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Chapter 1 

THEORETICAL MOTIVATION 

1.1 Introd uction 

T his t hesis describes ar1 attrunpt to rooasuro t he properties of tnesoils COl\IAit\it\g a 

cl1Ar1n quark aod a strange quark it\ a state of orbital angular tno1ncotuin L > 0, 

and 001nparc t hese with t he predictioos of theoretical inodcls based on licav)' quark 

cl:Tcctivc t hcorl'· T he stud) ' of inesons oonlAio.iog one he&V)' quark and one light quark 

is an ideal tootiog grouod for t he ooc-bod)' problmn io llAdroo ph)'Sics. J-\ s t he he&V)' 

Quark•s tn&SS iftCrMSCS, its tnOtiOO decreases approacltit\g t hC bellAViOr Of a fLXCd rorOO 
oootcr. T hus t he inesoo•s properties will i.t\croosi.t\g l) ' be govcrocd b)' t he dJ'ilAlnics <i 
t he light quark whid1 will approach a uttivcrsal funit llJ. 

1'hc c aod b quarks have tnasses which arc inucl1 greater than tho QCO scale 

1\qcD· T he ph)'SiCS of hadrons COl\IAit\i.t\g one of t hese quarks is gre&tl) ' sitnplified b)' 

usi.t\g ao effective thOOI)' constructed b)' tAkit\g t he li1nit of QCO where tho tnasses 

of s uch hMV)' quarks go to iofu\it)' with their rour-vclocities fixed. It\ this litni t, oew 

S)'tnrootries appear which cao be used to predict t he propert ies of such llAdrons l2J. 
(Top quarks deCA)' before tlie)' fonn h.adroils .) For inesons oontAit\i.t\g a hMV)' quark 

of fu\ itc inass fl"Q tl1esc S)'tnrootries are broken b) ' effects of order -~D/rt1rq. Because 

'n. > 1\qcD , licav)' quark S)'ffi1netr)' s hould provide ao exoollcnt description of tl1e 

B aod B# roosons. It is plausible t h.at tl10 properties of D tnesoos aod even I< tnesoils 

s hould also rcllcct approx:itnatc heav)•-qu.ark S)'tnrootr)'· 

I 



2 CHAP1'Ell, I . 1'HE0JlE'l'lCAL M01'1VA1'10N 

Table I.I: Quark Model of L = O Heavy-Light Mesons 

S. S L ,JP Meson 

1/2 1/2 0 0 o-
1 1-

fY' ' tf' 
D· Jl• 

1'hc lowoot l) 'll"tg statoo oootaittiog a light aot iquark aod a hMVJ' quark (denoted 

q and Q r(lSpectivcl)') arc t he 7?, D and B inesons corresponding to relative angular 

momentum L = O and s pin s it1gle"'. T he spill triplet states K-(892), 0"(2010) and 

B·(5325) have also boon identified and t heir spaciogs fro1n t he spio s i.t\glet states arc 

ooosistcot wit h t he expected l/rt1q approach co the hcav)' q uark litnit . 

m(D") - m(D ) _ 145MeV/c2 _ 
3 15 

~ m(b) 
m(B·) - m(B ) - 46MeV/& - · ~ m(c) 

{I. I) 

T he next ligboost Qq states arc t ho L = 1 (p-wavc) states. T hero arc CX'PCCtcd to 

be 4 L = I states for 0Acl1 Qq pair: a spill s il1glet state (,JP = 1• ), and 3 s pin triplet 

St&t(lS (,JP = o+, 1+'2+). Hcooo there arc 12 ~W&\'C cl1Ar1n iOOSOilS oorrospoodit\g to 

t he light quark bci..og u, d or s. T he char1n ~wave inesoos arc koowo as D·· states. 

1'hc flfst p-wavc cl1Ar1n tnesoo was reported b)' t he J-\ llGUS oollalx>ratioo io 1985 IJJ. 
Siooo th co six of the cwcl vc CX'PCCted p-wavc chann states llA\'C boon oOOcrved l4J-l17J. 
1'hc other six arc CX'PCCted to be VCI")' wide and hcnoo difficult to idc ntif) '· 

1::.vidc ooo ror the existence of orbitAll) ' excited B ineson states llAS boon reported 

rooent ly l18J. T he B·· states would be part icularly useful in taggit1g tf' and B' to 

s tud)' CP violat ion. If wc cao idcnt if) ' all tho D·· states we in&)' sec how well wc 
cao CX'PCCt t he inodcls to predict the B·· states . ... \o uoderstai\dit\g of t he chann 

had rons is also oecded because t he beaut)' llAdroos d ecal' to cl1Ar1n hadroris aod, for 

in akit\g tneasuroroonrs on beaut)' hadroris, a good lu\owledgc of t he dCCil)' products is 

essential l20J. 

f alk aod Peskio l21J have reootttl) ' poioted out tl1at be&V)' quark s pio S)'tn1nCtr) ' 
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Table 1.2: Quark Model of L = 1 Heavy-Light Mesons 

s. L J~(q) Sq ,JP ~'IOSOl\ 

1/2 1 '. 2 1/2 o•, 1• D0 , D,(j = 1/2) 
! • 1+' 2 ... D,(j = 3/2), D, 2 

provides strong coostraiots on tho hclicit)' probabilit ies <i t he he&VJ' tnesoils producOO 

b)' tho rrag1ncntatioo/ llAdrooiY.at ioo of a hCl\V)' quark. T hC)' s how the possibilit)' <i 
dctoctit\g a oct polAriY.ation of the i.t\it ial hMVJ' quark fro1n t he angular distribut ion 

of t he dCCA) ' products. T hCJ' defu1c a parainctcr WJ whid1 cao be d ctcnn.it\ed fro1n 

t h.is angular distribution. T his is discussed it1 tnorc detail io Section 1.5. 

1.2 M asses of P -wave Mesons With One Heavy 

Quark 

HMVJ'-<tUArk SJ'StCiM cao be well described bJ' oon-rclativistic potent ial inodcls l24J,l25J. 

J-\ltnost all phcoo1ncoologica.l tnodcls parrunctri1..c t he s pio- iodcpcodei\t part of the 

it1tcr-qu.ark it1ooractioo with a Coulo1n b tJ'PO pooootial due to si.oglo gluon cxcl1.a.ogc 

and a linear oonfio.it\g potent ial. T he L = 1 cha.on inesoos probe the i.t\ter-QUArk 

potential at larger distaooos Ila&\ cl1Ar1no1tiu1n . HMVJ' Quark Etkcti\'C 1'hOOT)' uses 

t he S)'tn1nctries of t he hMV)' Quark litn it t0 predict tnass splittings and relationships 

between dil:Tereot decal' tunplitudes. 

lo Ilic hCAV)' Quark approx:itnatioo t he oral) ' 000-1..ero s pio-d cpendcot part of Ilic 

i.t\ter-Qu.ark potent ial is t he spit\-Orbit i.t\teraction of t he light Quark. For tnesoos 

will1 000-1..ero o rbital angular inotneot uin t he total spit\ (S. + SQ) is oo longer a 

good Qu.aot uin outnber. lostCtM:l Ilic light Quark•s s pio couples to Ilic o rbital &\gular 

ino1neotu1n &\d Ilic energy levels arc d1aracteriY..cd b)' j = L + .sf, t he total &\gular 

inotneotutn of Ilic light Quark. 
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1:-0r L = 1 inesons, tAkit\g the he&VJ' tnass li1nit results i.t\ cwo degenerate j = 3/ 2 

Statel (2+ and 1+) and two degenerate j = 1/2 Statei (1+ and o•), SOO Table 1.2. 

For a fu1itc 1nass hMV)' quark t he 1nass s plit tit\g withit\ a doublet is expected to 

be i.t\vcrscl)' proportion.al to tho inass of t he he&VJ' quark. 1'ho e xcited kaoo states 

identilled as the j = 3/ 2 doublet are t he K,(12'70) and t he K2(1430) wit h a mass 

di!Tcrenoo of 160 MeV /c". T he excited charm stateS identified as t he j = 3/ 2 doublet 

are t he D1(2420) and the 0 1°(2460) with a mass dilTcrenoo of 40 MeV/c". T his 

cl1Aogc it1 1nass s plit tiog is coosisccot wit h t he CX'PCCtcd 1/rn.q variat ion. Note ll1at 

for a fu\itc tnass ltMVJ' quark t he cwo ,/ = 1 states ca.o tnix, so t he oOOcr\'cd states 

in&)' oot be pure j = 3/ 2 and j = 1/2 it1 t his case. Table 1.3 001n pares t heoretical 

and CX'peri.tncotal values <i tnasses of ~w&\'C inesoos. 

1.3 Decay P roperties of P-wave Mesons 

f\ successful tnodcl of hadrons tnust address oot oitlJ' h.adrooic spectra but also the 

i.t\tcrnAI structures of hOOrooic S)'Struns. Of oourse a s pectru1n and its asSO<:iatcd 

qucv1tutn ouin bers (spit1, paritl'. isospi.t\ cte.) dcpcitd on this structure but tho tnost 

sens it ive ineasurcs of t he iotcr(IAI s tructure of hadrOilS arc t heir ooupliogs to other 

ltAdrons aod toclcctro1nagilctic and weak curte(1ts. 

1'hc L = 1 cl1Ar1n inesons decal' strong!)', inostll ' through t~bod)' dCCA)'S. Ta

ble 1.4 shows the allowed c~bod)' decal' inodcs of t he ~wave cl1Ar1n inesorlS. Note 

t h.at t he rclativc aogular tn0tncotutn of t he doc:a)' produc~ inust be C\'eo to conserve 

paritl'· It CAO be seen t h.at t ho spit\ 2 state dCCA)'S via a 0 -wavc to either a D· or D, 

t he spit1 1 state deca)'S via eithe r a 0 -wavc or S-wavc to a D· and t he s pio 1..cro state 

dCCl\)'S via AO &wa\'C to a D. 

Hcavl' quark Sl'1n1nCtf)' prcdic~ that all s tror1g decal' ainplit udes arisiog fro1n 

t he mnission of light quai\ ta sud1 as 1f, p, cte. , arc it\dcpCt\dCt\t <i ltCt\Vl' quark flavor. 

f\ lso, for a givCt\ flavor, t he two states of a doublet (dcfu\00 b)' the aogular ino1ncot uin 

of t he light quark) s hould have t he sar.nc total width, And tho ratio of partial widtllS 

is predicted b)' the tltOOf)'· 1'hcdeca)'S of excited inesorlS arc usuall) ' described b)' tl1c 

mnission of a pscudosealAr particle fro1n a quark l26J . lit t his inodcl t he ar.nplitudcs 
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Table 1.3: C.On1pari.<i(llt of Thoorct.ical atKI &peritnentAI N138'1t'8 or P-wave i\•lesottS 

- .. -
Theory F,rocri1111:11t 

. . . 

Qq J; . V.Rjl3) GK(:;j EHQl9) E657[3.;} ARGUS CLEO PDG[:Wj 
! (2~] - (:14) f24J - :211 

Geo a .. Gc-v GtN Cev a.~ . i 

. tr 'l"/l 1.43 
. 

1,, , I .Ji 
I 1;J 1.35 
01n 1.21 I ·-ell 23/2 2.42 2.50 2.403 I 2.4~5 2. I 

2.453 2.169 
1,,, 2.39 Z.47 2.4Z2 2.421 
11/ 1 2.31 2.46 
0112 2..,0 2-40 . a 1:.('% 'l.h1 ' 2.$9 2.037 11'73 
1.,. z~ :l.5fi I 2.li02 2.~ 2.535 'l.~ 
I 1,2 ; i.525 2.55 ' 

! ' . 
0112 2.52 I 2.48 I 

5.80 ·-· . Oii ~.,, ; .). rut 

ls/ a 5.78 .I. 75~ 
1,,, 5.18 ' 

' 01n .!), 76 
~ I 'la/> i>.88 ...... 

1111 ~. l!<s 5.834 
1111 s.ss ' 
0112 5.33 i . 

"' Or.lpl1i l1a'ie observed • Aingl6 broad monaoc~ whiclt iti not it.tti.igr.ed QJJ.y 
•l>in l)<lrlty. 

Ge~ 

l.43 
I.AO 
L.27 
i.13 

DELP(~Bj 

o .. 
; 

' 

' ' ' ' ' 

' - .. ·---

5.732• 
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1'"'igurc 1.1: F'C)'tUnao Oiagrruns for the Occa)' of a CllAnn-Straogc P-w&\'C ?\rleson 

Table 1.4: 1'wo-00d)' Occa)' ?\rloc:les for P-w&\'C Cl1ar1n ?\rlosons 

io itial fu1al state 
State 

relati \'C example 

I .I/' 
angular decay 

·'' ,J'lPJ tn0tnco tu tn 

2• 1- o- 2 o ;; -+ o·• Ks 
o- o- 2 D;o -+ D• Ks 

I 
1• 1- o- 0 10·· ... o·• J( " s 1- o- 2 D·· -+ D .. J(+ 

" 
I o• o- o- 0 
I 

o·· -+ fY'K • 
'° 



1.3. DECA l' PR,OPEJll'lES OF P-WAVE MESONS 7 

Table 1.5: P-wa'~ Meson Decay Amplit udes 

lnitilll State l'inlll stAte Decay Width llJ 
exeludit\g kiocrnatic factors 

1- 0- .!./)'l 

o- 0- 'f l)'l • 
I " o- !/)'l • 
I " o- !ff' 

2 

o- o- !ff' 
2 

for tho dCCA)' of p-wavc inesoos cao be described b)' cwo real paratnctcrs S and 0 

OOrr(lSpood it\g to S- aod 0 -w&\'C dcca)'S 126, lJ. 1'ho dCCA)' tunplit udes arc shown io 

1Ablc 1.5. It ca.o be seen that i.t\ t ho he&V)' q uark fun i t t he j = 1/2 state dCCA)'S oni) ' 

t ltrough art S-wavc, while t he j = 3/2 State dCCA)'S Oitl) ' th rough a 0 -wavc. 

\ Vltilc hcavl' quark S)'tn 1nCtr) ' doos oot relAtc S-wavc to 0 -w&\'C dCCA)' tunplitudes, 

t he ooostit ucot quark inodcl su.ggesrs that S-wavc dCCA)' ainplitudes arc vcrl' stroog. 

1'his iM)' CX'PIAit\ t he difficult)' it\ oOOcn•iog inmnbers of tho j = 1/2+ in ulit plcrs whid 1 

oonscquru1t l) ' arccx,pecood co have Large widths. Siooo tho quark inodcl predicts that 

&wave widths arc ao order of tnttgnit udo larger t h.an t he 0 -wa\'c widths even a weak 

inixiog of t he ,/ = 1 states wit h j = 1/2 and j = 3/ 2 oould have a substantial 

cf:Tcct on t he widths of t he j = 3/ 2+ D1 staoos. Note also t h.at t he partial widths 

arc proport ional to q2l + i where q is t he ino1ncnt uin of the fu\al state inesons io 

t he 00t1tcr of inass of the dcca)'ll"tg tnesoil and L is t he relative angular inotncnt uin 

of tho fu\al state inesons. 1'h.is incans that for doc:a)'S close to t hreshold sud1 as 

D;· -> D•J< t he 0 -wa\'C ainplit udo will bosuppresscd. Table 1.6 001nparcs t heoretical 

and CX'perllncnt al values of tho widths of p-wave tnesoils . 
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Table 1.6: Co1nparison ofThoorctical and Ex,pcri1ncn1Al \Vidths of P-wavc ~'le50ilS 

T heory 

I 
Ex'peritncot 

Qq ,1, lloollJ GKl26J EHQJ28J I E'Al87( 16J ARGUS CLEO 
l3J-ll4J l5J-l8J 

McV/C' McV/c2 McV/C' Mcv/C' MeV/C' MeV/C' 

Cli 2ati 37 63 28 25± 10 15± 12 ro± 10 

"''I 24 26 18 15± 8 14± 6 23± 7 
1112 250 

01121 290 

tS 2.12 I 21 7 16± 5 
1.12 0.3 < 1 < 3.2 < 3.9 < 2.3 
1111 140 
0111 310 
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1.4 P roperties of P -wave Charm-Strange Mesons 

1'hc p-wavc a states can deca)' to D· I< or DI<. Two states llA\'C boon oOOcr\'cd at 

tnll$CS of 253.5 Mcv/C' 110, 16J and 2573 Mcv /c2 l6J , t he first decay~1g to D· I( and the 

seoond to DI<. T he state at 2535 McV JC' is t hought to be t he,/ = 1, j = 3/ 2 staoo. 

It would be uooful to oon.finn the spit1 of t his D· 1< resooaooo. If tho v·· is produoo:l 

unpo1Ari1..ec:l then its spit1 car1oot be dctcnn.it\ed fro1n t he angular d istribut ion of i~ 

dCCA)'· Ho-.vcvcr t he s pio of t he D·· dctcnnioes the hc licit)' of t he daughter D·. 

T he hclicit)' ). of t he v· gO\'CrttS t he distribution wit h nispcct to t he angle 0 
bctwooo t he /( and tho 1r fro1n the D· decal' it1 tho D· rest fratnc (sec Figure 1.2). 

(I. 2) 

1'hc hclicit)' d istribut ion of the v·s fro1n v·· dCCA)' is dctcr1nioed b)' t he OoOOd1-

Gordoo coefficients. f\ pure 0 -wavc dCCA)' of a spit\ 2 object leads to 

while t ho decal' of a s pio 1 rosonai\ oo leads to 

\·V(O) = { ;1 + 3oos
2
0)/2 (pure 0 -wavc) 

(pure $-wave) 

(1. 3) 

(1.4) 

?\1easurmncnt of t his angular d istribut ion would detcnn.it\O the spit\ <i tho state at 

2535 Mcv/C'. 

CLEO bas observed a peak it\ t he /)O J( + inass s pectrutn at 2573 ?\rlcv/c'1 whid 1 

t hey suwist is t he 2" staoo. T he allo-1 decay modes of t he 2~ state arc DK and 

D• /( but t he latter is CX'PCCted tO be suppressed because of litnited phASC spa.cc. 

Godfrey and Kokooki l26J predict t he partial width for the decay to DK to be 6 

to 10 t i.tnes t h.at for t he doc:a)' to D· /( . 1'hc dcca)' to D#~ is rorbiddcn b)' isospio 

oooscrvatioo. 
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• D restframe 

1.5 P olarization of Excited H eavy Mesons 

1:-alk aod Peskit\ l21J discuss the production via fragmentation of excited licav'j' tnesoos 

and bar'j•oris aod tx'plorc t he possibilit'j' <i dctcctiog a oct po1Ari1.atioo of the i.t\it i.al 

hcav'j' quark, either it1 a polari1.atioo of the fioAI state or it\ anisotropies it\ t he doc:a'j' 

products of tho e xcited hadron. 1'ht'j' bcgi.t\ wit h a hMVJ' quark ejected at relativistic 

speed fro1n a bArd rcactioo. T his process is t'j'PiCAli'j' CAlculAblc it1 perturbat ion t hOOr'j' 

and is 001n plctcd io a s hort t i.tnc 001n parcd to t he ti1ne sea.lo of t he ooopert urbativc 

strong iotcractioos. Over a longer t itnc sea.lo, a fragmentation process occurs whid 1 

cvcotuall'j' ror1ns a ph'j'Sical hadron ooot ai(tiog tho he&V'j' quark. T he a.xis liitkiog the 

oootcr-of-1nass Craine of t he he&VJ' quark to tho oootcr-of-1nass of the llArd process is 

a preferred direction which is CAlled the rrag1ncntatiol\ axis. T he z axis is t aken to 

be alol\g t his lit\C. For a S)'StCtn or light degrees or frecdo1n or spit\ j , t he)' dcfioe the 

1:-alk-Peskio partunetcr Wj as the probabilit)' t h.at rr&gffiCl\t&tiOl\ leads to a state wit h 

t he tn ax:itn uin value or Ii.ii. 1'he parainctcr w1 takes values becwool\ O and 1. (Soo 

Figure 1.3) 

\Ve will OOilSider t he case where j = 3/ 2. For a inesoo with ,/ = 2 t he spit\ o r the 

heav)' quark inust be along t he s&ne diroctiol\ as j . l l\ the dOCA)' D;.; ....+ DI< let 0 
del\ote t he tu\gle between the kaol\ and the rra.gr.nCt\ tatiol\ axis io the D·· rest Craine. 



1.5. POLA1UZA1'10N OF Excn ·ED HEA Vl' MESO.NS 

; = -J/2 .z 

iz = 112 

iz =312 

c quark 

W312= 1 

c quark 

wm=D 

f:' iguro 1.3: Hclicit)' states for extrmnc values of Wafl 

(Sec f:' iguro 1.4) 1'hc angular distribution ror this doc:a)' is given b)' 

11 

(1.5) 

The f alk-Peskit1 paratnctcr w,.11 cao be extracted fro1n CX'pcritncot if the angular 

distr ibution is ineasured. 1'his angular distr ibution hAS boon ineasured b) ' J-\ llGUS 19, 
12J for the ooo strange D·· and the r(lSuits suggest that w3/'1 is clooo co zero. Oooo 

Wafi is koowo onccar1 inakc predictioos for t he aogulardistribut ioos of the retnaioiog 

excited D inesoo deca) 'S. 
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•• 
D res! frame 

Figure 1.4: DeCAy angle for o;· -> £f' J(+ 



Chapter 2 

THE TAGGED PHOTON 

SPECTROMETER 

t:crinitab Ex'peritncot E-'191 is a hig h statistics d 1ann particle CX'peritncot which took 

data at tho Tagged Photon LaboratOr)' (TPL) duriog the 1991 fixed target rm\. It was 

t he fourth io a series of d 1ann cxperitncnts usi.t\g the Tagged Photon Spectro1nctcr. 

Over 20 billion events were recorded and t he aitn of rccoostructiog 100,000 chann 

dCCA)'S has boon wcll cxooeded. T he spectro1nctcr is shown it1 f igure 2.1 and is 

described it\ detail it\ this chapter. 

2.1 T he Beam 

The l:C.-1nilab Tcvatroo acooleraoos protons to ar1 energy of 800 GcV. Ouri.t\g tho 1991 

fLXed target run it operated on a C)'Clo of 57 seconds acoolcrati.t\g t ho protons for 34 sec 

(tho iotcrspiU period), t hen s lowl) ' c xtractiog tl1mn over a 23 second s piU. T he beatn 

was scot to t he switchyard where it was s plit it1to t ltroo beatns ror t he Proton, ~,lesoo 

and Neut rino areas. 1'hc betun ror the proton area was s plit further i.t\tO t he P-wcst, 

P-oootcr, P-east and \Vid~band betuns. T he Tagged Photon Lab is it\ tho P-east 

betunfu\e. T he iA)'OUt of the acoolcrator and betunfu\ CS is sl10-.vo it\ l;.igure 2.2. 1'he 

betun for t he CX'pcri.tncnt was created b)' the 800 Ge V /c protons fro1n the 1'evatroo 

it1tcractiog with a 30 cin bcr)•lliuin target. T he sccoodar)' betunfu\O inagoc~ were 

13 



14 

::: 

CHAP1'ER, 2. 

. ., 
• 

., 
:l •• ---
f. .r .. 
• .. 

1'HE TAGGED PH01'0N SPEC1'R,0Mb"'l'ER, 

.. .. ; . •• 

' • , 
" "' r. ~· 

"I " 
' ' " • 
':~ 

i" 
I~ 
·~ 
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t uned to trarisport ocgati\'C part icles with a tno1ncot uin <i 000 GcV /c do-.vristretun 

to t he E791 target i n TPL. T he beam consisted mostly of pious (98%). T he f1rst two 

CX'pcritncots at TPL used a photon beatn and although high CI\Cl"g)' photoos produce 

inorc cl1Ar1n per h.adrooic i.t\tcraction it is possible to get a h ig he r i.t\tcr:isit)' with a 

pion beatn. f\ negative betun was used to &\Oid proton oon1Atn.it\atioo. 

Ourit\g t he run we took about 2 x 1012 pritt)(U)' p rotons per spill which r(lSuitcd 

it\ about 2 x 10~ seoortdar)' pioos per second incident on our target. T he betun profile 

on planes 5 and 6 (x and y directions) of the Silicon Microstrip detectors (SMDs), 

just upstreain of t he target, is sho-.vn i.t\ 1'"'igurc 2.3. 

2.2 The Target 

T he target ooosistcd of five disks CACh about 1 Ctn io di.atnctcr. T he roost upstreatn 

target disk was plat i.t\u1n0.5 tn1n thick and thcoll1er four wercditunood 1.6 tn1n t hick. 

E.aci1 target was approx .006 of a proton ioooractioil length. T hero was a gap of 1.5 

Ctn between 1Argers. T he ll1it\oess of Ilic disks provides a stroilg OOilStraii1t on Ilic 

7.-positio il of Ilic pritnar)' vertex aild Ilic air gaps between ll1cin provided a volu1nc for 

rccoristructiog sccoildar)' vercioos ui\OOi11Atn.ii1accd b)' sccoodar)' ioooractio ils. Derise 

inaccrials were d1oooil to allow t hio targets which would still provide enough inaterial 

for about 2% of t he pioos co ii1ceracc and also prO\'ide a good cllAitee for t he shorter 

li\'Cd particles to deca>' io Ilic air gaps. T he two dilTcroitt target tnacerials allow a 

incasurcroonc of t he depcodcrioo of d1ann cra;s seccioil Oil at0tnic outnber. Details <i 
t he targets arc given io Table 2.1. 

2.3 The Silicon Microstrip Detectors 

It is itn portanc to incasurc t he t racks ocar Ilic target with good resolution io orde r to 

be able to separate Ilic pritnar>' aod scooildar)' vertices. Silicoo ~,licrostrip Detectors 

(S~1Ds) were used to incasuro t he tracks of cl1argcd particles it\ t he target ro~oil. 

J-\il S~1D corisists <i a wafer of siliooil 300 µ.tn t hick, ioil- i1nplaotcd on boct1 sides. 

Boron was itn plaoccd Oi1 t he upper face to fo r1n ~t)'PC strips O\•er which a IA)'Cr <i 
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Table 2.1: E791 Target 

1.-positio n inatcri.al ct1icki1ess radiAt io n ioooraction 
(cm) (cm) length length 

-8.191 Platiouin 0.052 0.169 0.00584 

-6.690 carbon 0.157 0.012 0.00589 

-5.154 carbon 0.157 0.012 0.00586 

-3.594 carbon 0.153 0.012 0.00582 

-2.060 carbon 0.158 0.012 0.00582 

alutnit1utn served as ar1 ohtnic oont&Ct. T he spaciog bccwooo tho strips ii1oc r (pitch) 

was 25 inicroos on the planes closest to the tArgct and 00 inicroos on the other 

planes. 1'ho other fAoo of t he silicon wafer was i1n planted with a cootit\UOUS iA)'Cl" <i 
arsenic over which was deposited a IA)'Cr of alutnit1utn. f\ reverse bias voltage was 

applied across this p-i-n d iode structure which created a region d epleted of cliArgc 

carriers. \Vl1CI\ acl1arged particle passes t h rough t he d ctcct0r it liberates about 24 ,000 

clcctroo-holo pairs. T his cl1Argc c ao be oollccted at t he ocarost strip it1 10 oscc. T he 

s igilAIS were fafu\ed out to p~runplifiers aod th co trans1nitted to discri1niti.ator cards. 

Six p1Ar1es <i S~rlOs upstreain of t he target together with 8 planes <i proportionAI 

wire chainbers (P\VCs) provide beain t rackiog. Sovcotooo pltu\eS downstrcain of the 

target arc used to tncasurc t he tracks of cllAr~d particles produced b)' iotcractioils 

it\ the target. 1'hc S~10 S)'StCtn had a goo1netrical acccptai\oo of about :1:125 inrOO. 

Overall t he S~10s were about 90% cfficiCt\t with alx>ut 0. 1% noise. 1'ho parrunetcrs 

of t he S~rlOs arc givco io Table 2.2. 

l;.igurc 2.4(a) sho-.vs t he 1.-distribut ioil of priiMr)' iotcractioil vertices, cloari) ' s how

it\g the foil structure of tho target. T he peak ne ar z-O is d'uo to ii1tcractioils it\ the 
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Table 2.2: $.\ID Paraiu""'"' 

pla.tac orientation Z-(>-08iti.on 
(cm) 

I y -60.250 

2 x -79.919 

3 w -74.529 

4 w -33.163 

5 x -30.133 

6 y -29.483 

7 y 0.670 

8 x 1.000 

9 x J.931 

10 y 3.015 

II v 6.684 

12 y 11.046 

13 x 11.342 

14 ,, 14.956 

15 x 19.915 

16 y 20.254 

17 v 23.878 

18 v 27.50$ 

19 x 31.848 

20 y 34.548 

21 x 37.248 

?? " 10 0.t.Jii 

pitch 
(µ111) 

25 

25 

25:50 

25:50 

25:50 

25:50 

25:50 

25:50 

00 

00 

00 

00 

00 

50 

50 

50 

50 

50:200 

50:200 

50:200 

50:200 

i;n.?nn 

width cfficiaicy 
(cm) 

0.96 0.8,'i 

0.96 0.85 

J.28 0.98 

J.28 0.98 

1.12 0.98 

1.12 0.98 

2.48 0.83 

2.48 o.as 

2.56 0.93 

2.56 0.95 

2.56 0.96 

3.84 0.98 

3.84 0.97 

3.84 0.9-1 

5.00 0.90 

5.00 0.88 

5.00 0.98 

9.60 0.98 

9.60 0.96 

9.60 0.98 

9.60 0.99 

n r.n noo 

19 
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1Ablc 2.3: ?\rlA.goct Parrunctcrs 

Ml M2 

Z-pooit ion (cm) 273.5 617.7 

aperture (cm2 ) 174x&; 171 x88 

length (cm) 165 ~8 

current (tunps) 2500 1800 

PT kick (Gev/c) 0 .21 0 .32 

i.t\tcraction oouotcr. f:' igurc 2.4(b) s hows t he 1.-distributioo of soc:ondAr) ' vertices. 1'hc 

t rat'ISvcrse resolut ion of CACh plane CAtnc clooo to t he tl1oorctical value of pitcl1/ Ji2. 

2.4 Downstream '!racking and Momentum Mea

surement 

T he roo1ncotuin of cliArged particles is d ctcr1nioed b)' incasuriog t he curvature <i 
the tracks io a rnagnctic field. 1'wo IArg~aperturc inagocts provide tho field aod 

t he t rajcct0ries arc incasurod with drift cllAlnbers. 1'ho details of t he tnagocts arc 

given it\ Table 2.3. 1'hc tnait\ 001npoocot of t he rnagnctic field was i o t he vcrtica.l 

direction so particle t rajectories were bent it\ the horiY..ootal direction. 1'hc ina.gnctic 

fie ld was tncasured b)' Ziptrack 131, 32J before data IAkiog and fu1c t uned ror each ruo 

b)' rcooristructi.t\g I<# part icles (soo l;.ig. 2.5). Zipt rack is a l:CC1nilab tnagnct inappiog 

inaclt.ii1e which used three s1n all, tn ut uall) ' perpendicular coils with a corrunon oontcr 

to ineasure the field. 

f\ drift clwnber is a d evice that uses t he drif't titne of iooiY..ation electrons i.t\ a 

gas to tneasuro t he spatial posit ion of ar1 ionir.i.i1g part icle. Drift clwnbcrs consist <i 
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Figure 2.4: (•)Primary Ve rtex z position (b) Seoondary Vertex z position 



22 CHAP1'ER, 2. 1'HE TAGGED PH01'0N SPEC1'R,0Mb"'l'ER, 
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sense planes, tnadc up of altcrn.atiog sense wir(lS and field shapiog wires, sandwiched 

bccwooo cact1odc planes to for1n drift cells around each sense wire. Bl' using sets <i 
closcl)' spacOO U, V and X views, t he ph)'Sical location it\ space of cliArgtd particle 

t rajectories could be found. 1'hc chtunbers were filled with a tnixturc of argon aod 

carbon dioxide. \Vl1ei\ a cliArgtd particle passes t ltrough t he ~. t he gas bcco1nes 

ioniY..00 and the electrons drif't toward tho sense wire. \Vl1co t he electron gets near 

t he sense wire a charge avalaocl1c occurs. T he d1argc oollectcd is passed to a t i.tn~ 

t~digital converter ('TDC) viA a discritnit1at0r. 

T here were a t0tal of 35 drift cllAlnber p!Ar1es grouped it1to 11 assrunblies (ao 

asscinbl) ' is a set of planes used co d ctcnn.it\C a spaoo poiot). 1'hesc assrunblies were 
further grouped i.t\tO four cllAlnbers 01 through 04. J-\ti planes were i.t\ one of 3 

orientations X, U or V as s hown it\ f igure 2.6. 01 also had X' planes which were 

otrset b)' half a ooll to help resolve ainbiguit)' arisiog fro1n t he fac t that one c anoot 

tell whid1 s ide of the wire a particle passed. Details of t he drift chainbers arc gi \'Cn 

it\ Table 2.4. 1'hc resolutioo varied fro1n alx>ut 200 µ.in for 03 to 500 µ.in for 04. 1'hc 

a\'cragc cfficiCt\C)' was about 90%. However t he ooot ral region of tho drift cllAlnbcrs 

had ver)' low cfficiW\ C)' due to tho high rate t here. T his lowered t he c ff.cim\C)' for 

rccoilstructit\g high ino1ncot uin t racks. Two planes of P roportion.al \Vire CllAlnbcrs 

(P\VCs) whid1 incasured t he position it1 t he Y-directioil were placed j ust uf))trcatn 

of 01 and bccwooo 01 ... \ at\d DlB to itn provc t rac.kiog resolutioil. 

2.5 The Cerenkov Detectors 

Cl1ann particles dcca)' prcdo1nit\at\tl)' it\tO fu\al states oontaioit\g a strat\gc part icle, 

citl1er K inesoos or h)'Peroos (1\, !:), whicl1 doc:a)' it1to protoils (or ocutrons) and pions . 

Hence bciog able co idcnt if)' tl1c k.aof1s ai'td protons ainong t he inorc abundant pions is 

VCI")' useful. Particle idCt\t ification was acco1n plished b)' two large g~6Uod t hreshold 

CGreokov counters Cl ai'td C2. J-\ cl1arged part icle inovit1g tl1rough a inediuin <i 
rcfracti vc i t'tdcx n at a speed greater t llAl\ t he speed of light it\ t h.at tned iuin will mni t 

light at at\ at\glo <X>SO = 1/(/Jri). Two particles of t he srunc tno1nciltutn but dil:TerCt\t 

inasses will be t ravcllit1g at dil:Tercnt s peeds, hence for s0tnc part icular refractive 
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Table 2.4: Drift Chamber Parameters 

ooll size (cm) 
U/V X 

0.446 0.476 

0.446 0.476 

0.89'2 0.953 

0.89'2 0.953 

0.89'2 0.953 

0.89'2 0.953 

1.487 1.588 

1.487 1.588 

1.487 1.588 

1.487 1.588 

2.97 3.18 

active area 
xxy (cm2

) 

86 x 65 

114 x 65 

182 x 130 

182 x 130 

210 x 130 

228 x 130 

254 x 130 

254 x 130 

254 x 130 

302 x 130 

508 x 240 

1.-position 
(cm) 

144 

182 

384 

426 

468 

499 

930 

972 

1014 

1045 

1744 
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it\dcx, one will mni t Ca-cnkov light whereas t he other will oot. T he cwo detectors 

h.ad diffcrci\t gas in ixtunis to provide inax:itnuin discritn.it\ation betwooo diffcrci\t tnass 

particles (1r, /(, P) At typieal momenta ror this experiment (soo f ig. 2.7). 

These oour1oors operated at attnosphcric pressure with a scg1ncoted inirror ar

rangmncot . 1'hc Ca-cokov light was reflected b)' inirrors i.t\to \Vioscon cooes whid1 

passed t he light to photomultplier tubes (PMTs). T he faoo of CAcl1 PMT was ooated 

with a IA)'Cr of waveshiftcr to s hift t he wavelength <i tho inciden t lig ht (160 (un - 250 

tun) to a wa\'c lcogth i.t\ the region where the PA11's were sensit ive (350 01n - 500 tun). 

2.6 The Calorimeters 

f\ ca.loritnctcr is a dcvioo which tneasunis tho totAI energy deposited b)' a particle or 

group of part icles. T he TPL c alori1nctcrs are sainpliog calori1ncoors which periodic all)' 

s&nplo t he d ovclop1ncot of a shower i.t\itiAted b)' ao i.t\cidcot particle. 1'herc arc two 

t)'PCS of s&npfu\g calori.tnctcr, distioguished b)' whether the iocidcot particle i.t\itiAtes 

ar1 clcctro1nagoctic or hadrooic shower. 
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Table 2.5: Ca-cnkov Couooor Paratnctcrs 

Cl C2 

gas tnixturc 100% N, $!% He, 20% N, 

refractive it1dcx 1.000290 l.OOOOM 

length (m) 3.7 6.6 

ou tnber of ool ls 28 32 

pion threshold (Gev/c) 6 11 

kaon tlu"8hold (Gev/c) 20 36 

prooon tl1reshold (Gev/c) 38 69 
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Emrous aild pO&itrous wiLh merp:s a~-c 100 ~lcV k>lt tstttgy IWUOSL entirely 

thrrugh br .. Mnrahlun~ The •miu.<d phowus •YJ:ic:ally catTy off • large fraction 

or t.be clect.ron's energy. For pboc..ons wiLh cocrgy great.tr tlian 100 ~leV Lhe major 

int.eract.ion is 1>air proc:Juet.iou. In Lb.is mA.iWcr a single i1Ut.iAl elOC"t.ro111 pC)l;iLroo oc 

pl101.0n CAU dc\•clO(> irtt.O An clOCLromaguct.ic sl10Y.-er. TI1e 1neasurable sig:nAl CAtt be 

oousidercd a.~ t.he fiu1n of I.lac signals fro1n the 1.rack seg:1ueu1.s or t.lte f)O'liLrous And 

eloc1.rous. 

1.'he pliysiCAI prOO":'!Sts 1.ha1. cause the dc,oe.lop1neu1. d a lw lr<u1 shower Aro oon

sitlcrably <lirfertnt. frorn 1.hc f)COC4l9Ses it1 clcc1.ro1oa.guc1.ic showers. \Vlli'n au iucidcut 

lUMlrou iut.erl:\CLS, a.bo..11. ha.If t l.c it1cidcr1t ci1crgy i.~ pa.8'1t'C:I on LO Ml<litioua.l fast. Stt

oudary pQ.rt.iclcs. The reinait1dcr is oouswncd in mult.ip&.rt.iclc pr()(lltet.ia.1 of slow 

pi.ous. This rtSults it1 a sl.o~tt with a highly oollima.to:I core surrourw:lccl by lc.'.>Wcr 
cucrgy particks wllicli extend a oousidcrabtc di:slaoa! away rro:11 ll.e 81.0•tt ari<l. 

fluaua&.io:•s in llAdrou 81.0•tt de'ek>pmc.L producing a rai'SC d difrcres1l parlicles 

wit.b \Udy difrcre:u. clctoeliou cb~is&.ics mn.o t.ba\ a hadron cllorimeta •ill 

ba\'e a U1Jd1 poorer etlef'g)' rc:solut.ion tba.u tb&L o( a.n clccU'Oltl\gJlrtiC calorim~r. 

The SUe (S.i;n .. 11.00 Liquid loui>ALioU Calorim .. ..-) is 611 elCCt.r01Mgu.UecaJorime

ter u91'!d for idci1LifyiJ1g cloci.rous aud pbotous. 111e 11.1\drou calori1nttt:r at TPL is 

kt10Y1n as Liie HAdro1n("LCf'. 11.e CUerg)' dcposiood in 1.bc calorilntLtnl wa..:; lL"100 lO 

roru11.ltc LrN1SvtrSO 4'11t",.rg_)• (ET) Lriggcr (soo page 33). 1'hc cl\lorin}Ol..el'S l\l'O LllC OUI)' 

c.lcLCClOrs iu Liie 'l'PL spoc1.rorncccr which d cLCCL ucu1.ral parLicles. 

2.6.1 The SLIC 

Tbc SUe is couipOIJ-Od of60 iayttS of lead and liquid sciut.illator', CACI• lay<r corre

spondiug tO 1/3 O( a rl:W:fiatiou length. The liquid scit1tillator la,)ttS &re <livi.<k:d into 

su-ips 3 .17 c1u wide by 1u~s of te&n ooaOO sb(IC\8 o( alumil•u1n which have square 

W&\'C corruptions. The 6ist la,;er. tbe '"U" \1icw. bu corrugatio11' at au augk!: d 

+20.S deg to the \ert.ical. the nexi. la.)e.r. the "V" view. bas corruptions that. a.re at 

20.5 deg t.o \1ie \'crt.ic:a'!, and the tlil'!'Xt. laj·cr. I.be "Y"' ' 'iCW. bu COrTuga.tions thaL are 



2.6. 1'HE CALO/l,IME'l'EllS 29 

horiY..ootaL 1'hc followiog iA)'Cl'S repeat t he U1 vi y SCQUCOOO. Bctwooo t he la)'Cl'S <i 
liq uid scit1t il1At0r are lead radiacors whid1 arc actuall) ' .1-\LrP~J-\l ltun itiatc. Each <i 
t he oorru~tioo cl1At\ocls for1ns a light pipe. T he light generated io tho sciotillator 

iA)'Cl'S propagaoos along t he tctlon chatu\els b)' tolAl i.t\tcrrlAl reflection. J-\ t one end 

lig ht is rc(lectcd b)' a tnirror with a rofiectivit)' of about &1%. T he lig ht rCAcltiog 

t he Other end exits t he $UC t hrough a lucitC wi.t\dow. 1'his light is oollected b)' a 

w&\'eshiftcr bar which picks up light fro1n all 20 IA)'CIS it1 dept h <i a given view. 1\ 

phot01n ultipicr t ube g lued to tho c od of CACh w&\'Cbar COO\'Crts the light to current 

pulses. Under ideal oor1ditioils at least 10% <i the lig ht i.t\cidcot upon t he wavcbar 

s ho uld be t rAf1Sln itted along t he wavcbar to t he p~,IT. HOWC\'Cr it was disOO\'Crtd 

before t he ruo that several wavcbars o n tho botto1n fAoo of t he SLIC h.ad been oon

tainin.ated b)' o il leaks &\d had ver)' low lig ht ) 'icld at tho p~,IT. 1'hesc wavcbars 

were rcp laooJ and the o il leaks were patched before data t akit\g began. E.aci1 read

o ut , plus t he associated liq uid sci.t\t illation region is called a oouoter. 1'hero are 109 

oouooors it1 each of tho U and V views, aod 116 cour1tcrs io t he Y view. Each P~fi' 

h.ad twooutputs: theaoodooutput wcot toao ar.Wog- tcrdi19ta.1 con\'e rter ( .. \DC) for 

dig itiY.ation ai\d t he o ut put fro1n the last dJ'Oode wont to a weighted s uin inodulo for 

t he ET trigger. T)'Picall) ' 60% of ar1 clcctro1nttgnctic s hower was contait\ed withio a 

s it1g le ooui\ter of width 3.17 cin, so t he e nergy deposited io ocighbo riog oouooors oould 

be used to find the shower position with a resolut io n of about 0.5 cin . ... \ oit rogen 

IAscr-Orivco lig ht pulser S)'StCtn was used to feed lig ht via fiber o pt ic c ables to all 

phoootubes of the SLIC and HADllOMETER. This S)~tcm was used for setting up 

t he S)'StCtn ai'td testit1g all c01npo ncors fro1n t ho ph0totubes t h rough to t he ... \ 003. 
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~'i~rc 2.8: SLIC 
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2.6.2 The Hadrometer 

T he Hadromctcr consisted of 36 alternating layers of I- inch t hick steel plate and 3/8-

it\ch thick, 5.7- ioch wide scit1t il1Ator strips. 1'ho sciot illacor IA)'CIS alternated with 33 

vertical "X" strips aod 19 horiY..ontal "Y" strips. 1'ho Y strips were Furt he r divided 

at tho center. T he HOOro1nctcr was divided it1to Front and back tnodules. T he flfst 

9 upstretun la)'Cl'S of ead.1 view were were joined b) ' lucitc light pipes which fed the 

sciot illator light ioto P?\1Ts. Sitnilarl) ' t he 9 dowostretun IA)'Cl'S of e ach view were 

joined b)' light pipes. L ike t he SLIC CACh P?\1T had two outputs: t he anode si~\al 

went to an J-\ OC1 and tho d)'l\odc s ig ilAl to t he ET trigger. 1'hc h.adro1nctcr prO\•ided 

t he ooi) ' souroo of iofor1natioo on ocutral hadroos. However because of tho poor 

energy resolution (dE/E = 0.75/ /fE)) the mait1 use of the Ha<lromcoor was it1 the 

t rigger. 

2.7 Muon Wall 

Just dowristreain of t he Hadro1ncoor is asoocl wall 40 it1cl1es ll1ick. J-\ltnost all particles 

exoopt inuoils aild oeutri.t\OS were aOOorbOO b)' t his scoot. Oownstrcain of t ho stool wall 

are two la)•ers of scit1t il1Ation couiltcrs for tnuoo idciltificatioil: a set of vertical serif)) 

kt\&.vn as t he X ?\1uon \ Vall aod a set of hori.zootAI serif)) kt\&.vn as t he Y ?\1uoo \ Vall. 

1'hc goo1netf)' is s hown it\ l;.igurc 2.7. T he sci.t\t illator light was fed ioco P?\1Ts, the 

out put of whicl1 fed it1todiscri.tnators whicl1 set a latcl1 bit if t here was a sigilAI above 

t he threshold of the discri.tn.it\ator. 1'hcsignal was also fed ioco a 1'0C so t he t i.inc <i 
arrival <i the sigilAI oould be used todetcnnioc tho position of tho part icle aloilg the 

length of the sciotillator. 1'herc is also a set of tnuon oounters at t he upstretun end 

of t he spoctroroooor, kt\&.vn as tho Front ?\1uon \ Vall. T his was Oitl) ' used as part of a 

inuoo tri~r for calori1neoor calibration runs, and to veto bAlo inuOilS it1 real events. 
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Chapter 3 

TRIGGER AND DATA 

ACQUISITION 

3.1 Trigger 

J-\bout ooo ioooractioo it\ a thousartd resulrs it\ t he produc tion of char1n quarks. T hese 

events arc difficult to rccog1ti1..o i o real ti1ne. 1'ho strategy of E-'191 was to use a vcr>' 

open t rigger, writ iog as inat\) ' C\'Cl\ ts to tape as possible oofu\C aod ll1CI\ sclcctiog 

cl1Ar1n events offii.t\O. T he tn ait1 clo1ncnrs it\ t he t rigger were t hree scit1t il1At0r pad

dles (the beatn spot couotcr, t he hAlo counter and t he i.t\tcraction counter) and the 

caloritncccrs . ... \ betun particle passi.t\g t ltrough t he target was s ignAlcd b)' a ooi.t\ci

dcooo bccwoon t he betun spot aod it1tcractioo oouooors. Events with tnorc ll1ar1 one 

betun particle were rejected b)' vccoiog cvcors where either t he s ignal i.t\ t he betun 

spot oouoter oour1oor was coo high, or where t here was a signAI it1 t he halo ooui\tcr 

or where t he totAI energy i o t he ca.lori.tnctcrs was too high. J-\bout 2% of i ocidcot 

particles iotcractcd it\ t he target. T he it1tcractio l\ was dcccctcd b)' a si~\al it1 t he il\

tcractio l\ OOUl\tCr tnOro t h.an 4.5 t i.tnes t hAt CX'!)CCted [rotn t he passage O[ a tniOitnutn 

io l\i.7.iog particle. 

C11Ar1n cvci\tS llA\'C Ol\ &\'Cr.age a higher t ra nsverse Ct\ ergy (ET) t llAl\ cvci\tS 001\

taittiog o ttl) ' lighter quarks. T he ET of an cvci\t was tneasurcd b)' s uin1nit\g t he energy 

it\ t he caloritncters, wit h thcsig l\al frotn each cl1cv1oc l bciog weighted b)' thodistQ.l\ OO 

33 
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f:'igurc 3.1: 1'rigger Configuration 

fro1n ll1ooontcr of t he d etector. ~'lost cvcnrs were t riggered with t his ET trigger whid1 

required a si.t\glc beatn particle, ao i.t\tcraction, and ao ET above a ccrtait\ t hreshold. 

Sr.nailer ouinbers of beatn triggers and iotcractioo triggers were !Aken for inonitoriog 

purposes. 

1'hc t hreshold for the ET trigger was set so t h.at t he data rate saturated the 

Data J-\ C((uisitioo S)'Strun. T his resulted it1 Quite a low t hresho ld so t hat t he tnaio 

effect of t he ET trigger was to reject oon-iotcracti.t\g beain particles which passed the 

it1tcractioo oouotcr thrcsl1old. 

3.2 Data Acquistion 

1'hc open trigger strategy <i £791 required tho dcvclop1ncot of a VCI")' fASt Data 

J-\ C((uisitioo S)'StCin. Twrutt)•-four thousartd d1aru1els were digiti1..ed b)' ... \OCs, TOO;, 

and latches, then read o ut b)' 16 parallel oootrollers. To ad1iove a 50 µooc dead t i.tne 

inost of t he fro nt end digitiY..ers t h.at h.ad boon used in p revious CX'peritncots at 1'PL 

were rcp lAoo:l b)' faster S)'Struns. Evcocs were recorded at a rate of 0000 per sccor1d 
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d'urit\g tho spill aod buffered to eight par all cl 8-0-~1B)'tC 1:-11:-0 inmnories. Ead.1 1:-11:-0 

was at1Ached to a specific set of front cod oontrollcrs and oonlAioed a particular 

scgrooot of cach C\Utt. T he flFOs were roOO out oontiouousl)' b)' a s ix crate V~1E 

S)'Strun coolAit\i.t\g a total <i 54 CPU cards. Each V~1E crate was at1;achcd co ead.1 

FIFO co ro r1n a 6 x 8 switcl1it1g tnatrix. S ix cvcors oould t hus be built it1 parallel. 

1'hc CPUs also 001n p ressed C\'COtS and prepared than for writiog to tape. Seven 

Exab)•tc 8-tn1n tape drives were attached co each V~AE er acc. T hus a total of 42 tape 

drives it\ parallel oont ii1uousl) ' recorded data at a race of 9.6 ~'lb)'tOO per second. T he 

42 tapes were changed after CVCI")' 3 hours of beatn ti1nc. Ouri.t\g tho s ix tnoot h run 

fro1n Jui) ' 1991 uot il Jar1u&.r)' 1992 twei\t)' billion ph)'Sics events were recorded oo 

24000 8-mm tapes. 



Chapter 4 

CALIBRATION OF THE 

CALORIMETERS 

The aitn of tho calibration procoos was to tneasurc the ratio of .1-\0C oouors t0 energy 

deposited for each cllAl\Ocl of tho calori1neoors. 1'his ratio is lu\Own as a calibration 

oonstaot. ?\rluOilS were used for tho i.t\iti.al calibration of both the SLIC and Hadro1n

ctcr. ?\rluoos arc inioi1nuin iooir.iog particles and will deposit appro.xitnatcl)' tho sainc 

tunouot of energy iodcpcodei\t of their tno1neotuin. 1'ho peak <i the sioglc inuoo 

peak eao be used to obtait1 a relative cl1.aoocl-~cl1At1ocl calibration of the phot0tubo 

gait\S. 

J-\ 1nuoo betun was produced b)' closiog the collitnators io our betun lioc. The 

inuons were wcl1 dispersed aod hit all chatu\els of the ca.lori1ncccrs. 1'hc tulAl)'SiS 

inagoccs were turned off so tho in uoos travelled parallel to the beainlit1c aod ct1ercforc 
the diswicc travelled through CACh oouooor was Ilic sainc. 

\Ve used a ooi.t\cidcooo betwooo the F\-oot 1nuol\ wall and Back ~1uol\ wall as a 

trigger and recorded several tnillion events in e ach calibration rut\. \Ve did a inuon 

rut\ approxi1natcl)' onoo evet")' cwo wooks durit\g the CX'peritncnt to ino1titor the gait\S 

of each cllAiu\cl. 

36 
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4.1 Calibration of the Hadrometer 

~,luons were identified it\ tho data b)' lookit1g for a coiocidcnoo bctwoon front aod back 

scctioos of t he hadro1nctcr it\ boll1 X and Y d1aru1els. K1\0Wi.t\g t he X aod Y position 

of tho 1nuoo, we plotted the tnuon sigilAl as a function of t ho position of tho shower i o 

t he scit1til1At0r. (_,_\ in uoo d cpositiog energy close to t he phocotubc wiU give a bi~r 

sigilAI t h.an one further awa)'.) \Ve t hen fit ted ao atoooUAtion curve for each cllAl\Ocl. 

1'his was ooi)' done oocc - we assuinc t h.at tho shape of t he attcou.atioo cun•c d oos 

oot cl1.a.ogc over t ho oourse <i Ilic CX'pcritncot. (soo Fig. 4.1). 

For CACh tnuoo ruo we identified in uoos and corrected Ilic sign.al for attcouatioo to 

get tho cctuivalcot signal at x = O (for Y counters) or y = O (for X counters). For ead.1 

cllAl\Ocl we plotted a h.iscograin of tho tnuoo s ignal aod extracted the peak position. 

Oil average t his was about 6 ... \DC oour1ts. (Soo f ig. 4.2) Fr0tn previous ex'peri1nen~ 

usit\g t his c alori1netcr it was lu\owo that a tnuon gi\'es t he srune sigilAl as would be 

soon when a piOl\ of energy 2.4 GeV passes through t he Hadro1neoor. 

T he aOOolute calibration was checked usiog pioils fro1n oonn al data. 1'he high 

inultiplicit)' of tracks it\ E7'91 001npartd to previous ex'peritnents and the poor resir 

lutioo of the Hadr0tneter tn ade it difficult to incasure the aOOoluoo c alibration usiog 

pioos. 

4.2 Calibration of the SLIC 

1'he Sue was also c alibrated with inuoos io a si1nilar fashion to the Hadr0tneter. 

~'IUOilS were ide ntified b)' lookiog for a 3-fold ooiocidenoo io t he U, V, aod Y views. 

J-\tteou.ation curves were fitted, t he tnuon sigilAl was histogrrun1ned and t he peak was 

extracted for each cl1ar:u\cl. T he tnuon peak for SLie d1afu\els was also about6 ... \OC 

oouo~. 

Electrons were used for t he absolute CAlibratiOil of t he SUe. l-\it electron betun was 

produced b)' putting a lead ooovertor downstretun of the pritn l'U)' target, and tu1tiog 

t he bear.nfu\e for 20 GeV /c. J-\t\ extra piece of aluiniouin was placed oca.r tl1esccoodar)' 

target to ll\croasc tl1e ouin ber of clectroils radiatiog a bre1-ootraltlui\g photoil whid1 
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could t he n COO\'Crt to ao c+c· pair, thus it\Croosi.t\g tho s pread of ino1ncotu1n it\ the 

beatn aod allowiog bo tlt cast aod west sides o f t he $UC to be calibrated. 1'ho &rlAl)'SiS 

inagocts wore t urned on to allow t he tn0tncotutn of the t rack to be dctcr1nioed, and 

tO spread t he clectrOl\S over as tnat\) ' cllAlU\els Of t he $UC as possible. 

1'hc electrons were ooi) ' it\ t he ooot ral pla oc and so oould oot be used to calibrate 

the Y cl1At1ocls . .1-\bout 00% of the U and V cl1At1ocls were calibrated usiog the clec

troos. For electron runs, t he ino1ncotuin p of each track was found fro1n t he drift 

cllAlnber data. T he gains oo CACh cl1cv1oc l were adjusted b) ' ar1 iterative proctdurc 

until we got Ejp = 1.00, where t he CI\ Cl"g)' E was dctcr1nioed fro1n t he CI\ ergy d~ 

posited b)' t he clcctroo. B)' 001nparit\g t he in uoo and electron calibrations fo r t hose 

cl1.aoocls calibrated b)' both tncthods we o btaii1cd a inuol\ equivaleot eoerg)• aod used 

t h.is to correct t ho gaios o n t hose d 1tuu\cls calibrated with in uoos o ni) '· 1'hc in uon 

equivalent energy was fo ul\d to v&r)' fro1n 340 ?\1ev to 424 ?\rlev dcpendiog o n the 

goo1nCtr) ' o f t he Chatu\cls. lo the 00t1ter o f t he $UC a wavcbar oollccted the lig ht 

fro1n a s i.t\g lc oorrugatioo . 1:-0r o uter cl1.a.oncls a doubl~width wavcbar oollectcd the 

lig ht fro1n two oorrugatiOl\S. Due to space nistric tiol\s soine cl1.a.oocls Ol\ tho east s ide 

had Ol\l) ' asi.t\gl~width wavcbar tooollect t he lig ht fro1n twooorrugatiol\s tu'td heo oo 

o ttl) ' collected half t he ligh t. l:OC t his reason these cl1.a.nocls had oonsiderabi) ' poorer 

resol ut ioo. 

T he Y cl1.a.oncls were calibrated b)' fu1diog isolated clectr01nagoe tic sl1&.vcrs io 

oo r1nal data tu\d requiri.t\g that t he energy i.t\ t he Y view be equal to that i.t\ tho U 

artd V views, usi.t\g oral) ' U arid V cl1.a.oocls that were calibrated with electro ns . T he 

in uoo equivalent ene rgy fo r t he different t)'PCS o f d 1atu\cls is g iven io Table 4 .1. 

Teo tn uo l\ runs were done d'uriog t he course o f t he cx·pcri1neot. For each cl1aru1e l 

t he gait\ was plotted as a func tion <i titne tu'td fi tted toa s traight lioe. 1'he fi tted values 

were used to create 10 calibratio l\ flies. \ Vl1cr1 recoostructiog data, t he calibration 

file with the latest run ouin ber earlier t h.a.o the ruo bciog reconstructed was used to 

ooovert .1-\ 0C couots to crierg)• it\ GeV. 

1'he width o f t he £/p plot p rovided a incasure<i thceoergy resolut ion. \ Ve plotted 

E/p for different momenta and t hen plotood (u81,)
2 '~· 1/p (soo Fig. 4.3). T he fitted 
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T able 4.1: ~'luon E<tuivalcot Energy (~'lcV) for SLIC 

single widt h chatu\els 

d ouble wid t h cl1At\ocls 
fuU readout 

half readout 

energy resolution was 

U and V cl1 tuu1 els Y cl1 tuu1 els 

352 424 

371 400 

341 

4.3 Monitoring of the Calorimeters 
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Ourit\g data IAkiog the state of t he caloritnctcrs was tnonitortd ooot i.t\uousl) '· 1\ 

s rrWl fraction of events was scot b)' tho d ata acquisit ion S)'Stcin co ao event pool 

for inoniooriog all c lmncots of t he spectro1nctcr. Part icpatioo plots for all p1Ar1cs <i 
t he ca.loritnctcrs were in adc ooot i.t\uousl) ' so that AO)' dead cl1.a.oocls would be Quicki) ' 

noticed. Dead cl1At\ocls could result fro1n AO) ' o f SO\'Cral causes i.t\ cludiog failures <i 
high voltage power s upplies, burnt out resisoors io phototubo bases aod failure <i 
ADC modules. 

T he data fro1n t he ... \ 003 was pedeslAI subt racted and 001nprosscd (it'. Oitl)' cl1cv1-

oc ls with a s ignal of at least one oouot were read out). T he pedestAls of tho J-\ 0(',s 

were tnonitorod during the it\ tcrspill period aod the values downloaded t0 a tnrunorl' 

it\ the J-\ OC inodulo for auto1natic s ubtraction. 

T he high voltage po-.ver s upplies for the phocotubes were inonicorod ooot i.t\OUSl) ' 
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durit\g tho ruo and error tnessa.ges were posted co a scroon io tho control roorn if one 

or inorc d1tuu\els was outSido the acceptable range. 



Chapter 5 

EVENT RECONSTRUCTION 

AND SELECTION 

1'hc data srunplc consists of about 20 billion events on 24000 ~tn1n tapes. Each set 

of 42 tapes with data recorded O\'Cr about a three hour period is lu\Owt\ as a run. 1'hc 

total data set was divided it1to approxi1n&tcl)' 600 rui\S. It was ao coor1nous task to 

reduce th.is to a inan.ageablc set of events for plt)'Sics at'IAl)'SiS. 

5 .1 Event Reconstruction 

5.1.1 Track reconstruction 

Cl1arged tracks were first reconstructed i.t\ the silicon S)'Strun. f:'irst o ne ditncosio ilAl 

tracks were reconstructed it1 CACh view. Four hits were required it\ tho X aod Y 

views and ll1roc hits it\ the V v iew. T hese tracks were then 001nbi.t\ed to for1n tltroo 

di1ncnsiooal tracks. 1'hc tracks were then projected do-.vristretun through the rnagncts 

and drift cllAlnbers. T racks orig ioatiog it\ the drift cllAlnbers were scarcl1ed fo r using 

the hits rcin ait\i.t\g. 1'hccff.ciettC)' it\ the oootral region of the drift d 1ainbers is tnud1 

lower t h.an i.t\ the o uter rcgio ils due to tho high rate there. 1'his reduces theeff.ciettC)' 

o f rCCOilStructiog high ino1net1tuin tracks. 
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5.1.2 Vertex reconstruction 

T he software package CAiied VTXSTR was used to rcoonscruct vcrtioos. VTXSTR 

attrunpts to fiod a pritn&.f)' vertex ainoog tracks that it1tcroopt tho beatn track. Onoo 

a good cwo prong vertex is found, addit ional t racks arc added if tl1C)' do oot add too 

inuch x2 to t he vertex fit . Scooild&r)' \'Crticoo are SM.rched for ainong t he t racks l\Ot 

i.t\cluded io t he pri.tn&r)' vertex, starti.t\g with pairs <i t racks with srna.ll distaooos <i 
closest approad1. T he r(lSOlutioo of pri.tn&r)' \'Crticcs varied fro1n 240 µ.tn to 400 µ.in 

dcpertdit1g on target foil . T he resolut ion of tho vcrticoo it\ t ho inost upstrotun foil 

was tho worst due to in ultiplc scatteri.t\g of t he tracks it\ the do-.vristretun foils. 1'hc 

pritn&.r)' \'Crtcx rC<X>ilStruc tioo cfficiCI\C)' was 9631. 

5.2 Event Selection 

5.2.1 PassO - Alignment, Calibration 

Before reconstruction of each run we created align1nent aod calibration files for cach 

of the clmncots of tho spoctroroooor. 

5.2.2 Filtering 

T his stage of t he data sclectiOl\ was dol\e 01\ large U!\l'JX-bascd 001n putcr rar1ns at rour 

oontcrs: the U1ti,~rsicy of Mississippi, Cencro Brasilcirode Pesquisas l'isicas (CBPF), 

Fcnnilab and Ohio State Ul\iversit)' (later tnovcd to l<aosa.s State Ul\iversit)'). l:Or 

each event cliArgcd t racks were rtCOl\Structcd it\ t he S~10s and drift clwnbers, pri-

1n&.r)' and sccortd&.r)' vertices rou(td, artd Ca-cnkov probabilities calculAtcd. 

lit t his flrSt Stage ao e \'Cl\t is kept if it COl\IAit\S 01\e o[ t he [o llowi.og: 

• a sccortd&.r)' vertex it\ t he S~10 region, 

• a SCC:Ol\dar) ' vertex it\ the rcgio l\ dowl\Stroain <i t he S~rlOs that is a cartdidate 

for a 1\ or/(#, 

• a pair of t racks iii tho S~10s t hat ror1n a good cartdidaoo for a 4>. 
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J-\pproxitnatcl)' th ree Quarters arc the data was at\ai)'Scd with t his filter (ltcleasc 

5 code). T he filter cues arc showo io Table 5.1. 1'hc rmnaiodcr was reconstructed 

with Un proved reconstruction code (Release 7) usi.t\g Ilic f uU inagnctic fie ld it1stcad <i 
a s i.t\g lc bertd po i.t\t approxirnatioo and s ligbtl) ' tnodificd filter rcquircincots iocludiog 

t he addit ion of a filter for diliractivcjcts. 1'hc S~10 sccood&.r)' vertex filter rmnaiocd 

the same. More details of the 11,clcase 7 ftltcr can be found in Rcf.139J. 

If t he event passed this filter, tho caloritnctr)' aod 1nuoo idcot ificatioo were done . 

J-\bout 18% <i t he events were selected b)' t he filter and for these events the raw 

data plus values of variables CAlculAtcd duriog reconstruction were written to data 

summary tapes (DSTs). 

5.2.3 Stripping 

T his stage of event sclecti()(1 put t ighter c riteria oo oortait\ C\•co t t)'Pes 1401. Particular 

event topologies were ident ified and tagged so t hC)' could tnorc easil>' be selected for 

furll1er anAl)'SiS. 1'herc were two output strcar.ns frotn dais stage. T he cvencs wit h 

candidates for a sccoodar) ' veroox i.t\ t he siliooo arc written co Strcar.n f\ aod even~ 

will1 1\ or /(# car1didaoos were written coStrear.n B. Strcar.n f\ sclccood 25% of fa leered 

events and Strear.n B selected 18%. 

5.2 .4 Subs tripping 

T he Strear.n f\ and B strip tapes arc used as input ror tn &\)' different suOOtrips. T he 

Kiccbeo Siok S ubStrip (KSSS) uses t he Strcar.n f\ strip tapes as ioput and has t ltroo 

different output strear.ns. Output Strear.n 3 sclcccs D0 (boll1 2-prong and 4-prong 

decai~) and D+ candidates. 

Candidates for ti' and D+ particles were sclccood b)' looping over all possible 

ootn bioatio ils of cwo, ll1rec or four tracks aod t he n sclccti.t\g good cartdidates bascc:l 

on Ilic values of t he variables described below. 1'hc values of Ilic cu~ arc s hown io 

Table 5.2. 

• CHIS: x2 of sccoodar) ' verccx fi t 
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• SOZ: 1'ho sig1tifica.ooo of separation of cwo vertices. 

SDZ = llzju,, wherc llz = z..., - z,.., and u, = /(d',,.., + d' ,...) 
• DIP: T he tnioitn uin dista.ooo becwoon tho pritn&.f)' vertex aod lit\O of llight <i 

t he chann particle ca.odidatc as dctcr1n.it\ed b)' t he location of t he sccoodAr)' 

vertex aod t he roo1ncota of t he daughter t racks. 

• S'l'GT: 1'ho ou1nber of s1:a.odArd dcviAtioils the sccoodAr)' vertex is outside the 

oearost target foil. ( ... \ ocgativc value of Sl'GT ineaos tho sccoodAr)' vertex is 

wit h.it\ a target foil.) 

• PT20K: T he suin of the trans\'crsc tn0tncotu1n squ.a.rcd of all t racks io thcchann 

car1didAtc wit h respect to the direction dcfioed b)' t he s uin of t he ir tno1ncota. 

• SOCJ-\ : 1'hc distAooo of closest approach of a t rack to t he pritntll)• vertex divided 

b)' t he erro r io t hat distAOOO. 

• SOCJ-\~rllN: 1'ho tnioitnu1n SOCJ-\ of all t racks it\ d1ar1n car1didaoo 

• PTB: 1'ho trans\'c rsc ino1neotu1n balaooo ie. tho trans\'c rsc ino1ncot u1n oooded 

co be added co tho tn0tncotutn of tho d1ann candidate co tnako it poiot back to 

t he pri1nAr)' vertex fr0tn its c alculated dcca)' vertex location. 

• CKVK: 1'hc probabilitJ' t h.at a t rack is a kaoo based on Cerenkov counter io

fo r1nation. 
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Table 5.1: Filter Cuts (Release 5) 

SMD 
Vertex 

ESTRV 

ESTRV 

FILTER 

2-proog I 
3 or inorc prong 

SDZ 
SDZ 

K, track >fjDOF 
track inorncotu1n 

DCA 
1.-position of dCC&)' 

inass wiodow 

track >f/DOF 
track inorncotu1n 

DCA 
1.-positioo of dCC&)' 

P""'~f Pm1n 
inass wi.t\dow 

track >f/DOF 
track inorncotu1n 

inass wi.t\dow 

I 
DCA 

I( prob (each track) I I( prob (product) 

CUT 

>6 
>4 

<5 
0.5 - 500 GeV/c 

< 0.5 cm 
> 10.0 cm 

0.470 - 0. 5~ GeV/C' 

<5 
0.5 - 500 GeV/c 

< 0.7 cm 
> 10.0 cm 

> 2.67 
I.IOI - 1.127 GeV/C' 

<5 
2 - 400GeV 

1.0094 - 1.0294 GeV JC' 
0.005 

;;:: 0.12 
;;:: 0.05 

47 



48 CHAP'l'ER, 5. EVEN'l' R,ECONS'l'Jl,UC1'10N A.NJ) SELEC'l'lON 

Table 5.2: l<itchcn Siflk Suootrip - Stream 3 Cuts 

CUT 2-proog 3-prong 4-proog 
w/o D· with D· 

m..., ran~ (GcV/C') 1.75 - 2.0 1.72 . 2.0 1.7-2.0 1.7-2.0 

total char~ 0 + 1 Or -1 0 0 

CHIS< 15 25 15 15 

soz > 6.0 8.0 6.0 4.0 

DIP (cm)< .008 .007 .006 .007 

PTB (GcV /c) < 0.8 0.7 0.8 0.8 

SDCAMIN > 1.0 1.0 4.0 

PT2DK (GcV2 ) > 0.2 



Chapter 6 

SEARCH FOR D** 

1'his chapter describes a search ror D;· inesons. 1'hc possible fuW states frorn the 

dCCA)' of tho various D; · statoo are D·+ / ( $, D+ / ( #, D·0J<+ and /)OJ( +. 1 will describe 

hero a search ror t he D·+ / ( # , D+ /(#and /)OJ( + dcca)' tnodes. (The D "° inodc wiU 

OOt be SM.rcltcd ror because Our ~ detection cfficiCI\C)' is low.) 

6.1 The Mont e C a rlo 

T he E791 ~,loooo Carlo prograin inodcls t he it1tcractioo <i t he beatn with t he target 

and the suOOcqucnt i oooractions of tl1c seoortdar)' particles with t he 1'PL spectro1nctcr. 

T he foundation oC the Monte Carlo is t he t he program PYT HIAl36J which models 

t he QCO processes it\ llAdroo-llAdron collisions that create cl1Ar1n quark pairs, aod 

t he fragmentation processes b)' which the d1ann quarks and t he rcinri.aots of the 

beatn and target particles are t raosfor1ned ioco t he fu\al state hadroris. T he <local' 

of t hese hadrons is s itn ulated usiog tho lu\Own lifcti.tnes. 1'hc fu\al state particles arc 

propagated through t he spectro1ncter and t he rospoilse of the d etect-Or is si1nu1Ated 

takit1g accour1t of processes sucl1 as tnultiplcscattcriog, sccoildar)' iotcractioils, photoil 

ooilvcrsioos and brornsstrahluog. 1'he <li19tit.ation part of t he ?\1ontc Carlo si1nu1Ates 

t he out put of t he detector t akit\g a.ccouot of efficiencies, ooise aod resolut ioil. T he 

out put of the ?\1onte Carlo is it\ t he sar.nc fonnat as t he raw data. 

Usi.i1g t his progrrun I created a set of ?\rlontc Carlo even~ for each of t he deca)' 
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inodes of t he D;· that 1 was SM.rcllit\g for. T hese C\'COtS were ll1CI\ put t hrough the 

s.ainc reconstruction and arlAl>•sis code that was used for t he real data. 

6.2 Event Selection 

1'hc starti.t\g poiot for in)' srunplc is strewn 3 fro1n t he Ki tcl1Ct\ S i.t\k S ubstrip described 

it\ the previous chapter. 1'hcoo tapes were r~rCCOilStructed with ltclease 7 code 

without rcjccti.t\g tu\) ' cvcors so I<# candidates were available oo the OS1'. T racks 

are labelled SESTR, if t hC)' were rCCOilStructed fro1n hits io b0th t he S~rlOs aod drift 

chambers and labelled ESTR if they w<?re reoons tructed Crom only drift chamber hi ... 

1'hc I<# caodidAtoo were scard1cd for fro1n either pairs of SES'l'lt t racks or pairs <i 
ESTlt tracks. T he 001n bi.t\at0ric background was too high relAtivc to the outnbcr 

of signal C\ 'Cl\ tS co use ooc SCSl'lt and one f.S1'lt track. 1'hc cuts used arc listed 

it\ table 6.1. ltcgion 1 / ( # candidates arc thooo with a doc:a)' \'Crtcx upstrcain <i 
t he front face of t he first tnagnet and llcgion 2 /(# caod idatoo arc t hose that doc:a)' 

downstretun of this. 1'ho rnass plo~ aod tno1ncot uin d istribut ions of /(#, ti', D·, and 

o+ car1didaoos frotn tho l(itcl1et1 Siok S uOOtrip are s hown it1 Figuroo 6.1 - 6.4. 

6.3 Analysis Cuts 

1 fur ther suOOtrip these tapes to get t hroo sc~ of tapes: 

• Set 1 oontaittS cvet1ts wit h a /(# cand idate and a D 0 caodidate (l<PI frotn KSSS). 

• Set 2 oootaios cvcocs with a I<# cartdidatc and a D+ cartdidatc (K2Pl fro1n 

l<SSS ) 

• Set 3 oontAittS C\'Ct\~ wit h a ti' candidate (KPI fro1n KSSS) aod another t rack 

whid 1 is a charged kaon candidaoo (C-Orcr1k<w probability> 0.13). 

1'hcse tapes were copied, rmnovi.t\g duplicate cvCt\CS it\ each set. (Duplicate e\'eo~ 

arose boc:auoo oCCASiorlAli) ' ao i.t\oorrcct tape was loaded at the fil ter stage where the 

tape ouin ber was oot wricooo iotcrtlAli) ' aod t herefore oould oot be checked whCt\ 
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Figure 6.1: (•) K, mass (SESTR), (b) K, momentum (SESTR), (c) K, mass (ESTR
regl), (d) K, momentum (ESTllrregl), (e) K, mass (ESTR-reg2), (f) K, momentum 
(ESTR-reg2) 
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CUT 

mass rangc(GcV /C') I 
total d1argc 

DCA (cm)< 
I 

SDZ > 

DIP (cm)< 

Table 6. 1: K, Selection Cuts 

SESTlt-SESTR 

0.47 - 0.52 

0 

15 

0.015 

REGION I 
ESTR-ESTR 

0.47 - 0.52 

0 

1. 2 

0.4 (8 < z < 10) 
0.7(10 <z < 20) 

1.0 (z > 20) 

REGION 2 
ESTR-ESTR 

0.46-0 - 0.525 

0 

0.7 

1.0 

55 

retM:liog t he &&pc . .1-\pprox:itnatcl)' 1% of events were rejected because tl1C)' were d u

plicates.) 

Before SM.rcllit\g for D·· s igilAIS 1 oecded to decide on tho best w&)' to optitniY..c 

Aft) ' v·· sign.al io ao urtbiAssed Wt\)'· I found that t here was VCI°)' lit tle cl1Ar1n si~\al 

above backgrouod it\ cvcnrs where tho pri.tn arl ' \'Crtcx was io t he interaction OOUt\tcr 

so 1 rejected these events for all 1nodes . .. \Coor rojoctit\g tho events i.t\ tho i.t\teraction 

oouooor I fouod t hat t he D· sign.al was rcasonabl) ' clean so I 1nadc oo further curs at 

t h.is stage except t h.at for each pair of tracks in akit\g a ti' cand idate 1 allowed oo one 

COtf)' b) ' cltOOSiog t he t rack wit h t he grcaoost Ca-cokov probabilit)' co be tho kooo. 

For t he other tnodcs t he D+ and ti' need to be opti1ni1..ec:l. T he ouinber of D·· 

events roooristructcd wiU be proportion.al to t he ouinber of evcots i.t\ the D peak, 

aod tho backgrouod under t he D·· will be proportional to the outnber <i sigoAI plus 

backgroui\d of the D. Hence if we opt i.tni1..c SjJ S + B ror t he D+ aod D0 we will 

Ii.ave opt i.tnizcd Sj ./B for t he D··. For cad.1 of t he cut variables listed i.t\ Table 5.2 1 

plotted cfficiCOC)' vs. Cut aod s1Jcs + B ) vs. Cut , tightet\i.t\g tho curs b)' ao iterative 
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procedure uot il 1 hAd ina.xitn iY..cd Sj J S + B. J-\U cuts up to t h.is poi.t\t are shown i o 

Table 6.2. 

Figures 6.5 through 6.7 show the inass peaks with t he tighter cuts as described 

above. 

The SESTlt /(#sign.al is vcr>' clean as can be seen fro1n figure 6.1. T he signal to 

background ratio for t he ES'l'lt / ( # sigilAl ca.o be i1n proved b)' cuttiog on t he tnitti1nu1n 

distaooo bccwooo t he projection of tho recoristructed / ( # track aod t he pritnar)' vertex 

(KSDIP). ~'igure 6.8 shows t he K, s ignal before and afoor a cut on KSDIP < 0.5 cm. 

It can be scet1 that t his cut rctait'IS 90% of t he si~\al while i1n pr0\•iog t he sign.al to 

background rat io fro1n 2.3 to 3.6, however t he sigoificaocc of tho signal (SJ {cs+ 8 )) 

is reduced frorn 176.5 to 174.8. 1'ho ?\10000 Carlo D·· sigilAI beco1nes riArrower as 

t h.is c ut is tightCI\ ed (sec f ig. 6.9). T he D+ /(# and D· /(#signals wiU be plotted both 

with aod without t h.is cut . 

1'hc cuts on t he bachelor kaoo fro1n tho decal ' D; · -> D° J( + were selected b)' 

opt itn.iziog SJ .Jjj where t he s ignal$ was fro1n ?\1oote Carlo events and the backgrouod 

B was fro1n data. T he result i.t\g cu~ arc: t he /(+ inust 001nc fro1n tho pritnar)' vertex 

( it\ t he vertex list) aod inust h.avc a C-Orct\kov probabilit)' greater than 0.5. Because 

t he Ca-enkov probabilit)' is oot tnodclled perfect!)' it1 t he ?\rlonte Carlo I start wit h 

a looser cut on tho Ccref1kov probabilit)' at 0. 13 and plot the fl' /( + spectruin both 

with a 10000 cut and a t ight c ut on t he Cerenkov probabilit)'· (1 also require that 

t he /( + t rack be detected dowostreain of the first Ccrertkov oouooor it\ order that 

C-Orct\kov ident ification be incaitiogful. 

1'hc D·+ - I<# and D+ - I<# inass spectra arc plotted usi.t\g the cu~ on t he D·+ 

and D+ as described abo\'C and :1:2u inass wi.t\dows for J<s, D+, D° and D· - D°. 
T he DJ< it1vari.ant inasses arc calculated usi.t\g t he tnotnenta of the D·+, D+ aod / ( # 

as tncasurcd but fix:it\g tho inasses to t heir oornioAI values fro1n tho Particle Data 

Group l19J. Usiog ?\rlonte Carlo data I fouod t h.at this tncthod gave a peak with a 

gaussiao width of 1.6 ?\rloV/<! 001nparcd to t he tncthod used b)' £687 whicl1 uoos the 

inass differeooo between the D·· candidate and the D· whicl1 gave a width of 5.0 

McV /c2 (soo f ig. 6.10). 
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Table 6.2: Analysis Cues 

CUT I 2-proog 3-prong 

I 
w/o o- widt v· 

mass range( Gov /c") 1.75 - 2.0 1.75 - 2.0 1.72 - 2.0 

tolAI charge 0 0 + 1 Or - 1 

CHIS> 15 15 25 

soz > 8.0 6.0 12.0 

DIP (cm) < 0.004 0.007 0.005 

PTB (GcV /c)< 0.4 0.7 0.35 

STGT > o.o o.o 1.0 

SDCA~·UN > 5.0 1.0 4.0 

PT201( (GcV2) > 0.6 0.2 0.35 

ZPIU (cm)< -0.5 -0.5 -0.5 

KPROB> 0. 11 
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l;.iguro 6. ll(a) s hows t he D·+ I<# iovari.aot inass spectruin wit h oo cuts on tho /(#. 

f igure 6.1 l(b) shows the D·+ / ( # it1 variAr1t inass spectruin with l<SOIP less than 0.5 

cm. 

l;.iguro 6.12(a) sho-.vs t he D+ I<# i.t\varia ot tnass spectruin with oo cues on t he /(#. 

f igure 6.12(b) s hows t he D+ / ( # ii1var i.a ot inass s pectrutn with KSDIP less t l1At1 0.5 

cm. 

T he D° J( + inass spectruin is plotted usiog tho c ues on tho D° as d escribed above 

and a :1:2u inass wiodow. T he ti' is co1nbioed will1 all tracks fro1n t he pritn ar) ' vertex 

t h.at llA\'C cllArgt opposite that o f the kaoo fro1n t he ti' d CCA)' and have a Cerenkov 
kooo probabilit)' greater t l1At1 0.13. f:' iguro 6. 13 shows tho D0 J<+ inass spectruin wit h 

loose and t ight cuts on the Ccrortkov kooo probabilit)' of tho bachelor kaoo ca.odidatc. 
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6.4 B ackground 

lit order to fi t the i ovariAr1t inass spectra a tnodcl ror t he backgrouod s ha pe is oecded. 

1'hc inait\ source of backgrouttd is cornbio.atoric backgrouod where a real or false D 

001n bir1es wit h a real or false /( but t he D aod tho /( arc oot fro1n a D;· dCCA)'· 

l:Or each o f tho possible D;· dCCA)' tnodes 1 tnodclled t he OOtn bitlAtor iC backgrouod 

b)' t akit\g each D (or D•) it\ t he signal histogrrun and 001nbit\i.t\g it with kaons fro1n 

in&rt) ' other events. It t unas out t hat tho backgrouod shape is VCI")' dependent oo the 

Xp of t he D, so 1 001nbiocd each D oot wit h t he srunc ou1nber of kaoos but rathe r wit h 

enough kaoos so th.at each D it\ the signal hiscograin contributed tho sainc ou1nbcr 

of e ntries to t he inixed C\'Cl\t backgound h.istogr tun (ic. i.t\variant tnass below 3.0 

GeV /c") In all 3 modes t his background s hape is fitted to a function of t he fonn 

wrist • (x - 2.508)" • e·"~ (6. 1) 

f igures 6.14-6.16 show the 001n binatoric backgrouod shape for each of t he doc:al' 

inodes. 

\Ve also need t0 ooosider other sourcoo of background s uch as rcllectioos fro1n 

other statoo where one or inore of the dCCI\)' products is inisident ified or where one <i 
t he <local' products is llOt oOOerved (cg. 1ro or ocut rillo). 

1:-0r t he dCCI\)' inodes wit h a I<# ill the finAl state we oeed to consider t he possi

bilit)' of inisidcotif)•ing a 1\ 0 as a /($ . .'-\!t hough t here arc llO kiiown D·1\ 0 or D+.~o 

resonartCOO, I checked t he possibilit)' b)' plotting t he D·.~ 0 o r D + 1\ 0 inass arid D· /(# 

or D + / ( # inass for all events where t he /(# was tunbiguous wit h a 1\ 0 . T here was (IO 

s ignificant peak ill thooe plots. I also plotted tho D•J(# arid D +J(# s pectra for the 

ainbiguous even~ (soo f:' ig 6.17). 

For tho /)O J( + doc:a)' inodo there is a possibilit)' t hat t he /( + is rcall) ' a 1f+ that 

has passed t he Ca-enkov cut . I checked t his b)' plottiog t he D° I<* as D°1r+ . f:' ig

ure 6.18(•) shows t his s pectrum wit h a C-Orenkov kaon probability c ut K2/ D > 0.13 

on the pion tu\ d figure 6.18(b) shows t his s pectru1n wit h a Ca-ellkov kaon probabilit)' 

cut /(2/ D > 0.5 on the pion. 

T here is a s ignificant D· peak for /(21 D > 0. 13 arid s tiU a Stnall fraction of D· 
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2.6 2.8 3 
f igure 6. 19: D° J( + it1variat1t inass spectruin with v· events rmnovcd ( J( + Cerenkov 
probability > 0.5) 

even when tho Ca-cnkov kaon probabilit)' is increased to0.5. T here is oo evidence <i 
the (IOrt-straogc D·· at 2460 ~'ICY Jc'1 . Taking tho even~ it\ the D· peak and ploctiog 

t hem as fY' J(+, I fuid a strong peak bctwoon 2550 McV Jc" and 2600 McV Jc" (soo 

f ig. 6. 18 (e)). I re plot tho ti' /( + it1vari.aot tnass spectruin rmnovi.t\g all cvcocs where 

m(fY'or• ) - m(fY') is less t han Iii() McVJc" (soo Fig. 6.19). 



Chapter 7 

THE D *K 8 SPECTRUM 

7.1 F itting t he Mass and width of t he D;j(2535) 

T here is a peak io t he D•J(# tnass spectruin ocar tho D;· state at 2535 ?\rlcV /c2. 
f:' igurc 7. 1 s hows tho result o f a fi t with 001nbit'IAtOric backgro und as d escribed alx>vc 

and a gaussiao. 1 fiod a signal wit h a inass of 2533 :1: 1 ?\1cV jc'1 and a gaussiao widt h 

of 4 :I: 1 ?\rlcV Jc'1. ?\rlonte Carlo events were created with art iotrit\siC width of 1..ero 
so tho roooristructcd width gi\'CS a ineasurc of t he r(lSOlutioo of t he spectrorootcr for 

t h.is inodo. f igure 6. lO(a) shows t he fitted ?\rlootc Carlo peak. It can be seen that the 

peak has a gaussiao width o f 1.6 ?\rloV J<! whid 1 is (IArrower t h.an t he data peak. 1'his 

could be because the D;· h.as ao iotri.t\sic width 001n parab10 to or larger t h.an the 

resolut ion or because t he ?\rloooo Carlo width is ar1 uoderesti.tnatcof t he CX'pcritncotal 

resolut ion . 

... \o it\depeodcot check of t he rcliabilit)' of t he ~,loote Carlo width CAO be tnade 

using the D" peak. T his D;· d ocay mode has a low Q value (25 MeV). T he o·+ -> 
fl'1f+ d oc:A) ' Also bas a low Q value so I cotnpa.rtd t he width of the ~'IOrtte Carlo 

D· peak wit h data to soo if there was reasonable agroor.neot. 1'he resul~ CAO be 

soon it\ f igure 7.2. T he width of t he D· is wcl1 tnodelled io t he ~,lonoo Carlo when 

t he bachelor pion is a SfSJ'lt track, however when t he bachelor pion is AO f.S"l'lt 
track t he D· is about lJ% wider i.t\ data than it\ ~'lonte Carlo. J-\ltnost All of the 

events it\ the D;· peak oontaio ar1 ESTlt / ( # so it is the ESTlt width that is tnost 
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f:'igurc 7 .1: (a) D· / ( # spectruin, (b) fit with ini xcd event backgrouod aod gaussiao 
sigilAI 
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itn portaot to esti.tnaoo corrcctl)'· It is possible that tho diffcrcooo is due to tho ditkrcot 

ino1ncotutn distribut ions it\ t hese 2 eases. f:' igurc 7.3 shows t he background s ubtracted 

ino1ncotutn distribt ut ioos ror t he bachelor pioos . I checked t hat t he width was 00t 

stroogl) ' dependent on t he ino1ncotuin of tho bachelor pion b)' plotti.t\g the D· - ti' 

inass dilkrcooo for dil:Tcrcot tn0tncotuin bins of the bachelor pion (soo Fig. 7.4). It is 

possible t h.at the iocreased width of t he D· for f.Sl'lt pions is part i.all) ' duo to t he fAct 

t h.at t he pioos uoderweot larger t h.an average tn ult iplo scattcri.t\g io tho S~rlOs and 

therefore were oot rccoristrucood there. T his is oot a problo1n for ESTlt J<,s because 

t ltC)' doc:a)' downstreain <i the S~1-0s. However a 001nparison of t he width <i t he D· 

bctwooo ~'lootc Carlo and dAta cao give at1 estitnaoo of tho S)'StCinatic error duo to 

usi.t\g tho ~'lontc Carlo width io fit tiog t he D;·. 
J-\s t he D;· is wider ll1an t he CX'PCCccd resolut ion I fitted t he peak will1 a Breit

\Vigner oonvoluccd with a gaussiat1. T he fi t was done boll1 wit h and without Ilic cut 

on KSOIP ror 2 different widths of gaussian - firs t will1 a width of 1.7 ~,loV/c2 oo 

predicted b)' Ilic ~'lontc Carlo and sccood will1 t he width it1creascd b) ' 30% ie. 2.2 

~1cV /c2
. I used an uobitu\ed tnax:itnuin likclil1ood fit aod t he results arc sl10-.vn io 

Table 7.1. It c an be soon from the table that t here is a di!Tcrenoo of0.9 MeV/c" 

between Ilic fitted widll1s using a loose and tight KSOIP cut . 1'ho variation io width 

frotn usiog a dilkrent widll1gaussianis0.4 ~'ICV Jc'1. 1'hc projcctioos <i t ho fi~ usiog 

a gaussiAr1 width of 1.7 ~'ICV Jc'1 arc s hown it\ f:' igurc 7.5. 

1'hcrc is a possible S)'Strunatic e rror duo to oot using Ilic oorrcct backgrouod sl1apo. 

I fitted t he backgroui'td outside t he peak region will1 a curve of t he s.ainc fonn oo Ilic 

tnixcd C\'COt backgrout'td to get ocw parrunctcrs Pl and P2 io cqu.atioo 6.1. f:' ixit1g 

t hese paraincters, I ll1et1 refitted Ilic peak and ba.ckgoui\d. 1'ho results of t he ocw 

fit arc gi\'cn ill Table 7.2 and t he projection of Ilic fi t is sl1own it\ Figure 7.5. \Vit h 

t his background s ha pe the fitted Breit-Wigner width increases by about 4.5 MeV /c". 
T his is t he d0tnin.ant source of S)'Strunatic error. T he S)'Strunatic error on Ilic widll1 is 

obtait\cd b)' addit1g it\ Quadrature t he errors fro1n t he variation it\ backgroui\d sl1apo, 

gaussiao widll1 tu'td KSOIP cut. T he S)'SOOiMtic error oo t he inass is do1nii1Ated b)' 

t he variation ill t he l<SOIP cut plus another 0.5 ~'IOV is added duo to t he ur1oor1Ait\t)' 
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1Ablc 7.1: ll,csuits of fit co D· I<# spectruin, backgrouod shape fr0tn inixcd events 

loooo l<SDIP cut I 

I 
T ight KSDIP c ut I 

I 

it\ the ti' inass. 

Gaussian widt h 
McV Jc" 

1.7 

2.2 

1.7 

2.2 

Mil$ 
McVJc2 

2533.3 ± 1.2 

2533.4 ± 1.4 

2533.8 ± 1.2 

2533.9 ± 0.9 

1'hc inass of the D;· is incasured co be 

(2533.5 ± l.4(statistiCAI) ± 0.8(si~oomatic)) McV Jc2 
T he it1triosic width of t he D;· is incasurcd to be 

(5.0 ± 3.6(statistiCAI) ± 2.3(systematic)) MeV Jc2 

Brcit-\Vigocr widt h 
McV Jc" 

3.3 ± 3.7 

2.9 ± 3.9 

2.4 ± 3.3 

2.0 ± 3.6 

7.2 Angular D istribution of then•+ Ks decay 

1'hc distribution <i t he a.ogle 0 bctwooo t he I< fro1n t he D·· deca)' aod th01r fro1n the 

D· doc:a)' it1 t he D· rest frainc is dctcr1nioed b)' thcspio of tho D·· (sec Section 1.4). 

1'hc D·+ I<# spectruin with a t ight KSOIP cut is sho-.vn io f:' igurc 7.6. 1'hc signal 

region to be used for dctcnnioiog t he angular distri bution is shaded. To d cter1nit1c 

t he angular distribution of t he background uoder tho signal 1 use t he tnixed event 

s&nplc aod scale this co 2 even~ per bio. 

1'hc angular distributioils of s ignal and backgrouod arc sl10-.vn it\ f:' igurc 7.7 tcr 

gcthcr wit h t he distribution fro1n ~'lonte C.arloe\'COtS. T he ~'lonte C.arloe\'COtS were 
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event background, (b) Loose KSDIP cut, bad<gound fi t to data, (c) T ight KSDIP 
cut, tnixed event backgrouod, (d) Tight l<SOIP cut, ba.ckgrouod fit to data 
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Table 7.2: ltooults <i fit co D· / ( # spcctrutn, backgrouod shape fitted fro1n data 

loooo KSDIP cut 

Tight l<SDIP cut I 

I 

" 

" 

" 
• 
• 
• 

, 

' 

Gaussian width 
McV/C' 

1.7 

2.2 

1.7 

2.2 

" n • 

'-' 

Mass 
McV/c2 

Brcit-\Vigocr width 
McV/C' 

2533.2 ± 1.6 8.0 ± 3.6 

2533.1± 1.6 7.7 ± 3.7 

2533.8 ± 1.4 6.8 ± 3.5 

2533.9 ± 1.4 6.5 ± 3.6 

0 JU 
u.,...,, .,. v.... l..111J 
18¥1 ll:Y•n:-01 
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generated with a Oat distribut ion and the reconstructed cvcors llA\'C a Oat distribu

t ion will1it1 errors. T he sigrlAl-backgrouod disributioo is shown io f igure 7.7(d) wit h 

a fi t to t he <quation I + P oos2 0. T he result of t he fi t is P = - 0.08 ± 0.68. This is 

consistent with the S-wavc doc:a)' of a ,/ = 1 D·· ineson. 
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f igure 7.7: D•+ J( # angular distribution, (a) signal region, (b) inixed event back
ground , (e) Monro Carlo, (d) signal - seAlcd background , 



Chapter 8 

THE D+Ks AND DOK + SPECTRA 

8.1 F itting the M ass and \Vid th of Observed P eaks 

T he D+ / ( # s pectrutn appears to show cwo peaks, oc ithcr of which is t he state at 2535 

?\1cV /c2 soon it\ the D•J<# spectruin. 

l.ookit\g at the D° J( + s pectruin we fiod t h.at even after ro1noval of C\'COts whid1 

would be oorisisooot with a D· we soo soinc evidence of a signal i.t\ tho region 2550 -

2600 MeV /C' and perhaps another peak at about 2640 MeV /C'. 
J-\lthough statistics are poor it is it1tcrostii1g t hat t here is soinc evidence <i cwo 

peaks it\ both decal' tnodes. T his is uocxpectcc:l because ooll ' cwo of t ho D;· states arc 

expected co be t his narrow l26J and as t he staoo at 2535 MeV /C' is wcl1 established, 

we would cx,pect to fu\d ortll ' one other (IArrow state. 

1 fi t both t hese spectra wit h a background shape fr0tn in ixed events aod cwo 

gaussiaos. The fies are also done with just a sioglo gaussiAt\ plus background io order 

todctcnn.it\O tho significarioo of the second peak. 1'hc r(lSuits of the fits arc shown io 

f igures 8.1 -8,2. T he x2/degrce of freedom decreases from 111/59 oo 93/56 for the 

D+ / ( # inodc but there is VCI")' little i1n provmncot it1 t he fit addit\g a seoood peak io 

t he fi t to t he !)OJ( + inodc. 

J-\s i.t\ tho D· J<s s pectru1n tho peaks arc wider ll1tu\ t he resolut ion as dctcr1niocd 

fro1n t he ~'lontc Carlo. ~'lontc Carlo events were created wit h 1..cro widt h at a tnass 

of 2573 ~'ICV Jc'1. T he fi t to t he D+ / ( # peak is shown it1 f igure 6.9. It boo a width <i 



8.1. Fl1'11NG 1'HE MASS AND W11)1'H OF OBSERVED PEAKS 87 

100 100 '"' ·~• I ~ ., "' -
(o) (b} 

80 80 

60 60 

40 40 

20 20 

0 
2.4 2.6 2.8 3 

0 
2.4 2.6 2.8 3 

o· K, invoriont moss GeV o· K, invoriont moss GeV 

100 ,.,..,. I 1"' 100 "' "'' "" " ~ 

(c) ·~ (~} n 1. ~C-0 
0.••(11(40• " 4.•J_,.·O• ,_ N 0-""1< - 1>1 

80 (IH$.)(4 (11 80 ,_ 
' - ' 

60 60 

40 40 

20 20 

0 2.4 2.6 2.8 3 
0 

24 2.6 2.8 3 

o· K, invoriont moss GeV o· K. invoriont moss Ce'/ 

f igure 8.1: f ies to D+ / ( # spectruin , (b) tnixcd event backgrouod ortl)', (c) tnixcd 
event backgrouod plus two gaussiAflS, (d) inixcd event background plus ooo gaussiao 
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f igure 8.2: f its to /)O J( + spcctruin, (b) tnixed event backgrouod ortl)', (c) tnixcd 
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Table 8.1: 11,csuits oI D;· fits 

DeCAy Mode 
fi t parrunctcr D+ J(, £f' IC' 

Mass I (MeV /c2) 1 2567 :I: 5 

Width I (MeV/c2) 116 :I: 12 

Mass 2 (MeV /c2) 2645 :I: 5 

2565 :I: 5 

21 :I: 10 

2644 :I: 7 

Width 2 (MeV/c2) 20 :I: 23 11 :I: 16 

89 

4.5 :I: 0 .13 MeV /c2. If w<i assume t hat th is is underestimated by 30% it is still mud 1 

(IArrower ll1ar1 t he fi tted data peak which has a width of 15 :I: 4 ~'IC V /c'1. 
T he ~,lonte Carlo peak for tho D0 J<+ C\'Crt~ is shown io Figure 8.3. It cao be soon 

it\ t his case t hat the width is 3.2 :1::0.2 ~'ICY Jc'1 which is (IArrower Ila&\ the data peak 

(11 :I: 3 MeV /c2). 

T he <local' D;· -> ti' /( + has a s i.tnilar Q-valuc to /(# -+ 1r+1r ... One cao 001nparc 

t he width of t he /(# peak bctwooo ~'lontc Carlo and data to esti.tnatc t he accurac)' <i 
t he ~'IOrttc Carlo width of t he D;·. F\-01n f:' igurc 8.4 we can soo that t he ~'loooo Carlo 

undercstimaoos the width of t he SESTll, K, peak by about 25%. 

1 refitted both t he D+J<# aod /)O J( + spectra with cwo Brcit- \ Vigocrs oonvolutcd 

with gaussiAt\S, usiog a gaussiao width of 5.0 ~'lcvjc'1 for t he D+ / ( # and 4.3 ~'ICY Jc'1 
for t he D°J\+ . 1 used a 0 -wavc Brcit-\ Vigocr for t he lo-.vcr tnass peak because it is 

predicted to be a spii1 2 state which dCCA)'S th rough a 0 -wavc. 1'hc resul~ arc s hown 

it\ Table 8.1 aod t he fies arc showo io f igure 8.5. 

1'hc S)'Ste1natic e rrors were esti.tnatcd b) ' stud)'i.t\g t he variation it\ fi t parrunctcrs 

with 

• cl1cv1ges iii width of gaussiAt\ 
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Figure 8.5: Projoction of Breit-Wigner oonvolutoo with gau.,iAti fits, (•) D• K,, (b) 
fY'J(+ 

Table 8.2: Sourcoo of S)'Stcinatic E·rrors io D;· Parainctcrs 

Contribution to error it1 ~'ICV J<! 
souroo Mass I Width I Mass 2 Width 2 

vary l9\U.,iAtl width by :I: 1.0 McV Jc" I 0.2 2.0 0.2 2.0 

use S-wavc Brcit- \Vigner 1.0 2.0 1.0 2.0 

v&.r)' cues 5.0 2.0 5.0 2.0 

inass sea.le 0.5 0.5 
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• usiog ao S-wavc i.t\Stcad <i 0 -wavc Brcit-\ Vigner. 

• changes it\ cuts: the dornin.aot source of error CAtne fro1n d1aogiog the Cerenkov 
cut on the kaoo frOln t he ti' and D+. 

For tho ~'IOrtte Carlo peak, t he reconstructed value agroos wit h t he t hrowo value 

with it\ statistica.l errors it\ both dOCA)' tnodes. 1'herc is aooll1er S)'Stcinatic error d ue to 

t he fAct t h.at all rnasses arc t ied to t he inass of tho D rooson which has ar1 ur1oor1Ait\t)' 

of 0.5 MeV for the £f' and 0.7 MeV for the D+. 

The sourcoo of S)'StCinatic error are shown it1 Table 8. 2. 

Possible Cx'planatioos for t he uoc x,pcctcd second peak are: 

• T he second peak is a statistical Ructu.atioo. 

• t here is one peak but it is s plit d ue to soinc problmn with reconstruction. 1:or 

cxainplo if there were a inisaligruncnt betwooo the S~10 Craine of rcl'creooo aod 

t he Drift C llAlnber Craine. (1'his would Oitl) ' cause a problmn io tho v+ / ( # 

tnodo.) 1'hc t racks fonniog t ho D+ arc reconstructed it\ tho S~10s but ror tnost 

of the /(# •s t he t racks arc reconstructed io tho Drift C lwnbers. f\ tnisaligntncot 

bccwoon tho cwo ooordinatc fr runes could cause t he ang le bccwooo the D+ tu\d 

t he / ( # to be u(tderestitnatcd it\ s0tnc C\'en~ tu\d ovcrcstitnatcd io others. 1 

plotted the D• I(, in variant mass for evenLi where dz/dz(D• ) > dz/dz(K,) 
and also for e'~nLi where dz/dz(D• ) < dz/dz(K,) (soo Fi~. 8.6). T here was 

oo evidence of tu\)' separation of peaks d ue to tnisaligtuncot . Sitni lArl) ' 1 checked 

events ror tnisalig(uncnt it1 t he ) '-Oircction but rouod oone . 

• T he cwo peaks are t he o+ and 2"' states. It is VCC)' likci)' that t he resonaooo at 

2573 ?\1cV /c2 is t he 2"' state because we would CX'PCCt the tnass splittit1g wit hio 

t he j = 3/2 doublet co be \'CC) ' close to that of t he oon-stra ogc j = 3/2 doublet. 

Looking at t he p-wave kaons ( Ko-(1430))(2-(14JJ)) we soo that t he ,/ = 0 

state is s light!)' heavier Ll1&\ t he ,/ = 2 state, so it is possible t hat t his is also 

t he case for t he cllArtn ~wa\'C tnesons. 
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Table 8.3: ltcconstruction Eff.ciencies ror D;· 

Decay mode CVCOtS events MC Total 
~1\0raood rccoristructcd cfficiet\C)' EfficiOl\C)' 

D+(l<mr) K,(,,+,,- ) I 49496 1003 0.0203 0.0131:I: 0.0004 
(2573 MeV /C') 

D• (l<mr) I(,(,,• ,,- ) I 47895 800 0.0186 0.0120 :I: .0.0004 
(2640 MeV /C') 

D"(K") J(+ 14831 472 0.0318 0.0155 :I: 0.0006 
(2573 MeV Jc") 

D"(K") I(+ 47317 1198 0.0253 0.0123 :I: 0.0004 
(2640 MeV /C') 

If both peaks arc D; · St&too ll1CI\ t he braochit\g fractions to D+J<0 and /)O J( + 

should be equal. 1'hc cfficioi\C)' of rccoristructi.t\g each tnodc ca.o be found fro1n 

~'IOrtte Carlo C\'Cl\ tS and is shown io T able 8.3. T he ~'IOrtte Carlo c ff.cieocies arc 

dctcr1n.it\ed wit hout usiog tut) ' Cerenkov cuts. T he efficiencies of tho Cerenkov curs 

arc obta.iocd fro1n d ata l37J. 1'hc ou1nber of events reconstructed io each inodc is 

shown it\ T able 8.4. 

T he rat io <i braocl1iog fractions is given b) ': 

l'(D; 0 (2573) -> D+K0 ) _ N1/[<1 • Bn(D+-> !(- ,,+,,+ ) • Bn(l<0 -> ,,+,,- )J 
l'(D; 0 (2573) -> £>"!(+) - N2 /[<i • Bn(D" -> J(• ,,+)J 

(8. 1) 

where /\11 and / 1l2 arc t he ou1nber <i events io t he lo-.ver inass peak of the D+ I<# aod 

ti' /( + spectra respectivcl)' and c1 aod E2 arc the e fficienc ies fo r rcconstructi.t\g ead.1 

inodo. Usiog t he values tneasurcd ro r t hese variables and t he values of tho D+ aod 
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1Ablc 8.4: Nutnber of ltccoilstructed Evcors D;· 

Decal ' inodc Events i.t\ peak 

D• (Kmr) K,(or• or" ) 71 ± 23 
(2573 McV JC') 

D• (l<mr) K,(or• or• ) 73 ± 27 
(2640 McV JC') 

fY'(l<or) J(+ 116 ± 34 
(2573 McV JC') 

fY'(l<or) J(+ 39 ± 26 
(2640 McV JC') 

D° braocltiog fractions fro1n the Particle Data Group l19J we get 

l'(D00(2565) -> D • K 0 ) 

l'(D; ·(2565) -> D0 I<• ) = 0.93 ± 0.4l 

SitnilArl)' for the higher tnass peak we get 

l'(D""(2645) -> D• I<0 ) 

l'(D; · (2645) -> fY'I<• ) = 2·5 ± 1.8 

(8.2) 

(8.3) 

1'hc peak at 2565 ~1cvj<! is oorisistcnt with bciog the ,JP = 2+ cha.on-strange 

inesoo. Better statistics arc oecded to inakc a dcfittitivc sta001ncot about the higher 

inass peak. 
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8.2 Angular distributions of n + K s and flO K + de

cays 

If we assuinc t h.at tho peak ocar 2565 ~1cvjc'1 is the 2"' state we ca.o tneasurc the 

Falk-Peskio partunctcr, Waf'l• rro1n the angular distribution of t he lawns it\ t he D·· 

rest frainc. f:'irst 1 ooos idc r the D+ I<# tnodo. 1 t ightened tho Cerenkov cut on the 

kooo fro1n t he v+ doc:A)' to get a so1ncwl1At cleaner peak. T he oow lMSS plot is 

shown it\ f igure 8.7, with tho regions to be used for s ignal aod backgouod angular 

distr ibutions shOOed. 1'hc tnass spectruin for dil:Tcrcot regions of oosO is sho-.vn i o 

f igure 8.8. It can be soon it\ t h.is figure t hat the low inass peak is prcdOlnioatcl)' i o 

t he rc.(9oris where loosOI > 0.5 but the high tnass peak is inorc u1tiforinl)' s pread over 

the d i!Terent bins of coo 0. 

T he angular distributions for t he si~\al and backgrouod regions arcshowo i o f:'ig

urc 8.9 together with t he backgound subtracted distribution ror t ho s ignal rcgioo. 

1'his fuW distribut ioo ooods to be oorrcctcd ror acccpcanoo. 1'ho ~,lonte C.arloe\'Cn~ 

were created wit h a Oat aogular distributioo so t he tneasured distribution of the 

~1onoo Carlo e\'cn~ will give tho e x,peritnontAI acccptAnoo. f:"igurc 8.9(d) sho-.vs the 

aogular distribut ioo of the ~,loooo Carlo even~ with tho sar.ne cu~ as the data. f:"ig

ure 8.9(e) shows t he angular distribution for t he sig1W with backgrouod subtracted 

aod corrected for acccpcaooo. T he lit1e is t he best fi t to the cqu.ation 

t orist • ll + 3 oos" 0 - 6W•fl(OOS
2 0 - 1/3)1 (8.4) 

T he tneasured value of t he l:a.lk-Peskit\ parar.nctcr 'W3/'1 ror this dCCA)' tnodo is 

- 0.18 :I: 0.26. 

Next W'C ooos ider t he D° J( + dCCA)' inode. 1'he backgound angular distribut ion 

can be d etcnnioed it\ two wa)'S; eithe r fro1n the sidebands or fro1n t he wroog-sign 

ti' /( • spectrutn . f:" igure 8.10 shows t he D0 J<+ spectruin with the s ignAI and s ideband 

rcgioos sh.aded. 1'he dotted lioe sho-.vs t he wrong-s ign spectruin . Both tnothods <i 
detcr1nit\it1g t he backgroui\d angular distributioo have potcotial probloroo. 

It car1 be seen fro1n f igure 8. 11 t h.at tho aogular distributioo of t he lower tnass 
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s ide band is VCI")' dil:Tcroot fro1n t h.at of t he higher tnass sideband. It is oot clear 

t h.at su1ntniog these cwo distribut ions would give t he best estitnatc of t he angular 

distr ibution of t he ba.ckgouod uoder the sign.al. 

It ca.o be soon th.at tho wrong-sign spectruin h.as fewer entries than tho right-sign. 

T his is because it is 1noro likcl)' for t here co be two opposite s ign kaoris io ar1 event 

th.an two sainc sign kaoris. 1'his ca.o be 001nper.\sated for b)' sca.lit\g the wrong-sign 

distribution b)' tho ratio of t he outnber of cvcors estitnatcd as backgouod it1 the 

right-s ign distribution over t he ouin ber of C\'CrttS io tho wrong-s ign distribut ion. I 

estimate this to be 441/386 = 1.14. Fi~·"" 8. ll(c) shows t he angular distribution oI 

the wrong-sign background io the signal region. 

l;.igurc 8.12 shows t he angular distribution of t he right-sign sigilAl region and that 

of t he ~'lootc Carlo sign.al. 1'ho signal - background distributioo found b)' tho two 

incthods is showo it1 f:' igurc 8.13 together wit h tho fies of t he acccpcanoo oorrcctcd 

distributions to E<tu.ation 8.4. T he results are w3/'1 = 0.18 :I: 0.30 usiog tho s ideband 

background aod 'Wa/'1= - 0.17 :I: 0.30 usiog t he scaled wrong-s ign ba.ckgrouod. 

J-\s W3f1 is dcfiocd as a probabilit)' it tnust be greater than or equal to 1..cro . ... \ 

value of 1..ero for Waf'l i.tn plies t h.at t he D;.i is produced with 1..ero populat ion of the 

cxtrcroo hclicit)' states Jr.= :1:2. 
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Chapter 9 

CONCLUSIONS 

lt\ t his thesis 1 llA\'C reported the first observation of excited chann-strango tnesoils 

it\ a hadroproduction CX'pcritncnt. 

T he tnass and width of the D# ... (2535) llA\'C boon tncasurtd and 001nparod to 

other experiments (soo Table 9.1). The mass 1neasured in E791, (2533.6 ± 1.4 ± 

0.3) ~'IOV Jt!, agrees with it\ errors but is s light l) ' lower t llAit that incasured b)' other 

CX'pcritncnts. T he other cxperi1nen~ fu\d that t he width <i t he peak is corisistcot 

with t heir resolution and Ottl)' quote upper litnits on tho iotrit\siC width. It appears 

t hat our peak is wide r t l1At1 expected fro1n our resolution alone but t he errors arc 

largo and oot iooonsistcot with a VCI")' oarrow i.t\trios ic width. 

1'hc angular distribution of t he bachelor pion it\ the D· rest Craine with respect 

to t he v·· direction is s hown it\ f igure 7.7 and is oonsistcot with beittg Aft &wave 

decay oI a ,/ = 1 state. 

\Ve oOOcrvc a peak i.t\ t he D° J(+ spectruin at 2565 ~'leV JC whid1 is COilSistent 

witl1io errors witl1 tl10 peak observed b)' CLEO and .>-\R..G US at 2573 ~'IOV/c'1 . \Ve 

also observe a peak io tl10 D+ /(# spectrutn whid1 adds coofartnatioo to t he state seen 

it\ ti'!<+. \Ve ineasure tl10 braocl1it1g ratio betwoon tl10 two tnodcs to be clooo to 

uoit)' (0.93 :1: 0.41) which is expected b)' isospi.t\ it1varianoo. 1'ho peak it\ tl1e D +J(# 

deca)' tnodo h.as oot been reported b)' al\)' othe r CX'pcri1neot. 1'he tneasurtd tnasses 

and widths arc sho-.vn it\ 1Able 9.2 togctl1cr with t ho rcsulrs fro1n CLEO aod .>-\llG US. 
It is it1tcresti.t\g to ootc tl1at a state at 2564 ~'IC V /i2 dcca)•it1g to D· /( (6 evenrs) was 
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once claitncd to llA\'C boon soon io ocutri.t\O data fro1n BEBC l42j ltOWC\'Cr t h.is was 

later rctriicood ll7J. If the state at 256-0 Mc V/C' is a sp~1 2 state it would be cxpocood 

to deca)' co both DI< and D• J(. \Ve do oot soo tut)' cvidcooo for a peak io t he D• J( 

dCCA) ' tnodc at 2565 ?\1cV jc2, however tho braochit\g fraction to D· I< is CX'PCCtcd to 

be much smaller t han that to DK l26J. 
If we assu1nc that this state at 2565 ?\1cV jc2 is t he ,JP = 2 ... state, (its inass is 

close to tho t hoorctiCAll)' predicted 1nass), t he n it is 1neaoiogful co fi t t he angular 

distribution tocqu.ation 8.4 aod get a ineasunncot of the 1:-alk-Peskit\ paraineoor waf'l 

l21J. Our results arc shown it\ Table 9.3 and are ooosistcot with l:a.Ik and Peskit\ 'S 

tulAl)'SiS of ... \ltGUS data for t he oon-stra ogc D·· state. It appears t h.at the value <i 
Wafl is close t-01..cro which itn plies t h.at t he D"1 ... is producOO with 1..cro population <i 
t he cxtrmnc hclicit)' staoos Jr.= :1:2. 

\Ve also soo soinc cvidcooo of a peak at 2645 ~,leV ft! it\ both D° J(+ and D + /(# 

spectra. T his peak has a s ignifiCAt\OO of 3 stiv1dard deviations it\ the D + /(# tnodo. 

1'he peak is oot statisticali)' s ig1tificant it\ t he /)OJ(+ tnode but is of it\tcrcst because 

it is at t he saine inass as that io the D + /(# inode. T his peak is oot seen b) ' CLEO 

or J-\ltGUS io t heir D° J(+ spectra Although t here is a s1na.ll excess of evci\cs it\ that 

region it\ both e x'peritncnrs and oot iooonsistCt\t with t here bciog a peak io that 

region. It is dilficult tooomparc t he rcsulLi of E791 with t hose of CLEO and ARGUS 

as both production inccl1.a ois1ns and cff.cier.\C)' of rcconstructioo tnal' differ g reatl)'· 

f irstl) ' CLEO and J-\R,GUS are e+ e· oollider e x'peritncnrs where t he oonter-of- tnass 

Ct-\ergy is at one of the upsilon (bb) nisortAt\COO o r ocarb)' oont inuuin , whereas £791 is a 

fLXcd tArgct h.adroproduction witl1 a beain ino1ncntu1n of 000 GeV /c. 1'ho production 

ratios of different d 1ar1n statoo could be Quite dilTcrcnt bctwoon e+e· aru\il1ilAtion and 

g luon-g luon fusion which is thodo1nir1At\t p roduction tnccl1At\is1n it\ h.adroproduction. 

Sccondi) ' the cues required tosoo t he s ig nAI above backgoui\d will be ver)' different 

if tl1e backgoui\d is fr0tn differci\t sources. lt\ tho oollider e x,peri1ncnrs t he heav)' 

inoooos are produced at low ino1ncnt uin io t he lab fratne and so tl1e disw100 bccwoon 

t he production aod doc:a)' vertioo; CAtU\Ot be used tO ide ntif) ' tl1C D° tutd D + States 

which dCCA) ' wcaki)'· However tl10 tn ultiplicit)' of t he evci\cs is lo-.vor so tl1crc is less 

001n bioat0ric backgrourtd. 
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Table 9. 1: ~,lasses and \Vidths of the D #1 •• : £791 Results Co1npared with previous 
Ex,peritncotal ~'IOasurmncnts 

Docay Mode 

E791 0·•1<" 

ARGUS 1101 0·•1<" 

ARGUS llOJ o·•J(• 

CLEO 1118J 0·•1<" 

CLEO 11181 o·•J(• 

E687l16I 0·•1<" 
o·•I(• 

BEl3Ci17I o·• I<° JY0 I(• 

Mass (MeV /c2) Width (MeV /c2) # e'~""' 
(limits 90% CL) 

2533.6 ± 1.4 ± 0.3 5.0 ± 3.6 ± 2.3 30 ± 7 

2535.9 ± 0.6 ± 2.0 <4.3 16 ± 6 

2535.2 ± 0.5 ± 1.5 <3.9 28 ± 10 

2534.8 ± 0.6 ± 0.6 44 ± 8 

2535.3 ± 0.2 ± 0.5 <2.3 134 ± 22 

2535.0 ± 0.6 ± 1.0 <3.2 9 ± 3 
44 ± 9 

2534.2 ± 1.2 <2.3 44 ± 9 

lt\ the ocxt cwo l 'MrS cl1Ar1n data so~ an order of tnag1titudc larger will be availAblc 

from FennilAb experiment FOCUS(E.831) and from CLEO. T he iticrcascd statistics 

should help oonfinn or reject the Cithanooincot oOOcr\'Cd at 2645 ~'IOV/c'1 . 
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Table 9.2: ~,lasses and \Vidths of the Dl'l·· : £791 Results Co1npared with previous 
Ex,peritncotal ~'IMSurmncots 

Ex,peritncot Docay Mode Mass (MeV /c2
) Width (MeV/c2) # Events 

E791 D• K• 2567 ± 5 ± 5 16 ± 12 ± 4 71 ± 23 

E791 001(• 2565 ± 5 ± 5 21 ± 10 ± 4 116 ± 34 

ARGUS ll5J 001(• 2574.5 ± 3.3 ± 1.6 10.4 ± 8.3 ± 3.0 93 ± 37 

CLEO 11 l6J 001(• 2573.2 ± 1.7 ± 0.8 16 ± 5± 3 217± 54 

Table 9.3: falk-Peskit1 Parainctcr Wafi : E791 ltooults 001nparod with previous tnea
surmncot 

Docay Mode 

E791 D,.·· -> D• J(O - 0. 18± 0.26 

E791 D,.·· -> D°K • 0.005 ± 0.30 

ARGUS l21J ·0.3 (<0.24 ©.90% CL) 
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