ORBITALLY EXCITED CHARM-5TRANGE MESQONS

A DISSERTATION
SUBMITTED TO THE DEPARTMENT OF PHYSICS
AND THE COMMITTEE ON GRADUATE STUDIES
OF ILLINOIS INSTITUTE OF TECHNOLOGY
IN PARTIAL PULFILLMENT OF THE RBEQUIREMENTS
FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

PENELOPE A. KASPER
May 1996



Contents

1

THEORETICAL MOTIVATION
11 introdnefion. oo Gospasimn Ry OIEEEseR BT o
12 Masses of P-waw Mesons With One Heavy Quuark . . . . . . . . ..
1.3 Decay Propertics of P-wave Mesons . . . . ... ...........
L4 Properties of P-waw Charm-Strange Mesons . . . .. .. ... .. ..
L5 Polarization of Excited Heavy Mesons . . . . . . . .. .. o000
THE TAGGED PHOTON SPECTROMETER
Bl CETCREM ne wna tee agh  Ei aa e g EE
S cEbeCCIRngel darsia CEEEsTRL SO UL SR G
2.3 The Silicon Microstrip Detectors . . . . . . .. 00 0000 0o v e .
2.4 Downstream Tracking and Momentum Measurement .. 0. . . . L.
25 The Corenloy Detechors o vpa by GUpssiia oRpeesg o
6 e RO TSGR . o e ke Rk e Kb Rk e Wbl
FHL TTHEREIE. s s e R SRR SR WS
262 | TheHadrooaher: oo SOrpans FURsTi FRSOER &
P R T N W S A s U A N W SO M OV ey i SR o A W S
TRIGGER AND DATA ACQUISITION

I o
2.2 Dabe:Acgustlion: g oirgaspme Oty SEEEITEL U o
CALIBRATION OF THE CALORIMETERS

41 Calibration of the Hadrometer . .0 0 00 00 00 0o o cu v o

W e L0 e

11

13
16
16
20
23
25
28
31
31

33
34



4% alibeatlen GEERE BRI 0 i i e e e b e g e 37

4.3 Monitoring of the Calorimetera . . . . 0 oo v Con oL w o 41

5 EVENT RECONSTRUCTION AND SELECTION 43
ol Rt RAORAE DR R o S S RO AR SRR 43
1l lrack relmEtruehDn  Loaa sk viees s waea e e e 43

FL2  Vorbex tocomebriietlon oo it vien it 0 e i e 44

5 Bt Sabelblion o S0 TG AR R S BRI B B B 44
521 Pass0 - Alignment, Calibration . . . ... . ... ... .. 44

Gk ISR i U T U e S 44

B2R BEEpPIBE . bk e e ke bk e e 45

L EIEREREII o o - v snon om g, i e o e g 45

6 SEARCH FOR [Dr 49
671, Elhey Moo Carla s vian <ot i iion i b eh it b A0 mhion s e 49
G2 EypewySaleetlbn o RrnniG TR TR 50
6.3 AnalysisCuts . .. .. 00 00 e e 50
BE DROCOEIOINE i i pe i el e e o i R R e e e GR

T THE [¥K;, SPECTRUM TD
7.1 Fitting the Mass and width of the D37(2535) . . .. ... . ... .. 75

7.2 Angular Distribution of the D"t K, decay . . . .. .. ... ...... 81

B THE DK, AND DK SPECTRA &6
8.1 Fitting the Mass and Width of Obserwed Peaks . .. . .. . ... .. 86
8.2 Anpgular distributions of DY K, and DPKY decays . . .. 0 . .00 L 1040

9 CONCLUSIONS 106

Bibliography 110

iii



List of Tables

1.1
1.2
13
14
1.3

1.6

21
2.2
23
24
2.3

41

a.1

5.2

6.1
6.2

7.1
7.2

81

Cruark Model of L =0 Heavy-Light Mesons . . . . ... ... .. ..
Cuuark Model of £ =1 Heavy-Light Mesons . . . . . .. .. ... ..

Comparison of Theoretical and Experimental Masses of P-wavwe Mesons 5

Two-body Decay Modes for P-wave Charm Mesons . . . . . . . . .. 6
P-wave Meson Decay Amplitudes . 0. 00 0000 v o0 voe o o T
Comparison of Theoretical and Experimental Widths of P-wave Mesons

8

PRI IRE@el o FURTRNS FRITR PR ERe bR 18
ST PRI .. (o tnton sttt e it e s St S e 15 19
Magoet Paramebers opaobin opails cERaibae oRaey o 20
Drift Chamber Paramebers . . . . . 0 .0 0 0000 v v oo o e i e e 24
Cerenkov Counter Parameters . . . . . .0 v oo v v o v o o 27
Muon Equivalent Energy (MeV) for SLIC . . . . . ... .. ... .. 41
Filber Civts: (Helease 3} coorin opaas cupavde oRaams o 47
Kitchen Sink Substrip - Stream 3 Cuts . . . .. .. .. .. ... .. 48
o Batantion Ounes: G it FROETTR  FEITTRNL SRt B 55
Analysis Cuta . . . o 00 Lo L e e e e 57

Results of fit to D" K, spectrum, background shape from mixed events 81
Results of fit to DK, spectrum, background shape Gtted from data 83

Fhsales-ok To Bitm: ool RURETTR DU SRy gn B9

iv



8.2
83
84

9.1

9.2

9.3

Sources of Systematic Errors in 17" Parameters
Reconstruction Efficiencies for I¥° . . . .00 0 00000000
Number of Reconstructed Events I0°

Masses and Widths of the D, : ET91 Results Compared with previ-
ous Experimental Measurements . . . . . . .. o0 L0000
Masses and Widths of the D™ @ ET91 Results Compared with previ-
ous Experimental Meagurements . o . o 0o ve s Do i i ol v
Falk-Peskin Parameter wsps 0 ET91 Results compared with previous

IMEASUTeTerthE .« . ¢ & oo 0 ooen 0 0 L LE b EE 8 & L b L



List of Figures

1.1
1.2
13
L4

21
22
23
24
2.3

26
27
2.8
2.9

31

4.1
4.2
4.3

6.1

Fey nman Diagrans for the Decay of a Charm-Strange P-wave Meson
Kinematics for astate decaying to D7 K9 followed by Dt - D

Helicity states for extreme values of wap . . 0 00 00000000 L
Decay angle for D7 4+ D'KY 0 .. L o000

BB Spaeirometer, (uieri i SRR ST SRy gn
Fermilab Tevatron and Experimental Areas [30] . .. . . .. ... ..
Beam Profile (a) = view, (b} y view .. .. . oo v v v o
(a) Primary Vertex z position (b) Secondary Vertex z position . . . .
K, Mass Spectrum (a) Track Momentum Measured with One Magnet,
(b} Track Momentum Measured with Two Magnets . . . .. 0. ..
COrientation of Drift Chamber Planes [30] . . . . . .. .. .. ... ..
Threshold Curves for the ET91 Cerenloov Counters . . . . . 0. .. . .

Attenuation curve for a Hadrometer chanmel . . 0 00 0 0 000 0L L
Muon pulse heights for Hadrometer channel HX17 .0 00 00 0. 0 L.

LR VA e creein e o e W R e R

(a) K; mass (SESTR), (b) K; momentum (SESTR), (¢} K; mass
(ESTR-regl), (d) K, momentum [ESTR-regl), (¢} K, mass (ESTR-
reg?), (I} K, momentum (ESTR-reg2} .. . ... ... 0000 o

Wi

1{)
11
12

14
15
17
21

22
25
26
30
32

34

38
39
42



6.2 (a) [P candidawe mass , (b) D¥ xp distribution, at KSSS level of cuts
6.3 (a) D" candidate mass . (b) D* zp distribution, at KSSS level of cuts
6.4 (a) D candidate mass , (b} D xp distribution at KSSS level of cuts
6.5 D7 signal for different zp bins alter optimization of cuts {a) all x5,

(R e GHE ) e o DEND i uan v R R

6.6 D signal for different zr bins after optimization of cuts, (a) all xr,
|:|IJ:|I;|? < L13 [f].‘ﬁp e ] 1 R L e P g g T LR T e L e

6.7 D signal after optimization of cuts, (a) all zp, (b} zp < 0.2, (¢}
v e 1 e P e B o . e e S R
6.8 (a) K, before cut on KSDIP, (b} K, signal, KSDIP < 0.3cm . . . . .
6.9 Monte Carlo I (a) KSDIP< 0.5 cm (b) KSDIP>05em . ... ..
6.10 Monte Carlo data {a) m{£* K.} calculated using nominal values of the
Ir and K; masses, (b) m(L" Ks) - m(D") + 18645, (¢} m(D" K;) -
miOr)-m(Ir)+ 18645 + 04977 . . o covii e e
6.11 m( D" K.} (a) nocut an KSDIP (b) KSDIP <0.5¢m . .. . ... ..
6.12 D K| invariant mass, (a} no cut on KSDIP (b} KSDIP < 0.5 cm . .
6.13 D° K invariant mass, (a) cut on K, CPRB2(I.4) > 0.13, (b) cut
o A PR BT, Y B L e e e e
6.14 D* K, cambinatoric badcground from mixed events . . . 0 .. 00 L.
6.15 DY K, combinatoric background fFom mixed events . . . . . . . . ..
6.16 D7 K* combinatoric background from mixed events (a) K2/ D > 0.13
PR e a1 R
6.17 Mass spectra for events where the K is ambiguous with a A”

6.18 (a) D#* spectrum where the =% has a probability of being a K
KAD=>0.13, (b) D7t spectrum, K2ID>0.5, (¢) DPK* spectrum for
events identified as D°, K2ID=0.13, (d) DK spectrum for events
tdenipified: as T BMIYA0GE: o S Sis e SR

6.19 DPK* invariant mass speetrum with 1° events removed | K+ Cerenkov
prolabiiie s BBl oot ORI TR R R

vii

a8

a9

i)
Gl
62

63
G4
63

66

69

(il

7l

V3



7.1

v.2
7.3

7.4
7.0

7.6
1.7

8.1

8.2

8.3
8.4
8.2

8.6

8.7
8.8
8.9

(a) Dr K, spectrum, (b} it with mixed event background and gaussian

" width — Comparison of Monte Carlo and Data . . . . . . .. ..
Background subtracted momentum distributions of bachelor 7 in O
ot N T O S O Y e S A A SO A A S R VA A S
D* width as a function of bachelor # momentum . . . . . 0. 0. ..
K, spectrum — projection of unbinned Gt (a) Loose KSDIP cut,
mixed event badepground, (b} Loose KSDIP cut, background Gt o data,
(e} Tight KSDIF cut, mixed event badeground, (d) Tight KSDIP cut,
bpclerind B B @RER 0 e e b b bbb b ek b
K, spectrum, signal regionshaded . . . .. 0 L0000 L
DK, anpular distribution, (a) signal region, (b)) mived event back-
ground, (¢} Monte Carlo, (d) signal - scaled badeground, . . . . . ..

Fits to DK, spectrum, (b} mixed event background only, (¢} mixed
event background plus two gaussians, (d) mixed event background plus
OOV EARE ANy, R EURRTRE RS RIS RRTER oW
Fits to IPKY spectrum, (b) mixed event background only, (e) mixed
event background plus one gaussian, (d) mixed event background plus
R hL T N A s U A A W O S OV ey W SR o A W S
Monte Carle DY A™ algnal o covvann vavuina eyt o
SESTR K, spectrum - comparison of Monte Carlo and Data . . . . .
Projection of Breit-Wigner convoluted with gaussian fits, (a) DY,
CyENETE arpiondh SURUDTRE SRESETR SRS SRRy ER
DK, spectrum - chede on alignment between SMD and Drift chamber
EYSEOTIE: GREaEnG REEEINGE NS DR SL TE B
DY K, spectrum with sigmal and sideband regions shaded . . . . . .
DK, spectrum for different bins of cos(8) . . . . .. .. o0 L.
Angular distributions for £¥7 (a) signal region, (b} sidebands , (¢]
signal-background, (d} Monte Carlo signal, () Acceptance corrected
sl R SRR RN R Ry B

viii

76
T

(i

82
83

8o

87

B8
o0
91

94
1
98



810 DPKY spectrum:  regions used for the signal and sideband angular
distributions are shaded, the dashed line is the wrong-sign (DK
-8 v T S W W W A Y WA S SO W Rl el R
8.11 Background angular distributions for the DK spectrum: (a) low
mass sideband, (b} high mass sideband, (¢} wrong-sign background
8.12 Angular distributions for peak at 2565 MeV /¢ in DK spectrum:
(a) Signal Region - data, (b} Signal Region Monte Carlo e
8.13 Angular distributions for peak at 2565 MeV /e® in DP K spectrum: (a)
signal region minus background from sidebands, (b) signal region minus
background from wrong-sign spectrum scaled by 1.14, (¢} distribution
in (a) corrected for acoeptance, (d) distribution in (b) corrected for

ACCEPLADDE . . o v v v e e e e e e e e e e e e e

i

101

103

104

105






Chapter 1

THEORETICAL MOTIVATION

1.1 Introduction

This thesis describes an attempt to messure the properties of mesons containing a
charm quark amd a strange quark in a state of orbital angular momentum £ > 0,
and compare these with the predictions of theoretical models based on heavy quark
effective theary. The study of mesons containing one heavy quark and one light quark
is an ideal testing ground for the one-body problem in hadron physics. As the heavy
quark's mass increases, (s motion decreases approaching the behavior of a fed foree
center. Thus the meson's properties will increasingly be governed by the dynamics of
the light quark which will approach a universal lmit [1].

The ¢ and b guarks have masses which are much greater than the QCD scale
Agep. The physics of hadrons containing one of these quarks is greatly simplified by
uging an effective theory constructed by taking the limit of QUD where the masses
of such heavy quarks go to infinity with their four-velocties fixed. In this limit, new
symmetries appear which can be used to predict the properties of such hadrons [2].
[ Top quarks decay before they fonn hadrons.) For mesons containing a heavy quark
of finite mass mg these symmetries are broken by effects of acder Agop /g, Because
my % Agep . heavy quark symmetry should provide an excellent deseription of the
B and B, mesons. It is plansible that the properties of D mesons and even K mesons

should also reflect approximate heavy-quark symmetry.

1



2 CHAPTER 1. THEORETICAL MOTIVATION

Table 1.1: Quark Maodel of L =0 Heavy-Light Mesons

Se &% S8 L J° Meson

The lowest lying states containing a light antiquark and a heavy quark [denoted
g and ¢ respectively) are the K, D and B mesons corresponding to relative angular
momentum L = 0 and spin singlets. The spin triplet states K+(892), D¢(2010) and
B+(5325) have also been identified and their spacings from the spin singlet states are
consistent with the expected 1/mg approach to the heavy quark limit.,

i} — m (D) B ldﬁMnlﬁ"{:ﬂ T i b
m{B*) - m(B)  46Mel jez B mic)

(L.1)

The next lightest QF states are the L = 1 (p-wave) states. There are expected to
be 4 L = 1 states for each OJF pair: a spin singlet state (J? = 171), and 3 spin triplet
states (JP = 0%, 1%, 2%). Hence there are 12 pwaw charm mesons corresponding to
the light quark being u, d or 8. The charm p-wave mesons are known as °° states.
The first p-wave charm meson was reported by the ARGUS collaboration in 1985 [3].
Sinee then six of the twelve expected p-wave charm states have been observed [4]-[17].
The other six are expected o be very wide and bence difficult to identify.

Evidence for the existence of orbitally excited B meson states has been reported
recently [18]. The B states would be particularly useful in tagging BY and B w
study CP violation. If we can identify all the DF states we may see how well we
can expect the models to predict the B** states. An understanding of the charm
hadrons is also needed because the beauty hadrons decay to charm hadrons and, for
making measurements on beauty hadrons, a good knowledge of the decay products is
easential [20].

Falk amnd Peskin [21] have recently pointed out that heavy quark spin symmetry
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Table 1.2: Quark Model of L =1 Heavy-Light Mesons

% L #l@ 3 Je Meson
/2 1 Y12 ot 1t Dy, Dy(j=1/2)
3 14,2+ Dy =3/2), Dy

provides strong constraints on the helicity probabilities of the heavy mesons produeed
by the fragmentation /hadronization of a heavy quark. They show the possibility of
detecting a net polarization of the initial heavy quark from the angular distribution
of the decay products. They define a parameter wy which can be determined from
this angular distribution. This is discussed in more detail in Section 1.5

1.2 Masses of P-wave Mesons With One Heavy
Quark

Heav y-quark systens can be well deseribed by non-relativistic potential models [24],[25].
Almost all phenomenological models parametrize the spin-independent part of the
inter-gquark interaction with a Coulomb type potential due to single gluon exchange
and a linear confining potential. The L = 1 charm mesons probe the inter-quark
potential at larger distances than charmoninm. Heavy Quark Effective Theory uses
the symmetries of the heavy quark limit to prediet mass splittings and relationships
between different decay amplitudes.

In the heavy quark approximation the only non-zero spin-dependent part of the
inter-quark potential is the spin-orbit interaction of the light quark. For mesons
with non-zero orbital angular momentum the total spin (5, + Sg) is no longer a
good quantum number. Instead the light quark’s spin couples to the orbital angular
momentum and the energy levels are characterized by j = L + 55, the total angular

momentum of the light quark.
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For L =1 mesons, taking the heavy mass limit results in two degenerate j = 3/2
states (2% and 1) and two degenerate § = 1/2 states (17 and 01), see Table 1.2,
For a finite mass heavy quark the mass splitting within a doublet is expected to
be inversely proportional to the mass of the heavy quark. The excited kaon states
identified as the 7 = 3/2 doublet are the K (1270) and the K;°(1430) with a mass
difference of 160 MeV /¢, The excited charm states identified as the 7 = 3/2 doublet
are the [4(2420) and the [%"(2460) with a mass difference of 40 MeV /¢®. This
change in mass splitting is consistent with the expected 1/myg variation. Note that
for a finite mass heavy quark the two J = 1 states can mix, so the observed states
may not be pure 7 = 3/2 and § = 1/2 in this case. Table 1.3 compares theoretical

and experimental values of masses of p-wave mesons.

1.3 Decay Properties of P-wave Mesons

A successful model of hadrons must address not only hadronie spectra but also the
internal structures of hadronic systems. OF course a spectrum amd its associated
gquantum numbers (spin, parity, isospin ete.) depend on this structure but the most
sensitive measures of the internal structure of hadrons are their couplings to other
hadrons and to electromagnetic and weak currents.

The L = 1 charm mesons decay strongly, mostly through two-body decays. Ta-
ble 1.4 shows the allowed two-body decay modes of the p-wave charm mesons. Note
that the relative angular momentum of the decay products must be even to conserve
parity. It can be seen that the spin 2 state decays via a D-wave to either a 07 o £},
the spin 1 state decays via either a D-wave or S-wave to a 07 and the spin zero state
decays via an S-wave woa D,

Heavy quark symmetry predicts that all strong decay amplitudes arsing from
the emission of light quanta such as 7, p, ete., are independent of heavy quark Bavor.
Also, for a given Ravor, the two states of a doublet (defined by the angular momentum
of the light quark) should have the same total width, and the ratio of partial widths
is predicted by the theory. The decays of excited mesons are usually deseribed by the

emission of a pseudoscalar particle from a quark [26]. In this model the amplitudes
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DECAY PROPERTIES OF P-WAVE MESONS

]

Table 1.3: Comparisan of Theoretical and Experimental Mases of P-wave Mesons

e o — ¢ ———— —=
Theory Fox perirenl
Qg | Ji | DeR{13] | GK[5] | EHQ{9] | E68T[33] | ARGUS | CLEQ | PDG[1Y] | DELP[IN
- 28] — [34] | [24) - 27)
Ger Ger (raw Gev Gev Gev Cew Trew
st | Zayg 1.43 L.43
laga 1.37 1.40
l1;3 1.35 L2
YT 1.3 i-43
ol [y | 242 | 250 2463 | 248 | 246 -
453 . 2468 !
laz | 299 | 247 9,427 3,421 !
h“ 431 * 46
Oys| 230 2.40 )
¥ | 2ajz| 2&T - 239 | 2337 2573 -
l3rz 2155 - 2.502 2.539 2.535 2545
lya!| 2395 253 |
; Il pg 2.52 245 !
"h:_'ﬁ;,:L, 3.80 ¢ 5067 E.7a0
lssg 578 5.7 548
Lyt o
Dyig a0
B | 2443 589 | LBAR
lyjs 5. 04 5,834
Lysz 0.8 H
012 383 |

* Belphi have obaerved a aingle broad cesonance which m not msigned any

spin parity.
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Figure 1.1: Feynman Diagrams for the Decay of a Charm-Strange P-wavwe Meson

Table 1.4: Two-body Decay Modes for P-waw Charm Mesons

initial final state
atate
el alive exammple
angular decay
JP L JuF? maotnen tum
o 1 i 2 DT D K
0 0 2 Ir: - DK
1t 1 0 0 s = IrtKy
1 i 2 Drr s DO
0 0 i i D - DPECH
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Table 1.5: P-wavwe Meson Decay Amplitudes

Initial State Final state Decay Width [1]
excluding kinematic factors

2+ 1- 0 35
0- 0 fpe

1*(3/2) 1~ 0 i
1*(1/2) 1- 0 15
0 0" 0 15

for the decay of p-wave mesons can be deseribed by two real parameters S and D
corresponding to S- and D-wave decays [26, 1], The decay amplitudes are shown in
Table 1.5. It can be seen that in the heavy quark limit the § = 1/2 state decays only
through an S-wave, while the 7 = 3/2 state decays only through a D-wave.

While heavy quark symmetry dos not relate S-wave to D-wave decay amplitudes,
the constituent quark model sugeests that S-wave decay amplitudes are very strong.
This may explain the difficulty in observing members of the j = 1/2 I mulitplets which
consequently are expected to have large widths, Sinee the quark model predicts that
S-wave widths are an order of magnitude larger than the D-wave widths even a weak
mixing of the J = 1 states with 7 = 1/2 and §j = 3/2 could have a substantial
effect on the widths of the § = 3/2" D, states. Note also that the partial widths
are proportional to ¢ t! where g is the momentum of the final state mesons in
the center of mass of the decaying meson and L is the relative angular moment um
of the final state mesons. This means that for decays close to threshold such as
e — K the D-waw amplitude will be suppressed. Table 1.6 compares theoretical

and experimental values of the widths of p-wave mesons.
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Table 1.6: Comparison of Theoretical and Experimental Widths of P-wave Mesons

Theory Experiment

Q7 J, | Resll] GK[%] EHQ[|| E6871§ ARGUS CLEO

[3]-[14] [5]-[8]
MeV/e?  MeVje?l  MeV/e? | Mev/c?  MeV/e?  MeV/e?

(4T 232 a7 63 28 254 10 154 12 At 10
| BT 24 L 18 1534 8 144+ 6 B ¥
Liys 250
0 2 204

af 21 7 16 5
| B 0.3 < 1 < 32 <39 <23
L 140

ﬂ,_lr\-j -3 lﬂ'
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1.4 Properties of P-wave Charm-Strange Mesons

The p-wave cF states can decay to 7K or DK, Two states have been observed at
masses of 2535 Mev/c® [10, 16] and 2573 Mev fe® [6], the Grst decaying to D°K and the
gecond to DK, The state at 2535 MeV /¢ is thought to be the J =1, § = 3/2 state.

It would be useful to confirm the spin of this D" K resonance. 15 the D™ is produced
unpolarized then its spin cannot be determined from the angular distribution of its

decay. However the spin of the D7 detennines the helicity of the daughter D"

The helicity A of the D" gowerns the distribution with mspect to the angle o
between the K and the 7 foom the D° decay in the D® rest frame (see Figure 1.2).

%Ej.n"!ﬂ A==1

1.2
ﬂfﬂﬁ'le{] A=10 l: ]

Wi = {
The helicity distribution of the 078 from D decay is determined by the Clebsdh-
Gordon coefficients. A pure D-wave decay of a spin 2 object leads o

W(g) = gsin“ﬂ (1.3)

while the decay of a spin 1 resonance leads to

(14 3c0s®0)/2 (pure D-wave)

1 (pure S-wave) 19

W (g) ={

Measurement of this angular distribution would determine the spin of the state at
2535 Mev/c”.

CLE() has observed a peak in the DK mass spectrum at 2573 Mev/c® which
they sugpest is the 2% state. The allowed decay modes of the 27 state are DK and
DK but the latver is expected to be suppressed because of lmited phase space.
Godfrey amnd Kokoski [26] predict the partial width for the decay to DK to be 6
to 10 times that for the decay to P K. The decay to Dha is forbidden by isespin

COn AR vaLiomn,
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D" rest frame

o~
Figure 1.2: Kinematics for astate decaying to D"V K followed by D™t — DPg

1.5 Polarization of Excited Heavy Mesons

Falk and Peskin [21] discuss the production via fragmentation of excited heavy mesons
amd baryons and explore the possibility of detecting a net polarization of the initial
heavy quark, either in a polarization of the final state or in anisotropies in the decay
products of the excited hadron. They begin with a heavy quark ejected at relativistic
speed from a hard reaction. This process is typically caleulable in perturbation theory
and is completed in a short time compared o the tine scale of the nonperturbative
strong interactions. Cher a longer time seale, a Fagmentation prooss oocurs which
eventually forms a physical hadron containing the heavy quark. The axis linking the
center-of-mass frame of the heavy quark to the center-of-mass of the hard process is
a preferred direction which is called the fragmentation axis. The = axis is talen o
be along this line. For a system of light degrees of feedom of spin j, they define the
Falk-Peskin parameter wy as the probability that fragmentation leads to a state with
the maximum value of |7%|. The parameter w; takes values between 0 and 1. (See
Figure 1.3

We will consider the case where 7 = 3/2. For a meson with J = 2 the spin of the
heavy quark must be along the same direction as 5. In the decay L5 —» LMK et 8

denote the angle between the kaon and the fragmentation axis in the D™ rest frame.



1.5. POLARIZATION OF EXCITED HEAVY MESQONS

i ="'3||IE
Z Jz ='3|'r2
2 >
coquark
Wiz =1
el e
>
C quark
W =0

Figure 1.3: Helicity states for extreme values of wy

(See Figure 1.4) The angular distribution for this decay is given by

11% _ %[1 - 300820 — Gty (co 0 — 1/3)]

11

(1.5)

The Falk-Peskin parameter wyp, can be extracted from experiment if the angular

distribution is measured. This angular distribution has been measured by ARGUS [9,

12] for the non strange 07 and the results sugeest that wyy, is close to zero. Onece

ity 1z 18 known one can make predietions for the angular distributions of the remaining

eecited L) meson decavs.
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Chapter 2

THE TAGGED PHOTON
SPECTROMETER

Fermilab Experiment ET91 is a high statistics charm particle experiment which took
data at the Tagged Photon Laboratory (TPL) during the 1991 fixed tarpget run. It was
the fourth in a series of charm experiments using the Tagged Photon Spectrometer.
Chver 20 billion events were recorded and the aim of reconstructing 100,000 charm
decays has been well exeeeded. The spectrometer is shown in Figure 2.1 and is

deseribed in detail in this chapter.

2.1 The Beam

The Fermilab Tevatron accelerates protons to an energy of 800 GeV. During the 1991
Beexd target run it operated on a cyele of 57 seconds accelerating the protons for 34 sec
(the interspill period), then slowly extracting them over a 23 second spill. The beam
was sent to the switchyvard where it was split into three beams for the Proton, Meson
and MNeutrine areas. The beam for the proton area was split further into the P-west,
P-center, P-east and Wide-band beams. The Tagged Photon Lab is in the P-east
beamline. The layout of the accelerator and beamlines is shown in Figure 2.2, The
beam for the experiment was created by the 800 GeV/c protons from the Tevatron

interacting with a 30 em beryllium target. The secondary beamline magnets were

13
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tuned to transport negative particles with a momentum of 300 GeV /e downstream
to the ET91 target in TPL. The beam consisted mostly of pions (98%). The first two
experiments at TPL used a photon beam and although high energy photons produce
more charm per hadronic interaction it is possible to get a higher intensity with a
pion beam. A negative beam was used to avold proton contamination.

During the run we took about 2 x 10" primary protons per spill which resul ted
in about 2 x 10" secondary plons per second incident on our target. The beam profile
on planes 5 and 6 (x and v directions) of the Silicon Microstrip detectors (SMDs),
just upstream of the target, is shown in Figure 2.3

2.2 The Target

The target consisted of fve disks each about 1 em in diameter. The most upstream
Lar et disk was FJLFl.L inirm (.5 mm thick and the other four were diamond 16 mm thick.
Each target was approx (006 of a proton interaction length. There was a gap of 1.5
cm between tarpgets. The thinness of the disks provides a strong constraint on the
z-position of the primary vertex amd the air gaps between them provided a volume for
reconstructing secomdary vertices uncontaminated by secondary interactions. Dense
materials were chosen to allow thin targets which would still provide enough material
for about 2% of the plons to interact and also provide a good chance for the shorter
lived particles to decay in the air gaps. The two different target materials allow a
measurement of the dependence of charm eroes section on atamic number, Details of

the targets are given in Table 2.1

2.3 The Silicon Microstrip Detectors

It is important to measure the tracks near the target with pood resolution in order to

be able to separate the primary and secondary vertices. Silicon Microstrip Detectors

(SMDs} were used o measure the trades of charped particles in the target regon.
An SMD consists of a wafer of silicon 300 pm thide, ion-implanted on both sides.

Boron was implanted on the upper face to form p-type strips over which a layer of
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Table 2.1: ET91 Target

z-position  material  thicknes  radiation  interaction

(i) (em) length length
-8.191 Platinum 0.052 0.169 0.00584
-6.690 carbon 0.157 0.012 0.00589
-a.154 carbon 0.157 0.012 0.00586
-3.594 carbon 0.153 0.012 (.(582
-2.0610) carbon 0.158 0.012 0.00582

aluminum served as an chmic contact. The spacing between the strips inner (pitch)
was 25 microns on the planes closest to the target amnd 50 microns on the other
planes. The other face of the silicon wafer was implanted with a continuous layer of
arsenic over which was deposited a layer of aluminum. A reverse bias voltage was
applied across this p-i-n dicde structure which created a region deplewsd of charpge
carriers. When acharged particle passes through the detector it liberates about 24,000
electron-hole pairs. This charge can be collected at the nearest strip in 10 nsee. The

signals were fanned out to pre-amplifiers amd then transmitted to discriminator cards.

Six planes of SMDs upstream of the target together with 8 planes of proportional
wire chambers (PWCs) provide beam tracking. Seventeen planes downstream of the
target are used to measure the tracks of charped particles produced by interactions

in the target. The SMD system had a geometrical acceptance of about 125 mrad.
Crwerall the SMDs were about 90% efficient with about 0.1% noise. The parameters
of the SMDs are given in Table 2.2,

Figure 2.4(a) shows the z-distribution of primary interaction vertices, clearly show-

ing the foil structure of the target. The peak near 2=0 is due to interactions in the
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Table 2.2 SMD Parameters

plane  orentation z-position  pitch  width  efficiency
(em) (pm)  (em)
1 ¥ -80.250 00.96 (.85
2 - -79.0919 25 0.96 .85
3 w -74.520 25:50 1.28 0.98
4 w -33.163 25:50 1.28 0.98
3 x -30.133 25:50 1.12 0.98
6 ¥ -29.483 25:50 1.12 0.98
7 ¥ 0670 25:50 2.48 0.83
8 x 1000 25:50 248 0.85
9 x 1.931 5 2.56 0.93
10 ¥ 3.015 Bl 2,56 0.95
11 v 6.684 i 2.56 0.96
12 ¥ 11.046 a 184 0.98
13 x 11.342 o J.84 0.97
14 v 14.956 5 384 0.94
15 X 19.915 a 5.00 0.90
16 ¥ 20.254 a0 5.00 0.88
17 v 23878 a0 5.00 0.98
18 v 27.558 50:200  9.60 0.98
19 x 31.848 50:200  9.60 0.96
20 ¥ 34.548 50:200  9.60 0.98
21 x 37.248 50:200  9.60 0.99
a4 = 0 AR ERLARG O S0 e

19
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Table 2.3: Magnet Parameters

M1 M2

Zpesition (em) 2735 B17.7

aperture (cm®)  174x86  171x88

length {cm) 165 208
current. (amps) 2500 18040
pr kick (Gev/e 0.21 0.32

interaction counter. Figure 2.4(b) shows the z-distribution of secondary vertices. The

transverse resolution of each plane came close to the theoretical value of piteh/+/12.

2.4 Downstream Tracking and Momentum Mea-

surement

The momenturmn of charged particles i3 determined by measuring the curvature of
the tradkes in a magnetic field. Two large-aperture magnets provide the feld and
the trajectories are measured with drift chambers. The details of the magnets are
given in Table 2.3 The main component of the magnetic feld was in the vertical
direction so particle trajectories were bent in the horizontal direction. The mametic
Beld was messured by Ziptrade [31, 32] before data taking and One tuned for each run
by reconstructing K particles (see Fig. 2.5). Ziptrack is a Fermilab magnet mapping
machine which used three small, mutually perpendicular cails with a common center
to measure the field.

A drft chamber is a device that uses the drifi time of lonization electrons in a

gas to measure the spatial position of an lonizing particle. Drift chambers consist of
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sense planes, made up of alternating sense wires and field shaping wires, sandwiched
between cathode planes to form drift cells around each sense wire. By using sets of
closely spaced U, V and X views, the physical location in space of charpged particle
trajectories could be found. The chambers were flled with a mixture of argon and
carbon dioxide. When a charpged particle passes through the gas, the gas becomes
ionized and the electrons drifi toward the sense wire. When the electron gets near
the sense wire a charge avalanche oocurs. The charge collected is passed to a time-
tomdigital converter (TDC) via a diseriminator.

There were a total of 35 drift chamber planes grouped into 11 assemblies (an
assembly i3 a set of planes used to determine a space point}. These assemblies were
further grouped into four chambers D1 through D4, All planes were in one of 3
orentations X, U or V as shown in Figure 2.6. D1 also had X' planes which were
offset by hall a cell o help resolve ambiguity arsing from the fact that one cannot
tell which side of the wire a particle passed. Details of the drift chambers are given
in Tahle 2.4. The resolution varied from about 260 pm for D3 to 500 pym for D4, The
average efficiency was about 90%. However the central region of the drifi chambers
had very low efficiency due to the high rate there. This lowered the efficiency for
ceconstructing high momentum tracks. Two planes of Proportional Wire Chambers
(PWCs) which measured the position in the Y-direction were placed just upstream
of D1 and between DIA and DIB to mprove tracking resolution.

2.5 The Cerenkov Detectors

Charm particles decay predominantly into final states containing a strange particle,
either K mesons ar hyperons (A, £}, which decay into protons (or neutrons ) and pions.
Hence being able to identily the kaons and protons among the more abundant plons is
very uselul. Particle identification was accomplished by two large gas-filled threshold
Cerenkov counters C1 and C2. A charged particle moving through a medium of
refractive index n at aspeed greater than the speed of light in that medium will emit
light at an angle cos 8 = 1/{n). Two particles of the same momentum but different

masses will be travelling at different speeds, hence for some particular refractive



24

CHAFPTER 2.

THE TAGGED FPHOTON SFECTROMETER

Table 2.4: Driflt Chamber Paramsstera

DC cell size (em) active area z-position
assembly uN X xxy (em’) (em)
D1-A 0.446 0.476 B6 x 63 144
DI1-A 0.446 0476 114 x 63 182
D2-1 0.892 0953 182 x 130 384
D2-2 (L8492 0.953 182 x 130 424
D23 0.892 0953 210 x 130 468
D24 0.892 0953 228 x 130 499
D31 L487 1.588 254 x 130 930
D32 1487 1.5388 254 x 130 972
D3-3 L487 1.588 254 x 130 1014
D34 L4B7 1.588 302 x 130 1045
D4 297 3.18 208 = 240 1744
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index, one will emit Cerenkov light whereas the other will not. The two detectors
had different gas mixturs to provide maximum diserimination between different mass
particles (7, K, P} at typical momenta for this experiment (see Fig. 2.7).

These counters operated at atmospheric pressure with a segmented mirror ar-
rangement. The Cerenlov light was reflected by mirrors into Winston cones which
passed the light to photomultplier tubes (PMTs). The face of each PMT was coated
with a layer of waveshifter to shift the wavelength of the incident lght (160 nm - 250

nm) toa wavelenpgth in the reglon where the PMTs were sensitive (350 nm - 500 nm).

2.6 The Calorimeters

A calorimeter is a deviee which measures the total energy deposited by a particle o
group of particles. The TPL calormeters are sampling calormeters which periodically
sample the development of a shower initiated by an incident particle. There are two
types of sampling calorimeter, distinguished by whether the incident particle initiates
an electromagnetic or hadronic shower.
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Table 2.5: Cerenkov Counter Parameters

Cl1 C2
Eas mixture 100% N, B0% He, 209 N,
refractive index 10002940 L.O00086
length (m) 3.7 6.6
number of cells 28 32
pion threshold [Gev/e) 6 11
kaon threshold (Gev/e) 20 36

proton threshold (Gev/e) 38 69

2
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Electrons and positrons with energies above 100 MeV lose energy almost entirely
through bremssirablung The emitted photons typically carry off a large fraction
of the electron's energy. For photons with energy greater than 100 MeV the major
interaction is pair production. In this manner a single initial electron, positron o
photon can develop into an electromagnetic shower, The measurable signal can be
congidered as the sum of the signals from the track segments of the paitrons and
eloctrons,

The physical processes that cause the development of a hadron shower are con-
siderably different from the processes in electromagnetic showers, When an incident
hadron interacts, about half the incident energy is passed on to additional fast see-
ondary particles. The remainder is consumed in multiparticle production of slow
pions. This results in a shower with a highly collimated core surmounded by lower
energy particles which extend a considerable distance away fram the shower axis.
Fluctuations in hadron shower development producing a range of different particles
with wstly different detection characteristics mean that a badron calofdmeter will
have & mudch poorer energy resolution than that of an electromagnetic calor meter.

The SLIC (Segnented Liquid lonization Calorimeter ) is an electromagnetic calorime-
ter used for identifving electrons and photons. The hadron calorimeter at TPL is
known as the Hadrometer, The energy deposited in the calorimeters was used to
form the transverse energy (ET) trigger (see page 33). The calormeters are the only
detectors in the TPL spectrometer which detect neutral particles,

2.6.1 The SLIC

The SLIC is composed of 60 lavers of lead and liquid scintillator’, each layer corre-
sponding to 1/3 of a radiation length. The liquid scintillator layers are divided into
strips 3.17 em wide by means of teflon coated sheets of aluminum which have square
waw corrugations The fist layer. the “U™ view, has corrugations at an angle of
+30.5deg w the vertical, the next layer, the *V™ view, has corrugations that are at
~20.5 deg to the vertical, and the next layer, the Y™ view, has corrugations that are

INEZ35A
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horizontal. The following layers repeat the U, V, Y sequence. Between the layers of
liguid seintillator are lead radiators which are actually AL-Pb-Al laminate. Each of
the corrugation channels forms a light pipe. The light generated in the seintillator
layers propagates along the teflon channels by total internal rellection. At one end
light is reflected by a mirror with a reflectivity of about 80%. The light reaching
the other end exits the SLIC through a lucite window. This light is collected by a
wawshifter bar which picks up light from all 20 layers in depth of a given view. A
photomultipier tube glued to the end of each wawbar converts the light to current
pulses. Under ideal conditions at least 10% of the light incident upon the wavebar
should be transmitted along the wavebar to the PMT. However it was discovered
befare the run that several wavebars on the bottom fee of the SLIC had been con-
taminated by oil leaks and had very low light yvield ab the PMT. These wavebars
were replaced and the ol leaks were patched before data taking began, Each read-
out, plus the associated liquid scintillation region is called a counter. There are 109
counters in each of the U and V views, and 116 counters in the Y view. Each PMT
had two outputs: the anode output went to an analog-to-digital converter (ADC) for
digitization and the output from the last dynode went to a weighted sum module for
the ET trigeer. Typically 60% of an electromagnetic shower was contained within a
single counter of width 3.17 cm, 80 the energy deposited in neighboring counters could

be used to God the shower position with a resolution of about 0.5 cm. A nitrogen
lager-driven light pulser system was used to feed light via fber optic cables to all

phototubes of the SLIC and HADROMETER. This system was used for setting up
the system and westing all components from the phototubes through to the ADCs.



THE TAGGED FHOTON SPECTROMETER

CHAFTER 2.

30

Bl £ A
et -, = o A
L, LT ) o Y g
e L oAy
3 !
- LEY AR
. )

fr [t N1
1
: o -
NP
WAVTEAAR — 'II: |I L II i T
1 5
PRIE II" |Ia ;I ! ’ ""-:"
S Nl 2
0 8% =m ¥ .09 cm *-\.\__\ b ':I : .
STEEL REINFOM MG BARS H""\-\H 3 1'| ’ L
s
5 s
e
W WTEA T
e
i DOUNTERS
| =
u-""'-'-.
., R

T YIEW
el COLTEmy
EACH 910&)|

Fipure 2.8: SLIC



2.7 MUON WALL 31

26.2 The Hadrometer

The Hadrometer consisted of 36 alternating layers of 1-inch thick steel plate and 3/8-
inch thick, 5.7-inch wide scintillator strips. The scintillator layers altemated with 33
vertical *X" strips and 19 horizontal *Y™ strips. The Y strips were further divided
at the center. The Hadrometer was divided into front and back modules. The first
9 upstream layers of each view were were joined by lucite light pipes which fed the
scintillator light into PMTs. Similarly the 9 downstream layers of each view were
joined by light pipes. Like the SLIC each PMT had two outputs: the anode signal
went bo an ADC, and the dynode signal to the ET trigger. The hadrometer provided
the anly source of information on neutral hadrons. However because of the poor
energy resolution (dE/E = ﬂ.?ﬁf\/ﬁ | the main uwse of the Hadrometer was in the

Lrigger.

2.7 Muon Wall

Just downstream of the Hadrometer is asteel wall 40 inches thick. Almost all particles
excepl muons and neutringg were alsorbed by thissteel. Downstream of the steel wall
are two layers of scintillation counters for muon identification: a set of vertical strips
known as the X Muoon Wall and a set of harizontal strips known as the Y Muoon Wall.
The geometry is shown in Figure 2.7, The scintillator light was fed inte PMTs, the
output of which fed into discrimators which set a latch bit if there was a signal above
the threshald of the diseriminator. The signal was also fed into a TDC so the time of
arrival of the signal could be used to detenmine the position of the particle along the
length of the scintillator. There is also a set of muon counters at the upstream end
of the spectrometer, known as the Front Muon Wall, This was only used as part of a

muon trigper for calorimeter calibration runs, and to veto halo muons in real events.



32 CHAPTER 2. THE TAGGED PHOTON SPECTROMETER

16| z4v —FMT
| ~ L IGHT GUIDE

ia

o {ap|ag|26|2a 22|20 18 [12l10] 8 |6 2| 2
14
3 T

| =l

II: s
11
W I:I.l
iy 4 :
iy |

r-

Figure 2.9: Muon Wall |:+1| X opunbers, |:h| Y counters



Chapter 3

TRIGGER AND DATA
ACQUISITION

3.1 Trigger

About one interaction in a thousand results in the production of charm quarks. These
events are difficult to recognize in real time. The strategy of ETOL was to use a very
open Lrigeer, writing a8 many ewnts Lo tape as possible online and then selecting
charm events offline. The main elements in the trigger were three seintillator pad-
dles (the beam spot counter, the halo counter and the interaction counter) and the

calorimeters. A beam particle passing through the tarpet was signaled by a eolnci-
dence between the beam spot amd interaction counters. Events with more than one
bearm particle were rejocted by vetoing events where either the signal in the beam
spot counter counter was too high, or where there was a signal in the halo counter
or where the total energy in the calorimeters was too high. About 2% of incident
particles interacted in the target. The interaction was detected by a signal in the in-
teraction counter more than 4.5 times that expected from the passage of a minimum
iz ng particle.

Charm events haw on average a higher transverse energy (ET) than events con-
taining only lighter quarks. The ET of an event was measured by summing the energy

in the calorimeters, with the signal from each channel being weighted by the distance

33
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Figure 3.1: Trigger Configuration

[rom the center of the detector. Most events were trigpered with this ET trigger which
required A single beam particle, an interaction, and an E'T above a certain threshold.
Smaller numbers of beam triggers and interaction trigegers were taken for monitoring
[ILLE [aE45.,

The threshold for the ET trigger was set so that the data rate saturated the
Data Acquisition system. This resulted in quite a low threshold so that the main
effect of the ET trigger was to reject non-interacting beam particles which passed the

mteraction counter threshaold,

3.2 Data Acquistion

The open trigger strategy of ET] required the development of a very [ast Data
Aoquisition system. Twenty-four thousand channels were digitized by ADCs, TDCs,
and latches, then read out by 16 parallel controllers. To achieve a 50 psec dead time
maost of the front end digitizers that had been used in previous experiments at TPL

were replaced by fasver systems. Events were recorded at a rave of 9000 per second
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during the spill and buffered to eight parallel 80-MByte FIFO memaories. Each FLFC
was attached to a specific set of front end controllers and contained a particular
sepment of each event. The FIFOs were read out continuously by a six crate VME
sysbem containing a total of 54 CPU cards. Each VME crate was attached o each
FIFCG to form a6 x 8 switching matrix. Six events could thus be built in parallel.
The CPUs also compressed events and prepared them for writing to tape. Seven
Exabyte 8-mm tape drives were attached to each VME crate. Thus a total of 42 tape
drives in paralle]l continuously recorded data at a rate of 9.6 Mbytes per second. The
42 tapes were changed after every 3 hours of beam time. During the six month run
from July 1991 until January 1992 twenty billion physics events were recorded on
24N B-mm LADES.
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CALIBRATION OF THE
CALORIMETERS

The aim of the calibration process was to measure the ratio of ADC counts w enerpgy
deposited for each channel of the calorimeters. This ratio is known as a calibration
conatant. Muons were used for the initial calibration of both the SLIC and Hadrom-
eter. Muons are minimum ionizing particles and will deposit approdmately the same
amount of energy independent of their momentum. The peak of the single muion

peak can be used to obtain a relative channel-to-channel calibration of the phototube
FAINS.

A muon beam was produced by eclosing the collimators in our beam line. The
mpons were well dispersed and hit all channels of the calorimeters. The analysis
magnets were turned off 50 the muons travelled parallel to the beamline and therefore
the distance travelled through each counter was the same,

We used a coincidence between the Front muon wall and Back Muon wall as a
trigger and recorded several million events in each calibration run. We did a muon
run approcdmately onee every two weeks during the experiment to monitor the gaing
of each channel.

3s
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4.1 Calibration of the Hadrometer

Muons were identified in the data by looking for a colneidence between oot and back
sections of the hadrometer in both X and Y channels. Knowing the X and Y position
of the muon, we plotted the muon signal as a lunetion of the position of the shower in
the seintillator. (A muon depositing energy cloge to the phototube will give a bigger
signal than one further away.) We then fitted an attenuvation curve for each channel.
This was only done once — we assume that the shape of the attenuation curve does
not change over the course of the experiment. (see Fig. 4.1}

For each muon run we identified muons and corrected the signal for attenuation to
get the equivalent signal at x = 0 {for Y counters) or y = 0 (for X counters). For each
channel we plotted a histogram of the muon signal and extracted the peak position.
O average this was about § ADC counts. (See Fig. 4.2) Fram previous experiments
using this calorimeter it was known that a muon gives the sanw signal a8 would be
seen when a plon of energy 2.4 GeV passes through the Hadrometer.

The alsolute calibration was checked using pions Fom normal data. The high
multiplicity of tracks in ET1 compared to previous experiments and the poor neso-
lution of the Hadrameter made it difficult 1o measure the alsolute calibration using

LS.

4.2 Calibration of the SLIC

The SLIC was also calibrated with muons in a similar fashion to the Hadrometer,
Muons were identified by looking for a 3-fold coincidence in the U, V, and Y views.
Attenuation curves were fitbed, the muon signal was histogrammed and the peak was
extracted for each channel. The muon peak for SLIC échannels was also about 6 ADC
COunts.

Electrons were used for the absolute calibration of the SLIC. An electron beam was
produced by putting a lead convertor downstream of the primary target, and tuning
the beamline for 20 GeV jo. An extra piece of aluminum was placed near the secondary

target to increase the number of electrons radiating a bremstrahlung photon which
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could then convert to an ete” pair, thus increasing the spread of momentum in the
beam and allowing both east and west sides of the SLIC to be calibraved. The analysis
magnets were turned on o allow the momentum of the track to be determined, and

Lo spread the electrons over ag many channels of the SLIC as possible.

The electrons were only in the central plane and so could not be used to calibrate
the Y channels. About 50% of the U and V channels were calibrated using the elec-
trong. For electron runsg, the momentum p of each track was found fom the dreift
chamber data. The gaing on each channel were adjusted by an iterative procedure
until we pot E/p = L0, where the enerpgy E was determined fom the energy de-
podited by the electron. By comparing the mmon and electron calibrations for those
channels calibrated by both methods we obtained a muon equivalent enerpgy and used
this to correct the gaing on those channels calibrated with muons only. The muon
equivalent energy was found to vary from 340 Mev to 424 Mev depending on the
geometry of the channels. In the center of the SLIC a wavebar collected the light
from a single cormgation. For outer channels a double-width wavebar collected the
light from two corrugations. Due to space restrictions some channels on the east side
had only a single-width wavebar to collect the light from two corrugations and hence
only collected hall the light. For this reason these channels had considerably poorer

resclution,

The Y channels were calibrated by fnding isolated electromagnetic showers in
normal data and requiring that the energy in the Y view be equal to that in the U
and V views, using only U and V channels that were calibrated with electrons. The
mign equivalent energy for the different types of channels is given in Table 4.1.

Ten muon runs were done during the course of the experiment. For each channel
the gain was plotted as a function of time and ftted toa straight line. The ftted values
were used to create 10 calibration Ales. When reconstructing data, the calibration
Ale with the latest run number earlier than the run being reconstructed was used o
convert ADC counts to energy in GeV.

The width of the E/p plot provided a measure of the energy resolution. We plotted
E/p for different momenta and then plotved (ogp)* va. 1/p (see Fig. 4.3). The fitted
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Table 4.1: Muon Equivalent Energy (MeV) for SLIC

geamnetry type U amd V channels Y channels
gingle width channels 302 424
double width channels
Full readout 371 400
half readout 341 -

energy resolution was

(er/E)® = (1T%/VE) + (11%)?

4.3 Monitoring of the Calorimeters

During data taking the state of the calorimeters was monitored continuously. A
small fraction of events was sent by the data acquisition system to an event pool
for monitoring all elements of the spectrometer. Particpation plots for all planes of
the calorimeters were made continuously 50 that any dead channels would be quickly
noticed. Dead channels could result from any of several causes including failures of
high voltage power supplies, burnt out resistors in phototube bases and failure of
ADC modules.

The data from the ADCs was pedestal subtracted and compressed (de. only chan-
nels with a signal of at least one eount were read out). The pedestals of the ADCs
were monitored during the interspill perod and the values downloaded to a memaory
in the ADC module for automatic subtraction.

The high voltage power supplies for the phototubes were monitored continously
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during the run amnd error messages were posted to a sereen in the control room if one

or more channels was outside the acceptable range.



Chapter 5

EVENT RECONSTRUCTION
AND SELECTION

The data sample consists of about 20 billion events on 24000 8&mm tapes. Each set
of 42 tapes with data recorded over about a three hour period is known as a run. The
total data set was divided into approximately 600 runs. It was an enormous Lask to

reduce this to a manageable set of events for physics analysis.

5.1 Event Reconstruction

5.1.1 Track reconstruction

Charged tracks were st reconstructed in the silicon system. First one dimensional
tracks were reconstructed in each view. Four hits were required in the X and Y
views anmd three hits in the V view. These tracks were then combined to form three
dimensional trades. The trades were then projected downstream through the magnets
and drift chambers. Tracks originating in the drift chambers were searched for using
the hits remaining, The efficiency in the central region of the drift chambers is much
lower than in the outer regions due to the high rate there. This reduces the efficiency

of reconstructing high momentum tracks.
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5.1.2 Vertex reconstruction

The soltware package called VIXSTR was used to reconstruct vertioes, VTXSTR
attempts to fnd a primary vertex among tracks that intercept the beam trads, Onee
a pood two prong vertex is Tound, additional tracks are added if they do not add too
much ¥* to the vertex fit. Secondary vertices are searched for among the tracks not
included in the primary vertex, starting with pairs of tracks with small distances of
clesest approach. The resolution of primary wertices vared from 240 pm to 400 pm
depending on target foil. The resolution of the vertices in the most upstream foil
was the worst due to multiple seattering of the tracks in the downstream foils. The

primary wrtex reconstruction efficiency was 96%.

5.2 Event Selection

5.2.1 Pass0 - Alignment, Calibration

Before reconstruction of each run we created alignment and calibration files for each
of the elements of the spectrometer.

5.2.2 Filtering

This stage of the data selection was done on large UNIX-based computer farms at four
centers: the University of Mississippi, Centro Brasileiro de Pesquisas Fisicas (CBPF),
Fermilab and Ohio State University (later moved to Kansas State University). For
each event charged tracks were mconstructed in the SMDs and deift chambers, pri-
mary and secondary vertices found, and Cerenkov probabilities caleulated.

In this Grat stage an event is kept if it containg one of the following:

e a secondary vertex in the SMD region,

& a secondary vertex in the region downstream of the SMDs that is a candidate

fora A or K,

e a pair of tracks in the SMDs that form a good candidate for a ¢.
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Approcimately three quarters are the data was analysed with this flter (Release
5 code). The Blter cuts are shown in Table 5.1, The remainder was reconstrocted
with improved reconstruction eode (Release 7) using the full magnetic feld instead of
a single bend point approximation and slightly modified Glter requirements ineludiong
the addition of a Glier for diffractive jets. The SMD secondary vertex Glter remained
Lhe same. More details of the Release 7 filter can be found in Ref.[39].

If the event passed this Glver, the calorimetry and muon identification were done.
About 18% of the events were selected by the filter and for these events the raw
data plus values of variables caleulated during reconstruction were written Lo data

summary tapes (DSTs).

5.2.3 Stripping

This stage of event seloction put tighter criteria on certain event types [40]. Particular
event topologies were identified and tagred so they could more easily be selected for
further analysis,. There were two output streams from this stage. The events with
candidates for a secondary vertex in the silicon are written to Stream A and events
with A ar K candidates were written to Stream B. Stream A selected 25% of filtered
events and Stream B selected 18%.

5.2.4 Substripping

The Stream A and B strip tapes are used as input for many different substrips. The
Kitchen Sink SubStrip (KSS5) uses the Stream A strip tapes as input and has three
different output streams. Output Stream 3 selects D (both 2-prong and 4-prong
decays) and D candidates.

Candidates for DP and DY particles were selected by looping over all possible
combinations of two, three or four tracks and then selecting good candidates based
on the values of the variables deseribed below. The values of the cuts are shown in
Table 5.2.

s CHIS: ¥* of secondary vertex it
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e SDZ: The significance of separation of two vertices.
SDZ = Azfe,, where Az =z, - 2y and o, = ‘\/',EE"JIIF! O ppec)

e DIP: The minimum distance between the primary vertex and line of Right of
the charm particle candidate a8 determined by the location of the secondary
vertex and the momenta of the daughter tracks,

o STGT: The number of standard deviations the secondary vertex is cutside the
nearest target foll. (A negative value of STGT means the secondary vertex is

within a target foil.)

e PT2DK: The sum of the transverse momentum squared of all tracks in the charm

candidate with respect to the direction defined by the sum of their momenta.

e SDCA: The distance of closest approach of a track to the primary vertex divided
by the error in that distance.

o SDCAMIN: The minimmm SDCA of all tracks in charm candidate

# PTH: The transwerse momentum balance ie. the transwerse momentum needed
Lo be added to the momentum of the charm candidate o male it point back o
the primary vertex from its calculated decay vertex location.

¢ CKVK: The probability that a track is a kaon based on Cerenkov counter in-
formation.
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Table 5.1: Filter Cuts (Release 5)
FILTER. CuT
sSMD 2-prong SDZ = 6
Vertex 3 or more prong SDZ =4
ESTR V K, track ¥ /DOF <8
track momen tum 0.5 - 500 GeV/e
DCA < (.5 em
z-position of decay = 10.0 cm
mass window 0.470 - 0.520 GeV/¢?
ESTR Y Af track x* /DO <5
track momentum 0.5 - 500 GeV/e
DCA < 0.7 em
z-position of decay > 10.0 cm
Fm:lj'lpmn = 2.6V

mass window

1.101 - L.127 GeV/¢

track y2/DOF
track rmomen tum
mass window
DA

K prob (each track)

K prob (product)

< 3
2 - 400 GeV
1.0094 — 1.0204 GE\-"JFE"‘
0.005
=012
> 005
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Table 5.2: Kitchen Sink Substrip — Stream 3 Cuts

CuT 2-prong 3-prong 4-prong
wio IF  with D

mass range (GeV/e?) | L75-20 L1.72-240 1720 1.7-2.0

botal charpe 0 +1 or -1 0 0
CHIS < 15 25 15 15
SDZ = 6.0 8.0 6.0 4.0

DIP (cm) < 008 007 006 007

PTB [GeV/c) < 0.8 0.7 0.8 0.8

SDCAMIN = 110 1.0 4.0 s

PT2DK (GeV?) > 0.2 = Z L




Chapter 6

SEARCH FOR D**

This chapter describes a search for 137" mesons. The possible final states from the
decay of the various X states are D*VK,, DYK, DK and DK, 1 will deseribe
here a search for the DFYK, . DYE and DK decay modes. (The D9 mode will

oot be searched for because our 7% detection efficiency is low.)

6.1 The Monte Carlo

The ET91 Monte Carlo program models the interaction of the beam with the target
and the sulsequent interactions of the secondary particles with the TPL spectrometer.
The foundation of the Monte Carlo 18 the the program PYTHIA[36] which models
the QCD processes in hadron-hadron collisions that ereate charm quark pairs, and
the fragmentation processes by which the charm quarks and the remnants of the
beam and target particles are transformed into the final state hadrons. The decay
of these hadrons is simulated using the known lifetimes. The final state particles are
propagated through the spectrometer and the response of the detector is sinmlated
taking account of processes such as multiple scattering, secondary interactions, photon
conversiong and brensstrahlung. The digtization part of the Monte Carlo simulates
the output of the detector taking aceount of efficiencies, noise and resolution. The
cutput of the Monte Carlo is in the same format as the raw data.

Using this program [ created a set of Monte Carlo events for each of the decay

49
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miules of the I7* that | was searching for. These events were then put through the

same reconstruction amnd analysis code that was used for the real data,

6.2 Event Selection

The starting point for my sample is stream 3 from the Kitchen Sink Substrip deseribed
in the previous chapter. These tapes were re-reconstructed with Release 7 code
without rejecting any events so K, candidates were available on the DST. Tracks
are labelled SESTR il they were reconstructed from hits in both the SMDs and drift
chambers and labelled ESTR i they were reconstructad [rom only deift chamber hits.
The I, candidates were searched for from either pairs of SESTR tracks or pairs of
ESTR tracks. The combinatoric badground was too high relative to the number
of signal events to use one SESTH and one ESTR tradk. The cuts used are listed
in tahle 6.1. Region 1 K, candidates are those with a decay wrtex upstream of
the front face of the frst mapgnet and Region 2 K, candidates are those that decay
downstream of this. The mass plots and moment um disteibutions of K, D", D", and
I candidates from the Kitchen Sink Substrip are shown in Figures 6.1 - 6.4,

6.3 Analysis Cuts

I further substrip these tapes to get three sets of tapes:
e Set 1 containg events with a K| candidate and a DY candidate (KPI from KSSS).

e Set 2 contains events with a K, candidate and a D candidate [K2PI from
KSSS )

e Set 3 contains events with a D7 candidate (KPI from KS5S) and another track
which is a charged laon candidate (Cerenkov probability > 0.13).

These tapes were copied, removing duplicate events in each set. (Duplicate events
argse because oocasionally an incorrect tape was loaded at the filer stage where the

tape number was not written internally and therefore could not be checked when
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Tahle 6.1: K, Selection Cuts

CuT REGION 1 REGION 2
SESTR-SESTR ESTR-ESTR ESTR-ESTR
mass range(GeV/¢?) | 047 - 0.52 0.47 - 0.52 0.465 - 0.525
total charge 0 0 0
DCA (em) < - 1.2 0.7
S5DZ = 15 = -
DIP (¢m) < 0.015 0.4 (8 <z < 10) 1.0
0.7 (10 < z < 20)
1.0 (z > 20)

reading the tape. Approximately 1% of events were mejected because they were du-
plicates. )

Before searching for D signals 1 needed to decide on the best way to optimize
any D™ signal in an unbiassed way. [ found that there wes very little charm signal
above background in events where the primary vertex was in the interaction counter
s0 I rejected these events for all modes. After rejecting the events in the interaction
counter 1 found that the D" signal was reasonably clean so | made no further cuts at
this stage except that for each pair of tracks making a 17 candidate I allowed on one
entry by choosing the track with the greatest Cerenkov probability to be the kaon.

For the other modes the D and D9 need to be optimdzed. The number of D
events reconstructed will be proportional to the number of events in the D peak,
and the background under the D°° will be proportional to the number of signal plus
background of the D). Hence if we optimize S/4/S + B for the DY and D% we will
have optimized Sjﬁ'ﬁ for the D", For each of the cut variables listed in Table 5.2 1
plotted efficiency vs. cut and 5/4/(5 + B} vs. cut, tightening the cuts by an iterative
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procedure until 1 had maximized 5745+ B, All cuts up to this point are shown in
Table 6.2.

Figures 6.5 through 6.7 show the mass peaks with the tighter cuts as deseribed

abane,

The SESTR K, signal is very clean as can be seen from fgure 6.1, The signal to
background ratic for the ESTR K, signal can be improved by cutting on the minimmim
distance between the projection of the reconstructed K track and the primary vertex
(KSDIP). Figure 6.8 shows the K, signal before and afver a cut on KSDIP < 0.5 em.
It can be seen that this cut retaing 90% of the signal while improving the signal to
background ratico from 2.3 to 3.6, however the significance of the signal (.@'fﬁ.‘j’ + B}
is reduced from 176.5 to 1748 The Monw Carlo D™ signal becomes narrower s
this cut is tightened (see Fig. 6.9). The DK, and D" K, signals will be plotted both
with amd without this eut.

The euts on the bachelor kaon from the decay D) — DK™ were selected by
optimizing S/+/B where the signal 8 was from Monte Carlo events and the background
B was [rom data. The resulting cuts are: the K™ must come from the primary vertex
(in the vertex list) and must have a Cerenkov probability greater than 0.5. Because
the Cerenkov probability is not modelled perfectly in the Monte Carlo I start with
a lomer cut on the Cerenlov probability at 0.13 and plot the DK spectrum both
with a loose cut and a tight cut on the Cerenkov probability. (1 also require that
the K+ track be detected downstream of the first Cerenkov counter in order that
Cerenkov identification be mesaninglul.

The Ot - K, and DY - K, mass spectra are plotted using the cuts on the D
and D" as described abowe and +20 mass windows for Ks, DY, D" and D" - D°,
The DK invariant masses are calculated using the momenta of the DY, DY and K
as measured but fixing the masses to their nominal values from the Particle Data
Group [19]. Using Monte Carlo data I found that this method gave a peak with a
gaussian width of 1.6 MeV/¢® compared to the method used by EG87 which uses the
mass difference between the 7 candidate amd the I which gave a width of 5.0
MeV je? (see Fig. 6.10).
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Table 6.2: Analysis Cuts

av

CUT 2-prong J-prong
wio I with D*
mass range(GeV /) | L75-20  L753-20 1.72-20
total charpe 0 ] +1 or -1
CHIS = 15 15 25
SDZ = 8.0 6.0 12.0
DIF (em) < 0.004 0.007 0.005
PTB (GeV/fe)< 0.4 0.7 0.35
STGT = 0.0 0.0 1.0
SDCAMIN > a.0 1.0 4.0
PT2DK (GeV®) > 0.6 0.2 0.35
ZPRI (em)< 0.5 0.5 0.5
KPROB = - - 0.11
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Figure 6.11(a) shows the D" K| invariant mass spectrum with no cuts on the K,
Figure 6.11(b) shows the D™ K, invariant mass spectrum with KSDIP less than 0.5
1.

Figure 6.12(a) shows the DY K, invariant mass spectrum with no cuts on the K.
Figure 6.12(h) shows the DY K| invariant mass spectrum with KSDIP less than 0.5
Cr,

The PP K™Y mass spectrum is plotted using the cuts on the ¥ as described above
and a +27 mass window. The D? is combined with all trades from the primary vertex
that have charpe opposite that of the kaon from the D? decay and have a Cerenkov
kaon probability greater than 0.13. Figure 6.13 shows the DYK " mass spectrum with
loose and tight cuts on the Cerenkov kaon probability of the bachelor kaon candidate.
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6.4 Background

In order to fit the invariant mass spectra a model for the background shape is needed.
The main source of background is combinatoric background where a real o false 13
combines with a real or false K but the D and the K are not from a 2% decay.

For each of the possible D77 decay modes | modelled the combinatoric background
by taking each D {or D"} in the sipgnal histogram and combining it with kaons from
many other events. It tums out that the backgroumd shape is very dependent on the
zp of the I, 50 1 combined each £ not with the same number of kaons but racher with
enough kaons so that each I in the signal histogram contributed the same number
of entries to the mixed event badepround histogram (de. invarant mass below 3.0
GeV/e?) In all 3 modes this background shape is Gtted to a function of the form

const « (x E.Ei'.t!"!:l'nI w g Taez (6.1}

Figures 6.14-6.16 show the combinatoric background shape for each of the decay
miules.

We also need to consider other sources of background such as reflections from
other states where one or more of the decay products is misidentified or where one of
the decay products is not observed (eg. #¥ or neutrine).

For the decay modes with a K, in the final state we need to consider the possi-
bility of misidentifying a A" as a K,. Although there are no known D7AY or OFA°
resonances, | checked the possibility by plotting the DPA% or DPAY mass and DK,
or DK, mass for all events where the K, was ambiguous with a A" . There was no
significant. peak in these plots. 1 also plotted the IPK, and DYEK, spectra for the
ambiguous events (see Fig 6.17).

For the DK decay mode there is a possibility that the K is really a 7% that
has passed the Cerenkov cut. 1 checked this by plotting the DK"Y as DPn% | Fig-
ure 6.18(a) shows this spectrum with a Cerenkov kaon probability cut K210 > 0.13
on the pion and figure 6.18(hb) shows this spectrum with a Cerenkov kaon probability
cut K200 = 0.5 an the pion.

There is a significant D° peak for K200 > 0.13 and still a small faction of D"
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Zib 2.8 a

Figure 6.19: DK™ invariant mass spectrum with D events removed [ K Cerenkov
probability = 0.5)

even when the Cerenkov kaon probability is increased to 0.5. There is no evidence of
the non-strange 0@ at 2460 MeV /¢®. Taking the events in the D" peak and plotting
them as DPK, | find a strong peak between 2550 MeV /c® and 2600 MeV /c* (see
Fig. 6.18 {¢}). I replot the DPKY invariant mass spectrum removing all events where
m(DPat) - m{ D) is less than 150 MeV /¢ (see Fig. 6.19).



Chapter 7

THE D*K, SPECTRUM

7.1 Fitting the Mass and width of the D};(2535)

There is a peak in the IFK, mass spectrum near the D9 state at 2535 Mel /e
Figure 7.1 shows the result of a fit with combinatoric badiground as described above
and a gaussian. | find a signal with a mass of 25334 1 MeV /c® and a gaussian width
of 44 1 MeV /e, Monte Carlo events were created with an intringic width of zero
80 the reconstructed width givws a measure of the rsolution of the spectrometer for
this muode. Figure 6.10(a) shows the Gtted Monte Carlo peak. It can be seen that the
peak has a gaussian width of 1.6 MeV /¢® which is narrower than the data peak. This
could be because the [%* has an intringic width comparable to or larger than the
resolution or becanse the Monte Carlo width is an underestimate of the experimental
rescl ution.

An independent check of the reliability of the Monte Carlo width can be made
using the I peak. This D}" decay mode has a low @ value (25 MeV). The D" —
Pt decay also has a low Q) value so 1 compared the width of the Monte Carlo
I peak with data o see if there was reasonable agreement. The results can be
seen in Figure 7.2, The width of the D7 is well modelled in the Monte Carlo when
the bachelor plon 8 a SESTR track, however when the bachelor pion is an ESTR
track the I is about 30% wider in data than in Monte Carlo. Almost all of the
events in the 7" peak contain an ESTR K so it is the ESTR width that is most

7a
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important to estimate correctly. It is possible that the difference is due to the different
momentum distributions in these 2 cases. Figure 7.3 shows the background subtracted
momentum distribtutions for the bachelor pions. I checked that the width was not
strongly dependent on the momentum of the bachelor pion by plotting the D® - P
mass difference for different momentum bing of the bachelor pion (see Fig. 7.4). Lt is
posaible that the increased width of the D® for ESTR pionsis partially due o the Gt
that the pions underwent larger than average multiple scattering in the SMDs and
therefore were not reconstructed there. This is not a problem foe ESTR K 8 because
they decay downstream of the SMDs. However a comparison of the width of the D
between Monte Carlo and data can give an estimate of the systematic error due to

uging the Monte Carlo width in Gtting the DX

As the I¥T is wider than the expected resolution I Gtted the peak with a Breit-
Wigner convoluted with a gaussian. The Gt was done both with and without the cut
on KSDIP for 2 different widths of gaussian — first with a width of L7 MeV/¢* &
predicted by the Monte Carlo and second with the width inereased by 30% e 2.2
MeV/je®. 1 used an unbinned maximum likelihood fit and the results are shown in
Table 7.1. 1t can be seen from the table that there is a difference of 0.9 MeV /e®
between the fitved widths using a loose and tight KSDIP cut. The variation in width
from using a different width gaussian is 0.4 MeV /e®. The projections of the fits using
a ganssian width of 1.7 MeV /¢ are shown in Figure 7.5.

There is a poesible systematic error due to not using the correct background shape.
I Gtted the backgroumd outside the peak region with a curve of the same form as the
mixed event background to get new parameters P1 and P2 in equation 6.1, Fixing
these parameters, [ then refitted the peak and badepround. The results of the new
Ot are given in Table 7.2 and the projection of the Gt is shown in Figure 7.5. With
this backgroumnd shape the Gtted Breit-Wigner width inereases by about 4.5 MeV /2.
This is the dominant source of systematic error. The systematic error on the width is
obtained by adding in quadrature the errors from the variation in background shape,
gaussian width and KSDIP cut. The systematic error on the mass is dominated by
the variation in the KSDIP cut plus another 0.5 MeV is added due to the uncertainty
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Table 7.1: Results of Gt w £F K, spectrum, backgroumd shape from mixed events

Gaussian width Mass Breit-Wigner width
MeV fe* MeV fe® MeV /e*
Lloyose KSDIP cut | 23333+1.2 33 +357
22 25334+ 14 29+39
Tight KSDIP cut L.y 25338+ 1.2 24433
2.2 253394+ 09 20+ 36

i the 7 mass.

The mass of the 07" is measured to be
(25333.5 + L 4(statistical) + 0.8(systematic) ) MeV fe*
The intrinsic width of the D?* i3 measured to be
(5.0 + 3.6(statistical} + 2.3(systematic)) MeV /¢

7.2 Angular Distribution of the D' K. decay

The distribution of the angle 8 between the K from the 0 decay and the 7 from the
I decay in the D* rest Fame is determined by the spin of the D (see Section 1.4).
The DK, spectrum with a tight KSDIP cut is shown in Figure 7.6. The signal
cegion to be used for determining the angular distribution is shaded. To determine
the angular distribution of the background under the signal 1 use the mixed event
sample and scale this to 2 events per bin.

The angnlar distributions of signal and background are shown in Figure 7.7 to-
pether with the distribution from Monte Carlo events. The Monte Carlo events were
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Table 7.2: Results of Gt v O K, spectrum, background shape fitted from data

Gausslan width Mass Breit-Wigner width

MeV /c* MeV fc? MeV /c?
loose KSDIP cut 1.7 25332+ 1.6 B.0 =+ 3.6
2.2 25331+ 186 T.T+3.7
Tight KSDIP cut L7 35338+ 14 6.8+ 3.5
22 25339+ 14 6.0+ 36

7 i

kg 2821

E e [y Bpea]]

ﬁ !

Figure 7.6: D" K, spéctiiin, signal region shaded
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generated with a flat distribution and the reconstructed events havwe a Aat distribu-
tion within errors. The signal-background disribution is shown in Figure 7.7(d) with
a fit to the equation 1 + Feos? . The result of the ftis 3 = —0.08 + 0.68. This is

congistent with the S-wave docay of a J =1 D™ meson.
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Chapter 8

THE DtKs AND DKt SPECTRA

8.1 Fitting the Mass and Width of Observed Peaks

The DK, apectrum appears to show two peaks, neither of which is the state at 2335
MeV /e? seen in the DFK, spectrum.

Looking at the DK spectrum we find that even after removal of events which
would be consistent with a I we see some evidence of a signal in the region 2550 -
2600 MeV /¢* and perhaps another peak at about 2640 MeV /e

Although statistics are poor it s interesting that there is some evidence of two
peaks in both decay modes. Thisis unexpected because only two of the D9 states are
expected to be this narrow [26] amd as the state ab 2535 MeV/¢? is well established
we would expect to fnd ooly one other narrow state.

I fit both these spectra with a background shape from mixed events and two
gaussians. The fts are also done with just a single gaussian plus background in order
to determine the significance of the second peak. The wsults of the fits are shown in
Figures 8.1 -8.2. The y*/degree of freedom decreases from 111/39 to 93/56 for the
DK, mode but there 18 very little improverment in the Gt adding a second peak in
the fit to the DVK + maode.

As in the [F Kq spectrum the peaks are wider than the resolution as determined
from the Monte Carlo. Monte Carlo events were created with zero width at a mass
of 2573 MeV /e?. The fit to the DK, peak is shown in Figure 6.9, 1t has a width of

86
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Tahle 8.1: Results of ﬂ’;‘ fits

Decay Mode
fit parameter DK, DR i

Mass 1 (MeV/c?) 2867 +£5 2565+ 5
Width 1 (MeV/e2) | 164 12 21 + 10
Mass 2 (MeV/c?) | 2645 + 5 2644+ 7

Width 2 (MeV/¢2) | 204 23 11 + 16

4.5 £ 0.13 MeV /c?. If we assume that this is underestimated by 30% it is still much
narrower than the Btted data peak which has a width of 154 4 MeV/ e

The Monte Carlo peak for the DK events is shown in Figure 8.3, It can be seen
in this case that the width is 3.2 4+ 0.2 MeV/¢® which is narrower than the data peak
(11 + 3 MeV /e?).

The decay 07" < DPKY has a similar Q-value to K, < «*7~. One can compare
the width of the K peak between Monte Carlo and data to estimate the accuracy of
the Monte Carlo width of the £7%®. From Figure 8.4 we can see that the Monte Carlo
understimates the width of the SESTR K, peak by about 25%.

I refitted both the DVYE, and DK spoctra with two Breit-Wigners convoluted
with ganssians, using a gaussian width of 5.0 Mev/c*® for the DVK] and 4.3 MeV /¢*
for the DKV 1 used a D-wave Breit-Wigner for the lower mass peak because it is
predicted to be a spin 2 state which decays through a D-wave. The results are shown

in Table 8.1 and the Gts are shown in Figure 8.5

The systematic errors were estimated by studying the varation in fit parameters
with

e chanpges in width of gaussian
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Table 8.2: Sources of Systematic Errors in 177 Parameters
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Contribution to error in MeV /¢

Mass 1 Width 1 Mass2 Width 2

vary gaussian width by £ 1.0 MeV/¢*

use S-wave Breit-Wigner
VAry culs

frnass seale

02 240 0.2 2.0
10 20 1.0 20
a.0 240 adl 210

0.3 - 0.5 -




8.1. FITTING THE MASS AND WIDTH OF OBSERVED FPEAKS 03

e using an S-wave instead of D-wave Breit-Wigner.

o changes in cuts: the dominant source of error came from changing the Cerenkov
cut on the kaon from the D9 and D

For the Monte Carlo peak, the reconstructed value agrees with the thrown value
within statistical errors in both decay modes. There is another systematic error due to
the fact that all masses are tied to the mass of the I meson which has an uncertainty
of 0.5 MeV for the D” and 0.7 MeV for the D,

The sources of systematic error are shown in Table 8.2,

Posaible explanations for the unexpected second peal are:
o The second peak is a statistical Huetuation.

# there is one peak but it is split due to some problem with reconstruction. For
example if there were a misalignment between the SMD frame of reference and
the Drift Chamber frame. (This would only cause a problem in the DV E,
modle.) The tracks forming the DY are reconstructed in the SMDs but for most
of the K 's the tracks are reconstructed in the Drift Chambers. A misalignment
between the two coordinate Fames could cause the angle between the DV and
the K, to be underestimated in some events and overestimated in others. 1
plotted the DV K, invariant mass for events where dr/dz(D") = dr/dz( K)
and also for events where die/dz( D) < defdz( K[} (se0e Figs. 8.6). There was
ng evidenee of any separation of peaks due to misalignment. Similarly I checloed
events for misalignment in the y-direction but fouml none.

e The two peaks are the 0F and 2% states. It is very likely that the resonance at
2573 MeV /¢ is the 2% state because we would expect the mass splitting within
the 7 = 3/2 doublet to be very cloge to that of the non-strange 7 = 3/2 doublet.
Looking at the p-wave kaons | Ko™(1430) K=" (1430)) we see that the J =0
state is slightly heavier than the J = 2 state, so it is possible that this is also

the case for the charm p-wave mesons.
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Table 8.3 Reconstruction Efficiencies for 17

Decay mode events events MO Total
penerated  reconstructed  efficiency Efficiency
D (Kan) K, (nte-) | 40406 1003 00203 0.0131 & 0.0004

(2573 MeV/¢2)

DY (Kan) Ky(nta™) | 47895 890 0.0186  0.0120 + .0.0004
(2640 MeV /c?)

DO Kx) K+ 14831 47 00318  0.0155 + 0.0006
(2573 MeV/c?)

DO[Kw) K 47317 1198 00253  0.0123 + 0.0004
(2640 MeV /¢2)

If both peaks are [} states then the branching fractions to DV K® and DP K
should be equal. The efficiency of reconstructing each mode can be found from
Monte Carlo events and is shown in Table 83. The Monte Carlo efficiencies are
determined without using any Cerenkov euts. The efficiencies of the Cerenkov cuts
are obtained from data [37]. The number of events reconstructed in each mode is
shown in Table 8.4,

The ratio of branching fractions is given by:

['(D;7(2573) = D*K")  Nif[e « BR(DY - K ata? )« BRIK® — 207
(D2 (2573) — DPK+) — Na/f[62 # BR(DP = K-t}

(8.1)
where Ny and N3 are the number of events in the lower mnss peak of the DK, and
P K spectra respectively and ¢; amd ¢; are the efficiencies for reconstructing each
mle. Using the values measured for these variables and the values of the D and
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Table 8.4: Number of Reconstructed Events D7

Decay mode Events in peak

DY (Kar) K,(nt7") 71 23
(2573 MeV/c?)

Dt Kan) K, (ztx") T3+ 27
(2640 MeV /c”)

P Kx) K1 116 == 34
(2573 MeV /c?)

DO(Kx) K 39 + 26
(2640 MeV /e2)

¥ branching fractions from the Particle Data Group [19] we get

[(D0*(2565) — D*K?)

F(De(zses o Dok = 09I+ 041 (8.2)
Similarly for the higher mass peak we get
5 s - b e
DR I ) omsy gy (8.3)

(D= (2645) — DOK+)

The peak at 2565 Mev/c® is consistent with being the J? = 2% charm-strange
meson. Better statistics are needed to make a definitive statement about the higher
mass peak.
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8.2 Angular distributions of D'K, and D"K" de-

cays

If we assume that the peak near 2565 Mev/c® is the 2% state we can measure the
Falk-Peskin paramseter, TS [rom the angular distribution of the kaons in the D=
rest frame. First 1 consider the DK, mode. 1 tightened the Cerenkov cut on the
kaon from the DV decay to get a somewhat cleaner peak. The new mass plot is
shown in Figure 8.7, with the regions to be used for signal and badepround angular
distributions shaded. The mass spectrum for different regions of cosd is shown in
Figure 8.8, 1t can be seen in this Ggure that the low mass peak is predominately in
the egions where |cosd| = 0.5 but the high mass peak is more uniformly spread over
the different bins of cos 8.

The angular distributions for the signal and background regions are shown in Fig-
ure 8.9 together with the badipround subtracted distribution for the signal region,
This final distribution needs 1o be corrected for acceptance. The Monte Carlo events
were created with a Qat angular distribution so the measured distribution of the
Monte Carlo events will give the experimental acceptance. Figure 8.9(d) shows the
angular distribution of the Monte Carlo events with the same cuts as the data. Fig-
ure 8.9(e} shows the angular distribution for the signal with background subtracted
and corrected for acceptance. The line is the best fit to the equation

const s [1 + 3ecog O = Gwaplcos” & = 1/3)] (8.4)

The measured value of the Falk-Peskin parameter wape for this decay mode is
(.18 + 0.26.

Nexct we consider the DK™ decay mode. The badiground angular distribution
can be detenmined in two ways; either from the sidebands or fom the wrong-sign
DK~ spectrum. Figure 8.10 shows the DK speetrum with the signal and sideband
reglons shaded. The dotted line shows the wrong-sign spectrum. Both methods of
determining the badiground angular distribution have potential problems.

It can be seen from Figure 8.11 that the angular distribution of the lower mass
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sidebamd is very different from that of the higher mass sideband. It is not clear
that summing these two distributions would give the best estimate of the angular
distribution of the badcground under the signal.

It can be seen that the wrongsign spectrum has fewer entries than the right-sign.
This is because it is more lkely for there o be two opposite sign kaons in an event
than two same sign kaons, This can be compensated for by scaling the wrong-sign
distribution by the ratio of the number of events estimated as badcground in the
right-sign distribution over the number of events in the wrong-sign distribution. 1
estimate this to be 441/386 = 1.14. Figure 8.11(¢) shows the angular distribution of
the wrong-sign background in the signal region.

Figure 8.12 shows the angnlar distribution of the rdght-sign signal region and that
of the Mante Carlo signal. The signal — background distribution found by the two
methods is shown in Figure 813 together with the Gts of the acceptance corvected
distributions to Equation 8.4. The results are wyp = 0.18 £ 0.30 using the sideband
background and wsse = <017 £ 0.30 using the scaled wrong-sign badiground.

As wapr is defined as a probability it must be greater than or equal to zero. A
value of zero for wsy implies that the D7 is produced with zero population of the

extreme helicity states h = 42,
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Chapter 9

CONCLUSIONS

In this thesis | hawe reported the first observation of excited charm-strange mesons
in a hadroproduction experiment.

The mass and width of the £,"(2535) haw been mwssured and compared to
other experiments (see Table 9.1}, The mass messured in ET91, (25336 + 14 +
0.3} MeV /c", agrees within errors but is slightly lower than that measured by other
experiments. The other experiments find that the width of the peak is consistent
with their resclution and only quote upper limits on the intringic width, 1t appears
that our peak is wider than expected from our resolution alone but the errors are
large and not incongistent with a very narrow intrinsic widih.

The angnlar distribution of the bachelor pion in the D rest frame with respect
to the O direction is shown in Figure 7.7 and is consistent with being an S-wave
decay of a J=1 state.

We otserve a peak in the DPKY gpectrum at 2565 MeV /¢® which is consistent
within errors with the peak observed by CLEOQ and ARGUS at 2573 MeV/c". We
also observe a peak in the DY K, spectrum which adds confirmation to the state seen
in DPKY. We measure the branching ratio between the two modes to be close o
unity (0.93 + 0.41) which is expected by isospin invariance. The peak in the DY,
decay mode has not been reported by any other experiment. The measured masses
amd widths are shown in Table 9.2 together with the results from CLEC and ARGUS.
It is interesting to note that a state at 2564 MeV/e® decaying to DK (6 events) was
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once claimed to have been seen in neutrinoe data from BEBC [42] however this was
later retracted [17]. If the state at 2565 MeV/e® i3 aspin 2 state it would be expected
to decay to both DG and 7K. We do not see any evidence for a peak in the D" K
decay mode at 2565 MeV /e, however the branching fraction to D°K is expected to
be much smaller than that to DK [26].

If we assume that this state at 2563 MeV /¢ is the JP = 2% state, (its mass is
cloge to the theoretically predicted mass), then it is meaningful to Gt the angolar
distribution to equation 8.4 and get a measurment of the Falk-Peskin parameter wsps
[21]. Our mesults are shown in Table 9.3 and are consistent with Falk and Peskin's
analysis of ARGUS data for the non-strange D state. It appears that the value of
s I8 close to zero which implies that the 12" is produced with zero population of
the extreme helicity states b = +2.

We also see some evidence of a peak at 2645 MeV /¢® in both DK™ and DV K,
spectra. This peak has a significance of 3 standard deviations in the DVYK, mode.
The peak is not statistically significant in the DK maode but is of interest because
it is at the same mass as that in the DY K, mode. This peak is not seen by CLECO
or ARGUS in their DK specira although there is a small excess of events in that
region in both experiments and not inconsistent with there being a peak in that
region. It is dificult to compare the results of E791 with those of CLECQ and ARGUS
as both production mechanisms and efficiency of reconstruction may differ greatly.
Firatly CLEQ and ARGUS are ¢te” collider experiments where the center-ofmass
enerey is at one of the upsilon (bb) resonances or nearby continuum, whereas ET1 isa
Oxed target hadroproduction with a beam momentum of 500 GeV /e, The production
ratiog of different charm states could be quite different between ete~ annihilation and

gluon-gluon fusion which is the dominant production mechanism in had roproduction.

Secondly the cuts required to see the signal above badk ground will be very different
il the badiground is from different sources. In the collider experinents the heavy
msons are produced at low momentum in the lab frame and so the distanee between
the production and decay vertices cannot be used to identify the D° and DY staves
which decay weakly. However the multiplicity of the events is lower so there is less
combinatoric baclkground.
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Table 9.1: Masses and Widths of the D™ : ET91 Results Compared with previous
Experimental Measurements

Experiment Decay Mode Mass (MeV/e?)  Width (MeV/e*)  # ewents

(limits 90% CL)
E791 D+ K0 25336 +144+03 50+36+23 0+7
ARGUS [10] Dt KO 25359 + 0.6 £ 2.0 <4.3 16 =+ 6
ARGUS [14] Dot 25352+ 05+1.5 <3.9 28 + 10
CLEQ II[§] Dt 2534.8 + 0.6 £0.6 44+ 8
CLEO 11 [§] DKt 2535.3 £ 0.2 +0.5 <2.3 134 4 22
EGR7[16] ot Re 25350 £ 06 +1.0 <3.2 943
Dot 449
BEBC[17] DK DK 2534.2 + 1.2 <2.3 4+9

In the next two years charm data sets an onder of magnitude larger will be available
from Fermilab experiment FOCUS{ES31) and from CLEC. The increased statistics
should help confirtn or reject the enhancement observed at 2645 MeV /¢,
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Table 9.2. Masses and Widths of the Dg* : ET1 Results Compared with previous
Experimental Measurements

Experiment  Decay Mode  Mass (MeV/e®)  Width (MeV/¢®)  # Events

ET91 DKo 2567 + 5 + § 16+ 12+ 4 71423
ET91 DK+ 9565+ 5 + § 21+ 10+ 4 116 + 34
ARGUS [15] DOEH 2%745+3.3+16 10.4+83+30 93437
CLEO 11 [€] DKt 2573.2 + 1.7+ 0.8 16 + 5+ 3 217 + 54

Table 9.3: Falk-Peskin Parameter ws : E791 Results compared with previous mea-
surement

Experiment Decay Maode Wapa
E7T91 D™ — D+RY =18 + (.26
E7T91 D™ = DUKH 0.005 %= 0.30

ARGUS [21] D;** — Dot 0.3 (<0.24 690% CL)
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