in nb/sp with statistical errors ().

formed in the framework of the proton-neutron quasiparticle
random phase approximatiorpiiQRPA), i.e., the same

T, (MeV) O State 12Te e model which has been very successful in the description of
o single[4,7] and double3 decay[3,4]. The DCX calculations,
48 30 GST 1 1907 . . g B o .
®) A" the details of which are given in RdfL7], utilize a realistic
R effective NN interaction derived from the Bonn potential
jgo DIAT 1:8(;1;(?(;) 1910(&(15553 [18]. For a complete determination of tipgQRPA solution

two parameters need to be fixed which renormalize the bare

Bruckner two-body matrix elements: the particle-hole

with values betweer(1—2 ublsr. In Ref.[9] it has been Sréngthg,, and the particle-particle strengt,,,. Ideally
pointed out that this approximate constancy reflects théhese parameters S.hOUId be unity. Deviations from this valu_e
dominance of the short range part in the DCX transition®® caused by a limited quel space as.well as by thg density
operator afl ,~50 MeV. Our results for the DIAT’s in the ependence of the effecthN Interaction. The pa.rtlcle-
Te isotopes extend the validity of these findings up to heaV)po'? s?rengthgp_h can be. f|xed_ easily by the _expenmental
nuclei. They also indicate that distortion effects obviouslye_xcItatlon energy_of the isobaric analpg state In the interme-
play a minor role at low energies even for heavy nuclei.  diaté nucleus which depends approximately linearlygpn

In contrast to the situation for the DIAT's there is no [17]: The partlcle-partlcle' strength,.,, however, can only
simple systematic behavior for nonanalog GST's at low enbe f'XeF‘ by Processes which d?—‘pe_”d strongly on tyvo—nucleon
ergies. At energies in th€3,3 resonance and above the Properties likesg decay and pionic DCX. Assuming 83
forward-angle cross sections are well accounted for by thd€cay associated with the emission of two neutrinos
black disk limit rgsr~A %3 and thus do not exhibit much (2786) the pnQRPA calculationy3,4] reproduce the ex-
sensitivity to nuclear structure effects. Since the DIAT sys-Perimental lifetimes of °Te and**Te for two solutions of
tematics at low energies indicates that distortions are of n@p-p IN the range 0.8 to 1.0, the exact values of which criti-
major importance there, we would expect a very fiatle-  cally depend3,4] on the model space used in the calcula-
pendence for the nonanalog GST’s, if they were not domidion. In the model space of thenQRPA calculations dis-
nated by individual nuclear structure effects. However, thefussed here for the interpretation of the DCX data the
latter is in fact the case at low energies as has been demofresponding solutions ag,;~0.9 and 1.1, respectively.
strated in several investigatiop2,12]. As shown in Fig. 6 of Refl17] an increase of.,, which is

In case of the GST’s it2813%re microscopic calculations connected with an increasing role N correlations, causes
[17] predict large cancellations between different compo-2 drastic reduction of the DCX cross section similar to the
nents in the transition matrix element due to short-rangdeduction observed in calculations (ﬁf, 2vppB, and
particle-particle correlations, which lead to very small DCX 03B decayd3,4,7,19. The DCX calculations come closest
cross sections. The same correlations are simultaneouslg the data fog,.,>1 though even there the predicted cross
quoted as the origin for the very longB-decay lifetimes of se_cuons are too high by roughly a factor o_f 3—.4_. Rgasons_for
these Te isotopes. this may be sought in a number of simplifications still

In the following we compare our experimental DCX re-
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FIG. 4. Ratio of forward angle cross sections for the GST in

FIG. 3. Forward angle cross sections for the DIAT's at °Te to the one in**Te in dependence of the particle-particle

T,.~50 MeV divided by N—2Z)/(N—2Z—1). The figure is an up-

strengthg,,,. The solid curve represents a calculation of R&]

date of Fig. 3 in Ref[9] with our values for'?®3%e extrapolated  with a particle-hole strength parametgy,=1.30. The hatched area

to forward angles.

gives the experimental result of this work.
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present in these calculatiof$7] which do not account yet heavy nuclei at pion energies below 83) resonance. The
for distortions in entrance and exit channels as well as foGST's have very small cross sections with values of612
nuclear recoil and proper particle number projection, and stilnd 197) nb/sr at 30°, which are indicative of forward angle
consider therN Hamiltonian in the nonrelativistic limit. To cross sections less than 100 nb/sr. Within the large uncertain-
minimize these deficiencies, which are expected to affect thges the observed cross section ratit*?®Te)/a(**%Te) is in
calculations forl.zaTe and**Te in a similar manner, we next reasonable agreement with microscopic calculations in the
consider the ratio of these cross sections, the theoretical prgmQRPA framework, which also quantitatively establish an
diction of which should be much more reliable. The depeny,iimate connection between pionic DCX af@ decay with

gﬁnci of the clrossd;e_cuon ratio Q?P IS shovxr/]n N Fig. 4. yoqard to their strong dependence N correlations char-
e theoretical prediction comes closest to the experimenta) o ;o4 in the calculations by the particle-particle strength
result forg, ,>1.1, i.e., the DCX data clearly favor the sec-

ond solution(with the largerg,.,). Hence it appears that
pnQRPA calculations are able to provide a reasonably con-
sistent description for both the DCX on the Te isotopes an
their lifetime assuming 288 decay. If the decay of*®Te
and 1*Te is assumed to be of thesB type, then an inter-

i EI'he DIAT’s have forward angle cross sections which are
n order of magnitude larger than those of the GST’s. They
agree very well with the systematics of the DIAT data on the
lighter nuclei atT ,=50 MeV, which reflects the importance
pretation of the geochemical decay rates vgi=1.1 re- of the short—ra_nge part in thg DC?( transition opere}tor as well
sults in a limit for the Majorana neutrino mass mf,<1.5 25 the subor.dlnate role of distortions at low energies even for
eV [19]. heavy nuclei.

We finally note that a shortcoming @hQRPA calcula-
tions has been that they violate the Pauli exclusion principle . . .
and lead to an eventual collapse of ieQRPA ground state We acknowlgdgg valuable d|scu55|ons. with A. Faessler
close to the region of realistic strength parametgys. This and W.A. Kaminski on these matters. This work was sup-
difficulty has been resolved recently by the so-called renorPorted by the German Federal Minister for Research and
malizedpnQRPA approximatiorf20]. Technology(BMFT, BMBW) under Contracts No. 06 TU

We have observed the GST's and DIAT's i3®Te and 243, No. 06 TU669, and No. 06 KA 266 and by the DFG
130Te, which constitute the first DCX measurements on(Mu 705/3, Graduiertenkollgg
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Abstract

We examine the electromagnetic decay rates as well as the photo- and electroproduction cross
sections of the proposed 7NN resonance d’, for the existence of which evidence has been claimed
in the pionic double charge exchange (DCX) on nuclei as well as in the 2#-production in pp-
collisions. Based on the d’ parameters deduced from DCX, we estimate the d’-production on the
deuteron in the reactions yd — NN7 and ed — e’ NNzr. Comparing to the non-resonant cross
sections at the relevant energies and momentum transfers, we discuss the feasibility of a search
for a d’ signal both in yd — npn” and in ed — ¢ NN

PACS: 14.20.Pt; 25.20.Lj; 25.30.Rw
Keywords: wNN resonance, pion photo- and electroproduction on deuteron

1. Introduction

The substructure of the nucleon should lead to non-trivial, i.e. non-nucleonic reso-
nances in the B = 2 system. Although such dibaryon resonances have been predicted
since long, no unambiguous evidence for their existence has been found up to now,
despite a vast number of dedicated experiments [1].
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The bulk of these experiments performed so far have been dedicated to searches of
dibaryons coupled either to NN or to NA channels. In such a case it cannot be expected
that probabilities of such decays (so-called fall-apart decays) are small. Rather their
widths should be even large compared to those of “usual” hadronic resonances, which
are in the order of 100-200 MeV.

Recently, however, a candidate for a narrow NN-decoupled resonance NNr, called
d’, has been found in two types of experiments which specifically focus onto the wNN
system and small NN distances. The peculiar behaviour of the excitation function in low
energy (T,; ~ 50 MeV) pionic double charge exchange (DCX) [2-6], and the excursion
in the pp7~ mass spectrum observed in the two-pion production, pp — ppwrt @~ [7]
can be naturally explained by the d’ resonance with a mass M = 2.06 GeV, J® =0~
and T = O0—quantum numbers which forbid a strong decay into NN. Let us stress that
DCX essentially is the only strong interaction process where d’ can manifest itself as
a resonance in the s-channel: 7+ + {nn} — d’ — 7~ + {pp}, where {nn} and {pp}
mean correlated pairs of neutrons and protons in the valence shell of nuclei. To rule
out nuclear medium effects in the DCX reaction one ideally would need measurements
on a dineutron or a diproton, which, however, are unbound. The next best choice for
DCX would be 3He and “He, where medium effects are expected to be still of minor
importance. The presently available data on low-energy DCX on “He, where conventional
reaction mechanisms are heavily suppressed by the Pauli exclusion principle, agree very
favourably with the predictions based on the d’-hypothesis. In the latter reaction d’ is
expected to manifest itself as a threshold phenomenon at 7,; ~ 80-100 MeV [8].

A low-mass dibaryon state with J* = 0~ would, in fact, be in agreement with
predictions based on QCD string models [9,10]. Also recent microscopic calculations
[11] in the constituent quark model reveal this possibility.

The resonance parameters (mass M = 2.065 GeV, total width I" ~ 5 MeV and partial
widths I'y = I'_ =~ 0.2 MeV for #*nn or #~ pp decay, respectively) as deduced from
DCX reflect the d’ resonance embedded in nuclei. Hence, both the resonance energy
M and the total width I" may be affected by medium effects giving rise to binding
energy and spreading width of d’. If existing in vacuum, d’ can decay only into the
three 7NN channels, and with a tiny probability also by y emission. Thus we have
Iy = I'yny = 3, =~ 0.5 MeV and most of the observed width for d’ within the
nuclear medium has to be attributed to spreading. Such a spreading mechanism in the
medium would be, e.g., Nd’ — 3N.

A particularly appealing possibility to check independently the existence of d’ on
the most basic system would be the reaction yd — d’ — ppm~ near E, = 200 MeV,
where at first sight the three charged particles in the exit channel promise quite a
convenient detection. However, as we will demonstrate below, the y-branch is tiny
and the estimated cross section is at least two orders of magnitude smaller than the
non-resonant background, rendering any exclusive measurement of charged particles
extremely difficult. A promising way out is the detection of neutral particles from the
d’ decay, d’ — npm®, where the non-resonant background is much reduced compared
to charged pion production. In fact, a corresponding experiment has been approved at
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MAML. In the following we present estimates of the d’ production cross section and
compare with conventional reaction mechanisms in order to elucidate the feasibility
of finding a d’ signal. These estimates also are necessary to quantitatively assess the
outcome of such experiments.

As for the detection of the d’ signal in the charged particle channel, the situation might
improve considerably if d’ is produced by virtual y’s (denoted henceforth by y*) at
large momentum transfer g2, for which the competing non-resonant 7 electroproduction
is confined to the interaction of y* with the short-range (6g) component in the deuteron.

2. Estimates of the d’ — dy decay rate

The starting point for estimates of the d’ photo- and electroproduction is the d’ — dy
decay rate. A rather simple and rough estimate of the decay rate can be done using the
well-known classical expression for the electric dipole emission. Let us assume that d’
represents an orbitally excited state of a 6g system built up by the two lightest colour-
triplet quark clusters (4q)s=17=0 and (2q)s-=r= (see Ref. [10]). In the QCD string
model the classical dynamics of this system are easily calculated as soon as masses of
the quark clusters (m4 and m;) and the string tension, » are known.

The intensity of the electric dipole transition (the energy emitted per unit of time) is
then given by

I=2a(d)?,

where @ = 1/137 and d is the dipole moment of the system (dots mean time derivative).
For our particular system d= era) + eqas, where ey 4 are the electric charges of the
clusters, e = 1/3, e4 = 2/3, and ay 4 the accelerations of the clusters. In the string
picture the force acting on a quark cluster is directed along the string, its absolute
value being equal to the string tension ». Hence a; = vn/my, as = —vn/my, where n
is the unit vector along the string, and d= (e /my — e4/m4)vn. The probability for
emission of a photon with energy w, =~ 200 MeV per unit of time, //w,, would be the
estimate for the decay rate if the final state (deuteron) had a similar 4g-2q structure
with the same quantum numbers of the quark clusters as in d’. However, the probability
of the 6g admixture in the deuteron is small, Ps, = 1-2% [12]. Besides, in the 56
configuration (all six quarks in the ground state) with deuteron quantum numbers the
particular combination (4q)7=0,s=1(2q)7=s=0 is present only with the weight 1/6 [13].
Hence, we arrive at the estimate

Ty =T(d - dy) = LPsql ~1—-2keV.
w, 6
This result should be considered as a very rough estimate only, since it is based on the
classical formula for dipole emission, and also because of the rather small wavelength
of the photon, 1/w, ~ 1 fm, which is comparable with the size of the system. Besides,
this estimate explicitly depends on Ps,, which is a strongly model-dependent quantity.
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Fig. 1. Graphs for the process d’ — NN via NN* intermediate states with (right) and without (left) final
state interaction (FSI) between the nucleons.

A more precise way to estimate the electromagnetic decay rate is based on our
knowledge of the NNw-decay width of d’ as deduced from the DCX data, 'y, =~
0.5 MeV. Let us assume that the intermediate hadronic states in the decays d' —
NN7 and d’ — npy are equally well described by NN* with N* being a nucleon
resonance (see Figs. 1 and 2). The splitting of the d’ wave function into two colourless
baryonic clusters contains in general contributions NN*, NYN; (Nf # N;) and 44%,
AT A3 (47 # 43). However, only NN* intermediate states may contribute to the decays
d’ — NNz and d’ — npy on the tree level. Besides, NfN; and A} 4} intermediate
states are much heavier, and their contributions can be neglected.

In what follows we further simplify our estimates and consider only the contribution
of NN*-intermediate states with N* having J© =1 /27, i.e. Sy; resonances, since only
such states may couple to d’ in the S-wave.

In the expressions for invariant amplitudes, which we consider in the following, we
use the following notations: u; is a bispinor, depending on 4-momentum p; and spin s;
of the ith nucleon; f, g and a are coupling constants for d’NN*, N*Nz and N*Ny
couplings, respectively. Isotopic factors are included in the definitions of these coupling
constants, and additional numerical coefficients in the amplitudes of d’ — NNz and
d" — dy decays can be easily taken into account since d’ has T = 0, and hence
j j——— I“,,[,,,o = Fpp,,- ~ I“d:/3.

The N* N7 vertex can be written in vector coupling as Vy=nz = §(Myz) ¥y, V40,9,
where ¥, ¥, ¢ denote N, N* and 7 fields, respectively, and g is a function of the Nar-
invariant mass. We are interested in the value of g(My,) at My, ~ M — m, where
M, m,m, denote the masses of d’, N and N*, respectively. The form of this function at
My, < m, can be reconstructed using results of the phase shift analysis of 7N elastic
scattering, if we assume that the S;; channel in this energy range is dominated by the
N* resonance: mN — N* — mN. It appears that in the energy range of interest the

dl

Z 2z

Fig. 2. Same as Fig. 1, except for &' — npy.
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S11 elastic amplitude is well reproduced by the invariant amplitude, calculated with an

NN*7r vertex with scalar coupling go¥¥.¢, where gy = const. Then the N* — N

decay rate equals to
g m

I'ng = I'n+ ngp = =——P, (1)

27 m,

where P, is the momentum of the decay products.

The gauge invariant amplitude of the E1 transition N* — Ny can be written as

MN*—»N‘y = ab_lO'aﬂ’)/ju*FJﬁ s (2)

where 0o = Ya¥g — ¥8Ya and Fup = d,Ag — dgAs is the electromagnetic tensor; the
coupling constant a has the dimension of a length, and the isoscalar amplitudes for
N* =n* and N* = p* are equal to each other: a(® = a{” = a(?. The decay rate is then

164>
I'ny = <Ny = g (3)

where w, is the photon energy, w, = (m2 — m?) /2m,.

In the decay d’ — NN# the two nucleons in the exit channel have to be ina 7 = 1
state. Therefore the decay amplitude must be antisymmetrical under permutation of spins
and momenta of the nucleons, (p;,s;) <« (p2,52).

In the electromagnetic decay d’ — npy the situation is opposite. Because of spin and
parity of the d’ resonance (J* = 07), and its small mass (M ~ 2m + 200 MeV), n
and p in the decay d’ — npy are preferably in a state with deuteron quantum numbers,
which is antisymmetrical in T-space. Hence the decay amplitude M (d’ — npy) must be
symmetrical with respect to the permutation p;,s; < p,s2. The sum of the amplitudes
with N* = p* and N* = n*, which obeys this requirement, contains only the isoscalar
part of the NN*y vertex. The splitting of the N* — Ny amplitude into isoscalar and
isovector parts is well known only for the S;; (1650) resonance, while for the S;;(1535)
state the decays into py and ny are quoted with large uncertainties [14], indicating,
however, a small isoscalar contribution as compared to the isovector one. Also the
latter resonance predominantly decays into N7 indicating a different internal structure.
Besides, according to the most recent partial-wave analysis (see Ref. [ 14] and references
therein) the total width of the S;;(1535) resonance is rather small. Hence the S;;(1650)
resonance appears to be the most suitable one for our purposes.

For both processes, d’ — NN# and d’ — npy (Figs. 1 and 2) the N* propagator can
be replaced by

Gg—m. (M—m)?2—m2’

(4)

where ¢ = g1 = Q — p; and g = Q — py, with Q being the 4-momentum of d’;
G = q.yu- The strong d’NN* coupling is described by the Lorentz invariant operator
fOCys¥, Dy + h.c., where C = y,yy.
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pi
d’ d

&

)
Y

Fig. 3. Graph for the process d’ — dy via NN* intermediate states.

For both decays, d’ — NNar and d’ — npy, the required permutation properties of the
amplitudes lead to the replacement of §+ m, by ¢i +3gs +2my, =20 — p1 — pr +2m, =~
Q +2m,. This approximation is equivalent to neglecting the energy carried away by the
pion (or y) as compared to M + 2m,. Then the d’ — NNz amplitude can be written as

g f
(M —-—m)?2 —m
Here the function F(Myy), depending on the NN-invariant mass, describes the effects
of the final state interaction (FSI) (see Ref. [15]). The matrix element (5) squared
and integrated over phase space gives then the NN7r decay rate,

_— 3 B (M +2m,)? m/mp
MNT ™ 2622 [mE — (M —m)?]2 M

with 1o =~ M — 2m — u and u being the pion mass. The coefficient nyy, =~ 4-5 [15]
describes the enhancement due to the NN FSI.

The decay d’ — dy is described by the loop diagram shown in Fig. 3. Convergency
of the loop integral is governed by the deuteron wave function. Hence for the N*
propagator we may use approximation (4), and the d’ — dy amplitude can be written
as

My nNr = i1 (Q + 2m.) Cysity F (Myy) . (5)

77NN7rt(2) s (6)

a(‘)f i
T
mz — (M — m)sz’,\daIa,u./\ s (7)

L / {trm(ﬁl +m)aays(Q — po + m)ysC(PY + m)C]
apr = npd

My —ay =

(pt —m?) (p5 —m?)

d4P1
+(P1‘—’P2)}W, (8)

where d, is the polarization 4-vector of the deuteron, p; and p, are momenta of
the nucleons in the loop (see Fig. 3); gnpq is the function, defining the npd vertex,
8npa¥pyuC¥,d,. The normalization of the npd- vertex can be obtained from compar-
ison of the covariant amplitude, describing resonant elastic np scattering at very low
energies with the well-known quantum mechanical amplitude [16] of low-energy res-
onant scattering fp, = —1/(ip + v/m&), where & is the deuteron binding energy and
p = (p, — pP,) /2. The residues of both amplitudes at the pole p = iv/md must coincide
[17], and therefore in the low-energy limit g%pd — 2%7\/8/m.
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The sum of the traces under the integral in Eq. (8) is equal to
8m(M + 2my) (Pubar — Pabap), P=p1+p

and does not depend on the variable of integration. In that case the integral—as can be
shown using the Bethe-Salpeter equation—is proportional to zp; (0):

/2 M +2m
— (s) * T T nt
Mai—ay =4 Ea ' fmz — (M — m)Z"bd(o)FMDM ’ (9)

Dur=Pud)y— Pp\d,.

The decay d’ — npy is described by the sum of two diagrams (Fig. 2) that takes
into account FSI between outgoing n and p. The corresponding amplitude is expressed
through i, (0), where ,(r) is the wave function describing the 3S; state of outgoing
n and p with relative momentum p = (p, — p,) /2:

1 a® f(M+2m,)

Marnpy oo = s (Puda = Prju) FLh 0y, (10)

where j, = it1y,Cit.

By eliminating the coupling constants a, f and gy from Egs. (1), (3), (6) and
(9), we can express Iy, through the known decay rates d’ — NNz, N* — Nz and
N* — Nvy:

2V2Pwd M $3(0) Tnwely,

Iy, = , 11
by =7 3 t(?')wi mmy /My MNNx 'y ( )
where wg = (M? — 4m2)/(2M) and ['(,2,7 stands for the isoscalar part of I'y,.
The ratio of the d’ — dy and d’ — npy decay rates is
r 1 7 M
Yoo T s y2(0), (12)

r npy  Mnpy 4 m2\/ﬁw3/2

where 7,,, ~ 3-4 is the enhancement factor due to the np FSL

The most crucial point in Eqs. (11), (12) certainly is ¢,7(0), since the deuteron
wave function is not well known near the origin. For the Hulthén wave function [18]
we have ¢, (0) =0.27 fm—3/2, whereas the more realistic Paris potential [19] leads to
4(0) = 0.02 fm~3/2, and hard core potentials of course give ¢, (0) = 0. However, this
huge uncertainty diminishes strongly if we replace the zero-range treatment considered
so far by a more realistic finite-range interaction. In the latter case the derivations
discussed so far do not change with the exception of ¢, (0), which has to be replaced
by (¥a), i.e. averaged over the range of the interaction. If we take a Gaussian type
interaction for simplicity, then we get (¥a) = m=3/2r5> [Wa(r)e=/" dr. For ro = 1
fm, as assumed in the description of the DCX data [3-5], we arrive at a nearly model-
independent result [20]: {¥4) = 0.10(0.13) fm—3/2 in case of the Paris (Hulthén) wave
function, i.e. the problem reduces to an uncertainty of about 30%.
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As discussed above the S;; (1650) resonance appears to be the most suitable one for
our considerations. Using its parameters [14] Eq. (11) then leads to the estimate

Iy ~0.05—0.1keV, and Igy/Tpp ~0.5.

In Ref. [21] dy and npy decays of a 0~ resonance were estimated assuming that
the resonance converts into yh; (where hy is a hadronic state with deuteron quantum
numbers) with subsequent transitions #; — d with probability P ~ 1% or hy — np.
It has to be questioned whether such an approach is reliable since the properties of Ay
are not clarified. The estimates of the absolute value of the decay into dy in Ref. [21]
contain an unknown coupling constant, which arbitrarily has been put equal to 1 without
justification.

Our result for the gamma branch of the d’ decay (g, + Tnpy) /T ~ 4 x 10~ is about
an order of magnitude smaller than typical gamma branches of baryon resonances. This
appears to be very reasonable in view of the fact that (i) in the d’ decay only isoscalar
strength is allowed, and (ii) the overlap between a supposedly compact object like d’
and the loosely bound deuteron is much smaller than between baryon resonances and
nucleon.

3. Pion photoproduction off the deuteron and d’ resonance

As already mentioned above, yd — d’ — NN is the unique elementary reaction
where d’ manifests itself as a pole in the s-channel. Assuming isospin symmetry the
hadronic d’ decay in its three possible NNz channels should be of equal probability.
Hence the d’ photoproduction cross section yd — d’ — pn#®, ppm~ or nnar* should
be approximately equal in all three exit channels. For each particular channel

27 Fyd
96()72, Fd/ ’

Ores =

where we took into account that I'yyz0 >~ Ippr— =~ ppge = Ty /3, and w, = (M? -
4m?) /4m. For I'y; ~ 0.1 keV we thus have oy =~ 1 ub. This has to be contrasted with
estimates of background processes.

The non-resonant pion production at the energies of interest, i.e. at E, = 200 MeV, is
very different in the 77° and 77+ channels, the reason being the well-known suppression
of the s-wave 7° production near threshold. As a consequence, the signal-to-background
ratio for d’ in the npm® channel is much better than in the other two channels with
charged pions, as we discuss in the following.

Conventional pion photoproduction on the deuteron may proceed either incoherently,
i.e. in a quasi-free process on the constituent nucleons, or in a coherent process, where
the deuteron stays in its bound state. As expected theoretically [22], the latter process
dominates the 7° production close to threshold, since there the 0 production on the
nucleon is heavily suppressed. Near threshold (E, ~ 150 MeV) there exist quite a
number of data for the 77° production on d [23], but there are only very fragmentary
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data for the coherent 77° production at higher energies and — to our knowledge —
no published data on the quasi-free #° production. Hence we have to estimate the
non-resonant pion production at the energies of interest, i.e. near E, ~ 200 MeV.

In view of old Bonn and Orsay data on the coherent 770 production at higher energies
[24] we may roughly estimate this cross section at 200 MeV to be 40 ub or less. Of
course the coherent production is not of relevance if coincident detection of #° and n
(or p) is feasible.

For the quasi-free process we may get some estimate from the underlying free pho-
tonucleon process. The 7" photoproduction on the deuteron can only happen on its
proton, and the free process is measured to be about 120 ub at E, = 200 MeV. Cor-
respondingly the quasi-free 7~ production will proceed only on the neutron. However,
in this case the free process has not been measured. We may get some reasonable es-
timate from the decomposition of the yp cross section into Eo+ and M;+ amplitudes
[25]. Taking into account that near threshold the Ey+ amplitude is governed by the
induced electric dipole moment resulting in an increase of og(yn — 7 p)/o(yp —
wtn) = (1+ m,,/mN)2 ~ 1.3, we end up with a total cross section of about 150 ub
at E, = 200 MeV, which compares very favourably with the value deduced from a
measurement on the deuteron [26].

Since in 7° production the Eq+ amplitude is strongly suppressed near threshold, the
process is dominated at E, =200 MeV by the M+ amplitude, which should be identical
for the 7% production on p and n. The #°-production on p is measured to be about
20 ub. A similar value, 16 ub, is obtained for the 7% production on n using the results
of the multipole analysis [25].

Hence we arrive at 120, 150 and 37 ub for 77+, 7~ and #° photoproduction, respec-
tively, on the deuteron near E, =200 MeV. These values, of course, are only very rough
estimates, which, e.g., completely neglect the effects of Fermi motion of the nucleons
bound in the deuteron. These effects strongly depend on the energy dependence of the
underlying YN — 7N cross sections and turn out to be small for 7% -production (see
Ref. [26]) near E, ~ 200 MeV, while they lead to an appreciable reduction of the
7° production cross section. In summary we find that the relative smallness of the 7°
background cross section makes the 7° channel the by far most suited one to look for
a d’ signal.

4. Electroproduction: ed — ¢'d’

The dd'y vertex GoFy\Dyx with Gy = /T 4y/mw} estimated in Section 2, leads to
the following amplitude of the d’ electroproduction on the deuteron, ed — €'d’:

Acderar = 4e\/TG(g) (P ) Y,uu(p) fI—QD,M, (13)

where p and p’ are momenta of e and ¢/, respectively, g = p — p’, G(q*) = GoFs,(q?) ,
and Fg, is the transition form factor corresponding to the d’ formation by the virtual y
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on the 6g-component of the deuteron. At small momentum transfer Fg, = 1.
The cross section for d’ electroproduction then is

dogy wa I'yy
dt 3w} (s —4m?)?

FZB(s,1), (14)

t
2
where s and ¢t = —g* are Mandelstam variables. As distinct from photoproduction, the
pion electroproduction leaves more freedom to choose kinematical conditions for which
the quasi-free mechanism is suppressed, and thus may render a search for the d’ signal
more favourable. However, the prediction of the regions of momentum transfer, where
the conventional pion production is mainly due to the short-range (6q) component
of the deuteron, is model dependent. In Refs. [27,28] it was demonstrated that at
—g* > 1-2 GeV? the elastic deuteron form factor, calculated with a realistic deuteron
wave function, declines faster than experimental data show. The difference was attributed
to the contribution of the 6g-component in the deuteron, Fé;l) = F{* — F{&, and the

1
B(s,t) =M* —4m* — s+ = + ?[(S—Mz)(s—4m2) + L(M* - 4m?)?],

interference term was shown to be small. The particular form of Fé;l) given in Ref. [27]
satisfies the quark counting rule [29] at very large ¢, Fs(;’l) ~ (1/ t)°, and corresponds
to Pey =2%. In Ref. [28] Pg, has been assumed unrealistically large, Py ~ 7%.

We assume further that the Bloom-Gilman arguments for resonance production in ep
interactions [30] are also valid for the transition form factor in the d’ production on
the 6g-component of the deuteron (see also Ref. [31]), Fg; = Féel). The expected d’

q
signal in the missing mass spectrum of the reaction ed — ¢’X can be calculated from

d20'd/ _ Fd’ 1 dO'd'
dtdMy = 2w (Mxy — M)2 + T2, /4 dt

: (15)

where Iy is the total width of the free d’, 'y =~ 0.5 MeV.

An estimate for the background cross section of the reaction ed — e'X can be
found directly from SLAC experimental data [31,32]. The sum of background and d’
resonance cross sections (with a possible interference neglected) is illustrated in Fig. 4
for two different values of ¢ = g>. Both cross sections are practically independent of the
initial electron energy E, for v = E, — E, < E, and M — 2m < 2m. These conditions
are fulfilled in the kinematical region considered here (5 < E, < 15 GeV, t < 5 GeV?).
The d’ contribution is calculated for I'g, = 0.1 keV, and Fs4 is taken from Ref. [27].

From Fig. 4 it is clear that searches for the d’ signal by measuring the missing
mass spectrum in the reaction ed — ¢’X require a high Mx resolution. Unfortunately
the SLAC data [31,32] do not allow to draw any conclusion on the existence of d’
resonance, since the experimental My resolution has been only in the order of 30-
50 MeV.

For the exclusive reaction, ed — e'NNar, the signal to background condition is
almost an order of magnitude better. The SLAC data provide the possibility to rather
accurately estimate the background cross section dza'/dth NN7 at Myn- = M. To do
that we assume that at M, ~ 2m 4+ u £ 50 MeV the cross section dza'/ dtdM,, of the
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Fig. 4. Estimated double differential cross sections at t = —g? = 2 and 4 GeV? in dependence upon My for
the reaction ed — ¢’X. The d’ resonance cross section is calculated according to Eq. (15) and using Fg,
from Ref. [27]. The non-resonant cross section is taken according to the SLAC data [31,32].

break-up reaction ed — e’np at fixed t = —g* behaves like phase space, d*o/dtdM np ~

M2, — 4m?. Using this formula as well as experimental data on the reaction ed — e'X
at Mx < 2m+ p (and hence X = np), we may then estimate the cross section of the
break-up reaction ed — e’np at My, > 2m + u. As a result the difference between the
measured and the extrapolated cross sections at My = M is about 20% of the inclusive
cross section, hence we have d?c/dtdMyy, ~ 0.2d*c/dtdMy. For the comparison of
the cross section predicted for the reaction ed — e’'d’, do 4/ /dt, with this background, it
is convenient to use the quantity AM Xdza/ dtdMyn, With AMy = Ty = 0.5 MeV, see
Fig. 5. This figure shows that the d’ contribution exceeds the non-resonant part of the
reaction ed — ¢’ NNr at t > 1-2 GeV?2. Hence we expect that searches for d’ in pion
electroproduction on the deuteron become favourable at moderately large t = —¢?, if the
NN invariant mass resolution is as good as ~ 1 MeV. If the experimental resolution
AM nny > Ty, the expected signal from d’ production can be estimated by multiplying
the predicted resonance cross section by 'y /AM yy.

5. Conclusion

The search for d’ in the pion photoproduction on the deuteron is of special interest,
since yd — d' — NN is the only elementary reaction where d’ manifests itself as a
Breit-Wigner pole. The comparable strong interaction process would be = + {NN} —
d', where { NN} means correlated pair of nucleons in the 'S state. Unfortunately this
state is unbound, and therefore this situation is met only in nuclei. Our estimates show
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Fig. 5. Double differential cross sections, multiplied by AMyx = 'y = 0.5 MeV, at Myny, = M in dependence
upon t = —g° for the exclusive reaction ed — ¢’ NNar. The solid curve shows the d’ resonance cross section,
do 4 /dt calculated according to Eq. (14) and using Fg, from Ref. [27]. The full circles indicate the expected
non-resonant cross section derived from the SLAC data as described in the text.

that the search for the d’ signal in yd interactions should be feasible, the signal to
background conditions being most favorable in the neutral channel, yd — d' — npn®.
These searches, however, require a rather fine resolution of the photon frequency.

The investigation of the d’ electroproduction, ed — e’d’ — NNar allows one to
observe the d’ signal by measuring the invariant mass spectrum of the NNz system
produced by virtual y* with t = —g* > 2 GeV?.

For both, photo- and electroproduction, the feasibility of d’ searches might improve
drastically, if NN-invariant masses and/or particles spectra at fixed angles are measured
as well. This statement is based on the analysis of spectra in the decay d’ — NN,
which strongly deviate from a 3-particle phase space, the reason being the release of less
than 50 MeV of kinetic energy in the decay. As a consequence the outgoing nucleons
are in a relative S-wave causing a strong attraction between them at small distances.
This final state interaction leads to a preference for a large pion kinetic energy (in the
d’ system) in combination with small NN invariant masses [15] approaching thus the
features of a 2-body decay.

Acknowledgements

We acknowledge valuable discussions on this topic with T.E.O. Ericson, B. Krusche,
G. Leksin, V. Metag, N. Pivnyuk and H. Stroher.

References

[ 1] For recent reviews see e.g., EN. Komarov, St. Petersburg, preprint # 1853 (1993);
K.K. Seth, Proc. Int. Workshop on Pions in Nuclei, Peniscola (1991), ed. E. Oset (World Scientific,



598 R. Bilger et al./Nuclear Physics A 596 (1996) 586-598

Singapore, 1992) p. 205;
M.G. Huber, J. Physique (Colloque) 51 (1990) C 5-355;
M.P. Locher, M. Sainio and N. Svaic, Adv. Nucl. Phys. 17 (1986) 47.
[2] B. Martemyanov and M. Schepkin, JETP Lett. 53 (1991) 159.
[3] R. Bilger et al., Z. Phys. A 343 (1992) 491.
[4] H. Clement et al., Nucl. Phys. A 553 (1993) 589c.
[5] R. Bilger, H.A. Clement and M.G. Schepkin, Phys. Rev. Lett. 71 (1993) 42.
[6] R. Bilger, H.A. Clement and M.G. Schepkin, Phys. Rev. Lett. 72 (1994) 2972.
[7] L. Vorobyev et al., JETP Lett. 59 (1994) 77.
18] H. Clement, M. Schepkin, G.J. Wagner and O. Zaboronsky, Phys. Lett. B 337 (1994) 43.
[9] PJ. Mulders, A.T. Aerts and J.J. de Swart, Phys. Rev. D 21 (1980) 2653.
[10] L.A. Kondratyuk, B.V. Martemyanov and M.G. Schepkin, Sov. J. Nucl. Phys. 45 (1987) 776.
[11] G. Wagner, L. Ya. Glozman, A.J. Buchmann and A. Faessler, to appear in Nucl. Phys. A.
[12] L. Kondratyuk, M. Krivoruchenko and M. Schepkin, Yadern. Fiz. 43 (1986) 1396.
[13] M. Harvey, Nucl. Phys. A 352 (1981) 301.
[ 14] Particle Data Group, Review of Particle Properties, Phys. Rev. D 50 (1994).
[ 15] M. Schepkin, O. Zaboronsky and H. Clement, Z. Phys A 345 (1993) 407.
[16] L.D. Landau and E.M. Lifshitz, Quantum Mechanics (Moscow, 1947).
[17] L.D. Landau, JETP 39 (1960) 1856.
[18] L. Hulthén and M. Sugawara, Handbuch der Physik 39 (Springer, Berlin, 1957);
Y. Yamaguchi, Phys. Rev. 95 (1954) 1628.
[19] M. Lacombe et al., Phys. Rev. D 21 (1980) 861.
[20] T.E.O. Ericson and M. Rosa-Clot, Ann. Rev. Nucl. Part. Sci. 35 (1985) 271.
[21] D.M. Akhmedov and L.V. Fil’kov, Nucl. Phys. A 544 (1992) 692.
[22] See e.g., TE.O. Ericson and W. Weise, Pions and Nuclei (Oxford Science Publications, 1988).
[23] P. Argan et al., Phys. Rev. C 24 (1988) 300, and references therein.
[24] G. von Holtey et al., Z. Phys. 259 (1973) 51, and references therein.
[25] W.O. Lock and D.F. Measday, Intermediate Energy Nuclear Physics (Methuen, London, 1970);
C. Bennhold, private communication.
26] P. Benz et al., Nucl. Phys. B 65 (1973) 158.
271 A.P. Kobushkin, Sov. J. Nucl. Phys. 28 (1978) 495.
28] V.V. Burov et al., Z. Phys. A 306 (1982) 149.
29] S. Brodsky and G. Farrar, Phys. Rev. Lett. 31 (1973) 1153;
V.A. Matveev, R M. Muradyan and A.N. Tavkhelidze, Lett. Nuovo Cimento 7 (1973) 719.
[30] E.D. Bloom and FJ. Gilman, Phys. Rev. Lett. 25 (1970) 1140.
[31] W.P. Schiitz et al., Phys. Rev. Lett. 38 (1977) 259.
[32] S. Rock et al., Phys. Rev. D 46 (1992) 24.

[
[
l
[



Anhang J

Detector Setup for a Storage Ring
with an Internal Target,
Nucl. Instr. Methods 379, 57 (1996)

117



118 Kapitel J. Detector Setup for a Storage Ring with an Internal Target



‘H Nuclear Instruments and Methods in Physics Research A 379 (1996) 57-75

ELSEVIER

NUCLEAR
INSTRUMENTS
& METHODS
IN PHYSICS
RESEARCH

SectionA

Detector setup for a storage ring with an internal target

H. Calen®, S. Carius®, K. Fransson®, L. Gustafsson®, S. Haggstrom®, B. Hoistad®,
A. Johansson®, T. Johansson®, S. Kullander®™* A. Mortsell®, J. Mohn® R. Ruber®,

U. Schuberth?®, J. Ztomahczuk®®, C. Ekstrom®, C.-J. Fridén®, D. Reistad®, K. Kilian®,
W. Oelert®, V. Renken® T. Sefzick®, M. Waters®, A. Bondar®, G. Kolachev®, A. Kuzmin®,
T. Purlatz®, B. Shwartz®, V. Sidorov®, A. Sukhanov?, A. Kupst®, P. Marciniewski®,
A. Nawrot®, J. Stepaniak®, D. Bogoslawsky', V. Dunin’, A. Kuznetsov', B. Morosov',

A. Povtorgiko', S. Sandukovsky', A. Sukhanov', A. Zernov', J. Zabierowski®,
A. Turowiecki”, Z. Wilhelmi", Z. Pawlowski', R. Bilger’, W. Brodowski’, H. Clement’,
G. KurZ, G.J. Wagner’, A. Martemyanov®, V. Sopov, V. Tchernyshev¥, E. David',
M. Price', C. Rivoiron'

“Department of Radiation Sciences, Uppsala University, S 751 21 Uppsala, Swveden
®The Svedberg Laboratory, S-751 21 Uppsala, Sveden
°Forschungszentrum Jillich GmbH, D-52425 Jilich, Germany
‘Institute of Nuclear Physics, 630 090 Novosibirsk, Russia
“Institute for Nuclear Studies, PL-00681 Warsaw, Poland
"Joint Institute for Nuclear Research Dubna, 101000 Moscow, Russia
9Institute for Nuclear Sudies, PL-90137 Lbdz, Poland
"Institute of Experimental Physics, Warsaw University, PL-00681 Warsaw, Poland
‘Institute of Radioelectronics, Warsaw Technical University, PL-00665 Warsaw, Poland
Tlibingen University, D-72076 Tlbingen, Germany
“Institute of Theoretical and Experimental Physics, 11729 Moscow, Russia
'CERN, Geneva, Switzerland

Received 11 April 1996

Abstract

A detector setup for the cooler storage ring CELSIUS is described. The setup detects particles produced in interactions
between the internal beam and a cluster-jet target. Particles emitted in the forward direction are measured by means of arrays
of plastic scintillators and proportional counters. Particles, particularly photons, emitted more isotropically are measured by
means of two calorimeters containing Csl(Na) crystals. The performance of the setup is given for neutral meson production
in proton—proton and proton—deuteron interactions in the energy range 290-1360 MeV.

1. Introduction

Electron cooling, invented by Budker [1], is a powerful
technique for improving beam properties such as beam
dimensions and energy spread. The technique was im-
plemented in a proton storage ring equipped with a very
thin internal target without any containments [2]. The

* Corresponding author.
* On leave of absence from IEP, Warsaw University, PL-00681
Warsaw, Poland.

cooling counteracts the blow-up of the beam caused by
beam particles traversing the target many times. The
interaction rate can thus be kept high and the fragments of
the primary interaction are emitted unperturbed due to thin
internal targets. Several such rings are presently used for
intermediate-energy physics experiments [3].

The CELSIUS cooler storage ring at the The Svedberg
Laboratory in Uppsala (Fig. 1) provides cooled proton
beams of energies up to 0.55GeV, uncooled ones up to
1.36 GeV and other light and heavy ion beams [4,5]. The
target used is an internal cluster-jet [6]. In this paper, some
of the features of a detector setup built by the PROMICE/

0168-9002/96/%$15.00 Copyright O 1996 Elsevier Science BV. All rights reserved
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Fig. 1. A view of the CELSIUS storage ring with the detector setup.

WASA group are illustrated. Also its performance in
physics experiments is given.

The experimental setup is designed so that it should be
capable of detecting meson production near the kinemati-
ca threshold where all outgoing particles are emitted
preferentially in the forward direction. Photons from
neutral mesons decays, w° — yy and 5 - yy, are emitted
more isotropically. The setup (Fig. 2) therefore consists of
aforward detector part (FD) covering 4°-20° for measure-
ments of energy and directions of charged particles and a
central detector part (CD) for photons and charged par-
ticles. The energy and angles of the decay photons can be
measured in the CD, even at the threshold, where the
outgoing charged particles pass inside the accelerator beam
tube and escape detection. Meson production can thus be
identified and measured a the very threshold and the
geometric acceptance is only weakly dependent on beam
energy. At higher beam energies, outgoing charged par-
ticles can, in addition, be measured in the FD enabling a
full kinematical reconstruction of the events. However, the
acceptance and efficiency of the FD varies strongly with
beam energy.

The setup has been used successfully for precision
measurements of 7° and n mesons produced in proton—
hydrogen interaction [7,8].

2. The CELSIUS ring

CELSIUS is an accelerator ring for cooling, acceleration
and storage of protons and other ions injected from the
Gustaf Werner synchrocyclotron [4,5]. The CELSIUS
circumference is 82 m and protons can be accelerated to an
energy of 1.36 GeV. Some of the beam properties are
shown in Table 1.

Stripping injection has been found to give the greatest
number of particles stored in the ring. Using this method, a
beam of H, -ions with an energy of 50 MeV converts to
protons in a 20 pg/cm? thick carbon foil which is seen by
the injected particles at their entry inside the bending
magnet of the ring. Up to 4.0 X 10** protons have been
stored, using this technique.

A high quality electron beam with intensities between
100mA and 1 A and maximum energy 300 keV is used to
cool protons up to an energy of 550 MeV. For energies
above 550 Mé&V the experiments are done without cooling.

3. The cluster-jet target

The detector setup is located at a cluster-jet target
system (Fig. 3) which for the present experimenta pro-
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Fig. 2. Genera view of the experimental setup at the CELSIUS storage ring.

gramme is operated exclusively with H, and D, gases
[6,9]. The vertical target beam intersects the stored particle
beam at the center of a thin-walled scattering chamber.
The cluster-jet is formed by forcing gas through a
cooled trumpet-shaped nozzle while keeping the pressure—
temperature conditions close to the transition to liquid. A
cooled oval-shaped skimmer defines the geometrical prop-
erties of the beam by scraping off its outer parts. After
passing the three-stage differentially pumped beam source
and the scattering chamber, the beam is collected in a

Table 1
Parameters of the CELSIUS beam
Uncooled Cooled

Maximum proton beam energy [MéeV] 1360 550
Relative momentum spread Ap/p 2x10°° 2x10°*
Beam cross section at target (hor./vet.)

injection energy [mm] 20/10 2/1

final energy [mm] 5/25

Beam divergence at target [mrad] 9 0.9
Number of stored protons 1x 10" 1% 10%°

cryogenic dump, which is regenerated typicaly after 40 h
of running time.

The profile of the target beam has been measured by
scanning a narrow tube connected to a vacuum gauge
across the nozzle. The beam is found to have well-defined
bounds with an almost uniform density distribution. At the
interaction point, i.e. the intersection with the particle
beam, being located 32.5cm from the aperture of the
nozzle, the target beam has an ova cross section with the
dimensions 11 mm X 7 mm.

The target thickness is typically 2 X 10" atoms/cm?®
and the pressure in the scattering chamber is close to
10~ " mbar during the experiment. A stopper between the
nozzle and the skimmer can block the target beam during
injection and ramping of the particle beam.

The scattering chamber consists of a vertical cylinder
made of 0.7 mm stainless steel. It is 25cm in diameter,
20cm high and permits the measurement of particles
scattered at angles in the interval +35° with respect to the
horizontal plane. In the forward direction, the scattering
chamber is equipped with a cone having a 50° top-angle
and ending in a 0.7—0.8 mm thin, hemispherical aluminum
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Fig. 3. Vertical cross section of the central part of the cluster-jet target at the CELSIUS ring showing, in the upper part, the differentialy
pumped beam source with the cooled nozzle, skimmer and collimators, the wide-angle scattering chamber with the central thin-walled
cylinder and the forward thin-walled hemisphere and, in the lower part, the cryogenic target beam dump.

window [10]. The window subtends scattering angles in
the interval from 3° to 25° and is attached to the beam pipe
75 cm from the interaction point.

4. Detector design

The FD (Fig. 2) is built up of three main parts:
proportional counter straw chambers for accurate determi-
nation of scattering angle (FPC, see Section 4.1), a three-
layer hodoscope of thin plastic scintillators (forward
trigger hodoscope FTH, see Section 4.2) for fast position
determination and trigger, a thick four-layer plastic scin-
tillator array for energy measurement of charged particles
(forward range hodoscope FRH, see Section 4.2) together
with a scintillator hodoscope to detect penetrating particles
(FVH, see Section 4.2). The CD consists of electro-
magnetic calorimeters (CEC, see Section 4.3) placed on
opposite sides, horizontaly, of the beam. The crystals are
preceded by thin plastic scintillator strips (CDE) for

particle identification. The other plastic scintillators (UP-
STREAM VETO and FWC) shown in Fig. 2 are used to
remove spurious trigger signals caused by particles pro-
duced in interactions between beam particles and the
vacuum tube.

Each scintillator is equipped with an optical fiber that
provides a reference light flash (see Section 4.4) for
monitoring of the detectors signals and debugging of the
electronics chain.

4.1. The FPC tracker

The FPC tracker is made of gaseous counters operating
in the proportional mode. There are four frames each
having four planes of thin-walled cylindrical drift tubes
with a central sense wire. Such a detector element is
referred to as a straw and there are 122 individual straws
per plane (see Table 2). Every second plane is staggered by
a distance corresponding to the radius of a straw. Scatter-
ing angles between 4° and 28° are messurable and the
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Table 2

The FPC tracker design parameters and typical performance

Sensitive area [cm X cm]
Insensitive area at the beam [cm]
Number of planes

Orientation of planes (1 + 16)
Number of straws in each plane
Straw diameter [mm)]

Straw wall (thickness, material)
Sense wires (diameter, material)
HV setting [KV]

Gas mixture

Average track coordinate resolution

(rmg) [pm]

94X 94
0-6
16
4¢ " 4¢p Axdy
122
8
26 pum, aluminized Mylar
35 um, stainless steel
215
50/50 Ar/CO,
250

information is sufficient for a complete three-dimensional
reconstruction of the particle tracks without any external
reference point.

The frames are mounted around the beam pipe with the
straws rotated in azimuthal angle (¢ in Table 2). They are
mechanically divided into two halves and can be removed
from the beam pipe without breaking the vacuum (Fig. 4).
The straws are made of commercialy available tubes,
fabricated from aluminized Mylar foils®>. To maintain
straightness, each straw is kept under 200 g tension, which
is accomplished by a spring-load system individua for

% Lamina Dielectrics Ltd., Billingshurst, England.

Fig. 4. View of the FPC tracker frame.
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each half-frame. Other similar detectors using thin straws
have employed individual adjustments of the straw tension
[11].

The design of the detector and the attached electronics is
made such as to preserve the option of charge division
readout for obtaining information about the longitudinal hit
position along the sense (anode) wire. Hence, a resistive
wire of 35um thick stainless steel is used as the anode
wire. The wires are fixed by crimped pins placed in a
precision-made plate of glass fibre reinforced epoxy® and
kept under 80 g tension.

The readout electronics for the tracker is similar to that
developed for the JETSET experiment at LEAR [12]. The
high voltage is applied to the sense wires, and signals are
fed into preamplifier boards® with decoupling capacitors
mounted directly on the chambers. The signals are then fed
into post-amplifier/discriminator (PAD) cards located
close to the experiment. The signals are amplified in a
video amplifier® and then split into a digital and analogue
branch. The analogue signals are used for monitoring
purposes and can be used for charge division readout at a
later stage.

The signals from the digital branch are fed into a voltage
comparator®. The logic ECL signals are digitized in time-
to-digital-converters’ (TDC) located in the counting room.
These TDECs have a multihit capability for pulses sepa-
rated by more than 40 ns. This feature is used to decrease
the number of channels by a simple multiplexing scheme.
A delay/or card has been developed, using digital delay
units® where the signals from every second PAD are
delayed by 320ns and subsequently OR’ed with direct
signals. The number of TDC channels is therefore reduced
by a factor of 2 aong with a corresponding decrease of
signal cables from the experiment to the counting room.
This technique constitutes a non-negligible saving in cost
for the readout system.

4.2 The FD plastic scintillator counters

The Forward Trigger Hodoscope® (FTH) is positioned
110 cm down-stream of the interaction point and consists
of three planes of 0.5 cm thick plastic scintillator covering
scattering angles from 4° to 25°. The first two planes are
made up of 24 spiral segments each, while the third plane
is divided into 48 straight sectors (Fig. 5 and Table 3) As
shown in the figure, the segments spira in opposite
directions in the two planes. The curvature of the segments
follows an Archimedes spira and the angle between the

® Stesdlite AG Switzerland.

* FUJITSU MB43468.

® Texas Instruments UA733CN.

® AD96687BQ Analog Devices USA.

" LeCroy 1876.

® DDU-11-400 Digital Delay Devices Inc.

° Manufactured at Forschungszentrum Jillich, Germany.
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Fig. 5. The Forward Trigger Hodoscope (FTH).

radius and the spiraling line changes by 180° in the range
of radii between zero and the maximum of 58.cm. The
overlap area between these elements of the different
planes, two spiral segments and one straight sector forms a
pixel. The entire hodoscope area can thus be divided into
1104 such pixels. A pixel can be reconstructed electroni-
caly at the triggering time by combining signals from the
three hodoscope planes. The FTH thus gives information
about scattering angle, azimuthal angle and charged par-
ticle multiplicity in the forward direction. An advantage
with the used geometry is that each pixel provides the
same accuracy in determination of polar and azimuthal
angle of the track independently of the distance from the
beam axis. The errors of this measurement are approxi-
mately 1° in polar angle and 4° in azimuthal angle
(FWHM).

The Forward Range Hodoscope'® (FRH) consists of
four planes of 11.0cm thick plastic scintillator blocks in
the shape of straight 15° sectors (see Fig. 6 and Table 3).
The sectors of each plane are oriented in such a way that
one sector covers exactly two adjacent sectors in the third
FTH plane. The FRH is used to give the energies of
charged particles and the division into several planes also
provides AE-E information useful for particle identifica-
tion.

* Manufactured at Institute for Nuclear Studies and Warsaw
University, Poland.
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Table 3
Parameters of the FD plastic scintillator counters
no. Plane no. Element Extension Thickness Scintillator PM tube

name shape [em] [em] material type
0 FwC 4 sectors 4-32 0.3 NE102A XP2102
1 FTH 24 spirals” 5-58 05 BC404 EM19954B
2 24 spirals” 5-58 05 BC404 EM19954B
3 48 sectors 5-58 05 BC404 EM19954B
4 FRH 24 sectors 4-53 11.0 BC400 XP2412B
5 24 sectors 4-59 11.0 BC400 XP2412B
6 24 sectors 4-65 11.0 BC400 XP2412B
7 24 sectors 4-71 11.0 BC400 XP2412B
8 FVH 12 Horizontal 6-82 2.0 BC408 XP2262B
strips

The Forward Veto Hodoscope'* (FVH) is placed down-
stream of the FRH. It consists of 12 horizontally arranged
plastic scintillator bars (see Table 3) read out by PMs at
both ends.

4.3. The electromagnetic calorimeters

Each of the two electromagnetic calorimeters consists of
56 Csl(Na) crystals'® mounted as a 7 X 8 array (Fig. 7).

1440
Fig. 6. The Forward Range Hodoscope (FRH).

" Manufactured at Tilbingen University, Germany.

> The crystals were fabricated at the Budker Institute of
Nuclear Physics (BINP) in Novosibirsk, Russia, from material
grown at the Kharkov Ingtitute of Single Crystals in Ukraine.

The arrays are placed symmetrically on both sides of the
beam line to form a two-arm spectrometer. They are
housed in aluminum boxes supported by wheels running
on curved rails surrounding the target. The smallest
scattering angle that can be covered is 30°.

Csl crystals are used widely in high energy physics
experiments due to their large light output, short radiation
length, good mechanical properties and moderate price. We
have chosen sodium as doping material rather than com-
monly used thallium. This choice presents several advan-
tages:

(1) The emission spectrum peaking a 420 nm is well
matched to an S11 photocathode thus optimizing the
yield of photoelectrons.

(2) The scintillation decay time, of 650 ns, is shorter than
that of Tl doped crystals.

(3) The afterglowing is much less than that of CsI(Tl), a
fact which is important for high-rate applications.

The crystals are 30.0cm long (16.2 radiation lengths)
and have a tapered shape to fit a spherical geometry. The
crystal surfaces are polished or rugged to provide a
uniform longitudinal light-output (deviation less than 15%)
and covered with a transparent lacquer to protect against
moisture. The crystals are wrapped with white Teflon tape
and aluminized Mylar foil. At the rear surface of each
crystal, there is a glued glass window of 1.5 mm thickness
for photomultiplier readout. The crystals are attached to a
15mm thick aluminum endplate with four wood screws
threaded into the crystal material. Such a crystal fixation
has also been used for the CMD-2 detector [13]. Details of
the crystal processing procedure can be found in the same
reference. Some parameters of the single elements of the
CD calorimeters are given in Table 4.

Each Csl array is combined with eight thin plastic
scintillators (Table 5 and Fig. 7) mounted vertically in
front of the Csl crystals. These scintillators are used as
veto counters for photons and as AE-counters for charged
particles. The 8 counters in one assembly are staggered so
that adjacent elements overlap 0.5mm. The two curved
counters shown in Fig. 7 on top and bottom of the array
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Fig. 7. A 7X 8 Csl(Na) array with charged particle veto counters and cosmic ray trigger counters at top and bottom.

are trigger counters for cosmic ray muons that are used for

calibration purposes.

4.4. The light pulser monitoring system

Every experimental setup, using scintillator counters for
the energy determination of the particles, requires moni-

Table 4

Main parameters for the CD calorimeter elements

Sizes
length [cm]
front face [cm X cm]
back face [cm X cm]
Crystal wrapping

Longitudina nonuniformity
Light guide

length [cm]
PM tube type

photocathode diameter
Resolution for **'Cs (670 keV)

30

~4X 4

~75X75

Teflon — 70 pm
aluminized Mylar — 20 um
<15%

plexiglass cylinder
3

FEU-84-3

(Lin)

~25% (FWHM)

toring of the stability of the electronics. For this purpose a
light pulser monitoring system™ (LPMS) has been de-
veloped. The block diagram of the LPMS is shown in Fig.
8. There are three main sections corresponding to the three
main groups of detectors in the setup. A pulse generator
activates at a frequency of 1 Hz three High Voltage Pulsers.
Two of these (HVP1 and HVP2) are of the type described
in Ref. [14] and the third one of the type HV1000™. It can
deliver rectangular pulses up to 900V onto a 50 () load at
a duty cycle of 1% (6 ns rise time with a pure resistive
load).

The output pulse width is easily varied to correspond to
the width of the trigger pulse. The Light Sources LS1 and
LS2 are described in Ref. [14]. The third light source, LS3,
is of a different design. It has 180 output fibers and light is
provided by six light emitting diodes (585nm). Light
pulses are distributed via 1 mm plastic fibers to the Csl
crystals. The 100 ns risetime in this case is acceptable.

® Manufactured at Institute for Nuclear Studies in to6dz,
Poland.
** Directed Energy Inc., USA.
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Table 5

Parameters of the CD plastic scintillator counters

No. Plane No. Element Sensitive area Thickn. Scintillator PM tube
name shape [em X cm] [em] material type

0 Upstream 4 sectors 420 0.5 NE102A XP2102
Veto

1 CDE 16 vert. strips 27X 25 0.8 NE102A FEU-84-3

Every light source is monitored for stability and their
amplitudes are written to tape for each event together with
the experimental data. A detailed description of the light
pulse monitoring system is given in Ref. [14].

5. Trigger and data acquisition

The general layout of the electronics is shown in Figs. 9
and 10. All analogue signals are transmitted to the
counting room via 43 m long coaxia cables of types RG58
or RG213. Signals from the Csl crystals and plastic
scintillators are split in two parts by passive voltage
dividers. One part of the signa is fed to a discriminator
(the Csl signals after a tenfold amplification) and used in
the trigger and for time measurements in TDCs. The other
part is fed via a delay line to charge sensitive anal og-to-

digital-converters (ADC). The FASTBUS standard is used
both for ADCs and TDCs"".

5.1. Trigger

The trigger logic (Fig. 9) is designed to provide
maximum flexibility for the choice of trigger conditions. In
afirst step, a set of simple conditions for each subdetector,
like hit multiplicity, minimum number of planes, |eft—right
coincidences and veto gates, are defined. Combinations of
two or more of these conditions are formed in the next step
using fixed and programmable logic units. A specialy
designed trigger unit generates gate signals*® to the ADCs

*1885F ADC and 1875 TDC models from the LeCroy
company.
*® Gates for Csl are 2 s and for plastic scintillators 200 ns.

9 Phillips 9 PIN§ hDs
ADC type 778 7 Preamps
amps
LS1
[——lSECTION 1 l:
B [ECToN 7} 5
— PULSER SECTION 2 FRH
1 :SECTION 3 |: detectors
L——{SECTION 4}—
LS2
SECTION 1
To
HV FTH
CLOCK PULSE &
GEN 2 dE
detectors
DEI
L | HV1000 I 'E‘Ij I To Csl
PULSER detectors
180 fibers

Fig. 8. The block diagram of the Light Pulser Monitoring System.
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Fig. 9. The trigger logic structure.

and stop signals to the TDCs for up to 13 different triggers.
All signals from the scintillator counters can be included in
the trigger and a logic decision is made within 100 ns.
Commercially available CAMAC ECL logic modules are
used to obtain a compact and fast design. Combinations of
up to 8 trigger conditions, and their relative timing, can be
remotely programmed. Prescalers, adjustable in powers of
2, are used to reduce dead-time from high-rate triggers.
The logic trigger signals are registered on TDCs and
scalers to facilitate the off-line treatment.

5.2 Data acquisition

The detector setup contains 350 detector channels for
energy measurements using ADCs and 1500 channels for
time measurements using TDCs. Typicaly the size of a
raw event is in the range 2—3 kbytes and the interaction
rate is about 0.3 MHz. The trigger system is set to reduce
the data sent to the data acquisition system (DAS) to
below 500 kbytes/s, which gives a system busy time lower
than 50%.

The DAS is built around the VME-based system

VALET-Plus developed at CERN [15]. Data are transferred
from the front-end electronics situated in the FASTBUS
and CAMAC crates to the VALET processor®’ via VME
interfaces (Fig. 10). The processor can be instructed for
three asynchronous processes. data acquisition, tape writ-
ing and data analysis for online monitoring. Data are stored
on tape using an Exabyte'® cartridge tape drive.

The FASTBUS system has been integrated with the
VALET VME system via afast link. A buffer memory PSI
(Pedestal Suppression Interface) is connected to a FAST-
BUS Smart Crate Controller (FSCC) [16]. The PSI module
is a specially made device capable of accepting a continu-
ous input data stream of 32-bit words at a rate of 10 MHz
[17]. It contains an 8 kword (32 bit) data memory and an 8
word (16 bit) pedestal memory and can, if requested,
prevent data below predefined pedestal values to be read
out. When the FSCC receives a trigger signal, it reads out
the data stored in the electronics of the FAST-
BUS crate. Data are temporarily stored in an interna

" FIC 8320, Creative Electronic Systems, Switzerland.
' EXB-8500, Exabyte Corporation, USA.
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Fig. 10. Generd layout of the data acquisition electronics.

buffer until the read cycle is completed. When the entire
crate is read out, the output port is enabled and the buffer
is emptied via the link to the PSI at a speed of 100 ns per
32-hit word. This is done asynchronously and meanwhile
the FSCC processor returns to an idle state and waits for
the next trigger.

Software for remote control and data monitoring runs on
aVAX/VMS workstation and on PCs. The code running
on the workstation is based on the CERN RPC package
and can request information from the online system. A
number of PCs are connected in paralléel to the FASTBUS—-
VME link. The interface board used has the same features
astheVME PS| board. The PCs act as listeners accepting a
portion of the event flow, coming from the FSCC to the
VALET. Two data acquisition programs run on the PCs—
one for online monitoring and one for online event
reconstruction. The code running on the monitoring PCs is
integrated with a complete data acquisition package run-
ning under the WINDOWS NT operating system.

6. Calibration and performance of the detectors

All detector elements were subject to extensive in-
dividual tests before being mounted in the experimental
setup. Response to radioactive sources and cosmic ray
muons were measured and the proton beam of the Gustaf
Werner cyclotron was used for testing the energy response
of individual counters.

6.1. The FD plastic scintillator counters

The kinetic energy of charged particles can be recon-
structed accurately in the FD for stopped particles (energy
ranges are given in Table 6) and also for some high energy
particles that punch-through the FD. The summed curve in
Fig. 11 shows the total energy deposited by protons in the
plastic scintillator planes of the FD as a function of the
kinetic energy. For stopped protons, the tota energy
deposition or the deposition in the four individual FRH
planes given by the four lower curves in Fig. 11 can be
used. For punch-through protons with energies in the range
300 to 600 MeV, the variation of the deposited energy is

Table 6
The FD parameters and typical performance
Scattering angle range 4°-20°
Scattering angle resolution (FPC) < 1° (FWHM)
Hit time resolution <3ns (FWHM)
Amount of sensitive material 50 g/cm®
radiation lengths ~1
nuclear interaction lengths ~0.6
Energy resolution for stopped particles ~3% FWHM
Max kinetic energy for stopping
T 170 M/
proton 300 Mev
deuteron 400 Me&v/
alpha 900 Mev
Particle identification AE-E

a7~ separation with delayed signal technique
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Fig. 11. The energy absorbed in the FRH scintillators as a function of the energy of protons entering the FD (Monte Carlo). The upper curve
gives the summed energy deposited in the four plastic scintillator planes FRH and the lower curves give the energies deposited separately in

the four planes.

strong enough to be useful for energy reconstruction. The
many scattered points in the diagram arise mostly from
nuclear interactions in the scintillator material which is the
main source of loss in the measurement of high energy
particles.

Apart from the energy deposition in a scintillator the
most important factors influencing the light output from
plastic scintillators are impact position, ionization density
and PM nonlinearity. The dependence of the light yield on
the ionization density has been investigated both ex-
perimentally and theoretically [18]. The relations between
deposited energy and scintillator light output for protons,
deuterons and *He have been parameterized according to
Ref. [19] in such a way, that it is possible to convert the
energy deposited to scintillator light yield.

To account for all factors that influence the signal
response, a calibration procedure has been developed
based on proton—proton elastic scattering. In a first step,
use is made of protons which punch-through all the four
planes of the FRH. For these protons, the ionization
density is approximately constant throughout the detector.
The data sample gives the dependence of the light collec-
tion efficiency on the impact position. The transverse
distance of the impact position with respect to the beam
line is obtained from the FTH.

In the second step, low energy protons stopped in the
FRH are used. A special accelerator cycle has been
developed for this purpose. During 120 s the beam energy
is linearly ramped from the injection energy 48 to
290 MeV. Elastically scattered protons are identified and
their angles measured during the cycle. From this in-
formation the energy of the scattered proton and the
energies deposited in individual scintillators are calcul ated.
The light yield is then obtained by using the parame-
terization functions mentioned above. A correction for the
impact position is applied to get the PM signal. The ADC

readout (A) is subsequently fitted to the so calculated PM
signa (S,,,) using the expression:

Sm =C, A+ CzA2 + C3A3 ' (1)

where c,, ¢, and c, are the calibration constants to be
fitted.

Fig. 12 shows the difference between the energy of the
scattered protons as calculated from the beam energy and
the scattering angle, and the energy reconstructed from the
signal size using Eq. (1). The figure contains data for all
the 4 X 24 individual scintillators and the range of beam
energies is between 48 and 290 Mé/. The energy res
olution is 3.7 M&/ (FWHM).

Charged particles are identified by the AE—E method. In
Fig. 13, the light signal, related to energy losses in the
third plane of the FTH, is plotted as a function of the light
signal from the first plane of the FRH. The data were
collected with 725 MeV protons incident on a deuterium
target. The three upper bands in the figure are due to
protons, deuterons and *He ions stopped in the detector.

In order to identify the charge of pions in the absence of
a magnetic field, use is made of the delayed-signal
technique, which exploits the chain of weak decays
7" > p'y, (r=26n9 followed by the decay
' —e'yy, (r=22ps). For negative pions, this tech-
nique cannot be used since they are absorbed. After having
tested the possibilities to observe either the 7" — u*
decay or the much slower u* — e” decay with a well-
defined pion beam at the Paul-Scherrer-Ingtitute, Switzer-
land, the latter technique has been implemented in the
FRH. The efficiency for 7" identification is 60%. Fig. 14
shows a TDC spectrum for the delayed signas in the
second plane of FRH. An exponentia fit with exp(—t/7)
has been applied to the data which results in 7=
2.18+0.04 ps.
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Fig. 12. The difference between deposited energy calculated from the event kinematics for elastic pp scattering and reconstructed energy

using the calibration function (Eq. (1)), cf. text.

6.2. The CD calorimeters

The CD cdorimeters are used mainly to measure the
energies of the photons. Energetic photons induce a
particle shower that can spread over severa crystals. The
primary photon energy is reconstructed from the energy
deposited in a 3X 3 cluster of crystals the central one
being defined by maximum light yield. The energy of the
photon is then given by the summed energy corrected by a

shower leakage factor obtained from Monte Carlo simula-
tions. The photon direction is given as the weighted mean
of coordinates of the centers of the crystals in the cluster.

All Csl crystals were tested for their individua per-
formance before being assembled into the calorimeters.
The longitudinal nonuniformity of the crystal light output
is, for a large calorimeter, a crucia factor that limits the
energy resolution a high energies [22]. Thus the
nonuniformity of the Csl crystals has been measured by
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Fig. 13. Data from the FRH for pd scattering at 725 MeV. The signal from the third plane of the FTH is plotted vs the signal from the first
plane of the FRH. Protons, deuterons and *He stopping in the scintillators are clearly identified.
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Table 7

scanning them with a collimated radioactive source. The The CD calorimeters parameters and typical performance
output signal is about 100 photoelectrons per MeV of Amount of sensitive material 135 g/cm?
energy deposited in the crystal (Table 7). rediation lengths ~16

The energy calibration is done is two steps: firstly an nuclear interaction lengths ~0.8
Am-Be source is used to determine roughly the calibration Geometric coverage 7% X 47 &
constants and secondly photon pairs originating from the in scattering angle ~60°
decays of 7° and 1 mesons are used in an iterative in azimuthal angle ~E24.8
procedure. M ax+ki netic energy for stopping

For that purpose, a two-photon data sample is selected T 10 Mev
and for each detector element the invariant mass of two photon 400Mev

. . . deutron 450 MeV

phot_ons is c_alculated if one of t_hg ph_oton induced shov_ver Scattering angle resolution ~5° (FWHM)
has its maximum energy deposition in the corresponding Hit time resolution
crystal. In this way, the position of the invariant mass peak charged particles 5ns (FWHM)
is influenced to the greatest extent by the calibration of the photons ~40 ns (FWHM)
particular crystal. The calibration constants are subsequent- Relative energy resolution
ly tuned so that the invariant mass peaks become centered photons (100 MeV) ~8% (FWHM)
at the expected values of the masses of the 7° and the 7. charged particles ~3% (FWHM)
The procedure is iterated to obtain final calibration con- Particle identification AE-E

stants. Neutron/gamma separation by shower topology
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For the long-term performance of the Csl calorimeter, a
major concern is a degradation due to radiation damage by
the great number of protons elastically scattered into the
crystals. The maximum dose in any individual crystal
during the entire experimental programme is estimated to
be about 15 Gy. Earlier studies of the radiation hardness of
Csl have primarily focused on the damage caused by
photons and electrons and have mainly concerned TI doped
Csl [20]. To study the effects from proton irradiation, a
96 MeV proton beam from the Gustaf Werner cyclotron has
been used to irradiate two crystals of sizes 150 X 60 X
60 mm®, one Csl(Tl) and one Csl(Na). The crystals were
exposed to atotal dose of 100 Gy distributed over two 55 h
periods. No radiation damage was observed for the Na-
doped crystal, wheres the Tl-doped crysta showed a
brownish miscoloring and a 20% reduction in light output
[21]. Operation with the set of 112 Csl(Na) crystals at
CELSIUS does not show any degradation of light output or
uniformity.

0.06

6.3. The FPC tracker

The calibration of drift time t as a function of distance
between the track and the anode wire r(t) is done by an
iterative procedure starting from the assumption that each
straw is uniformly irradiated. This assumption leads to the
following relation:

f “n) dt

(o)

‘max
f nt') dt’

0o

r(t) = rwn’e + - rWll'e) 1 (2)

(rs1raw

where n(t') is the number of events recorded at a time t’,
I wire 1S the anode wire radius (17.5 um), r,, is the inner
straw radius (4 mm) and t, . is the maximum drift time
(150 ng). This relation is then used as the starting point in
an iterative procedure where r(t) is adjusted until the

requirement X [r(t) neas — (t)s;.] = O is fulfilled. To correct
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Fig. 16. Resolution of the FPC tracker.
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Fig. 17. Two-photon invariant mass for pd interactions at
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for individual time offsets, the whole electronics chain,
from the preamplifier to the TDC, is measured with test
pulses. In the experiment, the time reference has to be
calculated on an event-to-event basis from the time differ-
ence between the FTH signals and the trigger. This can be
done to an accuracy of about 1 ns.

The r(t) curve resulting from this procedure is shown in

Fig. 15, and the corresponding rms resolution as a function
of radiusin Fig. 16. The decrease of resolution close to the
wire occurs because of the rapid increase of the electron
drift velocity near the anode wire due to the 1/r depen-
dence of the electric field strength. The obtained average
resolution is about 250 wm and compares well with what
was obtained in Ref. [12].

7. Overall performance

The setup has been used to study production of the
mesons 7° and # close to the kinematical threshold [7,8].
The neutral mesons are identified by the invariant mass of
two photons from their decay and, when allowed by
acceptance, by the missing mass calculated from the
momentum vectors of charge particles measured in the FD.

The invariant mass resolution is, for relatively low
photon energies, limited by the granularity of the calorime-
ter, and for higher energies by the error in energy
determination. Fig. 17 shows the two-photon invariant
mass at a beam energy of 1360 MeV where the #° and 7
mesons peaks are seen cleanly. The resolution (FWHM) in
invariant mass obtained with the Csl caorimeter is
17 MeV/c? for the w° and 44 MeV/c? for the » mesons,
which corresponds to an energy resolution of around 8%
(FWHM) in gamma energies.

The quality of identifying meson production by the
missing-mass method in the FD is demonstrated by the

Square of Missing Mass for pp—pp+X at 310 MeV
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Fig. 18. Distribution of missing-mass squared measured in the reaction pp — ppX a 310 MeV. The two peaks are due to the reaction
pp — pp7° and pp — ppy. The width of the 7° peak is 625 MeV?/c*. The corresponding values for the missing mass distributions at the 7°
peak are: maximum 135.2 MeV/c® and width 2.4 MeV/c®. The width of the y peak is (45 Mev/c®)>. All widths are given as FWHM.
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distribution of missing mass sguared from pp - ppX
reactions a 310 MeV (Fig. 18). A clear 7° pesk is seen.
The resolution is limited by the error in the determination
of scattering angles, which is mainly due to the size of the
interaction region, and also due to the uncertainty in the
energy reconstruction. This data sample has been cleaned
by using a track selection procedure based on the com-
bined information from al planes of the FD. The peak at
zero mass in Fig. 18 is due to pp — ppy events.

At higher incident energies, around 1 GeV, the FD has
been used for the identification and energy measurement of
the protons, deuterons and *He emitted in pd interactions.
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The accuracy of the energy and the scattering angle
determination is sufficient for measuring eg. » meson
production in the threshold region. The missing-mass
distribution observed in the reaction pd - *HeX at the
incident proton kinetic energy 1037 MeV is shown in Fig.
19a. The i peak is seen on the top of a background due to
27 and 37 production. A similar distribution for the
reaction pd — pdX (Fig. 19b) gives a dightly better mass
resolution. For the case of *He and d, the energy resolution
depends also on the accuracy of the light-yield to energy-
deposit parameterization of Ref. [19].

The overal reconstruction of high-energy protons and

Missing Mass spectra from proton-deuteron-collisions at 1037 MeV
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photons are demonstrated by events from the reaction
pp - pp2y a a beam energy of 1360 MéeV. The events in
which an n meson is produced are clearly seen as a cluster
in the two-dimensional plot (Fig. 20a) of the invariant
mass of the two photons versus the missing mass calcu-
lated from the two protons measured in the FD. Two
projections in the peak region are also shown (Figs. 20b
and 20c). The resolution in missing mass of the two
protons corresponds to an accuracy of around 6% in the
determination of proton energies in the range 300 to
550 MeV (compare Fig. 11). In this case, the efficiency of
the track and energy reconstruction procedure is above
80%.

8. Conclusions

The detector setup presented in this paper is used to
identify and measure interactions between a proton beam

circulating in the CELSIUS cooler storage ring and
internal hydrogen and deuterium cluster-jet targets. Par-
ticles emitted in the forward direction with respect to the
beam are identified in an array of plastic scintillators and
proportional counters, and particles, particularly photons,
emitted at larger scattering angles are measured in two
calorimeters, each containing 56 Csl(N&) crystals. The
neutral mesons, 7° and 7, are identified through the
invariant mass of the two decay photons and by the
missing mass, calculated from the scattered beam and
target particles. The invariant mass method for selecting
the pp — pp7° or pp — ppn reaction can be applied aso
very near the threshold, where the two protons are lost in
the beam pipe. When it is possible, the precision of the
measurement can be improved by applying the kinematical
constraints of the overdetermined system. The setup has
been shown to perform satisfactorily in near-threshold
measurements of the reaction pp — pp#° at incident proton
energies from 280.5 to 310.0 MeV [7] and of the reaction
pp - ppn from 1259 to 1360 MeV [8].

The FD detector and the crystals of the CD calorimeter
will be part of the WASA 44 detector setup which will use
frozen hydrogen microspheres (pellets) as target. The
complete WASA setup will be a powerful device for
studies of rare decays of light mesons.
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Abstract

Differential cross sections of the reactions pp— dmw" and pp— pnw* have been measured at T, =400 MeV by
detecting the charged gjectiles in the angular range 4° < @, , < 21°. The deduced total cross sections agree well with those
published previously for neighbouring energies. The invariant mass spectra are observed to be strongly affected by A
production and NN final-state interaction. The data are well described by Monte Carlo simulations including both these
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The single pion production has received renewed
interest in recent years both from experimental and
theoretical points of view. Theoretical aspects cur-
rently under discussion include possible heavy me-
son exchange, the nature of the 7NN vertex and the
role of final-state interactions (FSI) in these reac-
tions. Experimentally the avail-ability of storage rings
has opened the possibility to measure single pion
production with high statistics even close to thresh-
old [1-4]. These data show an energy dependence of
the total cross section near threshold, which deviates
substantially from phase space suggesting a strong
influence of the NN FSI. In this Letter we show that
FSI effects can be explicitly observed and identified
in the invariant (M) and missing mass (MM ) spectra
of the reaction pp — pn#*. The energy of T, = 400
MeV is aready high enough for A-production to be
observed clearly in M, and M, +, whereas the pn
FSI still strongly influences M, even though this
energy is well above threshold.

The measurements have been performed at the
CELSIUS storage ring at T, =400 MeV using the
WASA /PROMICE detector setup including a hy-
drogen cluster jet target. Details of the detector and

its performance are given in [5]. For the data pre-
sented here only the forward detector has been uti-
lized, which alows the determination of the four-
momentum of charged particles in the angular range
of 4 < 6 4 <21° It is composed of a tracker with
proportional counter straw chambers for an accurate
determination of particle trajectories, followed by
segmented scintillator trigger and range hodoscopes
for dE and E determinations, respectively. Particle
identification has been made by use of the dE-E
method. Fig. 1 shows a three-dimensional plot of the
dE—E spectrum. Deuterons, protons and pions appear
well separated. For the =" identification the delayed
pulse technique (observation of the delayed pulse
from u* decay following the =+ decay) has been
utilized in addition. Though protons and deuterons
appear to be well separated in Fig. 1, their separation
is not perfect and the contamination of reconstructed
pnmt events with dr* events, and vice versa, is
non-negligible. In order to get rid of this contamina-
tion we have requested the dz* events to be planar
(Ad = 170°-190°) and the pm* events to be non-
planar. This way mutual contaminations could be
kept below 1%. The final number of good events

p I E[-~--j ----------------------
6000 —
4000 — -
015 &
2000 — J
01 =
5
0 0.05 §
0.02 0.015 0.01 &
. 0.005 0 &
0
Energy loss in FTH (dE)

Fig. 1. Plot of the dE-E spectrum for two charged particles in the forward detector (FD). The energy loss dE has been measured by the
forward trigger hodoscope (FTH), see Ref. [5]. Energies are given in units of GeV.
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which passed all criteria has been about 10° for drr*
and 7 x 10* for pnz*. The integral luminosity has
been determined to better than 5% by the simultane-
ous measurement of pp elastic scattering and its
comparison to literature values [7]. Detector response
and efficiencies have been determined by Monte
Carlo (MC) simulations, utilizing the program pack-
age GEANT [6] including the treatment of secondary
interactions in the detector.

The data obtained for pp — d#* are shown in
Fig. 2. In the upper part the % missing mass
MM_. which gives a pesk at the position of the
deuteron mass is displayed together with the corre-
sponding MC simulations. The good agreement

pp—dn’

counts
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Fig. 2. Top: Spectrum of the #* missing mass MM_+ as
obtained from identified d7* events together with the corre-
sponding MC simulation (shaded area) of the detector response.
Bottom: Measured 7+ angular distribution for pp— dz* in
comparison with the SAID phase shift prediction [7].

demonstrates that the detector response is understood
to high precision. The measured 7% angular distri-
bution in the center-of-mass (c.m.) system is dis-
played in the lower part of Fig. 2 together with the
SAID phase shift prediction [7]. Note that the angu-
lar distribution is symmetric about 90° due to the
symmetry in the entrance channel. The limited angu-
lar range of the data results from the experimental
requirements of 4° < @, < 21° for both d and =*.
The experimental points are compatible with SAID,
and we may use the angular dependence of the latter
to extrapolate our data to 4. This way we obtain a
total cross section o ( pp — dr™) = 0.78 mb, which
compares quite favorably with the SAID value of
0.82 mb. Whereas the statistical uncertainty is less
than 1%, the systematic uncertainty is estimated to
be about 7% comprising uncertainties both from the
determination of the luminosity and from the han-
dling of deuteron breakup in the detector by the MC
simulation.

Results for the pp— pn#* reaction are com-
prised in Figs. 3-5. For the angular range 4° < O,
< 271° the invariant and missing mass spectra recon-
structed from the measured pm* events are shown
in Fig. 3 together with curves from MC simulations
assuming pure phase space (dotted) and including
either A**(A") excitationin the p7*(n7*) system
(dash-dotted) or the swave FSl in the pn system
(dashed). For the latter the effective range approxi-
mation of Migdal-Watson type as given in [8] has
been used. The only free parameter, R, accounts for
the size of the interaction region, from which the two
nucleons emerge, and effectively subsumes also the
part of the reaction, where the two nucleons are not
in relative s-waves. For a point-like vertex one finds
R= 0.8 fm [8]. Here in the MC simulations R has
been adjusted for best reproduction of the data result-
ing in R=25 fm, if we assume the swave pn
system to be in pure 38l states as previous work
suggests [9,10]. This assumption will also be corrob-
orated by a comparison of the dz* and pn#*
channels below. The value for R is compatible with
those obtained in analyses of the NN FSI in the
deuteron breakup on the proton at low energies [11].
The A excitation in the exit channel is assumed to
take place between the #* and either the proton or
the neutron according to the isospin ratio of 9:1 with
the =% being in relative p-state in the 7N system.
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together (shaded histograms). Note that due to the limited angular
rangein O ,, the missing mass spectra are not structureless even
in case of pure phase space. Notably the apparent structures in
MM_+ and MM, near 1.92 GeV and 1.1 GeV, respectively, are a
consequence of this angular limitation.
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Fig. 4. Angular distributions of protons (top) and pions (bottom)
for pp— pnm* reconstructed from the detected pm* events.
They are plotted in dependence of cos?(®) and are compared to
MC simulations assuming pure phase space (dotted) and including
both pn FSI and A excitation with b= 0.1 (dashed) or b= 0.4
(solid). All simulations are normalized to an integral cross section
of o =0.62 mb.

Note that parity conservation requires the pion aso
to bein a p-wave relative to 35l pn fina state.

The MC simulation including both FSI effects
together is displayed in Fig. 3 by the shaded his-
tograms which reproduce the data very well. The
invariant mass spectrum M . and the missing mass
spectrum MM, (corresponding to M,, ) are peaked
towards large masses, whereas MM _+ (correspond-
ing to M) is strongly peaked towards low masses
in contrast to phase space distributions (dotted lines).
In al three spectra both FSI effects play a significant
role. However, the fact that the peaking towards
large masses is much more pronounced in M, -
than in MM, clearly exhibits a strong influence of
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R(Q)

Q[MeV ]

Fig. 5. Ratio R(Q) of the pp— pnzwt and pp— d#* differen-
tial cross sections. The solid curve shows the prediction of Ref.
[9].

the A production, since it is nine times more likely
in the p7™ system than in the nw* system. This
observationin M, . and M,_- isstrongly different
from the one at T, = 310 MeV, where both spectra
have been observed to be of comparable shape [1].
However, it is in agreement with the trend observed
for T, <330 MeV [2]. From the partial-wave analy-
sis of those data it was found [2] that the resonant
p-wave contribution, though still small at these ener-
gies, is steeply rising with incident energy. From this
analysis the A contribution is expected to get domi-
nant at energies of T,~ 400 MeV (see Fig. 20 of
Ref. [2]). Thisisindeed what we observe in our data.
We note that the strong influence of the FSI on the
pion energy distribution is aready apparent in the
dE-E plot in Fig. 1, where the pions of the pn#*
reaction are seen to be concentrated towards the peak
of the d=™ reaction.

In Fig. 4 the experimental pion and proton angu-
lar distributions, corrected for detector efficiency and
acceptance, are compared to MC simulations for the
reaction pp— pnt. Asin pp— dz* the angular
distributions have to be symmetric about 90°. The
proton angular distribution is essentially isotropic
being affected only dightly by the A excitation. The
pion angular distribution, on the other hand, depends
strongly on the A excitation. Conventionaly the
pion angular distributions in single pion production
are parametrized by o(0,) ~ 1/3 + bcos?0, , where
b is the so-called anisotropy parameter. Previous
analyses yielded values for b up to 0.5 for np—
nnz™ [12] and 0.3 for pp — ppm° [13] with the

maximum b being reached near T, = 550 MeV. The
b values are observed to decrease with decreasing
Tp- At T, = 460 MeV, the lowest energy analyzed in
those studies, b gets as small as 0.1. On the other
hand the IUCF measurements [1,2] of pp — pnz*
show a strong rise of b already close to threshold
reaching b = 0.23(6) at their highest energy of T, =
330 MeV. Whereas from the latter we would expect
to find already a quite substantial value of b at 400
MeV, the previous analyses would suggest rather a
small value. Hence we show in Fig. 4 two MC
calculations including pn FSI and A excitation, one
with b= 0.1 (dashed lines) and one with b=0.4
(solid) — in addition to the phase-space expectation
(dotted line). In the measured range of @, the data
clearly prefer the larger b value. From the cos*(@,)
plot of the pion angular distribution in Fig. 4 it is
readily seen that b= 0.7 would be an upper limit
compatible with our data. For a more precise deter-
mination of b larger pion angles are necessary,
which are not covered by this measurement. Hence
also the determination of the total cross section from
our data is not independent of the assumption for b.
Whereas for b= 0.1 one would obtain a vaue of
o(pp— pnmt) =0.73(4) mb, our data favour val-
ues of 0.62(4) and 0.57(4) mb for b=0.4 and 0.7,
respectively, where the assigned uncertainty is essen-
tially due to that of the luminosity. The latter values
are in good agreement with literature values at
neighbouring energies (see [1).

The close relation between d#* channel and
pnz* channel as the breakup channel of the former
has recently been pointed out by Boudard, Faldt and
Wilkin [9]. Assuming that the final pn system isin
the ?’Sl state, and that the pion production operator is
of short range, they derive a simple relation (Eq. (6)
of Ref. [9]) for the ratio of differential cross sections
defined by

2(T
R(Q)=27T|3dm(pp—>pnﬂ)
do L) X
/d—_Qw(IOIO*dW )= o(—1) 1+x

which should be independent of the pion scattering
angle. Here B, denotes the deuteron binding energy
and Q=M,, —m, the excitation energy in the pn
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system, x=Q/B, and p(x) is the pion c.m. mo-
mentum. Our experimental result for R(Q) is plotted
in Fig. 5 together with the prediction of Ref. [9].
Though there is good qualitative agreement, the data
exhibit a significantly steeper slope than the predic-
tion. In particular, the data are higher at low Q,
where the approximations made in Ref. [9] should be
valid best. Experimentally the determination of R(Q)
from the simultaneous measurement of both reac-
tions is expected to be particularly reliable, since
uncertainties in the determination of the luminosity
and detector response cancel to large degree in the
ratio, the only major source of possible error being
the treatment of the deuteron breakup in the detector.
However, since our result for o( pp — dr*) agrees
well with the literature values at neighbouring ener-
gies, we do not see a significant problem there
either. A closer inspection of Fig. 1 in Ref. [9]
indicates that experimentally R(Q) is not fully angle
independent. The TRIUMF data [10] plotted there
exhibit a systematic trend around the maximum of
R(Q): the data taken at small angles (@, = 46°,56°)
lie systematically above the theoretical curve,
whereas the ones taken at larger angles (73°-88°) lie
significantly below. Our result for the forward angu-
lar range fits very well into this trend in the TRI-
UMF data. Since in the calculation of R(Q) only the
isoscalar 3Sl channel of the pn system is considered,
the surplus of approximately 10% in our data at
small Q may be associated with contributions from
other partial wave channels, notably the 'S, channel
of the pn system. This conclusion conforms quite
nicely with the expectations from the partial-wave
analysis at lower energies [2]. The observed discrep-
ancy between calculation and data at higher Q may
be associated with effects from higher partial waves
as well as with kinematic approximations made in
the derivation of the theoretical expression for R(Q)
[9].

Summarizing we observe in the exclusive mea-
surement of pp— pnmw* at T, =400 MeV strong

FSI effects in the invariant and missing mass spectra
which are identified as being due to pn FSI and
7NA excitation. The dominance of the latter is in
agreement with expectations from partial-wave anal-
yses close to threshold. The influence of the former
is in agreement with expectations for the Migdal-
Watson effect in the pn system, if swaves are
dominating there. The observed ratio R(Q) for the
exit channels pnw* and dn* is compared with the
prediction of Ref. [9] relating the channel of the
bound system with its breakup channel. Although the
general agreement is good, there are significant dif-
ferences which call for a more refined theoretical
treatment of both channels.
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Abstract. We report on the first exclusive measurement of  Recently the existence of a narrow, NN-decoupt&iN
the 2r production in NN collisions affj, = 750 MeV using  resonance, called’, has been proposed [3,4] to explain the
a H, cluster jet target and the WASA/PROMICE detector peculiar resonance-like behavior of the pionic double charge
at CELSIUS. In the invariant-mass spectrd,,.- we ob-  exchange (DCX) reactiont(, 7—) on nuclei at pion ener-
serve a narrow peak at 2.063(2) GeV with @ deviation  gies below theA resonance. From the analysis of these DCX
relative to the MC simulations for the conventional nonreso-data the parameters df have been deduced to be~ 2.06
nant 2r production process. The finding is in agreement withGeV, I'y v, ~ 0.5 MeV andI(J¥) = even (0°). From the
the hypothesis of a narrowNN resonance withl(J7) = small width it was concluded that this resonance is NN-
even (0), calledd’, postulated recently to describe the pe- decoupled, hence the isospin should be even. A major cri-
culiar resonance-like behavior of the pionic double chargetique on this interpretation was that the DCX reaction takes
exchange on nuclei. place on nuclei, where subtle, not yet understood medium
effects cannot be excluded unambiguously as a possible al-
PACS: 13.75.Cs, 14.20.Pt ternative reason. Since neither diproton nor dineutron are
stable, the DCX reaction cannot be carried out on the basic
dinucleon system. Hence it has been proposed [4,5] to look
into the 2r production in pp collisions according to
With the realization of quarks being the basic building pp — d'mt — ppr—wt
blocks of hadrons also the idea emerged in the seventieghere the NN-decoupled resonandecould be produced
that this substructure should cause nontrivial resonances iﬁadronica”y in an e|ementary reaction. Tdecontribution
the dibaryon system — in addition to the trivial meson- there has been estimated [5,6] to be in the order of (3 — 10)%
dominated nucleon-nucleon (NN) groundstate, the deuterorpf the conventional 2 cross section near thé threshold,
QCD-inspired model calculations [1,2] predicted a largewhich is expected to be arourifl, ~ 710 MeV. In case
number of 6q states causing a rush for experimental dibaryoaf ; = 0 the d’ should show up only in the invariant-mass
searches in the years to follow. Unfortunately, despite a vasgpectrum M,,.-, Whereas in case of = 2 the resonance
number of dedicated experiments no unambiguous evidencgould appear both iV, and in M.
for their existence could be found. The bulk of these exper- Here we report on the first exclusive measurement of the
ctionpp — ppr~n" atT, = 750 MeV using a H cluster

iments, however, was dedicated to searches for dibaryonlsea
jet target. All previous measurements of this reaction in this

coupled to NN or to M\, where the fall-apart decay will
B o T oAryon eS0T inegy region have been nclusive andior diference mea.
eriments y surements on CiHand C targets. The experiment was carried
per ' out at the CELSIUS storage ring using the detector setup of
* Supported by BMBF (06 U 669), DFG (Mu 705/3, Graduiertenkol-  the€ WASA/PROMICE collaboration. For the data presented

leg), DAAD (313/S-PPP-2/94), the Swedish Institute and the Swedish NatNere only eV_entS _re_giSt_ered in t_he forward (_jeteCtOT, a seg-
ural Science Research Council mented plastic scintillation calorimeter covering the angular
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Fig. 1. Missing-mass spectrum/ M (ppr*) of identified ppr* events re- @
sulting from the reactiopp — ppr* 7~ atT, = 750 MeV. The spectrum S 80
shows a pronounced peak at the mass of the not explicitly identified pion, 3 [
which in our case is the~ particle 70
range 4 < 6 < 21° have been used. Since the present setup 60 a M
contains no magnetic field, the delayed pulse technique has I
been used forr* /7~ discrimination. Whereas™~ undergoes 50 -
hadronic absorption when stopped in mattérparticles un- i

dergo weak decays leading to delayed pulses in the scintilla- 40 ‘ 4
tor by the succeeding™ — p*v, andu™ — e*v v, decays. f '
Naturally, this allows only for a positive™ identification, 300
here, with an efficiency of about 60%. The trigger was set to i
at least 3-prong events in the forward detector, thus suppress-

ing events from single pion production. A dominant source 20 :
of background in these events comes from low-energy elec- i
trons/positrons, which result from conversion ©t decay 101
photons. By requiring the kinematic limits forr2produc- i
tion in the missing mass of the two protons and by requiring oL Sheot AL
2 2.02 2.04 2.06 2.08 2.1

a delayed pulse forr* identification this background could
be removed completely. For the finak Droduction events
selected we demand two identified protons and one identifiedig. 2. Invariant-mass spectruhi,, . - of the reactiorpp — ppr~ =" at

7+ particle. The thus selected events are kinematically com?} = 750 MeV with (bottom) and without (top) constraints on the missing-
plete. The missing-mass spectrum of these ident'[ﬁml" mass spe_ctrum_/[M(ppw*) displaye_d in Fig. 1. Th_e solid histograms show
events is shown in Fig. 1 and peaks as expected right at th@e MC simulations of t_he gonve_ntlonairzt)roductlon process, the dashed

. o . ones show the result with inclusion of thié production process

mass of the unidentified~ particle.

Using the momentum and energy information of the
identified 7+ from these selectegpr* events together with
the corresponding information of the beam, we obtain theassumed. The detector parameters (thresholds etc.) for the
M,,,- spectrum as shown on the top of Fig. 2. simulation calculations have been determined in calibration

If in addition we require the missing mass of the regis- measurements of elastic scattering and single pion produc-
teredppr™ event, i.e. the mass of the unobserwed(Fig. 1),  tion at7,, = 400 MeV. At this energy the kinetic energies of
to be in the range of 130 MeV — 150 MeV, then we obtain the pions frompp — npr* andpp — drn* are in the same
the M, .- spectrum as shown at the bottom of Fig. 2. On topenergy range as those of the pions in thedoduction at
of a smooth distribution we observe in both cases a narrowi), = 750 MeV. The experimental resolution i7,,,.- has
irregularity around 2.063 GeV with a statistical significance been deduced by looking onto the — d=* reaction. Con-
of about 4 relative to the Monte-Carlo (MC) simulations for structing the invariant-mass spectruty; from momentum
the conventional 2 production (shaded histograms in Figs. and energy of the identified*, i.e. in the same way as we
2, 5 and 6). For these simulations a pure phase space distgonstructed\/,,,.- in case of the 2 production, we obtain
bution of the conventional2 production process has been the spectrum shown in Fig. 3. The experimental resolution

GeV/c
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Fig. 3. Missing-mass spectrumy/ M (r*) of =* events resulting from the  Fig. 5. Spectrum of the kinetic energy of identified events resulting from
reactionpp — dr* at T, = 400 MeV. The observed peak is right at the the reactionpp — ppr*n~ atT), = 750 MeV. For the explanation of the
deuteron mass. The histogram shows the corresponding MC simulation histograms (see Fig. 2)

the neutron mass. The resolution of about 6 MeV FWHM
in this spectrum is in-between that observed in Figs. 1 and
3 as expected from the numbers of particles necessary to
construct these missing-mass spectra.

Another check about the origin of the possildlesignal
provides ther* spectrum averaged ovei” angles of 4<
0 < 21° (Fig.5). The MC simulation accounts reasonably
well for the observed spectrum except for the region 60 MeV
< T+ < 90 MeV, which is exactly the region where we
expect contributions due td production. Also the excess
of counts relative to the MC simulation in th& spectrum
matches very well to the excess of counts accumulated in
the peak inM,,.- at 2.063 GeV. Of course, in case of
the n* spectrum the excess peak is kinematically broadened
through the angle averaging.

L L I I L
09 092 094 09 098 1 Further checks on the data have been pursued. They in-
GeV/id clude the time evolution of the accumulated data during the
course of the measurement and the division of the data into
Fig. 4. Missing-mass spectrum/ M (pr*) of pr* events resulting from different sections of azimuthal angig in order to see any
the reactionpp — npr* at T, = 400 MeV. The observed peak is right at misalignments of individual detector elements of the circu-
the neutron mass. The histogram shows the corresponding MC simulatiodarly segmented detector. Also these failure tests have been
negative.

Finally we shortly discuss the role gp final-state inter-

of the deuteron peak is about 3 MeV FWHM. In case of actions (FSI). Since there would be only little kinetic energy
d' productionpp — d'z* we meet quite similar conditions |eft for the d’ decay products, the two decay protons are ex-
regarding the associatedly produced hence we expect to pected to feel quite a substantial FSI effect [5]. This could
see inM,,,.- ad’ peak with a similar resolution. Indeed the provide a possibility to enlarge the signal-to-background ra-
width of the peak seen in Fig.2 in the region expected fortio of d’ in M, by a cut on small\/,, masses. We note
d’ is compatible with the expected experimental resolution.that the structure at 2.063 GeV clearly survives such a cut.

In Fig. 4 we show the missing-mass spectrum of identi-Though the statistics gets already severely reduced, this cut
fied pr* events from the reactiopp — npr™ atT, = 400 is not very efficient ford’, since given by the segmentation
MeV, where we may check the method of selecting pro-of the detector inp angle we require that tracks are sepa-
tons andr* particles in case of more than two particles in rated by at leasiA¢ = 30°. This suppresses the observation
the exit channel. The measured missing-mass spectrum is iof pp FSI effects considerably.

pp - pn T[+ good agreement with the MC simulations peaking right at
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Fig. 6. Invariant-mass spectru/,,,+ of the reactionpp — ppr— =" at

T, = 750 MeV. For the explanation of the histograms (see Fig. 2)

significant excursions and is well reproduced by the MC
simulations. This would indicate thdt= 2 is excluded for
the isospin ofd’ in agreement with arguments [8] based
on the inspection of other reactions. However, one has to
be cautious with such a conclusion at this stage, since the
energy resolution id/,,+ is abou 8 — 10 MeVonly, which
is due to the circumstance that for the construction of this
spectrum not only the* information, but also that for the
two protons is needed.

In conclusion, we have reported on the first exclusive
measurement of the reactigpp — ppr— 7" on a K target
at T, = 750 MeV. The spectra obtained from thé spec-
tra of identifiedppr—x* events are essentially free of any
experimental background. They all are reasonably well re-
produced by MC simulations, assuming phase-space behav-
ior of the 2r production, except for regions in the spectra
where effects from the@’ could cause changes. This is the
case in particular in the* spectrum in the range 60 — 90
MeV and in theM,,.- spectrum near 2.063 GeV. These
irregularities, the statistical significance of which are about
40 relative to the MC simulations, are consistent with the
signature ofd’ production contributing in the order of 7%
to the 2r production process. This would mean that there
are more states in the dibaryon system than just the meson-

The dashed histograms in Figs.2, 5 and 6 show a Mcdominated NN ground state, the deuteron and the vittsial

simulation which includes!’ production with a percentage
of 7% of the totalr*w~ production. Both the peak in the
M,,.— spectra as well as the bump in thé spectrum are
well reproduced by this calculation.

In a previous measurement [7] of this reaction/gt=

920 MeV at ITEP by the use of GHand C targets no devia-

tion from MC simulations have been found in the difference

spectrum ford,,.-, as long as no constraints dd,,, are
imposed. However, applying a constraii,, < 2m,, + 18

MeV to the selection ofppr~ events forM,,.- a broad

structure with an excess of counts above the MC simulation 2:

is found. The width of~ 15 MeV of this structure, which is

centered around 2.055 GeV has been associated with the ex-’

perimental resolution of~ 10 MeV. Note that in that work
M, - has been constructed froppr~ events, i.e. direct
information on ther— track was needed.

In Fig. 6 we finally show the observetl,,.+ spectrum

constructed from the information of both protons and the ™

7+ in the ppr™ events. The spectrum is smooth without any

level. Further measurements to increase the statistics will be
carried out in the near future.

We are grateful to the crew of the The Svedberg Laboratory for a smooth
running of the CELSIUS storage ring during the course of our experiment.
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Abstract

The KARMEN collaboration has reported the possible observation of a hitherto unknown neutral and weakly interacting
particle x, which is produced in the decay #* — u*x with a mass m, = 33.9 MeV. We have searched for this hypothetical
decay branch by studying muons from pion decay in flight with the LEPS spectrometer at the 77E3 channel at PSI and find
branching ratios BR(7w~ — pu~X) < 4 X 1077 and BR(#" > ux) <7 x 107% (95% CLL.).

PACS: 13.20.Cz; 14.40 Aq; 14.60.St
Keywords: Rare decay of pion; Non-standard-model neutrino

1. Introduction

The KARMEN collaboration, which studies nuclear
interactions of neutrinos resulting from the decay of
stopped 7 and u* in the beam dump at the Ruther-
ford Appleton Laboratory (RAL), recently reported
[ 1] an anomaly in the time distribution of single prong
events concerning the time interval corresponding to
muon decay. The simultaneously observed energy de-
posit of these anomalous events in the KARMEN
detector corresponds to that of neutrino interactions
resulting in visible energies of typically Tyis = 11-
35 MeV [1]. This anomaly has been suggested to

* This work has been supported by the German Federal Min-
ister for Education and Research (BMBF) under contract num-
bers 06 TU 669 and 06 KA 564, and by the DFG (Mu 705/3,
Graduiertenkolleg).

originate from the observation of a hitherto unknown
weakly interacting neutral and massive particle, called
x, which is produced in the decay 7+ — w*x in the
beam dump, then travels with a velocity vy = ¢/60
(corresponding to the anomaly at 3.6 us in the time
spectrum) and finally gets registered in the detector
volume after passing a steel wall of more than 7 m
thickness. The observed velocity and the two-body
kinematics of the assumed pion decay branch lead to
a mass of the x-particle of m, = 33.9 MeV, which is
just marginally below the kinematical limit and leaves
a tiny decay Q-value of 7 keV. Hence in the reference
system of the decaying pion the kinetic energies of
the decay products are T, ~ 5 keV and T, ~ 2 keV,
respectively. A study of this particular branch by ob-
serving the associately produced muons in the pion
decay at rest is therefore highly prohibitory. On the
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Fig. 1. Schematical layout of the experimental setup (lengths in mm). Perpendicular to the plane of the figure the proton beam hits the
target PT for the production of 7, u and e. These are momentum and phase space selected in the 7E3 beamline before being analysed in
LEPS. D, Q and H denote dipole, quadrupole and hexapole magnets in the 7E3 beamline, whereas S; and S; denote positions of slits,
which may be varied both in horizontal and vertical directions. At the position of the last quadrupole magnet of the beamline, a 6 cm long
copper collimator (C) with a diameter of 10 mm has been installed. PP denotes the pivot point of LEPS, where in the second stage of
the experiment superconducting Helmholtz coils have been installed. 3Q denote the quadrupole triplet of LEPS, which focusses the beam
onto the intermediate focus (IF) detector before it enters the split pole dipole of LEPS. At the focal plane FP a vertical drift chamber
has been installed followed by scintillation detectors. The straight section between D2 and the entrance into the dipole of LEPS serves as

decay path for 7 — ux.

other hand the tiny Q-value is just ideal for the obser-
vation of this decay branch in the pion decay in flight.

2. The experiment

We exploit the fact of a tiny Q-value to search for
muons from a possible 7 — wx decay in flight, taking
advantage of the Lorentz boost. In a pion beam with
momentum p, = 150 MeV/c, a pion decay into x and
x would result in a well-behaved muon “beam” with
momenta p,, in the range of 112.8-114.4 MeV/c and
adivergence of A®,, < 5 mrad. In its chromatic mode
the 77E3 channel of the PSI delivers a pion beam at
the position where usually the target is installed (pivot
point), with a momentum resolution of Ap/p < 0.3%
and a divergence A® < 40 mrad FWHM [2]. The
Low Energy Pion Spectrometer (LEPS), a description
of which is found in Refs. [3,4], has a momentum
resolutionof Ap/p < 0.1% and an angular acceptance

of 150 mrad. Hence the increase of divergence in the
w “beam” from the decay = — ux is small compared
to the original beam divergence, whereas the increase
in the momentum spread caused by this decay should
be sizeable and easily detectable by LEPS.

The measurements have been carried out with two
slightly different setups. The setup of the first mea-
surement is shown in Fig. 1, where LEPS is put “in
the beam”, i.e. at an angle of 0°. The beam is prepared
in the Z-shaped 7E3 channel containing two bending
magnets for momentum selection. Slits S; and S,, set
to openings of 16 and 26 mm, respectively, in the cen-
tral part of the channel as well as a collimator (C) with
a diameter of 10 mm installed at the last quadrupole
magnet of the beamline ensure a well-defined phase
space of the beam, the properties of which were care-
fully studied with LEPS. The straight section of I, =
5.5 m between the bending magnet D2 and the en-
trance into the split pole of LEPS serves as the decay
path for 7 — wx.
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For this setup a beam momentum of p = 150 MeV/c
has been chosen, which allows an efficient separa-
tion of the beam particles (7, u, e) by time of flight
(TOF) measurements. The number of pions at the
exit of D2 with a phase space capable of passing the
collimator and reaching LEPS is determined from the
number of pions detected with LEPS at a magnetic
field setting appropriate for the observation of the di-
rect beam. The relative beam intensity is monitored
continuously by a ring of u-telescopes [4] which are
mounted near the position of the collimator and which
register muons emerging from the conventional pion
decay in the beam at the Jacobian angle of about 15°.
The composition of the beam (7, i, ) is determined
by TOF measurements between the scintillators at the
focal plane and the RF of the cyclotron. The reliability
of the calibration of the momentum settings of beam-
line and LEPS has been checked to be better than 1%
by observation of the direct beam (p = 150 MeV/c)
as well as of the muons resulting from forward and
backward (in the CM-system of the pion) decays of
T — uv, (p, =162 and 74.2 MeV /c, respectively).
Muons originating from 7 — ux are expected just
between these values at a central momentum of p, ~
Pr - (my/my) =113.6 MeV/c.

At the mE3 channel the beam for positively charged
particles also contains low-energy protons of high in-
tensity. In order to avoid severe damage of the inter-
mediate focus detector by these protons, we have car-
ried out all measurements at this particular setup with
a negatively charged beam, i.e. searching fora 7~ —
m~ X decay.

In a second stage of the experiment we installed in
addition superconducting Helmholtz coils at the pivot
point of LEPS (position PP in Fig. 1) supplying a ver-
tical magnetic field up to 2.5 T. This way beam pions
are separated from the muons (originating from the
pion decay in flight) sufficiently in angle, in order to
prevent them from entering LEPS. Thus muons origi-
nating from the pion decay within the dipole of LEPS
do no longer contribute to the background at the focal
plane. In contrast to the first setup, where we had a
complete vacuum beamline between pion production
target and LEPS, in this setup the vacuum systems
of the 7E3 channel, the superconducting magnet and
LEPS had to be separated by thin foils. Upstream and
downstream of the superconducting magnet these foils
amount to a thickness of about 32 mg/cm? each. The

energy straggling due to these foils has been small and
tolerable, leading to a momentum resolution of still
better than 0.5%.

The measurements with this setup have been car-
ried out with the 7~ and #* beams of momentum
Pr = 140 MeV/c and a magnetic field of about 1.6
T, which gives a deflection angle of 34° for pions and
45° for muons (originating from 7 — wux decay), re-
spectively. Slits S1 and S2 have been set to openings
of 44 mm to give maximum beam flux through the
collimator of 10 mm at the position C (Fig. 1). Fur-
thermore a thick copper collimator with a diameter of
50 mm was mounted at the entrance of LEPS, in or-
der to block beam pions, which are separated from the
muons by the superconducting magnet. In this setup
the decay section for m — ux decay is the straight
section between the bending magnet D2 and the en-
trance of the superconducting magnet, i.e. [, = 2.9 m.

3. Results

A very valuable feature of LEPS is its intermedi-
ate focus equipped with a 6-plane multiwire propor-
tional chamber, which - together with the focal plane
drift chamber - allows a detailed track reconstruction.
Together with the timing information from the scin-
tillator detector at the focal plane this leads to a very
stringent background reduction in the recorded events.
Fig. 2 shows the results from the measurements with
the first setup. Plotted are the momentum spectra with
cuts on phase space, TOF and energy loss (AE) in-
formations obtained from the intermediate and focal
plane detectors. The inset in Fig. 2 displays the mea-
surement of the direct 7~ beam exhibiting a momen-
tum resolution of better than 0.3%. This measurement
also defines the intrinsic line shape as well as the cuts
in the TOF, AE and phase space spectra of the indi-
vidual LEPS detectors.

The main part of Fig. 2 shows the u~ spectrum in
the momentum bite 107 < p < 118 MeV/c, i.e. in
the range where we expect the associately produced
muons from the decay 7~ — p~x (112.8 < p, <
114.4 MeV/c). Here TOF, AE and phase space cuts
have led to an overall reduction factor of 30 in the
number of events.

This spectrum corresponds to an accumulated num-
ber of 1.5 x 10° pions entering the decay section [, =
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Table 1

Summary of the statistical analysis of the measured muon spectra. p* denotes a polynomial of n't order, Ry is the expected response
function for the x-particle, DF are degrees of freedom in the fit and N, gives the number of counts (with 1o uncertainty) in the x-region
resulting from the fit. SHC = superconducting Helmholtz coil at pivot point (PP) of LEPS.

Channel setting SHC Analysis Y2 (DF) Ny (counts) BR(95% C.L.)
7~ 150 MeV/c no p* 153.4 (143) —
P+ R 150.3 (142) 195+ 111 <5.0 %1077
7~ 140 MeV/c yes p 110.8 (102) —
P8+ R: 109.9 (101) 170 £ 171 <48 x 1077
7t 140 MeV/c yes pS 124.0 (113) —
p®+ R: 122.4 (112) —553 +432 <7x10"8
800 arising from conventional 77-decay, etc. For a quanti-
5 . p_=150MeV/c tative analysis of the spectrum we have first fitted the
§600 Lt ] o i background spectrum by a smooth curve (polynomial
K 5 of 4% to 8™ degree) and next performed a y?-fit where
© =3 1 the expected response R, was included and its ampli-
400 | £2F 1 1 tude varied to minimize y2. As the first two lines of Ta-
a Sut ] ble 1 show, this inclusion did not improve the fit. The
£ . resulting number of events for R is 195+ 111(10)
5200 | ¢ ‘ - . L .
8 150 g s which corresponds to an upper limit of the branching
b o [Mev/c] 2 B:2'1O_G/‘\L 1 ratio of
O T -l P S |- )/ L I T
95 100 105 110 15 120 BR(w™ — p X)) <5x 1077 (95% CL.). (1)

p [Mev/c]

Fig. 2. Momentum spectra of pions (inset) and muons in the
focal plane of the LEPS spectrometer obtained with a 77 beam
of T = 150 MeV/c and the first setup. The events have been
constrained by AE, TOF and phase space information. Abscissa
scales are identical. The solid curve is a 4™ order polynomial
fit to the data. Also indicated is the expected response to muons
from 7~ — u~ X decay assuming as example a branching ratio
BR=2x 1075,

5.5 m at the exit of D2. From the kinematics of the
7 — ux decay we expect a box distribution centered
at p = 113.6 MeV/c with a width of 1.5 MeV/c.
Folding this peak shape with the intrinsic line shape
as observed with the direct 7w beam (Fig. 2, inset)
produces an expected line shape for u as shown in
Fig. 2 (bottom). We note that the expected line width
is substantially larger than the momentum resolution
observed with the direct beam. The measured u spec-
trum (Fig. 2, on the right) does not exhibit any sta-
tistically significant structure of the expected shape,
in particular also not in the region around p = 114
MeV/c. Hence we associate the events registered in
the constrained spectrum solely to background events

The same limit was obtained with the 77~ -beam using
the second setup (lines 3 and 4 of Table 1).

The results of the 7-measurements, performed
with the second setup only, are shown in Fig. 3. Again
the w™ momentum spectrum is shown with cuts on
phase space, TOF and AE informations from the in-
termediate and focal plane detectors. The shape of
the constrained spectrum can be understood from the
shape of the phase space accepted by LEPS, and is
basically due to the circular collimator at the entrance
of LEPS, which selects a bell-shaped momentum-bite
of Ap/p = 10%. We stress that the same shape of the
momentum spectrum is obtained if we select elec-
trons by a corresponding cut in the TOF spectrum.
This suggests that the displayed u* spectrum arises
primarily from background such as slit scattering.

At the initial pion momentum p, = 140 MeV/c of
this run we expect x-particles at a momentum around
pp = 106 MeV/c. Again no statistically significant
structures are observed. Based on the measurements
with the direct pion beam and the relative normaliza-
tion with the ring of u-telescopes we are able to calcu-
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Fig. 3. Momentum spectra of muons in the focal plane of LEPS
obtained with a 7+ beam of p, = 140 MeV/c and the setup
including superconducting Helmholtz coils. The solid curve rep-
resents a 6™ order polynomial fit to the data. At the bottom we
have indicated the expected response to 7t — utx decay with
a branching ratio BR =2 x 1075 as an example.

late the number of pions n which have decayed along
the decay path with [, = 2.9 m (on a trajectory al-
lowing them to pass collimator C). The u* spectrum
of Fig. 3 corresponds to n =~ 8 x 10° pions. As Table
1, line 6 shows, the fit to the expected response R,
yields —553 + 432 events. (Note that one event obvi-
ously corresponds to a branching ratio of BR=n"! =
1.23 x 10719), According to the Bayesian approach
described by the Particle Data Group [S] only the
physical region of positive values is considered. Then
we obtain as an upper limit for the branching ratio

BR(7m" — u*x) <7x1078(95% C.L.). (2)

In arecent paper [6] Barger, Phillips and Sarkar de-
rive limits on the correlation between branching ratio
- and lifetime as given in Fig. 4 of Ref. [ 1] by assuming
that x is a massive neutrino underlying the standard
weak interaction. From the absence of experimental
evidence for anomalous contributionsto x4 — evv and
7 — ev decays they find the following limits for the
branching ratio

2x107% < BR(7m — px) <8x1075. (3)

Our measurements lower this upper limit by three or-
ders of magnitude. Together with the theoretical lim-
its of expression (3) our measurements leave only a
small region in the branching ratio for the existence
of the x-particle.

4. Summary

Prompted by the reported anomaly in the time spec-
trum of single-prong events of KARMEN we have un-
dertaken a first search for the hypothetical 7 — ux
decay utilizing the LEPS-setup at the 7E3 channel of
PSI. This setup is very well suited for studying the
pion decay in flight, in particular if the Q-value of the
decay branch is very small as is the case for the pos-
tulated decay into the x-particle. Our first results give
a branching ratio of less than 7 x 10~ at 95% C.L.
for this decay branch, thus leaving only a narrow al-
lowed region in the branching ratio if combined with
the considerations of Ref. [ 6] based on standard weak
interactions.
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Note added in proof

After submission of the present paper there ap-
peared an erratum [7] to Ref. [6] according to which
the theoretical lower limit of the branching ratio would
decrease by an order of magnitude or more - depend-
ing on the dominant mixing matrix element.
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Abstract

Recently, it has been proposed that the observed anomaly in the time distribution of neutrino induced reactions, reported
by the KARMEN Collaboration, can be interpreted as a signal from an exotic muon decay branch u*— e*X. It has been
shown that this hypothesis gives an acceptable fit to the KARMEN data if the boson X has a mass of m, = 103.9MeV /c?,
close to the kinematical limit. We have performed a search for the X particle by studying for the first time the very low
energy part of the Michel spectrum in w* decays. Using a HPGe detector setup at the wE4 beamline at PSI we find
branching ratios BR(u*— e*X)<5.7-107* (90% C.L.) for most of the region 103MeV /c? < my < 105MeV /c2.

© 1999 Elsevier Science B.V. All rights reserved.
PACS 13.35.Bv

Keywords: Rare decay of muon; Non-standard-model boson

1. Introduction

At the Rutherford Appleton Laboratory (RAL) the
KARMEN Collaboration is studying neutrino-nuclear
reactions, induced from the decay products of posi-
tive pions, which are produced and stopped in the
proton beam dump. In 1995 KARMEN for the first
time reported [1] an anomaly in the time distribution
of single prong events concerning the time interval

! supported by the BMBF (06 TU 886), DFG (Mu 705/3,
Graduiertenkolleg) and the UK Engineering and Physical Sciences
Research Council.

2 E-mail: ral ph.bilger@uni-tuebingen.de

corresponding to muon decay. Even with a much
improved active detector shielding the anomaly has
persisted in new KARMEN data [2].

This anomaly has been suggested to originate
from the observation of a hitherto unknown weakly
interacting neutral and massive fermion, called x,
from a rare pion decay process w* — wtx. After a
mean flight path of 17.5m x is registered in the
KARMEN calorimeter after t;or = (3.60 &+ 0.25) us
beam on target by its decay resulting in visible
energies of typically T,,=11-35MeV. The ob-
served velocity and the two-body kinematics of the
assumed pion decay branch lead to a mass m, =
33.9MeV /c?, extremely close to the kinematical
limit.

0370-2693,/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.
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The hypothetical decay =+ — pw*x has been
searched for at PSl in a series of experiments using
magnetic spectrometers by studying muons from pion
decay in flight [3-5], the latest measurement result-
ing in an upper limit for the branching ratio of
BR(m"—> u*x)<1.2-1078 (95% C.L.) [5]. Com-
bined with theoretical constraints which assume no
new weak interaction [6] this result rules out the
existence of this rare pion decay branch if x is an
isodoublet neutrino. However, if x is mainly isosin-
glet (sterile), the branching ratio can be considerably
lower [7]. From the number of observed x events in
comparison with the total number of w* decays the
KARMEN Collaboration gives a lower limit for the
branching ratio of 10716,

Very recently Gninenko and Krasnikov have pro-
posed [8] that the observed time anomaly can also be
explained by an exotic p. decay branch w*— e*X
resulting in the production of a new, weakly interact-
ing neutral boson with mass my = 103.9MeV /c?.
They show that a second exponential in the KAR-
MEN time distribution with time constant equal to
the muon lifetime and shifted by the flight time of
the X-particle t;or = 3.60 us gives an acceptable fit
to the KARMEN data. Considering three possible
X-boson phenomenologies, they predict branching
ratios for w™— e X in the order of 1072, if X isa
scalar particle; 107°, if X decays via a hypothetical
virtual charged lepton; and 1013, if X decays via
two additional hypothetical neutral scalar bosons.

In this paper we present a direct experimenta
search for the X particle by studying the low energy
part of the Michel spectrum looking for a peak from
mono-energetic positrons with energy T, = (mﬁ +
m; —mg)/(2m,) — m,=1.23MeV resulting from
the two-body decay p.*— et X.

In the past, searches for exotic two-body p. decay
modes have already been performed [9] motivated by
predictions about the existence of light, weakly inter-
acting bosons like axions, majorons, Higgs particles,
familons and Goldstone bosons resulting in upper
limits for the branching ratio of approximately 3-
10™* (90% C.L.). However, these searches are not
sensitive to the suggested X boson with my =
103.9MeV /c? since the lowest positron energy
region studied was between 1.6 and 6.8MeV,
corresponding to the X mass region 1035 to
98.3MeV /c.

2. The experiment

The basic idea is to stop a u* beam inside a
germanium detector. The low energy decay positrons
of interest also deposit their entire kinetic energy in
the detector volume. For a sizeable fraction of events
the subsequent annihilation radiation does not inter-
act with the detector thus preserving the positron
energy information.

This experiment has been performed at the wE4
channel at PSI (see Fig. 1). The beam line is opti-
mized for intense polarized muon beams in the mo-
mentum range between 30 and 100MeV /c with
very low pion and positron contamination. Pions
from the production target are collected at an angle
of 90° relative to the primary proton beam and are
injected into along 5T superconducting solenoid in
which they can decay. The last part of the beam line
is the muon extraction section which alows the
selection of a centra muon momentum different
from that of the injected pions.

The detector setup consists of a large (120 X
200mm?) 2mm thick plastic scintillator counter S1
followed by a 35mm diameter hole in a 10cm thick
lead shielding wall and a small (20 X 20mm?) 1 mm
thick plastic scintillator counter S2 directly in front
of a 9mm thick planar high purity germanium
(HPGe) detector with an area of 1900 mm?. In addi-
tion, we have placed a 127 mm (5 inch) diameter,
127 mm thick Nal detector shielded against the p-flux
adjacent to the HPGe for detecting 511keV vy rays
from positron annihilation.

The coincidence S1 X S2 X HPGe was used as a
trigger which generated — in addition to a prompt
gate — a delayed gate 2.2—7.2 u.s after the prompt
muon signa for the expected decay events. During
the time period for the delayed gate, S1 was used as
a veto detector to discriminate against further beam
particles. Timing and energy information from the
detectors utilizing several different methods for sig-
nal discrimination, amplification, shaping and digiti-
zation were recorded for both prompt and delayed
signals using the MIDAS data acquisition system
[10].

For the energy calibration of signals occurring
during the prompt gate, y rays from “Na and ®Co
sources were used. In order to derive the energy
information from the HPGe detector signal, both
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Fig. 1. Schematical layout of the experimental setup. The wE4 low energy . channel at PSI is shown in the left part of the figure together
with a sketch of the detector setup, which is shown in more detail in the right part of the figure.

spectroscopy amplifiers and peak-sensitive ADCs as
well as atiming filter amplifier (TFA) connected to a
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Fig. 2. Left: Energy spectrum of prompt signals resulting from muons stopping in the HPGe detector with an additional constraint requiring
the presence of an afterpulse arriving during the delayed gate. Right: Spectrum for the time difference between delayed and prompt signals.
The time constant = 2.21 4+ 0.02u.s of the exponential shape is in very good agreement with the muon life time.
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and after amplification, were recorded and stored
with a digital oscilloscope. It turned out that every
spectroscopy amplifier available during the course of
the experiment showed a significantly varying base-
line shift for a few microseconds following a prompt
signal. The variations of the baseline level just after
the prompt signal were due to fluctuations in time
for the onset of the baseline restoration circuitry.
Thus, for spectroscopy amplifiers, a sufficiently ac-
curate energy calibration for the delayed signal was
not possible.

The TFA branch did not have such baseline prob-
lems, however the energy resolution for the delayed
signal in this branch is 100keV FWHM only. A
short shaping time of 0.25us and low amplification
to avoid saturation from the high-amplitude prompt
signal had to be used to be ready in time for the
delayed pulse.

During 12 hours of data taking 1.3- 10" events
were recorded on tape. Saturation of the HPGe pre-
amplifier at a singles rate of (5-6)-10%s™! was
limiting the event rate.

3. Results

The energy deposition of the stopped muons in
the HPGe detector is 11.3 + 0.7MeV (see Fig. 2).
The cut on the energy of the prompt signal is 9.9—
12.7MeV. The delayed signal has to occur within
the time interval of 3.4-7.2ps after the prompt
signal. The time distribution (see Fig. 2) nicely
shows the expected exponential shape with T = 2.21
+ 0.02 ps. For shorter times the tail of the prompt
signal till causes a varying effective discriminator
threshold thus the TDC spectrum deviates from an
exponential shape. The information from the Nal
detector is used to check the consistency of the
analysis, but is not used for the determination of the
branching ratio.

After energy and time cuts 1.32 - 10° events re-
main. Accounting for high energy positrons from
muon decay causing a signal in the veto counter S1,
a 3% correction results in 1.36-10° good muon
decays for normalization.

GEANT [11] based Monte Carlo studies have
provided an understanding of the shape of the de-
layed signal energy spectrum (see inset in Fig. 3).
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Fig. 3. Plots showing the energy deposition during the delayed
gate in the HPGe detector (top) and fit results leading to upper
limits for the branching ratio for the decay w* — e* X. For the
abscissa two corresponding scales, which are the same for all
graphs (except for the inset at the top, which shows the full e*
energy range recorded), are drawn, one is the positron kinetic
energy T, the other the X boson mass my . In the graph at the top
the Gaussian centered at 1.23MeV gives the expected detector
response if w* — e X would contribute with a branching ratio of
5-10~3. The second graph shows the reduced y 2, dashed line for
a polynomia-only fit, solid line for a combined polynomial and
Gaussian fit. The third graph, with ordinate units already con-
verted into branching ratio, shows the contents (solid line) and the
error (dashed line) of the Gaussian from this fit. The graph at the
bottom gives the upper limit for a ™ — e* X decay branch at
90% confidence level by applying the Bayesian method to the fit
results.

The two peaks are due to an asymmetric p stop
distribution with respect to the symmetry plane per-
pendicular to the beam axis of the cylindrica HPGe
detector resulting in different energy distributions for
Michel positrons emitted in the backward and for-
ward hemispheres of the detector, respectively.

The interaction of the annihilation y rays with the
detector has also been studied. For positrons in the
considered energy range the double escape probabil-
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ity is 40-44% (no 511keV v rays interacting in the
HPGe), the single escape probability being a factor 4
lower. The search for w* — e X events as described
below concentrates on double escape events.

Assuming a smooth and gently varying back-
ground as confirmed by the Monte Carlo studies, the
search for a peak structure in the delayed signal
energy spectrum (see Fig. 3) has been done for
energies from 0.3 to 22MeV. The lower energy
limit is given by the effective discriminator thresh-
old, the upper energy limit from the positron zero
transmission range in germanium. Since the beam
muons are stopped after 2-3mm (2¢°) in the HPGe
detector, and since the 2.2 MeV electrons have a zero
transmission range of 2mm, this is the highest en-
ergy for which all positrons remain within the detec-
tor volume thus completely depositing their kinetic
energy.

For all positron energies between 0.3 and 2.2 MeV
a typicaly 1.2MeV wide energy interval is chosen
and a polynomial fitted to this part of the spectrum.
For a polynomial of low order the fit has an unrealis-
tically high x2. Increasing the order of the polyno-
mial, the resulting x?/D.F. first decreases and then
remains roughly constant with values around one.

A polynomial of order seven was chosen as the
lowest order to have a suitable reduced y? (second
graph in Fig. 3). Then a simultaneous fit of a Gauss-
ian (position and width fixed) and a polynomial
provides the area and error for a possible peak. In the
third graph of Fig. 3 these results have aready been
converted in branching ratio (BR) units. With a
Bayesian approach [12] one can derive from these
results an upper limit with a given confidence level.
Shown on the bottom of Fig. 3 is the 90% C.L.
upper limit.

For the positron energy T, = 1.23MeV correspon-
ding to an X particle with mass my = 103.9MeV /c?
as suggested by Gninenko and Krasnikov [8] the
90% C.L. upper limit for the branching ratio in the
decay pt—>e"X isBR=4.9-10"%.

4. Summary and outlook
Following the proposition that a new, weakly

interacting boson X with mass m, = 103.9MeV /c?
produced in w*— e"X might be the reason for the

observed anomaly in the KARMEN data, we have
searched for this two-body w decay branch by in-
spection of the low energy end of the Michel spec-
trum. Utilizing a clean . beam from the wE4 chan-
nel at PSI and stopping the muons in a planar HPGe
detector this work is the first direct search for such
an exotic w decay process for X boson masses
103MeV /c? < my < 105MeV /c? corresponding to
positron energies 0.3MeV < T, < 2.2MeV. Our first
results give a branching ratio BR(w*— e* X) < 5.7 -
10~* (90% C.L.) over most of the accessible region,
excluding therefore the simplest scenario (X being a
scalar) for the X boson phenomenology suggested in
Ref. [8]. By refining the experimental method used
in this experiment it will be feasible to improve on
this result.
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