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Abstract 

This thesis is a study of the sensitivity of B S L  esperiment €813. Espcrirnent 

ES13 !vas a seirrch for the H-Dibaryon (a sis-qiiark uudd.s.s stare ) at Brookhawn 

Sationai Laboratory's 2-GeL*/c beam line. It was insensitive to H tleçay niocles 

a d  lifetime. and looked directly for H formation throiigh a three step reactiou 
- 

mechanism. A liqiud hydrogen target was iised to produce =- hyperons via the 

reaction h' - + p + K -  + . These 3 - ' s  were then slowed down in tiingsten 

dep.iders so that a small fraction of them woiild stop in a liqiiid deuteriiim target 

locatecl above the licliiid h&ogen target to form a (Z-.  d),,,. The sigziatiire 

for H formation via (Z- . d),,, -+ H + TL woilld be a rnonoenergetic neutron in 

coincidence with the formatiou of a (5- . d),l,. The rnost critical property of 

the experimeutal apparatus is the protliict of the typeron stopping efficienc- a ~ i d  

the neutron detectiou efficienc. which is needed to qiiantitatively esti~riate r he 

iipper limit on the H formation brancliing ratio and to interprer the exprrinie~itül 

rrsnlts for the H particle st~~c:li .  This cornbinecl efficiency \vas r*alil>riitrtf wirh a 

similar t hree step react iou mechanisni t hroiigh a st  iidy of 1 -- cap t urr on hyclrogm 

followed bu (X - . p ) , , , ,  -t .\ + T L .  The de t ails of the calibration arc> disciissrd in 

this thesis. 



Acknowledgement s 

I wodd like to espress my deepest felt thanks to rny parents. Without their 

eritlless love. rincoridit ionat support mci encouragement. it woiild have beeu ini- 

possible for me to piirsue rriy cloctoral degree. 

I thank my thesis ativisor. Dr. Charles Davis. for his guiciance. patience :ud 

tireiess cornmitment. 

1 woiild like to give my special thanks to Prof. M-.T.H. vari Oers and Prof. 

Shelley Page. The' have given me so many valirable coniments and suggestions 

diiring Iny thesis writing. and made every effort to set iip nq- oral exminat ion on 

tin~e. 

1 sincerely thank Dr. Alain Berdoz. He spent many hoiirs with me trying to 

understand the hyperon stopping efiiciency by usirig >Ionte Car10 simiilarion. His 

esperieiice and knowledge hm benefited nie greatly 

TLanks to Prof. Cregg Franklin and Prof. Bcrnd Bassaleck. Their knowlcclge 

and deep iinclerstanding about a lot of details of tkis experiment aiways amazed 

mr. They have I~eeri the persons 1 wenr to first wheriever I encoiiritrred probitws 

ciiiriug my audysis. 

Thmks to Phi1 Koran for his cooperation during the data collection alid anal- 

ysis. His humor niade the cinie at  BNL enjoyable. I have lemeci  a lot thrat~gh 

oiir many disc:iissions . 

1 am very grateful to Dr. Adam Rusek. I have alivys remembered al1 the 



P-IW- lessons he gave me. 

Thanks to Dr. hlarkiis Biirger and Dr. Frank hlerrill. They Iiavt~ shared t h i r  

ncperience with me on nmning the experiment and the data analysis. Dr. Btirger 

was so kinci to let me lise some of his plots in my thesis. 

Thanks to the other nienibers in the .\Iarùtoba group. Dr. Des Ramsay. Dr. 

Larry Lee and Mike Lündry. They gave nie ma- good suggestions at  llanitoba 

H particle meetings. Mike did such a good job managing "Cari" that my data 

analysis was carried out smoot hly. 

I dso thank each individual on the H particle collaboration. Prof. Brian 

Quiun. Dr. Bob Chrien. Dr. Reyad Sawafta. Dr. David Gill. Prof. Reinharcl 

Schunlacher. Dr. Reinhard Stotzer, and many others. It is everyoue's cornmitment 

and efforts that made tliis esperiment a success. 





Contents 

Abstract 

Acknowledgements 

Contents 

List of Figures 

List of Tables xxii 

1 Introduction 1 

1.1 Physirs Motivations . . . . . . . . . . . . . . . . . . . . . . . . . . 1 

1.1.1 The QCD Prediction of Exotic Hadron Confi yra t ions  . . 1 

1.1.2 The H Particle . . . . . . . . . . . . . . . . . . . . . . . . 
- 
3 

1.2 Experimental H Particle Research . . . . . . . . . . . . . . . . . 9 

1.:3 EsperimentE813atB.L;L . . . . . . . . . . . . . . . . . . . . . . 1.5 

1.3.1 The H Particle Search . . . . . . . . . . . . . . . . . . . . 1.5 

1.3.1 The (T-, K+) Calibration . . . . . . . . . . . . . . . . . 17 





CO?i TEXT.5 t-ii 

. . . . . . . . . . . . . . . .  3 . 1 4  XeiitronDetectorCdibration 79 

. . . . . . . . . . . . . . . . . . .  3 . 2 Identification of C -  Production 86 

. . . . . . . . . . . . . . . . . . . .  3.2.1 Beam Particle r\nalysis 86 

. . . . . . . . . . . . . . . . . .  .3.2 - 2  Scat tered Particle -1nalysis 88 

. . . . . . . . . . . . . . . . .  3 Global Track Reconstnictiori 91 

. . . . . . . . . . . . . . . . . . . . . . . .  3.2.4 Data Reduction 99 

3 . 2 3  Basic Cuts to identif' the Reaction T-  + p -t C- + K+ 101 

. . . . . . . . . . . . . . . . . . . . . . .  3 . 3  Tagh41ig of Stopping C -  10.5 

. . . . .  3.3.1 Cut on E n e r b ~  Deposited in the Silicon Detectors 10.5 

. . . . . . . . . . . . . . . . . . . . . . . .  3.3.2 .i rigle ûK+ Cut 10.5 

. . . . . . . . . . . . . . . . . . .  13 .. 3..3 Ot her Background Ciits 106 

. . . . . . . . . . . . . . . . . . . . . . .  .3.3..1 Summary of l i i t s  112 

. . . . . . . . . . . . . . . . . . . . . . . .  3.4 Xeutrori lieasrirement 116 

. . . . . . . . . . . . . . . . . . . . . . . .  3.4.1 Data Processing 116 

. . . . . . . . . . . . . . . . . . . . . .  13.4.- Yeiitron Spectrum 119 

. . . . . . . . . .  3.4.3 Resolutiouof Xeutron ,û -' lleasurenient 119 

3 . 4 .  The Sensitivity of the C i~ t s  . . . . . . . . . . . . . . . . . .  122 

4 Results And Discussion 131 

4.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  131 

4.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  135 

4.2.1 Background Evaluation . . . . . . . . . . . . . . . . . . . .  1135 



4.2.2 Coniparison between Present and Previous: Results . . . .  135 

. . . . . . . . . . . . .  4.2.3 Seusitivity of the H Particie Searcli 1-16 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - 3  Conclusion 1-11 

Bibiiography 149 



List of Figures 

1.1 Cornparison between the QCD and QED coiipling constants. The 

solid ciirve represents the leading orcler of the coiipling constant 

of QCD versus -1-momentiun transfer sqiiared Q< and the dasked 

çurw represents the leading order of the coupling constant of QED 

versus Q? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 

1.2 Müss of the H particle calculated by various models. Each column 

represents a muclel. and each line per column represents a different 

c.alcdation of within that model. BhI is the bag ~notiel: SPhL 

is the non-relatitistic potential moctel: SA1 is the Skyrme riiockl: 

L Q  is the lattice QC'D: QSR is the QcD siini riile: RPM is the 
- . . . . . . . . . . . . . . . . . . . . .  relativistic po teritid mode1 I 

1.3 Schcniatic drawing of H prociuctioli niechanis~n iisccl b>- -1erts anci 

Dover to calcirlate the rate for the 3-- + p + H + rl rcactiou. The 

r ancl T vertices are explaincd in the test. . . . . . . . . . . . .  11 

1.4 Brancliirig ratio R as a function of the mass of H (ml{) for capture 

of the Z from an S atomic orbital. The cimes labeled D and F 

refer to the use of models D or F of Xagels . . . . . . . . . . . .  14 



s LIST OF FIGLXES 

1.5 Schematic: plot of the reaction mechanism and target arrangement 

. . . . . . . . . . .  for the H particle search in espxinient E813. 16 

1.6 Scheinatic plot of the reaction mechanism for the (ir-. K - )  calibra- 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  tiourim. 18 

2.1 Schernütic: cliagrani of the experimental setup. The solid boxes 

divide the experimental area into sectors. arid the dashed boxes 

fiirtker divicie the sector into a few sub-areas. (3. ,y'. 2') is the beam 

line coordinate system. and (z. y. ;) is the H particle coordinate 

system. The two coordinate systems overlap in the target sector. 

ancl their intersection point defines the origin for both s'tenis. . 2.1 

2 Plan view of the E81J esperiment l a ~ ~ u t .  The heüniline sertor 

brgins right after the Pt-target. a d  ends at  the front end of the 

experimental target: the varioiis beamline elements arc described 

in Fig. 2.4. The other sectors are shown in the figure as labeled. 25 

2.3 Definitions of the directional angles O and o. . . . . . . . . . . .  26 

2.4 Plan view of the D6 beam line at BSL. . . . . . . . . . . . . . .  28 

2.5 Schernatic plot of the detectors in the beani spectrometer and the 

. . . . . . . . . . . . . . . . . . . . . . . . .  -18D.18 spectrorneter. 30 

2.G Deiiuition of the rotation angle for the sense wires in the drift cham- 

bers. For example. the sense wires are parallel to the x u i s  if th(. 

rotation mgle is 90". . . . . . . . . . . . . . . . . . . . . . . . . .  32 



LIST OF FIGURES 

Schernatic drawing of ëerenkov detrctor FC. The left hand side is 

the side view and the right hand side is looking dowustreani alorig 

. . . . . . . . . . . . . . . . . . . . . . . . .  the beam direction. 

Sc-heniatic diagrarn of spectromerer niügnet . The smt  tercd parti- 

&s mere bent iip. and the beam particles hent dowu to the groiiuct. 

. . . . . . . . . . .  Schernarir drawing of i:erenkov de tector BC. 

. . . . . . . . . . . . . . . . . . . . . .  Schernatic d i agam of BT. 

. . . .  a) Sarget system of E813. b) Close-up view of target celis. 

Boiiridary between the lower target and the upper target . arrangecl 

to match with the projected beam waist. Sote the difference in 

. . . . . . . . . . . .  horizontal and vertical scales in this figure 

The E813 target. The upper target ( 1 2 )  was filled with liquid deii- 

teriiim (LD2) in the H particle production experinient. while filled 

with liqiiid hydrogen (LHZ) in the present (sr-. li- ) calibration es- 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  pcrinleut. 

Silicon detector and cerümic frame viewecl from the downstrcwri 

. . . . . . . . . . . . . . . . . . . . . . .  end of the target region. 

-1 '-dimensional plot of the Alonte Carlo sim~ilation for S- s t o p  

ping eficiency. The r a?ris is the energy deposited in the silicon 

detectors. and the y axis is material in which the 1- stops. T e r "  

represeats ceramic. . . . . . . . . . . . . . . . . . . . . . . . . . .  

Top view of the neutron detectors. LV and RI' are charged particle 

vetoes; LX and RX are the neutron detector arrays. . . . . . . .  

A 3-dimensional plot of the neutron detectors. . . . . . . . . . .  



LIST O F  FICL'RES 

L Monte Cu10 simillation of the neutron detection efficiency. r l i v ~  - 

R x c,,. where Q is the total solid angle of the neutron detectors. 

and E N D  is the neutron detector efficiency. The three plots corre- 

spond to the light oiitptit thresholds of 1 MeV,,' 3 .IleLVee. and -5 

MeV, resper: t ively. . . . . . . . . . . . . .  

Logic ciiagram of the data  acquisition process. 

R.eactiou n -t p -t a - + p iised for 1T and BT timing calibratio~i. 6-3 

Histograms iised for IT  t irning calibration. Shown are the 1T detec- 

tor number versus the differences between rneasiired and predicted 

TOF for the incident i i - ' s  and the scattered protons from each IT 

element to the l g th  elernent of BT. The upper plot is the spectrxm 

before 1T calibration. and the lower plot is after IT calibration. 

Individual timing offsets have been added to tiie l T O F  value of 

each 1T elemerit in the cdibration ro dign al1 four segments of the 

3.9 Histogram il!iistratirig the MT timing calibration. Shown are t hr 

LIT dete(-tor numbrrs versus r ~ l a t i w  rime-of-flight of r 's fruni 

each LLT elrriient to IT. Individual timing offsets have been adtled 

to rach SIT elerncnt so that 1.4 GeLS/r n beani pasticles travelling 

from each MT elernent to IT have the s u e  relative time-of-flight. 

Relatively few particles passed throiigh MT detector elements 1. 8. 

a n d 9  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  67 



LIST OF FICC'RES 
..* 

Slll 

3.1 Histograni iiiiistrating the SlP timing cdibration. Shomn art. the 

11P ctetector uunibers t-ersiis relative TOF of ;r-'s h m  cath 11  P 

element to MT. Individual timing offsets have beeu added to eac-h 

.\IP elenient so that 1.4 Ce\'/c a beam particles travelling from 

each hIP element to 11T have the same relative time-of-flight. T h  

missing 56th channel is due to a scintillator elenlent h a ~ i n g  rio 

signal oiitput. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 

3.5 Histograms iised for BT  tirnirig calibration. Shown are the BT de- 

tetrt or uumbers versus differeuces between nieasrireci and pretiictrd 

TOF from 1T to each element of BT. assiiming the Incomiug parti- 

(*les to l x  a-'s ancl t h  oiitgoing particles tu be protous. The iippilr 

plot is the spectruni beforc BT calibration. alid the lower plot is 

after BT cdibratiou. -\O individuai timing offset has been addecl 

to the ATOF d u e  of each BT elemeut iu the calibration to align 

d l  -10 segments of the histogram at TOF,,, - TOFprc = O us. . . 70 

3.6 Plot of relative TOF of rr-'s from MT to 1T. The solid curve is 

the sum of two ciirves. a Gaussian (the dashed ciirve) and a flat 

I~ackb~oiincl (the ciotted curve). t h  fir the spectriim. The TOF 

resolution of beamline was determined by the rr of the Gaussiart. I l  



LIST OF FIGL'RES 

:3.Ï Plot of Merence between measured and predicted TOF from 1T 

to BT. assuming the incident particle to be a n- and the scattered 

particle to be a free proton. The solid ciirve is the s i u n  of two 

Gaussians shown as a dashed curt-e and a dotted curve. The uarrow 

Gaiiçsiiiii peak corresponds to the n- 'S scattering with the free 

protons. aud the broaci Gaiissian peak corresponds to back~,~oimti. 

Thcl T( F rewliit iou. rr . was cleterniined bu the narrow G aussian 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  peak. 

3-23 The 60 Hz phase dependence of a pedestal for a single silicon pad. 

The solid c u v e  is a fit to the pedestd with the fiinetion ( 3 . 4 ) .  - 

3.9 Schematic plot for a ( 1 C . p )  elastic scattering event used for the 

silicon detector cdibration. . . . . . . . . . . . . . . . . . . . . .  

3-10 Distri butions used in the silicon detector overall gain calibration. 

The iipper plot is the distribution of measiired energy deposited in 

the silicon detectors. and the lower plot is the hlonte Carlo sinnila- 

tion rtlsult for the sanie distribution. The owrall gain puanieter of 

the siliccirr c1t~tec:tors. and the wicit h cd' the gain rriisalipp 

nient. crc;. were calibratecl by ccirnpiiririg the ctistribiitiom of thc 

data (the iipper plot) to the .Ilonte Carlo result (the lower plot). 

3.11 Scintillator log of leugth L with "PMT a" and "PLIT b" at each 

end. -4 partiçle passes through it a t  position .y. . . . . . . . . . .  

3.12 Side view of the neutron detector cosmic: ray calibration setiip. The 

neutron arrays were laid on the floor; the cosrnic ray traversed al1 

. . . . . . .  layers of the neutron array at the center of the logs. 



LIST O F  FICI-RES 

3-13 Side view of the neutron detector cosmic ray caiibratiou setiip. at 

9O0toFig. 3.12. . . . . . . . . . . . . . . . . . . . . . . . . . . .  5:3 

4.14 Selection of cosmic ray ei-ents iised in the calibration of neutron 

. . . . . . . . . . . . . . . . . . . .  detector relative h i e  offsets. 8-1 

13.15 Histograni of relative time-of-flight from !dT to IT. generated frorii 

the raw data. The ürrows indicate the cut made in the arlalysis. 

The big peak is the x- peak and the srnall biimp on the longer 

. . . . . . . . . . . . . . . . .  tinie-of-flight sicle is the K -  peak. 8'; 

3.16 Iterative algorithm in PEASLT to selirch for the best track arid 

momeutiim with a given set of hit positions on the F D  anci BD 

chambers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  89 

3.17 Secondary mass clisrribution from the raw data. mith loose ciits on 

the crack reconstruction goodness of fit. DCA and \' (see belom). 90 

3-18 Distribution of the s vertex of the data mith the PIKS trigger. Thtl 

biixrips ou both sides of the spectriini were causeci by the loiwr 

hytlrogeri carget walls. The rr of a Gaiissiari fit to the x vertes 

profile in the target area. indicateci by the solitl ciirve. is 2-02 cm. 

. . . . . . . . . . . .  The vertical lines indicate the x vertex cut. 92 



LIST OF FIGURES 

3-19 The 2D hisrogram of the y vertex versiis the z vertes from ernpty 

target data. The solid luies show the outline of the lower liquid 

hydrogen target tarik. The bottom wall of the target tank was at 

y = -3..3 cm. rvhich is be-nd the plot. The baud ar z = -20 

cm in the spectriim tus causecl by the aluniinuni wd1 betweeri the 

lower and upper target. and the band at ; = I û  cm was caused 

by a diimmy scatterer behind the rarget tank. The dashed lines 

show the y and 2 vertes ctits. The upper y vertex ciit was stepped 

according to the actiial target geometry. . . . . . . . . . . . . . .  93 

3.20 Distribution of the y vertes for the data nrith PIKS trigger. The 

a of the Gaiissian fit to the y vertex profile in the target area. 

shown by the solid curve. is 0.29 cm. The vertiral line represents 

. . . . . . . . .  the position of the lower edge of the y vertex cut. 9-1 

3-21 The distriliiition of the raw data. The clashed line is the slope 

of the clistribiition in the region of 6.5 5 v2  5 100. The vertical hue 

. . . . . . . . . . . . . . . . . . . . . . . . . .  show the ciit. 96 

3-22 Distribution of the distance of closest approach (DCA) for the 

events which passed the , '  eut. The solid curvc is the sum of 

a half G aussian distri but ion and a Linear background distri but ion. 

and the chshed cirrve shows the Gaussian distribution. The vertical 

line shows the DCA cut. . . . . . . . . . . . . . . . . . . . . . . .  91 

3.23 The ir- + p -+ K -  + S reaction. ,Y represents an unknown particle 

to be identified via the missing m u s  c:alciilation. . . . . . . . . .  98 



LIST OF FIGURES 

3.24 Histogams used in the data rediiction. The vertical Lines show 

the cuts used to select good (a-. K- ) events. .UI histograms iwre 

. . . . . . . . . . . . . . . . . . . .  generated fiom the raw data. 

3.25 Secondary rnass spectrum generated frorn the reduced data. The 

verticai lines show the cut used to identify I < - .  . . . . . . . . . .  

svii 

100 

102 

3-26 .\lissing m a s  spwtriim for (a-. I < - )  ewnts gelirratetl froni the rtl- 

rtuced data. The vertical lines show the c x t  iiseci LI) ici~ntify S - . 

The broad sfioirlcier on the high side of the Gaiissian peak Iras 

causeci by the events in which a i;- interacted with a hoiiritl proton. 103 

3-27' Histoqams illustrating the asymmetry in the missing rnass distri- 

bution. The upper plot is a 2D histopam of the secondary mornen- 

tum versus the missing m a s .  and the lower plot is the distributiou 

. . . . . . . . . . . . . . . . . . . .  of the seçonclary momentum. 10-1 

3.18 The %dimensional histogram of energy cleposited versiis timing o f  

the silicon cietectors. The box shows the ciits on the silicm cie- 

tector timing and deposited energy iised iu the final analysis. The 

wents in the triari#iiiar bèinci were real signitls. anci the ~ v ~ r i t s  in 

the rectangiilar band. with encrgy ciepositetl lrss than 0..i J1t.V. 

were random backgrouocl events. The tiw bancls overlap in r l ic  

region of 145 5 T3.[ 5 260 ns arid O 5 Es[ 5 0.5 .\leLe. . . . . . .  107 

3-29 Schematic drarings of the silicon detectors with projections of X- 

tracks onto the z - .y plane. . . . . . . . . . . . . . . . . . . . . .  108 



sviii 

3.30 

3.3 1 

3.32 

3.3:3 

3 . :34 

:3.3.5 

3. :36 

LIST OF FIGL'RES 

Distribution of the x distance between the silicon detector pad 

which was hit and the vertex for the events that passed d l  the 

S- identification ctiits m d  the SILIXDIF rtiit. The vertical lines iu 

the plot show the a i t  determined by *3n. where rr = 0.75 cm is 

the rms width of il C:aiissian fit to the distribiitiou. . . . - . . . . 

Distribution of the z distance between the silicon detector paci 

which was hit and the vertex of those events that passed d l  t h  

C-  identification cuts and SILI.,'CDIF çiit. The vertical lines in the 

plot represent the ciit. . . . . . . . . . . . . . . . . . . . . . . . . 

lfonte Carlo simulation of the stopping Y-'S. Most of the stop- 

ping S - 's in the upper hydrogen target were created in the lower 

hydrogen target within 3 cm in the upstream bcam directiou. . . 

Histograms generatecl from the rediicetl data set. The vertical lines 

in the plots show the basic ciits defined in : 3 2 .  . . . . . . . 

The 2D-histogram of y versus z vertes generated from the rediiced 

data set. The solid ciirve in the plot shows the and z vertes ciiits 

to select the S- ' s  produced in the lower hydrogeri target. . . . . 

Histogr:uns generated from the rediiced data set with al1 bcasic cuts 

definecl in Table 3.2.  Trvo more extra ciits (SIL1.T and SILIXDIF) 

were applied to the bottom plots only. The vertical lines in the 

plots show additional cuts to reject T - ' s  from S -  decay defined in 

Table 3.2. The narrow peak at SILI.XDIF=O in the top right graph 

rorrespouds to "case b" events as described iu Fig. 3.29. . . . . . 

Plan view of a neutron detector a r a .  It shows the nearest neigkbor 

definition used in the grouping of neritral iiits into a cluster. . . . 



LIST OF FlG LYRES 

3.34 Esamples of neutron O- ' spectra for an elect ron-eqiiivalent mer&?- 

threshold of 3 MeV,. The top plot is a tagged neutron spectriini 

and the bottom plot is an untagged neutron spectrum. The peaks 

t J = 1 in both plots are the peaks. and the peak a t  3-' = 

3.4 in the t agged neutron spectrum represents the monoenergetic 

. . . . . .  neiitronsignal frorn the ( C - . p ) , t m ,  -> .\+n reaction. 120 

3.38 Signal to noise ratio versiis the lower edge of the ciit ou the e n p r p  

dpposited in the silicon riete(:t«rs. with the higher rdge of t h  ciit 

. . . . . . . . . . . . . . . . . . . . . . . . . .  L x d  at 22.5 LleC.. 123 

3.39 S i p a l  to noise ratio versus the higher edge of the ciit on the enerky 

depositeci in the silicon detectors. mich the lomer edge of the ciit 

. . . . . . . . . . . . . . . . . . . . . . . . . .  fixeci at 1.25 MeL*. 124 

3-40 Signal to noise ratio versus the lowrr edge of the ciit on the scat- 

cering angle of li-. Oh- -. with the higher edge of the çiit Lxti at 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10". ... . .  125 

3 . 4 1  Signal to noise ratio versiis the higher edge of the ciit on the scat- 

tering angle of K - .  Oh.-. with the lower etige of the ciit 6sed at 
- - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i . .  126 

:3.-12 Signal to noise ratio versus the lowest point position of the liigher 

d g e  of the ciit on the 9 vertes. with the lower edge of the CUI. kxeti 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  a t - 1 2 c m .  121 

3.43 Signal to noise ratio wrsus the lower edge of the ciit on the z 

distance between the silicon detectors which was hit and the vertes. 

with the higher edge of the ciit fked at 9 cm. . . . . . . . . . . .  128 



LIST OF FIGERES 

3-44 Signal to noise ratio versiis the higher edge of the crit on the : 

distance between the siiicon detector that was hit and the vertes. 

mith the lowr edge of the cut Lxed at  -6 cm. . . . . . . . . . . .  1% 

3.4.5 Signal to noise ratio versiis the lower edge of the triit ou the pro- 

jectecl x position on the silicon pad which \vas hhit. wirli the higkwr 

edge of the (:rit fked at 0.1 cm. . . . . . . . . . . . . . . . . . . .  119 

13-46 Signal to noise ratio versiis the higher edge of the crit on the pro- 

jected x position on the silicon pad ~vhich was hit. with the lower 

edge of the cut L ~ e d  at -0.7 cm. . . . . . . . . . . . . . . . . . .  1130 

Tagged neutron 3- ' spectra for the electron-eqi~vdent energy tkresh- 

olds of 1 .\leV,,. 3 Ale\,-,. and 3 .\leLF,,, respectively. The solid 

ciirves represent a thirct order polynomial fit to the backgroiincl. . 133 

Corriparison of ctifferent background estimates for tagged rieiitron 

spectra (as tlt~fiueci in Table 4.1) at tkresholds of 1 .\Lei-,,. 3 .\leV,,. 

ancl 5 JkV,,. The solid crimes represent a thirci orcler polponiinl 

fit to the backgound. and the dashed curves: reprcisent the scded 

iintagged neutron spectra. . . . . . . . . . . . . . . . . . . . . . .  136 

Cornparison of tagged neutron spectrü at a threshold of :3 MeV,, 

115th ciiffereut silicon energy cuts. The upper spectriim is for the 

cut of 0.8,LLeV 5 EsI 5 3.0hIeV. and the lower spectrum is for a 

tighter cut of l.25hIeV 5 Es[ 5 2.25 5IeV. . . . . . . . . . . . . .  137 

X~ut ron  spectrum with 8.5" 5 B K -  5 115 and 1.2 < Es, <_ 2.2 

MeV ciits. at a threshold of :3 MeV,,. The backgroirntl in the top 

plot mas fit with a thircl order polynomial. while the background in 

. .  the bottorn plot was fit with the iintagged neutron spectrum. 1-11 



. LIST OF FIGURES 

4.5 Neutron spectrum wïth cuts 7.5" 5 B K -  5 10" and 1.2 5 Esr 5 '2.2 

AleV at a threshold of 3 .IleV,. The background in the upper plot 

was fit with a tkird order p o l ~ o m i a l .  and the backgrotmd iri the 

lower plot was fit with the untagged neutron spectriim. . . . - . 1-14 





List of Tables 

1.1 Comparison between the H prociiiction aud the (;i-. K - ) calibra 

. . . . . . . . . . . . . . . . . . . . . . . . . .  tion experiments. 19 

1.2 Ratio of 5- capture at rest. . . . . . . . . . . . . . . . . . . . . .  -13 -- 

2 .  Specifications of the ID chambers. The definition of the rotation 

angles is shown in Fig. 2.6. Spacing: the chamber sense wire 

spacirig; Location: t hr center of the chamber position: Resoliitiori: 

. . . . . . . . . . . . . . . . . .  position measurement resolu tion. 33 

2.3  Specifications of the F D  chambers. The rotation angles are cirfineti 

in Fi#. 2.6. Spacing: the chamber seuse wire spacing: Location: the 

center position of the chamber; Resoliicion: position measiirenienr 

resoliition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37 

2.4 Specifications of the BD chmbers. The rotation angle is defined in 

Fig. 2.6. Spacing: the chamber sense wire spacing; Location: the 

center position of the chamber; Resolution: position measurement 

resolution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -1 1 



~ z i v  LIST OF r4BLES 

2.5 Description of the geometriçd structure of the neutron detectors. 

.Y. Y. and Z are the center positions for each layer. DX. Dl*.  and 

DZ are the dimensions of each log. The Z spacing is the stiparatiun 

between the centers of the logs within a layer. . . . . . . . . . . . .33 

2.6 Convenrions iised in the trigger definitions in Table 2.7. -1 detec- 

tor's name with a digital nimber n represents the n'th element of 

thisdetec:tor. Foreuample. FP13is the l3 the lementofFP.  . . . 58 

2.7 Definitions of triggers. The coiints/spill and prescale factors are 

the typica! values with 1.2 x loi' priniary protons/spill on the pro- 

duction target. The conventions used in the trigger definitions are 

cittscribtid in Table 2.6. PIBE-111 is a trigger to identify the incorn- 

iug a- ' s  frorn the beamliue: IiBE--111 is a trigger to icientigy  th^ 

iiiconiing li - 's froni the beamline; IiSC.-1T is a trigger to irirntify 

the scattering I<- 's: PISC-AT is a trigger to identif>* the scatteririg 

i? -'s: PIIï is a rrigger to identify the incomirig î~ - and the scat tering 

K -  events: PIPI is a trigger to identify the incoming n- and the 

scat tering n- events: ITBT is a trigger to identify the everits which 

the incoming particles hit 1T and the scattering particles hit BT: 

PIKS is a trigger to identif- the 5 - ' s  produceci from the reaction 

;r- + p + 5- + I<- that passed throiigk the siliron detectors. . . .XI 

3.1 Ciits iised in the data rediiction to select ( T T - .  l< - )  events. . . . . '39 

2 Surnniary of (:tirs ~ i s d  in the final andpis .  The fraction of the 

rvents passrri is defilied as $Zn: ~~~~~ for eatrh eut indepeudentl'-. 112 

3.3 Siimrnary of the uncertainries in the neutron ;4-' meüsuremerit cal- 

culaterl bu a Monte Carlo simulation program . . . . . . . . . . . 122 



LIST OF TABLES 

Siirnmary of cuts tised iri the final analysis. The fraction of the 
' ewnts assed ewnrs passeci is defined as f* ek*nt fetd for each cut independently. 132 

Paramet ers useci for the monoenerge tic neutron riiirnber predic- 

tious. zSt, is the 5 -  stopping efficiency. and its valiir is taken 

. . . . . . . . . . . . . . . . . . .  frorri a Monte C'arlo d c - d a t i o n  13-1 

Siirnmary of the final analysis resitlts. ;\Il errors are statistical oril.. 13-1 

Evduation of the tagged neutron spectra backgroiinci by iising dif- 

fcrent methods. FIT1 represents iising a third order p o l p o m i d  fit 

to the backgroiuid. while FIT2 represents using the scaled untagged 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  spectra. 1:38 

Cuts used iri the neiitron spectrum in Fig. -1.4. . . . . . . . . . .  1-10 

Paranieters used in the calciilations stiown in Table -1.7. cstw is 

the X- stopping efficiency anci its valiie is h m  a .\Ionte Carlo 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  c:alciilat ion 1-12 

Siirnrtiq- of thc arialysis resiilts for 8.5" 5 O K -  5 1l3 ariti 1.2 5 

EjaI 5 2.2 1IeL- ciits. Al1 errors are statistical. FB corresponds to 

iising a third order polynomial to fit the neutron spectruni t~ack- 

b~oiiuci: L'STB corresponds to iising the rintagged neutron spectra 

to estimâte the background. . . . . . . . . . . . . . . . . . . . . .  1-12 

Ciits used in the neutron spectra in Fig. 4.5. . . . . . . . . . . .  1-13 

Pariuneters used in the calciilations shown in Table 4.10. E,~,, is 

the 5- stopping efficiency. and the value is from a Monte Carlo 

calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1-15 



nt< LIST OF TABLES 

4.10 Surnmary of the andysis results for 7.5" 5 Oh.- 5 10° and 1.2 5 

Es[ < 2.2 MeV. errors are statistical errors. FI3 corresponds 

to using a third order polynomid fit to the background: LXTB 

corresponds to using the untagged neutron spectrum to simulate 

the backgound. . . . . . , . . . . . . . . . . . . . . . . . . . . . 14.5 

4.11 Prediction for rnonoenergetic* neutrons froni the reaction (f - . 3 

H + I L  for 1000 taggect Z - using the E,,, measured from the ( ii - . IL * ) 

cdibration? at a electron-equivdent energ- threshold of 3 Ale\-,. 

r n ~  is the mass of the H part ide: B (H)  is the H pürticle bincfing en- 

ergy; $-' is (:) -' of moriocnergetic rieutrom from the (=-. d),,, + 

H + TL reaction: r/ is the fraction of (f - . rl),&s that are formed 

for which the Z - 3  are captureid by the cteuteron from au s-state or 

a p-state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1-47 



Chapter 1 

Introduction 

The sensitivity of experiment ES13 at Brookhaven 'iational Laboratory (BSL)  

plays an extrernely important role iri interpreting the esperimental resiilts for the 

H particle (a SLY quark system) search. This thesis is a study of the serisitivity 

of this experiment through I3- capture on hydrogen. In the first chapter. t h  

motivati~n for the H particle search is described. and the ES13 esperiment and 

how to calibrate its sensitivity through the (S - . P ) , ~ ,  -t .\ + r2 reactiou are 

cliscusscd. 

1.1 P hysics Motivations 

1.1.1 The QCD Prediction of Exotic Hadron Configura- 
t ions 

Discovering ünd understanding the fiindamental interactions in the ilniverse is ii 

principal task for physicists. Four interactions in nature have been discowred: the 

strong, weak. electromagnetic and gravitational interactions. The strong iuterac- 

tion is the dominant force acting between nucleonç, and both electromagnetic a d  

weak interactions also play an important role in deterrnining the properties of nu- 

dei. It is widely believed rhat the Glashow-Salam-LVeinberg theory successfiilly 



describes the electroweak interaction: however. the strong interaction remaineci 

au awkward problem u t i l  the late siuties. The big breakthrough rvas the foiinda- 

tion of the quark moclel after Bjorken discovered the scaling property of strlicriirr 

fiinctions ' in lepton-nucleon deep inelastic scat t ering in 1969. The essent id w r i -  

cepts of the quark mode1 are: that the haclrons are niacie of ciiiarks (cg. .  t h  

baryons are three qriark states and the mesons are quark-anticliiark states). arid 

that qiiarks interact mith each other throtigh the eschange of gluons. Sincc then. 

a new nonübelian ? gauge field theory. which describes the strong interaction. lias 

been establislied. It is quantum chromod~amics  (QCD). 

In 1951 Fermi discovered the A+- = U U I L  baryon. I ts  spin is +. - obtauied 

combining three identical J = ? u quarks in their poiind state. Because J = $ - 
is a symmetric spin state and the gound state is a sp imet r ic  space state. this 

configuration corresponded t O three identical fermions ( u quarks) in a complet ely 

synme tric groiind s t üte. which is not allowecl 11y the Pauli escliision principle. 

This problem was solved by introdiicing a new cpnntiim number. calleci "culor? 

If each u quark carries a ciiffereut color. then the 1 --  is in an antisyrnmetric c-olor 

strite. so t h  the Pm1i esclilsiou priuciple is ~riairitaiueci. 

QC'D is the S U ( 3 )  nonabelian gauge theory of color charge. The ftmiious 

whick carry color charge are the cparks. The d o r  charge of a qiiark Las tkrrr 

possible values ( r d .  Mue. and green). Antiquarks carry anticolor. The gauge 

bosons ~nediating the cpuk-quark interaction. which are rnassless and also c a r y  

color (color-anticolor state). are the gluons. The color charge of a gluon has eight 

possible values. The int erqiiark interactions are invariant iinder color int erchange. 

'Bjorken scaliug hypothesis: If the structure furictions in lepton-uucleou deep inelastic scat- 
tering do not deperid on the 4-momeritum trarisfer sqirarerl. Q', but are pure fuuctious of a 

diinensiouless variable. I = s7 wlere 31 is the rnass of uucleou aiid u is the euergy trausfer. 
theu the leptou is scattered on a poiritlike particle. 

'Noiiabeliau group: X uouabeiiaii grmp is a groiip whuse elements do riot uecessarily cum- 
mute with eacli other. For examplet if -4 and B are the elerneuts of a iionabeliau grorip. tliru 
f-4, BI = O is riot dwaystrue. 



tiescribed by the symmetry group SLÏ(3).  

There are rntiny reasons to hope and expect that QCD is a precise and coniplete 

theory of quarks and gluons. QCD piuports to be the ultimate theory explain- 

ing d l  strong interaction effects at  al1 energies. For esample. QCD predicts qiiark 

confinement. Le.. the quarks shoiild be permanently ..confined7' inside their hoiind 

States. This gjt-es an explanation ac; to why uo single qiiark has ever b e m  folinci. 

In addition. like quantum electrocipamic:~ (QED) . QCD has local güiige s p m r -  

try. Howewr. the mat hematical cornplexi ty of QCD h a  preveutecl cliiantitiit ivcly 

testing its correctness. The most oiitstaritiilig property of the strorig interaction 

is its asymptotic freeclom. This can be seen from the evoliitiou of the effectiw 

coiipling constant of QCD. The leading orcier behavior of the coiipling constant 

in QCD [Il is 

Here. Q2 is the 4-monientiim transfer sqiiartvl. r ~ f  is the niimber of cliiark flawrs. 

ancl QE is the renormalization point. =\s seen from eq. (1-1)- whe~i r t f  5 16. 

the QCD coupling constant approaches zero as Q2 + x; hoivever. n, / /  van 

not be iguored when Q2 is srnall. Fig. 1.1 shows the different behaviors of the 

QCD and QED coupling constants. Thcrefore. for QCD. traditional pert tuba tion 

theory should work well at high Q2 (short distances) but break clown at  srnall 

Q2 (large distances) where ne/! becomes large and presurnably confines quarks 

within hadroris. In fact. only the short-distance phenomena and precticcions of 



QCD theory have been testrd iu a wriety of nperiments. On the other hancl. 

iinfortunatel. too Little about the low energy. large distance. and non-per~iirlmt ive 

region of QCD has bem understoocl. Despite many v a r s  of effort. direct a t  trmprs 

to verify QCD have had very limited success. 

Fisire 1.1: Comparison between the QCD and QED coiipling constants. The 
solid curw represents the leading order of the coupling constant of QCD versus 
4-momentum transfer squared Q2? and the dashed ciirve represents the leading 
order of the coupling constant of QED versus Q2. 

-4s a consecluence. one has to seek an alternative w -  to understand the non- 

pertiirbative (low energy and large distance) behavior of QCD. One w v  is t« 

biiild phenomenologicd rnodels which combine the basic ingredients of QCD with 

input from experiment. In the past three decades. a niimbcr of models h;ivt? been 

suggested. They can be mainly divided iuto three categories: bag models where 

cpiarks are considered as free relativistic particles niokkg in a bag with appropriate 

boiindary conditions; Skyrmion models where the relevant degrees of freedonl arp 



those of mesons and for which the baryon notion is recovered as a topological con- 

cept; and nonrelatit-istic potential rnodels where the quark motion rniist satisfy a 

Schrodinger equation büsed on a quark-quark po tential. Each of these approaches 

has attractive features but siiffers from a number of drawbacks. They agree more 

or Iess on the m a s  spectnim of simple systems. such as regilar hadrons (qqq)  and 

mesons (qq). but sometimes present cirastic differences on other observables. It is 

t hiis part icularly interesting t O compare t hese models wirh esperirnents. 

=\c:c:ordiug to QCD. the observable systenis can only be in color-singlet sratcs. 

Therefore imy observable system is of the frirnr qu'y with rrl - IL = SB. n~herçl B 

is the baryon ntirnber. as the quark has t h e  possible colors. This iriciicat~s that 

esotic hadron configurations. which are conhinations other than the iisiial qqq 

and qrj! are allowed by QCD as long as they are eolor-singlet states. As esaniplcs. 

t here are possible q2~"baryonium" co~figtirations [2] [3] y the '2'' resonaacey [-11 

q*'rj system of strangeness s = + 1. and q6 clibarpns. The existence of t hese esotic 

hadron configurations' especialiy the q6 dibaryons. has been an open question for 

more than two decades. It has drawn extensive attention frorn both theoretical 

and experimental physicists. because this m l  provide a new approach to test 

QCD. 

1.1.2 The H Particle 

Arnorig the 6 qiiark stares. the s = -2 sector p l - s  a special rolr. If ilne ibaorrs th<) 

clifferences in the qiiark niasses betweu straugr auci nonstrange qiiiirks. tlir ow- 

gliiori-exchange interaction. called the color-magnetic interaction. bctweu qiiarks 

has the forrn [SI: 

where ru, is the coupling constant of &CD and rn is the n i a s  of the quarks. S 

is the nurnber of quarks in the system. and S is the total spin of the system. C: 



and CF are the eigelivdues of the quadratir Casimir operator "or the SL*(3)( .  

and SL:(:3)F goiips. -4s seen from ecl. (1.4). for a 6 quark state (-V = 6). which 

bas Cc: = O (color single t ) CF = O ( flavor singlec) . and S = O (spin single t ) . i ts 

color-magnetic interaction has the minimum value. I& = - 9. The 6-quark 

system consisting of trvo u quarks. two d quarks and two s qiiarks can exist in 

such a flwor. color. and spin singlet state. which takes maximum advantage of 

the color-magnetic attraction. 

lu 19'77, J a f k  [6] first suggested. basecl on the !dIT bag rnodel, that the uu<ici.s.s 

scate with spin-parity 0- and isospin O. which he calied the H particle. rvould be a 

stable state against strong d e c - .  His calcula~ion indicated that the mass of the H 

is T I L H  = 2150 MeL-. some 80 AleV below the 'LA threshold. CnIike the deiiteron. 

which is a weakly boiind "qiiasimolecule" in rvhich two separated three-quark bügs 

retain much of their identity. the H was pretlictcd to be a real single particle mitti 

al1 sis quarks mithin one bag. Sirice then. mimy other dcii lations iising differrrit 

models have becn ciet-oted to this siibject. 

Aerts et ai. stiitiied t he Gcliiark spectriini for d l  possible configiratious wit h 

the M T  bag mode1 [Tl. The- found that only the uudd.~.~ configuration rnight 

be a candidate for a stable d ibaron .  This can be simply understood as follows: 

Because quarks are fermions they rniist obey the Pauli exclusion principle. that 

two or more identical fermions may not exist in the same quantum state. The 6- 

qiiark state with uud11.s.s configuration, which has an equd number of al1 possible 

flavors (below the c quark threshold) with 2 qiiarks in each flavor. may occupy 

the lowest energy level in the 6-quark spectrum. Any other configuration. havirig 

more than 2 quarks of the same flavor. will occupy a higher energy level. If the 

m a s  of such a Bquark (uudd.s.s) system is below the threshold of tmice the .i 

m a s ,  it woiilci be stable against strong decay in d l  the baryon-baryon charincls. 

3C;isimir operator: the Casimir operators of a group are those operators that comrnrite with 
,211 gerierators of the groti p. 



Figure 1.2: hlass of the H particle calçdated by various models. Each coltimn 
represents a model. and each line per column represents a ciiffcrent c-alciilation of 
r n ~  within that model. Bh1 is the bag model: SPM is the non-relativistic potential 
rnodel; SM is the Skyrme model; LQ is the lattice QCD; QSR is the QCD siim 
rule; RPhI is the relativistic potential model [46]-[47]; CCD is the chiral coioiir 
dielectric rnodel [45]-[SOI; FTM is the flux tube model [5l]-[su]; QPM is a quark 
pairing mechanism [.53]; CM is the chromomagnetic mode1 [XI-[jJ]; D l 1  is the 
diq~iark model [56]; Y RQ is the multi-configuration relativistic quark model [ s i ]  : 
GBE is the Goldstone boson exchange mode1 [58]. The dashed lines show the .\.\ 
and ueut ron-neutron masses. 



The curent theoretical situation regarding the H particle remains unclear: the 

predictions of the H mass are model dependent. -1 t-ariety of calculations for the 

H mass by different models are presented in Fig 1.2: the details of each model 

are not discussed in this thesis. -4s seen fiom Fig 1.2. most of the calciilatiorls 

were perfomed with bag models [ïj-[Ml, Skyn-ne niodels [l'i]-[29]l non-relativistic 

moclels [5] [30]-[dl]. lattice QCD (421-[43] and QCD Sum Rules [44]-[-151. Some 

resiilts confirm JafFe's prediction that the H is stable against strong decay. while 

others git-e cont radic t ory conclusions. -4 recent resirlt calculateci in the framework 

of the Coldstone boson eschange interaction by Clozman et id. (58; shometi that 

the m a s  of the H was 8-17 MeV above the .Li threslrolct. which indicatetf t h  ;i 

cieeply t~oiincl H particle shoiilci not esist. A montti later. homever. Chosh and 

Phatak pointed out that the niass of the H was snialler than the -1.1 thresholcl 

niore than 100 I IeV [SOI. according to their calcidations based ou a chiral 

coloiir dielectric mociel. Independent of the calculation ciet ails. howet-er. niost 

dculations of the H mass fdl in the range from 2100 hIeV/c' to 2300 MeV/(:'. 

This corresponds with a range of H binding energ'. from 130 Me\- bound to 70 

,IleV iinbound with respect to the m u s  of two -\'S. 

Since the H ciecay channels and phase space available for the decays depeuci 

ou the m a s  of the H. the uncertainty in rnfl also resiilts in a wicie range for 

the fifetimc of the H to be c:onsiderecl. The lifetime of the H. r ~ .  is aroiind 

- IO- 'Os if rnr, is uear the niass of 2.1. while rrl would be > 10's if r r t ~  is nrar the 

.V.V thresholci [XI]. :\s a resiilt. the rsperinientai observation of the H particle 

ivoiiltl be a very criiciril test for CICD or at least for rnorlels derivtxl froni QC'D. 

ln adciition. quark niiit ter cülciilatioiis indicate t hût a. stable stat e of c~ndttns~cl 

mat ter may not be ordinary nuclear matter but %range niat ter" [GO]  [6lj wliosc 

number of strmge cluiuks approximutely eqiials its baryon uiimber. Stich niittter 

ni. be fourid in a neutron star. The H particle might be simply the lightest of a 

family of -s = B (B 2 2) particles. Furthermore. compared to a star containiug 

jiist nucleons and leptons, the presence of strange matter in a neutron star woiilti 



qiialitatively change the may in which the structure of the star depends iipou urii- 

tririo trapping [62] .  and this could lead to the del-d formation of a black hole. 

Therefore. H research also pla-s an importiinr role in astrophysics. Ln siimrrmry. 

the stiicty of the H particle can greatly cieepm the fiinclarrieliral iilicit~rsraridilig 

about the strong interaction. and furt her espand oiir knowledge of riatiire. 

1.2 Experiment al H Part icle Research 

Iu the lüte 1960's and the early 1970's. there were several experiments [63]-[67] 

done 114th the intention of searching for double strangeness hypernuclei aud new 

resoriances in reactions and mass ranges which turn out t~ be relevant to  the 

H particle search. Since Jaffe first predicted [6] the H particle in 1977. many 

experimental efforts have been devoted to this field. The reviews of precioiis 

esperiments can be found in ref. [68] [69]. Sonet heless. no measuremerit p erformecl 

to date has had enough sensirivit' to either prove or clisprov~ the existeriw of the 

H partide. I t  shuulct be riotecl that most of the previoiis esperiments searcheci for 

the subseqiieut ciecay of the H [TOI-[84]. TLieir sensiti~lties clepericled or1 ttir H 

d e c -  mottes alid lifetirne. which are ciirrently iinknown becarise of the iincertaiuty 

in the H mus .  

The firsr direct attempt ivas made at Brookhaven Sational Laborator- ( B S L )  

y Carol1 et al. [85] who searched for the H in the rnissing m a s  spectruni of the 

reaction p + p + li- i li- + S. Yo evidence for the H was fouod biit an upper 

limit on the H production cross section of about 40 rib was suggested. -1 later 

theoretical cdculation [86], however. gave a production cross section of 0.2-2.0 nb 

which mas niore than 20 times lower than Carrol's estimation- Later ou. Iiawai 

et al. [87] a t  KEK (experiment E248) used a new version of the experimental 

arrangement to rerun the BNL experiment with irnproved sensitivity. There have 

been no results released yet in the scientific literatiire for E2-18. 



10 CH4 PTER 1. INTROD CCTIOS 

Ejiri et al. [88] setirched for the H through double weak decay of two niicleons 

in ntidei: 

This resiilted in a lower limit on the H mass of mi, 3 1875.1 hLeL'jc2. 

A senes of experiments have heen carried out at the D6 beam line of the 

Aiternating Gradient Spchrotron (XGS) at Brookhaven Sational Laborator?. 

Esprrimeut ES86 (891-[90] searcheci for H dibaryon-nucleus boiind stattis (H - . 'Hf> 

anci H - d )  in relativistic Au+Pt fieirv~ ion collisions: a niill residt \vas giveu for 

lifetimes of the H -niideus s p t e m  being less than .- 20 ris. Erperimelit E836 (911 

was a search for a nioclerate or deeply bound H t hroiigh Ii - +' He + H + K - + ir  . 

No H was found in the m a s  range from 1.85 C;eY/c' to 2.18 GeVlc?. Lpper 

Limits on the H production cross section were given in the range of 0.038 to 0.02 1 

pblsr. The E813 experiment was a search for a weakly bound H through the 

(? . d).,, + H + 71, reaction. The details of E813 wiil be discussed in this thesis. 

The E88.5 experiment [93] was to detect the H in li- +" C -t li- + H + S or 

.,, Be + K-:  data analysis is ciirrmtly to detect .\A hyperniiclei in K - + 1 2  C + I 2  

in progress. 

There were several experinients [XI-[98] conducteci at KEK. to directly scarch 

for the deeply boiuid H via the (ii-. Ii.-) reaction on niiclei in emulsions: 

where (pp) is a proton pair in a nucleus. They foiind no H signal in the H mass 

range from 1900 to 2160 hleC-. 

More workt with higher sensi t ivi t~ on the direct search for the H particle is 

strongly needed. -1 number of H production reactions have been proposed in the 

literatiire [99] such as: 



(b) .i + p + H + W. 

( c )  C - + p + H + K " .  

( e )  ,- + d + H + T L .  

( f )  5- +4 H e  + H + t.  

(g) li- i d  * H + KO. 

Amon% the ahow reactions. ;\erts and Dowr pointed ont tliat r~act iou (e) worild 

present the niost favorable case [100] for a weükly buund H. whereas rwctiori (Li) 

waiild be favored for a deeply bouncl H particle [101]. 

Figure 1.3: Schematic drawing of H production rnechanisrn iiserl by --lrrts aucl 
Dover tci calcillat~ the rate for thc E- t p + H + 71. reaction. Tlw r auci T 
vertices are explairieci in the text. 



.-\erts and Dover further calculated [100] the branchirig ratio. R. of H pro- 

diiction in the process 3- + d -t H + n. The branching ratio R was defined 

h y 

- 
The nrechanism used in their calculation is shown in Fig 1.:3. whcre .Li. =_V. 

aud XE are the the baryon-baron cirtiial internietliate States. -1erts and Dover 

c1esc:ribecl those interniediate States by plane waws. The vertes T (G -6) with 
4 

rnonienta /;; aucl k2 \vas obtained froni the owrlap of quark wave fiinctious. rnticdrr 

oscillator wat-e fiinctioris were iised. For the transition rnatr~u T iu the bar'-011- 

baryon interaction 3-  + p -t Bi + B?. they rougkly estiniated it by r~placing 

T with one-mesou-eschange st atic potentids. O btaincd from the work of Xagels. 

Rijken. üncl de Swart [102]. Urhen the (E-&,, is in an S state. Aerts and Dover's 

final resdt for the branching ratio R is: 

whcre 

and To is the color-spin-flavor recoupling coefficient. RH is the oscillator riidiiis 

for the H particle. ~ ( k )  is a Hulthén wave fiinction for the deiitero~i: 

with g2 = 2.096 x IO-" GeV2 and y2 = 0.10269 GeV2. 



The branching ratio R is a funcrion of the H particle m a s .  This is shomu in Fig 

1.4 .  where the curves labeled D and F rekr to the use of models D or F of 5;igds 

[IO21 to describe the two baryon interaction potentials. The rason  for niodel 

D a d  niodel F is the ambigiiity in the s i p  of the sczilar-meson-nonet coiipling. 

which c m  not be determineci bu nucleon-niicleori scattering analysis. Slodel D 

Aves a bet ter explanatioii of hyperou-niicleon scat tering esperimerit data t han 

nioclel F. while mode1 F gives better values of coiipling constmts and a better fit 

to the uucleon-nudeon scattering measurements. llodel F. however. is excludeci 

by a latter calcdation [103j. As seen from the c u n ~  labeled D in Fig. 1.4. for 

the (Z- . + H + TL channel. the branching ratio R swiftly ctecreases with 

clecreasing r n ~ .  It is close to 100% if mH is aroond 2300 MeV. while it clrops down 

to 10% if r i t [ [  is near '21:30 MeC-. Since the ~idile of R is espected to be rcasonably 

large. t his process provicles an cxcellen~ nieans to search for the H in rhe iveakly 

boiind m a s  range with respect to the 2-1 theshoid. 

=in esperiiiiental searcti for the H particle mithiri the weakly l>oiiud r;irigr is 

more int eresting becailse niost t lieoretical calculations indicate t hiit ttir H niass 

is within this region. - ln  H particle in this kinematical regiori woiilcl I>r srahle 

agairist strong ctecay. In this case. kinematic reconstructions u.~iilcl be iised to 

ohtain the H mass. and the width of whicfi shoiild be q~i i te  narrow dire to its long 

lifetime. Exploiting these featiires of the kinematics. the E813 esperirnent was 

condircted a t  the B,\; L DG beam line. It was designeci to search for the H throiigh 

the reactiou (5 -. cl),(, + H + TL. which has rnaximurn sensitivity in the mass 

region near the mass of tivo A hyperons. This experiment combined with another 

experiment ES36 [91]. searchirig for a moderate or cleeply boiind H throiigk the 

reactiou li- +" He + H + K- + IL. mere espeçted to c o w r  the entire mass region 

of interest below the 2.i  rnriss. 



Figure 1.4: Branching ratio R as a fuuction of the nias of H (rnH) for capture of 
the 3 from an S atomic orbital. The c w e s  labeled D and F refer to the use of 
models D or F of Yagels [IO21 to describe the baryon-baryon interaction potentials. 



1.3 Experiment E813 at BNL 

1.3.1 The H Particle Search 

Experiment E813 was carried out at the %GeV/c beam line of the -4lternating 

Gradient Synchrotrori a t  Brookhaven National Laboratory. searching for the H 

particle by using a three step reüction mechanism. As Fig 1.5 shows. a 1.8 GeL'/c 

K -  beani was delivered to a liqiiid hydrogen target to produce 3 - ' s  through the 
- _ double strangeness exchange reaction A' - + p + lc- + z. . The :- 's were t heu 

slowed down iri tungsten deg~aders so that a fraction of theni woiild stop in a licliiid 

deiiterium target located above the liqiiid hydrogen tiirget to form (Eu .  d)r i tor , t '~ .  If 

the H esists. ca1c:iilations [104] iriclicate thüt some of the (E- . d),,,,,,'~ (*oiiltl thcn 

collapsc. into H particles throiigh the reaction (3-.  d),,,, i H t r r .  Ttir = - ' S .  

mhich were slow enough to stop in deirteririm. would deposit aboiit 1.0 .l1~\.--2.2 

AIeC* mer&? in silicon detectors installeci behinct the tiingsten to form a tag. The 

signature for H formation via (5-. d) , t ,  + H + T L  woiild be a rnonom~rgetic. 

neutron in coiricidence with a taggeri i -. Tnro kumys of scintillacor logs on borh 

the left and right side of the target. with another sçintillating cletector (1T) in 

front of the hydrogen target. measured the time-of-flight (TOF) of the neutron. 

Ilonoenergetiç neutrons froni (1-. d),t,, + H + ri woidd appear as a clear peak 

in the neutron time-of-flight spectriim. With two-body kinematics. the e u e r p  of 

the neutrons in the peak coiild be used to caltrulate the mass of the H. ancl the 

yield n?oiilcl inditrate the H formation brimching ratio. 

Accorciing to Aerts and Dover's estiniatiou [IO-!]. the bran(:hing ratio. R. for 

H formation through the reaction (,-. d),,, -t H + T L  is a ftinction of H particle 

bincling energy. ami it smiftly decreases witti increasing biriding euergy. As Fig 

1.4 shows. the value of R drueases to 0.1 as the binding energ- iricn!ases to 100 

MeV. On the other hand. as the mass of the (Z-. d).,, is :3O Ale\.- above the 2.1 

mus.  the H can not be prodiiced through this process if its mass is al)ow the 
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Figure 1.5: Schematic plot of the reaction mechanism and carget arrangement for 
the H particle search in experiment E813. 



2.1 mass by niore than 30 MeV. In fact. if it is imboiind bu more thau 15 .\le\*. 

the energy of the spectator neutron wiU be too low to be easily detecteri aliove 

the background. As a resdt. this esperiment is expected to be sensitive over the 

binding energu region -1.5 < BH < 100 MeV [103!. This region is considercd 

to be the most promising H w s  region: it çovers most of the H parcicle mass 

predictions. 

1.3.2 The ( T - , K f )  Calibration 

-1s ctisciissect above. the signature for H formation in ES13 is a niouoeut~rgt~titr 

ueutrorr in coincidence with the formation of a (3-. :is a resiilt. the 

rnost important issues for the experiment al sensitivity are the t ag efficie~ic- of  
- _  
I. stopping and the neiitron detection efficiency. The espcrimerit al t echnicliie 

and nieasiirement ability have to be proved in order to properly interpret the H 

particle search resirlt. One of the main tasks of this experirnent is to estiniate the 

H formation branching ratio. The number of monoenergetic neutrons obsert-ed in 

E81.3 is given bu: 

mhere: 

-\;, is the niimber of morioenergetic neiitrons: 

.Irt,, is the uiimber of tagged E- 's: 

c , ~ ,  is the Z -  stopping efficiençy: 

11 is the efficiency for stoppeci Z-'s to form ( E - .  d),t,'s; 

R is the branching ratio for the ( E -  . d),,, + H + T L  reaction: 

r1.v~ is the neutron detection efficiency. 



Therefore. the branching ratio is esperiment ally deterniined as: 

-4s seeu £rom above ecl. (1.9). one must know the combined -- stoppirig 

efficieucy and the neutron detection efficiency. z,,, rl ivb in order to calculate 

the H formation branching ratio R. As a resiilt. the calibration of this combinecl 

efficiericy is very crucial for es-periment E813. 

Spectrometer 

Figure 1.6: Schematic plot of the reaction mechanism for the (K- . l< \'- ) calibratiou 
riin. 

The ( R - .  I < - )  calibration experiment used a similar three step reaction rnech- 

mism tlirougti E- captiire on hydrogen. Table 1.1 shows the cornparison between 

the H production and the (a-. K-) calibration experiments. The same t a r p t  

system as in the H production iras tised in the calibration. but both the lower 



H prodiict ion (n- . K -  ) calibratiori 

beam 1.8 GeV/c K -  1.4 GeV/c î r -  

target system LH2/LD2 LH2/LH2 

hyperon production K L + p + Z - + K -  T- + p +  CL +h-' 
do/dQ at 0" for hyperon 
production 30 pb/sr 90 pb/sr 

favored K ' scat tering angle O,,-- - 5" - 10" ah'- - 53 - lu3 

tags for hyperon 1.00 5 Esi <_ 2.15 MeV 1.00 <_ Es, 5 2.25 ,LkV 

hyper-atoin decay ( Z - . d ) , t - + H + r ~  ( C - . P ) ~ ~ ~ ~ + L ~ + I I  
branching ratio 
of hyper-atom decay depending on 7 n ~  (53.2 * 1.0)% 

Eh- of rnonoenergetic neutron depending ou 7 n ~  43.5 MeV 

Table 1.1: Cornparison between the H production and the (ii- . l ï - )  calibratiou 
experiments. 

and irpper target vessels were filleci with liqiiid hydrogen. as showri in Fig. 1.6. 

The ir- bcam w;ls delivered to the lower hydrogen target to produce L - 3  throtigh 

n- + p -+ l<- + 5-. The rnomentum of the incident T -  beam wu chosen to btl 

1.4 GeV/c so that the kineniatics of the 5- woiild match thüt of the 5 iu the 

H particle search with an  incident li- beam of 1.8 C W / c .  and so that t h  '3- 's 
- .  

stopping probability woulcl be nearly iclentical to the II- s iising the sanie target 

configiiration to slow the hyperons. The Y ' s  were slowed clown by the tiirigsteri 

clegacters: a fraction of X - 'a woiild leave about the sarne anioiint of energ- in t hc 

silicon detector as the E- 's in the H prodiiction search. then stop in the opper 



hydrogen targer. to form the (C-.  p),t-'s. The (E-. pJam's then decayed into a 

.\ and a 43.5 MeV monoenergetic neutron ivitith 3 . 2 %  probability [106]-[107]. The 

measiuement of monoenergetic neutrons in coincidence \vit h t agged C- ' s  ivoiild 

be iised to calibrate the combined stopping effieiency and neutron detection effi- 

Formation of ( C - ,  p),,, 

In the ( n  . li- ) calibratiou. the (1- . p), , ,  was forriid mlien the X mas sropptrcl 

in the iipper liqiiid -drogeri  target ancl captiired into a higli-n Bohr orllit aroiiricl 

the uiicleiis \>y replacing an electron. According to Borie anci Leon [108]. the 

(S- . P ) ~ ~ , , ,  will be initiallu formeci in a state with a principal qiiantiim nimber 

then cascades doivn to lower atomic levels. through its own series of bound atomic 

states by the processes of chemical and Auger deescitation. radiative transitions. 

ancl Stark mising In the low principal quantum niimber (n) state. where the 

X- is ver? close to the nucleus. the strong X- -niiclciis interaction causes a shift 

in energy of the low atomic levels from its piirely electromagnetic value so that 

those low levels are broadened. Batty [log] uscd an optical mode1 to calculate 

the hadronic shift and wicith of the loiver atomic le\-&. The optical potential was 

ciefined as: 

where p is the 1--nucleus reduced mass. rn is the m u s  of the niicleori. p ( r )  

is the proton clensity distributions normalized to the niimber of nucleous. and the 

'Stark miuing: the transitions between the n2 degenerate states of a given principal quariturn 
riuuiber n in the hadrouic atom. This process is induced when the haùronic atom passes uear 
or tlirough a hydrogen atom a d  .-feels" its electric field. 



comples coefficients bo is cietermined by a leiut-squares fit to the 5--atorn data. 

Becailse of its short lifetime. the 5- may d e c q  during the atomic: ~rscacie 

before it reaches a low atomic state (small T L ) .  being absorbed by the ri~tclriis 

throitgh the strong interaction. Csing the wiclth of the 1 s  state - 1 keV calciilated 

fiom the übove optical model and the width of the Zp state 0.0:3 eV estirnateri 

from the pp calculation. Batty [110] further calculated the probability of hyperon 

decay during the cascade by iwing the Borie-Leon model (1081. He foiind the 

fraction of S-'s which decay during the cascade depend on the Stark mixing 

normalization factor K (an arbitr- factor to multiply ail Stark mixing rates). 

;\ssiuning the factor K to be 1.0-2.0. the average Ç- clecay rate was fortncl to br 

(15 I .5)% - In other words. about (86 + 3% of the ( S -  . I > ) , , ~ ' S  woulct still siirvive 

after cascading down to 1s or 2 p  States. Batty calciilated the average survival 

probability for the ( E .  d),,, to be .- 80% [10!3]. 

There are two d e c -  ckannels for the (3- . p),,,,,: (X - . p),,,,, -t .\ + rt arid 

(1. p ) ,  + ' + T L  Traciitionall. stuclies have been made of thr lmu1c:hilig 

ratio to Son. defined as: 

mhere a~ denotes the total cross section for the respective 5- capture reaction 

at rest. The branching ratio of interest to this experinient is for the reaction 

(E- . p), , ,  -t .\ + n aud can be calculaterl froni 

The Sagels go i ip  [102] calculateri the ratio of T- capture at rtw. in ii une- 

boson-exchange po tential model. They constritct ed the baryon- b a r o u  interaction 



potential by taking into account complete nonets of pseudoscalar. vector mesons. 

and the scalar-meson unit-. single t at long distances. while employing liard cores 

at  short distances. Five free parameters were deterrnined in their mode1 by a 

least-scpares fit to the lorv energy hyperon-nucleon scat tering total cross section 

data and the capture ratio at  rest for the Y - p  channel. This mode1 gives good 

esplariations sirniilt aneously to hot h hyperon-nucleon and uiicleon-niicleou data  

in the low energ? rtlgion. Table 1 .'1 shows th r  mriiparison of t h .  ratio for X - 

capture at rest brtweeu Xagels' (.alciilarion a u c i  thc measiirements. As stwi frorii 

the Table. the agreement is very good. The average of the tmo measiireriiruts 

for the ratio of 5-  capture at rest is r~ = 0.468 + 0.010. corresponding to thel 

brariching ratio of (S -  . P ) ~ ~ ,  -t -1 i r r .  Ra\ = (53.2 c 1 .O)% 

Table 12: Ratio of 1- capture at rest. 

Esperiment E813 started in 1991. and real prodiiction riins were (:onducteri 

in 1992. 199:3 and 1995. Diiring the t h e .  the ( n - .  li-) çdibratiori data w r t .  

collectecl. .-\boiic 10% of the ( n - .  Ii-) calibratiori dara were takrri iri 1993 whilr 

90% of the data were taken in 1995. In this thesis. the analysis of the 1995 

(ii - . Ii - ) calibratiou data is clisctissed. Chap t er 2 describes the esperinient al 

marigement and procectiires. The data andysis is presented in chapter 3. rvliile 

the final result and a discussion are presented in chapter 4. 

- 

Theoretical result 

0.4775 

r. 

Measurement 

T R  _ 

expl [IO61 

0.474 k 0.016 

exp2 [loi'] 

0.46-5 & 0.011 



Chapter 2 

Experimental Setup 

2.1 Overview 

The main objective of the (sr- .I<-) calibration was to measare the 43.5 .IleV 

energy oeiitrons produced through the (5- .  p ) , ,  -+ r 2  + .\ reaction. in order 

to cdibrate the combined hyperon stopping efficiency and the neutron detcction 

efficiency. cStOp. 1 1 ~ ~ .  for the H particle search. To do this. one needed to detecr the 

nionoenergetic. neutrons in coincidence with tagged S - ' s  wtiich had t hc higitst 

probability of stoppinfi. in the iipper licliiicl iq-drogeri target to forni (r-. [ ) ) a t m r L . ~ .  

This goal was carricd oiit in thrce steps: 1- prodiiction and icientificatiori. tagging 

the stopping '3 - 'S. and finally the monoenergetic neiitron tietection. 

-1s shown in Fig. 2.1. the esperimental :uea \iras divided into f o u  main sectors 

according to their locations and fuuctions. The first sector riras the beaniline. 

wliich was used to deliwr a 1.4 GeY/c n- - beam to the lotver hydrogen target (see 

Fig. 1.6) to prodiice X- 's  through the a- + p  + S -  + K -  reaction. The second 

sector was the 48D-18 spectrometer, which was used to measure the mcmentiim and 

the time-of-fiight of the scattered particles. The outgoing K-'s  were subsequently 

identified through a secondary mass calciilatiou. As a resiilt . X - 'S. produceci 

through ïï - + p + 5- + I< - . were identified by a missing mass calculation t hrough 
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Fipire 2.1: Sclieniatic diagram of the experimentd setiip. The solid boxcs dividt. 
the experiniental area ilito sectors. and the dashed boxes furtker clivide the srctor 
into a few sub-areas. (1'. y'. i') is the beam line coordinate sysrem. and (1. y. z )  

is the H particle coordinate sysçem. The two coordinate systenis overlap in  th^ 
target srctor. and their intersection point defines the origin for both systems. 

two-body kinematics by combining the mornenturn information of the sr- 's and the 

K "S. The thirci sec-tor was the target. X-'s were prodiiced in the lower target and 

the ones which hacl the highest probability of stopping in the iipper target were 

taggecl by the silicou detectors (shown in Fig. 1.6). The fourth sector was the SD 

(the neutron de tectors) sector. which was used for neutron energy nieasrirement 

by nieasuring the tirne-o f-flight and the pat h lengt h. F u t  hermore. the beaniline 

sector ancl the -18D48 spectronieter sector rwre clivided into a few siib-areas. The 

detectors in the niass d i t  areil and in the incident area (immecliately ripstrcarii of 

the target) cornbiried mith the last dipole in the beam lirie were used as a fociising 

spectrometer for beam particlci identification. while the detectors in the front area 

and in the back u e a  combiried with the 48D.18 magnet w r e  used as an opeu 



Figure 2.2: Plan view of the E813 experiment layoiit. The beamline sector begins 
right after the Pt-target? and ends at the front end of the experimental target; the 
vanous beamline elements are described in Fig. '1.4. The other sectors are shown 
in the figure as labeled. 



spectrometer for scat tered particle identification ( t  lie detectors in t lie beaniline 

spectrometer and in the MD48 spectrometer are highiighted in later Fig. 2 - 5 ) -  

Fig. 2.2 shows the cornplete evperimental setup. In the following secrions. the 

details of each part of the apparatus are discussed. 

2.2 Convent ions 

Figtire 2.9: Definitions of the directional angles O and o. 

-4s shown in Fig. 2.1. two separate coordinate systems were used to ctescribe 

this esperirnent. The first \vas the beamline coordinate system (I' 'y'. 2'). which 

was tiefined between the production target and the e'cperirnental target. The i' 



axis rvas dong the central ray of the beam line': its positive direction pointecl 

downstream with regard to the bearn. The y' avis was vertical and with positive 

direction up. and the z' &sis \vas defineci by a right-handed coorttinate system. 

The second coordinate system was the H coordinate systeni (r.y.:). It was defined 

betweerr the front end of the incident area (right after the last cpaclrupole Q9 in 

the berun line. Shown in Fig. 2 . 2 )  and the txwk euci of the -ND48 spec-rronieter 

sector. The z xxis direction of the H wordiziate systçini was fisid alorig  th^ 

bearn direction i~nmediately after the quadrupole Q9. and the r i u c i  i/ ascs hati 

the same definitions as in the beamiine coordinate sustem. The two coordirrate 

systems overlapped at a nominal point in the experimental target area. and this 

point was set to be the origin for both coordinate systems. The directional ürigles 

O anci o were defined as shown in Fig. 2.3. 

The detector narnes conventionally had two letters and an optional digit. The 

first letter stood for the location of the detectors. Mt  1. F m d  B represent the Mass 

slit rirea. the Incident area: the For\vard area and the Back area respectively The 

second letter stood for the detector type or ftmction. such as D for drift chanher. 

C: for i'erenkov detector. P for position information. and T for timing iiiforrnatiori. 

The optional digit mas used if there were miiltiple similar detectors iu the same 

area. 

2.3 Beamline Sector 

The beamline sec tor smrted right after the platinum production tasget . and ericied 

at the front end of the experimental target; Fig. 2.4 gives a plan view of this sector. 

.-1s shown in Fig. 2.1, the beamline sector corisisted of three parts: the DG beam 

line. mass slit area detectors and incident area detectors. 

'The ceutrai ray of the beam line: is the optimum trajectory of the beam particle with a 
specific momeritum passing through the ceaters of the three dipoles iri the beam line. 



Figiire 2.4: Plau tiew of the D6 beam line a t  BXL. 

2.3.1 The D6 Bearn line 

The esperiment  vas carriecl out on the D6 beamline of the Alternating Gr  a d- lent 

Synchrotron (AGS) at Brookhaveri National Laboratory (BSL). The Lieani line 

was originally desigueci to deliver 1.9 x 106. 1.8 GeLV/c K-/spi11 per 6.5 x 10 '' pro- 

tons. with the bearn ptirity approaching l i - / ; r -  > 2 : 1 for the H particle searcli 

experiments E81:3 and E836. In the present (j-i - . K - )  calibration esperiment. it 

was iised to Miver a 1.4 CeL./c* T- beam. with 6.3 x 1o6 pions/spill per :3.6 x 10" 

protons and a n - / l < -  2 500 : 1 requirement easiiy satisfied. The details of the 

beim line are described in Ref. [Ili>]. As shown in Fig. 2.4. a 9.0 cm long. 0.7 cni 

wide and 1.0 cm high platiniim prodiiction target was placed in the entrance to 

the first dipole (Dl) :  being able to withstand < 1.5 x 10L3 24 GeV/c protons per 

1.2 second :\CS spill every 2.5 second. The secondary bearn was transported with 

an extraction angle of 5" to the primary beam. then deflected 25" by dipole D l  

into the D6 beam line. Twvo electrostatic velocity separators ( E l  and E2 j and two 



Mornent um range 1 1-2 GeV/c 
Mornent um accep t ance (FWHM) f 3% 

Table 2.1: h iportant  featiires of the D6 beamline at  BSL. 

Horizontal acceptance (FWWM) 
Vertical acceptance (FWml) 

Final focus 
(Horizontal waist at : = -20 cm) 

K -  f l u ?  1.8 CeV/c. h'-16.5 x 101' protoris 
Direct h--/ïr- ratio. 1.8 GeV/c A-- beam 
with two sepcarators workïrig at full voltages 
ïï- f l l ~ ~ ~  1.4 GeV/c, ;rm/3.6 x 10" protons 
Direct .;r- / I ï -  ratio, 1.4 Ge\'/c ir- becun 
with one separator workiug 
at 80% full voltage 
Morneut,uui spreatl (rrns! 

vertical mass slit apertures (.LISI and MS2) were used for particle separation. with 

the mass dits being located at  different vertical foci. The three dipoles (Dl. D2 

and D3) in the beam line were set to diow particles with a specific momenturn co 

follow an optimum trajecrory through th& centes. known as the central ray. Thc 

secondary beam was transported in vaciitim to the first m a s  d i t  (11S1) entrance 

anci then tlirough a 0.0076 cm thick dimiiriiirn window into air to the entrzurw 

of sextupole S4. The space between LIS1 and S4 was for inserting esperimental 

detectors. a scilitillator Iiodoscope (MP) a n c i  a timing scintillator array (hIT). so 

that the detectors were riear a horizontal anc i  vertical focris to niinimize the effecrs 

of niiiltiple scattering. The beam \vas then transported in va(-iiiirn t hrongh thc 

second rnass di t  (lIS2) to the esit of the last quadrupole magnet. QD. Tho bcani 

line incorporated 9 quadriipoles, 6 sestupoles. 5 octupotes ünd specialized colli- 

mators (a four-jaw collirnator and a horizontal aperture). In order to minirnizt. 

the vertical beam width at the mass dits. the beam optics were partially corrected 

to third order. The 1 s t  dipole. D3: combined with the scintillating detector (UP) 

f +55, -35 mrad 
t i ,  -6 mrad 

Horizontal -mage size (rms)=1.3 cm 
Horizontal divergence (rms)=i.O Inrad 

\-ertical image size (rms)=O.l c m  

Lértical divergeuce [rms)=4.7 rnrad 
1.9 x l l )~/spil l  

1:1 (without four-jaw cut) 
- > 2:l (tvith four-jaw cut) - 6.3 x 10"/spill 

I 

3 .jOr):l 
(u-ith four-jaw u t )  

0.3% 
L 



:3 O CH-4PTER 2. EXPERIMEiVT,-IL SETL'P 

in the mass siit area and the drift chamber detectors (1Dl-:3) in the incident area 

formed a beam spectrorneter. The beam momenttim wvas calculated from particle 

tracking by iising TRANSPORT program [113]. and the beam niomentum spread 

was measured at < 0.:3%. The niairi feattires of the D6 beam line are cL~scrib<:d in 

Table 2.1 [ l l Z ] .  

2.3.2 Mass Slit Area Detectors 

The mass slit ares detectors consisted of scintiliating detectors MP and MT. which 

were located in the first m a s  di t  area of the beam iine &ter dipole D2. as shown 

in Fig. 2.4. The descriptions of the detectors MP and .LIT are given below. and 

their relative locations are shown in Fig. '2.5. 

48048 spectrometer 

Beamline 

Figure 2.5: Schematic plot of the detectors in the beam spectrometer and the 
48D.18 spectrometer. 



2.3. BE-~MLILVE SEÇTOR 

MP 

MP nras a 72 element detector. with its center located at x' = 0.0 cm. y' = 

cm. and z' = -440.0 cm in the beamlim coordinate system. Each elernent mas 

a rectcmgulm BC-408 scintiilntor with dimensions 0.7 cm x 1.5 cm x 0.3 rrn 

(î' x y' x z ' ) .  They were arranged vertically in two overlapping 1-ers to net 

the better x' position rneasurement of the beam particles. The active width of 

11P dong the J' direction wu 33.3 (:m. Only oue R64ï-01 Photo Multiplier 

Tube (P51T) mas installeri for every element. By ideritifyirig whicli rlrrnent of 

the detector fircd. 11P ivas used to meaiire the x' position of beam partides in 

the mass d i t  area. in order to caiculate the momentiun of the btjarn partides 

by combining the r position and directional angle 0 information from t h e  drift 

chambers in the incident area. Both =\DC (analog-tedigital converter) and TDC 

( t  ime-to-digital converter) information fiom .LIP were recorded. 

Another cietector in the rnass d i t  ruea was the Mass d i t  Timing (MT) detecbtor. 

used to measiire the time-of-flight of the heam particles. It had 9 elenlerit..; s e n  

mented horizontdly. Each clement mas mark of a BC-IO8 rectungular scintillrttor. 

with clinieusious of 3.7 cm x 1.5 rni x 0.635 cni ( x i  x !if x z ' ) .  Tht. wrirer to 

ceriter ciistmce between adjacent clernents was i 3 . Ï  cm: this niade thc a ï t iw  witith 

of 11T :33.3 cm dong the r' direction. which rnatched the width of Mi?. Both euds 

of each LIT cilement had RC14837.5 PhIT's. The center of LIT was located at 

x' = 0.0 cm. .yi = 0.0 cm. and ? = -430.0 cm in the mûss slit area. Constant 

Rct ion Discriminators (CFD) were used for optimum thrie resolution. For fixecl 

beam momcnturn, the difference of the thne-of-Qht from MT to the downstream 

belindine detector 1T was used to select the beam particles. 



2.3.3 Incident Area 

In the incident area. there tvere three drift chambers (ID 1-13). one Cererikov de- 

tector [IC) ' and one scintillating cietector (IT) . T heir relative locations are stionrn 

in Fig. 2..5. 

Drift Chambers ID 1-3 

F i e  2.6: Definition of the rotation angle for the sense wires in the drift cham- 
bers. For example. the sense wires are parallel to the x a i s  if the rotation angle 
is 90". 

Three identical drift chamber detectors (1D1. ID?. 1D3) mere installed in succes- 

sion in front of the esperimental target to measurc the track clirecti~u and the 

L position of the beam particles. This information. in combination with thtl x' 

position information £rom MP in the m u s  di t  area. mas used to calçlilatc the 



2.3. B EAM LIiVE SECTOR :33 

Planes 1 Rotatiou Spacing 
(cm) 
0.308 
0.508 
il.508 

îhble 2.2: Specifications of the ID chambers. The definition of the rotation angles 
is shown in Fig. 2.6. Spacing: the chamber sense wire spacing; Location: thc 
center of the chmber  position; Resoliition: position measilrenient resoliition. 

momentiim of the beam particles by tising a TR-INSPORT program [113]. Be- 

cause the ID chambers were in-beam detectors. t h e ~  mere designeci for high rate 

operation: rach ID chÿmber cotild toleratr iip to 6.3 x 106 particles per sec-ord 

There men. a pair of r - r' planes. a pair of u - u' planes aud a pair of I *  - r*' 

plaries (t hc rlefiriition o f  the planes giveri iu Table 2 . 2 )  in a dmr~iber. This coufig- 

tiratiou gaw thta best resoliition for the I position nieastirenlent. Table 2.2 pjvcs 

cletailed information about the ID chambers. The active area for each chanitw 

was hexagonal. 12.2 cm across in the r direction ancl 10.6 cm high in the y ciinv- 

tiou. Tlic gas rn~utiire tised for the operation of the ID chanil~ers iws 76% argon. 

20% isobiitane. and 1% methylal. 

~erenkov Detector IC 

In order to separate the beam particle ïr-:s from K-'s  for the onliric trigger. a 

~erenkov detector was installed at  z = -96 cm. in between ID2 and ID3. IC riras 

made of an aerogel radiator with indes of refraction rz = 1.OR. When a charged 

particle traverses a dielectric mediiirn! with its velocity esceeding the vrloc-ity of 



iight in this materid. a srnall number of photous will be emitted at a Lwd angle. 

This is called the ~erenkov effect. The threshoht velocity for Cerenkov enlissiou 

is defined by the index of refraction I L :  

ivhere 3 = C. and o and c are the speed of light in the dielectric medium and 

vaciium respwtively. Therefore: with t z  = 1.03 aerogel radiator. the threshold 

momentiun for K -  ( r n K  = 0.49368 Ce\.-/c?j is 

The thresholct nioriicutiim for s ( . r r ~ , -  = 0.139.5; C:eLV/c') is 

Thus. only K ' s  mith rnorrientum greater than 2.0 GeV/c and T - ' s  with momen- 

tum p a t e r  than 0.567 GeV/c would cause emission of ~e renkov  radiation frorn 

1C. In the case of the (T- '  K - )  calibration riin: a 1.4 GeV/c sr- beam was iiseci. 

As a rcsiilt . 1C woidd have output signals only when ;r-'s passed through it . 

The iC consisted of tivo aerogel blocks with dimensions of 10.0 cm x 5.0 cm 

x 3.0 cm (r x y x z ) .  The Cerenkov light mas received by a niirror of aluniinized 

111ylar downstream of the aerogel blocks and was reflected to a Hamamatsu RI250 

photo multiplier tube (PhIT) through a Lucite light guide. Fig. 2.7 gives a sidti 

view of 1C. The efficieucy of 1C was 99.7% as determinecl iu a 1.8 CkCV/c  n - beani 

test [114]. 



Aluminized Mglar 
/ Reflector 

Aerogel Blocks 

n= 1 -03 B a r n  
Direction 

\ Lucite Black Plastic Window Hamamatsu Lipiht Guide 

Figure 2.7: Side çiew of IC. 

One of the key detectors in the experiment was 1T. which provided the tinie 

reference for d l  the ot her cletect ors and tinie-of-flight measiirenients. 1T cousisteci 

of four srintillating elements arranged verticall- with adjacent elements staggered 

from each other side by side. Each element was a 2.5 cm wide. 3.0 cm kigh. 

and 1.27 cm thick BC-108 scintillator. The total width of IT utas 10.0 cm. The 

center of 1T wüs located at x = 0.0 cm: y = 0.0 cm. and r = -71.8 cm in the 

H coordinate system. Because IT timing information was crucial for the whole 

experiment, RC';\8575 PhLT's were rnounted on boch ends of each elcment. and 



constant fraction discriminators (CFD) were used for better time resolution. The 

intrinsic time resolution of 1T vaxied fkom bar to bar with an average valiie of 

cr = 130 psec. 

2.4 The 48D48 Spectrometer Sector 

The main h c t i o n  of detectors in the 48D48 spectrometer sector \vas to identif? 

the scat t ered l< - 's by rneasuring t heir momentum and t ime-of-flight . The -1SD-18 

spectrometer sector can be further clivided into rhree sub-areas (sec Fig. 2.1): (1) 

the front area detectors. which rneasurecl the tracks of scattered particles in front 

of the rnagmt: (2) the GD-18 magnet. which bent the particles in the vertiral 

tlirectioli: (3 )  the bavk iuea dc tectors. whkh measiired the traclis of sc-at tcrecl 

particles behincl the mabmet . and also measurect the time-of-flight of scat t e r d  

particles. Fig. 2.5 shows the layi i t  of the detectors in the 48D-18 spertroniet(xr 

sec-tor . 

2.4.1 Front Area 

in the front area. there were three drift chambers (FD1. FD2 and FD3). a scintil- 

lating detector. FP. and a i'erenkov detector. FC. These detectors are describd 

iri de t ail b elow. 

Drift Chambers FD1-3 

There were three drift chaniber detectors (FD1 and FDZ in front of the rnagnet 

mti FD:3 inside the n iapet )  to measure the tracks of the scatterecl particles before 

traversing the niagnet. Because the particles were bent verticallu by the rnagwt. 

the vertical positions of the particles gave information about thcir moment uni. 

The FD charnbers were designeci with a y-il-v (see Table 2.3) configrirariori in 

orcler to obtain better y resolution. FD3 was plaçed inside the 48D48 rnagnet 



2.4. THE 48D.18 SPECTROMETER SECTOR :3 '1 

Table 2.3: Speciûcations of the FD chambers. The rotation angles are defined in 
Fig. 2.6. Spacing: the chamber sense wire spacing: Location: the ceriter position 
of the chamber: Resolution: position measurement resolution. 

aperture for better determination of positions. The discriminated signais of y Lits 

from FD3 w r e  also iised as input for the second level trigger. describeci later. 

The maximum drift times for FDl and FD2 were about 30 mec. and for FD3 wu 

about 12.5 mec.. The specificatious of al1 FD chambers are shown in Table 2 .3 .  

The gas nikture iiseti for the operation uf tire FD chambers was Xi(%. arçon. 20% 

iso butane. and 4% methylal. 

c'liariliels 

- 1 8 ~  2 
-18 x 2 
-1s x 2 
.Ir3 ~2 
-48 x 2 
-18 x 2 

6-1 
6-1 x 2 
6-4 

Chaxnber 

FD 1 

FD2 

FD3 

~erenkov Detector FC 

The aerogel i'erenkov detector FC was used to separate the K-'s from n- ' s  aiiiong 

the scattereci particles. The indes of refractiori of the radiator blocks of FC was 

rt = 1.04; therefore. as calculated by using eq. (2.1).  (2.2) and (2.3). the i'erenkov 

radiation thresholds of FC were a t  1.729 GeV/c for 1 ' ' s  and 0.49 Gei-/c. for n 's .  

For the ii- + p + 5- + 1 P  reaction with 1.4 GeV/c beam momentum. the 

momentum of outgohg K- ' s  was in the range 0.74 - 0.96 GeV/c. A s  a rcsiilt. 

with momenturn around 0.74 - 0.96 GeV/c. n's were able to fire FC while I<'s 

were not. This property of FC was used in a hardware trigger to veto + S .  The 

Planes 

U-tl' 

v- t- 
y-y ' 
U-u‘ 
v- 

v-y '.' 
11 

y-y - 
v 

Rotation 
Angle 
210° 
150" 
90" 

2 10" 
1 SOC 
90° 
150' 
90: 
30" 

Spacing 
(cm) 
0.508 
0.508 
0.508 
0.508 
0.508 
O--3.08 
1.27 
1.24 
1.21 

Resolutiou 
i c m )  

0.015 
0.015 
0.015 
0.015 
0.013 
0.015 
0.030 
0.030 
0.030 

locat ion(cm) 
C -. 

31-12 

66-92 

149.04 

L 

J 

0.07 

- 2  

0.18 

Y 

-6.83 

-6.90 

-0.69 



efficiency of FC: was measured to be 98.6% in a 1.8 GeV/c ;r- beam test [Il-11. 

The center of FC was located at (0.0cm.-6.8~:m.l~1.O~'m). in between FDI and 

FP. and upstream of the 48D.18 dipole m a c e t  shown in Fig. 2.5. The dimensions 

of the aerogel blocks were 23 cm wide. 23 cm high. and 9 cm thick. Both top and 

bottoni ends of the aerogel blocks had two Hamamatsu RI250 PMTs to collect 

the cerenkov light. -4 schernatic drawiug of FC is shown in Fig 2.8. 

+ - -  MiIlipore w c l  

Aerogel block .-., 

25cmX25cmX9cn 

Lucite (-32cn) / 

Magqetic 
St-e-lding - 

Figure 2.8: Schernatic tirawing of Cerenkov detector FC. The left liarit1 side is the 
side viem and the right haml side is lookirig downstream dong the lxam dirwtiori. 
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Scintillator Hodoscope FP 

FP wac; a 16 dement scintiliator detector. segmented dong the !I it~k to provide 

a fast meiisiirmimr of the positiori for the scattereci partirles. aud to veto t h  

beam particles for the online trigger ciefinitioris. ~Iociules # 1 -# 12 w r e  rrav~rsed 

by scat t ereci particles o n l .  while modiiles # 13-# 16 were traverseci 1 -  beam par- 

ticles & m .  FP ~ir~ir; irseci to define the vertical acceptance of the spec-troriicter at 

about -13.2" 5 Oy 5 O.GO.  and the size of FP was designeci to match the size 

of FC so that dl the events recorded by FP would be identifiecl by the i'erenkov 

tietector FC. Each element of hodoscope FP was made of BC108 scintillator with 

dimensions 24.0 cm wide. 1.5 cm high. and 0.4 cm thick. The adjacent elemerits 

had flush aiignment. The center of FP was iocated at  x = 0.0 cm. g = -6.8 c m .  

and 2 = 60.0 cm in the H particle coordinate systeni. 

2.4.2 The 48D48 Magnet 

The -18D-18 n iage t  was a dipolr magnet. Its pole face \.as -18" x -18" wirh ii gap 

of 31.5". The bcriri plane of the GD-18 wiu in the !/ - z plane. thereforc. the fie14 

ciirectiori was horizontal ;met particles were beut verticdly. -4s Fig. 2.9 shows. the 

scattereci particles were bent up to the back area of the spectronietpr. while the 

beam particles were bent down to the poiinci. In the H particle prociwtioti riin. 

the central magnetic field was set to be 1 .-1 Tesla in order to bend a typicd 1.2 

GeiV/c I<- by 30" through the spectrometer. 1ii the (K. K - )  calibration rnn. the 

magnetic field was reducecl to 0.94 Tesla in order to bend a typicd 0.85 GrV/r 

K' from the N -  + p + X- + K' reaction by the sarne angle. The center of the 

-13D48 magnet was a t  2 = 200 cm in the H coordinate system. For a typical 

K -  from the (a-. li-) calibration run scattered from (O. 0. O )  in the H particle 

coordinate system. the angirlar acceptance of the spectrometer was about 51.7 

msr (for O" 5 B K -  5 2 - O  and 180" 5 oh= 5 360"). 



TOF wall 

Figure 2 -9: Schemüt ic diagram of spectrornerer n i a p e t .  The scat rered particles 
w r e  bent up. and the  benm particles bent down to the ground. 



2.4. THE -MD48 SPECTROMETER SECTOR 

2.4.3 Back Area 

In the back area of the spectrometer, there were two large cirift chambers (BD I 

and BD2). a ~ e r e n k o v  detector BC. a scincillator detector. BP. aud a cirne-of- 

flight wall detector BT. Their relative locations are shown in Fig. 2.J. md the 

cietails of each detector are described below. 

Drift Chambers BD1-2 

Table 2.4: Specifications of the BD çhmbers. The rotation angle is cirfirietl in 
Fig. 2.6. Spacing: the chamber sense wire spacing; Location: r he crut tlr posiciou 
of the chtunber: Resoliition: position measiirement resolirtion. 

T m  drift chaniber detectors (BDI and BD2) were iiscd to mesure  the tracks of 

the scattered particles behind the magnet. Thiis the trajecitories of the scattereti 

particles t hroughout the spectrometer area were reconstructed bu comhining t lie 

track information frorn the FD chambers and BD chambers. -1s a resiilt. the 

niomentiini of the scattered particles was then determineci. 

I 

" 

A s  the direction iif eüch scattered particle was rotatecf by the spectrorneter 

magnet by approsimately a :JO0 mgle froni the z  sis, thc back charnlxm were 

inclined at 30" from the y ais .  as showu in Fig. 2 - 5 :  so that t hr partides coiild 

p a s  throiigh the BD mire plunes perpendicirlnrfy. The active areas of B D l  and 

BDI  were 114.0 x 21-1.0 cmC. Table 2.4 lists more detailed iuformatiou aboiit the 

channels 

128 
1% 

112x2 
128 

128x2 
112x2 

iI 

Chamber 

BD1 

Planes 

II 

v 

y-y ' 

Rotation 
-4ngle 
120" 
60" 
90" 

Resoliition 
(cm) 
0.030 
0.030 
0.030 

120° 
60= 
9oC 

Spacing 
(cm) 
2.0 
2.0 
2.0 

BD2 
0.030 
0.030 
r1.030 

2.0 
2.0 
2.0 

II 

v-v. 

y-!' 

location(cm) 
Z 

373.17' 

45-5-89 

S f Y  

-0.04 

-0.41 

69.39 

68.60 



BD chambers. The gas m i x t u r e  used for the operation of the BD chambers riras 

79% argon. 17% isobutane. and 1% methylal. 

~erenkov Detector BC 

Top View z 

Front View / il 1 

i I 
Acrogel blocks 

i \ 
2 1 cmX2 1 c m e m  \ 3 

n= 1.04 

MiIlipore 

Al-mylar 
ref lector > 

Figure 2.10: Schematic drüwing of cererikov detector BC. 

-1s K-'s might tlecay into i; - 's  or other lighter particles tliirilig their fligbt tlirough 

the spectrometer. there wüs also au aerogel ~erenkov detector BC in the back area 

to separate the scattered l i- 's from th& decay particies. The refractive index of 

aerogel blocks used in BC was the same as in FC with IL = 1.04. -1s a restilt. BC: 

could only be Bred by ir-'s or other lighter particles but not by K- 'S .  under the 

experimental conditions. The signals of BC were also used in the online trigger 
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dekitions to veto pions or other lighter particles. -4s shown in Fig- '1.10. BC' 

corisisted of three layers. and each layer had 54 aaerogel hlocks. ackiing iip to 

a total 162 blocks. Each block nras 21 cm wicle. 21  cm high. u < l  3 c m  thick. 

Therefore. the particles would pass through a total of 9 cm thickness of aerogel 

radiator. The ~e renkov  light was reflected by an aliiminizecl mylar rrflector. and 

collectecl by 20 RCA885-L PMTs on each side of the detector. The efficinicy of BC' 

mas rneasiirerl to be 98.5% in a 1.8 Gel- /c  i; beam test [ll-11. BC was inclined at 

90" relative to the y auis. and its center was located a t  (O.Ocm.69.0crn.-1Sl.Ocni) 

in the H particle coordinate system. 

Scintillator Detector BP 

A 6 element scintillator detector BP. segniented dong the r a'Us. tlefinecl the hor- 

izontal acceptance of the spectrometer with angular coverage of 10,1 5 6.4". The 

combination of information from BP  and iipstream FP wÿs usecl to ciefilie the 

onlirie tr igpr.  s i~aal ing that a charged partirle haci passecl throiigh the spertrorii- 

eter. The active area of BP was matcheci to BC to ensure the particles ret*orc.kd 

hati passecl throiigh BC'. Each BP element was made of 21.0 (:ni wicfe. 180.0 crii 

high. and 1.0 cm chick BC-108 scintillator. aciding up to a total active area of 

126 x 180 cm'. , in  SP2262 PlIT \vas moiinted on both ends of each elcment. 

The centcr of BP was located a t  (1.3 cm. 106.4 cm. 524.4 cm) in the H coordinate 

-stem. and inclined at  30" relative to the .y axïs so that  particles were incident 

on the detector approximately perpendiciilar. 

Time-oEfiight Wall Detector BT 

.-\t the back of the spectrometer area. tliere was a tirne-of-%ight wall detector BT 

to measure the time-of-flight of the scattereci particles. -4 detailed ciescriptioli of 

BT was giveri in [Ils]. Cnlike other detectors in the back area. BT \vas inclineci at 

15" instead of 30" to the y asis. ;\ccorcling to a Monte Car10 simulation. whtm BT 



is inclined at 1.5". the same kind of particles emitted £rom a point source at the 

trirget area with the same momentum at smail difFering angles have the smaliest 

separatiori in their path lengths. and consequently in their time-of-flight. so that 

the spread in the tirne-of-flight peak for the same kind of particle within a single 

BT element is minimized. Therefore. the t ime-of- flight separation between K - 's 

and background particles (like protons) in a single BT bar is maximal. which is 

of benefit for the second ievel trigger to be discrissed later. 

BT consisteci of 40 bars. Each bar was macle of BC-108 sciritillator. '100 (-ni 

wide. 8.5 cm high. and 5.0 cm thick. Each bar was viewed bu two 2.3 nsec rise-tinie. 

2 inch diameter Ham~miatsii Hl949 photomultiplier tiibes ( PNTs) . one ;it eac-h 

end. Indivitirid bars were rotated to :30° from the !/ xxis so that the particles wotild 

pius throiigh them perpendicularly. Fig. 2.1 1 shows the schematic layoiit of BT. 

The center of BT \vas at (- 1.1 cm. 007.8 cm. 739.6 cm) in the H coordinate sustem. 

and its active area was 200 x 320 cm2. The intrinsic time-of-flight resolution wrieci 

from bar to bar with an average rr of 110 psec. The effective light velocity in the 

bars was 15.0 & O.-1 cm/nsec. Both .lDC and TDC were recorded for each PNT. 



2 THE -18048 SPECTROMETER SECTOR 

Figure 2.11: Scheniatic diagram of BT. 



2.4.4 Target Sector 

The heart of the experiment was the target. in the target area. Z-'s were pro- 

ciiiceci. and then were slowed down by turigsten degrader and captimed on hydre 

gen to form (5-. p),tm's.  Y ' s  which had the highest probability to stop in the 

tipper hydrogen target to  form (T-. ~).~-'s were tügged. These were carrieci out 

by a cloiible vessel target system. tungsten degracier. and silicon cletectors. The 

whole target system iised in the (a-. K - )  calibration w u  the same as iised in the 

H particle production. except that the iipper target vesse! was filled with liqtiici 

hycirogen in the (;r-. K - )  calibration esperiment instead of liquid cleiiteriiin~ as 

in the H particle prodiiction experiment. so that the Lyperon stoppiug rfficimq 

\vas raiibrateci iinder the  same conditions (see belom for cletails) . 

Target Vessels 

As Fig. 2.12 shows. the target was a double vessel target system. The lower vesse1 

was designatecl the LH2 vessel. and the upper vessel was designated the LD2 vessei. 

In the H particle prodiiction run. the LH2 vessel was filled with liquid hydropn 

and the LD2 wssel mas filled with liquid deiiterium. Hoivever. in the (ir -. li- ) 

calihration riin. both vessels were filled with liqiiid hydrogen. The T-'s were 

producecl in the lower LH2 vessel throiigh n- +p + E - + I < - .  and the (5- .  p),,,, 's 

were formed in the iipper LD2 vessel through X- ' s  captiired on hydrogen: then the 

neutrons were produced throiigh the reection (Y-. p) , ,  -t TL  t .\. Both target 

wssels were made of aliirnintim ancl installed inside a vaciium tight aliirriiniini 

container. Because of the short lifetirne of the S- (7  = (1.-179 I O . O l . 1 )  x 1 O i 0 s ) .  

the t hickness of the aliiminiim walls between the t i w  t arget vessels \vas rriininiiztd. 

aucl the beam height \vas set a s  close as possible to the top of the LH2 vessel. iu 

order to optiniize the fraction of CL's captiired on hydrogen before the- decayed 

chring flight or stopped in other materials. There were '20 rows of detectors 

(the tiingsten clegraders and the silicon detectors) installed in the vacuum at the 
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Figure 2 - 1 2  a) Target system of E813. b) Close-iip view of türget c:clls. 



boundary between the upper target vessel and the lower target vessel. extending 

over the wicfth of the target. -4s s h o w  in Fig. 9-12: the detector rows dividecl 

the target into units. A unit was called a target cell. Each ce11 was 3 cm long iu 

the =-direction. The total length of the target vessels was 68.5 cm. The botindary 

between the two taraet vessels was machined to the shape as shown in Fin. 2.13. 

so that it coiilci match with the projected beam waist at around z = -20 cm iri 

the H coordinate systern. Fig. 2-14 gives a 3-dimensional view of the E8 13 targtx. 

Figure 2.13: Boiindary between the lower target aricl  the upper target. arrangecl 
to match with the projected beam waist. Note the difFerence in horizontal and 
vertical scales in this figure. 
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l Vacuum Container -- - --J 

Figure 2.14: The E813 target. The iipper target (T2) was filled mith licliiid 
deuteriiim (LD.2) in the H part icle production experiment . while filled wit li liqiiid 
hydrogen (LH2) in the present (T- . K - )  calibration experiment . 



Tungsten Degrader 

-4 tungsten wedge was installed in every target ce11 between the two target ves- 

sels to slow the 3 - ' s  travelling £rom the lower vessel to the upper vessel in the 

H particle prodiiction experirnent. so that a rnasim~un fraction of E-'s woiild 

stop in the iipper deuterium target to forni (E- . d),L,'s. In the present calibra- 

tion esperiment. T-'s passed tkrough the same tiiligsten medge. and a fractioc of 

them stopped in the upper target vessel and were capturecl by hydrogen to forni 

( 5 .  p ) s  The eleven slalx with a total thichess of 0.29 cm werr niachiricd 

from pure tungsten (density of 19.3 g/cm"). while the arigled clegrader with tliick- 

ness of 0.30 <:ni was machined froni hecimet. a tiiugsten dl- (90% \te. 7.5% Xi. 

2.5% C h )  with a clensity of 18.0 g/cm". These adcled iip to a total of 0.59 cm 

thick tungsten degrader (see Fig. 2-12 for geornetricd details) . 

Silicon Detectors 

One of the main ohectives of the (T '  I < - )  calibration experirnent was to stiidy the 

hyperon stopping efficiency: t herefore. t hose 1 - 's mhich had the highest. pro ba- 

hility to stop in the iipper liquid hydrogen target to form the (1-. p),,,'s were 

tagged. This was clone by the silicon deteçtors mhich were attached to the down- 

Stream face of each turigsten degrader. seen in Fig. 2.12. The 0.02 cm thirk 

diffi~sed-junction silicou detectors were mounted on conductive cryogeriic eposy 

ccraniic frames. ruid placed in vacuum at - 2O01<. =\s Fig. 2.1.5 shows. earh sili- 

con dctector hacl two wafers. cinci a c h  wafer contüiried four 1 x 1 rm' active area 

pacis. -4s there were 20 silicon detectors along the target in the z-clirectiou. aucl 

each silicon detector had two silicon !vafers and each wafer had four silicou patls. 

there werc a total of 160 silicon pans. Fig. 2-16 shows a Alonte Cm10 simiilatiou 

[i 111 of the efficiencies for S- stopping in the different materials. -1s seen froni 

the diagrani. the 5-  which deposited about 1.35 - 2.25 MeV energy in the silicon 

cietector should have the highest probability to stop in the upper hydrogen target. 
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Figure 2.15: Silicon detector and ceramic frame viewed from the downstream end 
of the target region. 
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Figure 2.16: -1 2-dimensional plot of the Nonte Car10 simulation for 1- stoppirig 
efficiency. The x axis is the energy deposited in the silicon detectors. and the y 
ilvis is material in which the Ç- stops. "Cer" represents ceramic. 
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2.5 ND Sector 

A neutron detector an- was located on both the left and the right sides of 

the target to measure the time-of-flight of neutrons prodiiced from the reaction 

( p )  + . + r A s  Fig. 2.17 shows. there were a total of 0: lavers uf 

scintillator ou each side of tht. target. 

Figure 2.17: Top view of the neutron detectors. LV and RV are charged particle 
vetoes; LN and RY are the neutron detector arrays. 



2.5. ,YD SECTOR 

The first layeru indicated as Li,- and RLv wvere layers of thin scintillator. working 

as charged particle vetoes. Each veto layer consisted of 9 pieces of BC-LOP scintil- 

lütor with dimensions of 20.3 cm wide: 0.95 cm thick, and 182.9 cm high. The- 

were staggereci with 0.94 cm overlap. Each element of LC' and RV mas  coiipled to 

two RCA 8575 PMTs at both ends via adiabatic light bpides. 

Table 2.5: Description of the geornetrical structure of the neutron detectors. S. 1'. 
and Z are the (:enter positions for each layer. DX. Dl'. and DZ are the dimensions 
of each log. The Z spacing is the separatiou between the eenrers of the logs within 
a layer. 

The rest of the layers indicated as LS's and RS's consisted of a total of 100 

BC-108 scintillator rielitron bars mith 10 bars in each layer. The tli~riensioris of e x l i  

neutron bar were 1.5.2-1 cm wicic. 5.08 m i  thick. and 182.85 cni Iiigb. Each rieutrou 

bar was rnoiinted witk an Amperes 2262 PlLT via trapczoidal lighr orw 

at each end. The pulses from each PMT were discriminatecl by a CFD (Pliillips 

715) and read into a Fastbiis Kinetics FU2 TDC to give the timing inforriiation. 

The threshoid of the discriminator voltage was 50 mV. which corresporitis to 0.25 

L-er 

L54 123.84 0.0 -42.12 5.08 182.88 15.24 1.5.88 1.5 -50 
LN5 31 -14  0.0 -34.50 5.08 182.88 15.24 1.5 -88 15 -67 .. 

bar dimensions (cm) 
DX 1 DY 1 DZ 

laver Center(cm) 

,Y I k ' l  Z 

Z spaciug 
(cm) 

light speeci 
(cm/ns) 





MeV,, light output (1  MeLe, is the equivalelit light output for an  electron to 

deposit 1 hleV of energ-). The relative y position on the neiit,ron bar. where a 

neutron hit. coiild be calcdated from the tirne difkrence registerrd by P.\lTs on 

both ends of the neutron bar. while x and : positions of hits were estimated to  be 

the center of the neutron bar which was hit. The meari time of the TDC's from 

the PhIT's at  both ends of a neutron bar combined with 1T information \\ras used 

for the neutron time-of-flight measurement. Table 2.5 gives more det ailed geo- 

rnetrical information about the neutron detectors. The neutron detectors covered 

an  average solid angle about 0.21 x -19 sr in total. Fig. 2.18 Wves a btiirneusional 

view of the neiitron detectors. 

Neutron Kinetic Energy (MeV) Neutron Kinetic Energy (Mevj 

Neutran Kinetic Energy (MeV) 

w 

" 

.. 

Figure 2.10: Monte Car10 simulation of the neiitrou detection efficiency. rlxo = 
12 x ! V D .  where 12 is the t o t d  solid angle of the neutron detectors. and is 
the neutron detector efficiency. The three plots correspond to the light output 
thresholds of 1 MeV,,, 3 MeV,. and 5 MeV, respectively. 
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The neutron detection efficiency T/ND is defined to be the neutron detector's 

- i? x E.vn. solid angle c! multiplied by the neutron detector efficiency E . L ~ D :  r7 .v~  - 
This was simulated by the DEMOXS Monte Car10 program[l16]. The simillateci 

efficiencies for iight output t hresholds (electron-ecliiivalent energy t hresholcls l of 

1. 3 and -5 MeV, are shown in Fig. 2.19. For different light oinpiit tlirwlolcls. 

the neutron detectiou efficiencies t-ersus the neiitrou energy are different . Thel 

electron-equivalent energ-- is dependent on the light prociuced rnostly bu charg~cl 

particles from neutron-induceci inelastic reactions on "C: in the scintillator. siicbh 

as (n.p). (nmp). (n.0). (n.30) and so on; it is a fimction of those neutron-iriducecl 

chargeci partide energy distributions which are relative to the inelast ic reactions 

which prodiiced them [117!. The neutron detection efficiency is directly dependent 

on the cross sections of the neutron-induced reac tions. Therefore wit h different 

eleçtron-eqitivalent energy t hresholds, the behavior of the neutron detection effi- 

ciency is different. 



2.6 Data Acquisition 

The triggers are predetennined conditions used to select the events of interest 

while rejecting uninteresting background evrriis. If any of the trigger condit ions 

\vas met. the data were processed by the data acquisition system mti recorded on 

8mni magnetic tape for off-line analysis. The trigger logic and data accpiisicion 

are described in more cletail below. 

There were two levcls of triggers iisecl in the experiuieut. The first ltw~l t r igg~r WI.; 

drveloped in hardware. by sending discriminated signais from variuiis c k t t ~ ~ t  ors 

to the electronics niodiiles and performing logic combinations with thesr sifimals. 

The second level trigger was formed iri software. 

First Level Triggers 

The first level triggers were constnicted wit h discriminated sipals.  The dis- 

crirninated signais. froni scintillator hodoscopes (IT. FP. and BP)  . the Cerenkov 

tletectors (lC. FC anci BC). and silicon det~ctors  (SI). were sent to Xiiclear In- 

scriinient .\lodules ($111) mhere the lob.$ operations were applied. If one or more 

than one combination of these signals satisfieci certain conditions. the corresponci- 

ing triggers were fornieci. Table 2.6 ciescribes the conventions rised in the trigger 
- defiuitions in Ta Me 2.7. and Table 2.7 siimmarizes the t r igqr  logic. In Tzihlc 2 .  r . 

K. FC. and BC are clefiued as the discriminated signais of the analog sirni of 

al1 PhlTs viewing the aerogel radiators; IT. BP. and SI are the -'.OR." of their 

elements. Becarise of data acquisition system deaci tirne. the trigger rate hatl to 

be rediiced by a prescale factor before events w r e  recorded on tape. The choice 

of the prescale factors were dependent on how important a given trigger was. and 

how busy the &ta acquisition system [vas for a typical primary beam spi11 from 



the AGS. For example. in the ( T - .  A+-) cdibration. the prescale factor of the 

PIKS trigger wu set to be 1 becarise it was niost important. and the prescale 

factor of the PIBE;\.\I was set to be 1 x 106 as it was less important. Le. wery 

ewnt satisfyhg the PIIiS trigger was recorded on tape while only one in 1 0 ~  of the 

events satis-ing the PIBE-IL1 trigger was recorded. The trigger prcscale factor 

combinations are listed in F ~ b l e  2.7. The actual fraction of triggers mritteri to 

the tape %vas the data acquisition live-time. which riras about %%-go%. dividerf 

by the prescaie factor. The PLKS tngger was a siibset of the PIE; trigger with 

one of the silicon detector pads being Çed. In other words. a fraction of PIK 

triggers wodd also become PIKS triggers whenever any of the silicon detector 

pads hacf sipals which passed a tbreshold of -. 50 mV. The PIKS trigger was 

the rnost efficient trigger for identifying the creation of S- 's  through the reaction 
- 

r + p + Y t K -  with 5 - ' s  sropping in the upper trirgct. 

Table 2.6: Conventions used in the trigger definitions in Table '2.7. -1 detector's 
name with a digital nurnber n represents the n'th element of this detecror. For 
esamplet FPK3 is the 13th elerrient of FP. 
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Table 2.7: Definitions of triggers. The counts/spill and prescale factors are the 
typicai values mith 1.2 x lof '  priniary protons/spill on the prodiictiou target. The 
conventions iised in the trigger definitions are describecl in Table '2.6. PIBE-111 
is a triggrr tu ideutify the irironiing n-  's from the bemline: KBE=UI is a triggar 
to icientigy the inçoniing A-'s  froni the beaniiine: LSCAT is a trigger to ideritify 
the scattering Ii-'si PISC--\T is a trigger to identify the scatteririg T;-'S: PIK 
is a trigger to identify the incoming ir- and the scattering li- events: PIPI is 
a trigger to identify the incoming s - and the scattering a- events: lTBT is a 
trigger to identify the events which the iricoming particles hit IT m c i  the scatteririg 
particles hit BT; PIKS is a trigger to identify the E-'s prodilced from the reactiori 
T- + p + C- + Ii- that passed through the silicon detectors. 

PH< 

PIPI 

fTBT 

PIKS 

t rigger 

PIBEAM 

KBE--\hl 

PIBE-A,LI KSC-AT 

PIBEAL,I . PISC,IT 

IT (BT, + BT,) 

PIK . SI 

defini t ion 

IT* iC 

1T -TF 

typicd value 
counts/spill 

:3.7 x 106 

6.3 x 10" 

3.4 x 10" 

3.5 x lo3 

6.6 x 10" 

160 

prescale factor 

I x NF 

1 x 1 O*{ 

2 x 1o2 

'2 x 10.~ 

4 x 10' 

1 
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Second Level Trigger 

The second level trigger was an online software trigger. CVhen a 7-  bearii was 

delivered to the lower hydrogen target to produce 5 - ' s  through the n- + p + 
'3- + IC- reaction. there was also ii- + p  + ii - + p scatterhg taking place with the 

knock-on protons travcrsing the spectrometer. Most of the events which satisfied 

the PIK trigger were nctually (7- . p )  scat tering events. In order to further rediice 

the trigger rate diie to this process. we rejected the proton events by using a 

second level trigger. The second level trigger was formed by an online cornputer 

discriminating the kaons from protons by difference in tirne-of-flight for a certain 

niomentum. The bottom hdf  of the FD3 --y' planes were segmented to giw 

16-bit information ou vertical hit positions within the niabmet. and y pusitious 

of the particle after the maguet were roughly estirnatecl by whic:h BT elmicrit 

mas tired. as BT elernerits werr arranged horizontally. Certain combinations of  

vertical position information from both FD3 ancl BT indicated the momentuni of 

the particle and the path length. For the (7-. l c - )  caiibration riin. the typical 

niomentum of an oiitgoing Ii - was about 0.85 Ge\-/c and the path lengrh ivas 

approximately 800 cm. Therefore. with a given combinat ion of vertical positions 

from FD3 and BT (indicating the same momentuni and path length). the typiçül 

tinie-of-flight sepüration between kaons and protons was about 5 mec. -1s a result . 

knock-on protons were discrirninated from kaons by applying a cut on the time-of- 

flight of the particles for a given vertical position conibination. The time-of-0ight 

\vas based on IT anci BT timing information by iising the LeCroy FERA/FERET 

TDCs with 0.050 nsec resolution. The FERAIFERET TDC system mas chosen 

because of its fast ciigitization tirne. It took about 150 psec to finish digitizatiou of 

one event while Fastbiis TDC (in which al1 other detector s i q a l s  were difiitized) 

needed about 600 psec. This dlowed FERAIFERET to have enoiigh tinw to 

n i a h  decisions and to p a s  the information back to the data acquisition susteni 

for the event readout or rejection. With the second level trigger. about 78% of 
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Figure 2-20: Logic diagram of the data acquisitiou proccss. 

iinlvauted protons were rejected. The live- time of the ciat a acqiiisition was almit 

85%-90% during the whole perioti of the (ii - . li-) ruu. 

2.6.2 Data Acquisition Process 

Fia. 2-20 shows the data accluisitiori proccss for a typicai arialog signal. The 

analog sipals were split into two. One went to a Fastbiis ADC for arialog to 

digital conversion, the other went to a discrirninator then to a Fastbus TDC for the 

time to digital conversion, while the master trigger blocked further events coniing 

throiigh before the ADCs and TDCs completed their digitization and reacioiit. 

During the time when first level trigger conditions were being testcd. al1 the 

detector signais were appropriately delaj-ed to allow the first level trigger decisiori 

to be made. If uot aborted by the second level trigger. the digitization process was 

completed. and di the ADCs, TDCs and trigger state information were storeci iri 
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a L'ME input /out biiffer. One of the VME-bascd inicroprocessors~ FIC 1. would 

then p a s  the data hom the buffer to another VME-based rnicroprocessor. FIC2. 

where the information was reformatted. Once the raw event buffers were built. 

the data   vas written to an Esabyte 8mm tape drive. and in the meantinie a 

saniple of data was passed to a V;\S cornputer through a dual-ported Q-bus/VlIE 

rnernory for on-line analpis. The sample of data tvoiild also be transferred Erom 

the host cornputer to other worlist ations liriked chroiigh Et hernet. The on-line 

data were monitored and analyzed by a software package called the Iriteractiw 

Data -1nalyzer (1D.l). A detailed description of analysis package. ID.-\. (:an tw 

found in ref. [118]. 

In order to tnonitor and change the high voltages diiring the data (:olle(:tiou. a 

high voltage control program. cdled HVOLT was riinning d l  the time to control 

the LeCroy 14-10 high voltage mainframes via a terminal line (LT-43:) c:onnectt,tl 

to ii serial CA.LI.-\C crate controller (KS 3989). which interfaced to a daisy-chaiu 

of 1440 niainframes via an interface module (LRS 2132). Each 1-140 niainframe 

containeci a rnemory of "deniand" values for its 2.56 channels. The program coiild 

read md write dernaud values. as well as read the "actiid" or 'nieasured" values 

for each channel. The high voltages coiild be changed according to the needs. aritl 

were monitored on-line. 

Diiring the data collectiou. a floor check mas carried out every eight hoiirs 

to make siire the gas bottles were not empty and al1 the electronics and other 

instrimients were iwrking pro perlj-. 

There were srveral tiifferent data sets collet-ted before and aftcr the csperi- 

ment. in order to calibrate the detectors. siich as the timing detectors. the silicou 

c1ctrc:tors. mcl the neiitron detectors. Some details are disciissed in chapter tlirrr . 



Chapter 3 

Data Analysis 

In rhis chapter, the data ünalysis procedure is oiitlined. First. cidibrations of 

ttetectors and tinie-of-flight measiirernents are disciissed. Second. 5 - 's protliired 

from the a + p  -t X- + Ii- reaction are identifid. and a subset of data is created 

by only selecting useful events boni the raw data  files. so that the r~diiceci data 

c m  be a manageable size to be put on disk for analysis. Third. tags arc applied to 

Y s  which have rhe higkest probability to form ( S  a . p),&s. and tighter c i~ts  are 

applied to reject background and to ensure hi& efficiency of (Y. p),, ,  formation. 

Finally. the ueutron spectrum. expected to contain a 43.5 MeY monoenergetic 

neutron peak in coincidence with (Z-. p),, formation. is discussed. 

Calibrat ion 

Certain important detectors and time-of-flight measurements were calihrated. so 

that the relevant qiiantities constructed from them could be used for :iualysis. 

These pro cesses are discussed in the following sections. 



3.1.1 Time-of-flight Calibration 

There were four time-of-8ight (TOF) measiirements in this experiment . The first 

twvo were in the beam line sector; one mas from SIP to AIT with 0.1 m straight 

path length. and the other was from .\IT to IT with an approximately 14.3 m 

curvecl path length. as shown in Fig. 2.4. The third was betweeri 1T arid BT in 

the -18D48 specrrornetcr. with about an S.; m ciirveci flight piith (showvn iri Fig. 

3 . 1 ) .  The foiirtti was between the target and the neiitrou detectors (shomn in Fig. 

2.17). Dtiring the .j weeks of data collection. the time-of-flight offsets in the -1SD48 

spertrometer shifted several rimes dite to bad cable connections and grouuciing 

or some other as yet imexplained reasons. The tinie-of-flight caiibrations were 

therefore estremely important and needed to be done on a riin by mn biisis. 

Beam particle îr - 's were used to normaLize the tinie-of-fiight (TOF) information 

in the bea~n line (MT-1T and MP-LIT); while protons. which were the dominant 

component of the scattered particles. were used to normdize the TOF information 

iu the 48D48 spectrorneter (LT-BT) . 

Time Reference IT Calibration 

The timing iliformation of al1 detertors ivas recorcld in TDC's as the niinibcr of 

t:hannels hetlwen a -.stiirt" signal ancl a a top" signal. -4s describecl in chaprm 2 .  

the fo~ir elcmerit scintillator cietector 1T served as the timing start. It provileci 

a time referencc for al1 the time-of-flight measiiremcnts and other nieasiiremcants. 

The four iT elements were cdibrated first. so that each of them gave thc samc 

start time if tliey were hit a t  the same time. Because the 1T elements were 

oriented vertically. and the BT elements behind the spectrometer were orienteci 

horizontally one of the niost Favored BT elements. where most of scattered par- 

ticlcs passed through. was chosen as a reference for the 1T calibration. In this 

case. the lgt" BT element was chosen. By using the ir- + p + n- + p scattering 

everits with protons passing through the -18D.18 spectrorneter. as shown in Fig. 



3.1. the measiirecl TUF was calibratecl agaiust the predicted TOF (:alctilatrd from 

the measured path length and momentom. according to: 

mhere i = 1.. . . . - t .  TOFrT.-sTi~(niea)  riras the measured time-of-fiight of the 

7i- from the i th  elemcnt of IT to the reaction vertex of T -  + p -+ a- + p plus 

the TOF of the scattered proton from the vertes to the lgth elemeut of BT. and 

T O F ~ T t - s r l ~ ( p r e )  was the calculated time-of-flighr from the i l h  element of IT to 

the HL" element of BT for the same event by using the rneüsured monientiini and 

path length. Fig. 3.2 shows the difference betmeen the measured ancl preclicrecl 

time-of-flight from each 1T element to the 18'" element of BT before autl aftiftrr 1T 

cdibration. ,-\ri offset was added to each 1T element so that euch segrrivrit of t h  

tiistograni after calibraticin wits alignecl at zero. 

Figure 3.1: Reaction ri - + p + ;; - + p iisrcl for 1T and BT timing calihration. 



Figure 3.2: Histograms used for IT timing calibration. Shown are the IT detector 
nimber versus the differences between measiired and predicted TOF for the inci- 
deut i i  's and the scattered protons from each 1T element to the l g t h  element of 
BT. The upper plot is the spectrum before 1T calibration. and the lower plot is 
after 1T calibration. lndividual timing offsets have been added to the ATOF I-aliw 
of each IT element in the calibration to dign al1 four segments of the histograrn 
at TOF,,. - TOFprc = O ns. 



Beam Line TOF Calibrations 

In the beam line sector. the time-of-flighr froni AIT to IT was iised to identif- the 

beam particles by cornbiniug it with the beam momentiun measurement. After 

the time of 1T was çalibrated. a histogram was gerierated with the time-of-flight 

from each ekment of MT to 1T. As Fig. 2.4 shows. the distance from LIT to IT 

is approiuimately 14.3 m. For 1.4 Ge\-/c n- beam particles. the timing offsets of 

each MT element were determined so that jr 's travelling through approsimately 

14.3 rn distance from each 1IT element to IT had the same relative time-of-flight. 

Fig. 3 . 3  is a histogram used for the MT timing cdibratioli. 

Relative TOF (ns) 

Figure 13.3: Histogram illiistrating the .\ IT timing cali brntion. S hoivn are the 
MT detector nunibers versils relative time-of-flight of ;r- 's froni each SI T elrmelir 
to  1T. Inciividiial tirning offsets have been addecl to each .\IT elemerit so that 
1.4 GeV/c: a- beam particles travelling from each AIT elemerit t u  1T have the 
same relative t irne-of-flight . Relatively few particles passeci t hroiigh MT dctc.c:tor 
elements 1. S. and 9. 

-4s mentioned earlier. ,LW was used to measure the beam particle s position 



Relative TOF (ns) 

Figure 3.4: Histogrlun illustratiug the 1IP timing calibration. Shown are the 
,\IP detector uumbers versus relative TOF of T - ' s  from each ,LIP element to AlS. 
Individual timing offsecs have been added to each 1IP element so that 1.4 GeV/c 
- 

A beam particles travelling from each .1IP element to MT have the sarne relative 
tirne-of-flighht. The missing 56th channe1 is due to a scintillator element having no 
signal output. 



in the n i a s  slit area in order to calculate the beam momentum. When multi- 

ple elements of .LIP were fired. however. the valid MT hits were examineci first 

by rec@ng the !VIT to 1T time-of-flight to be consistent with a 1.4 Gei-jc: i ra 

travelling chroiigh a 14.:3 rn distance. Then the valid 1IP hits. wtiich were geo- 

rnetriçally consistent with the valid AIT hits. were determined. If rnirltiple LlP 

hits were valicl. the best hIP hit was chosen by selecting the srnallest I1P t u  AIT 

time-of-ftight. Thercfore. the time-of-fiight from LIP to 1IT dso net.cted to b e  

caiibrated. The relative locations of 11P and AIT are  shown in Fig. 2.4 in chapter 

two. With a calibrateci MT. a histogram \vas generated with tirne-of-fliglit from 

each MP elernent to MT. Fig. 3.4 is the histogram used for 11 P timing rali bra- 

tion for a single run. The timing offsets of each 1IP element w ~ s  determined by 

aligning d l  the segments of the histogram a t  zero. so that 1.4 GeV/c H -  beam 

particles fivirig from each MP element to MT with a 10 cm straight path ierigth 

wodd have the same relative tirne-of-flight . 

Spectrometer TOF Calibration 

-As the time-of-flight of 1T-BT in the -18D45 spectrometer was used for the s ~ c -  

ondaru mass caicrilation in order to identif>- the scattereci particles. t hr 1T- BT 

tinic-of-flight calibration was very import arit . After IT was c:alibratet i. t hi. rirea- 

siuecl TOF's from IT t u  e x h  BT elenient were calibrateci against the prociic.tcci 

TOF's. iising the same method as the IT calibration (see Fig. 3.1) :  

ivhere i = 1 ! . . . .do. The predicted time-of-flight from 1T to the ith BT elernent . 

TOFrr- .nrt(pr~).  \vas cdculated frorn the measiired niomentum and the flight 

path length, assuming the incident particles to be ir-'s and the scattered particles 

to be protons. Fig. :3.5 shows the time difference between the messureci and 

preciicted time-of-flight from 1T to each BT element before and after the BT 



TCF,, -TOF, (7s) 

Figure 3 . 5 :  Histogranis used for BT timing calibratiori. Shown are the BT detector 
numbers versus differences between measured and predicted TOF from IT to each 
element of BT. assuming the incoming particles to be i i - ' s  and the oiitgoing 
particles to be protons. The upper plot is the speçtrum before BT calibration. 
and the lower plot is after BT calibration. An individiial timing offset has been 
added to the LTOF value of each BT element in the calibration to align al1 -10 
segments of the histograrn at TO Fm,, - TO Fpre = O ns. 



timing calibration. EacL B T  ekment has been assigned a timing offset so chat 

the difFerence I~etweeri nleasiirecl and pretiicted tirne-of-flight is zero afcrr the 

calibration. 

3.1.2 Time-of-flight Resolution 

In the beamline spectrometer. the resoluriou of the TOF from MT to 1T was 

obtainecf directly from a Gaussian distribution plus a Bat background to fit the 

relative TOF for i r - 'S .  shown in Fig. 3.6. The flat curve represented the random 

background events. The T'OF resolution for the beamline was determined by the 

c~ of the Gaussian. foiind to be 0.258 ns. 

TOF ( rs )  

Figure 3.6: Plot of relative TOF of rr - 's  from MT to 1T. The solid curve is the siim 
of two curves. a Garissian (the dashed rurve) and a Bat background (the d o t t d  
cuve).  that fit the spectrurn. The TOF resoliition of beamline was determineci 
by the CT of the Gaussian. 

In the -18D-18 spectrometer. the rtsoliitiou of tlie TOF froni 1T to BT \vas 

obtained froni a two Gatissian fit to tlie TOF difference betweeii mcasiireti and 



calcirlated values for the T- + p  -+ n- + p  events. as shown in Fig. 3.7. The reason 

for the two Gaussian fit was to  accouut for the large angle multiple scattering. This 

woiilci srnear the track recrinstrirctiou and rnonieritiim rneasiirenient. wliich traiisd 

a hroaci Güussim background iinderueath the gooci (n-  . p )  scat tering everits. The 

TOF resolution. o. determined by the nanow Gaussian in the fit. was: foiiuci to 

be 0.263 ns for the 48D48 spectronieter. 

Figure :3.? Plot of difference between measureci and prcdicted TOF from IT to 
BT. assiiming the incident particle to be a n- m d  the scattered particle to be a 
free proton. The solid ciirve is the sum of tmo Caiissians shown as a dâshed curve 
m c t  a dotted ciuve. The narrow Gaussian peak corresponds to the ïr - ' s  scat tering 
with the free protons, and the broad Gaussian peak corresponds to background. 
The TOF resolution. a. was determined by the narrow Gaussian peak. 

3.1.3 Silicon Detector Calibration 

In this experiment. the signature of the reaction (2-. p),,,, + I L  + .\ W~LS tlw 

detection of 43.5 MeV monoenergetic neutrons in coinciderice with the format iou 



of (S-.p)atom's. (X-.p),t-'s were forrned by S- 's  being stopped anci captured 

on a hydrogen target. and stopping I3-'s were tagged by their energy deposited 

in the siiicion detectors. Therefore, the silicon detectors played an import ant role 

in the stopping X-  's identification, and calibration of the sihcon detector signal 

puises rvas ver? important. 

By measiuing the pi& height in an ADC for each silicon pad. the energy 

deposited in the pad could be calculateci from: 

Where i = 1.2. .  . . . 160 is the incies of the silicon pads: j = 1.2..  . . . -10 is the indes 

of  the silicon wafers. ES, is the energv deposireci in the il" silicoli pad. Pz(;)  is 

the pedestal' position of the i lh pad: rvhich is 60 Hz phase dependent. .-IDCL is 

-4DC information of the i th pûd. CLpha is the energ- gain calibration cioustarit 

for the ith silicon pad obtained from alpha soiuce measurements made txfore the 

silicon detectors were installed in the target. C i  is the calibration constant for the 

j th wafer containing the ith silicon pad. calibrateci by (Ii- . p) elastic scattering. 

C,,rafI is the overall gain of the silicon detectors. The calibration of the silicon 

detectors is ro determine Pa (a). CL and G,,r,lli 

The P' (w  ) Calibrat ion 

The pedestals of the silicon cietector ADC's showed a GO Hz phase cieptmderml. 

picked iip froni power lines. The =\DC' pedest al positions were c.xlitxatcd by 

plotting 60 Hz phase vcrsiis ;\DC channel for each silicon pacl. witlio~it an' TDC' 

reqriirenient. Then these plots were fit with the fiinctions: 

- 

'Pedestal: the pedestal is the counts giveu by the .XûC (axïalog to digital coiirerter) wheu 
no input sigrid is present. The pedestal is due to a built-iu dc offset. 



where -Ao . .A4 are fitting parameters (time independent) determined from the 

calibration. and is the 60 Hz phase. Fig. 3.8 shows a histogram used for the 

calibration. 

Figure 3.8: The 60 Hz phase depenclence of a pedestal for a single silicon pad. 
The solid mrvr is a fit to the pedestal with the fiinction (3.4).  

Relative Gain CL Calibrat ion 

A + p + A -  + p elastic scat tering was used to calibrate C i .  This was a relative 

gain calibration for each silicon wafer. As described in chapter 2. each silicon 

wafer contained four 1 cm x 1 cm x 200 pm (x x y x 2) silicon pads. Since the 

silicon pads within the same wafer had a similar thickness. they were treated 

one group. -1s Fig. 3.9 shows. 1.8 Ge\-/c K-'s interacted with the protons in the 

hydrogen target. Forward scattering protons struck by K -'s then passecl throiigh 

the -18D48 spectrometer. while the K - ' s  were scattered backward and passed 

throiigh the durninum walls between the two target vessels and t hen t raversed 

the silicon detcctors. The energy and angle of the scattered I ï - ' s  were calculateci 
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Figure 3.9: Scheniatic plot for a ( A .  p) elastic scattering event iised for the silicou 
detector cdibratiori. 



by using the rnomentiun and tracking information for the incorning K-'s and 

outgoing protons. After siibtracting the energy l o s  in the aluminiim walis. the 

energy tlepositecl by li- 's in the silicon detectors [vas predicted. The norrnalizeci 

enerm cieposited in the silicon detectors was defined as follows: 

The normalized energy deposited in each silicou \\rider was histogrammecl. The 

CL were acijustrd to align the peaks of these Listograms. so that the gairis of the 

silicon wafers are relative to each other. 

Overall Gain GmeTdl Calibrat ion 

After the relative gain of each silicon wafer was calibrated. the overall gain of 

al1 the silicon wafers was calibrated by coniparing the measured deposited energ? 

distribution of I C -  's fiom elastic I< - - p scattering with a Monte Carlo simdation. 

shown in Fig 3-10. hccordirig to a theory of the energy loss distribution for thin 

al~sorbers [ I L D I .  the energy deposited by the li-'s in the silicon detectors follow 

a k-avilov distri but iou. and this distri bution shapc m i e s  strongly clepending on 

the energy deposited. Therefore. the deposited energy distribution is a siim of 

r n q  Lkvilov distributions. 

In orcler to properly moclctl t his energy deposicetf distribution. a measiirrcl 

proton alibplar distribution mas iised in the Monte Carlo siniulation as there is 

a srrong correlation between energy deposited by l<-'s and the scattering aufile 

of t h  protons. In adciitiori. the energy loss ancl straggling of the I<-'s as thry 

pa.ssetl through the duminilni walls were also taken into account. 

To compare the measiired energy deposited distribution with the Monte C u l o  

siniiilatiou resiilt. there are two points tkat have to be kept in mind. The first is 

the energy range of the cornparison. It is difficult to simulate the high depositeci 

energy region due to the events in which the K-'s  stop in the silicon detectors with 



E, (MeV) 

3500 ' I l I 

I 
I 

Figure 3.10: Dis tri but ions iised in the silicon detector overall gain c a l i h t  ion. The 
iipper plot is the distribiitiori of measiired energ- deposited in the silicon cletectora. 
and the lower plot is the Monte Car10 simulation result for the same distrihiition. 
The overall gain paranieter of the silicon detectors. and the widtti of t lie 
gain misalignment . a(;. were calibrated by cornparing rhe distributions of the data 
(the iipper plot) to the Monte Car10 result (the lower plot). 



the possibility of a large energy transfer in a single collision. which the Lrvilov 

distribution rloes riot fit wel. On the other hmct. the measliremerit in t h  v e r -  

low cfeposited enerhF region is not very accxrate becaiise it is uear the tiireskold 

of the tietectors. Therefore. both very low and very high cieposited energy rrgions 

skoiilct not be included in the cornparison. The second point is the random rrror 

in the relative gain ( C i )  calibration. This gain rnisalignrnent is assurneci to follow 

a Gaussian distribution with an unknown ividth. q;. Therefore. eaçh bin in the 

.\Ionte Carlo distribution of energ- deposited shodd be smeared by a Gaiissian 

distribution with width c r ~  = oc; x Esr (Es[ is the energy deposited) t o  count for 

t Le relative gain misdignments. 

The l e a ~ t - ~ '  methocl was iised to find the overall gain and the width of the 

iinkuown relative gain misalignment. The definition of y' is: 

arid the goodness-of-fit is ctefined 

where -VB is the niimber of bins within the range of cornparison for the depositcd 

enerb .  ni(D) is the number of counts in the i th bin of the measured deposited 

energy distribution. T~~(.CI) is the niimber of coiints in the i th bin of the llonre 

Carlo distribution. and 7 = .VB - 2 is the number of desees  of freedoni for the 

fit. 

An iterative procedure was applied to miriimize ' to determine the best overall 

gain. and thc ividth of gain misa l ip ien t .  o ~ .  The steps are oiitlirird 

below . 



1. Normaiizing the Monte Carlo distribution: The Monte Carlo distribiition 

\vas norrndized so that the t o t d  counts in the !donte Carlo distribution w r e  

the same as the total counts in the measured deposited energy distribution. 

2 .  Determining deposited energy comparison range: Because both ver? low 

and very high energy regions shotild be esclutled in the comparison of the 

data to the ,Clonte Carlo distribution. the low and the hi& edges of the 

comparison range were determineci by rniluimizing the goodness-of-fit. (2. 

3 .  Determirring the overall gain: \\'ith different overall gain inputs. the y2's 

were calctilated by comparing each mociified data distri biition to the Monte 

Chrlo distribution. Thcn the gain factor with the miuimtim y' was foiincl. 

4. Finding the wiclth of the gain misalignment: Csing the gain factor which 

has a minimum y' from step ( 3 )  to obtain a modified data distribution. and 

smearing the Monte Carlo distribution with different inputs of the width of 

the gain misalignment. oc. were calculated by comparing the modified 

data distribiltion to each smeared Monte Carlo distri biition. The wiclth of 

the gain misalignment with the minimum ,y2 was foiind. 

3. Testing if there is a better t': Smearing the .Ilonte Carlo distribution with 

the width of the gain rnisalignment . which has the minimum y' found in s t ~ p  

(4). wu iised as a ncw .\Ionte Carlo tiistribiitiori: the process was nlpeiiteci 

starting from step (3)  iintil the minimum y' \vas obtainecl. 

3.1.4 Neutron Detector Calibration 

Another key component of the experimentd apparatus is t h  neutron tletecror 

arrays (ND). The neutron signal pulse heights were used to reject backgroiinci 

events in the neutron spectriim. For a hit on the ith neutron detector element. 

the energy deposited is defined by the geometric mean of the ADC's connected to 



the PhIT's at both ends of the log: 

The subscripts. a and b. iised in equation (3.8) indicate ADC information from 

bottom (a) and top (b) PMTs at each end of the neutron log. Pi and P; are ;\DC 

peciestals. anci C: and C'i are gain parameters of the ith log. The motivation for 

Figure 3.11: Scintillator log of length L with "PMT a" 'and "PMT b" at each end. 
-1 particle passes through it a t  position y .  

iisiug the geometrir: mean of the -4DC's from the both ends of the neutron log 

to tlefine the piilse height was to eliminate the hit position dependence. M'hen 

a neutron passes a scintillator of length L at the position y. it knocks off the 

charged particles in the scintillator through elastic or inelast ic scat tering. Then 

the chiuged particles excite the atoms in the material and the deexcitemeut of 

atorns causes scintillation light. As shown in Fig. : 3 . l l .  the l igh collecteti b ~ -  



where Eo is the light generated by the particle a t  the position y .  and 1, is the 

effective attenuation length in the scintillator. The light collect ed by -'P.\IT b" is: 

-4s seeri frorn the above ecliiations. both E, and Eb are depondent ou the Lit 

position !/. The: geonietric niean of E, and Eb is: 

which is independent of !/. Tkerefore. the geometric mean eliminates the position 

de pendence. 

The TDC information from the neutron detectors c m  be used to rneasiire the 

time-of-flight and to determine the y position of the hit in the neutron detectors. 

If a particle hits the ith neutron log. the tirne-of-arriva1 is defined as: 

- T,' - q L  or R I .  (33.12) 

wtiere (i. = 0.025 ns is the conversion of TDC charinel incies to tir~re. Ti is a 

calibration constant for the mean tinie measiirement of the i"' log. and TL and TR 

are the overall timing offset for the left and right neutron arrays. The tirne-of-fligh 

is defineci as: 

whcre TIT is the start time measured by the scintillator detector IT, and TO Fbe, 

is the time-of-fiight of the beam particles from 1T to the vertex in the target , where 



the reaçtion ir- + p + 5-  + Ii- took place. The latter can be c:dciilated froni 

TO Fbeam = " Cr - ' IT  . where z,,,, and zrT are the z positions of the vertex and 1T 
"b 

coiinter respectively. ;met is the velocity of the beam particle. 

From TDC information of the PhITs on both ends of the neutrou log. the .y 

position where the neutron log was hit can be calculated. according to: 

where u:,,, is the measured effective speed of Light in the ith log! ~i~~~ is the 

calibration constant of the tinie difference between both ends of the log. and y0 is 

the ,y position of the ceuter of the neutron bar. 

-4s seen from the above discussion. both the TDC's and the ,-\DC9s of the 

neutron detectors need to be calibrated in order to cietermine the values of the 

timing offsets. TAff ; i ~ i c l  Tl. ;ilid the gain parameters. Ci ancl CL. 

ND Timing Calibration 

In order to calibrate the neutron cleteçtors. two sets of cosmic ray data were col- 

lccted before aucL after the experirnental run. Figs. 3.12 and 3 - 1 3  show orthogonal 

views of the nieasurernent setup. For these tests. both left rind right side neutron 

CwrilYs were lowered and placed on the floor. --1 piCr of long narrow scintillation 

coiinters tvas placed perpendiciilarly across the center of the neutron detector logs. 

with one at the bottom and the other on top of the neutron array, to define a 

trigger for cosrnic rays traversing all layers of the neutron a r r q  at the center of 

the logs. The timing difference parameters Tiill a d  relative time parameters Ti 

can be cdibrated by these cosrnic ray events. while the overall offsets TL and TR 

can be cdibrated by another data set describeci later. 

For the cosrnic ray events which traverse the neiitrorr detectors a t  thc ceriters 

of the logs. the time difference between the two PhLTs at each end of each log 



3.1. CA LIBRATION 
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Figure 3.12: Side view of the neutron decector cosmic ray calibration setup. The 
neutron arrays were Laid on the floor; the cosmic ray traversed dl layers of the 
neutron array at the center of the log .  
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Figure 3.13: Side view of the neutron deteçtor cosrnic ray calibration setiip. üt 
90" to Fig. 3.12. 



shoulcl be zero. Thc time difference parameters. Tdirl! were therefore adjusted so 

that this condition was satisfied. 

CmMc 1 Cosmic 2 . . 

Figure 3.14: Selection of cosmic ray events used in the calibratiori of neutron 
cietector relative time offsets. 

In order to calibrate the relative time parmeters Ti. the -.cosmic 1" ancl 

--cosniic 2'' events which had the desired orientation across the logs were selected. 

--\s shoivn in Fig. 3.14. .*cosrnic 1" passed through the same numbered log on odci 

layers and the neighboiu log on even layers. and .*cosmic 2" passed throiigh the 

sarie niirnbered log ou both odd a d  even lyers. The tirne-of-flight for --cosmi(- 

1'' and "cosmic 2" frorn the first XD layer to the second SD Iayer shoiild bc the 

same. By histogramming the tinie-of-flight txtween the first anci the sewucl SD 

l qe r s  for .-cosmic 1" sud "crosniic '2" et-ents. the relative time offset bettweri the 

0"' log and the 1"' log of the first l q e r  W ~ W  determirieci. The same procediire was 

applied to the 1"' log and the znd log of the first SD layer. and so on. iiritil 1\11 

the 10- on the first layer were calibrated. Once the &sr. l q e r  was calibratecl. 

it was used as a reference. and the time offsets of logs in the remaining layers 

were calibrated bp aligning the timeçof-flight between the b s t  1-r and dl other 



layes bnsed on the measured distance. The left and right neutron arrays were 

calibra t ed inditidudly. 

The overall tirne offsets. TL and &. were calibrated with the Li - ciecay data 

set. With the nelitron tietectors placed in the normal esperimental locatious. the 

magnetic field of the 48D48 was reversed so that it bent the negative (hiirged 

piirticks iip and positive chargecl particles ciown. --\ 1.8 GeV/c fi - btwni wu 

cieliveretl tu the ernpty t a r g t .  This \vas followed hy the reac-tions: 

Becailse the lifetime of the îro is (8.4 f 0.6) x IO-'' s and the branching ratio 

of the reaction no + -7 + 7, is (98.798 I 0.032)%. most of the r O ' s  dtxxyed into 

2 Î'S as soon as they were produced. The vertex of ;rO + 7 + i was therefore 

assumed to be the same as the vertex of li- -t r0 + r - .  Bu ideutifying the 

K -  with the b e d i n e  spectrometer and identifying the outgoing 7- mith the 

-18D.18 spectrorneter. the reaction li - -t ;rO + T A \vas identified and its vertex aas 

reconstriicted. The time-of-flight for î.'s prodiiced from the s" -t 7 + ne rmction 

was measured bu the ueiitrori detector arrays. Because the flight lerigth of the 

7 coiild bc i&-ii latetl  acciirately from the production vertex (assiniecl to Iw the 

sanie as the vertes of the A -  + no + T - rcaction) and the hic positioii ou rhc 

neutron detectors. the tizne-of-fiight for the \vas also obtained iising the specci of 

light and the flight leugth. The overall timing offsets. TL and &. for the left and 

right neutron arrays were determinecl by assigning the difference of time-of-flight 

for those y events between meaiirement and prediction to be zero. 

Electron-equivalent Energy Calibration 

The cosmic ray data  described earlier can also be used to calibrate the electron- 

equivaient energ- deposited in the neutron detectors. As Fig. 3.12 shows, only 



ewnts rvhich traversed straight through the venter of the neritrou Logs Mira se- 

lected. In this condition. the PlITs on both ends of each log should collert the 

same amoiint of light. Since <:osmi<: rays are primarily minimum ionizing muons. 

at normal incidence. cosmic r - s  shoiild deposit about 10.5 .IleV of energ- in mch 

5.08 rm thick neutron log. --Iccording to equation (3.8). the gain parameters of 

the PMTs for each neutron log can then be determined Gom these cosmic ray 

data: 

3.2 Identification of C- Production 

As describeci in chapter 2 .  the events which satisfiecl the P K S  t r igg~r  werv 

the most efficiently selected data stibset for the identification of '3 -'s prociiired 

throiigh r -  + p  + T - + K -  and had high probability to form (1 - . P) ,~ ,  'S. Ttierc- 

fore o d y  events which satisfieci the PlIiS trigger were stiidieci. Both incident r - 

and scattered Ii' were identified. and their momenta were calculated from the 

time-of-flight and trajectory measurements. Then the S- 's  were identified b -  

niaking ciits on the missing mass spectrum. The details are described belon?. 

3.2.1 Beam Particle Analysis 

The ~erenkov detector (IC) signal in the PIKS trigger distinguished ii-'s from 

ot her beam particles to first order. with an average 5 ratio of 1.1 x 10 Fiirther- 

more. particles with different m a s  bot with the same monlentuni (at  1.4 GeV/c) 

travelling from AIT to IT shoiild have different fiight cimes. For a Eiseci mornen- 

tiim. the lighter a pasticle is. the shorter its tinie-of-fiight is. Fig. :3.15 shows 

the distribution of the .LIT-IT TOF created frorii the raw data'-. In the plot. the 

'Raw data: this is the data set without any cuts escept the PKS trigger. 



bigger peak is the H- peak. and the small biunp on the Longer time-of-flight side 

is the l<- peak because the Inass of the K -  is heavier than the ;i-. X ciit on 

the relative tirne-of-flight was made as -2  < T O F  5 2 ns to reject lighter and 

heavier particles from ~ ' s .  

R e c i v e  10; (ns) 

Figure 3-15: Histogram of relative tinie-of-flight fro~ri .LIT' to LT. gerierütecl frorii 
the raw data. The arrows indicate the ciit niacte in the analusis. The big pcak is 
the 7- peak and the smdl  biimp on the longer time-of-fliglit side is the li- pcak. 

For the incident particle. its I position \vas measurecl by h iP  in the müss dit  

area. and its T aud y positions were measurecl b -  three ID chambers in the inciclrut 

area. The trajectory of the beam particle before entering into the experiniental 

target area m a s  reconstructed by a linear l e ~ t - . ~ ~  fit to the ID hits. The rnonieu- 

tum of each beam particle was calculated using a second order matriu. which mas 

determined by the code TRUSPORT [113]. through dipole D3 using r informa- 

tion from AIP and the trajectory information from the ID chambers. as showri in 

Fig. 2.5. 



3.2.2 Scat t ered Part ide Analysis 

Trajectory and Moment um 

The trajectory of each scattered particle was measured by 5 drift chambers (FD's 

and BD's) in the -1SD48 spectrometer. The positions of hits on each drift plaue 

were calciilated from the wire positions cwd drift time measurements. With a 

maximum of two drift planes allowed to be missing. the track of the sca t te rd  

particle before entering the 48D.18 magnet was reconstructed by fitting a straight 

line to all the hits on the FDI and FD2 chamber planes. and the track of the scat- 

tered particle after traversing the rnagnet was reconstructed bu fittiug a straight 

line to al1 the hits ou the BDI and BD2 chamber planes. The non-interacting 

I>ei~n particles were rejecteci by excluding the tracks throtigh FD1 and FD2 at 

small angles and those passing through F D l  near the projected position of the 

beam particles. FD3 was not iised in track reconstruction at this stage. 

-ifter the rcconstriiction of the tracks of the scattered particle in the front 

and Imck of the rnagnet. the x and y positions on the nominal central plane of 

each drift chamber were then caiculated from the fitted tracks. These resillts were 

then passed to a routine c d e d  PEANCT [68] to calculate the momentum and 

path length of the scattered particles. The method iised in PEAXLT is similar to 

TRASSPORT j1131. The difference is that the whole region of acceptance of the 

48DU spetr trometer was divided into 1440 regions becâuse of its large acceptance. 

For eaçh region. a central trajectory was calc~ilatecl by integrating the ecluations 

of motion throiigh the mafinetic fieid. and the deviations from this central rrxck 

were parameterizect with a ma t r k .  These central t rajectories and mat rices rieecieti 

only to be calciilared once at the beginning of the rim. and the results were storett 

in a parameter file. With these matrices. any measured track could be fitted t~ 

trhoosing the correct matris. In choosing the correct matrix. however. one needecl 

to know the value of the momentum. Therefore. an iterative algorithm was iised to 

search for the correct matrix and to calculate the momentum for a set of known x 



I choose phase space 

value I 
f i t  track r - l  

track in chosen phase c 
I space value ? I 

1 return 

Figure 3-16: Lterative dgorithm in PEANCT to seasch Dr the best track and 
morneutuni with a given set of hit positions on the FD and BD chanibers. 



anc i  !I positions a t  the center of each drift chamber. The procedure of this iterative 

algorithm is shown in Fig. 3.16. 

TOF and Mass of the Scattered Particle 

Secondary Moss ( ~ e V / c * )  

F i  3 . 1 :  Secondary mass ciistribution from the raw data. with loose clics ou 
the track reconstriiction goodriess of fit. DCA and ,y2 (see below). 

The time-of-fliglit of the scattereci parricle was riieasiired by IT and BT. auci was 

calculated froni the ecluatiun: 

TIT is the time wvlieen the beam particle passed throiigh 1T. and Tm is the tirne 

when the scattered particle passed throiigh BT. $ is the time-of-flight for a 

incident beam particle that  travelled between 1T and the interaction vertes in the 

target area. 



With h o w u  niomeutiirn PSat. path length L arid tiine-of-ffight TO Fsmt. the 

m a s  of the scattered particle cari be caloulated as follows: 

7n scat = 

The reconstn icted m a s  of the scattered particle \vas iised to identify the A--'s. 

Fig. 3.17 shows the secondary mass spectnirn. -4s seen from Fig. 3-17. 1<-'s were 

weli disthguished from other partictes by applying a ciit on the secondary mas .  

3.2.3 Global Track Reconstruction 

The tracks of the incident and scattered particles were combinect to reconstriict a 

complete event in order to identify the ir- t p + S-  + Ii- rraction. This iucliided 

the interaction vertes recoristriic t ion ancl rriissing rnass calrrilatiou. as clescri b<id 

belon?. 

Vertex Reconstruction 

Ouce the trnjectories of the incident and scat teretl particle were reconstriict eci. the 

closest approach between the incident partide's track and t hc scat tered part icle's 

track. where the two tracks were closest together. mas determined. The interaction 

vertes was defined by the center point of the closest approach. 

Ciits were applied to the ar. .y and z positions of the vertes in order to ensiire 

that the reaction n- + p + Y + K' took place in the Iower hydrogen target . The 

reason to eliminate the reactions that took place in other niateriais in the target 

area was bccaiise the ciits on the energy deposi ted in the silicon detectors. Es,. and 

£Ca scattering angle. BK-. were used to tag the stopping Y's: the opti~iiizariori 

of these ciics was directly dependent on the kinetic euergy and ciiret:tiori of the 

1-. whicli were relatecl to the materials in which the E- was protliic.ed. If the 



1- was prodiiced in other material rather than througk the i i - ' s  interacting wirh 

free protons in the lower hydrogen target. the Ferrni motion in the nuclei wvoiild 

smear the 1-'s energy and direction distribtitions. In the Monte Carlo simulation. 

however. the X- mas assiimed to be produced in the hydrogen target. The S - 's  

which were prodticed in the non-hydrogen part of the target. with smeÿred rmerh? 

a n c l  direction. would cause B K -  and Esl CO cieviate frorn what wis expet-ted. so 

t hat the S- stopping efficiency woiild be rediiceci - iising the same cnts ou EI.[ 

CUC~ oh--. 

Fia. 3.18 shows the r distributions in the target area. The bumps on hoth aides 

of the x vertes spectrum mere caused by the the diiminiim walls of the target . -4 

cut -6 5 r 4 6 cm on the x vertex was used to exclude those background eveuts. 

x Vertex (cm) 

Figue  3.18: Distribution of the x vertex of the data with the PIKS trigger. The 
bumps on both sides of the spectrum were caused by the lower hydrogen target 
walls. The a of a Gaussian fit to the x vertex profile in the target area. indicated 
by the solid curve. is 2.02 cm. The vertical lines indicate the r vertex cut. 



Figure 3.19: The 2D histogram of the y vertex versus the z vertex from empty 
target data. The solid lines show the oiitline of the loiver liquid hydrogeri t a r g r  
tank. The bottom wall of the target tank was at g = - 3 . 5  cm. whicti is beyonci 
the plot. The band üt z = -20 cm in the sptictrrtm was caiised & the aliiniiliiim 
d l  hetween the lower a.nd upper target. and the baud at  z = i.6 cni wüs caitsett 

by a ciummy scatterer behind the target tank. The dashed lines show rhe .y and 
; vertex cuts. The ripper IJ vertex cut \vas stepped according to the actual target 
geometry 



Fig. 3-19 shows the 2-dimensional histogram of the .y vertes verslis the z vertex 

from empty target data. The nieasurecl z position for the front of the LH2 vesse1 

was at z = - 3 . 0  cm and the back at z = 15.5 cm. as shown in the plot rlit. 

solid lines. -4s described earlier. only those 5 - ' s  tagged by the silicon detectors 

woiild have the highest pro bübility to stop in the upper hydrogen target to forni 

(5- .p) , , , ' s .  Because the first row of the silicon detectors (located at z = -47.8 

cm) had no output signals. the X- 's  mhich were produced in front of the first 

silicon detector row had rio tags. The lower edge of the z vertex cut was set at 

z = -48 cm to exclude those events. The last silicon detector row was located 

at z = 10.1 cm. The higher edge of the z vertex cut was set at 2 = 12.0 cm to 

exclude the S- ' s  which were produced behind the last silicon detector row. The 

; verres ciit is shown in Fig. 3.19 with dashetl lines. 

Figure 3-20: Distribution of the y vertex for the data rvith PIKS trigger. The G 
of the Gaiissian fit to the y vertex profile in the target area. shown by the solid 
curve. is 0.29 cm. The vertical line represents the position of the lower edge of 
the vertes ciit. 



Fig. 3-20 shows the g vertex distribution. Due to the short lifetime of the 

X-'s. the beaxn height was set to be very close to the top of the lower hydrogen 

target wssel. As shown in Fig. 3-20. the beam vertical width (a = 0.29 cni) was 

much srnaiier than the height of the target vessel (3.5 cm). The lower edge of the 

.y vertex ciit was not a sensitive parameter; it was set a t  !j = - 1.2 cm determined 

by the Gaussian fit of the y vertex distribution. as shotvn in Fig. 3.20. Special 

care was: neecled for the higher edge of the y vertex ciit becaiise the boiiiitlary 

betmeen the lower ;uid the iipper hydrogen targets hati the corriplicated shape 

shown in Fig. 2-13. Therefore. the higlier edge of the wrtes cut  iviw ciefintd 

accorciing to the actual target ggemetry. It had the stepped shape. but iras set a t  

0.1 cm lower t h m  the meüsured target mal1 position because the resoliitiori of the 

target y position measmement was 0.1 cm. !dore details of the determination of 

the higher edge of the y vertex cut are cliscussed at the end of this chapter. 

Goodness of Fit 

--1 goodness of fit. Y?. of the scattered parricle trajectory. was iised to describe the 

goodness of the vertes and trajectory reconstniction. The definition of iiscd 

here is described in [68]. This v' distribution accourits for a variable niirnber of 

hits at  each clrift chamber for cach event since the drift chambers are not 100% 

efficient. Fig. 3.2 1 show the y"<Lstribiition generated froni the raw data. wIiic-h 

mas iinderstootl as a siim of rnarq- distributions on top of ü. relati\-t4y wide 

distributiori which exteuclecl to ver-  high ï' values. The events iri thr latter dis- 

tribution were attribiited to background events. which had hits in the FD aucl 

BD chambers btit wcre not caused by the same particle. S o  complete trajwtories 

coiild be reconstructed through the spectrometer for those events. The back- 

ground distribiition was üpproximated by a straight line fitting the distriburiori 

in the region 65 5 X' 5 100. The cut at x2 5 S5 \vas detennined by requiring the 

ratio of reconstriicted events to "backgroiind" events to be less than one beyonci 



Figiire 3.21: The ,\' distribiition 
the distribution in the region of 
ciiit. 

of the raw data. The dashed lirie is the dope of 
65 < ,k2 5 100. The vertical line shows rhe I' 

--hother variable that describes the goodness of fit for the complete trajectury 

reconstruction is the distance of closest approach (DC-A) betweeu the trarks of 

the incident and the scattered particles. In the ideal case. DC.1 shoiild be zero. In 

reality. however. wit h finite measurement resolution. the DCA had a distribution 

peaked at  zero and with a width related to the tracking resolution. as shown in 

F i .  3-22. It could be described as a half Gaussian peak (a = 0.195 cm) on top 

of a linear background distribution. The background consist ed of those events 

for which the scattered particles were uot related to the incident particles. -A cut 

applied on DCA can ensure the accuracy of the vertes reconstruction. Ir was set 

at DC.1 5 1.23 cm deterniined by 2.50. where a is the rms width of the fitted 

half Gaussian distribution. 



Figure 

" =- 

Distribution of the distance of closest approach (DCA) for the events 
which passetl the , '  ctit. The solid curve is the siim of a half Gaussiari distrihiitiou 
ancl a l inex bii<*karoiin<l distribution. and the dashed ci irw s h o ~ s  the C;aiissiaii 
distribution. The \-erticiil line sliows the DC--4 ciit. 



98 

Missing Mass 

Fib~ire 3.Z3:  The 7- + p -+ li- + S reactiori. S represents an iinknown partic:lt3 
to be identifiecl via the rnissiug rnass calculation. 

Once the incident and scattered particles are identified. and their momenta vec- 

tors are determined. a particular reaction can be identified by a rnissing niass 

calciilation. For the reaction shown in Fig. 3-23. the incident ir- interacts with a 

free proton to produce a K -  and a unknown particle X. ;\ssuming the speecl of 

ligkt r: = 1. the -1-dimeusional niomenta for incideut and outgoing particles are: 

+ 4 

where PT- is the momcntu~n of the incident s - . Ph. - is the iiiomentiim of the scat- 

tered I C .  and rnx is the rnissing rnass. 7nT- = 0.1396 GeC-/?. r n ~ -  = 0.-1937 

C:eV/&bantl In, = 0.9383 C:eV/c2, are the masses of the a-. K -  and proton. 



respectively. According to the energv conservation 

Therefore. 

Law: 

1.-  

Silice 

the missing n i a s  for the T - t p + S + li- reaction is calculateci frorn: 

In ecl. ( 3 . 2 2 ) :  the missing mass is calcrilatecl iinder the assumption that the R- 

interacts with a free proton. -1s the mass of the X- is 1.19'74 GeV/c2. 5 - ' s  c a n  

be identified by making a ciit on the missing m a s  spectrrim. 

3.2.4 Data Reduction 

Table 3- 1: Cuts used in the data reduction to select !ira. K - )  ewrits. 

range 

TRLE 
0.37 - 0.60 GeV/c2 - - 

433 - 25 a n  

n 

name of cut 

P K S  
MISS - K 
ZC'ERT 

- 

In 1993,S weeks of beam time were spent on the (77-. K - )  calibration esperiment: 

an integrated beam fli~u of 2.3 x 10" T - s  and L O I  useful r u s  of data were collectecl 

Description 

Trigger 
Secondary llass 

z Cértex 
XI2 

DCA 
y' 

Distance of Cloest Approach 
O - 80 

O - 6 c m  _I 



DCA (cm) 

-120 -50 C 50 

z Vertex (cm) 

0.5 1 1.5 2 

S e c ~ n d a r y  Mass (G~v/c ' )  

Figure 3-24: Histogranis iised in the data rediiction. The vertical lines show the 
ciits iised to select good (K. K a )  events. -411 histograms w r e  generated from the 
raw data. 



with roughiy 2.8 x 10' events written on 80 magnetic tapes. Howewr. even \vit h 

the second level tngger cuts to reject scattered protons during the data collection. 

the majority of events on the tapes were srill (ii-. p) elastic scattering ~ w n t s .  

considered as background for the cdibration experiment. This can be seeu iii the 

secondary rnass spectriim in Fia. 3-17. wlierc the ratio of is less than 2%- 

In addition. with data on over 80 magnetic* tapes. it is iiiconvenient arid tirnc 

consuming to do the final analysis. Therefore. by applying ver? iouse c:rits ou the 

second- m u s  and the cliiality of the track reconstruction (DC-1 ancl i" spectra. 

a subset of the original data with reasonably clean (n - .  K - )  events was cstraccecl 

so that the reduced data woidd be of a manageable size that coiiid be stored on 

disk for the final anaipis. This process was referred as "data reduction" . The cors 

iised for the data reduction were much looser thau the final cuts in the cdibration 

analysis so that al1 interesting data were preserved. Fig. 3.24 shows the loose 

cuts. which are defined in Table 3 .1 .  used in the data reduction to select (z- . li-1 

wents. After the data  rediiction was completecf. a fractiou of - 5.8 x 10-" of t h  

original data was retained. 

3.2.5 Basic Cuts to Identify the Reaction ?r- + p + C- + 

Once the data reduction was cornpleted. threc (rategories of ciits were applitd to 

the reduced data to identif'; the reaction ~ i -  + p + 5- + il'- which took place 

in the lower hydrogen target: (1) the goodness of fit cuts. DCA and to select 

the events with good vertex and trajectory reconstruction: (7) the kinematir m t s .  

second;iry m a s  and missing mass cuts. to select the T- + p + X- + K -  reactiori; 

(3) the reaction vertex (x' y and z )  cuts to ensiire that the reactions took place 

in the lower hydrogen target. The cuts in the first and third category have been 

described earlier. The determination of the second category of ciits is presented 

below. 



Kinematic Cuts 

Since the mass of the K -  is 0.4936 GeC-/c2. a (*lit oo r he sccondary m a s  spectriini 

was applieci to identify the scattcred parti& lia. The <:ut h m  Ti.-L2-12 Gt>V/<.' 

to 0.5632 CeLe/<" showri in Fig. 8-25 mas detcrniind by r n ~  - i 4-57. wherr n = 

0.01.34 Cri-/r2 is the width of the Caiissiau fit to the srconclary mass spwtriixii. 

Ç e c c n c c r y  V a s s  (GCV/Z') 

F i e  3.25: Secondaqr mass spectrum generated frorn the reduced data.  The 
vertical lines show the cut iised to idem* h? 

The C-'s produced by the reaction ii- + p -t r- + K -  were identifieci by 

applying a cut on the missing rnass spectriim. Fia. 3.06 shows the missing mass 

spectriirn generatecl from the rediiced data. The asynrnetry of the missing m a s  

distribution can be ~inderstood by examining Fig. 3.27. The upper part of Fig. 

3.27 indicates that the contribution in the higher missing rnass region comes from 



lower secondary momentum ewnts. The lowr part of Fig. 3.27 shows that the 

secondary momentum distribution is not symmetric. There are more events on 

the lower secondary momentum side than in the higher side. This is diie to s - 's 

interacting with bound protons rather than free protons in the ii- + p + S-- ; I< - 

reaction. -4s the mass of Y- is 1.19'7 CeV/c2. the cut was defined b -  1.1651 5 

ln-- 5 1.2289 GeV/k2. deterrnined by rnr- - 4.50 5 -11 -11 5 rnr- + 4.57. as 

s h o w  in Fig. 3.26. wfiere n = 0.00709 GeL*/L2 is the rms width of a Gaussian fit 

to the rnissing m a s  pe&. 

Figure 3.26: hlissing mass spectruni for (7- . A-) events grneracecl from t h  rr- 
diicecl data. The vertical Iines show the ciit iised to ideritify T - . The broatl 
shoiilder on the high side of the Gaussian peak wüs caiised by the events in whirh 
a rTi- interacted with a l-ioiind protou. 



M:ssrnc Mass ( ~ e v j c ' )  

Figure 3.2 5: Histogams illiistrating the asymmetry in the missing mass distribu- 
tion. The iipper plot is a 2D histogram of the secondary momeritiun versus the 
missing mas .  and the Iower plot is the distribution of the secondary momentilm. 



3.3 Tagging of Stopping C- 

To tag a X- which had a high probability to stop in the upper liqiiicl hydrogen 

target and to form a (X- . p) , , ,  . additional cuts were applied to the events whirh 

passed the 1- identification tests. The tag was defined by the ciits on energ'- 

deposited in the silicon detectors and the lt' - 's scat tering angle eh'- . anci ot her 

background cuts. These are cliscussed in detail belon.. 

3.3.1 Cut on Energy Deposited in the Silicon Detectors 

The most çritical ciit to icfentify the stopping L7-'s is on the energy ciepositeci 

in the silicon cletectors which the X-'s  passecf through on their way to the ripper 

target vessel. -4s Fig. 2.16 shows. the Monte Carlo simulation resiilt indicates ttiat 

Y- ' s  which deposit abolit 1-25 1IeC' to 2.25 U e L *  of energ'- in the silicon tietectors 

should have the highest probability of stopping in the iipper hycirogeri target: for 

t hose S - 's which stop in the tiiugsten deqatter. their ciecq- partklrs (siich as r; 's) 

deposit loiver euergy in the silicon detectors: X - 's mlich deposit higher rriergy in 

the silicon detectors mostly stop in the aluminurn before eutering the iipper tunet .  

The silicon detector energy rut used in final annlysis was 1-25 5 Es/ 5 2.25 I1eV. 

based on the Alonte Carlo simulation shown in Fig. 2-16. 

3.3.2 Angle OK+ Cut 

Another very sensitive cut to select stopping Tl ' s  is the scattering angle of the 

lc'. Oh' - .  This is a direct consequence of the target geometry. -According to 

two-body kinematics. the trajectory of S -  and Bk-- are reiated. The stoppilig 

probability of a T- is tlirectly dependent on the materials that it passecl tliroiigh. 

As a resirlt. optimization of the c ~ i t  on the angle Oh.- greatly improves the 5 - 

stopping efficieucy. The ciit 7.5O 5 B K  - j 10.0' WLZS cleterminecl accortliug to the 

Monte C:arlo resdt [12 11. 1,Iore discussion a bout the ciir determinat iou is givexi 



ar; the end of this chapter. 

Ca10 simulations indicate that the 5 - ' s  which are tagged by 1.25 5 

Es[ < 2-25 41eCv and 7.5" 5 BK - 5 10.OO should bave a (22 ', I - ) %  probability 

[121] of stopping in the upper liquid hydrogen target. 

3.3.3 Other Background Cuts 

The particles which left signals in the silicon detectors were not only 5-'s but 

d s o  n-'s from T- d e c .  the dominant mode of the T- d e c q  is given by: 

-4dciitional cuts miist be applied to rejrct these hise tags caiised by the clecay 

n - 'S. These cuts are clisciisseci below. 

Time Coincidence 

By applyirig a ciit on the t h e  when the silicon detectors were hit. the silicon 

hits mere assiireci of being in coincidence with the creation of the 3-'S. This 

rejected some of the false tags çaiised by other particles. Becaiise of the slow rise 

time of silicon cletector signals. however' only a loose cut could be applied to the 

silicon detector signal timing. Fig. 3.28 shows a %dimensional plot of the energy 

depositctl versus the timing of the silicou detectors for events which passed the T- 

iclentificatiou tests. In Fig. 3-28. the triaugular band was caused bu real signals. 

and the rectangiilar band. with energt- deposited less than 0.5 M e i r .  was caused 

by r a d o m  background events. The two bands overlap in the loir. eriergy rrgiou. 

The crit on the silicou cletector signai timing mas chosen to be from 1-15 ns to 260 

us (shown in Fig. 3.28 with a solicl box)? whicti covwecl the timing range of t h  

real sib?ials. 
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Figure 3-28: The 2-diniensional histogram of energy depositeci versiis timing of 
the silicon detectors. The bos  shows the (:lits on the silicou detector timing anci 
clepositcd energy iised in the final analysis. The eveuts iu the triÿuglilar t~anci 
were real signals. and the events in the rectangilar band. witk e n e r q  deposited 
l e s  than 0.5 Me\'. were random background wents. The two bands overlap iu 
the region of 1-45 5 Ts, 5 260 ns and O 5 EbYr 5 0.5 NeY. 

Position Coincidence 

The false tags caused bk* the ir -'s from X-'s decay can be hr ther  reduced 

checking the locations of hits against the predictions froni the two-body kiuematics 

for the T -  + p + f i -  + 2- reaction. According to two-body kinematics. the 

direction of the C- can be calculated from the beam direction and scattering 

angle O,,-- of the li-. Because of poor resolution in the z vertes. the r and .II 

positions of the vertes were used instead to project the track of the C- onto the 

x - 9 plane of the silicon detector pad that was hit. -4s the y position of the E- 

where it passed throiigh the silicon detector pad is iinknowli. the distances from 



Figure :3.29: Schernatic dravirigs of the silicon detectors with projections of S -  
tracks ont0 the x - y plane. 

the 5- track to the horizontal center of the fired silicon detector a t  the bottorn 

(Sb)  and top (S,) of the the silicon pad were calculated. as shown in Fig. 3.29. 

Thr minimiim of these two values, Sm = min(lSbl. ISt 1). was used to apply the 

ciit. Fig. 3.29 shows a scheniatic draiing for three possible types of events l abe l4  

a. h and c. Ignoring all errors. Sm in cases a and c woiild be less than 0.5 cni 

becaiise the width of a, silicon pad is 1.0 cm. For case b. however. Sm wcnild be 

larger than 0.5 cm even though the 5-  did p u s  through the silicon pad. In this 

case. the height of the E- track a t  the horizontal center of this silicon detector 

pütl to the buttom of the silicou detector. 1 in. was calculated. One shoiilti h aw  

0.0 5 1 5 1.0 cni for the icled case (the height of silicon detector pad is 1.0 

cm). Therefore, Sm was set to be zero for case b if the condition 0.0 5 1 ;, 5 1 .O 

cm was satisfied. Considering that the x resolution of the vertes reconstruction 

is 2 0.07 cm. the additional cut was dehned as: 



to accept about 99% of the silicon hits caiised by the T-'s  while rejecting about 

33% of the M s e  tags cai~sed bu n ' s .  

Ciits on the differences between the S -  creatiou vertex and the center of the 

silicon pad which was hit. d o n g  the r and : directions. can also rcmove some false 

tags caiised by i; - 'S. These distance differences were defined as following: 

where xsr  and zsr are the and = positions at  the center of the silicon pad which 

was bit. z,,, and are the x and z positions at  the vertex mhere the S- was 

created. 

Figure 3.:30: Distribution of the 1 distance between the silicon detector pati wtiich 
was hit and the vertex for the events that passed d l  the S- identification ciits 
and the SILLXDIF cut. The vertical lines in the plot show the cut determinecl hy 
k30. where cr = 0.75 cm is the rms width of a Gaussian fit ro the clistribiitiori. 



Fig. 3.30 shoivs the lx distribution (a Gaussian distribution centered at zero 

wit h 0 = 0.7.5 cm) and the cut (vertical lines) that was applied in the final analysis. 

The cut on lx was çhosen to be zi3o of the Gaussian peak. 

Figure 3.31: Distribution of the z distance between the silicon detector pad mhich 
was hic and the vertes of those events that passeci d l  the 2- identification cots 
u t l  SILIXDIF cut. The vertical lines in the plot represent the ciit. 

Fig. 3.31 shows the lz distribution and the ciit. Most of the stopping T - ' s  

in the upper hydrogen target were created in the lower hydrogen target withili 

3 cm in the iipstream beam direction. according to a Monte Car10 simiilatiori 

result shown in Fig. 3.32 [L 111. However. becaiise the resolution of the z vertes 

reconstructiou  vas az,,,t = 1.1 cm [118] in the target ares' the expected silicou 

cletector pad coiild be rnisidentified by one row (for r 3 cm spacing between the 

deteetor rom).  In orcier to accept all X- ' s  that stopped in the upper target. rhe 

ciit on 1; at -6 5 A: < - 9 cm was chosen to be fairly loose. dlowing for two 

detector row spacings back and forward from the expected detector row. 



Figure 3.132: hlonte Clarlo simulation of the stopping S-'S. Most of the sropping 
2 - ' s  in the upper hycirogcn rarget mere created in the lower hptirogen türget 
within 13 cm in the ups t rem beam direction. 



3.3.4 Summary of Cuts 

in the pre\loiis sections. the cuts to icleutify X - ' S .  which nrere produced throiigh 

the reaction ;i- + p -t X- + I ï -  iri the lower hydrogen targct and stoppecl iri the 

iipper hydrogen target. were described. Table 3.2 stimrnarizes al1 the ciits iised in 

the finrd analysis; Fig. 3.33. Fig. 3.34 and Fig. 3.35 give the description of these 

cuts. 

Table 3.1: Surnmary of cuts used in the final anal@. The fraction of the eveuts 
events assed passecl is defined as -$.,,, for each cut independently 

Fraction of 
events passed N a m e  of cut 

- 

Description 
Basic cuts to identie T -  + p + E- + K -  

Range 

i. 

Cuts to tag stopping C-'s 

'Y12 

DCA 

Esr 
BA- - 

x2 
Distance of 

closest approach 

0.0 - 55.0 

0.0 - 1.23 cm 
-47 - 12 cm 

-6.0 - 6.0 cm 
according to =tuai target 

geometry. see Fig. 3.34 
0.4242 - 0.5632 GeVjc'L 
1.1651 - 1.2289 GeV/c2 

0.951 1 

0.9030 
0.9229 
0.9689 

O. 7473 
0.8767 
0.1079 

L 

Silicon energy 
K' Scattering angle 

1.25 - 2.25 MeV 1 O -04958 
7.5" - 10" 0.2658 

Z vertex 
X vertex 

Y vertex 
Secondary mass 

Missing mass 

ZVERT 

A 

Cuts to reject .rr-'s fkom Cc decay 
? 

d 

XVERT 

YVERT 
MASS-K 

1 .LI.M.SIG-MA 

145 - 260 ILS 

-0.7 - 0.7 clil 
-2.2 - 2.2 cm 
-6.0 - 9.0 cm 

SLL1.T 
SILI-XDIF 
SLLLAX 
SILIAZ 

0.7265 
O -4546 1 Silicon timing 

min(lXblr IXr/) 
 SI - Zuer 

Z S I  - ZU, 
0.6543 
0.5206 - 



x2 CCA (cm) 

- 
-13 -5  O 5 'O -75 -50 -25 O 25 

XVE?- (cm) ZVERT (cm) 

Figure 3.3:3: Histograms generated from the redriced data set. The vertical lines 
in the plots show the basic cuts defined in Table 3.2. 



Figure 3 - 3 4 :  The 2D-histograni of y versus z vertex generated from the reduced 
data set. The solid ciirw in the plot shows the y and 2 vertex cuts to select the 
Y- 's  produced in the iower hydrogen target. 
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Figure 3 - 3 5 :  Histograms generated frorn the rediicecl da ta  s ~ t  rvith al1 basic m t s  

defined in Table 3 . 2 .  Two more extra ciits (S1LI.T and SILLXDIF) w r r  applied 
co the bottom plots only The vertical lines in the plots show additional ciirs r o  
reject n-'s from ?3- dec- defined in Table 3.2. The narrom peak a t  SILI.SDIF=O 
in the top right g a p h  corresponds to "case b" events as described in Fig. 3.29. 



3.4 Neutron Measurement 

3.4.1 Data Processing 

LVith ritw -4DC and TDC information froni the rielitron detectors. the tirne-of- 

flight. path length. electron-eqiiivaient energy of the Lit. and (,.'j-- ' = f )  c'au 

be rralculated: the neutral particles can then be identified. 

-4ccording to the description in section 3.1.4. the the-of-flight of the neutron 

originating from the (C- P),~,, + n + .\ reaction can be calculated from the raw 

TDC information of the ith element of the neutron detector which was hit. This 

is defined by the expression: 

where T:. TL and TE are r:alihration constants described earlier. Tfr  is t h ~  1T 

timing: and " , r r  - = r T  u - 
is the t ime-of-flight for the incident part iclc r; t rawlli~lg 

froni IT to the vertes of the reaction i r  + p + S-  + li- in the tÿrget areii. 

Path Length 1 ND 

The path length of the neiitron is defined by: 

where x,,~' y,,, and ,, are the vertex positions of n- + p -t S- + l< -: the 

x n -  !/TI and z, are the positions in the neutron detector which was hit. The y, 

is calcitlated by ecluation (3.14)  from the time &Terence between the PILT's at 

both ends of the neutron Log; the xn mtl , are estimated by the center of the 

neutron log which uras hit. 



Electron-equivalent Energy 

The electron-equivalent cnergy of the signal from a neutron hit on the itf' log tvas 

calculated from: 

The electron-equivalent energy of a cluster ' is the siim of the electrou-c:ciiiiwlent 

energy of al1 signais of the cluster. 

Neutron 8-' 

The neutron O-' is calculated 

Neutra1 Particle Identification 

First. the signals causecl by cfiarged particles were vetoed. This was doue by the 

veto scintillators locatecl between the rieiltron cleteutor arrayç and the target . The 

correlation between the Lits on thc neutron detectors and on the veto detwtors WLS 

determinecl by their projected y and s positioris. If a hit on the nciitron d~t~c.tc,rs 

and a hit on a veto detectors was considered to be caused by the sane  particle. the 

difference of these two hits should satisfy the condition -2.5 5 g,  - y,,.,,, 5 2.5 

cm. In addition. when projecting the width (dong the z directionj of the neutron 

log which was hit to  the vertex of the T -  + p  + 5-  +h" reaction? the z position 

of the hit on the veto bar should be on the possible path between the vertes and 

the hit on the neutron detectors. If two of the above tests were satisfiecl! this 

signai was identified as being caused by a charged particle. 

'Cliister: is a group of Lits ou the neighbouring Iogs iri a neutsou rletector caused bj- a single 
neut rai particle. 



Second, a cluster of multiple hits caused by a single neiitral particle was iden- 

tified. Cnlike the detectioa of charged particles. the detection of a neutrd parricle 

relies iipon the neiitral particle interacting with nuclei in the scintillating medium 

ro liberate charged particles: then the detector responds to the charged particles. 

-1 neiitral particle may Liberate more than one charged particle: those charged par- 

ticles (:an escape from the log of ongin and fire adjacent logs. This type of multiple 

hit should be considered as a singIe Lit. d i e d  a "cluster". If two neighboiiring 

logs both produced a signal and the y difference of the two hit positions was within 

I 3 0  cm. these two hits were considereci as part of a cliister. Fig. 3-36 shows the 

ciefinition of the neighbor logs. The time and hit position of cliistered everits were 

cietermineti by the earliest hi t in the cliister. r i m i  the electr~n-ecliiiv~derit energy 

of a cli~ster was the siim of the electron-etliiivalent energy for al1 signals in the 

cliister. 

Figure X 3 G :  Plan view of a nentron detector array. It shows the nearest neighhor 
definition iised in the groiiping of neutral hits into a cluster. 



3.4.2 Neutron Spectrum 

In coincidence with the T-'s which were produced through ;r- + p + S- + K- 

and taggecl by the silicon detectors. the neutron spectrum was studied to searcfi 

for monoenergetic neutrons at  Eh. = 43.5 hleV created through the (T - . P ) , ~ , ,  + 

.\ + n reaction. -4s the time-of-flight of the neutron !vas measured. a neutron A - '  

(,,Y1 = r -  T ° F v n  ) spectnim was generated becaiise .f ' is proportional to TO F.vr). 
1 . v ~  . 

The enerq- of Eh. = 43.5 MeV for neiitrons c:orresponcis to 3-' = 3.1. C'lits on 

the electron-eqiiivalent energy of the neiitrou detectors were applird in order to 

reduce the background. 

The neutrons whose events passed al1 the cuts defined in Table 3.2 are called 

the tagged neutrons. These events. with probability UE,,,: were in coincicience 

mith T- ' s  captured on the hydrogen target to form ( 1 - . p ) , & s .  The neiitrons 

mhose events passed only the basic ciits defined in Table 3.2 are called the rin- 

tagged neutrons. Cnlike the t agged neutrons. the untagged neutrons niaid'- cor- 

responded to the C- 's decaying in flight or stopping in materials other than the 

upper hydrogen targe:. which contribiited to the background in the tagged ueu- 

tron spectriim. Fig. 3-37 shows esamples of tagged and iintagged neutron spectra 

wit h an electrou-ecpivalent energ? t hresholci of :3 MeV,. 

3.4.3 Resolution of Neutron B-' Measurement 

--\cc:orcling ro ecliiation (3.29). the neiit ron J- ' is deterniineti by t tie ucii t rori t inw- 

of-flight ancl the path length nieasiirernent. Therefore. the resoliition of neiicron 

,Y-' rnainly relies iipon the following four factors: 

Uncertainty in the time of the S -  stopping : The time-of-flight of a neii- 

tron should start when the (Y-. p),,, decayed and should end when the 

neutron interacted in one of the neutron bars. In other words. the neutron 

time-of-fight should be calculated from TO F, = TOFdvD - TO FI - . where 



Figure 3-37: Examples of neutron ,S1 spectra for an electron-eqiiivalent enerb? 
threshold of 3 MeV,. The top plot is a tagged neutron spectrum and the bottom 
plot is an untagged neiitron spectnirn. The peaks at ,T1 = 1 in both plots are 
the 7 peaks. and the peak a t  ,O-1 = 3.4 in the tagged neutron spectrum represents 
the monoenergetic neutron signal from the (E-: p),,, + .\ + IL reaction. 



TOFLjrD is defined by equation (3.26). and TOFs- is the tinie-of-flight of 

the S-  fiorn its creation to its stopping to form the (X- . P),~,. An error 

n,,, was introduced in the 3-' measurement because the start time of the 

neutron fiighht was not esactly known due to the uncertainty of TOFz - .  

Uncertainty in the position of C- stopping : The flight path for a neu- 
tron. 1,'. should be the length between the point where the C- stops and the 
point of interaction in the neutron detectors. It is determined by: 

is the distance from the vertex of the 2- creation throrigh the ;i t p -+ 
S - + A -  reaction to the Y ' s  stopping point. The iinknown l Z -  cüiised 

another error. a,,,, . in the 9 ' measurement. 

Uncertainty in the position of interaction in the neutron detectors : Iri 

eq. (3.2'7). the positions of interaction in the neiitron detectors were iised 

tu calculate the flight lengths of the neutrons. The x and the r positions of 

the interaction point in a neutron log were estimüted by the center position 

of the neiitron log. Because each neutron log is 5.08 cm thick dong the 2- 

direction and 15.24 cm mide along the z direction. tliese dimensions intro- 

duceci uncertaiuties on the r and 2 positions of the interaction point. which 

resiilt in an error. ojlil. in the .j-' measiremeut. 

Intrinsic time resolution of the neutron detectors : There is an intrinsic 

time iincertainty of the neiitron cietectors, nint. which is depeucleut ou the 

intrinsic features of the detectors. siitrh as light output. types of Phlrr's. 

electronics and so on. 



.A Monte Carlo simulation program [Il 11 was used by 11. Burger to study the 

effect of the above iincertainties in the resoliition of the neutron 3-' mesuremerit. 

Table 3-13 giws a siinimary of the results for .IL ' = 3.5.  

[rContnbutions ( Cncertainty in 3'' 1 

Table 3.3: Summary of the uncertainties in the neutron ,iY1 nieastirement calcii- 
h ted  by a Monte Carlo simulation program [lll]. 

3.4.4 The Sensitivity of the Cuts 

-4s the reactiorr (S. p)nLm + -1 + I L  is ive11 unckrstood. 43.5 Alel- r~louoen~rgt'tic' 

ueiitron sippals are espected in the tagged neutron spectriirri. This provicles a way 

to optimizc the cuts by studying the signal to noise ratio in the tagged neutron 

spwtriim. In addition. becaiise the kinematics of the E - in the (i; . K -  ) c:alibra 

tion riin were matched to the Z- in the H particle run. studying the serisitivity of 

t h  cuts in the (i;-. li-) data ana lp is  is helphii in the determination of the ciits 

in the H particle search. The sensitivity of a cut can be described in terms of the 

signal to noise ratio. which is defined as: 

where S is the nurnber of morioenergetic neutrons found in the taggect netitron 

spectrum, and N is the niimber of background coiints iinderneath the monoeuer- 

getic neutron peak. 



For an individual cut. the RS/N is calcdated by changing the higher or lower 

edge of the ciit while keeping the other cuts defined in Table 3.2 fkued. The trerid 

of the relative RRN changing with the positions of the cut gives an indication 

of the ciit optimization. In fact. this technique had been used earlier in the 

determination of the cuts in Table 3.2. Several important cuts are stiidied belom. 

30 error bars are shown in the following plots because only the relative Rslr is 

important for optimizing the ciits. 

The Esr and OK+ Cuts 

Figure 3.38: Signal to noise ratio versus the lower edge of the cut on thc energ? 
depositeci in the silicon detectors. with the higher edge of the ciit Kued at 2.2.5 
MeV. 

The niost important ciits to ta, those Y- 's  wliich hatl the highcst prol~ahility of 

stopping ancl being captiirecl in the tipper hycirogen tuge t  to form (1 - . p),,,,,,, 's 

were the e n e r u  depositcd in the silicon detectors. 4[. and the scattering angle 

of the K -. O,,--. These two cuts were optimized b -  the Monte Carlo progrmis. 

Studying the sensitivity of these cuts iising the signal to noise ratio from the data. 



can test and Mprove the Monte Carlo simulation. 

Fig. 3.38 shows the signal to noise ratio (R.5,.v) as a function of the loiver 

edge of the cut ou the energ- deposited in the silicon detectors ( E s [ )  with the 

higher edge of the cm Gued at 2.23 MeV. -1s one can see. RslLv decreases ver. fast 

if the lower edge of the cut ou E,-, is less t h m  1.2 .\le\+. This is becaiisr rriauy 

background events are iuciiicieci in the spectnini if the lower ecige of the silicou 

r n e r p  cut is chosen LOO low. However. if  th^ lower edge of the (:ut or1 EI is 

luger than 1.4 .\Iel-. it cuts off some goocl evenrs u c l  the signai to noise ratio 

also decreases. 

Figure 3-39: Sigual to noise ratio versus the higher edge of the ciit on the enerhy 
deposited in the silicon detectors. with the lotver edge of the ciit &ved at 1-25 
Ale\-. 

Fig. 3.39 shows the signal to noise ratio (RS,%) as a fimction of the higher 

edge of the cut on the energy deposited in the silicon detectors (Es[ ) .  with the 

lower edge of the cut Lxed at 1.25 MeV. As seen in the plot. the signal to noise 

ratio decreases very fast if the higher edge of the cut on Es[ is less than 2.0 .\leLV. 

This is because good events are cut off if the higher edge of the ciit on Es[ is too 



low. However. if the higher edge of the (rut on Es[ is larger thau 2.4 NrV. the 

signal to noise ratio stays Bac because there are few events in the Esl > 2.4 .\lei' 

region. 

Comparing Fig. :3.38 with Fig. 3.39. the sensitivity of the cirt on the energ'; 

cieposited in the silicon detectors is not symmetrical for the lower and the Iiigher 

edge of the cm. This can be understood by the distribution of Esr shown in 

Fig. 3.10. The distribiition of the euergu deposited in the silicon detectors is 

peaked in the lower energy region. Therefore. changing the lower etige of the cm 

dramaticall- either cuts off the good events or picks up ma- background events. 

If the higher edge of the ctit is too Iom. it ciits off some good events: however. if 

the higher edge of the cut is too hi&. it on l -  slowly picks iip more background 

events. 

4 5 6 7 8 9 
O,+ (degree) 

Figure 3.40: Signal to  noise ratio versus the lower edgc of the çut on the scatcering 
angle of Ii-. BK - ! with the higher cdge of the cut h e d  a t  10". 

Fig. 3.40 shows the signal to noise ratio (Rsl,v) as a func-tiou of the lowrr ecige 

of the ciit on the scattering angle of the Ei-. Oh.-! mith the higher edgc of the (:ut 

fked at 10". As one can sec. if the lower edge of the cut on BK- is l e s  than 7'. 



BK+ (degree) 

Figure 3.41: Signal to noise ratio verslis the higher edge of the ciit on the scattering 
angle of K- . Oh- - : with the lower edge of the cut Lsed a t  7..j0. 

RSidv is dccreasing by pickirig up more backgroimd ev-ents. However. if the lower 

edge of the cut on OK- is larger than 8". it ciits off some good events and the 

sigpal to noise ratio decreases. 

Fig. 13-41 shoms the signal to noise ratio (RslSv) as a fimction of the Liigher 

edge of the a i t  on the scattering angle of K - ,  OK-. with the lower edge of the 

ciir fised a t  7.5.. If the higher edge of the ciit on 0,- is too small. the sibpi1 to 

noise ratio decreases wry  fast bu cutting off good events: If the higher eclgr of 

the ciit on Oh. - is 100 large. the signal to noise ratio ttecreases II- picking iip niorta 

Ixickgo und eveuts. 

The y Vertex Cut 

=\s describeci earlier. a properly chosen higher edge of the y vertes cut ensures 

that the Y,-'s were produced in the lower hydrogen target: and the signal to 

rioise ratio is riot very sensitive to the lower edge of the y vertex ciit. Iieeping 

the shape of the higher edge of the y vertex cut matched to the shape of the 



boundary between the two Liydrogen targets and fixing the lower edge of the ciit 

at ,y = -1.2 cm, the RSIN ivas cdciilatecf by changing the lowest point position 

on the higher edge of the !j  vertex cut doua  the y direction (see in Fig. 3.-42). 

In the plot. when the iowest point position on the higher edge of the !/ vertes 

(:lit. l-i-ERTmin: is less than -0.07 cm. RSIN decreases due to cittting the lower 

kydrogen target; wheri YVERTmi, is greater than 0.05 cm. Rsi.v also decreases 

clue to the inclttding reactions that took place in the duminum wall betweeri the 

lower and upper target: when YVERTmin - 0.02 cm' RSIN h i l ~  the highest valiie. 

This positiou corresponds to 0.1 cm below the actual measiired top duminiim 

wail position of the lower hydrogen target. which is within the error range of the 

target position rneasurement. - 0.1 cm. 

Figure 3.42: Signal to noise ratio versus the lowest point position of the higher 
ecige of the cut on the .y vertes: with the lower edge of the cut fked at -1.2 cm. 

The SILI.AZ and SIL1.XDIF Cuts 

The cuts S I L L I Z  and SILIXDIF played an important role in rediicing the false 

tags. which ivere caiised by the decay ?;-'s produced in T- clecq-. 



Figue  3-43: S i p d  to noise ratio versils the lower edge of the citt ou the ; distance 
betweeri the silicon detectors which was hit and the vertex. with the higher edge 
of the cut fixeci at 9 cm. 

9.6 6 
2 4 6 8 10 12 

SILl-Az (cm) 

Figure 3.44: Signal to noise ratio versus the higher edge of the ciit on the z 

distance between the silicon detector that wzs hit and the vertex. with the loiver 
edge of the ciit fixed a t  -6 cm. 



Fig. 3.43 shows the signal to noise ratio as a function of the lower edge of 

the ciit on the z distance between the silicon detector pad which was hit and the 

vertex: Rith the higher edge of the ciit 6.xed at 9 cm. It indicates that good events 

are cut off if the lowr  edge of the S1L1.3~ eut is larger than - 3  cm. 

Fig. :3.44 shows the signal to noise ratio as a function of the higher ecige of 

the cut on the z distance between the silicon detector pad which was hit and che 

vertex. with the lower eclge of the eut Lsed at -6 cm. The resulç inclicates that 

gooci everits are rtiit off if the higher edge of the S i L l . 1 ~  ctut is less than 6 (t111. 

The ciit made in our analysis is -6 5 S I L I . 1 :  5 9 cm. which shoiilci be wide 

enoiigh to include al1 the good events. 

The signal to noise ratio is not spmetr ica l  for the lower edge ancl thc higher 

edge of the S 1 L l . l ~  ctit. as seen from Fig. 3 - 4 3  and Fig. 3.44. This is beciriise 

the 3-'s prodiiced through the reaction 7 -  + p -t C- + K -  go in the forward 

direction. travelling a srnail distance before the? stop or decay. 

7.0 1 I 1 I I 

-2.0 - 1.5 - 1.0 -0.5 O .O 

SILI.XDIF (cm) 

Figure 3.45: Signal to noise ratio versus the lower edge of the ciit on the projected 
z position on the silicon pad which was hit? nith the higher edge of the cut fked 
a t  0.7 cm. 



SILI.XDIF (cm) 

Figure 3.46: Signal to noise ratio versus the higher edge of the çut on the projected 
î position on the silicon pad which was hit. with the lower edgc of the cut fked 
at -0.7 cm. 

Fig. 3.45 shows the signal to noise ratio as a htnctiou of the lower edge of the 

cut on the projected 2 position on the silicori tietec:tor pacl which \vas hir. witti 

the higher rdge of the ciit fisrd aç 0.7 cm. Fig. 3-46 shows the signal to ~ioisr 

ratio as a fimctiou of the liigher eclge of the ciit ou the projectrd r position 011 

the silicou detector pad which was hit. witk lower edge of the (:lit fixecl a t  -0.7 

cm. The resiilt indicates that the eut -0.7 5 S I L I - S D I F  5 0.7 cm usccl in the 

analysis is a ver- reasonable cut ro select the 2- 's that passed through the silicon 

detectors while rejecting most of the false tags caused by a-'S. 



Chapter 4 

Results And Discussion 

4.1 Results 

The niain piirpose of the (n-.  K - )  data imalysis was to calibrate che sensitivity 

of the E813 esperiment to detect a monoenergetic neutron in coincideriw with 

(2 - . p) ,,,, formation t hroiigh the (X- . P).~,, + .\ + rz  reaction. This \vas carricd 

out by searching for a nionoenergetic neutron peak at 4 3 3  AleV (correspunciin:: 

to J- ' = 3.4) in the tagged neutron spectriim. as a sippiitiire of the reiu-tien 

(T . p),,,, -t .\ + 71. The uiimber of neutrons foiind iri the nionoenergetic rieiltrou 

peak in the tagged neutron spectrum was iised to calculate the rombineci Y -  

stopping efficiency and neutron detection efficiency. zsrqr l ,v~.  which ciefiuea the 

sensitivity of esperirnent E813 for the H particle search. 

Table -1.1 lists al1 the cuts used tu define a tag for a stopping C-. With c:iits 

7.5" 5 B K -  < - 10.OO and 1-25 5 Es[ 5 2.25 MeV dong 114th al1 the other ciits 

defirieci in Table 4.11 the number of tagged Y-'s from 199.5's (ir -. K - )  data was 

found to be 1142. Fig. 4.1 shows the tagged neutron spectra with the electron- 

equivalent energv thresholds of 1 MeV,. 3 MeV,. and 5 MeV, respcctively. -4s 

seen in Fig. 4.1. there is a sharp peak at the expected position. 3- '  = 3.4, in 

the tagged neutron spectrum in al1 three cases. The backgroiind \vas fit mith a 



I I 1 Fraction of 

DCA 
ZVERT 
XVERT 

Name of cut 1 Description 

Distance of 1 1 

Range 1 events passed 

11 Cuts to reject .rr-'s fkom C- decay II 

Basic cuts to identi% rr- + p + X- + K -  

closest approach 
Z vertex 
,Y vertex 

Y ver tex 
Secondary m a s  

Missine: mass 

'XI2 1 1 0.0 - 55.0 0.951 1 

0.00 - 1.23 cm 1 0.9030 

> 

Table 1.1: Siim~nary of ciits used in the final analysis. The fraction of the events 

-47 - 12 cm 
-6.0 - 6.0 cm 

according to xtiral target 
geometry. see Fig. 3.34 
0.1242 - 0.5632 G ~ V / C '  
1.1651 - 1.2289 eev/c2 

- - 

~ u t s  to tag stopping C-'s / 

#events assed passed is clefineci as ts:L,,d for each cut intlepenciently. 

0.9229 
0.9689 

0.7473 
0.8767 
0.7049 

LI 

Es1 
Oh.- 

1 

0.04955 

0.7265 
0.4546 
0.6543 
0.5206 

SIL1.T 
SILI-XDiF' 
SILLAX 
SLI.AZ 

Silicon energy 
h" Scattering angle 0.2655 

1.25 - 2.25 -MeV 
7.5" - 10" 

a 

Silicon t irriing 1 145 - 260 ns 

min(lXbl? I - - - t I )  

J S I  - Xuer 

 SI - ZUW 

-0.7 - 0.7 cm 
-2.2 - 2.2 cm 
-6.0 - 9.0 cm 
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Figure 4.1: T.agged neutron 3-  ' spectra for the electron-ecliiifi~leut ericlrbT t thrsli- 
olds of I MeV,. 3 MeV,,' and 5 MeV, respectivel. The solid curves represeut a 
third order polynornid fit to the backgound. 



thirci order polynornial. Using the parameters iisted in Table 4.2 to predict the 

monoenergetic neutron number by iising the formula 

the results shown in Table -1.3 are obtained. 

Table 4.2: Paranieters iised for the monoenergetic neutron nuxnber predictions. 
E , ~ , ~  is the Y stopping efficiency, and its value is taken froni a .Ilonte Car10 
calculation [Ml; LI is the efficiency for stopped Z- to form (Y. &, as disciissed 
in section 1-32 of chapter 1; Ra\ is the branching ratio for the ('3-. P ) , ~ ,  + -1 t TL 
reaction [106]-[~OÏ]; rl,vo is the neutron detection efficiency estimated with the 
DE.\IONS prograrn [116]. 

n measiirement I calculat ion II 

Tithlr -1.3: Siirnmary of rhe filial analysis resiilts. -111 errors are statistical o n l .  

threshold 
1 AfIeL, 

-4s seen in Table -1.3: the combinecl T- stopping efficiency and neiitron tle- 

tec tion efficiency. E ~ ~ ~ ~ ~ N ~  exhi bits a large difference between the rneasured and 

calciilated values. It should be noted that the value of E,,, used in the calculation 

is prelirninary. It is strongly dependent on the density of the hydrogen target. the 

target geometry. beam parameters. acceptance of the 48D48 spectrometer, and 

neutron # 
20 i 7 

- 
=stoprl*vD 

0.0449 f 0.0160 
ueiitron # 1 Gt,'/,vo 
9.6 f 1.4 1 0.0116 * 0.0029 



the reactions imder study for the 1- decay More work on Monte Carlo simula- 

tion is needeci in order to understand the disagreement between the measilrernent 

and the calculation. This project has been planned. and t d l  be conducted later. 

4.2 Discussion 

4.2.1 Background Evaluation 

The methoci iisec-t in the b i i ~ k ~ ~ ~ i l ~ c i  edua t ion  of the tagged neutron spertrn pl-s 

a ver- important role in esti~nating the number of mouocnergetic rieiitrons. Fig. 

-1.2 gives a cornparison of the backgroiind eva.iiiation by tising differwt methoils. 
ta ed Origirially the unt agged neutron spectra ~ ~ i d e d  by the factor. h n t z g c d .  wts iised 

to esriniate the taggecl neutron spectra background [68] [II-11. In ot her worcls. 

the neutron spectrum associated with X - production with only the basic ciits in 

Table 4.1 and no ciits on the silicon detectors and scattering angle Oh.-. scaled bu 
taqged 

+ktagged ratio was used previously to estimate the backgroiind in the taggeci 

spectnlm. -As seen in Fig. 4.2. hoivever. these untagged neutron spectra do uoc 

have the same shape as the background in the tagged neutron spectra. There is 

a broad peak around ;Y-' = 3.4 in the iintagged spectra. while ttiere appears to 

be a flat background underneatti the monoenergetic neiltrou peak at $ ' = 3.4 in 

the tagged spectra. This is because the untagged spectra include events in which 

there were S--'s stopped in rnütrrial other than hydrogeri. and those everits were 

riiostly e,ucliideti in the taggeci spectra by appropriate ciits ou silic.on dt.tec.tors anci 

the scat tering mgle. BK - . In order to iinderscand t his. one ciln recover somc of 

those events. which E-'s stopped in material other than hydrogen. in the taggecl 

spectrum by loosening the cut on the energv deposited in the silicon cletertors. 

Keeping dl the othcr  cuts in Table 4.1 tmchanged. only estending the ciit on 

the energ-- deposited in the silicon detectors from 1-25 5 EsI 5 2-25 .\IeL- to 

0.8 < EsI < 3.0 MeV. as shown in the upper spectrum of Fig. 4.3. the broad 



F i e  4.2: Cornparison of different background estimates for t agged ueiit ron 
spectra (as defined in Table 4.1) at thresholds of 1 hlcV,: 3 MeV,, and 5 SleL',,. 
The solid ciirves represent a third order p o l ~ o m i a l  fit to the background. and 
the dashed curves represent the scaled imtagged neutron spectra. 



Figure 4.3: Cornparison of tagged neiitron spectra at a threshold of 3 IleV, mith 
different silicon energy cuts. The upper spectrum is for the cur of O.SSleV 5 Es, 5 
S.Oli11eV. and the lower spectrum is for a tighter cut of 1.2511eV c - Es[ 5 2-25  
MeV. 



peak around 3 -' = 3.4 appexs. Therefore. the scaled untagged neiitron spectra 

cio not field a good rstimatc! for the backgroiincl in the tagged neiitron spttctra. 

iu Table -4.-L. the backgpxinci woiiltl be overestimated by 24%-48% if this 

were iised. 

1 1 background counts 1 backgroitnd counts 1 1 

Table 4.4: Evaluation of the tagged neutron spectra background by using different 
niethods. FIT1 represents itsing a third order polpomial fit to the background. 
while FIT2 represents using the scded untagged spectra. 

t hreshold 

1 MeV, 
:3 MeV, 
5 MeV, 

4.2.2 Cornparison between Present and Previous Results 

The ueiitroli ppak at 3- = 3.4 fourid in the tagged neiitron spectra. as sliowu 

in Fig. -1.1. has determined the sensitivity of the E813 experiment to detwt a 

monoeuergetic neutron in coincidence wit h a (5  - . P ) , ~ ,  formation. Hoivevrr. 

in coniparing the combined efficiency. ~ , ~ ~ o p r l . ~ ~  of the measurcd values wirh the 

predictions. shomn in Table 4.3. one finds that the measured values are about t w  

times larger than the predictions. Mention should be made first that the predictecl 

value of c ~ ~ , I / ~ ~  wüs calculated witk two different hlonte Carlo programs. In ortler 

to iuvestigate the validity of the present data analysis. a comparison between 

the present anaiysis (referred to as the --new" analysis) and a previoiis ariülysis 

(referred to as the "old" analusis) clone by Ilarkiis Burger (1 1 11 with the sanx 

data is discussed. 

by FIT1: n b ,  

11.3 
5 -6 
5 .O 

However. it is not straight forward to make a precise comparison between the 

analysis ancl the --olcl" analysis becaiise most of the parameter files bac1 

by FIT:': 7362 

14.2 
8.3 
6.2 

nh? - n L  
nh 1 

26% 
48% 
24% - 



been re-calibrated for the .'new" malysis; siich as the timing paranieter filrs. the 

silicou detector parameter files. the chamber position parameter file. t lie neiitrou 

cletector parameter fiies. 'ancl so on. Furthermore. many mistakes in the malyzirig 

progam subroutines have been discovered since then and corrected. If m e  ignores 

these changes, however, the main differences between the "new" analysis and the 

"old" andusis are that: 

1. there are tighter cuts in the "new" analysis than in the "old" üsalysis on 

the silicon detector geometry: such as SILLlS.  SILI.LZ: 

2 .  a YI-ERT cut was introduced according to the actiial target geornetry in 

the "new" analysis. while there was no YL:ERT cut in the "old" andysis: 

In the folloiving, after removing the estra ciits introdiiced in the "new" audysis. 

the sanie data were reanalyzed with the iipcfatecl anaiyzing program and paranieter 

files. but iising the cuts defined in the "old" malysis. with both angle ctits 8.5" < 
Oh-' 5 Ilil and T.SO 5 Oh.- 5 10' respectively to see if the result obtained from 

the updated analyzing program and parameter files is consistent wi th the b~olcl~ 

resiilt. The results are disc.ussecl below. 

The 8.5' 5 OK+ < - 11' Cut 

With ciits 8.5= 5 Oh-- < - 11" ancl l.21leL- 5 Es[ 5 2.2l leV.  and d l  the othm <:lits 

defined in Table -l..5. the  niunber of taggect S -  from the (ir -. I < - )  data obtainecl 

in 1993 was foiinci to be 1857 (this compares to 1-118 in the W c l "  analysis [111]). 

Fig. 4.-l show the resiilting neutron spectriuii with the electron eqriivalerit erirrgy 

threshold of 3 lleV.,. The background for the upper plot tvas fit with a tliircl orcler 



polynomial. and the background for the lower plot [vas fit wvith the imtagged 
ta ed neutron spectra scded by a factor Csing the parameters listed in Table 

-1.6 to pretiicr the monoenergetic neutron niimber by using farmula (4.1). the finiil 

results are stiown in Tible 4.7. ,As seen from Table 4.1. 11 5 4 rnonoenergetic 

neutrons (43.5 .\leC-) were foiind out of 1418 taggeci 5 - 's  in the -'oltl" analpis 

[lll]. with the backppiincl fit IF thr iiritagged nriitron spectrèi. In rtie .*ut~rr.-- 

zmalysis. the uurnber of moiioenergetic neutrons was forind to  be 9 k 6 wvith the 

Imckpmnd fit hy the untagged spectra and 15 i 6 with the back~~oiiricl fit by 

a pdynomial. from 1857 tagged '7 - 'S. The tmo results are consistent with eacbh 

other within the error range. Furthermore. the measurement results are very 

dose to the llonte Car10 resiilts. with a tag definition of 8 3 "  5 OK- <_ 11" and 

-, 

Table -1.5: Ciits used in the neutron spectrum in Fig. 4.4. 

L 

Name of crit 

Es r 
B K -  

,Ll,LI.SIGlIA 
KiSS. K 
Z VERT 

SI2 
D C-4 

S1LI.T 
S I L I . l S  
SILI.\Z 

Silicon energy 
K ' scat t ering a g i e  

Missing nlass 
Secondary mass 

L vertes 
L' 

Distance of closest ztpproach 
Silicon timing 

Z S I  - xucr 

~ 5 - I  - zucr 

1.2 - 2.2 ,IleV 
8.5" - i l "  

1.13 - 1.27 GeV/c2 
0.42 - 0.56 GeC-/c2 

-40 - 10 cm 
0.0 - 50.0 

0.0 - -1.0 (XI 

150 - 260 ris 
-2.0 - 2.0 cm 

-10.0 - 10.0 cm 



F i e  4 Xetitron spectrum mith  8.5' 5 BK- 5 LI0 "nd 1.2 5 Es* 5 2.2 .\lcLS 
mts. a t  a threshold of 3 bIeiv,,. The background in the top plot mas fit with a 
third order pol-ynornial, while the backgroiinci in the bottom plot ivas fit 114th the 
iintagged neutron spectrum. 



Table 4.6: Parameters used in the calciilations shown in Table 4.7. tSl, is the 
- stopping efficiency. and its value is from a Monte Carlo calculation [121]; u is 
the efficiency for stopped C- to form (X- : p), , ,  as discitssed in section 1.:3.2 of 
rliapter 1; Rd\ is the branching ratio for the (C- .  p).t, -+ -1 + n reaction i1061- 
[107] : 7 1 ~  is the neutron detection efficiency estirnated wit h D EhIONS proqam 
[l l6].  

Table 4.7: Surnniary of the analpis results for 8.5" 5 OK - < I l "  and 1.2 5 ESr 5 
2.2 MeLe cuts. .-\Il errors are statistical. F B  corresponds to using a third ortier 
polwynomial to fit the neutron spectrurn background; CSTB corresponds to iising 
the untagged neutron spectra to esrimat r the backgro~lnd. 

* 

calculation background 
estimate 

FB 

- 

neutron # 
10.4 f 1.5 

measuremeiit 

'ae w73 

-old" 

aualysis E ~ t o p r l i ~  D 

0.0124 & 0.0016 
neutron # 
15 I 6 

EstopqN D 
0.0179 f 0.0072 

CSTB 
USTB 

9*6 
11 I 4  

0.0107 & 0.0071 
0.0172 zk 0.0063 

10.1 f 1.5 
9.0 & 1.3 

Y 

0.0124 f: 0.0016 
0.0141 k 0.0017 

" 



The 7.5" 5 O,+ 5 I O 0  Cut 

With the Oh.- acceptace reduced to 7.5" 5 Oh.- 5 10° and with 1.2hleY 5 

Es[ < 2.2 ,\Ici' ~ i i t s .  along tvith che othcr citts defined in Table -1.8. the niirnber 

of taggeci 1- from 1995's (a-. K-) data  was foiind to be 1650 iising the iipclarecl 

analyzing programs zmd paranieter files. Fig. -1.5 shows the neutron spectra wi th 

the eleccron eqiiivalent encrgy thresholcl of 3 MeV,,. The backgpiinci for th<. rop 

plot w u  fit with a third order pol~nornid.  and the background for the t~ot tom 

plot was fit with untagged neutron specrriim scaied ~ 6 t h  #:?$Cd. The <:lits are 

described in Table 4.8. which are the same as the ones in Table -1.Z escept for the 

angle cut. Csing the parameters listeci in Table -1.9 to predict the monoenergetic 

ueutron nurnber calculated from formula (4.1). the results shown iii Tdde -1.10 

are obtairied. 

Same of cut 

Esr . oh-- 
MM .SIC MA 

hI-4SS.K 
ZVERT 

n 1 - - I 

S1LI.T S ilicon timing 150 - 260 ns n 

Description 

Silicon energy 

L 

Table -1.8: Ciits tised in the neutron spectra in Fig. 4.5. 

Range 

1.2 - 2.2 MeL- 
K -  scattering angle 

hl issing mass 
Secondary mass 

z vertex 

As seen from Table 4-10: with the 7.5" 5 BK- 5 10" angle cut. the peak at 

43.5 MeV becomes miich stronger than in the spectra with the 8.j0 5 0 ,  - 5 I l0  

cut. and the measurements of the combined efficiency. c S c , ? ~ , ~ ~ .  become about two 

times larger than the Monte Car10 results? just as in Table 4.3. This indicü tes that 

- 
r -5" - IO0 

1.13 - 1.27 Geiv /c2  
0.42 - 0.56 GeV/c2 

-40 - 10 cm 
-Xi 2 

DCA 
.y2 

Distance of closest approach 
0.0 - 50.0 

0.0 - -1.0 cm 



Figure 4.5: Neutron spectnim with cuts 7.3" 5 Oh.- 5 10' and 1.2 5 Es, < 2.2 
AleV at a threshold of 3 MeV,. The background in the upper plot was fit with 
a third order polpomial. and the background in the lower plot \vas fit with the 
untagged neutron spectrum. 



the angle cut is the main carise of the differeuce between the meosiirrmcuts and 

the calciilated results. By tipdating the analyzing program and paranieter files. 

or introduring the y vertes cut. YVERT. and the tighter geometry ciits on the 

silicon detectors. the combined efficiency. ~ , ~ ~ r l , v o .  does not change dramatically. 

Table -1.9: Parameters used in the calciilatious shomn in Table -1.10. :,t, is the 
2- stoppiug efficiency. and the value is from a Monte Carlo calcrilation [121]: 11 
is the efficiency for a stopped 2- ro form a (Y-. pla t ,  as disciissed in sectiou 
1.3.2 of chapter 1: Ra, is the branchirig ratio for the (X - . P),~,, -+ -1 + T L  reaction 
[106]-[loi]: r l ~ o  is the neutron rletectiou efficiency estimateci with the DE.\lOSs 
program [IlG]. 

i 

Table 4.10: Summary of the analysis results for 1.5" 5 Oh--- 5 10" and 1.2 5 
Es[ 5 2.2 MeV. -411 errors are statistical errors. FB corresponds to  using a third 
order polynomial fit to the background: CNTB corresponds to rising the untaggecl 
ueiitron spectriim to sinirilate the backgroiind. 

- 
=, top  

1 * 1 )  

backqoiiud 
estimate 

FB 
CXTB 

From the above c<iscrissiou. one <-an roncliide rhe folloming: (1) the rtwilt 

obtaiued iu the .-new" andysis is consistent with the resdt in the - ~ l d "  malysis: 

( 2 )  more Alonte Carlo stiidies are needed to iwestigate the anwlar dependeuc-e 

of the 5- stopping efficiency: ( 3 )  the angle cu t  on Oh-- is very sensitive to select 

the stopping C-'S. 

RA 
(53.2 3~ l . O ) %  

v 
(85 I 5 ) %  

rj,t.a (for 3 MeL-,,) 
(8.3 I O S ) ' %  

measlirement calcidation 
neutron# 

28 zk 6 
21 & 7 

neutron # 
13.6 1.3 
10.8 31 1.5 

E s t o p r l ~  D 

0.0375 & 0.0084 
0.0281 & 0.0095 

5 ~ t ~ r l . v  D 

0.0124 z t  0.0016 
0.0145 * 0.0011 



4.2.3 Sensitivity of the H Particle Search 

Wit h the combined hvperon stopping efficiency and neiitron detection eficiency. 

{ = ~ , ~ ~ r p l l , ~ . ~ .  rneasiired in the (n-. K - )  calibration. the sensitivity in the H 

particle search through 2- capture on the cleuteron cari be estiniated. The target 

system iiseci in this calibration esperiment iir\.as the sarne as in the H partidr 

s~a rch  esperiment .escept tha t the iipper t a g e t  WLS liqiiicf hydrogen ixisteacl of 

cieuteritun: the kinematics of the Y- matched that of the 3-  in the H particle 

seiirch as originally clesigned. As a result . assiiniing that the E- stopping efFiciericy 

is the same as the 1- stopping efficiency the nimber of monoenergetic neutrons 

from the reaction ( E - .  d),,, + H + T L  can be cûlçiilated from: 

< 
? j 1 v ~  (43.5) T I N D  (EK) ]  . R 

whert. .V, is the number of monoenergetic neutrons expected from the reaction 

( E  -. d),,,, + H + 7 ~ .  .Vi- is the niunber of the tagged ?. f is the combinecl 

hyperon stopping efficiency and neiitron det ect ion efficient- measured in t lie 

(ri - . I< - ) dibra t ion .  T / l ~ ~  (Eh-)  is the neiitron de t edon  efficiency for Eh. SLeV 
-- ueiitrous. il is the efficieucy for a stoppeci = to forni a (EL.  d),lo,n. and R is r i ~  

braiiching ratio for the (5. d),,,, + H + T L  r~actiori. 

Csirig eq. (4.2). the niimber of mouoenergetic neutrons per 1000 t agged - ' s  

prodiiced from the (E - . d),,, + H + 71 reaction can be estimated. wirh Aerts and 

Dover's result [100] for the H prodiiction branching ratio. Table 4.11 shows the 

resiilts at a threshold of 3 MeV,, for different masses of the H particle. As seen 

in Table 4.11. for 1000 tagged ? ' S .  the number of neutrons expected decreases 

with the H binding energy. If the H particle exists: with roughly a total of 3000 

tagged -- (combined E813 data  in 1993 and in 1995 [681[1Z]). it is expected to 

see about 80 i 1 3  monoenergetic neutrons at O MeV H binding energy and about 

41 f 8 neutrons a t  50 MeV H binding eliergy. under E813 experimental conditions. 



Table 4.1 1: Prediction for monoenergetic neutrons fiom the reaction (f - . d),,,, -+ 
H + 12 for 1000 tagged 5- using the E,,, measured from the (s- . K - )  calibration. 
üt a electron-equivalent energy threshold of 3 MeV,. r n ~  is the mass of the H 
partich: B(H) is the H particle binding energy: i 3 - 1  is (C) -' of monoe~lergetic 
neutrons from the (f -. d),t,, + H + n reaction; Y is the fraction of (E-. d),tm,,'s 
that are formed for mhich the E-'s are captured by the deiiteron h m  an s-state 
or a ps ta te  [110]; R is the branching ratio of the reaction (E-. + H + rL 
for the Z- captiired in an s-state or a ps ta te  [100]; r1.v~ is neutron tietection 
efficiency. calculatecl from the DElIOXS proqarn [116]. 

4.3 Conclusion 

BNL rxperiment E813 ww calibrateci by iwing T- ciiptiire ou a Lyirogw targ(.t. 

Through sturiying two siiccessive reactions n- + p + X- + Ii- anci (X - .  p),t, ,r, + 

.\+TL. d l  the techniques iised in the H particle search. siich as hyperon protitictiori 

and stopping. scattered and recoil partirle identification. tagging the formation of 

the kyperon-atom. and the rnonoenergetic neutron detection. were invest igateci. 

The reaction (Y. P ) , , ~  -+ .\ + n \vas detected. through searching for a prak tvith 

3-1 = 3.4 or EK = 43.5 MeV in the tagged neutron spectrum. This resiilt clearly 

proves E813 experimental techniques anci measurement ability. and indicates that 

the esperimental systern has a very high precision to derect morioenergetir neii- 

trons in the 3-1 tagged neiitron spectriim. Büsed on the combineci efficien.  

E , ~ ~ T ~ , \ ~ D .  nieasured iu (n- . ') calibration. 81 5 13 monoenergetic neutrons for 

an H binciing rnergy of O IIeL-. 41 I 8 neutrons for an H binding euerg- of -50 



MeV. and about 20 neutrons for H binding energy of 100 MeV for roughly 3000 

tagged E-'s are expected under the conditions of experiment E813. The H pro- 

duction branching ratio used in the calculation is based on Aerts and Dover's 

result [100]. Fiirthermore. the calibration result also shows that applying ciits on 

the energy deposited in the silicon detectors and on the scat tering angle of the K- 

to tag the stopping hyperons in the ripper target is very critical. In addition. the 

combined h-yperon stopping efficiency and neiitrori detection efficiency. r s t o p r / . ~ » .  

iras stiidiecl for the clectron-equindent enerky thresholds of I AleC-, . 3 Ale\',,. 

and 5 MeC-,. The background evaluation a d  the sensitivit5- of some important 

cuts were discussed. -Ali these show the importance of carefiil selection of the 

ciits üncl provide very useful information on the analysis and the cfeterminatiori of 

cuts in the H particle search. The (n . K +) calibration results also indicate that 

the earlier Monte Car10 simulation should be repeated. in order to better under- 

stand the combined hyperon stopping efficiency and neutron detection efficiency. 

Est,:l.vn If an H dibaryon in the mass range around 2131 5 r n ~  4 2246 .\leV/c2 

shoiild exist. then the E813 expenment has eriough sensitivity to detect it. .A 

more deeply bound H d iba ron  in the mass range 1850 < r n ~  < '2180 1leV/c2 

lias been excluded b -  another experiment !E836) carried out on the same beani 

line by the sanie collaboration throtigh a stiidy of the l<- +" H e  + H + IC- t n 

reaction [91]. The two experiments ES13 and E836 were expected to cover the 

entire mass region of interest below the 2.1 m a s .  
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