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Abstract

Inclusive properties of pliotoprodiiction at the centreof mass ( o . m . ) cnergy of II ~ 200 Gc\e sludied at HERA u&iiiE, the ZEUS dctcctor. The transverw inomcnUim distributions

of chargcd particlcs produred in the region of the photon fragmentation wcre mcasured
in non ditfractivc and diffrartivc rcactions. The non diffractive photoproduction sprctrum
is very similar to t hat in hadron hadron collisions at the same o.m. energy in ihe low
pj region but is significantly harder al higher ps. The inclusive ]>hotoproduction spcctrum
agrecs with tho results of a ncxt to leading ordcr Q(;D calculation. For diffractive reactions,
the pj spectra of tlie photon dissociation events wcre nn-asurcd in t\vo intcrvals of the
dissociatcd photon mass with mean valucs {M\} = 5 (-e\ and 10 (W. In comparison
with hadron hadron data the results indicate close sirnilaritics bctwecn the di?sociation
of photons and hadrons. For the diffractive rcactions the distribntion of the dissociatcd
photon mass in the interval S < M\ 21 (4e\ wa.s also iiieasurcd. The shape uf the
spcctrum ran bc dcsrribed wi th the triple ]>onicron Heggc model wit l i the pomcron interccpt

of n / . |Ü ) = 1-11 ±U. lH(sf«0 ± O.ÜS) j^O-
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Chapter l

Introduction

l In- iiiihinMil' linln li.i1- aKv.ty- lronl)|i>d |)liilü-nj)liri'- ,nn] phy-insis. In th< ' XIX < ciitury t ln -
t l ic 'c . ry de\-!'ln|ii'd Ky Maxwell |irnvid'''| a | » > a i i t i f i i l i 'xplanal . ion of l l i r | ) l i c ] i i > i i i i - r i n n of lic,lit in
t i ' i n i v t,j Hi 'f trutn. ' i2, i ict ic w a \ < ^ . I luwrvrr . vny s l n u t l y t In- i -x | i rr inu'nls di~-i '<.\l i i l iciinni
ena l ikr t l ic |)li .i1o. ' | i-rtric clfiTt and t h < ' a t u i n i c ^« ' r i ra l liiir-; t l i a t c u i i l d n» »t !"• dc^rriltiil l A
l l i i - llieory. l I ICM- o[fcct>- wrri* ü n a l l y nndrr^tood a>- a l i^orpt ion and i-nii-i-iioii of photon*.
t l ir li<;lit q i i ; i n t , - i . Tln: i n i t i a l idras alioiit intera.rt.irni- uf plioton^ wit.h (-|iarc,ed matter h n a l h
le.id to tlir tonniilation of tlie roni|)li'te Ihrory. t l ir Quantum Klerlrudynamic^ ((JFD). It
allowerl (o r a lcu la lo wi l l i ->pct t a i nl . ir pnri- iui i t n a i ] \1^ im'oh'inn photonir reartion-,
e^pix- ia l ly in a l m u i r physirs. [[ovvevi-i-, unn- llir enrrci of cxpmmentally .nailal ' lr- pholon-
reached t he Ce\ miige il was ol>si ' ived t hat in nm^t o|" t he reactUm-i w l t l i n iK- l e iu i ^ tlir plio
Ions iikinifc-t l i adro i i i c j iropertie«. Tlic M. ralled | ) l ]n!uprodur t i<j i i in tc iac t ions hhowed m a n v
fcature* rliarai t i - r i ^ t i c for lia<lron liadrmi rearlion-- in par t i rn la r largn total rro^- sertioiis.
|oi|n|i|\l of eneiny [l]. In addilion. a i-upimi'. prodnrlion of verlor nie^on- in
reaction? rlo^'ly resemblina; r l a^ t i r scalt<'r int! , of t wo liadro»1- wa1- oliserved. ['lu^e featmvs
fVunid an e x p l a i i ü t i o n in (he verlor meson <lominan' 'e model ( V D M ) [2] p i r ln r inc . (he pl io-
lon äs a si!|ier|>o-.ilion of verlor nieson stalet, vvhicli are revpcmsiljle for the inlerarticn «f t he
plioton w i lh hadioiK. Tlii-^ model turm'd onl to he \vry juccessfnl.

A new appioaeh to ineasi int ig in i i l t i pa r t i c l e f i n a l «;ta(^ prodnn-d in h j o h energy colli
sions was jn-opo^ed in l!H>!) liy Feynnian [K], He -ii"nested lo study the i l ic ln^ive rcartion-
.\B -* C' .V. wliere only the proper t i es of particlo (' are mcasnred and tliose of all otlier
parlieles. deiiolcd Uy A. are siiniinod u\-cr. The «.(ndie« of i n r l u ' i i \ ' i i prorei-«>s inditred \>\s and hadroii- a( the ceiitro of ma^s |r .m.) enerniep np tu I0(!e\ provideil f n r the r

iT inf i rmat io i i of the VDM. Howover, äs t I n - heam enerp,ies incrrased the rxperiment^ s tndv i i iR
the in r lns iv i* production of hadrons w i t h hi"h trans\-ersc momenlnin ( ; » / ) showed an exr<"-s
of (hose in plmloprodiiclion ronipared t < i ine^uii i nd iucd ic-ar l ioi i -^ [l. .r)j. The ditti-n-nre wa-
inteipreled a> a contribiilion from tlie jirnrrss wliere ihr pliol.on coiipli-i direilly to charged
ronsti tueii ts of the tarnet hadrons.

Another type of an inclnsive prores- viudiiM exti-nsively in t.he past was the hadronic
rearlion ,\B —> . 1A" where particlc.l exits intacl and re tnins niost of its initial inoinentuni ['».
7). This reartion is of d i f f rar t ivc nalnre. It js s inülar to tlie elastir sratteriiiR. where one of
the particlcs omrrp,cs äs a dissociatcd syslcm A. The sin^le dissoriation proress has l»een
also stiidied in |)hoton nnrleon collisions. The measiirenienls of the reaction ',}> -* A;i a(
the r, m. cnerj^y I I . S < U' < l (t.(t (Jc\ [S] indicate t hat the difi'rartive pholon djssociation i^
very similar to Ihe dissociation of hadrons in trnm of tl ie d is l r ihnt ion of the Dinare of t l n -



IHM i iiiiiinriilnin c-xcli.-umed In ihe protun and l In m.i-- of" t In1 -l.ite A". Tims, lln-sr i<-.ii|i-

i'oiihriu t In- \ , i l i f l i ty of t tu1 Vl)\ aKo l'or l In- sj i ia.1«1 dilfracihv rea.-ticrn«.

A- devcribed in tlii- shurt liistoiiral int rodnrl inn tlie experiments iil c.m. eiiersies »[

l lio f n der of l (Je V bronnhl l In* di-covery of the hadroiur chararter of Ihe phutojHodnehiH]

rollisioiis. Tluv in< rease uf the enerj>y hy ojir 01 der of maanikido allmved tu ob^rve s-jons nf

Ihr dinrt phuton proce*;M">. \t happen- if t In- r.m. enrr«y i* innoascd hy anolher oidd

of ma«nitiii!e.' Are tlie plmtoproduction interaclimi* ju*t üke wh.it \va<; observed at lowei

energie* oi' sliunld «omenew phenomena becomcapparent':' Is t he V DM still adeqnate tor l ho

clrscription of majority of t he inclusivc photoprodnction reactioii"? Doos Ihr coiitnbntion

froin (lirect jjholon conipoin'nt becomes ttronnrr'.' IIow docs the rate of liiRli pt particlc

produrtion in ]>hütoprodui-tion romparr to hadronir reactions? Docs (hr tlirory acronnt

for thr (ibscr\-crl effocts? Ilow do the cliHVart.i\-e ])hotoproduction reactions ln'havc'.' Are

ihey still \vry siinilar to li.vlrunir diffrartioii äs ex|x-r1ecl from the \"DM? The«;e and siinilar

que-iiioiis an- addn^ed in the followinn thesi>? pn'-ientiti» the stndy of the [iropcrti«^ ot

])holon protuii roartions at HERA with the ZEl'S ddcctor.

Tlii1- tlii-ii1- de<;crihe? tlie iiieasLironif'iit of l he inclu^ive transvcrse momenhinidistributiuii

of r-hai-oed piirliclr'; prodnn-d in t.he lahoratory jisendorapidity raii^c -!.!> < ; / < ! . ! ' in

non diff'rarti\'e photoprodin'tion reaclion« at an a\''-ra«e c.m. enerp,y of (H") — ISOCeV.

In the -,]> ^y^ti'in l>uo=ted in the laboralcry frann1 by 'l '2.'1 rapiililv' units thi- i) inti'iva)

.-»ppnixiniiitely rorre-spoiid-i to :1.̂  < i;.„-, < D.7. vvhen1 nrp,ative (}.,_,„_ valne«- indirate

tlie plioton fraa,iiieiitation reoion. The ulitained j i / spectruni is compared to the iv^ults

fron) [»hutciprodnrtion experimcnls at Imver c.m. nnT<!,ie-; and to hadron hadron ctillhiiois

at -.imilar enerjiy. In the n-^ion of hic,h tran^ver1««' mumonta the data is confronted will)

Ihe predictidii of the Quantum Chroniodynamic^ )Q( '!>) Ihr ciirrently estaMUhed tln'ory

of hadronic interartioii'v The theorctirnl ralciilations have been performed in the next to

leadiim ordrr a|jpro\'imation and they ini'lude the cunlribution from the point like plioton
p rr »r es <;<•";.

A larae pari of Ihis the--i^ i^ d^dirali-d tu the -tiidir-s of diltiactive |>hoto|jrodnrlion

pror<";sei. It pie^ent^ the Dieatiireincnt of the invariant mass dislrilmtion of the difi'raetively

dis'-ociated |iho(on^ in Ihr interval S < M\ '_'! <ie\", The anah'sis was performed for the

reai'tion -,;> > A"/'. A"A", wen1 A' denot^ .1 nnrleonir systeni with mass ,U.v < '-' (ie\'. iit au

avi-rane c.m. i'in'rgy {II ) - 21)1) (W. The ri-sidt^ are rompared to similar measiirement*

in ]>j> rolli'iiiiii*. The rninparison with othiT photoproduction result? is performed in Ihe

framework of Ihe Re»s;e model allowin^ to relate tlie M\r to the M" depcndence

of Ihe total and the clastic rross «cclion^.

The last aiinlysi« pre-enlrd in thi^ thesi« conrorns the subject (hat has not yet been

s\vicmatically stuilied. nainely the |iro[)ertie« of hadronic final «talc in diffractivc photon

di-isoriatioii. The inrhisive ;>y specira of char^ed particles cmitted in the plioton fragmen-

talioi) renion were inea^iired in the dii[ra< -tive reaction^ ~sp —> A';». A'A' were N dcnotes a

iiiicleonic sy^tem with M_\ l (JcV. The measuremrnl wa« performed at (11") — llSO (ie\ in

(wo intervah öl the dhsoi i.ited photon ma^s \\-\ih mean values {.W.y} = ri (Je\ and II) (!eV.

Tlie n-siilts are u«.od for the romparisoii of the diffractive dissoriation of photons with (hat

of hadrons.

The ineaMiremcntsof the inclusivc j»; «pectra in diffractivc and non diffractive photopro-

dnrtion reactions werc performed with the same ex]>crimental sctup and vcry similar analy«is

hvlmi.jiir, nsiim Ihr d.ihi ( i i l l i - i Ird l .v /.l. [ ' S j|, l!!'!.{. | hrirf,

br pli'-i-nted to«i-lhel ill l l l j - l l ir-js.

l In- analv-iv of .\/n distnlnilioii in d i l f t . n livr phiitiijirndiicliiiii w.r. dune UM m; ihe da t a

eollei-led iii l UM l at'ler the rommissjoniiia, ul tlie ZEUS prolon rrmnanl taktier t h a t played a

i nii'ial role in Ihe measnrenient.

l he the-is i- i.ir«anizod a> follows. ('haplri J cnntaii!- a •ihort introrliu-tioii l o l In- physir-

of plioton indiired reaction^ and the mor|i-K n-ed lo describe thein In ehapter '.\' basjs of

the pro«cntcd measiiremcnts are introdnerd. Chapter l desrribes the exjjcriiiieiilal appara-

tiis: the HERA rollider and the ZEUS del.vtor. The online tri^er And the offline filterins;

nsed to sclect the events for (he analy^i« are pre^ented in chapter -r». The next chapter cuii-

taiifi a description of the Monte Carlo «iinnlation pro£iams usi-d in this stndy. Chapter 7

prosents the experimental techniqucs n-ed tu idcnlify Ihe diffraclive reactions at ZEI'S and

tu iletermine the mass of the dKsociated phulon sys(cm. Chaj>ters S and M are dedicated

tu Ihr inra.siiremenH of the incliMve ;i; --pi'ctnmi and (ho .\/\n rc-;peclivcl\-.

They contain a detailed de^rription of the linal data -eleclion. the acccptame rorrection.

s-yslematic imrertaiiitie? and the re^nlt^. In chapti-r H) ihe resuK* are cliscn^sed. Tho final

ronclnsions are "iven in Hiajitcr II.



Chapter 2

Photon-proton interactions

2.1 Vector meson dominance model

The fixed targct experiments rcvealed a mimher of similarities bct\vcc-n photon hadron and
hadron hadron interactions [1]. The total cross «edion for bot h typcs of rcactions shoivs
rcsonance structures at bcam energies below •! (ie\d is approximately constant. abovc.
AUhough the photoproduction cross sections an: lovver than hadronic oncs by t\vo orders
of magnitude, thcy are nuich higher than expected for a purely electromagnctic particle.
The photon cross sections on neutrons and protons wen? mcasiired to bc almost the s a nie.
indira t in« (hat the intcractions do not depend priniari ly on the charge of the tar«et . A
m.imlier of other intcrestmg features wen: obscrved including sliadovvino in photoprodnction
on iniclei a.nd a copious production oi neutral vector mesons in the process similar to elastir
hadron hadron scattering.

The observed cffects suggestcd t hat the physical pliulon |-,} can be considered a si.iperj>o-
sition of t wo statcs: a bare photon |-(ü} and a small hadronic component j / j ) which nndcrgoes
ronventional hadronic interactions:

V

where n ^ 1/137 i? (he electroma«netic conpUnc, constant and Z, is introdticed to assure
l>ropc ' i normalization. AHhough the probaliility of f indins; the photon in the hadronic s ta te
is Miiall. it dominates in the interactions with hadrons due to vcry large hadron hadron rro<*
sections. The hadronic component |/i) should liave the samc syinmetry quantuni niunbers
äs the photon and the copious photoproduction of the vector mesons p°.*; and 6 suftgest
that they provide vcry important contribntion to \h). The assertion that thesc three vertor
me«ons are re^ponsible for hadronic interaction? of hi«h ener«y pholons is the hypothesis of
a vector meson dominance model (VOM) ['2\. The inclnsion of other hadronic state< to \h}
is referred to äs gcneralized vector mepon dominance iGYDM] [!']. Arcording to the \:

E

The factors /v indicating the conpling strengt h of the photon (o the vector meson V wcre
moasured in a nunibcr oi pliotoprodnrtion experiments. Ilowever, the most precise valnes
come from c + f~ annihilation experiments: /£,/•!- = '2.20 ± O.Uli, /^/-IÄ = 18.1 ± 1.8 and
fli\-= Ki.2 ±ü.(i [1].

wherr- k is the plioton cnergy in the ta rge t re^t f r a m e a n d m\s the massof the vector meson.
If the distance tha t this v i r t ua l vecfor meson « t ä t e ran travel, r/, is nuich larger than thi1

nucleon size. r„„.( a; l f m , the re^nl t ina , i n t e r a r t i on may look l ikea hadronic collision. Already
al k- - 10 GeY the t l uc tua t i on t i m r i^ such t h a t r/ =z 7fm and at H E R A cnergie*. it ^ Of l he
order i-f =s Hl1 l'm. I n t n i t i v e l v . the n-t . ' i t ive prubabilitics of the plioton rlnetuatioii int.o llie
different vec tor nie^uns shonld depend ui i \\v cfieclive charge of the valcnce c j i i a rk 1 « « f juan 'd .
Thi^- naive con^iderat iun ind ica tes the r r l a t i \  r a t i o< of u,' and ö 1o p" con t r ibn t ion nl |/!l and
•_'/!l respectivcly, compared tu l h < - nu-an measiired valnes of 0.12 ± D . O I and f ) . l ( - i ± O.U1 [ 1 ] .

The VDM approximaf.ion allow*. tu connecl the ctc&* sections i t ivolving high encrgy
photons and nncleons, c.s.. proton'-, -,/i -< A . to analogotis leaction? of vector mesons.

Tlu- vector meson« are s i n n t l i \ ' rd j jar t icle« and the \ interaclioiis can not be d i n ' c t l y
•-tiidied in the exper iments . F u i t n n a t c l v . t i ie a d d i t i v e ( [ i i a rk n imlf l [Hl] < tat es. t i i a t ( I n - prop-
erties of interactioii '- betwi-fii l iadnui 1« are determincd by t h e i r \vilence qi.iark c i n s s t i l t i e n t s .
Thcrefore. the bohavium of \ processe^ may lie determined usinft the -p and A/> dal a. e.g.

~

The va l id i ty of the \"DM foi the des< r i p l i n n of the seift photoproduction ha1- bee-n con-
lirmed in a l arge numlner of exper iments . Therefore in the tollowing deseri|)t'mil oi soft ",;>
interactions tiic phenomenologic.d umdels deidoped for the hadron hadron interact ions wil l
t>e oft en nsed.

2.2 Soft interactioiis

Once the energy availahle in hadron hadron and photoproduction experiments was high
e-iioLigh to produce innl t ihadionic f i n a l stat.es, it was observed that the momentaof the pro-
dnced particles wen: strongly •-n])[ire'.sed in the plane transvcrse to the colüsiun axi& [(i. l l j .
Thl^ type of interactions is t rad i t iona l ly referred (o äs soft processes or Imiited ;i-j physics.
AithoLigh in latcr experiments [1. 5] t ) n i liard processes associated wi t l i l.he production of
particles at. high transverse niumenta were observed, the biilk of hadronic interactions is still
attributed to soft type of processes.

The soft hadron hadron interactions may be snbdivided into non diftractive and diffrac-
tive type of proccsses.



2.2.1 Noii diffractive processes

ir f inal st a t o prodwvd in MI | I mm dil i ' r . i r t ivc

• Thc averagc immberof char^cd parlidcs depcnds approximately lo°arit!iniic«lly on t In'
collisionenergy. Theshapc of t hc inult ipl ici ty distribution is almost indcpendent of thc
cncrgy ( t h c KNO [12] scalingl and slightly dcpcnds on thc type of colliciin" particles.
Thc models uscd to describe the shape of inultiplicity distributions are usually bascd
only on vcry general assumptions about thc mechanism of particlc production, c.g. thc
lognormal [13] distribuüoii was derivcd from thc statistical analysis of a mul t i stcp,
scale invariant branchii ig proccss.

Thc transverso momcnta of final slate hadrons arc liiniti
approximatcly cxponcntial shapr:

p i distribution ha? an

whcrc m indicatcs thc particlc mass and thc slopc 6 dcpcnds only wcakly on thc
c.iii. ciicrgy [l l]. Thc averagc transversc momcnta of particles prodiiml in hadronic
inlcractions at H E R A enormes arc (pj) Ä; 11)0 McV.

• In thc loiigitiidina) direction thc hadronic final statcs arc distributcd approximately
nniformly in phasc spacc. This is manil'csted in thc rapidi ty ' dis t r ibut ion of final «täte
particles displayin« a platcan in thc contra! collision region jt>], (/,-.„,. Ä; 0.

Thc abovc propcrtics havc not. yct foiind an appropriatc cxplanation in trrms of Q('D ral-
cnlations. Thc following picturr may hcljj to undcrs tand t ln-ni in t i i i t ivcly . A hadron may bc
imagincd äs a complcx cloud of v i r tua l objccts, cach rarryins; only a \'cry small fraotion of
thc liadron's momcntum. If t wo hadron? coliidc. thc rorrcspondiii" clouds mcct and somc of
t.hc conslitucnts intcrart. Thc collision ciifrgy allows somc of thc constitucnts to cscapc and
form tho final statt» hadrons. Thc mimbcr of particles that arc crcatcd is randoni, but on
avcragc dcpcnds on thc collision cncroy. Unlcss a high momentum transfcr occurs bctwccn
two constituents carrviii"; snbstanlial fractions of thc hadrons' momcnta no particles with
high transvcrse momcntiim wil l bc cnrittcd. Thc p/ of thc produccd hadrons is to a largc
cxlont dnc to thcrmal motions wi th in thc gas of hadronic ronstitucnts. In analogy with thc
black bociy radialion onc may cxpccl an cxponcntially i'alling spcclrum of thc cncrgy in thc

transversal plane, L'i = \!p\2, with tho slopc rclatcd to thc cffcrtivc tcmpcraturc of
thc hadronic gas [l t]. In longitudinal direction, randomization Icads to cqiial probabilities
of occupying all t l i c availablc quantnm statcs.

2.2.2 Diffractive processes
Diffraction [7, (>] is thc type of pcrifcral scattcring of two particles whcre thcy exrhaiigc only a
vcry small four inomentLim and 110 quantnm numbcrs. If thc diffractive proccss is elastic thc
two colliding particles cmcrge intact aftcr thc rcaction. In non clastic diffraction eithcr onc

Figure 2.1: Diffraciire photoprnditctiun .*i/t/>rwf'>so.- a) t laufte riet n r intxvn proditetiftn.
b) photon difwiation. cl prnion dissneiation aitd <i) dmtblr dtxHoeiittion.

of thc collidins, particles or bot h of thcin ajipcar äs niorr ma^ive dis^oriatcd statcs. Sincc
fndy a vcry small cncrgy and i i u u i i c n t u i n is cxchaii2,rd. thc two pnr t ic lc- nr ( I n - c f i r rcs j io iKl in«
dissociatcd statcs cont'muc t o tnovc \ v i l l i thc momcnla clc^r tu tlmsc n! t he i n i l i i d | )art icles.
Thcrctorc in thc ra j i id i ty d i s t r ibu t ion thc final statc jjartirlc<. arc »roupcd in two rcgions
separatcd by a gap. l'ho |)rescnce of a rapidity gap is often uscd to cxp^ri i i icntal ly id i ' i i l i fy
the diffractive processes.

Elastic scattering

\vhcrc thc nuclcar slope paramctcr. (>B,. dcpciirh loganthmirally on thc colli'-ion cncrgy. At
HERA cncrgics it has Ihn valur l'el ss lü (icV~3 [15, l(i].

Thc t r u l y clastic photon proton srattcring, thc Coniplon [iroccss -,/> •+ -,;>. corrcspotuK
to a signiHcant fract.ion of thc total cross scction only at encrgics bclow thc tlircshold for
mcson produrt ion. Abovc this, whcrc thc propcrtics of thc photon arc detcnnincd by its
hadronic componcnl dcscribed in thc VOM, the quasi elastic vrct.or mcson produrtimi,
~it> ~* ^'P- '<^kes over thc rolc of thc elastic scattering. It is skctchcd in Fic;. 2. l a w i t h n
daslied line dcnotin« thc four niomenliim cxchangc. To simplify thc notation this proccss
will bc hercaftcr called cla.'itic.
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Single diffractive dissociation

l lic s i i i»le difTractivc dissociation, AB —> AX, is a process whnrp one of tlio particles is
cxdlcd in ;i more massive state. A', and ihc othcr st.ays Jntact. U is charactprizpd by an
cxpoiienlial / slippression similarto t hat in tho dastir scattiring with a smaller slopc. ronglily
''..i ^ '»,//- . Thc spoctruin of tlie dissociatpd inass. M\. is dominalod by resonant slructurps
al lo\ mass<>s and is smoothly falüng at higher valups approximativ äs

d(T„,
(2.9)

l ' l ic .U \1' dosely rdated l o i he f r ad ionof tlic i n i t i a l i i ionipntimi, ji,,,,. l ha t l l i c mulissodal<*<
p i i r l idc . 1 roiains aficr th t - inleraclion:

MX*-Mt?

wlii1!'' /) is l l i f l ina l inoiiirnli ini of par1icl<' ,\d .!/# denotcs Die mass of par l idc Ii. Thc
proeess i-- dcarly idcntiliod will) diffraclion onlv np lo an appioximale liinit öl' .W\-^ ^ 0.1 ."
-num'sied l > v l ln 1 colierciH c condition [7].

l In- l wo typrs of l ! i < 1 sinp,lf i l i f f rac t ivr pnx.-psscs in pboloproduclion ar< ' skctHicxl in
l ' i u,. " J . l l > f i i i r l 2. l r. Tlicy nuTrspond t o thc singlc dissociation öl l l i c |)liokin, -•]> —> \. a ix l
i l i r - di- i^ocii i t ion of ( I n - j iroton. •}}> —> \ ' ,V .

l h < ' cxpcr in iPr i la l knowlcdgc of t l i r d i f f r a r t i v c n-artions \ v i l h l l n > pholoii dissociniiou is
\ c r \. l 'n'vious nica.siircnifnl of l l i i s piorcss was pcrformcd in 1l«- K(H2 li.xod hirgi'l

l i vc doubl«1 dissoriation

IM l l i i - i lmili lc ilis^oi i,i) Ion pniros liolli <oli idni2 p.nliclcs ;nv i oincrlcd lo inort1 tna-sivc
- i . i l f s . r r - i ' i n i j l i n » a i u i n l i i n ^ i l ioii of 1 wo siuglc d i t f r a c l ivc cxcii; i l ions. äs s lm\ \  in \-\e,. '1. I d .
l in • i hi i .1 oii i Ins s i iH | c f t is vcrv Inn i l i ' d dm' I n i ' x | ]cnuicn ia l d i l l i i ' u l l ic-i \ v i l l i d i s r n m i n < < t mg

l » l \ \ i - i n ( lui i l t l f dissiH uii ioii |nii«'ss ;ind llic non ilidrarl IYP niti'r<irlions.

U.-tdronic iiual state in difFractive rotlisions

l l ic s t ini ic- i ,if parliclc production projicil.ii's in d i l f r ; t r l ivc icai liou-. sliowcd ( l i . i l l ln-y pri-
i i i i i n h i l ' ' | n ' i id 011 ! In ' inass of l l ic dissonali'd syslcin. MX * and not on l hc ovcr;dl collisioti
c i i i ' V ü . v j i ] . I I t lic < l i l f r i i c t i v c collisions an1 s lnd icd fov onc valuc of . l / \  'l"' l i adro t i i c l i n a l
- l i ih 's 11 n in ihr drc;iy of l lic (lissociati'il syslrin A rcvcal man v sinii lari l ics lo lln' l inal stalrs
in t ioi i i l i l l r a r i i v c collisions. Tlic inomrnt.« of produccd |>;irl iclcs i\rc stron^ly supprcsscd in
l In 1 | ihn n • i ra i isvrrsc \ t|u. colli^ioii axis. The rap id i ly < l i s t r i b u t i t ) i i lV';i1nrr^ a ccnl ra) p l a t t - a n
in i l ic j i in i« ;i|i|)roxii)i;tlc!y iiiiiforin ocmpalioii ul llic- lonj^il tnlinal phasc spare [17. ISj. Tln-
i l i - i F i l n i i i u T i ul c l i f i i ^ c d p j i r l i c l c i i n i l l i p i i c i t y i s s i n i i l r i i l o l l i a l i n non d i t l r a i l i v e i n l c i a r l ions.
i . uK , i l l im- iT i ' i n ' i » v []S. I f l . 7]. This is i l l t i s l i ; i l r d w i t . l i I''ii;. ~1:1 (pioU-i t fron i [KS]. 'l hc |)|ot
- Inms i h r nii'jui (ti.ir^'d piiilicli1 inii|ti|)hriiy (n /,} in non <l i l f ra< ' l i \  ;i/j and ;i/i collisions
v-, t h r i . 1 1 1 . e i t e rny ^/.s [HO], ' l 'h is is conipan-d to l h < ' avcrap,e innnl ic i of cliar^ed pari!
des p iod in - i ' d in l l i c IVii t -nientat . ion öl l l i c syslein A in l ho d i l f r a r t i v c reai 1 ioii /'/' ~~* -\/' al
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A l l l hc p i o p e f l L < - nl i | l ( ! ' l , i r ! I M 1 l m ; i l v l ^h" . i | ( - > ( t i l i e i l , i l i o \  sn^uc^l . l l i . i l i i i s coii V eil ic t l l

I M i h i n k u l - l i l l i . H i H U I ;t- D| , 1 1 1 i - x d i . u i u c öl a n objcci i l i a i . i n coll i i ioi i w i l h d i s s u c i . i t i n e
l i a d r u H . Irads to .1 - i m i l a i l i n a l - i . i i e .1- H i a l in .1 mm r l i U v a d ivc i i ) l l i s i o n , i f l \vu hadrons.

l hcsc propcrlir«. öl l l i c l i n a l -\;\\<^ i n i l i l f i a c i i \ proces^e-s havr liecn < i l i - r r \ ' < - i | in had ion

l i a i l i u i i e x p c r i l l K - n i f . . Nie J I . H I ' K je p i i i i l i i c l i u t i m d i l l r a c t i \  p l i o l o p i o d i i « 1 iun ha-- tml licen

-\v s l i n i i c i l -o f.u'.

2.2.3 Reggo pheiioinoiiology

Nie l l n ' , > H ' l i r ; d i.lc.i-. ul Iteos,.- r _ ' l ] Ir.id t o l he i l i -velopmc-n! of ;i | )hei ioini ' l iolof; i ( ;d modd
ul i n i i - r a t - i i o n s ln 'Mveen hadmn- ;ii hi.üh < - i n - r « v . aNu n- l r r rcd lo ;is l l t e !(<•(!,»<• i ln-ory [ I I ] .

l InV l l icory expla ins i t i i d ü i h e l v simple I n t u s l he l i d i av ion r öl eross si-r l iotis ineiistircd in
t h e cxper i inc- i i t . s . A i l l i o n u . l i v c i \l in dcscrünn.K; l he da l a . i l doi-s not providr l i i e
' • .xpl .malioi i öl l h < > l i ; i d r u n n prorcsM-s on sudi ;in denu-n la ry li-vd äs Q('I) . I lowevei . sinrc
l l i < - (J('l) < - ( i l < ' i i l ; H n > i i s l a n »öl l i < - performed |0i 1 hc n i a j o r i l y of sofl processcs. one has lo
i d v on i h c pl!eiinmcnoloi;ir;d ntoi lds l i kr l.iie lii'|^j;e llieory in l he ana lys i s of Mi r dal n.

l he Hi'^&o fonnal i sn i c \ |>lui i- l he < lossinu, s\y l>elwoen i h r ' iwo ie ; tc - | i ims skfldicd
in \-\\i- "J,:!. l;or l t i < - l \ \  ho.|y s c a f l r n n u p i o < rss. >\H ~* CD. l he smune „\e c . i n . cm-rny
i1- •- ~ ( / ' i + /'H)'- w l i i l c l l n - s< j i i ;nv o|' l l i c fön i moinenl um c x e l i a i i K < ' ' ~ ( / » i - / 'r)" drfincs
l hc -i a l l c r i i i R an.ülc. In I h c cro^ed d iannd . .!(" -* lil). 1 1 K 1 rolcs of l l i c l.ivo variaMcs i r i l c r -
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Figure 2.3: /Vorrssrs rrlatrd by empfing s j /mwr/ry . 7Vir s-channrl j);t>n'ss .Iß —' ("P /«J
«FK/ t - f h a n n r l proccs? .U ' -> ßP i'6J.

diaiioe. i.e. ( i« thc c.m. enorgy squarrd, while $ dcfines t ho scattcring angle. Tlic hypothosis
of cro^iiift symmotry states. that sincc thc quan t i i i n mimbors oi'the objecl exchangcd in thc
fir«t proross and tho intermcdiate stato fonnod in Mio socond procoss arc tlic samo, tho two
roactions sharo a roninion scatterins, amplitiido.

Tho hadronic spectro'oopy expcrimonts s ludyinn tho reactions of thc type .U' —• /J/)
oliservod niimcrous rcsonanccs rharactiTizcd hy diffcrrnt valucs of «piii. -/. and mass. m, of
tlio intcrmMiatc stato. Surprisin^ly, thc n^onanrcs corrfspoinlinp; to a par t imlar rlioirc of
tlic rol l idinn particlc? lay oti a strait^hl l inc on thc plot of n — J vs, t - m2, tlio «so aillr«!
Rcp,c,c trajcctory: o | f ) -- n(t)) -+ n' • /. Tlic prc-ifix-c- of Mi esc rcsonaiici'-; i« rquix-alcnt to thc
^cric1; of polcs in thc srallcrin« ani])lilmlc für thc prorc-is .!(" —> DD al intcgor \'alnc-i of
thc ^pin. This scattorina, ainplitudi' c\-aliialcd for »rnat ivc valucs of t and ,- —> oc «ivo* thc
iisyniptotic bchaviour of t ho crosscd rliaiiiid proccst Ali > ("/):

and thc diffcronlial cross scrtion

wlicrc 1(t) dopend-; on thc type of t he colüding par l i r l r^ . Fia;iirc '2, l |>rost>nts cxperiniontal
ilata ronhrniing this bcha\'iour of t ho vcal tcr ing a inj t l i tndc. Thc points in t ho ( < l) rcgion
corrcspond to o ( f ) cxtrartor! fiom thc (-harne oxrhan^c rcartion ~~{> --> -"». Thcy ali«n
with tho rosonanccs bdonftins; to t he p (rajcrtory tlic intormcdialo states of tlic crossexl
channcl |»roccss x~~* - -» p».

If applicd to therasoofclastic scaltcrinp, wherc A -- (' and D = D tho formalism prcdirts
thc following behaviour of t he cross scrtion at. small \t\, 7):

da?,*1

dt
12.13)

Tho imaninary part of the forward olastir scattcrinp; amplilude may bo rolatcd to thc total
cross soction usine, Ihc optical thcorom [2'2\:
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In priin ' ipli ' . tho full r a l rnh i i i on of n rro"-* M-et 'um ^honld invo[ve^ imnni i i< ; i>vr r al! I t cnn , - t r a
jiTlono* t hat i-,-in hc i*x< h.inccd in thc rui iMdcrol rcaction. In practire. t wo t r a j i ' c t u r i«" - an -
*.iifficii?nt lo dcscr'ibc tl ic encrc,y dcpciidencc uf hadronio and photoproflndioi i cro^s icrlions
al>ove tlic rt-sonaiit rogion. Thc rpfiigeon t ra^ ' c tu ry havina, thc intcrccpt o .»(U) ll.5 ri [^:j] ,md
thc slopc n/t ~ l GeV" dcscribi's tho i n i t i a l fall of thc rro-^ ^cctions äs tho r.m, oncrs,y i n -
rrca?c^. It rorrosponds to tho oxchanp,os of nn-*o]is. Tho pomcron trajeclory \va~- introilnood
lo desrrilto Mio k-vcling and slip,ht growth of thc cro^ sortions al hia;!i onorc,y, It wa^ nanicd
aftor Pomcrnnrlmk who prodictod thca«;yniptot ic behaviour of the cros1? sci-lions in l!)")S [2l].
A fit to thc hadronic dala indiratcs .1 jKjtnoron intcrccpt of n j - ( I J ) — l .DM [2^]. A «.iniilar valnc
wa«; obtaincd iiK'lndinc; tho pp total rross scction at t he r.in. enorgy ^/s .-_ l s To\ nieasnrcd
by ET l II [2r)j cxperimont. ( ' I )F ['_'(>] ha-. rcconMy repcatcd t In - />;"> rro^s -.n l j e m i iuvT-urcnici i ts
at v/^ ~ l.S'I'oV and fo i ind a s i m i i f i r a n t l y hioher valuc t ha n tVI l l . whi i h would imply a
ponioron intori-cpt of n/ .(U) =- 1.11. Tho disrropanry bol.vvivn tlic t wo inoa^uroinont^. h.i-
not yet bocn rcsolvod. Tlic jjoincron t ra jcctory corrcspond^ l» tlic oxchaiiae ul thc va r in in i
quaiituni ntinibors and is therrfore boliovcd tu bo rcsponsiblc for all tho d i f f rac t ivo roactions.
Tho pomcron slopc is approximatoly n'j, ss 0.25 (;c\~2. In the rrossed channcl Ihc ponioron
trajcctory should corrcspond to a seriös of hadronic rcsonaiiros callcd «luebalK. A candldato
for such a stato with spin J ~ '2 has bcon olisorvetl at. niass m =a 1IH1I) Mc\ [27],

The sanic valucs öl thc pomcron and tho roogcon intorropts sucressfully describc also
tho total cros-s srctions in photoprodnction, äs illustratcd in Fi«. 2.JJ. Tho plot inclndcs
also tho rosults of tho moasnrcmonts at I IF.RA [2S, 2!)]. Tho AI.LM j ia ran ic t r i^a t ion [ : ) l ]
nses a slishtly lowcr valuo of o j - (O) = 1.1115. Figure 2.fi doinonstratos that also tho cro-**,
scctions for thc clastic p" pliotoprodiiclion arc ronsistont w i th ihr- cxporlation*. from thc
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Figure 2.6: Elastic p" photoproduction cross srciwn [.if. i>. !'}. IG] äs a ftinction of thc
c.m. cnayy II". Tkc prcdiction of a modcl [.L>] ba$(d 011 a Rcggc type of paramctrization >$
also shoirn.

Rcggc phcnomrnology. The linc shows tho paramctrization [-V2] of thc form similar to thc
oquation (2.13) using o,,(0) = 1.08. Tho resnlts from HERA [28, 15, 16] arc also includcd.

Thc Rc^ge thcory altows to prcdict also somc fcaturcs of thc inclusive rcactions of thc type
,lß —» CX. Thanks to Müllcr'scxtonsion of thc optical thcorcm. tho high energy asymptotic
bchaviour of thc correspondlng cross scctions raay bc dcrivcd from the fonvard amplitudc
for an clastic tlircc body proccss ABC —» ABC. Thc oalculatious show that if particle C

p remnant

Figure 2.7: Thr dtagrams of thr dircct photon nitrractions: thc boson gluoit ftifion la] und
thc OCD Compton proer ff (b).

is produced in the ccntral rooion of the collisimi !;/.•..,„, =s D), the double R egge l in i i l applies.
prcdictin« a platcau in tho rapidily d i s t r ibu t ion obsonvd in non diffractive cvonts. Howovor.
ii particlc (" carrios. tho samc quantuni inunbcr and a l arge fraction of thc moinontum oi
.1. the reartion dosen hos thc diffractive single dissooiation proccs?. Thc bchavionr of l l i o
inclusive rross soction may bc t.hen cfdcnla tod in tho triple pomeron asymplotic l i n i i t oi
M$ -> OG and */.\f$ -> 20 [7]:

l

A largo nunibcr of hadron hadron exporimonts havc conhrmcd t h a l tho abovc torniula cor-
rcctly dcscribes the d i f f rac t ive ly dissociation abovc the rcgiun of Iow mass resonances. Even
at vcry largc c.m. oncrgic-« of v^ ~ l.STo\ the valuo of the pomeron intcrccpl extracted
from thc M\m shapo [:{;!] i-; roi^istent with (hat obtained Ironi thc clastic and the
total cross scctions,

2.3 Hard processcs

Hard processcs wlnch occur in high energy pliotojirodiiction intoractions [;15, .'i(i] arc charar-
lorizod by largo momontum transi'crs or by (he produrl.ion of large invariant masscs. Tllo^c
procos?os may bc calculated in (JC'L) due to tho proscnro of a hard scale allowing for |>cr-
tuibat ivc cxpansion. Expcrimcnlally, hard into-rartions can bc idcntih'cd \i\c cmission
of high transvorso momentum particle^.. high traiisverse cnorgy jots 2 or the production of
heavy llavoiir hadrons. Thc hard photoproduction processes arc gcncrally subdividcd into
direct and rcsolvod photon intcractions.

2.3.1 Direct photon interactions
Tlic photon can participatc in thc hard subproross by coiipling diroctly to a cliargcd parton
insidc of thc proton. In Icading ordcr pcrturbation thcory two rhanncls contributo: thc

-A Jet is a Kroup of collimated pjulirles t-iuillCTl fruin a. high energy interacliou. At 11KHA the .Jets are
usually defmeU it. groupii of parlicl^s rarrying lii^li Iota] Ir^iiiverse energy withiii a tone in pseudorapidiU
and azimuthal angle ^/if + $- < II. The lotnl lcans\ersf ciietgy is. ascalar SUITI of the truusverse coiiiponenl
of Ute parlicles.' eiiergies.



bo-ün sluon lu^ion ( B t i l 1 ) f i n d thc QCD Coinpton process dias>rammod in Fig. 2 . . . Ihr
Miiark-i and glnons omit ted Irom the hard Mibpn.K'oss shown in Fig. '2.7 convort i n t o l i n a l
st;i!o partiell in tlio process oi l iadronizaHmi drscribod later. Thecross sertion for thedirec t
pioress dcpends priinariiy on Hie probabil i tv for ihc hard partonic intcraction to orcur. In
UIP lowost order |LO) of Ihc por lmbal ive seriös it may bc wntton äs (ho coiivolution of
tho probability of finding parton a inside tho proton. /,/P, and thc cross scction for the
photon parton proccss, u..,:

°% = f , l P ( * f ) v*,,Up). (2-Hi)

whero .rp dcnotcs thc fraction of thc proton momcnUim carricd by thc struck parton, For
simplicity Ihc dopendcnrc on thc factorization scale connoctod with thc parton donsity /a/p

and thc QCD rcnormalization srale l? not indlcatod.

2.3.2 Resolved photon interactions
A largo fraction of hard photoprodurtion intoractions aro cluc to thc resolved processos
whcrc thc photon docs not participatc dirc'ctly in thc hard subproross but through a parton
associa.ted vvitli its structuro. li hadronization offects arc ncglected thc cross scrtion for
thc rosolvod photon interactions inay bc approxiniatoly writ tcn äs thc convolution of thc
probability of finding parton « insidc thc photon. /,,/,.., thc probability of finding parton 6
insidc thc proton. /j,/,,. and thc cross scction for thc parton parton proccss, n^;.

\vhcrc .i1- donotos thc frarlion of Ihr photon momontnm carricd by thc parton ti and ,rp

dcnotcs thc fraction of thc proton moincnt um rarriod by thc parton b. Thc scalc dcpcndcncc
is not indicatcd.

Thc partonic strnrturc of t l jc photon was = lnd icd in thc p äst in interactions of highly
vir tual and almost real pholons in c + c~ colüdcrs [:{(>]. whcrc thc v i r t ua l photon was acting
äs a point likc probe uscd to tcst t ho structuro of thc almost real photon.

Rccalling thc closc analogics bctwcon photon liadron ancl hadron hadron interactions
described in thc soft rcgimc by thc VOM 0110 conld cxpi'ct that thc strncture of t ho photon
lo-c'ii in hard interactions is also simüar to that of t ho vcctor nw^on. Howcvcr, in addition to
thc hadronir componcnt. a contribution from an anomalons photon proccsp was obsorvod.
Tho anonialous part is duc to thc hard. pcrturbativcly caleulable Splitt ing of a point likc
photon into a qnark antiquark pair that participatcs in thc intcraction with thc proton
bcforc forniing a hadronic statc. Thc anonialous pari of thc photon structuro function
is fully calculablc, whilo thc hadronic roniponcnt ha? to bc infcrrcd from thc expcrimont.
In thc interactions involving partons carrying small frartion of thc photon momcntum thc
hadronic componcnt dominatcs. Howovcr at high .r. valucs or vcry hard intcraction scalos
thc anonialous photon componcnt is expccted to bc of primary importancc. The t\vo typcs
of rcsolvcd photon interactions arc schematically shown in Fig. 2.S.

2.3.3 Hadronization
Hard proccsses arc modclled in pcrturbativc QCD in tcrms of interactions of quarks and
glnons carrying colour chargc. Howcvcr. äs thc rcsnlt of such interactions colour neutral
hadrons are cmitted. The transition from partons to hadrons is a vcry complicated proccss
gcncrally rcfcrrcd to äs hadronization. Although thc hadronization is not yct undcrstood

Figure 2.8: 77ir diagram* f>f th
iini! Ihr tinonttifati* pari (b).

in terms of clcmcnt.ary QCD cal ru la t inn^ . a nnmbor of goncral facts is known [L'L', 1 1]. Thc
pr imary ic;ison for thc hadronization is t ho QCD confincment fo rb tdd ino coluurcd objerts
to bc cmi t tc i l äs frco particlos. Thc hadronizal ion occurs on a longcr tinio sr.ilr th;ui thc
hard subproccss and tliercforc doc-* not s l rongly inlliicncc thc rros? scction s ca l r t i h i t t -d on t l i e
p f i r l o n i r levcl. Duc to t holoral par ton hadron di ia l i ty [:S7j thc dyn.iniir^ oi the hadronic final
'•tat o i4- eloscly rclatcd t o t l ic j jar tonir lovel. This important |»ropcrty justifics lor ox ; i in | ) l i ' thc
ii'-anc of Jets to stndy partonir proresscs. Tho propcrtles of t ho hadronization air bdiovcd
to bc universal ronardloss of t l i o r lotai ls of thc h;ird subproccss. thc ovorall c iK-rgy and tlic
ty|ie of colliding particlcs. This ju^l i f ics t l ic U M - uf har l roniznt . ion niodcls developed for ( +f "
jiliyiiri also in rase of hadron hadron and ',/J i n l c r a r t i t u i 1 ^ .

2.3.4 Experiments on hard photoprodllctiou
I ho inrlusive singlo particlo crus?. sc>( t iun^ in jihotoprodurtion wcro provioii'-ly mca^nrcd by
N AI l [1] and WAG!) [5] fixcd tar«ct cx|)crimonfs at c.m. cnorgics '.11 < \V < Ki.S GoV aml
11.5 < H" < 17,!i (ic\ rcspcctivcly. Thc photoprodnction dat.a vvoro coinparrd to thc n-Mi lK
olitaincd in tho sainc cx])orimcntal sctup n^iii[> pion and kaon boams. liulh oxporiinonts
cibsorvod a cloar cxrcss ut I i i2 ,h /'; pa r t i r l c^s juxidnccd in photon indnccd roactions r c l a t i \
to what was cxpcrtcd for thc had run i i - ronij>oiicnt. of thc photon cMimated from thc mcson
dal a. This differcncc was a t t r i b u t c d t o Ihc rontr ibut ion of thedirect |ihoton in tc ra r t i ims and
could bc SLiccessfully described by thc CJCl") ra lrnlat ions. Fis;iirc '2.V prr-scnts an cxa rnp loof
such comparison from [-"ij. Thc plot. sliows thc ink lus ive ;>j s j>cc t run i öl chargcil parli i ' lcs in
photoproduction reactions comparcd to thc shapc nicasurcd nsing thc hadron bi-ain.

A nunibcr of uniquc measurcnients of hard [»hotoprodnr-t ion reactions ha-- hörn jvroiitly
prriorincd at IIEItA. Thc stu<lies of evenN with hard jol.s in photoproducfion lia\'c rloarly
dciuonstratcd thc prcscnce of thc dirort. photon coniponont in addition to Ihc ri-solvril
one [US]. This is illustratcd in Fig. 2.11) with early rcsults from ZEI'S. Thc measnrnnonl
was pcrformed for "1/1 c.m. cncrgies ranging from i:{() to ^.rjl)(!e\". Thc cvcnt^ with two jols
with transvcrsc cnergies E" > 5 (ic\c uscd to study tlio dis t r ibut ion of Ihc variable

whcrc 77'"f* denotcs thc pscudorapidity of thc jct. Ee dcnotcs thc clcctron cnorgy and y is thc
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Figure 2.9: Thr inclusirc ;>/ spcctrum oj chargrd particlr* niin.*«rrrf in photoproduction <il
c.m. cnrrgy 0/11.5 < 11' < IT.!) (!c\ from ]\'A()f> t'sprrimrnt [•'>] ifuü points). It is compemii
l« the shapr obtained using Ihr hadron bcnm foprn circlrf).

fr.ict.ion of the clcctron monicntum carriod hy tln- i i i t r rar t ing photon. The j-. cstimatcs thr
frartionof t l i r - photon nioincntuininvolvcd in thr hanl ^cattcr. For thcdirfct photon proces^
il is rxporled to ho closc to onc. while for thr rc^olvrrl photon intrractions it should bo nnirh
lowcr. As shown in Fi«. '2.10 the obsorvcri j- d i s t r i hu t i on ha«; clrarly l wo «mipononts. Thr
MC Emulation of the rcsolvcd photon ii i torartions rxplain« the rec;ion of low JC- \mt can not
arronnt for ihr pcak at high .r- which is thrrc-forc a l l r i lmled tu direct photon rolltsions. ll
l* confirmeft by the MC Simulation in r lnd ing t l n ' dirrr t photon romponcnt.

35 h
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Figure 2.10: Thr um-nnrcttd .r- dt-sfribufio» i>f dijrt photn/imiiitrhoii rrnit* fmm
ZIil .S' i-fa]. Thi dnfihcd hnr in dient tu th> MC ximtilntion of thr irxolrtd phnfnn i-nnln-
biitian. the daaltrd doftcd linr rfirrrxpnnds lo Ihr diii'cl phntn» cnmpnnnti aiul Ihr *olid lim
is //ir sum of tlii tiro.



Chapter 3

Photoproduction at HERA

In t l i h rliaplrr Hie variable* usrd at IIF.HA to rlcsrribo thc kinrmaücs of dcrtron ptolon
intcrartion? aro mtrodiiccd and tho principlc? allowin» to study photoprodurtion phy-ir-i
iiMne. (p collision* arc cxplained. Thc last >oction oj t l i i s chaptcr rontains thc clisrussicm of
thc basis of ihn mcasLircments prcscntcd in this tlicMs.

3.1 Kinematics of f p collisions at HERA

Thc majority of <p colliskm« at H E R A [-M] arc dne to Ihc cxcha.ne,r oi' thc virhial photon.
-,". a prorr-;? skctchcd in Fis,. - l- 1 - Thc dctini t ioi i1- of thc variable-* u^cd lo dc^rribc Ihr
kincmatics of surh prorcss «t HER A arc •ii i i i i inarizcd in Tablc i l . l .

3.2 Relating c.p and 7/» cross sections
Tlu'rro« ^crtio» for pliotoil nicdiatcd f / i i r a t t f i - i n o i - , t y p i r a l l y w r i t t r n in a double dinVn-nüal

wluTc F \ ( y , Q * ) aiul Fj(ii,Q*) -irc thc [iruton strudim- functions. Thc s l rur turc fnnction-
niay bc cxprc^tod in tcrnis of tho rro^s «cction^ for srattcring of transvcrscly and longitiKÜ-

Figure 3.1: Basic diagram ffcp mtcraciion.

c in- [»y . l inoniciiliini aix! t l x 1 [>olar o i ic l i 1

i.if thc scatlcrcd clrclron

S(|iiarcd fötal ccntcr of inas«; rnorgy

1-niuincntnni of thc cxchan^cd plioton

plmliin virtnality

t r . i r t in i i of thc drction cncr«> lakrn by ihr pln.i1i.ui
in thc proton rot framc

Bjorkcn .r scalin^ variable

^qnniccl invar ian t ina*^ of t l u - hadronir -y-lnn
c(|iiiva]i ' i i t to '(/»c.!!!. enrra,y

l"\vcr kinminln;d liniit on ()~

m.. /.'- ! / : , . )

/:,.. A-' - (/T,.. Pj . 0

Tablc 3.1: !)i}iHttmn$ nf nn-mblr? ti-nl l" <l< -• i'il» Ihi l;iinriintif.* » /< / ' nili rtn-tnui^ nl

IIEIt.\.

Th<- abovc «idation i« oflcn n-trirril l i > äs thc i><| i i ivalcnt plmtdii < ' X p r i - ^ ' - i < ' i i |F,1'K) for
r;i '-rattcrin" sincc it rcdnccs l ln - t]> i -r i lüsiuii lo Ihr -,";» intcraction. .\-> Q' • (l Ihr
cra^ scrtion for lransvcr?cly polai izrd v i r t u a l ])hotonv approachc- tha l for real plioton",

ff] r\!l,Q2) —' n~"( M-, , ~ v^'- wn''r ""' ri'o--s srdiou for ]ciiis,ihidiiially polari/rd plioton^

ffL ' ( H . Q 2 ) — Q' - > II. For vcry low (^-' • < ui^ thc < l c v i a t i i > n s fn. in real plmton rro^s
st-rtiuiis bccoinc iicftliniblc allowinc, to rx]tn".-> Ihc <.]> rrn1-^ <-ccüoii in (ITIU* o! real photopro
dnr t ion cross scclion. After i n t en ra t i on betwccn sonic Q2intlt and sonic Q„,„T, it yields

rfy 2- L » ^™» "
If only thc logarilhmic tcrm is kept, Ihc abovc rclation is cquivalent to thc \\ci/sarker-
\Villianis approximation [11],



I lF . l t . \v l he p l i i i t uprud iH ' t i u i i proci""—rs inny In ' ^ ludicd in < ;i intorartkm-. wherc Ihr der-

l i o n i1? M-attered imder very «mal l aii«l("- impli< a l i n » luw i)?„„T. It is ninveniont to seien
ovonts wheio y i* l imiled to a narrow interval ^ i id i t h a l the plioloprodiirtion «TO« serl i i>n
may he approximatod wit.li a ronstant, " ' p l ) / ) ~ <?"''. Tho <;> cross «section may ho (hcn
deconipoMxl into a fartor defining thc f lux of t l ic photons in tho cleclron bcam. / - / f - and
Ihc phokiproduclion cross section:

3.3 Inclusive measurements of photoproduction

In thc following thosis t wo measurements of photoproduction rcactions at HERA aro pre-
sonted: tho inclusivo />; spectrum of cliargcd partiries in diffractivo and non diff rar t ivo in -
tcractions and tho distribution of diffractively dissoriated plioton mass. ßoth measiii'emonts
werc peiformed using tho ovents whcro tho scatterod doolrun was dctortcd in tho cloctrou
calorimctor of tho ZEUS himinosity monitor i L U M I E ) . Tliis calorimotcr accepts olectrons
scatterod at anglos froni zoro up to about Tunrad. Thi« liniits the virtuality of tho oxchangod
photon to tho intorval botwocn tlio kinoniatica! l i in i t Q2„.u, — Q\ „.,„ — l • ll)~s (JeV2 and
QLr ^ 0.02 CeV2 wi thamcdian{y 2} = fi- l ir ' CoV^. Theovnits with an eloctron dctootod
in LUMIE are also rofcrrcd to äs taggcd ovonts.

By cutting on tho cncrgy of the scatterod olecl.ron. E,.-, inoasurod in LUMIE a iimitr-d
intcrval of y Ä; £. /Er = (E, - Ef')/E, wcre sclcrt<vi. In Ihc first of thc prcsontcd analysos
tho LUMIE cncrsy was rctjuirod to satisfy l't.'2 < F.f' < [$.'2de\' l i in i t i t ig thc -,p c.m.
cncrgy to tho intorval 167 < H' < 191 (JcV with a incan valne of (H'J = 18(1 (Je\". In tlio
socond study. dno to a difforont bcam orbit and LUMIE arceptancc in l!*1)i. thc interval
was changed to l'2 < Er- < 18 (lo\'. which corrcspuiid* to 17(i < 11' < 225 Cic\ and a moan
vahioof {!!'} -2(H)(;oV.

Tho liadronir final statc of the ;p interaotion« was studicd in tho inain ZEUS dotootor.
In thc first analysis tlio central traokiiiR clianiltcrs wcro uscd to mcasurc thc transvcr.se
momoiitnmdistrilmtionof charged partiolcs |»rodnicd in thclaboratory pscudorapidity ränge
-t.2 < r) < 1.1. In tho -;> systcm boostcd in tho laboratory framo by 2 - 2.2 rajiidity miits
this ränge approximatcly corrosponds to -:i.:i < i/,..,,,. < -U.7, whoro negative ij,..,,,. vahies
dehne tho photon fragmentation rcgion. Tln- i>i d is t r ibut ions of chargcd particlos woro
.'itudied for non dirfractivc and diffractivc reartions scparatcly. Tlio dHFractive intcraolion^
-,p —> A'p. XX wcrc J/.v < l (!c\ worc idcntificd by a rapidity gap botwccn the rlissociatcd
photon stato A' and thc outgoing proton or a niirloonic syslcin X. Exporimonlall\ it was
rcquircil (hat the rcntral ZEUS calorimctcr ( C A L ) rcgisters no onorgy doposjls excoivhng
100 Mc\ in the pscudorapidity ränge of 2 < >] < l.;i. In the furthcr toxt tho cvcnts fulh'lling
tho rapidity gap out will bc also called diffractive liko evonts and tho ovents t hat fail this
cut wil l bc calM non diffractivc Uke or non rajiidity gap evcnts. Tho topology of tho
sUidiod rollision« is show in Fig. 3.2a and :t.2b. Thc rapidity distributions of thc final
stato partirlcs in diffractivc and non diffractivo photoproduction at H' - 21)0 (JcV woro
simulated using thc EPSOFT Monte ('arlo program (soe soction 6.1). Tho distribution of
hadrons in non diffractivc ovents is Symmetrie arunnd the hadronic c.m. at rapidity y ~ 2.1.
Tho diffractivo distribution is sliown for tho proccss ~,p --+ XX. whero MX = lOGcV and
MX - :) (icV. Tho approximatc position of the rapidity gap rcqiiired in thc selection of
diffraotivc likc ovonts is also indicatod. In this analysis the pj spcotra in diffractive liko
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Figure 3.2: Itfipiitity distribution of final statt particlt'* in non diffriictin ia) tinil iliffnit -
ttrr i'b aml c} phnioprnduction colh^iftii* at II 200 (Ie\ utiug thi I'.FSOFT
MC progmm. Tttt tiiffrttctifc Htstributton is ••fiotrn ibl for Ihr piwt -- -,p - • .VA', u'hi n
.l/.v = II) (W aml .U.v = :) Cc\'. and (>•) for tlit pivcr** -,]> > A'p, irhrrr M\) O\".
Thf apprfij-initili postlion of Ihr rtipidity ijap iTtjunrii in l In -ulrction of diffractirt liki i n tit>
u*ing (' .!/, (b) and fliTJ nll is tndicntid icith arrou--:.

ovents woro moasured in twu intcrvals of thc dissociatcd photon m.iss with moan valnes
(M_\) ~- S (4c\ and H) (W. Thc invariant ma«s of thc dissociatcil photon sy4om was
rcoonstrnotcd using CAL. Tho limitod accoptance and th<- rosoliition of tho dctortor was
rorrootod for by using the MC Simulation. It also includi'd tliororrection for liniitodoiüricnry
öl tho rapii l i ty gap eilt to d i^ l ingu ish botwocn t l i f f raot ivc and non diffrartivo prorcsscs, i.e.
bascd on l l io results of tho M(! Simulation thc remaining non diffractivo contamination in
tho rapidity gap sample and thc diffraotivc contamination in thc non rapidity gap sample



werf i 'umpriHalod. Tho hn.il ro-inlt-. will !)<• pri^mlfd in t er im of a double diffenNil i;d r a t i -
ot riiaroed partklo produrt iot i in an a v r i i i n r evcnl "i a giveti type, i.e. in an aver.i»c nun
d i l t i a i - t i v r - / M - o i l i s K n i i i t {U"} - 1X1) GeV.an ;iviTa<;r d i f f rac t ivorol l i s ion w i t h < _ U \  ") (!oV
and a di l f rar t ive collhion w i l l ) (.UA) = I I ) (W:

rf'.Y l A,V

U/ Ap,

whcrc AA' denotos tho mimbor of charged particlos prodnced in A',,- cvonts within pscudo-
rapidity and transvcrso momcntum intcrvals of AI/ and Apr. Doh'ning tho rosult in tcrms of
charactcristics of an avcragc photoprodurtion event of a givcn type has a numbcr of advan-
tagos: t höre is no nccd to calciilalohinnnositics. cross sections and flux factors to convcrt thc
tp cross soctions to "p cross seclions. Also thc cloctron tagginß cfücicncy docs not havr> to
be coimderod bccausc it is tho samc for all t.ypos- of photoproduclion processes and thercforc
docs nol inlroduco biases to thc data sample. These siniplihcations sign'ihcantly rcdure thc
numbcr of sources of potcntial systematic unccrlaintics and makc the measuremont niorc
rdiablc,

In tho second s tudy thc distribution of thc dis-oriatcd pholon ma^s was meaMirod in
dilfraot ivo rcaction -,p --» Ap. AA', where thc mass of thc nnclconic systom h limited ((,
:U.\ '2 (loY. Thc experimontal procednrc was similar to t hat applicd in thc first analysis.
In tho event s with rapidity gap thc diilractivc mass of thc dissociated photon was- moasured
in thc calorimctcr. Tho limited acceptancc and thc rcsolution of thc dotcctor. a* well äs
thc limitod cfh'cicncy of the rapidity gap rut to d i^ t ingu i^h botween diffractive and non
diffraetivo processes wcre corrcctcd for with thc MC Simulation. Ilowever, in comparison
with thc lirst study this analysis prolilcd from sionin'cant improvcmcnts of the dotcctor
and the data corrcction nicthod. The event s w i t h a rapidity gap wcrc solcctcd using the
rommissioncd in !!)!)! proton reinnant. taggcr ( P K T l ) dctecting particlcs cmittod in the
laboratory pseudorapidity intc-rval of IM < ?/ < 5.S. It allowed to sclcct di i f ract ivo rcactions
with photon dissociatod niasses äs high äs '21 GeY and to rcducc tho contribution of juxiton
dissocialion. Tho topology of thc sclcctcd rapidity gap event s is ilhietratcd in Fig. ^t.'Jc
showing thc rapidity distributioii of the final slatc pa.rticles from thc diffraetivo proccss -(p —>
A'p, where MX — 'JddcV. In this analysis thc data correcllon factors wcre dcrivod usinj>
thc EPSt)FT Monte Carlo prot$ram to siuniiate thc soft non diffractivc photopi'odnction
collisions. This gonerator was tuncd to thc prcliminary resnlts from ZEUS. In comparison
with gencral pnrposc M( ' Simulation programs EPSOFT provided a bettor dcscript.ion of thc
hadronic final state in soft non diffractivc photoproduction collisions at HERA. It HiorHore
allowcd for a moro prociso rorrcction of tho rapidity gap data sample for thc non diffractivc
contamination. Thc final re^ill of this measuroment will bc prcscntcd in terms of singlc
di f fcront ia l cross section for the diffractivo reaction -,/) -^ A'p, A'A', whcrc M\ '2 (JcY.
relative to Ihc total photoproduction cro^s ^cction:

Tho photon flux factor /-/,,, thc intci-ratcd luminosity C and tho cloctron tagger acccptancc
Acct^ canccl, Thcrcforc thc nicasurcnicnt may l>c pcrformod by diroctly coniparin^ tho
nunibers of taggod diffrartivp (j> cvcnts AA^Tff falling into thc AA/y bin with thc total
numbcr of taggcd r p ovcnts A',a(. Likc in thc casc of thc first study this sißiiificantly simplifios
thc analvsis and roducos thc svstcmatic unccrtaintv of thc rosult.

In lllr n i i ' . i ' - i i r r i in 'n tx pir-rnli- .! in t l i i - t I n K I - n , , m in r t i t .n t u l t In* e|ei t ruwc<ik l . i d ia l t < > n
i- [ » - r t i n n i r d . In t l u - rmisidcivd M ranu ,« ' . i | i r Q K I » r ad i a l imi effed?- may lca«l up U. •_*',
i hanac in Mir n u n i l x - i ,,f ia»i;r'| p h o ( u p n » l m l i ^ n cvrnl- and du nul < l < ' p c n d »n Ihr t\c ul
ihr -,;> prm-i'ss [l'J. L'sJ. Sim e all thc n i i ' j i ' - i i i r n i e n i n-vi ih- i a K- .|iu.tn| n - l a l i vc to t I n - n u m l n - i
nl ol^erv'i'd i-vcnts and i n » 1 in t r r m - uf a l i ' - n l n l r cru— ••<•< tioii1-, t l n - y arc |ii ;n ' t i ral l \l i v r
tn thc clei h'uwrak radialion i'll'crls.



Chapter 4

The experimental apparatus

4.1 The HERA collider

Thc Hadron Electron Ring Accclcrator I IEHA is thc world's first clcctron proton colhder
inslallcd in thc DES V laboratory in Hamburg, Gcrmany. It consists of two storage rings
placed in a (>.3 km long tunncl 10 25 m Underground. Thc cncrgy of thc proton bcam may
bc äs high äs 820 GcY. This is achicvcd due to thc application of supcrconductmg dipolc
magnets providing thc h'ckl of l .6 T t o keep Ihr proton* in t he circular orbit. Thc clcctrons
may bc acccleratcd at HERA u p to an energy of :t(l GcV. Tliis is mainly clctcrmincd by tlio
power of thc radio frcqucncy (I iF) accrleration systcm which compcnsates t.he energy tost by
thc bcam through Synchrotron radiation. HERA ha.« bccn instrumcntcd with superconduct-
ing RF cavitics suppüed by a microwavc klystron system of a total powcr of H.2 M\V. Thc
clectrons and Ihc protons circulatc at HERA in opposite dircctions. Thc beams mcct at two
points in thc experimental lialls whcre thc ZEI'S and thc III detcctors are installed. Thc
HERA bcanis arc bunchcd. Each of thc rings is capablc of storing 220 bunches of particlcs.
Thc collisions of electron and proton bunches. thc so called bcam crossings, occur cvcry !)(ins.
At nominal proton and clcctron bcam currcnts of IP = 160 mA and /, = (>U mA HERA will
providc a luminosity of L - 1.5 - 1031 cnT^s"1. A morc dctailcd dcscription of thc design
and thc pcrformance of H E R A may bc foud in [:(!). l'.l}.

In !!)!):{ thc HERA clectron bcam was operated at an cncrgy of E, ~ 2ti.7 GeY. Thc rings
wcre filled with 81 colliding clcctron and proton bunches. In addition thcrc wcre 10 unpaired
clcctron bunches and (i unpaired proton bunches. 'Ihcse, thc so called pilot bunches, served
for thc cstimation of thc backgronnd from thc interactions of thc bcam particlcs with tlic
residual gas in thc bcam pipe. Thc total avcragc clcctron currcnt was l A mA and thc total
avfrage proton currcnt was 10.9mA. Thc maximal instantancous luminosity reachcd in 19!);!
was 1.5- KPcm-V [11].

In l W l thc electron ring was tilled with positrons and thc bcam cncrgy was mcreascd to
Ff - 27.5 (icV. Thc HERA rings wcre rilled with 153 colliding bunches, 15 positron and 17
proton pilot bunches. Due to higher bcam currcnt? reachlng 30 mA in casc of positrons and
50mA for thc protons, thc highcst obscrvcd iuminosity was 5- 1030cm~2s~1 [15]. To simplify
the notation thc term electron will bc further uscd äs a generic namc for both eiectrons and
positrons.

Thc coordinatc System uscd throughout this thcsis is the so called ZEUS coordinatc
system dcfineci such that its origin is at thc nominal electron proton intcraction point ( I P )
insidc the ZEUS dctector. The Z-axis points in the proton bcam direction, called also the
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Figure 4.1: ThrYZ t-ul <>f Ihr ZEI'S dctcctor.

forward direction. The A-axis p u i n t < towanl- Ihc ccntct of the HERA ring and the i ' - f ix i s
point.? upwards. Thc anguliir coordinatcs are dcfined acrordingly: 0 £ [(), -] dcnut.es the
polar angle with respect to the positive Z direction and o € [0.2-] is thc azimutli angle
aromid the 7, axis relative to thc positive A direction.

Thc actual position of clr-ctron proton interactions is randomly distributed in spacc, so
that one t.alks about an cxtcnded intcraction point. In thc transvcrse direction the sizc of
the IP is a\ l mm and a\ 0. l mm a^ is determincd by ihr width of the colliding beams.
In thc longitudinal direction thc rp vertices are distributed with a-^ m 12 cm rcrlccting thc
rclativcly large length oi the proton bunchc^ of about '25 nn.

4.2 The ZEUS detector

The ZEUS dctector is installed in the south experimental hall of the II EH A ring. It is a hybrid
of a numbcr of spccializcd subdetertors, äs shown in the cut through picture in Fig. 1.1.
The ZEUS dctector was dcsigned in a way that allows for thc niost ctmiplctc mcasurenicnt
of partjcles produced in an cp intcraction. Thc path of charged particles cmitted from thc
IP is mcasiired in thc inner tracking chambcrs comprising a vcrtex detector ( V X D ) [IS],
a centrat tracking detector (CTD) [19]. and planar drift chambers in thc forward (FTD)
and rcar (RTD) dircctions. Thc momcntum is dctermined from the track curvaturc äs the
inner tracking detcctors opcrate in a !.!!{ T magnetic tield produced by a supcrconducting
solcnoid.

Surrounding thc central tracking detcctors are (hc niain uranium calorimeter K ' A L ) and
the backing calorimctcr(BA(.'). Thcy capturc and nieasure the energy carried by thc particles
coming from the cp intcraction.
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Tho I r a i ' k s uf l l n > mt i tn i s t IM t penc l ra t r Ihroush ( ' A I . <uv nioiisnrcd by 11«? iiiuci aud
tho oiiter i i m i u i oh; i i i ibers . The path a i rva t i i ro of t h o i m m u s pa^inn t he magneti/od inm
^ OKE allow- tho dHoui i ina t io i i of llir imniienUmi. In i h e l'urward d inv t ion Iho iiuious are
nicasiired in tho forw.nd Union spectruniflcr (FMUOl

Thr prolons aml nei i tnui? emitted uudor vory s-m;d) aii!>los in tlir iot'ward diroction are
mcasiired in tho Icni l in» proton spodromcter (LPS) and for ward neutron calorimotor (F .N( ' )
installcd in t ho HEU A tnnnel at 2 bctwcon 21 and 11)1 in. The rcgion of slighlly larger scal-
tcring anglcs is covcred by (ho proton renmant taggcr l PRT1) installcd behind thc forward
part of C" A L at Z = 5m.

The cloctrons aml photons cmitlod backwards uiidcr vcry small anglcs arc dctccted in
two calorimotors of tho luminosity monitor ( L U M I ) installod in thc beampipc tunncl on tho
rcar sidc of thc ZEUS at. 7. = -35 and - 107 m.

In ordcr to rcdurr Ihr eoiitamination of thc dala from interactions of tbc bcam protons
\v i th thc rosl gas in Iho boam pipe, tlic so callcd /»-«a- backgrouiul. thc ZEUS is 0(|iiipcd
with dedicatod backgronnd detectors. in particular tho ("> and thc vclowall (VETO) inslallcd
bohind tlir rcar part of'CAL at 2 — -3.1 m and at Z 7.:fm rcspcctivcly.

In thc following sort.icm a morc dctailcd do=cript.io[! uf thc dotcctor romponcnts uscd in
thc ])rc«cnti'd analysc* is givcn. A romplotc prc'scnt.atioii of tlic ZEUS dctc<-t.or may bc fonnd
in [1(>, 17].

4.2.1 Inner tracking devices
Thc ZF.I'S vcrt.cx ddcrlor [i$] i$ a cy l indr i ra l dril't. c l ian i l ic r ^iirroinidinc, thc bcam pipo in
thc rcsjcm ot thc nominal IP. It cxtcnd* »p lu a radiii-- of r ~ L-">.!) cm and h äs a lon^tli of
15!) rm. Each of i t ^ l'JI) radial rcllt rcmsi^ts of 12 *on^o wirc- runnins parallel to t ho l>oam
axis. Tlio VXD allows for a po?ition moaMiremonl in t h c > X1!' plane wi th a rcsolntion of
50 /(in in Iho cr-ulral rcoion of thr- roll and 150 /im nmr t l u - od"os.

Thc ccntral trackinp, dolix-tor [l!)j surrüt inds ininirdiatoly Ihc N'XIJ. It oxtcnds fron i an
inner radius of l(i.2 cm to an out er radins of S!>.1 rm and has a loni^tli of 210 cm. Thc
inner «tnicti irc of thc CTI> consists of 72 cylindriral drift chambcr layors ors^anizcd in !t
superlayor«. Thc superlayors .iltornatc betweon tho^o w i l l ) wiros parallel to thc bcam axis.
thc so rallcd axial layors. and thosc wi th wiros indinod at 5" angle to providc a stereo vicw.
Thc stoj-oo layors äs well a* thc mcasuromont of thc t i m o of thc pulse arrival to both onds
of tho M-n^o wirc (ZliyTiming rcadout) allow for t ho Z position nica.su rcmcnt. A spatial
rcsolntion of 2(i() /im in tho X1» plane and 2 mm alona thc Z dirertion has bccn arliiovod
so far. Thc imdorstandinn uf th i= dctcrtor is not ca-sy duo lo tho vcry complicatcd clcctron
drift in tho rogion« of thc i n homogciicous niae;notir ricld at t he onds of thc chambcr. Thc
officicncy öl Iho chambcr for dclcctine, singlc h i t? is on-ator t hau ')V/<.

4.2.2 Central calorimeter

Thc ZEUS dctector is cqnippcd with a sampling calorimeter built äs a sandwich strurturc of
dcplctcd uranium absorbor platcs and scintillator t.üos [ l(i, 50). Thc light from thc scintillator
tilos is colloctcd by wavc length shü'tcrs and rcad out by photomultiplicr ( P M ) tubcs.

Mcchanirally, (ho ZEUS calorimeter is dividcd into throc parts: forward (E('AL) cov-
ering thc pscudorapidity rcgion l.'.] > ij > 1.1. barrc] |B( 'AL) covcring thc ccntral rcgion
1.1 > i) > -0.75 and rear (R( 'AL) covcrin« thc backward rcgion -11.75 > T; > —S.S [51)].

Molos ul •_>(! . jo i n r in l I n - con t rc ü!' l;( 'AI , and H( 'A L a n - rec|tiired l u ;n-i mni i idda to ! ! ] < •
I I I ' .HA b i - a i i i | ' i | > i ' . Kadi ul \.\\t- i a lo r i ino l i - i pari-- i- • -n l id iv id i 'd in lu l.i\vr|s uf t y p i c n l l y
_'0 - 20 i n r' H . i i i - \ i ' i - so diincn-inii- . whirh in l m n a rc ' M ^ i m - n l i - d lonn , i lud in . i l lv in to eloclni
man not ic ( \-.\\( ' j and hadronir (IIACl -iorl iuii-. To inij'ruM' thc •-patial rowilutiun, tho oloi--
1roinaE,nolii sori'ioiis ,-(rc -ubdividcd transvcr-ioly in t u cd U ul lypira l ly 5 • 2Dnir ( H l ., '_'l)i nr'
for thc H C A I . ) . La*'h roll is road out by twi» i i l io tomnl t ip l i i 1 ! ' l.iibo^. providiii" r c t lundamy
and a poMtion moasuronicnt w i th in thc roll.

Undcrlost bcamconditions. ancncrgy resolntion of Tt//i = - O. lSi / t ' l ( I cY) for clcct.rons

and (Tf//T - l).:(5/\/£'( (^cV) for hadrons was mcasurod. Thc vcry good rosolutioii for
hadronic showcri is due to thc compcnsation proper t y of thc ZEUS calorimeter moanine,
oqua! rcspuii'-o of thc dotcctor to clcctromagnotir and hadronic cascadcs. Tho compcnsation
was achiovod Uy carcfully sclcctin« thc thirknoss of tho snntiUator and tho uranium laver*
in thc sandwich ^tnicturc.

In addi l iu i i to thc cnorgy mca^urcmont, l ho cclK of tho ZEUS calorimolor allow for tho
timo moasnii'incnt with n rosolntion bclovv l n-, for cnoray deposits groad^r t l i a n 1.5 (lr\
a projicrty nsod in backgrotmd rojcction. Tho calorinu'ti ' r noi^o, domiiuitod by uran i tun
radioactivity, is in tho ränge l r) . 1<) McV for EMC colls and 21 :tl) McV für MAC colN.

4.2.3 Luminosity monitor
Tho ZEUS lu in inos i ty monitor ( L U M I ) (51. ~>'2\K plutUuis and cloctrons (Vom t l i r
Dcthc Hcil.li 'i rcaction tp - - • + t p; uscd to i in 'asnio thc luinino'-ity. It coiT-i^ls of a photon
calorimotor ( I . U M K J ) and an olcrtron ra lor i inc tc r | I.UMII1", ). l tut h arc sampl ing calorimotors
with tran i>\'orse dimonsions 25 • 25cm2 mndo a s a ^andwii h öl load absorbfr and s c i n l i l l a -
tor tilo-.. Tlu- s r iu t i l l a t inn light is collertod by \vave lo i in lh shiftcr p la l rs and road onl by
photomi i l i ip l io r s . The ciiorny ro'-uliil ioii ui l i o t h c a l i - r i m c - t c r ^ i-- f/jT - D. lS/ , / /^(C,o\") [52].

Thc pholim calorimotor i* positiomxl al 7. 107m and moasurcs tlio plmt.c.ns pmdurcd
at tho iHiinin;il I I* with angios l>olo\ 0.5 mrad w i t h rc^poct to tho cloctrun boain ' l i rccl imi .

Tho cli-ctroii calorimotor is positionofl a t Z -- - :(5 m and accopts i-lodrons producod in
tl io nominal IP with thc cncrgy bi'lwoen 7 and 20 (ieV at anales up to about 5 mrad w i l l i
rospoct lo t In1 dcctron boam diroct.ion.

4.2.4 Proton remuant tagger
Tho prritcni romnant tagger ( P l i T i ) [5H] K a s (>t of v c i n t i l l ; i t o r countor- immodiatoly -ur
rounding thc boam pi]»e in Ihc lorward part of tho ZEUS dotc-ctor at Z -V l m. I ho laü,c,or
consists of two layors of sei n t i l l a t i n g matorial soparated b\ 2mm thick load and wrappod in
load and i von shirlding foil. Each of thc « c i u l i l l . - t U > r layor'- i^ -pt i t in two halvo-- indopondi -n t lv
rcad out by two photoniultipüc-r tubcs. Tlio gooinetrioal layoul of tho I'FCI'I srintillator coim-
Icrs and t l i r ' readout channol assignmcnt is <hovvn in Fig. 1.2. Tho ecoiiu-! rical accrptanrr
of thc PRT1 extonds ovor thc laboratory psciidorapidity ranne of 1.3 < t; < 5. S.

4.2.5 Background detectors
Thc votowall (VETO) [•!(>, 51] locatcd at thc oxit of tho boam pipc tunnc! at Z - -7.3 m
protccts tho dctector from thc products of thc intcractions of bcam protons with rcst gas
in thc vacnum pipo occnrring in thc I IEHA tunncl. It consists of an ST cm th ick iron wall
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Figure 4.2: Layf>ut o/ thc FHTl scintdlalnr cnvntrrt und titt imdout ehaintcl assignmi nt.

with ovcrall dimcnsion« ot ö x (i m2 actiiiE; äs an aliMn-bcr. Tho background (hat cscaped
the absorption is dotected by t wo laycrs of '•cintillatüi rounters installed 011 bot h sides of the
iron wall aiul l he VETO lag is issurd to t In? tri«0,er.

The p-gas interaclions occurring doser l o (he l P an- dctectcd by thc ('5 dotoi tor [ ttj). It
coiiM-t.s of two pairs of small scinlülator «Hinter-- (ronchly I I ) x Vm2 of activcaroa) installed
above and bdow thc bcam pip«' bdiind 11«" FK'AL at Z = -:{.! m.

The \"FTO and C5 flctcctors discriminato liclween (ho particlcs coining frcim a «r-nnini1

(}> rullision iil iiomiiial IP and ihr iipHn'am />-2,a< b;n'kgrciniul by prrriso cvaluation of tlu-
tiiiu' of (hf liil relative to t he bunrli cros'-iiis t inie. l lir carly tiniing is a rlear indicatiou < > f
t he /i-ga? backgrouiul.

4.2.6 Trigger aud data acquisition System

In order to ropc with a very high rate of 1/1 buncli rro^sint;? at HERA 110 MHz) tlio ZEUS
di'tivloi' is equippcd with a vcry sophisticated data acquisition (DAQ) System with tlirco
li'\'ch of tri^nering. Tho prinriples of Ibe Operation have bren dcscribrd in [55] aiul an?
[ire-ientcd höre verbal l y. for romplctcness: "The ZEI'S detector romprises several iiidepen-
di'iitly operating dctertor componcnts, c.ii'li of wliich is cc|tiippod with thcir own so-callcd
rompoiient Subsystem. Componcnt Subsystems contain thc front-end electronics requiced for
Ihr coni]>onont control aiid rcadout. Thcy intcrfarc to two levels of global trigger proccssors
and t he Eventbuildcr. Thc layoiit of the ZEUS trigger and data acquisition systcm and the
data throughput at its componcnts arc shown in Fig. l.:i.

Oncc a dr-tector componcnt has becn read out, thc data are storcd in a 5 /is first Icvcl
trigger pipeline and analyzed by a local first Icvcl trigger processor. The resnlts of thc diffcr-
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Figure 4.3: Diagram of thc ZEI'S data acquisition System.

ci\ romponenl, Subsystems refcrrina, to t l u ' same lieatti rrossing are inpnt to the global
level trigger l ( iFLT) . whirh foni])iitcf an lAi- ra l l f i r s l Ir-vcl trigger decisioii. Thc nui
rate of (JFLT arccpt deri^ioii^ is ilr-sinned to be t kHz. l'p to the (1FLT bot h thc triegi-r
and rcadout. are dcadtime free.

()n (iFLT acccpt, data accepted for f n r t h e r analy^i? atr mpii-d lo a sirond li'vc] trigger
pipeline. A (IFLT acccpt rate of ! k Hz and a ropy t i r n e o f :fil/ 's nxnlt in :i'/i dcadlimc. Thi*
is the only ^ource o[ deadtimc provided no bnffcr l u l l states urmr.

A second Irvel trigger j»roces«or loral to l \v compunent snbsyslom roinpitt,es a trigger sub-
decision, whirh is forwarded to (he global serond level trigger I ( ISLT) and nsed to rompnt f -
an overall sccond level trigger derision. The (JSLT is designed to acrcpt approx'unatcly ](\"A
of all (IFLT accepted triggers.

In case a componcnt subsystcm rcceivcsa posjtiveCSLT decision, thiTorrespondiii" data



. in- ; i - N i « n c ( l a <;si,"l de« i-iuii n n m l i o r and t i . i i i - l o i r o d l o t In- Kven tbn i lde r . M u - E \ e u i l > i i i l d e r
• t n i i b i n e s and formal •• a l l l In - in i i iponenl d. i l . i r a n v i i i g t he s.uiie (iSI/1 decMon m i n i l - e r int u
utio data M ' t . This dal a M't h i 'idlod an cvc- t i t . am l i K (ISLT dorision nmiiber is a l MI rot'eired
I n äs t In- evonl nnmhor.

Onro im cvont is complelo. it is iii | inl (o ihr- thin.l level trigger (TLT). The TLT is i\i lärm roiiMsline, of «ix l>ram'lirs of a to ta l of lifi processor nodos. It pertorms tho

global ovont reronstriKtion and a final hlt i-ring and is dosigncd to acccpt u p to 5 eveiits/s.

4.2.7 Offline processing and analysis facilities
Tlic ZEUS oxpcrinirnt i? prodiicing up to l MB of physics data di i r ing each second of
it1- upcration. This data is storod on casseltes operatcd by an AMPEX tape lobot w i t h
a lutitl stonie.0 rapnrity of li TB. The evonts aro (hon procesicd off i inr iisina tho ZEUS
ivrun.Mnirl.ion program ZEPIIYJi exocntod on a S(JI ('hallrni>c XL mnltiproa^sor inachinc.
Tlic rccoiistruction pro«ram analyscs thc ^jnnals rrt^istcrctl by thc data arquisition ^ystriiT;
of diffcrcnt dctcctor roniponcnh and convcrt^ tlimi into quantit ics u^cfiil for t ho pliysic1?
anatysis. Tlir amount. of data n<-c<?s?ary to describo carh evcnt i» tcrms of physirs quant i t i t -s
is on avrrago 25 kB. Tho data in this form is storod on a farin of WH) ( JB of fast hard
di<ks conncctod to a S(!I Challongo DM iiiarhino a r t ing a,f an I/O scrvor. Thorofuro t l i r -
data i« casily acccssible froni tlio analy-ijs pro^ratns r u n n i n « on two S(II ('hallona,o XL
iniiltiprorossor macliino (Kl prurossors l u t a l ) . Al l tliosc ronipntcrs aro ronnc-dcd l*y vcry
l'a^t I I IPPI l inks . Tlii^ -ystnn i* a ccntral .-oinpii l inn f a r i l i t y uf l l ic ZEI 'S oxpori inont . t ho
-u callfd Z A R A I 1 ['>()]. In l lu- physic'? analy^is it ;vi* äs a batch f a r i l i t y cxoc i i l inc Job«
si ibmit tod (Vom t ho Workstation1- u^od by t l io j ^ l i y ^ i c i ^ t s for t l i r in torac t ivo work.

4.2.8 Monte Carlo Simulation of t he detector
I t i this analysis tlio rcsolntion nnd tho aroc'pt.-mn.1 of thc dolivtor to l l ic studicd physics
prorcssos was dctcrniinod In tho inoaii« of a Monte Carlo Simulation. Tlio responsc of tho
X.IU'S dotoctor was simulatod n^inn. tho MOZART pro°ram bas,-<l on tho CMANT :i.i:t MC
pafkago [57]. It trarks all tho particlcs omittod frotn tho <p vortox throne,!) thc dotortor
ap[);tratns simnlatins tho procos=cs assooiatod w i t l i thc passa^o of particlo^. t h rou«h matter.
Tho do t iv t f i r rospon^i' i= oxpn^^ofl in l In- loiin vcry similar to t hat of tho dala oomin"
from tlio a r tua l doloctor. I ho data is t hon tubjort lo tho Z(i . \NA proc,ram sininlatine; tho
answor of l ho ZEUS I r jngor inp ; systoin. Thc MC cvonts aro t.hon rrronstnirU'd nsina, tho
ZEPIHTt program ju-^t likc tho data from thc artnal cxperimcnt. Thc dotoctor Simulation
in MOZART is vcry CPU coiiMiniing (Simulat ion of onc cvcnt may tako np t o -r> miiuitcs on
a DEC ^1)110/2(11) worl^tation], To produoc cnougli MC cvcnts for tho nnmcrons analyscs
of tho ZEUS data MOZART is oxocutod in bat'ks.round on a lar«c nnnibor of Workstations
in tho pliysics ins t i tn tos part icipal ing in thc cxporimcnt. Tho djs t r ibutod proccssino of MC
o\-onts is rontrollcf! |>y (ho F U N N E L [.ri(i] systcm contrally manaRod from DESY. The- MC
ovonts aftcr tho dotoctor and triftgor Simulation arr rocoiislrurtod and storod on tho tapcs
in thc ST K süos dircctly accossiblo from tho analysis programs running on ZARA1I.

Chapter 5

Event selection and background
elimination

Ih i r in" normal Operation thc ZI;.I "S dotortnr roliectscvcntscorrosponilini; t o a wid<"-pi r t rnm
of >. ]> physj.-s. Thc tac,p,od photoprodurtiun ovont.s ,-irc u i i l y a small f raol ion of thc l u t a l data
sample. Thcsi> rvcnts arosolortod by a '-et of "dcdj rn tcd ml s implcmontorl in thc t h n i - lo\c|snf
t l i o ZEUS lri£i»o! sy-ti-in. Tlio^conliiio-clcftion rut1- aivdosrri l>od in tho lirst of tho l'uHmvin»
•«•i ' t i i ins . Tho sccond soction df-rribos t l ic u i f l ino procos-.iiii>. tho inotliod öl ralorimdci nuiso

ic ' v t a l i ^ t i r a l l»ackf l , r<ni i id ' - t i b t r a o t i o n
d n r

5.1 Photoproductioii trigger

1 lio data u * cd in t h i s analysi- wa- oul lc i tcd nsinn tho ta^god photopi 'odnrtion trister rc-
qn i r in« tho coincidonrc ot sia;naK in tho ina in calorimotcr and tho L U M I olortroii Lii^cr.
Tho trigger conhgnration in !!>!>:( and 1!HH wa« vory similar.cxocpl (ha t in I f l l ' l n pro-ra]inn
was introdurod to tho photoprodin ' t iun tiie,a;or and ^omo of thc sclortion rnts appliod in
l!l!):i in tho o f f l i ne worc movod I n l l i o u i i l i i i c . Thc online [in'scalinp; of tho (ihoto|irodnrt. ion
ovonts t t i rno i l out. lo Kc nori^siu-y sinc-c ;it l;u^o in-tantanoons Inminositios in l!l!)| l l i c rate
i'l photoprudnrtioii o\cnts wa.^ too hi"!i. In tlio fol luwin«. thc morc roni j i l ica tod \W\p
of tho triggor is prcscntod. The desrription of tho !!*!):{ ronf in i i ra l ion may he fonnd in [W].
A schoni.'itic diaoram of thc trister los>ic implomcntcd in HI!M is presontod in l ' iu . r i . l .

5.1.1 First level trigger

All thc taggcd photojtroduction data nmio from ono l'LT slol |s[(j| n r : M » ) rcqnir ing thc
roinndoncoor thcLUMIF. snl.lri^cr w i lh tho REMCor REMCHi "iiMriwrs. Tho I .UMIE
Mil'ttriggcr w"is activatod jf thc i-norgy dopositcd in l he LUMI olortron ralorimctor exeooded
5(ic\. Tho REMC snbd-iooer roquircd t l ia t tho cncre;y dcpositcd in any of tho luwors of
tho RCAL I'.MC Portion, oxcludiiig thc towors imiiiodiatcly adjarent to thc hcam |»ipc. lo bo
morcthan 1(>I Mc\'. In Ihc RF.MCth snbtriggor tlic cnorgy fnim all tho IU ' . \  EMC towcr--
( i nc l t i d ing tlie boam pi|)c rcgion) of at loast. Hil \|e\ was siimmcd and romparoil to tlio
throshold of 1250 Mo\'. Addilionally. to rcdncc tho rontamitiation from ;> ga.s barkground
alroady at tlio lirst triggcring lovol. Ihc cvonts with a barkground h'it in thc (T» ronntor wcrc
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Figure 5.1: Schcmaiic diagi-fim of thi tayg«! phrtnprodüction trir/gn- impkmenttd in \'.W\.

rejected. To dccrcasc the ral.cuf taggcd plioloprodurtion ? t i r> t r i«gcr , only overy scrond cvcnt
was arcrpted by thc FLT Iprcsrale '2).

In tho analysis o f t ho WM data the evenls arreptcd by the HF.MC subtriggor in roinci-
dcncc wi th LUMIE worc also inrluded. Thc IfliMC subtrigger required ( h a t ihr erjergy sum
in thc EMC scction of BCAL exreeded : t U J U MeY. Tbc sum was calmlated iising towcrs
wi th morc than l f > l MeV doposited onergy.

5.1.2 Second level trigger
At thc SLT thc taggcd photuprodnction event «troarn was für t hör clcaned from barkgromid
and somc parts of tho ovrnt sample werc ad<litionally prcscalcd. Thc following cloaning
ültcrs wcrc applicd:

• RCAL timing thc Mibstant ial pari of lhe/i «äs backgronnd i- klcntificd by tuo carly
t in i in(?of thccnrrgy drpositjon in t ho RCAL. t/{r 11- l1 tt"as rcmo\Tflby rcjcctin^cvonts
with |0«-,u! > ^ns, wliorc thc timing calibralioii is such t hat partlclcs from c p rollhion
at nominal IP rcsiilt in avcragc (tueM) = "• If thc cncrgy <illo«-cd, also thc F( :AL
timing was cxamincd and comparcd to O«ML;

• up-down timing thc events wbcrc thc difference in thc timing of thc hits in thc
uppcr and the lower half of thc B('AL cxrocds 10 ns wcre rcjcctcd. Such events arc
mostlv duc to cosmic muons;

spark I h

• E - PZ t l ic i '\cnt'- \v|]rn- ihc d i l fe 'K 'n rc bc twt i -n l l n ' l u t a l cncr"y. /:". ;un1 ihr ) (Mmi-
tud ina l i i K i i i i i - i i d i n i ca l rnh i t cd frcun tbc ca lur i im- t 'T crlh. l\ !'• '""-"r- w s,rcalcr
th.'ni 75(!r\ This usually iml ica tc -s t l n - rou lami i i a t iun fioni p p,;i- ba<'kü;rinmd.

Thc events comin" l'rom thc tafl,a,ed pbotoprodiiction FLT slot wcrc fu r t l i i - r proressed by
physics filters and assigncd lo une of thc strcams «hovvti in Fig. 5.1. Thc slrcam 2 acccplcd
all thc taggcd pliotoproduction bul \va^ prcscalcd by l'artor S. Part icularly interesting events
ILI 'MI elortrun encroy outside t ln- liighiy popidatcd central band of 10 < Ef> < l!' (JeY.
ovcrlays with brcnisstralilunp, amt i'lrch'o» pilot cvcnt.s) wcrc assigncd to slrcam l and savcd
w i t h sniallcr pre-rale of 2. Thc dil l ' rart ive randid.'itcs cliaracterizcd by a •-nia.il cm-rgy depD-.it
in thc forwan! pari ot ( ' A I . wen- pax^c-d w i t h nu pii^ralr in stream < > .

5.1.3 Third level trigger

In l l i c 1 ZFI'S t h i n l Icvcl tri«"ci .1 « impl i l i ed \ ' i > i ^ i i ) t i < > f 1 1 n - XKI*H\i rec<mstn» t i m i prugrain
was cxccntcd. Thrrefurc it . allovvcd In t n r t l i c r Mipprr-- thc barks,i'oiunl c f > i ] t a i n i i i a t i o i i nsing
morc rcÜned cul- ( l i k i - l iniuii l indci i i lnur iHinis to rt-jcrt ex-ctit« dnc 1« ni--mi<' i n bcam gas
muons) and tu apply murc cumpl'n .ilcd li l terin» t o «^i- ler t oiily thc drsirc.l type öl c\cnls.
The filters apjdicd on thc tanged p | ] i i l « ] ) rud i t c l i ru i i-vent-- as^i<>ned l lu -m lo t he fonr t r igger
l ' i t s shcrtvn on the diacram in Fi«. "..l . The diffeiviit presr.ile factur- as^ignei l t o thfisc b j t *
wcrc adjustcd tu op t imize tlic u-.-ic,i' t 't the t a j j e •«torage Ihc cvcnt- wen- sent lo.

5.2 Offline proccssing
A l l of the tagged |>hotoj*rodiir t iuji < i v c n t i - arrcpted by Ihc TM vvcrercr-crdcd on tapes. La l er,
tliey wcrc recon^lrncted and storcrl un thc disks in t h e miniDST f u n n a t . Tln^e event-. wi l l
!»• also rcfcrrcd to a5 the o f f l i n e sample. In the o f f l i n e analysis tbc e f f e r t s uf |u-esra.ling on
the three triggerinc, Icvcls wcrc rum-rled f'or by as^igning a.ppropriatc weight-. to thc events.

Thc l!t'!:( of l l ine data sample i orrc^poiidcd to a i imi ino i i ty <jf l ) , l pb"1 and < 'onsi>tci l
of 231k events. After rompensating thc prcscaling eifert s J t rcprcscntcd :{S-r»k events l hat
fulh'llcd thc LUMIE and CAL roinridcnrc condition before thc - FL1 l'cr the scroml analysis
oiily part of t l ic data co!l«v-te<l by ZFJ'S in MUH was u^cd. namcly at t i^r i h c commissioning
of tlic PRT1. Thc data sample mnsi^ted of H):(k events correiponding to tlie luminosity of
0.7 pb"1. Tliey are cquivalenl to (UM k evenls after tlie prcsr.-il'm« rorrer t ion. In l.he fur l l ie r
text thc sizc of t l ic event -.;impl<". w i l l ahvay- !»e i\xj)i'e-^ed in mmibci uf c\'cnl.s thc ^amplc
rorrespoild« to af ter tlic p r c M a l i n c rorrertion.

In tlie (irst Step of t he offline analysis all t l ie tagRCi l ]> l ]n t (> ]» rod in l icm cvcnt s werc subjerl
to a triggcr corrertion and stati^tiral snbtractiim of rcmainin" liackgronnrl.

5.2.1 Calorimeter noise suppressiou and offline trigger correction
Thc offline data sample rontainerl a small fraction of taggcd photoprodnction events t hat
did not actnally fn l f i l l thc CAL trigger rondition. Thcy wcrc arcidentally acceptcd by the
online trigger because a PM spark or somc calorinieter noisc contributcd to the energy sum



-lltflrji'ully In c\cccd ihr 11 iüU;rt MliCshold. Tlli1- rlijin°rs Mir dhiirii.V uf Mir 1rioj;cl für

rvrnts wilh rncrgy dusr tu Mir 1 hrr^hold In a way th.il K oiily purli.dlv drsciibrd by ihr
MC 'iniiihiiii.ii. I'In- dete< Im MC ir|>rodurr- Mir cffrcl'- of uraiiiinn ac l iv i ty m MM- in C.U..
bnt thc PM sparks and Mie um l<> nin depr-ndcnl noisy readout rh.'umels arr not -imiilated.
l lins, in thi' offline analy-ö- räch uf the events was ^iilijcrl tu a twu step lri«s,er correcliuii
procednre.

In Mir first step a special noise supprcssion algorilhm was applied on tlic CAL data.
All thc EMC(IIAC) crlls with energy bclow W) McV(lH) MeY) wcre removed. For isolated
cells thr thresholds wcrc incrcased to 80 MeY( l III MeV). Isolated cells werc also rcmoved if
thcy corresponded tu onc of tlir noisy rcadout channcls or if Mie imbalance bctwccn tlio t wo
corrcsponding PM tubes was loo large. Lndicating a spark. Thi? noise suppression algoritlmi
was vcrified using rinpty event* roll er t cd with a random trie.ger. Tlie remaining ralorimeter
aclivity was ftilly roii^istent with the nraniuin noisc •jtniulatcd in t he drlector MC'.

In thc ücrond step thecurrertcd ('AL Olierp,ies wcrc nsed to reevalnate the trip,a;er decision.
This wa= donr- with the hclp of thr Z(!ANA prograiu uscd ahd Ibr thc d'i^^er Simulation
in thc MC c\-ciits. Thc photoprodurtion evcnts t hat failcd Mie ofilinc rcconstructcd tri^e;cr
wcrc not u^xl in thc analy-i*. I'ui consistoncy an identical proccdure was also applicd on all
tlic MC cvcnts.

Another potcntial SOIIITC uf the systcnialir crror associatcd wiMi Ihe tfi«ncr is an inar-
rurate calibration of CAL I' LT. ivhirh may ]cad tu ;i redurcd cHiriency fnr trig^ering c\vnts
with cncrny close to the threslmld. This wa= \erified by inrrcasiuc the trioner thrcshoUK
aj^plicd in tlie oHline on t In- data and thc MC evcnts from Id l MeYi r2r)0 _Mc\') tor the
REMClRKMCth) «.»btri^cr l.. W.II McV( [S7rt M<A'|. Tlie whole an,d>--is was rcp<-atcd fur
the inrreased Irigt^ct tlin'shold'- and thc rcsiilt1- wcrc ronipardl to thosi' olitained u^iiiü thc
nominal thrcshcdds. The Hifferenrc in thc result W;LS used n* an r<.limatc of ihr systematic
iiiiccrtainly duc to trigs,cr ineffiricncy.

5.2.2 Statistical background subtractiou
Tlic tastted photoprodurtion data romini; froni thc cxperiincnt was relativcly clran from
barknroiind. ll was dite lo the trinocr rcf|nircmcnt of thc coinciflcnce of thc signals in CAL
and LI'MIE which was diffirull to fulfill by back^ruund intcraetions dnc to thc larp;c di«tanre
scparatinc, thr l.wo deterlors. The reniaininn, contamination o!' tlic offline sample was of Iwo
types: llic t e,as and tlie cuinndencc background. Earh of thcm is describcd liclow topjcthcr
with thr method uscd to snl.trarl it statistically [2$, II). öS].

r-gas background

Tlict giis bark^ronnd i^ rrratc<l wlicn abcam eiert ron LiiKlcrc,ocs a pliot.oproduction reartion
on a rest E-;LS atom in Mir vanuini pipc. Such cvenls satisfy t.hc laggcd photoproducl.ion
trigner if thc scattcrcd clcclron hits thc LUMI elcrtron calorinictcr and thc prodncts of thc
photoprodnrtion intcrartion deposit cnoitgh cnnrny in thc CAL. Tlic ( p,as contamination h
in total bclow O.V/i. Howevei. such background cvcnts usnally do not deposit any cncrgy in
thc FCAL dnc lo a larnr hackward boost. of the r gas c.m. systrni. Tliercforc thcse cvent
oftcn imilalr a rapidity »ap sjnnaturc making the ( gas background particularly dangcrous
in thc stiidies of difiraclivc ]»holoproduction. In somc rcgions of the rcconstructcd invariant
mass of a difiractivcly dissociatcd photon thc conocntration of thc background may cvcn
rcach 10'X of thc cvenls.

100 200

VTX Z (cm)

Figurc 5.2: Thi 7. fin-ilio» "f nrli.r in thi i n » / * inih iw < IM rgy in fix I('.\I. bifon
(cnr/i.-^ nin! 'ifl i r *t'ili*ttt'iil • lyi- lwcki}i'Oiii>fl tubti'iit'tinii ipfittii~). l In so/;*/ linr i> '/i<
i'rpfctfd i'irli.!' tif-ti'ibtttton front M(' ••ntuilittinn of t/< iiutttt < )> tvllt'-inii-i.

£,a-> backerouii'l cau be slal t-( \<-;\\\y
12- whcre Ihr pmiiin biiiirh wa- cinpu. 'lo cumpens.ilc

tl ic-r cros^in-'s ihr eiert ron pilut bimch cvenls arc

l'uitiinaldy. ,i|l thc iriii.iiiiiin
rvents corrc-jiuiidiiin tu beani cru-
fur Mie eifert uf Mir , o.i- colli-ii
countcd with negative wcishts;

w!icrc/M| and /,,,( dcnote l he total i-li-ctron rurrrnt in c<il lidin« and pilot bunrhes rcspcctively.
Figurc ö.'J demonstrati-s thc effcrt uf statistiral subtrarlitm of thc - ( n.-,s backaround on Mir
distribution of thc Z poMtion of the cvent vertrx {verlex rccon^triirtiuii is rlcscribcrl in
scction S.i). Majority of the i / ' cullisions urrnr aiuimd Z — II. Thc peak at Z — 7l) cm
is duc to intcract.ions wilh protoiis ariviiii; one o^cillation ot the Hf'.ltA HF sy&tem rarli'T
than the actu.il pioton buches. Thc bcam »äs backgiumid is prodticcd nnif'ormly in Z ami
h äs a particularly high triggcr acrcptanre for für ward shifted verticcs. Z > 100 cm. where
the genuine c;» culli^iuns alinrol ncver ormr. Thc h'gnre ^huws thc vi'rtex distriimtion in a
particularly contaniinatril «-ub^aniplcof evcnts wilh nu cnerc,>' in Hie I'CAL beforc and after
statistical t gas background Mibtrartion. Thc csces^uf data events wi th verticcs Z > 101)cm
vanishcs aftcr the barkgrotmd sublrartion and thc re^iiUing vcrtex disl.rilmlion is consisLcnl
with thc onc cx]»cclcfl from Mie MC Simulation.

Coincidenre background

Many typcs o! backe,round processcs, inclnding j» ea-s. cif-mir mnrm^ ,-md unlannc«! i;i col
lisions c.in salisfy thc CAL snhl.rigger but <lo not pnnliice any aclivity in Ll'Ml dcctton
calorinictcr. These events tan only !>e arccptcd by thc taggcd phol.o[>rodiirtion trigger if
thcy coincide with a proccss producins artivity in LUM1K. Thr mosl rommon of such pro
ccsscs is thc eiert ron brcmsslrahliing on a Itcam protun or an atom of a rest. gas. i \* r*, .\
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Figure 5.3: TVif dif-tributions of thr verfci 7. posilion (n) nnd t In ItCAL t im in g (b) for ihr
cmits ü-ith \ Ing brforr ftaiiftical backgtvund sublrartion fcirclff) and a/Irr background
fubtractiati (solid pointf). The rciiei potifion distributiv» is til.-n comparrd lo Ihc fhapr
crpcctcd for thi: grntinti' (p cct'iitf from thc MC (solid histogram).

A largo fraction of comcidonce backgronnd oveiits dm- to p gas and cosmic ninons arc rf-
jcctcd.ilrcady at tlicFLT due to tho( '5 votoor at thc SLT -luo to incorroct CAL timing. Tho
rare coincidonce ovonts duo to untaggcd cp intoraction arc not romovod by any of those cuts
brcaiise thoy have all llio fcaturcs of genuine tagge»! photoproduction collisions. Thcrefore,
a sniall fraction of (lio coincidence backgroitnd survivos all tho ?oloction cuts and appears in
thc fina! data sample. The ovcrall contamination is on the levol of l - 2%.

In almut a half of Ihc coincidenre backgroiniH ovents the photon from the brcmsstrahlung
procoss rearhcs the L I 'MI photon calorimeter. Such events are easy to identify sincc tho
onrrgios moasured in thc LUMI electron and tlie photon ralorimoters approximatclv add

tiltlni

, i u i i n < l cvr-nK t l i ^ t t r im l

I . I ' M I pln.»(oll i . i l i i l i l l l i ' l c ! -

urriii« l";ir liom thc ixuiiinn) II'.

wliere P,4r„, dcnotcs thc probabili ty (hat thc lircmsstrahlnnp, photon is dctcctcd in LUMKJ
and /'tiii.ijfiü - l - / './,,,,. These proliabilitii^ are calcnlatcd on run to nin ba-«is from Ihe
bronisstrahlniia, i.|>ectra rnllected by Ihe H T M I data actjni'-ition sy^tom indejtcndent of (he
ZK.US IriRiyrs.

Tho qu.'ility of Ihc roinrirlence |jack«round ^ n l i t r a c l i n t i [miccdnrc was vcritird u^ing thc
i 'Vc-nts t a a, «cd by ihr vrtuwal] i lcteclur vvhirl i in- l i rn tcs thc |in^enci' nl l l i c p gas in lcrar t i f i i
in an evenl. Fruin ^1_'1S \'F.T() taggeit events in Ihc l'l|'| nf l l inc pho tnprod iKl i tu i saili|)lc
only (>:{!) snrvived t In: back^ionnd snbtrac t ion iirorc-dun-. I[uwc\-er. äs 'hown in l'ig. 5.U thc
reinain'ma; c\- i -nts havc \ - < > r t e x and t l n - RCAL l i i n i n e ; d i s t r i l m t i ü n s charadomtir for gcnninr
</' rothsioiH. I'hcfc i ' \c i iK shonld not bc sublrarto.l Itecaiise thcy ac tna l ly arc »cnnino pho
toprotlnrticHi in lc ra i - l iu i i ' . (hat happened t o roinride w i t h a randoni act ivi ly of l l ie vetowall,
e.n. i l i u - to rc tnains ul n licüiii a,as rollision in l ho HERA hmnel 'hat wcre det<'c1i-d by t h r
\'F.T() bnt nrv.-j rcarbcd tiic inain ZEUS dch-clor. All thr \'ET() tag«od events- w i th thc
t imins ainl ( I n - 7. vi-rtcx' ]«^itioii i iKÜra t ivc nf ;\) «a^ b.ii-ksraiind are suhtractcd out.



Chapter 6

Simulation of photoproduction
processes

In th i? analysi1- thc |-r>ulntion and Ihc arrrptanre ul Ih r rxprrimrntal apparatus wercdrri\'rd
by ineans of Ihr Munlr Carlo I .MC) Simulation. Thr re^ponse of thc ZEUS dctrrtor to hifi,li
energy parlidcs cmitler! from llic cp colli'ions was sininlated usin« thc MOZART pros;ram
di'scribn! in -erti t jn I . J .N. Thr t r ig™cr • > i n i u l a t i o n was prrfomicd w i t h thc Z C A N A ]>ro^ram.
Ilowcvcr. thc rcsprjusc of tlir apparatus stronsjy drpcinU on Ihe niinilier. (hc type and thr
moinrnta of Ihr parlirlc '? produred in thc primary i.p intrraction. Thcrcl'orr. Ihe detectur
Simulat ion pro»ram was suppüM wi th a srrics of jn'im.iry r / i intcractions resrmbhn« Ihr
iictnal rollision1; äs closcly äs po-Mble. Tliese p r imary \-crtirrs wem calrulatrd usin^ varions
MC "cnrrat.oi- pro^rams. Earli of Ihr photo|Hüdm timi ^uhprucr-sscs was sinnilatod sc]>aratrly
and thr oblamed e\'i'til sani|ilc was minparrd to t l i r data. Only thr MC cvcnt «amplc^
providiii" a a,uod di^rription of liic rlata wi'rr u-nl in Ihr (mal analysi-.. Thr «iiiniilatioii
pro«rams iiM'd t.o produce thosr l inal MC samplrs an' listi-d in tablrs li.l and (i.2. Thr
drtails of thc MC ceiieratioii arc dr^rri ln 'd below.

6.1 Diffractive processes

Thc d i f f r a r t i v c |)holun dissociation proress ( - , / > —» A;») was <-imulatcd with t|io N Z MC pro-
Rram basrd on t he Nikolarv Zakharov Q('I) mudel [S!)]. Wit l i in t ho im])lcmcnted algorithm
Ihc plioton dissoriated systrni is coiistmctcd from a (piark antirpiark pair approximatcly
alisned wi lh thr rolli-ion axis. Thr snbsr<[iirnl (JCI) radialion and thc hadronization pro-
ccssrs are «imnlated arrordin^ tu thr Lniul srhc-mr [HU] using thc .IETSF.T [Hl] |>ackaa;c.

siihpi'oi'css || pr imary MC

'i P > -V/>

-lP -» r/'

-!;•-- V -v
soft- non diffradivo
hard. non dif i rar l ivc

NZ, PVTIIIA (low .U\
PVTII IA
PVTIIIA
PVTIIIA
HERWIG ( m i n . l>i«is)
HERWIG (,»,„„„ = 2 .5 (JoV)

alternative MC

PVTHIA, POMPVT (hii-h E t )

PVTIIIA (sof t )

Table 6.1: Thr MC Simulation pragt-ani* utcd in iht attalysi* of thi: inclusirc pi specfrum.

„ibp,, .,•,-,-

-,. . A>

" / ' ' '>
- , /> • l ".V

-/ ' > -VA"
soft. in in di l i ' rar l ivc
hard. non d i f f r a r t i v c

p r imary M< '

N/ . ITSOI 1 ( I n w Mi ,

\T
1 PSOFT
1 PSOFT
I I'SOFT
HFRWU; \i>, - :(.-)CcV)

a l t e rna t ive MC

KI'SOFT

P V T I I I A i i n i i l t . i n l . )
PVTIIIA ( i n i i l t . i i t t . )

Table 6.2: 77ir M( 'Simulation pi-ngramf u.«cd in ih< {iiiiilt/fifi nj thc diffrnchrt' M\r t ho Simulat ion r>f t]\c ro&ion Mx < I . T G c Y HM I 'VTIHA [( i l ] and thc EPSOl-T (scc

srdion H . l ) pro«ram-i wrre u«rd in rase uf I h c ;», analysis and in rase of tlie .\1\y
rrsperlively. Tu ein—, check t In - s e n s i t i v i t y of t l ie inea-im'menl rr-MiU*. lo t he umdcl u*rd
für Ihr S i m u l a t i o n of Ihr phutoii disM.nahun pru ie—. t he aiialysis was repeated IM n« an
all i-mal i vr MC mculd. In thr inr lns ive /i; s tndy \\\\- a l t e r i i a l i v r - «sinmlaliun was jn ' r funun l
iisini; Ihr •.,,[( i l i f f r a c l ivc option in P V T I I I A . Tu n n n r t l y n-produrc thc t a i l uf thr t ta i i^VcM-^r
rni-i'sy r l i ' - t r i ln i t ion in Ihc r lata. ihr saiiipli' of rM'i i l- f r n m P^'TllIA was rnrichc'l with ihr
hanlcr roin|)i.!irnl si iuii late-d nsi i i" thr POMPYT (C1) | ) iü»rani . POMI'VT is a prom-ain
dc\'r]oprf! \ v i l l i i n thc framcwork u i' l ' ^ ' T I I I A i n c u l i ' l i n c Ihr i l i f f ra<: t ivr ( l is^orial icm a^ |>ar-
tonic colli ' i i i in- of a dirrrt plioloii wi t l i a haid. " l i i n i i i i poi iu-nm rmil tcd froni Ihr jn-otmi. In
rasf of thc _M\« thc a l ternat iv^ s i m n l a t i c M i < i t I h r d i l fVar l i v r pholon dissociation wa--
|irriV.rmrd nsin-; KPSOFT. In all t l i r MC •-amplrs (t~.<-.\r t h'' l i n a l anal\>rs thr distribntion
of t l i r mass of ihr dissoriation plioton. M\ fullovvcii ih r tr iplc poinrron rclation cxprc-^cd
in l',<|- IM-1» w i t h or 5: LOS. Tlir r f f r r ! i \ ' i - cxpon i -n t i a l -lopc u) l l i r t s |>r r tMini wa<. Itotw^'n
'; and ( i C i A ' " ' .

Thr o lhcr . l i l f i a r l i v r suhproccssi^. - / ' ' l /'. l A". A" V \vcrc s i tnnla lcd IMIIE, c i thrr
PVTIIIA (i-! analvM-0 nr EPSOFT ( _ U \. l iot l i jiroa,rain- rc-ly mi pnrainelr i? ; ! -
t ion^ of tl l i ' rxpcrimental data. Thr verlor inrson^. \ ff .^. O, wrrr proiiurcd w i t h ratio^
si ini lar to whal vva.1? inrasurcd in luw om-rny pl ic i lo jn 'odnr t ion cxpcrimcnts. 'I hc cla^tir *lopc
of thc f s-perlriiin wa.̂  UcUvrrn II) and \'2.^> (iiA"2, In ra^r uf ihr ..liilVartivr prolon »li^sori-
ation no prrri^r Simulation of t l i c - low nia-;^ ri'sonaiK'cv \va5 |)iTfurmrd and only thc avcraar

M_\\r was rcprodnrcd.

6.2 Soft iion-diffractive procoss

In Ihr inrlnsivc ji; analy^is thc «oft. non-iliffractivr -(/' rollisions vvrrc siiniilittnl will] t l i < >
l lEl l \VI( i [l»:i] proaram nsini; Ihc hadion liadron m i i i i i i i n i n l»ias ojj t ion. \\\^ i;rnrratinn
i iKulc wa* drvrloprd lor ;»/' •""' /'/' l ' l iV^ i ' " ;IIK' i'clir1- ml ihr paraniel r lyat ion«. <>\r
i la ta . Thc hadrcnii7ation in H K U W K I i^ « i i n u l a l c r l acrordins, tu thr rlnstcr nindrl. \  a  ri",n||
uf thr - j i f i i l l ibion a mimbcr of i lustcrs arr cn-at«-«! wit.li moinrnta t l i s l r ibu ted a j>prux imiv t< . i l y
uniionnly in thc loiifti tndinal ])has*? spare. Thr rlnttcr« an1 intcrmrdiatc hadronizat ion
objccts t hat undr-rgo fragmcntation un t i l l t hei r ma.ss is rrdm'ed t o t l ir-lrvrl whrrr t hc r ln s t r r ^
can bc converted into liadrons. Thc paraniet.ers of t h b «rm-ration modr in IIEItU KI wcrr
rrtnncd to i inprovcthn anrcmicnt of tlio inodrl w i lh prcliminary photoprodurtion dala frotn
ZEUS, c.£. thc nmltiplici ty of rhargfd (»artirlc«? in Ihe siinnlalrd rvents was nibiccil liy
ahoiit. 1-V/f.



In i h r .W\- ( I n - EPSOFT j > r i i ' ; i , i i n w.i-> u^cd to s imnlatr Ihe -uii. i K m - d i l f i , n l i v r
-.)> r u l l i - n i i i 1 - ( - < • » • T-rtion (i. 1). Thr hadnni i r h i i i i l - l ; i lc i- s imi i la ted in EPSOFT accordii i" tu
a M m i hu idnuiillnn t o tliat in MEIÜVIC, I n i t i h r ••tep invoh ins; the rreat ion uf i n t c - r i i n - d i i i h -
I i ad ru i i i 7 f i t im i clusters was elmiinatod. Tlu- pro«nun was aho tuin-d to Ihe ZEUS dat,-i aiul
pru\s a " l i^ht ly better dcscnption of t In - ob-crvcd di ' - t r ibut ion- t h a n IIF.IUVIG.

Kur ihr evahiation of thc modcl dopendcnce ihe alternative MC Simulation of thr nun
diffrartivc photoproduction coUisions was pcrformed nsina, thc PVTHIA prosiram. In thr pj
analvsis thc soft, hadronic Option of tho gcncrator was uscd which simulates low pi hadron
hadron scattoring simüar to that describcd abovc. In thc M_\y thc Simulation was
pcrformcd using thc multiple intcraction option [(>!. 61]. It involvrs an approximate QCD
calculalion of a process whcrc many indcpendont parton parton scattcriiißs may ocrur in
onc photon hadron collision. If nonc of tho partoiiic intoractions involvcs a hi«h niornenlum
tran-li-r no hanl Jets arc producod and tlic rosnl t i i iE, collisions have proportics charactrristic
for soll interactions, Howcvcr. if a larpc transvor--e momcnUim is cxchanged. thc n«-ii!tins,
cvcnts display pronouncrd jct structurcs a* cxp^rtrd for hard scattrrin?,. Thc advantagc of
t In« a|iproarh h that it natiirally combinc^ thc soft and t ho hard rcRiincs. Thc hadronization
in PVTIIIA is sinmtatcd according to thc Luiut srhcmc iinplcmontcd in JETSET ( d l ) .

6.3 Hard processes

In tlic analysis of tlio inclusivc pi sportruin thc n'soh'i-d and tlic dirccl photoprodiiftion
subproccsscs wcro sinuilatcd usiii" thc HERWKi pro«rani «"ith tho lowcr cnt-oH' on thc
transvc-rsc niomcntiini of thc final statc partout . ;»y „-„•„. rhoscn to bc 2/i(ic\". Tor thc
partcm dcnsit.ics of tho collidiiiR particlos. Ihc < ; i ( \  L(> [ffi] (for thc photmi) and MI{SD'_
[(in] |for thc |>roton) paramctrization« «'crc n*cd As a cro^s check ihc hard -,p «ratlcrin"
cvcnts wcrc also gcnoratcd usinR PVTII IA w i t l i /';„.,„ — •') (lc\

In thc .U. v analysis thc primary Simulation wa<> piM-fonncd usinß IIER\\"Ki wi t l i ;^„i„, =
;}.-") (ic\ and thc samc parton dSstr ibulion fnnct ions äs abovc. No alternative Simulation of
hard photoproduction was nccdod sincc thc mul t ip le intcraction modc of PVTIIIA uscd to
ncncratc thc soft non diffractivc ovcnts d(~?cribr< aUo thc hard

6.4 EPSOFT
Tlic F.I'SOFT ]»rograin pcrforms a Monte Carlo -imulatioii of (p scaltorinir via plioloii cx-
chiiiifte. Thc program was primarily written to modcl thc photoproduction processes and
rclics on thc plionomcnolos;ical tnodch n*cd to dficribc tlie intcractions of real photons.
EPSOFT can sinuilate thc soft diffVact jve and non diffrartivo collisions of Ihc oxchangcd
photc-n wilh thc proton. Thc photon is assumcd to intcrart via its hadronic striirtiirc dc-
scribi^l by thc \. Thc cross scctions arc calculatcd form tlic paraniotrizations of thc
hadronic and tho photoprodurtion data and thc hadronic final statcs arc gencrated uni-
formly in thc limitcd pj phasc space. The EPSOFT program may bc also uscd to simulatc
thc Dccp Inclastic Scatlcrin^ charactcrizcd by high virtuality of thc cxchangcd photon,
Q1 » l (ic\"2. Thc dynamics of thc sinuilatcd photon proton scattcring is assumcd not to
dcpcnd on Ihc photon virtuality in any way.

Thc EPSOFT program was dcvcloped within the framework of IIEIWIG and was tuncd
to rcproducc Ihe propcrtics of thc photoproduction collisions obscrvcd wilh thc ZEUS dc-

t i i im | ) n - p inn i , - | [ j ) \va^ u-i-d . • \ t c i ^ i v r | - i in i h r .maly^K of thc d i t l n i c t i v i - \l\ u um
dc-i l i l n - d in Hi i ' - l l n - ^ i v . KI i n n i h r point ut v icv ,.]' \\i\~. s lndy EPSOFT li;i- (wo m . i j u i ad -
v i i n l . i n . ^ „v. -r Ihr "cnrr.il |)iirp,,-r MC pn.m.uns likc IIKIW'Ki 01 PVTHIA. H provid.- •>
l n ' t t r i dr-i l i p t i u n of t l ic II EU A da ta and (hc n-n ha-i a f t i l i ronlrul I A I T a l l thc --<<-\>- uf i h r '
CVrnl n<']| i 'r;Mi(H).

I hc ncxt M'dions dc^c r ib r in d i - l ü i l t h r a l e , ü i i t h m of ncniTat in" an cvcnt in Ihr FJ'SOF'I

6.4.1 Electron vertex
Thc cvcnl ^ciieration S ta r t s froni rhoosina; t l ic y and (j2 variables dctermining thc kinnuat ics
of Ihe clcctron vertex in thc cp collision. Thc t'ollowinn s l ight ly simplified Version of thc cross
scctinn fonnula froni V.<\. - t . -t i-, nsed:

n l '2(1 -y)
"t .. "LMI.M

The cross sei-tions for scattcrinc, of tr . insv<>r--c and l o n n i t m h n a l photons on [irotons, nf \__
and ^t'Vt.u- '"'''' ea lcu la lc r l fn.m Ihe ALI. M parainrtnzalion [ i t l ] , II relies on a l{cni>c type
of relation -^ini i lar to Ei|. '2.\ w i t h [>omcron and renncuii intorccpts (hat may di-pi'ud cm
Q*. ll was t i t tc i l to a lara;e nninber of [»l iutoprodi i r t ion and DIS data points and providoi a
sniooth tran-jition betwccn thc (wo kincmaiicül rcnjons.

l he actual wcights a-^si^ned to the »rncratcrl r\-rnts rorrespoml to thc to ta l cru" scrtion
\]L<\. ( ) . l ) scakd down b\c [Victor dcpcndinn on thc type of the iiibpmns'i. Thc suil
non < i i f f r a c t i v c jjroccs^ i^ a-^umcd (o C U I I C - . J I O I H ] lo W /i of the t u l a l cross scrtion. In t]»1

photopnidnclioii regimc all l he diifracihr piurc— rs simulatr'd by EPSOFT add np l o idmiil
ll)',( of Ihe to ta l cross srdion. l h i > ICMM--. -.unic --pacc also für (he hard type of iiitrr.K-tioiis
that havc to be simulatr-d wi t l i othcr MC proRrams.

Oncc thc ITOS.S scctlon is ovalualcd and the clectron \'erlex is "encrated. the collisjon of
Ihe cinil tcd photon wi t l i thc proton is '•iimdatcd followint; onc of the algorithms dcsrribc'l
below.

6.4.2 Soft 11011 diffractive collisions
Ihe sofl non dif f racl ivc roll isiuii- of hadnui ic |thoton? w i l h thc jao lun .irc ^cncralcd in
EPSOFT accordin" to Ihe followin« a la ,or i thm:

1. Thc iiuinbcr of char^ed paiticlc.s in the fitud statc i- chusen. Due to rhar«c conserva-
lion. il S> ncncratfv] in t er m* of a nuniber of pairs of chargeil particlcs. u. The nenaiive
binomial d is t r i lmt ion ( N B D ) i:- u^-d:

whcrc thc width parametcr. l/i- - 0.1)21. was adjuslcd so äs to obtain Iho best de
scription of thc traf k mult ipl ic i ty shapcs obscrvcd in thc photoprodnrtion collisjons at
ZEUS. Thc mcan mult ipl ici ty of charaH particlc pairs is calculatcd from the relation

+O.Sfi.



Figurc 6.1: \'alcticr qtmrk ftarour contirciioif bcficccti thc collidtng particlr-s nnd ihr
hadrons pivduccd in a 'tp ncatirnng. äs impli'inrntrd in thf EPHOFT MC program.

whcrc M - U ' - ni, - u>2 '^ tho c.in. onrr^y rcdurcd by t In- rcst mass of thc two
colliding partirlos. This rolation was obtaincd fron) a fil to t he pp and pp dala and
was laler scaled by a constant factor to dosrribo thc multiplicities obsorvo<l at ZFl'S.

2. Tho particlc contonl« of thc hadronir final stato is choscn. In ordcr to ai i tomatiral ly
consorvo charge. isospin and stran«cno^s tho tlavors of thc valencequark« of final stato
hadrons arc gcnoratcd acrording to Mio scheine dcpicted in ¥\e,, (> . l . In t l i is algorithm.
adding a ncw hadron involves cxtcnding thc qnark flavour chain by one clcmcnt. Tho
now elcmcnt may bc cither ono of liglit quarks or a diquark linc. This is solo<-tod
randomly with probabilitics adjustod such äs to producc hadrons in ratlos similar
lo what was mcasiirod in hadron hadron inlcractions [f>7]. Whon thc valonco quark
Havors do not uniqucly dolino tlic hadron. thc onc wi th thc smallost mass is clioscn.
Tho procodurc is rcpcatcd t i l l the chargcd multiplicity 'l • n is rcachcd.

:{. Thc transvcrsc momonla of Ihc parliclos clioson in tho provlous stop arc »cncratcd
from thc probabil i ty distribntion

dti ( t i . l )

whcrc m donotc-5 thc nia«.s of thc hadron. For stränge hadrons thc slopc of a - ii is
uscd. and for all othrrs it i<; a - 5.1, ai indicatcd by fits to hadronic data ]6S, 75). The
transvcrsc momcnta are dcfincd with rcspcct to thc photon proton collision axis.

I. Thc longititdinal niomcnta arc gcneratod froni tho Hat rapidlty distribution u^ine; a
tochniqnc similar to that of Jadach [70]. Caro is takcn to assign thc highcst and thc
lowcst rapidity to thc hadrons that inhcrit Ihc valcnro quark fiavour of (he incidcnt
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Figure 6.2: Thf diftnbultan oj thf taftil t nrrgy in tlt< cntnnmrtcr (<ij nnd tlu inulfipltcitu
of track* drliclid in fhi itgtoit <>! - l . ö •: i/ <' l..r> ib) i» th< faggrti pholoprotittt-ftfHi irrnff.
Thr l» hrinotir of ihr ZI'~I S diifti ipfttnf.^) i- irproiluird bt; llu M( ' aimulfilinn isolul t t n r )
trhfir th< dominant -?ofi nun difli-tirtin ffmipftm ni «-«-• <aitiulat(d u-^ing EI'XOFT nlu*hrd
lim).
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Table 6.3: Thr ni-rrngt H)ttltipltrttnfi nnd fh<: mtan / r f l i t s r f r.-i mnmrnlti <tjdiffi n n! parliclr*
in soff iwn diffrtictirr phnloprodurtion r mit.« sitniilatcd tnth thf EPfiOFT program. Thi
collisinn t-orrmpnndf io e.m. rni rnii nj \Y - lS I ) ( io \ ' .

part iclcs. Thi? opcrii t iun
onlcrcd in rapidi ly .

n parliclo ( 'H i r t . Thcdl l i c r \n stops :i and l s|)orial carc is titkou 1.1 i-n^uri ' «-ncrny aml n i o n i i ' i i t t i n i r r n i s c r v . - i t i c i n in Ihc

produrcd ovcnls. Tho hailronir limil -.(.ito^. of tho cvont.s "om-ratcd w i t h t h i ^ a l ^ u r i l l i i n havo
all thc propcrtics charactcristic for soft non difi'ractivc hadron hadron intorartionsdcsrribod
in sortion '2.2.1. Thcy also acconnt for all iho gcnora] fcaturos of tho photo|)rodnrtion ovcnts
obsrrvod with Ihc ZEUS dotcctor. äs ilhistratod with two cxaniplcs in Fi^.ri.2 Tho plots sliow
thc distr ibution of tho lotal onorc,y in tho ralorimotor and tho mul t ip l i r i ty of trarks dctortcd
in thc rogion of -1.5 < >) < 1.5 in tho taftt-od photoprodnrtion cvonts at (U ' ) - '2IIIM!c\'.
ITic hchavioiir of thc data l i^oint 1 ; ) is rcproduccd by Iho MC Simulation (solid l inc) whoro



r lu- dominant *(jl"l nun diHract i \<- ruiiipuin'iil wti- -imttlatod u-iug EPSOF1 l<la-!i<-d line;,
Table ( i . : ) li*ts t l n > aveia^i ' m n l t i p l i r i l i c s am! l iansvcrse moinenta o[ d i l f e r i ' n l p a i t i r l e s in

nun d i f l i a r t i vc pliolopiodliction colli-iun- ;il l l i c ' r. in. ouorgy of H' = IS()( lc \d
ivi r l i t l ic F.PSOFT pro«ram.

6.4.3 Elastic vector meson productiou

\Vhcn tlic EPSOFT program is »scd t o s imulate thc elastjc vector meson prodnction, -,p — *
l ' ;», t he f>°,^ and 0 mesons arc randomly chosen with thc probabilitics of SO'/f , KVX and [il'Ä
rcspectively. Thc mass of the p° vector moson l« gcneratcd froni a relativistic Breit -Wigncr
shape. while tho u.- and ö masscs are approximated by conslants. Thc kincmatics of the
',)> interaction is then miiquely dotined by ouly one variable, namely tlie squarc of the foitr
niomciitum transfcrrcd by the proton, t. It i* geiieratod according lo the followino cross

formula:

where tlic dcfault valuc of (hc cffective slopo is hfl = H) (leY~2 and may bc oa-ily redcfincd
by the »sor of thc EPSOFT program. Tlie l'actor .-l, dcfining tlic woiglits as^iancd to thc
genoratod MC ovcnts, i« citlier set to Ihc value spccihed by the nscr or is calculalcd froin thc
cross scction formula in Eq. (Ui a« describcd in scrtion (i. 1.1. The dc-cays of the clastically
producod vector mcsons:

• u.' —» ~ ~ ~ . 'l '• . " '•

arcsimnlatcdassiimings-channel hclicity ronservation [1]. [}y default a dominant ly t ran*vor-
sal polarization of thc cxchaii"ed pholons i? assnnicd which is a goml approxtmation only
i'or Q2 =» 0. If EPSOFT is iiscrl in thc BIS rogimc the relative contributions of tlic thc
Iransvcrse and longitndinal polarization stati-s has to be specih'cd by thc uscr. Tlic par i of
Ihe EPSOFT program rcspon^iblc for - i m u l a t i n g (he dccays of \~ector mcvon^ rclies 011 Ihc
code dcvcloped by C.Lcvman [ 7 l j .

6.4.4 Diffractive photon dissociation
At the bcginning of the Simulation of thc diffractivc intcraction ',p -•» Xp in Ihc EPSOFT
program Ihe ( and the M\s arc rhoscn. Thcy arc gencratcd froin thc following cross
section formula:

t-i-pi^s-i • ')

whcrc thc constant terni (" - l). 11 drhning thc ratio betwccn tlie singlc diffractive cross sec-
tion and total onc was takcn froni a fit. to tlic hadronic and tlie pliotoproduction data [7. S].
Tlic soft pomeron intcrccpt has a dcfault valne of o / ' f t ) ) = 1.1 and may bc casily mod-
ificd by thc uscr of thc EPSOFT program. Thc effcctivc exponential slopc is sct by de-
fault to birl = 6(Ic\'-2 in accord with thc rcsults of the measurcments [7, S] but may
also be redefined by thc user. The dissociated photon mass is gcnerated in thc ränge

pimi jn;i-- ,md H dnntti^ t In - 1 .111. ciii-rB,y
i hosc'ii w i l l i Ihc samc t i | « i » i i l hm :i-~ t ha l
i* envi i ic" . t l n - concct i r a i i s i t m u bi'twifn

.1/\, aundiug gap- a m l ilmiblc-
iudi' wh< ' r< ' t l i c rros- -if-rtioii ul the ela.sMr

i MH l 'i • ni-o }- •: M^ ,; II. l U " - . v. |, .-n •! , , . . is ;

u| thc -p •ivstcm. Thi1 v i '<- |n i nifsni i I M . I S S D/I !
ii'-c«! ior t l ic S imu la t i on « ' ) die daslir p n n c - s , T
du' re-iuiant and thc 11011 rc*otianl n-!>iu|] >..f i h r -
c i H i m i n n . In addi t ion. EPSOKT may be UTI| in a
|j[,ic.-ess ilelined by tlie fai'tor .1 in Eq. li.'i is . hi..sen i>»ch tha t thc hnite ma.^-- -um rnlc [7, S]
i-^ fulhl led. Thi- rulc st a tos tha t the ex t r apo la t i on of die high .l/v l>chavioiir ot thc singlo
diffract ive procoss [Eq. (i .f t) into the lo\ ma-s region dehnes thc averagc bchavionr of the
resonanccs inr luding thc clastir scattcrin«. Tlii- cnsurcs a correct t ran«it ion (Vom tlie clastic
lu thc non clastie Mx region also in tenns uf thc cros^ seotions assigncd to tl ic EPSOFT
evcnts.

Once thc / and M_\- arc chwsou, thc pruton verh-x in the n-artiuii •,/> -+ Xp
\- c.-dculatcd. In Ihc la-t ^lc]> t l ie hadmnir lin;d < ta (c A" i* *imulalcd using thc method
in-])ircd by tlic c\|)erimi-ntal ol^ervalion- di^rtibed in Motion 'l.'l.'l. Tlic dal a «-uggost* that
difiraction may \><- modi'lleil a.* an cxrhann''of an objrvt thal . in collision with thcdi?sociating
particlc. Irads lo a f inal -täte s imi la r i n l l i a l in non d i f f rac t ivc hadron hadnui *cattcring.
Thi* objcrt will be latcr called a poiner<ui. a l d m u n h ihe relal iun with t h c > ponn' ion trajei'tory
introduced to cxj i lain Ihc growth uf t h " - t o t a l ITO-* «.crlioiii is not dirert |scc -ortion 1*.2.!I).
IvllowiiiR this ubscrvatioii the hadrun i / a l in i i <il' thc plmlon di— ociatrd sy-ti-m i* simnlatcd
in EPSOFT usina, thc a lgur i l lun dc-i-ril*c<l in Motion t i .1.2 and alrcady implc-mentcd in the
program for the non d i f l ra r l ive cliaiincl. Thc imly dilfcrcncr is ( h a l iustcai l uf gcncratiiig
du' - / ) collision .tl a c.m. i'iicrsy M ' , a rollisiuu <-f t l n - jthoton w i t l i Ihc ponicnm at a r. m.
ciu-rgy M\s ^imulatcd.

6.4.5 DifFractive proton dissociation

Thc EPSOFT prugram can aNn s in iu l a t r proc
-,/i — * l 'A'.A.V. Tlic rurrospoLnlin" rruss s.-rt
'/ ' "^ ^ /'. A/'. vvhiTc the proton i'iin-racs in lac l

i/: T ( - / i

jm-u lv iug Ihc di-i-nciation of tlic ptuton
is calrniated in ri-lalion l« the rrartion*

'I he h'rst t.crm in lliis fonnula dcsrribe'- die- crus* scetion for t l ic procc>ss \v i th Ihc proton in
thc final slatc. Thc sorund tcrm detines thc ra t io of probabilitio« thal Ihe proton dissoci-
atcs into Ihc nncleonic systcm N to l h a t in which it nnorgcs intact . It is dcrivcd froni a
|)aramctcrization of thc />/> -> ;'/) and /)/' ' l'-^ rross scrlions dcvelo|»cd by C.Wolf [72] and
bascd on die dala froin (7). Thc hadronir cro-;- ^ection* T(;»/» * pX.pp) wcrc evaluatcd at
thc c.m. encrgy \\'. The faclor D.5 acronnts foi thc fad that in pp --> p\g thcre
arc two protons which can di*sociatc. Thc mass of tlic nncleonir system is gcnerated in the
ränge (1.25CcV)2 < M$ < 0.1 • M' J .

Thc haclronization of Ihc nucloonic systcm A' is simnlated with thc same method äs that
used in case of thc photon dissociation t^ee section (i. 1 .1) . Thc algorjthm implementcd in
I'.PSOFT for tlic non diffractive channcl i- u^ed to calcnlate thc collision of tlic pomeron with
thc proton at thc c.m. encrgy Mt\. In case of thc double diffractive proccss the hadron i zation
of the dissociated photon and the dissociated proton arc simulated indcpcndently.
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Figure 6.3: Thr ti-nnsvcruc mnrnrntum diftriktifion of Ihc track irith Ihc largrst j>j in
räch crcttt abscrrcd i'i thi data Ipointf) a'inpand In Ihc rt-fttlt ff Ihc MC Simulation Ifnlid
hintogram). Thr $vfi and Ihr hard M('cornpnntnts <tir $hou'n äs dafhrd and dottcd histograms
rcfpcchrrly.

6.5 Combining diffcrent MC subprocesses

In ordcr to corrcctly describr the shapes of t In* j)l icitoproflurtion c-vcnls observcd at ZEUS
thr MC sample? rorrcspondiiig to (he diffcrent snbproccsscs had to bc combined in Ihc
ratlos similar to that betwecn the ccjrrcspoiidinp; photoprodiiclion cross sections. Sincc Ihr
models uscd tosi innlatclhe subprocesscs oivconly a ruugh cross scction cslimatc tlir relative
normalization of tlic MC samplos was infornxl from thc data.

In thc first stop (he MC samplcs '•orrosjjondiii!' to soft and hard non diffractivn conipo-
ncuU \\-r-tr combinrd in a ral io that c,avc tln1 bc^t df^rription of Ihc transverse iiionicntiitn
dis t r ibut ion of thc track witli thc largcsl ;»j in räch cvr-nt obscrvivl in thc data. In Fig. (>.Ü
Ihn Icading track ;>j spcctmin is roinparod to such a combmation of thc M(' samplcs. Thc
daslifd and thc dottcd liistugram« show thc rontribulion of thc soft and tlic hard MC rom-
pononts rcspcctivcly. Thc obtaim'd ratio lictwccn thr hard and tlic sofl M(' compononts
dcprnds on llic \vay Ihc hard procrs^cs wrro sinnilalcd. For thc rase of a hard MC compo-
ncnl. Rcnoratcd with /)/ „,,„ -- 2.."i <Ic\'. it corrcspondcd to l ["A of thc non-diffractivc sample.
vvhilc for pt „,„, = 5 (JoV ü was onh' abont T/l.

In thc ncxt stcp tho nun diffrartivr MC sample was combincd with all thc cüffractivc
subprocesses. Thc relative contributions of thc subprocesses wcre adjustcd according to
t.hc r.itios of the corrcspoitdini; pliotoproductlon cross sections measured at HERA [28,
15]. The non diffrartivc rross scction <T„,J - !H ± 11 ;<b JÜ8] combincd wilh the total one
v M ~- \\'-\±. 17/ib [2S] nicasLired at (U'} - 180 (!e\ were uscd to fix the contributlon of
non diffractlvc processcs in the MC Simulation at (>1 ± S'/f. The photoproduction cross
scction of the clastic p" prodiiction of <T|- (J) --* p°p) = 11.7 ± 0.1 [15] corrected for othcr
liglit vector mcsons [l] and non clastic prodiiction mcchanism was used to detcnninc thc
cuiitribution of the proccsses ;p -» l p. \'.\o bc IS ± '.\"A. Thc remaining '21 ± 8'X of tlic

l i d l i i p r o d m - i u i n inl t ' r .u-rui t i ' . wric j iss j^ncd in thc ' I d l i a r t i x ' r phu tu i i d i ' - M K ' i a l i u M pioci-s^cs
/ ' ' A / ' . .V .V. Thc rat in hi-twci-n l l n n u n i l n - i i > l difl"i;n t I M - M i l i - i a i ' t i n i i - w l n ' i i - 11 n - | > i t > l « n
i i !r i»i-s i i i l ; i . - | |„ ihr i n l i - i a r l u n i s wh i ' i r l l n - p ro tun f~ d i—m i i i t i m i In |MG,|UT ni;i" n i i c l r u i i i c
l a t i - \va= inti-ncd froni thc \vcis,ht^ a^- i s in 'd tu t h« 1 « inmla tcd cvi-nts by thr MC « rnrn i lu r



Chapter 7

Measuring diffraction at ZEUS

The following chaptcr presents tlieexpcrimental teclnm|iies ufcd in this s tudy to kirntü'y the
photoproduction events corrcsponding to diffractive processcs and to reconstruct thc mass
of the photon dissociated system.

7.1 Selection of diffractive events using CAL
The events corrcsponding to diffractive prwesses were selcctcd by rcqiürine; a gap in llio
rapidity distribution of the final state particle?. In the hrst of thc presentcd analysis. the
p-] spectrnm mcasuremcnt, the forward pari of the rcntral calorimctcr was uscd for that
purposc. All the cvents whorc the pscudorapJdity of thc most forward r-ncrgy dcposit with
energy above 100 Me\", ;;,„„. was below '2 were classitiod äs diffractive like. Thc rapklily
gap in thosc events extcnded at least to the edge of t h c > FCAL at a psendorapidity of !.:{.
Thus, in the ;p c.m. systoni the gap spans approximately over the psenclorapidity interval

Figure 7.1: Thc acccplancc of thc triggrr and thc ^mar < 2 cut (dashcd hnc) or thc PRTl
cttt (solid linr) for thc diffractive proccss ;p -t Xp simulated with the i\Z MC program vs.
the mass of Ihr dissociatcd stafe X.

12 14

M.«« (GeV)

Figure 7.2: Thr acccptancc of lh< Inggcr and Ihr i/,„.,T < 'l cut (ttafhrd tun-} or thr FRTt
ctit (ifoliii lim ) for thc procfss procrmt -,p —• \,\ u-ith thi EI'SOFT MC program
O'. Ihr rnass of thc nuclcontc ,*t/vfi'"i .V.

of -0.1 < >),.„.. < 2.2. The rombiiieil acceptanrr of l ho lrie,c;er and thc i/„.^r < 2 r i t t for thc
dif lrar l ive proccss ';/' --< A";i situnlated wi th thc N/, MC prograin is presented in Fig. 7.1
a.-= a funrtion of thc niass of the dissoriatod plmtün «täte. In the regiun öl M\ -((ir\".
where a « igni f icant frartion of thc produced p.irürles e-rape tl irmigh the Ix-ai» pipe hole in
RCAL, the acceplanre is rcducod due to t l i < > calorinn-tcr triggcr inerficiency. As M\*
the accr-ptanrc rr-achos SO - ÜO'X- At M\ l- lCW Ihe arrcptancc falls again sinre the
jiartirli 's froni llif dccay of the dissorjatrd sy^lem •-tart re.arhing the rapidi ty gap rcgion.
In Fi«. 7.2 thc arccptanco of the triggcr and the >j„. 1:- < 2 cnt for the -,;» —» A"-V proces-.
simulated wi th the EPSOFT MC program i^ shown äs a functioii of the nuclconic «y^ t r -n i
masv. Tlic arrcptance l? highcst for vrry l i>w nias^e«. AI .U.\ l GcV i l d ra^ t i ra l ly falk
siuce thc dfx'ay [>roducts of the A' sy«toin st.nt reaching the FCAL and the cvcnls fall the
rapidit.y gap cut .

7.2 Selection of difFractive events using PRTl
In the *rcond stndy. the jl/.v analysis. the diffrartive events were selected by refpiirin« no
charged part iclc hits in the proton remnant, taggcr. The PRTI ruvcrs the laboratory psen-
dorapidity interval of l.Ü < t) < 5.8. which in thc -tp c.m. system approxiinatcly corrrsponds
to 2.2 < !}.,_„,_ < 3.7. Tlierefore. the diffractive likc cvents selected with the PRTI have a
rapidity gap shiftcd by over t wo psciidorapidity nnits into the proton fragmcntation region.
comparcd to thc events selected with the i;,„,,r < 2 mt. This aüows to study diffractive
interactions with much higher valnes of A/v and to reduce the contribit t ion of the proton
dissociation process.

The PRTl was operational for thc first Urne in !!)!)!. Thcrefore, a numbcr of tr-sts wcre
pcrformed to ensure that the quatity of the data provided by the dctector was satisfactory
for this analvsis. These tests are summarizcd bclow.
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Figure 7.3: Thr spcctrum of thc signal from ckanncl - of Ihc FRTl in taggcd photo-
productio» r r rn /s t solid hiztogram) anii thc shapr of Ihr fprclnim in cmpty rroi/s Idottrd
histogram). Thr diftnbution* arr sAoini m linear (a) and in loga rühmte reales (b).

7.2.1 PRTl performance
As discussed in scrlion t. 2. l thc PRTl consists of two pairs of scintülator countcrs rcad oul
by PMs, inslallcd in thc front part of t h< ' ZEUS detector. The S|>ectnim of thc signal froin
onc of thc PRTl channcls |e.g. ch'2) in tagged photciproductkm events is shown in Fig. 7.3.
Thc distribution has a ]>cak at ch'2 ~ I) and a tail extending l.uwards vcry high amplitndcs of
thc PM slgnal exprrssed in couiits of thc rcadcmt analog to digi ta l Converter. A vory similar
bchavionr of the speclriim at ch'2 « 0 was obscrved for cmply events collccted with a random
trigger indicating tha t ihr pcak is duc lo pedestal Hncluations i t i events with 110 hits in thc
PRTL countors. Thc corrr-spcmding spect.rum is shown äs a dashed hislogram in Fig. 7, H.
In ordcr to bcttcr visualizc thc PRTl rcsponse to chargcd partkle hits thc data sample
was limited lo photoproduction cvcnts wi th thc tolal energy in CAL ^(l„ > 5l) (JoY. These
cvctits are dr .minantly duc to non diffract ivc proccsscs wi th low probability of a rapidity
gap in thc PRTl rc^ion. TIic rcsulting d i s t r ibu l iun is shuwn in Fig. 7.1. Tho rcmaininR
fontributict i i from cvcnts w i th no PRTl h i t s was • i tat is t ical ly snbtractcd usint; empty cvcnts
rollcctcd wi th random trigger to paramctrizc the shapc of Ihc pcdcstal peak. Thc resulting
spcctrum, shown äs a dashcd histograni in Fig. 7.1. corresponds to the photoprodnction
events wi th at lca«t unc chargcd partirlc hit in th i« PRTl coiiutcr. Thc spcctrum has a
niaximum at ch'2 ~ "II ronnts corrcsponding to thc deposit of onc minimuin ionizing particlc
( M I P ) smcarcd by thc largc dclortor noisc. Due to t l i is noise thcrcarc no additional maxima
from two and morc MIP hits. A similar analysis sliowed that the MIP peak in channels 3
and l is located approximatdy at ch'A ~ !H) and f h l ^80 rounts. Thc first maximura i»
t he signal spcctrum of rhanncl l was at ch l ^ HO counts. This is consistcnt with thc known
f.irt that the high voltagc ( H Y ) supplving the eorrcsponding PM was accidentally sct at a
too low valnc rcsulli i ig in thc gain rcduction. Figure 7.-1) prescnts thc corrclation lietween
Ihc signals from r/iit and ch\n photoprodnction events with Etlit > •*>() ('O\'. These readout
channcls correspond to two scintülator coiintcrs rovering the samc arca. Apart from the
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Figure 7.4: Thr sprHrum of thr signnl from rkaniicl J ff thc PUT l i» taggrd photopro-
dnction rmttf witli thi total t ncrgy in <'.\L Etat > •r)ll Gc\' i.inltd histogmm) and thr *hapi
of thr sprcfrum n> cm/i/y erenta Idottrd htstogram). Thc diffi-rt ncc brtirccn Ihr lii-o t-prctm
cori'cspondfi lo thr phvtoproductinn rrrnts u'ith nt Ira-ii onr chargcd partiell hif in this pnii
of Ihr riiTl t<ia»h<d htttogram).

larc,c pcak l ion i evi-nt1- wi th no hits in this part of the PFiTl a ••econd m.iximum at r/i^( ~ !H)
and ch l ^ 811 roiin t? dne to a singlc charge<! partirlc crossing botli layrrs is (»bscrvcil.

In l l i i - ^ analy^is the threshold of 00 counts is iiM-d to di'-iTiminal.e bclwccn thc sjnn.-d
and thc pcdcstal t iuctuations in cach of thr PRTl cnuntcrs, Thi? Ihrcshold is mar1\r-rj «is a
solid linc in Fi?. 7. l and 7.5. Thc poor scparaüon between the pcdcstal pcak and thc sign.d
introduccs clfecti\rly somc accidental lags thc nohe, and thc t abging ineffiricnry. Thc
noise was csl imated nsing empty cvcnt^ collcctcd w i t h random triggcr a.nd corrcs]Knnling lo
thc bcam cnissing^ whcrc Ihc clcrtron and prol.Dn liunchcs wcrc cmpty. Thcre. thc fract.iuii
of events with thc PRTl Signal cxroeding the 51) rounts Ihrcshold wa« mcasnriil lo lu-
ll.(i ± l) . 'J / i . This nnnil .er is similar for all l'onr ehanncls. The samc frart ion ra l ru lü t i -d nsing
ri'cnts rcilli 'ctcd w i th random trigger but, rorrcspondiug to crossings whcre bnl.li clcrtmii and
p rot on buiK'hes werc filled is 1.1 ±t).H'/i. Thi- numbi-r arronnt- for Ihc detcctor noi-r äs well
a.s tho bcam rclated backgronnd.

Thcefhdency of cach of Ihc PRTl ronnlers was calculatcd äs afracüoii of thc cvcnts w i t h
rhargcd particlc hits whcrc thc signa! from thc count.cr cxcccds Ihc thrc-hold of -r)l) counts.
Thc PRTl spix-lruin for events with rhargcd partirlr h i ts wa.- obtaincd by s ta t i s t ica l ly ^»b-
t rac t ing Ihc pedestal peak duc to events with no hits from the measnred distr ibut ion, a
procedurc analogous to that illustrated in Fig. 7.1. Ilowever, thc calculation was performcd
for cxartly thc type of events that are rcsponsiblc for thc non diffraclivc contamination in
the M\m measuremenl, nanicly thosc wi th invariant mass rcconslriicled from Ihc
CAL M\tf < '-VI (icY (scc scction 7.:i). The tagging cfhcicncy obtaincd for thc rhanncls 2.
:( and l is 117.8 ±0.5'/i. Thc cHiciency of rhanncl l sutfcring from loo low sctt.ing of thc II\s !HI.5 ± 11.5'X. which is also salisfactory for this analysis.

Thc abovc eslimations of thc PRTl cfhcicncy werc vcrihcd n«ing an alternative method
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Figure 7.5: Distribution of Ihr Signals Jrom two PRTl counicrs cni-ri-ing Ihr namc arra in
laggfd photoproductio» crcnts trifft E,,-,, > ">0(io\

t hat itivolvcd stitdying tho responso of thc rountcrs from onc laycr i» sample of cvrnts with
chargcd particle hits in PRTl solccted using thc countors from thc othor layor. Thc rcsults
werc consislcnt with t hose of tho nicthod prescntcd abovc.

In this analysls t ho events woro classificd äs non rapidity «ap if at least onc rountcr from
räch of thc two PRTl laycrs prodttcod a signal of morc than .">() coi in ts . This ta« i» ing mclliod
wi l l l>c hcroaffcr callod thc coinridoncc mctliod siiiro it reqiiircs the dctrction of Ihc chargod
particlc in bot h PRTl laycrs. Tlic ovorall (anging efh'dcno dorivod from thc singlc countor
ofh'cioncics is 02 ±i).T/i. Thc rato of accidenta.1 tae,s duc t o tl ic detwtor noise and Ihc bcant
background was cstimatcd using random triggcr events lo bc 1.1 ± O . Ü V i .

To cross check thc scnsitivity of thc final rosults to thc PRTl noisc and inofficiency,
thc cntirc analysis was rcpcatcd nsing an alternative tagging method whcre nu coincidcncc
bclwccn tlic two PRTl laycrs was reqiiircd. All cvcnts whcrc thc signal from any of thc four
counters exceedod 5l) counts WCIT classifiod äs non rapidily gap. This sclcction mcthod is
rharactcrized by an ovcrall tagging cfficicncy of 96 ± U..V/I. Thc noisc and thc background
rcsiilt in thc PRTl tag in L'.:i ±0.'2'/ of cvcnts.

Thc diffcrencc in thc final rcsiilt obtaincd iising thc two tagging mcthods was uscd äs an
estimate of thc svstcinatic crror duc to thc inefficicncv and thc noisc of thc PRTl.

7.2.2 Simulation of PRTl acceptance

PRTl is rovcring t he region of vcry small polar angles in thc forward dircction. In thc
non diffractive cvcnts this region is populatcd with particles having relatively large energy
duc to thc forward boost of the hadronic c.m. systcm. A Ml MC Simulation of the hadronic
and thc clcctromagnetic cascadcs in this region rcquircs a lot of Computing. To simplify
Ihesc calrnlations a special technique of shower tcrminalion is uscd in thc ZEUS detcctor
Simulation program, namely only niore energetic particles in the cascade arc traced and
the cncrgy dcposited in thc detcctor matcrial by low cncrgy particles is calculatcd from

thc p . ' i ramrl i ixa l ion ut i h c f e s t l U M m d; ihi [ i l l ] . This s inn j t i can t . ly -j d- i t | > l h r > n m i p u t i n n
l u d may i i i l md HI r - - M I I I C i n i i r c i i i . n \>-~ j n( i > l l i c •iimiil. ' i t iun t i f thc dein lor- M - n x i i i v e t o luw
r n i T n y | )a i tn- l i - . hkc PRTI. l I n - -Imvcr t i - r u m u t t i m ) mav1 rc^uli in ,-ni i i i i d i - n M i m a t i o » ul
t!>c probabil i ty ( h a t PHTl Ms,1- an c-vni t licr.-insc i.f Ihc l f lw cncrgy |.;n!ir|cs l'ruin ,1 casradi-
dc\-i'loping in Ihc in.-i«libonrhui.nl uf thc dclcvtor. This cffcc! was sl i idicd iisina, a sct of
MC cvcnts simulatcd uiirc w i t h and mirc w i t h u u t thc shuwor t cnn ina t iu i i . Thr comparison
showcd (hal for cvcnts w i t h M\,, •:' '.\'2 ( i<A' thc shower tcrminalion rcduccs die nunibrr
of cvents with hits in PRTl by abont ! ) / f . This artifirial incfficicncy in the MC Simulation
with thc showcr tcrmination is- of a similar sizc äs thc ovcrall incfficicncy of the detcctor
measurcd in the dat-a. For this roason no additional apparatns rolatrd incfficiencics wcro
introdaccd int o Ihc MC Simulat ion if l he showcr tcrmination tcchniqiie was uscd. To account
for thc bark^round and thc dctc.-|<ir noise ]'/, of randomly rhoscn MC cvcnts with no chargcd
particlc hits in PHTI wcrc livatcd ;is if t höre was a h i t. To vcrify thc prcnsicui »f thc dctcrtor
Simulation t l n > -iimulalrd f r ac t i ou nf Ihr cvcnl* I n o n r d l>y PRTl wn- romparcd I n thc dala.
Iu ' ' l iminatc Ihc scn- i l iv i ly lo i h r mudcl assumptions aboul tlic d i f f r a c l i v c pmi-fises t l i i -
cumparison was pcrformrd für thc cvcnts w i t h Et.„ > -r)l) C»c\ doniinatcd by nun diffractivc
«•ollision?. Thc i'ullowina, frartiun-. wcrc obtaincd:

• D5.fi ± (}.["/< MC ^ i m n l a l i u n w i t h non difl 'ractive -,;> intcract idj i- ^cneratcd
«sin« EPSOI-T t ^ o f t ) and IIEftWIC (ha rd ) .

• 91.S ± 0.1'/i MC si ini i la t ion w i t h non dif l ' rar t ivc ' f/' intcraclion-; c,cncralod
iitinc, PVTII IA.

• !)!.!) ±0.1',; dal.u

• !)7.() ± I I . l / i . l a l a , i f t l i c . i l lmiativc tage,! n E; mctliod rcqi i i r in« nu cumndcnrc
b.-tw.'cn f h c tvn PfiTI laycr^ iv usc.l.

Thc (lisrrcpaiiry bctwccn Ihc < h i i a and thc (wo MC Simula t ion^ is imich snüdlcr than thc
diffcrcnrc hctwecn thc (wo mc!lu»K of ta««inc , thc data iisc<l for thc cstimalion of tlir
systcmatic imrrrtainty oi thc final rcsult. This coinpari^rm dcnionstratcs lhal although
only a vcry simplificd MC sinndal iun of tlic PRTl was pcrfornicd thc achicvcd precision is
siirficicnt for this analysis.

7.2.3 PRTl acceptance for diffractive events
Thc acceptance of t ho rapidily «ap ruf basod 011 tlic I 'RTl foi l l i c dilfracti\ 'c proccss
;p —• A'p sinuilatcd wi th tho NZ MC is proscntcd in Kig. 7.1 äs a function of thc mass
of thc dissociafccl state A". Abovc Ihc region of low .\fx afforted by Ihc triggcr incfhcicncics
thc acceptance is closc to '.W"/\d it is approximatcly flat in M_\. AI Mx % it tICeX" tho
acceptance starts to fall duc to particles from tho dooay of thc dissociatod systcm A" that
rcach the PRTl. Thc acceptance of !,hc PRTl ciit for thc -,p -> A"A' proccss simulated with
thc EPSOFT MC prugram i? shown in Fig. 7.2. Thc cut romoves most of thc events with
A/.v > 2 Ce\'.

7.3 Diffractive mass reconstruction
In taggcd photoproduction at HERA thc dSffractively dissociatcd photon stalc is usiially
produced with only a small laboratory momentum, dne to thc large Lorenz boost of thc -,;>
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Figure 7.6: 7'/ir rrlatio» bctwcrn thc gcnrratcd und thc rceonstructcd mas$ ofthr dissociatrd
photon f i a t c in crcntf simulatcd irith thc NZ MC program.

r.m. systcm in the proton direction. At I I ' ^ 200 (;e\ thc systrm A" is produced at rost if
M\ 20 (!cV. Thcrcfore, thc mass of thc diffractively dissociatcd systcm may bc cstimatcd
from thc invariant mass of thc hadronic systcm obscrvcd in thc ccntral ZEUS calorimetcr
without large loses duc to bcam pipc holcs. The following rclation was iised to cstimatc t ho

Tlie total momcntum of thc dissociated photon systrm, /'. is approximated with thc loni^i-
ti i ' l inal onr-, fy, sincc in taggcd photuprorluctiun the transversc nionu-ntum of thc systcm
A is u?ually vcry small [ronghly (T1/) ~ 200 Me\"). Thc mass of thc dissociatod photon was
m'onstructorl from the foilowing cxprcssion:

E, ß.

Tln1 rncrgy of the scattcrcd electron. E^. was nicasurcd in thc LUMI clcctron calorimctcr.
Tln1 E, and C, denotc the cncrgy and the polar angle of ( 'AL condensates dctincrt ;is groups
of ailjarcnt cclh with the total energy of at Icast IflOMcV, if all the cclb helonp; l o Ihc EMC.
or 21HlMc\ otherwise. The condensate Knding algorithm was run aftcr the noisc suppression
[irocedurc descrihed in scction 5.2.1. In the pt spcctrum analysis the M\ was calculatcd
l»y tumminR civor all theromlonsatcs of at least IfiOMcV. In the MX study the thrcshold was
inrreascd to '200 MoV to rcduce thc sensitivity to Iow cncrgy particlcs which suffer from largc
cnergy lossrs in the inactive matcrial before ciitcring thc ( 'AL. Both analyscs were rcpeatcd
without thcsc additional cncrgy thrcsholds and the differencc in thc obtaincd rcsults was
»scd for thc cstimation of thc systcmatic accuracy.

The corrcction factors A and B compcnsate the cffccts of cncrgy loss in thc inactive
matcrial, bcam pipe holcs, and calorimeter cclls that failcd thc cncrgy thrcshold cuts. Thcir
valucs were sclectcd such äs to givc thc best cstimation of thc truc invariant mass in diffractivo
photon dissociation evcnts obtaincd from the M(' Simulation. If MX «'äs rcconstructed using
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Figure 7.7: fn) Thc mro» rft/frn »er b*tifrrn Ihr rcconstrucffd und thr gnnrattd mass
of thc dissortnted photon in thc crctitf fimulntrd irith thc .\Z MC program. Tln M\-
culculatcd from condcnsntr.i irith cnri-gy aborr '2011 MeY f.-'n/irf Hur) i.« compaivd In thnt
obtaincd irith all thc condrnfatrs (dafhid tim-f. Thc dottrd li»c cnrn --/on^ to tt« t-rcttt,*
Simulatcd u-tth thc EPSOI-'T MC program. (b) Thc rcafllution o f t h r fii«,-,- ncnttttrin-tinji.
Thr lines karr thc snmr mratiing n> ("H fa).

the condonsatos abovc tlio oncrgy of lh()Mc\ Ihcrorrection fju'tors had t ln ' valucs öl .1 ~ 1.20
and ß = 1.0 (W. For thc mot.hod wilh thc a.lditional thrcshold of 200 MeY Ihc factors
wrre .-l = 1.17 and B = 1.1 (IcY. If no additional cncrgy throshold wa« applicd the factors
were.-l = l .Kiand B= l.:UicV.

Figurcs 7.6 and 7.7 show the qu.ility of the diffractive mass rceonstruction. In thc evcnts
corresponding to thc proccss -,p —> Xp simulatod using the NZ and thc EPSOFT M(- pro-
grams thc reconstructcd MX re-: is comparcd to thc gencratcd valuc of thc dissociated photon



niii". M\ In 'l"1 rrsjun ut -> / \, -: l (»'V tln- diffrai'tivr ma-- K r<vi.n-tniri.-d willi
Mir iT".olntiondasr !<> l (W. I>nfui1imal''lv, diic1 o n lar°rfiartk>n ff particlcs cMMpinn (hc

dein lion thron.» h l In- l>ram pipc Imlr in U< 'AI,, thr nron-li in-rion <ii Iow difliartivc ma«^rs
Miffrr-; frum misralions tmvards hiahrr _ l / v ... valurs. In Iln- ränge l < M\. < -x (>e\ In- rcsolntion of thr mass reronstriirlion \-~ HOM? tu 2 GeV and th< - linrarity K hetter Hiati

ll.")<;r\ All of t In1 nicasiiri-iiiciit'i |>n^riiti-r| in t bis tli^i^ arr- litnii^il t o tlii1^ M-»iuii uf M\. Chapter 8

Transverse momentum spectrum of
charged particles

In lliiv rha[)t.<?r (In1 <l(MaiK ul tlu' tm-.-i^iiLvnK'iit ut" tbr im'lii^ivo />j ^iirctnnn u) (liar^'fl par-
tirlcs in difliarlivc and nun diH'ractivr plioluprodurtiim arr »Ir-r^riKt-d. Tbc tric,i;i'r n^rd tu
culli-rt. thf- i-vrnts and thr «i'ii'Tal tifflino M-livtluii critcria havc- ahvady Im-n fli«-nsM'<l in

cbapt.cr •r>. Tlif furthrr analysi«; j-rlii"- cm thc inforination alieml cb.'irp,i'd particlr (racks rc-
cun-«lni'"tffl froni tb<- trackiim rliainlwr dala n^in« thr alüjorithm doM ribrd in ihr lullovviii"
«t'ftion. Ttic arlual mcasurciin'iit was prrfurmrd with (bc Hat a pas^in!» lln1 linal M'lrrtion
rnK dcscribed in si-i'tion^ S.'J and S.;(. Tbr arcrpt/uirc rorrcction prtjrodiirc and ihn pos
silili- ly^tcuiatjc i'ff'^rt= an1 di'-cu-'-c>d in M\-liun^ -V l and S.."). Tlu' iviilt^ an- |)rc--''ntrd in

srrtion S.(i.

8.1 Track rccoiistruction

At Ibc beginn inn uf'tlu? tr<n'k nvon^lrnction aliyrnitlini l ho piiKrs nira^urcd in l In- ^•iis<> wircs
of t.lir ('TU anH \"XD an' analyz^H and tln1 prcrisc1 posilion of all thc hits i^- ( alrnliitcH from
tl»r drift tini«"1 inforinaticm. Thr hits arr roml>incd int.o fiill Irack^ in thr pattcrn rrrr)p,iiition
.'dnorithni st.irtin!* with ihr hits in ihr Diilcrmo^l axial Mipoi'laAvrs of tb<- ('TU. A« thc
tra jrclory is followi-d in ward" toward-« tbc l>cam axis. morr liit.s fruin thc axial wircs of thc
CTD and Ihc \"XU ar«1 lncorporalcd. Tbc rfjuitinp, palb in tbc XV projcrtiuii is nscd for
tlir |)attorn rrcugnitton in thc ZhyTiminn and thc strrro siiju-rlayci^. Thc trark ramlidatcs
arr (bcn tittcd tu n ?> paranict.iT ln'lix modr[. To arronnl for Ihr possiblc innlti])lr ('onloinb
scattcring in thc inarti\ niatcrial hctwccn tbc YXI) and Ihc (TU thr Irarks arc allowrd
to havc a kink in Ibi^ rcgkm. In thc' ralrnlation of Ihc «ivarianrc ntatrix thr po«ibility of
multiple scattccin« in t.hc hcani pipc walls and any dc,vl nialcrial travcrscd liy Ihr trark i^

takcn iutu arcounl. For (In1 full Icnnth track« with ;'j > l (Jc\ thr rrsolution in trantvcrsc
momentum is <TPJ / ;>/ =s ().l)ir> • p/ ! • D.DKi (;»j in (iiA').

Thc rofonstructrd trarks arc useH to drtcrminr Ihr primary cvcnt vortcx l»y moans of thc

prrigcc fitting tfrlinicjuc [7t]. Thc trajcctorics of Ihr trarks assiginvl to thc primary vrrtcx
arc thcn rcr\aluated with an additional coiistraint from thc vcrtcx position. In cvrnts with
charged. partiflc tracks, thr position rcsolution of tbc rcronstrncted jirimary vcrtcx 1s 0.6cm

in thc Z (lirrrtion and 0.1 rm in thc XY plane.
In 1WKI thc ZEUS CTD and VXD wcrc futly oprrational for Ihc first timr and not all of

tbe detcctor effrcts wcrc fnlly nnckrstood. Also the M(! Simulation of tbc trarking dotrct.ors

fil



wa- i n > l ye| f ina l and -omeul ihr > u b l l r efforl werc not n-prodmvd. r. g, n i n i | > l i ' M t cd Hcrlroii
d r i l l in t l ir re!>ions of inliuimigrm-ott- masnetic tield at t In? einl*- of the r l u i n i l t r i " . I h e M < '
" imi i l . i t io i i i- i iM-d in t h i s -.tiidy in < I > M V < t t l ie i lata W the limited dete.;lur m'< i ' p lanre and
if Hfl all of the efleets arc ap j i r op r i a t e ly siiniilatod t ln1 accitracy of the correclion miejit
be rcdiiced. Tu verity the <\zr »\- potent ial iiiaccuracy. the analysis wa- rcpeated wi th
an alternative sample of MC evcnt«. vvheie ihr perfunuance of Ihr I racking -.ystem was
aitih'dally clcgraded. This sample was obtaincd using a tracking rcconstrnction rodi: wherc
two modihcalion? were introdiiced. Sinco in thc data only about :j8'/i of thc tracks wcrc
reconstructed including thc infonnation from thc VXD comparod to over !H)'X in tho MC
Simulation, in thc alternative rcconstruction codc thc VXD was not uscd at all. In addition
10/i of thc hits in thc (TD were randomly romovcd to rcduce tlic average numbcr of hits
uscd t.o rcconstruct a charged track in thc MC Simulation to tlic levcl obscrved in thc data.
Thc superlayer closc.'-t to tlic boam |>i[>c was ejccluded IVom this procedure.

8.2 Offline cvcnt selcction

This analysis is hasrd on thc offline data sample dcscribcd in rhaplcr 5. Thc offline t r ig-
gcr rurrcction and thc ü t a t i - i t i ca l l.>arks,rouiKl -ubtract ion wcic pcrforincd a* discusscd in
wcticui'i 5/2.1 and •r».1^.^. Only llie rvi-nts w i th an clcctron cncrs^y nicasnrcd in tlic LUMI
calorimotcr in thc ränge l-'i.'J < E..' < IH.2 (tc\ wcrc uscd. l imi t ing thc ~,p r ,m. energy
to thc interval of 1(>7 < II" < 1!H <!c\". Thc lon^i tudinal vertcx position dctcrmincd from
tracks was requiied to be in t he ran«e :iö rin < 7.Vrrc-^ < -r> c tn- The vertcx cul limited thc
data sample lo thc rec/iuii of iinifonn dctcct.oi arceptanre. The rosmic ray barkground w;is
^iipprc^s.xi by rcqi i i r ing t he Iran^ver'-!' intinn-nl um imbalance nf t he dcposit« in thc inain
calorimeter. / ' ,1P i i ,n , . re la t ive to t In- -.qnare root of thc total transverse energy, \//T^, tu bc

small: /*„,,„,«,/v^i" < 2 \ / ( M - V .

The data ^aniplc wa< dividcd into a d i f f rac t ivc and a non diffract ive subsam]>lcs using
the raj i idi ty gap cut. uf i;,,,.,, < '_' describcd in scction 7.1. Thc final non rapidily gap data
sample consist.ed of l Il tk cvcnt^.

The diffractivc like data *ani|>lc' wa« analy?cd äs a fnnction of thc dissociatcd photon mass
reron'.l ructod in thc main calorimeter usinn tlie method dcscribed in scction T.:t. Thc diffrac-
t ivedata wcre sclected in two intcrvaN of the reronstructcd mass, nanicly l < .\J\- < 7 <ic\
and s < .l/v , - - < l ; i (ieV. As already menliuned in scction 7.:t. thc rcconstniction of Iow
difiiartivc mas-ics suffen-d from large tnis^rat ion* towards higher :!/A ,.,.. To rcdncc thc mi-
"rations from ihc rcgiuii corre^]Kjnding to vcctor meson pro<lnction. bot h of thc diffrartive
data sample«, werc snbjed lo au additional cnt i;„,1T > -2. ArcordinR to the M(' Simula-
tion thc cvenls passins» all thc diffractive cnts and fa l l i i iK into the lower interval of A/v !e:

arc dominant ly due to tlie ]>lioton dissociation process with a mean value of the diffractive
mass and a spread of (.l/v) ~ 5(lc\ and r.m.s. ~ l.S Gc\". Thc diffractivc cvents falling
into the higher M\. interval corrcspond to {.U.\ = 10 GcV with r.m.s. ~ 2.Ü (lc\'. Thc
contaniination from the non diffractive processcs was approximately l'2'/f in thc lowcr .\f_\l and '25''/t in thc higher onc. The Hnal diffractive data sample consistcd of 5k and 3k

cvents in thc two MX intervals rcspcctively.
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Figure 8.1: Thf ijjicn lu-ij of ttn churgtd fruric nt'rn)*trtietitut raiirolitlrrt trith ili- ficcrptimcr
of fli r f c l i ' c l i n n cufü lif-lid in ^iclitui >..y. T!t< acc< fiftincr n* llii fnin'tiiin oj ;i; j>- *h"ii-ti
onl'i /or particlt* u'illi -1.2 < :/ < l . l and tln accrptanrr r-. ;/ i> linutril lo jMirfir/rs of
Pl > O . U C i c X ' . /7ir (iciTptnni'i tcns cali'iilaird by m<-(in* nj flu MC Simulation,

8.3 Track sclection
l he rhargcd tracks II^H! l'oi t l i i - - aiinly-i< were -.clected wi th llic fol lowin« rritcria:

• only tracli^ acreptcd by an cvent vcrtex fit wen' ron^iilered. Thi^ eliminal.ed mo^l of
thc tracks (hat ramc i'rmn serondary intcrartioii1- and di-fay« uf - l iurt l iverl partiell-;;

• tracks nni^t havo h i t s in cju-h of Ihc lirst r> sii]jcrlaycrx ul t l ie C ' I ' I ) . This reqii irei in ' i i t
ensures tha t only Ion«, well rerun^trurted trarks are u^ivl ior t l n * analy-is

• - 1.'2 «i < 1.1 an..! p, >0.:(Ge\ ' .

These selcction cuts werc t < M r d on cvents Irotn tlie MC Simulation. The cfficiency of t.he
chargcd track rcconstruction convoluted with the acceptancc of the sclection cnt is plott.ed
äs a function of ;>/ and •; in Fig. f ^ . l . Thc la^t of t l ic cuts listed abovc sclect-- thc rcgion
wherc thc cffcctivc acrcptanci* for rharacd particlcs is closc to !»0'>j' and i1- uni funn in /»/ and
in r;. Thc contaniination of t.he f i n a l sample from sccondary intcrartion tracks, prodiict«;
of decays of short livcd par t i r l r s . and l'rom spurtous t raeks [ . i r t i f a c t s nf ( In - recmMritclion
algori thm) rangcs from 'i"A at ;>j - O.:l(!c\ to :('/( Ior ;*j "• l (W. The incHiciency
and remaining contaniinalion cif thc final t rack sample is accoiml.ed for by t In* acceptancc
correction descr'ibed in the following «cction.

Thc pseudorapidity distr i lmtions of tracks with ;>t > O.:i C t < - \  pas-ing the q n a l i t y cu ts
in thc non diffractivc like cvents and the two di f f rac t ive ükc data samples arc prescnted in
Fig. H.'2. Thc distributmn of Irack? in non diffractive hkc evcnts is ctmipared to resull of
thc MC Simulation of thc •; spectmm of charged particlcs w i t h pi > 0.:( Ce\ in the non
diffractive processes shown äs dashed histogram in Fig. 8.2. Similarly, the two füst r ibut ions
of t racks in the diffractive like cvents are compared to t he simnlated r) spcctrum of charged
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Figure 8.2: Tkc pfctidorapidity diflribution o/ trat-l;* witk }>i > ().:{ (le\ pasfing thr qualiiy
ciiif ni fhc non diffractire likc crfnifi (a), diffractirc likr trcnts \rtth l < MX ,rc < 7 GeV
(b) find f< < Mx rtc < Kf (ic\ (c). Thc data tpoiitts) if comparcd to thc resultf of thr
MC Simulation of Jj spectrtim of chargcd particlcs (dashrd histvgram) in tkc non diffractire
proccnsca (a} and thc dtffraetire photon dissociafion with ma$f l < .Uv,,,,, < 7 (JcV fb),
and S < MX 3m < 1;1 ̂ c\ (c). Thf folid htiftograms shoir thr rcsults of thc M( ' Simulation
tncluding thc cnntnbiition from othcr photoproduction proccsscs. thc dctector cffcctf and
Ihr aualiltf cuts applicd on thc rcconstractcd tracks. Thc rcrtical hnes mark Ihc rcgion of
-1.2 < >l < 1.1 usrd for thc mcasurcmrnl.

particlrs in the diff'ractivc photon rlissociation with Rcnerated niass l < .U.v 7f„ < 7 GcV and
S < MX jtn < 1*J (««'V, rcspectivcly. In thc rcgion of good dctector acccptancc thc distribu-
tions of tracks and chargcd particlcs arc vory similar. The solid histograms in Fig- 8.2 show
thc rcsults of thc MC,' Simulation inclnding thc contribution from othcr photoproduction
proccsscs, thc dctector cffccts and thc quality cuts applicd on the rcconstructcd tracks. The

i/

i I n 1 hiani>\'a''äc n iu iurn la ut Thc t r a rks inca-mol in t h'1 i l a t a and - imula l fd m thc MC
di^playi-d no rorrelat'u.iii wi th i] o\er thc ' rmi-iitcrcd intcrval and wrrr xymmr t r i c w i l h rrsjjrrt
( u thc charge assigm-d to thr t rack.

8.4 Acceptance correction

I lic arccptancc corrcclcd transversc nioinentnm spcctrum was derivcd from thc recon-
structci l spcctrum of chargc*.! trarks. l iy inran? of a mii l t ipl i rat ivc corrrction fartor, cal-
rulatcd using Monte Carlo IcchnifHics:

l l

eijolcs thr numlier of primary diai«cd particlcs «enerated with a t r a n i - v i ' i M i momcn-
i ,,,; in Ihe ixmsidered |>M-iidorapidity inten,d and -V,,,,,, i4 Ihc nmiibei »l gencrativl

evcnls. Ouly thr cvents coircspcmdin» tu Ihe appropriate 'yp1' of prorcss wcrc includrd.
i v » . lor thr lowrr invariant ma^s intcrval of the diffract ivr sample only Mir Monte Carlo
evenls currcspondine to ' l i l f r a r t ive pholon di^unat iun w i t h Mir gcnn-aled i n v a r i a n t mass
1 < -W\Vi < 7(!eY werr i iM'd. .V, f i~ t (u- mimlicr of rcroiT-tnirtcil Irark1- pa^ino the ex-
pemnenta l r u t s wi th a roronslrnrtcd tran--verse momcntumof ;>/, , .- . wh i l c A r , . , , dciiolrx the
mmil ie r nf rvont^ nscrl. Only Ihr ovriit^ I J . I ^ ^ ' M I S ; t l io t r in^rr M n m l a l i u n aml t hc < 'X | i i ' i ' i n ] ( " i i l .T l
• •\ciit -rlcrliou r r i t c r i a werf iin'ludcd in l l i c ralrul . i t i rm. T<i «cronnt fi.n t l i c > i - o n t r i l m t i o n öl
all thc s»!>proccs=cs. Ihc cü inh ina t ion of thc MC -ample= dcscrihcd in scction ( i . r> was nscil.
Thi? nicthod correct.s for (hc followin» i'fl'i'rt'; in l h < ' data:

• thr limitcd tri»s,cr accrptaiicc:

• thc inrfficicnncs uf thr rvnit sHcction cuts. in partirular Mm coi i taminat i t i i i öl Ihr
di f f rac l ivc likc sportra from non d i f f rac t iv r proccsscs and thc cvcnt? wi th a dissori-
alcd mass (hat was inrurrcct lv rcrunstnir tcd. Aho )]»• non-dif f rar t ivc l i k i - sample is
corrcrlcd for Mir rontaininat ioi i f n u n r l i f f r a r t i v r cvcnts wi th l i i^ l j (iis-.uri;ttcd ma.ss;

• limilcd track lindins, cHirimry and arrcplanrc of thc trark srlcction rnis. äs well äs
tlic limitod rr$olntion in monicnlnni and an"lc:

• loss öl tracks dur to sccondary inlrractions and cont.JUniiiation from srcondary tracks;

• docays of chargcd pions and kaons. photon ronvcrsion^ and dcrays of lambdas and
neutral kaon«. Thus, in thr final spcctra thc chargffl kauiis appcar, whüc Mir dway
prrxiucts of neutral kaoiis and lamlidas do not. For all Ihr othcr stränge and rharmcd
M.ates. thc decay produfts wrro inrhidcd.

Thc ;»j (lepcndenrc of Ihc fVtors nscd to corrcrt. the non di f f rar t ive and the (wo rliffrac-
t ivc spcctra is shown in Fit;. W.- l . Thc validity of thc arrrptanrr corre<-tion method rclios on
thc corrcct Simulation of t ho drscribcd eifert? in the Monte Carlo program. Thc jiossihlc dis-
crcpancics bctwccn reality and Monte Carlo Simulation wcre analyzed and thr estimation of
thc cffcct on thc final distributions was includcd in thc systrmatic uncrrtainty, äs desrribcd
in thc following scction.
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Figure 8.3: Ar ffictors f ' l p i } ttsrrf for thr cnrirction of Ihr HÖH diffitictirc spcctrum (a),
thc diffractirc fprctrum corrcsponding to (M\) --- .r) (ie\ fb), and {\f.\} = H) ('f\ (c). Thc
crror kars indicnlr fhc ftatiftical prccision of thi corrcction factors.

8.5 Systematic efFects

One of tl ie potr-ntial sourccs of thc svstcniatir inarcuracy is thc trackiiif; systcm and. its
Monte Carlo Simulation »scd for thc acceptancc corrcctioii. This inaccuracy was estimated
hy recalculating all thc corrcction factors »siiiR thc alternative MC Simulation codc with
artificially dcgradcd tracking performance. The diffcrencc in thc obtaincd C ( p j ) factors
with rcspect to thc original valucs is plotted in Fig. S. l äs a funcüon of pj-. In casc of thc
non diffractive spcctrum thc differcncc in ("(p; ) is estimated to be less than lU'X. In casc
of the low MX intcrvai of thc diffractivc spcctrum thc corrcsponding estimate is \.'.\"A. The
discrcpancy is largcr since most of the particlcs in those events are emittcd backward at
pscudorapidities closc to the tracking acccptance limit. Thc systcmatic crror duc to track
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dcgradrd tracking pcrformancr and ihnsc cnlcitlatcd from thc Standard MC simiilaiwn ni
cnsr of ihr neu diffiwctirr sprctntm (n), t fit diffracfitr fprrlrvm vith (M\) — • ' i f l iA (b)
and ( . l /v) = H) (Ic\ Ic). Thr hori:nntal hncs nidicalr thr cnrrrf-pondtng < r r» r limih.

Unding cflicicncy in l ho dif f rar t jvo •ipectrum a t {-l'.v} --" '*' (ic\ w;i<. cstimati-d tu Ue T'/. An
incorrcct dcscriptlon of the niomentnmresolution in the MC Simulation at hipji ;»j rnulil also
introducc a systcmatic crror in the rcsults. To vcrify this, the calculatiou of the rorrcrtton
factors was repeated assuming murh worsc tracking rcsolution. Thc etfc<'t was ncgligiblc
comparcd to thc statistical prccision of the data. It was also rlinrkctl that thc final spcctra
would not changc significaiitly if thc tracking rcsolution at high )>i h ad non gaussian tails
at the Icvcl of l(Y/\r if the mcasurccl momcntum was systcmatirally shiftcd from the truo
value by thc sizc of the momcntum rcsolution.

Anothcr sonrce of systcmatic unccrtainty is thc Monte Carlo Simulat ion of thc t.rigger



ropon-r. I l was vcriln'd t hat ovcn a very lä rm 1 I20 ' / i ) i n a r r u i i i r y of l In: R( 'AL oim-gy thresli-
old wonld »öl pri.diie-e a slal jst iraHy signifirant rff'ecl. 13 y varying tho trigr;or lluv-holds it.
was vrrifiod that t l u - ineffinenry of thr RCAL triswi- vvould rlumgc tho nunibci öl cvriit«
ohservod. Imt woiild uol affrct tlio final ]>t ^pectnmi since il i^. nonnalizr-d to thr nnmber of
eventx. The corrolation botwcon tho RCAL enorsy and tho {n of tracks is very sinall.

To evjilnate thr niodcl dopondcnce, tho calculation of the cui rootion factors was rrpeatod
using an alternative set of MC programs |sco rhapter (>) and romparcd to tho original valuos.
The differences botween the obtained factors variod betwcen .V/f for thc high mass diffractive
sample and \\'/< for thc non diffractive one. The sensitivity of the result to the assumed
relative cross sections of the physics processes was rhccked by varyins the subprocess ratlos
wi th in the error limits given in [28]. The efFcct was at niost '-V/<.

j \ l l tho abovr etfects wore combincd in quadratiire. rosiiltins; in an overall systematic
iincertainty of tho rharged particle rates äs follcnvs: IÖ'Ä' in Ihr non-dilfractive sample, t V/i'
in the (.U.v} = 5 (''^" diffractive sample and il'/i in thc {.1/n} - 10 (IcV diffractivr sample.
All theso systematic crrors are independcnt of pi.

8.6 Results
The double differrntial rate of charged particlo producliün in an r\ent of a givm type is
calculated äs the minibor of charged particlcs A .V produccd wi th in AI/ and A;»/ in A',,
events äs a function of p-j:

l l A.V

Ä/»7 («.D

The chai'ged particle transverse momenliim spectnini was drrivrd fron) tho t.ransverse mo-
mentum distribution of obscrved tracks nornializrd to the mimber of data events by mcans
of the corroctioi) factor describod in sectkm .S. 1. Tho resulting charged particle production
rates in diffractive and non-diffractive events are presenled in Fig. H.5 and listecl in Tables
8.1. 8.2 and 8.;i. In thc fignre thc inner crror bars "indicate tho statistical error. Quadrat-
irally combinod stalislical and systcmatic unrertaintie? are «liown äs the out er error bars.
The non diffractive spectrum cxtends to pj - S (ie\e the diffrartivc sprctra reach
p, = i.7.r» dc\ and '2.-rt (!cY in case of (M.\) = •*) und 10 (ic\ respectivcly.
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Figure 8.5: /nr/usirr fran*r(Tt<r innmrnhmi dtatnbufions of charged piulirlr* in phnlopro-
ductioii r mit s at (H ' ) = 180 (ie\ arcragni orrr Ihr pseudorapidity intcrrnl tif [.'> < i> <
1.1. Thc inner crror bars indiralc Ihc ftatiattcnl t-rrors anii thc ottfrr oticf npn-ttrnf thr
quadralic film of thr slatistical and syffrmalic t nw.*. For thr fakc of clanty fhc diffi-acfn-i
points arc shiftcd dou-n by two ordcrs of magnitudc.
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Table 8.1: The rate of chargai particlr producfirtit in an arcragc non diffractirc crcnt. The
data corrt.ipond to - 1.2 < ij < l . - l . Thr u,M and <7,v„ dcnotc (he statisiical and syftcrnalic
crmrs.
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Table 8.3: The rate o/ chargcd particlr productian t n an airragr ei-ml inth n diffractircly
difsociatcd pholon statc o/ a mnss (M\) - 10 (!c\'. The data corrrsponrf t n - 1 . 2 < ij < 1 .1 .
The oftT_t and <rsys, dcnotc Ihe .itatiftica! and systcmatic error*.



Chapter 9

Diffractive mass spectrurn

In th i s rliaptor the detaih of tho moa-Hiir-moiil öl t l i c > disüodated photon mas^ spor t rum in
diffiai.1ivephotoprodnclion arodosaibed. 1 hc ex l rad iunof tho vincurrortod .\/\t riln.it i tu i
from l In.- data is discussod in llir following *octiun. Tho acreptanro correction method and
(ho prorcdnre of roweighling the MC ovcnl samplos ii*«x] to rorroct tho data an1 docribed
in soctions !t.2 and !).;). In thc last t wo sertioiis t ho rcsnlts aro prcscnted and tl io sy-tcmalie
unrertaintics arc analvzod.

9.1 Uncorrected M\m
This nirasiirrincnt is based 011 t In1- o f f l i n e data simple dcsrribed in chaptor r>. The offline
(riegcr correction and the stat ist ical b.ick«round Mibtracl ion wem performed äs discii^ed in
soolkms r».2.l and 5.2.2, Only tlio ovonts wi tb the elert.ron energy measured in (he LFM l
calorimeter in thc ränge ll? < Ef- < 1^ GoY \voio n*c<\. l i m i t i u r * thc -,}> r. m. eiiergy t o l he
inlerval of 1T(> < M ' < '£¥-> (Je\'. This cut reduced t l ie data sanijjlc t o 180k eveuls. The
dirfractive l ikecvents \\-ereselertrd u^ing t In - rap 'hl i ty nap cul based on PFtTt and dcM-rilioil
in srrtioi] 7.2. The data sample aftor thc PRT1 rut rorrcspondcd to KUk events. In these
event^ the invariant rna^s of thc hadronir system mca<-urcd in (In- contra! calorimotcr wa.<-
reconslnicted with tho method dcscribod in section 7.i t . The obtained dittribnt.ion of M\
is |)roM>nt»'d in Fi«. !).! in the form:

[

ÄTi"
l A.-V(.\/V f , ,)

A;, A.U.V „c

wliorc AA"(j \ /Y rec) dcnotos the numboi of rap'nlity gap events in thc gi\on .Uv ,.f. bin and
A", i is thc number of thc photoprodiirtion evenls Ueforo rcquiring thc rapidity gap. Im t aftor
thc /v cnt. Thc bin width A.U.v ,-f; ~ l ('0\ is almost twicoas largcas t l io M\e.. resolution
for niasses in thc ränge l < M\ '2\. so thc bin-to-bin migrations remained on the
level of about 2()'X.

9.2 Acceptance corrcction

Thc .l/v rc,- spectrum obtained from thc data was corrccted for tho non ditfractivo contam-
ination, thc dctcctor smoaring and thc arccptance cfFocts by mcans of thc imiltiplicative
rorrcrtlon factors dcrivcrl from thc MC Simulation. The rcsiilt is expressed in tcrms of

0.02

0.01

Flgurc 9.1: i ncorrcclcd di

liriii diffractirr Itkr f n u / s

1 . 1 . l l . _l_ [ l J l .L i ]_J l l J l
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M,« (GeV)

ilrui'li d front tli'

l«/T

! In ' i ' u i i t a n i i n a t i u i ] far tur . ( 'i>nt(M\ ]~ i l r l i n n l ,T= 1 ho r a l i n of the nnmbei i > t ovcnts ilne t o
i n n i - d i l t i a d i v r roartioii1- and tho pmo-— -.;> - A A w i t h M_\ 2 <Je\o 1 1 n - t o t a l nt i inbor
eil events passing tho rap id i ty n;ip rut .nid uli^or\-cd in a bin of M\c... 'I he Nin to bin
minra l ion iartor, Miy(.\I\, deliiK1- a raun ln-lwoi-n tho n u m l > e r of d i l l r a c t i \  <M-i-nts ( h a t
are roconstrrirt.cd and the cvcnts tluil arc e,oncrati?d in a «iven bin of tho invariant mass,
whoro only the events pn^ing thc ^Hcrtki i i rn l s are taken i n t o accoiml. The . I r r l .Uy)
'lenot<'s tho arccplanco of the solcctiuii i~n\* für (hc pruros* -,^» --. A /i. A A . whoro M_\
2 (TO\". äs a funct ion of tho s;c-nerat<'d ma^-;. Ihc ,lrr,^, i^ thc glolial (riggor acre|3tatKo.
I ' iguro !l.2 sliows t l io bcha\'iuin ul thc i ' o i i t amina l . ion , migration and acccptanro correct.ion
fartors äs a func t ion of .\/v. For M\ SCI iA' the cuncrlion for tho acreptancc and
migration effects i^ almost m'gl igiblo. a^ l l i e corrcs|»ondiiig factors a.rc oonstant and rlosc
to unity. Ilowover. tho \-ory «.mall n u n - i ü f l r a i l i ve rmi lamina t i i .n at Iow nut.'.srs inrreasos
wi th growiiiR invar iant mass icar lnng W/< n l M_\,* ~ 2l HcY. "J licroforo, the shapo of
Iho d i f f ra r t ivc M\i a f t < - r t hc - a«T|)lanre i-orreetiun w i l l dcpcnd on tho level of
t l i o non diffractivo coi i ta in inat ion i^t . im;ilod from the MC ••imnlat.ion. This levi'l is rlirort.ly
rclatcd to Ihc ralio of (he ront r i ln i l ions l'rom d i f f r a c t i x o aml non difl'ractivo processcs in
tho M(.' Simulation. This ralio was or iginal ly delorminod from the parl ial pholoprodnction
cross wc t ion* nicasnrcd at IIF.HA IMV section (i. -S). Ilowover, duo to a l imi lod prcoision.
such a method could not bc nscd in th is analysis. Instcad. tho relative contribution of the
diffrartivc and non diffractivechannels in the MC Simulation was adjnsted so a,s to roprodnce
tlic ratio of thc number of t.ho rapidity gap ovonts wi t l i X < M\- < 20 (Io\ and thc non
rapidity gap cvcnts wilh CAL onergy E,.„ > (iOGoY in tho data. Tho formor data sample
is dominatcd by dilfractivc proressos wit l i tho dissoriatcd |>hoton mass far from the rcgion



0.5 -

-

-

D 5 10 15 20 25 30

M, (GeV)

0.5

.1. .
10 15 20 25 30

M,« (GeV)

F'igure 9.2: Thr contamiualion corrrction fnrffir. Migration fuctor and acccptancc for fh(
photon diaaociatton proecss dctcrmincd from Ihr MC simulaiwn.

of low M_\. whilc thc la t lcr sample is due lo non diffract'ivc intcractions. Thc
ratio of tho t wo rliannols in thc MC Simulation dcrivcd in th'is way may süghtly depond
un thc characteristics of thc <imu!atcd cvcnts. Thorefore. th is normalization proredure was
prrformod iiidcpcndcnlly for all thc combiiiations of thr usod M(' modcls. In al! cascs
thc rcsiilt? wcrc ronsistcnt with thc rorrrsponding ratio bctwccn thc photoproduction cross
scctions moasiirfd in ['28J.

Thc MX spcctrum aftcr all thc corrcctions is prcscntcd in Fig. 9.3. Thc statistical crror
of thc corrcctcd data combincs thc statistical crror of thc data and that of thc corrcction
factor. For comparison, thc shapc of thc uncorrcctcd distribution is also shown.
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Figuro 9.3: 'Ihc rorrccird spcctntm of diffractirtly dissoeialrd photon inass (solid
pontl^f. l'or foin[)nn<fln, thr um nnifh d *pectr\tm acalid by Ihr ort iiill t'-iggi r acc< planer.

— • .\<T,,., is also includrd (oprn point*).

9.3 MC reweighting

Tho accc])tanrc corrcrtcd di t f ra r t iv<? ina*^ •- j icctnir i i was t i t tci] in Ihc int.crval X < A/v <
21 (Ic\h thc t r ip lc Rc<^e formula from Kq. 2.15 intcRratc-d ovcr r :

r'-

L

'Ihc higher iiitcRr.il.ion liin'it t,„^T - - > > i ^ M \ / f ) 2 at IIF.I1A rncrgics is fonsistfnt w i l h I).
'l hc ili'pi->ndence öf tlie effectivc ' s|,i|ie 011 M\y sißnifirantly distort thc ]>owi-r Hlw
licha\'ionr of t l ie diffractivc mass spccli'nni i\t low MX and was t.hcrcforc incorporal i i l in to
thr litt cd tunction. The paramctcr valucs of n';, =- IJ.25 (!(A"~2 [7] and /)„ - •"> (JrY"2 [s] wcrc
assiuncd in arcurd with tlic re-sulti of tl ie cxperinicnts at lowcr cncrgy.

Thc fit to thc corrcctcd MX spcrtrum rcsullrd in thc valne of n;. |lt) - l . l - 1 ) ± D.IH.
As a consistcncy check, thc diffrartive MC event sample uscd for t in - acreptancc corrcction
was rewcinhtcd accorrling, to Eq. !>.'( w i th the nicasiircd valuc of oc(0). Thc diffractivc MC
cvenl sample was combincd with othcr subproccsics followiutj the prorednre desrribed in
section i).2 and was uscd to repcat Ihc rorrcrtion of thc M\, s j tc r t rum. The lit of Kq, !).'{
to the obtaincd it istr i lnit ion gare Ihc sanic valuc of ny l l l ) . "J'o vcril'y the scnsitivit.y of tl ie
result to thc n j - l l ) ) assunicd in thc d i f f rnc t ivc MC simple uscd for the arrcptaiifc corrcction.
the diff ract ivc MC cvcnls wcrc rcwciglit. assnming n / - (0 ) — 1.0 and the mcasnretncnt was
repcatcd. Thc obtained valuc was consistent with the lirst resiilt. Figure !). l shows the
comparison of thc M\Pl- spcctrum in thc data and in thc MC Simulat ion a^mnin^ cithcr
rt;-(l)) — 1.0 or thf nicasiircd valuc of o;'(t)) ~ 1.15. In the second ra.se thc M( ' description
of the r cgi 011 M\- > H GcY is satisfartory. but bclow that valuc a significant discropancv
bctwccn thc data and the MC Simulation is observed. Although this rcgion is not dircctly
uscd for thc mcasurcmcnt, thc obsrrved discrcpancy may aff'cct thc result duc to taih of thc
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Figure 9.4: Thf rceonstructcd ma-m fprctnim of diffraettrc l<kc erraff in thc dato fpoints),
fhe MC Simulation u-ith a/ . (f l) = 1.0 (dashrd linr.) und n ; - | l ) ) = 1.11 (solid linc). 7V Icfi
plof if :oomcd on Ihr lail of thc M_\._- ittsfnbutton u-htlr lh( rtght mir shoirs thc wholc

spcctrum.

^^\f.- rcsolution funrtion leading to sonic migratkm betwcon distant mass bins. Thc offcct
can bc vcrifiod only witli thc MC modcl whr-rc tho low M\n of thc di f fract ivc spcrtrum
is corrcctly descnbod. l'nfortunatcly. thcreexists ncitlir-r a rcliablo theorotical prodiotion nor
a prcciso oxperimcntal mcasuremont of thc low .M\u of tho dissociated photon mass
spcctrum. Thcrofore. tlie neccssary adjnstment of thc low M\o in thc diffractjvc MC
simuUlion was porfonned In means of iterative h'Hino; tu thc dal a. Throc factors, /]. f2. /-}.
scalinR thc simulated niass spcctrum in tlie intervaK oi' 1.1 < M_\ '2 (ic\".'2 < _M\ l (IcY
and 1 < .l/v < fi (ieV respcctivcly wcrc dofincs äs paramctcrs of t he h't. Thc scaling was
donc relative to thc tr iple pomeron shape of Eq. f l . : t . Tlic c,oal of thc fit t ing proccdure was
thc minimization of thc \ dcfined äs:

where n^tiij) and u.uc ' l j ) indicatc thenumberof cvents in bin j of thc :\/,\ distribiition in
tho data and thc MC rcspectively. w h i l e f r ^ d f j ) and ff.\if(j) arc thc corresponding statistical
crrors. To rompareonly thcshapes of thc .\f\t. spoctra thc MC distribution was normaüzcd
to t he data bcforc thc \  calculation. To inrreasc the sensitivity of tho rcsult to thc finc
structurc in thc low mass region thc width of tlic bins was rcduccd to A.\/\, = l (ieV.
Thc fitting proredure resulted in thc fotlowing valurs of thc scaling factors: f\ 1.6 ± 0.7,
/2 = 1.7 ± 0.4, /3 =•- 1.0 ±0.2- The crrors rcflcct thc sprcad of thc rcsults obtained witli
diffcrent combinations of MC modcls and when thc contribution from the vector mcson
production proccss is varied within thc limits described in scction 6.5. These rcsults \vere
obtained assiiming thc values of the o/-(0) derived separately for earh combination of thc MC
models from thc ,\/v Ttc > 8 GeV rcgion of the spectrum in the data. Figure 9.5 compares
thc h'nc binncd M.v rtf distribution in thc data and M(' Simulation aftcr rcweighting the low

-30000

M,«e (GeV)

Figure 9.5: Thf i-n-onflructfti mass tprclrum of dtffrai-tin li);< m nf* in th< data (pfltnfx)
compared tf> t!« n aalt of Ihr MC Simulation trifh o / ' l O l l . I I (<ia*htd l l i i r ) . o / - (0 ) - \.\~t
tdottcd lim ) and n/h r additionnl rru'eighttng ff Ihr loti' dijjracfire mass rrfjion (solid l i n r ) .

diffractive nia*<. rca,ion. For cnmparison t l i < - -i])cctruri] ironi thc MC Simula t ion befurc Ihc
rcwci^htins i' also shown.

9.4 Rcsults

Thc difl 'rartive MC cvcnl sainplcs rcwoinlitcd .irrordins, In l l i e ivsnlls of tho f i t s disriissod in
the prcviun- M-ction were roinbincd w i t l i o l lu-r subprooesscv and woro f i n a l l y used to corivrl
tlio invariant mass dis t r ibut jon mcasurod in tlie data. Thc corrcctcd mass spcctrum was
h'ttcd in tl ie interval X < MX < -l (>o\ w i t l i F,q. !*.^i convcrtcd lo tho form whcro tlic
o/>|0) jjaraniet.cr dcfining thc shapc and thc ovcrall uunnaliyation fartor .1 arc practirally
uncorrclalcd:

l da , i / f f M / v . n / . I O ) ) ,a\M\ l l ( I c V . n / . I M ) )
~- -l • 777 / : 7-r; (!I.S)

rt.l/V i/.l/V

Thc followiiip valiics wcrc oblaincd: n / - ( 0 ) = 1.11 ±0.01 and .1 = (11.5 ± ||.:{).
Thc rcsult of Ihc fit is sliown in Fig. !!.(>.

9.5 Systematic uncertainties
The analysis was repcated using various acccptance correction and Htting mothods and thc
differencc betwccn the obtained rcsults was used to estimate the systematic uncertainty.
Table !).! summarizes the outcomc of thcse chccks. Tho largest uncertainty is rclated to tho
poor undorstandingof the noise and thoefficiencyof the PRTl used tosclect therapidity gap
cvents. It was cvaluated by rcpcating thc measuremont without rcquiring the coincidcnro
betwccn thc two counters layers, äs discusscd in scction 7.2. Thc rcsult also depends on



.0.006

w
O-

2" :

"x 0.004 )•-

0.002

25 30

M, (GeV)
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incroasi-d CAL FLT threslioMs

ft iHrar l ivc MC
f i t t i i i f t intorval
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0.01
Ü.Ü1
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!).'_'

l).'2
l . f i
U . I

0.1
0.0

Table 9.1: Indindual contributtons lo thc nyt-ttmalic crror on o / - ( l l ) and .1.

thc way Ihn 11011 d i f f r a r t i v r backgroun«! i^ modcllcri in Ihr acccptancc corrcction proccdurr.
Tliis cfiix't wa? cslimalnl hy usins; tlir P^'THIA to simnlato thc non diffrartivc intcrartiims
insd-ad of thc EPSOFT program (scc rhaplcr f>) . In addition to thcsc t wo dominant sonrccs
of sy-tniialir crror a niinihcr of otlmr ctfccts was studicd. Thc sensitiv!ty to the prcri*ion
of thc d i f l t a c t i v o IH.T-S rcronstrurtion was vcrificd b\ usinp, an alternative niethod of .l/v
deteniiination (see scclion T.:{). Thc i i iHnenre of possiljle trigger inefiicienries was rliecked
])v r r j j ra t inn the wholc analysis wi th higher tiin«cr thrcsholds (scc section •1").2.1). To vcrify
the dependejire on the MC simiilation of the di f f ract ive proccss nscd for thc acceptance
rorrertiuii, the EPSOI-T program was nsed instead of the NZ (chapter (>). To clu^k the
stabilily of thc f i t t ing proredurc the fit was rcpcatcd using an cxlcnded interval of 8 <
_Uy F tL- < •'(- (it-V. TU exainiLiethc dc'tcndenrc of the result on thc assumed paramctcr values
the / slope parameter was rhangerl froni &0 = t Cc\'^2 to 5 GcY~2 and o), = U.20Ce\'~2

was used instead of tlic original vakic of 0.25GcV~J. To cstimatc the overall systemalic
uncertainty all the error contributions were added in qnadraturcs.



Chapter 10

Discussion

Thc following chaptcr rontain* a discussion öl' thc re^ults oblamcd in tliis analysis. Thc next
two scctions arc dedicatcd to Mio sofl and hard non diffractive photoproduction rcactions.
Thc rcsults on thc diffractive processcs are examincd in scrtion II) . l t . Scrtion 10.-1 contains
a discussion of thc possible applications and morc grncral implications of the EPSOFT MC
program dcvclopcd for thc prcscntcd analysis.

10.1 Soft non-diffractive photoproduction
In chaptcr 8 a mcasurcmcnt of thc p/ sperlrum of chargcd partirles produccd in non
diffractivc photoproduction rcactions at an average c.m. cncrgy of (U ') — ISO GcV was
prcscntcd. Tlic considcrcd laboratory psciidorapidity ran«c -1.2 < '/ < 1.1. cquivalcnt to
-3.3 < t]c.m. < -0.7 in thc *,p c.m. systrin, corrcsponds mainly to thc rcgion of photon
fragmcntation. Thc low ;»j pari of thc sprvtriim. a t t r ibutod to *oft hadronic mtcractions,
may bc describcd with ihcrmodynamicat modcls. Thcy prcdirt a stccp fall of thc transvcrsc
momcntum spcctrum l hat can be approximatcd with Ihr cxponcntial form [M]:

rf2 V / - — —
( 1 0 . 1 )

l

X,

whcrc m. is thc pion niass. Tlns rclation providcs a s^ood drscription of thc ZEUS data from
thc lowcst mcasurcd valuc of 0.3 (Ic\ up to approximately 1.2 (ic\ äs shown in Fig. 10.1.
Thc fit in this intcrval givcs thc valuc of thc cxponcnlial slopc b = l.*U ± O.WHstat) ±
().l!!U'!i/,«() GrV"1. Thc systcmatic crror was cstimatcd by varying thc relative inclusivc
cross scctions within thc systcmatic crror limits Iscr scction S.5) and by varying the uppcr
boundary of thc fittcd intcrval from 1.0 GcV to 1.1 (Jc\'. A similar fit to thc inclusivc pf
spcctrum of chargcd particles produccd in pp collisions at a c.m. cncrgy of ^f$ - 200 (Je\ [75]
givcs an cxponcntial stope fr = 1.87 ± 0.13 (ic\'-1 {75}. Intcrprctcd in thc framc of thc thcr-
inodynamical modcls this rcsult indicatcs that the tcmpcraturc of thc hadronic matter in
soft photoproduction and hadron hadron collisions at comparablc energics is vcry similar.
This bchaviour is ful lv consistcnt with thc \'DM.

10.2 Hard photoproduction

Thc non diffractivc spcctrum in Fig. 10.1 clearly departs from thc cxponcntial shape at
high p-! values. Such a behaviour is cxpccted from the contribuüon of thc hard scattering

SO

<W>=180GeV -

non-diff

diff <M„>=5GeV

diff <M„> = 10GeV

expfit pr<1.2GeV

power low fit pT>1.2 GeV

Figure 10.1: /IN'/HMIT /rniisrrrsr momrnlum dintnbulinn* «f chargrd particlm in phnto-
prodiiftion f er tilg at (M'} - !SO(!c\ aivraycd orrr Ihi /».M t>durafiidilti intcrral nf -\.'2 <
i) < 1.1. Thr inner crror bars tndicalr thf ftatifhral rrrwrs intd Ihi ntiti r onra rrpri'srnt Ihf
quadratic für» of thc ftaliftical and systr matte trrors. Solid lincy h) dient r fit* of £<{. III.l
lo thc data in thc mjion of pj < l. '2Ge\". Thi dottcd Ion ghou'f a poircr lau- fortnulaf
(Eq. lO.i'l Jiitcd to thc non diffractirc data for pi > 1.2 GeV. l-'or thc sakc of clartty thc
diffraclirc poitttt orc fhtftrd douti by ttro nrdt rs of niagintiidt.

of partonic ronstitucnts of thc colliding partirlcs. a proress that. can bc dcscnbed in (he
framcwork of pcrturbative Q('D. lt rcsult? in a high p/ bchaviour of the inclusive spcrtrnm
that can bc approximated by a power law formula:

, __ ~_ ,1 t \ r •> i " ' 1 ' ' '
Pi

r"
p, „



r ü
P I »

n
A

i)X'- H)'5 0-18- lir1

0.12- I I ) - 2

O.ll) • Hl1

0.12- Kl1

u.:«- K)1

Tftble 10.1: 7"/if «n-flnoHi'r mo/n-r corrrsponding to ihr Jit of cquation (10.-*) to thc non
(tiffraciive dala f o r p j > 1.2 GeV.

whcre A, p-i Q and n are thc parametcrs determincd from thc data. The fit, t.o thc data points
in thc rcgion of 1.2 < pt < SOcV gives a good dcscnption of thc data and rcsults in the
parainctcr valucs ;»/ o = 0/>1 (JcV. » ~ 7.'J5 and /l = :!!)] (!cV~2. Thc statistical prccision of
thcsc numbers is dcscribcd by thr covarianrc matrlx given in Tablc 10.1. Thc fit t cd function
is sliown in Fig. 10.1 äs a dolted linc.

In Fig. 10.2 thc photoproduction pi sportrutn is presented togcther vvi th thc rcsults of a
siniilar mcasnrcmcnt from thc Hl rollaboration at {II'} - 200 (ieV [7(i] and thc data from
thc \VA6!> photoprodurtion cxprrimcnt at a c.m. encrgy of (H") = 18(Ic\ [.")]. For thc
purposc of this comparisoii, thc inchisivc cross scctions publishcd by those cxpcrimcnts wcrc
dividcd by the corrcsponding total photoproduction cross scctions [2!t. \\\\. Thc rcsults of
this analysis arc in agreemcnt wil l) thc III data. Thc comparisoii with thc \YAfi!' dala shows
that thc transvcrsc momcntum spcctrum becomc« hardcr äs the ener«y of thc ~p coHHion
incrcascs. Figurc 10.2 also shows the functional f i t s of thc F,q. 10.2 to pp data from UA1 and
('DF at various c.m. cnergies [75. 77). These fits correspond to thc inclusivc cross scctions
dividcd by the cross scction valuc*. used by thesc cxpcrimcnts for t)ie absolute normaüzation
of thcir data. The inclusivrpj dis t r ibut ion in photoprodnction at (H") = ISO GcY is clcarly
hardcr than thc distr ibution for pfi intcrartions at a siniilar c.m. cnergy and in i'art. is siniilar
top^"a t v/5 = !JOO(^eV.

This comparison indicatcs that in spitcof apparcnt similarity in thc low pi rcgion bct\vecn
photoproduction and proton antiproton rollisions at a siniilar c.m. cncrgy, the t wo rcactions
arc diffcrcnt in thc hard rcpimc. Thcrc are many possible reasons for Ihis l)chavio»r. Firstly,
both of the pp expcrimcnts uscd for thc comparison mcasurcd thc ccntral rapidity rcgion
Ij ' J . - .m. l < -••'• for UA1 and |i;.-.»,.| < l for CDF), whilc this data correspond to -iJ.il < r),..,,... <
-0.7. Sccondly, accordin^ to VDM, thc bulk of thc -,;» collisions can l>c approximatcd äs
an intcraction of a verlor meson \h the proton. The pi spcctnmi of V p collisions may
be hardcr than pp at a siinilar r.m. cncrgy. sincc thc parton momcnta of quarks in mcsons
arc on avcragc largcr t han in baryons. Thirdly, in thc picturc whcrc thc photon ronslsts of
a n-solvcd part and a dirccl pari, bütli thc anomaloiis componcnt of thc resolved photon
and thc dircrt phofon brcome significant at high ;»/ and makc thc obscrvcd spcctrum harder
comparcd to that of V p rcaclions.

Figurc 10.:i shows thc comparison of thc rcsults of this measurcment with the thcoretical
prcdiction obtaincd rcccntly from NLO QCD caknlations [78]. Thc chargcd particlc prodiic-
tion ratcs in a non diffractivc cvent wcre convcrtcd to inclusivc non-diffractive cross scctions
by muitiplying by the non diffrartive photoproduction cross section of ffn^ - !)1 ± I I /'b
[28]. Thc thcorctical calrnlations usc thc (1RV parametrization of thc parton dcnsitics in
thc photon and the CTEQ2M paramctri^ation for partons in thc proton [7!)]. Thc NLO
fragmcntation functions dcscribing thc rclation bctweon thc hadronic linal statc and thc

ZEUSrp <W>=180GeV

Hl yp <W>=200GeV

WA69-yp <W> = 1SGeV

UA1 pp Vs=200 GeV

UA1 pp Vs = 500 GeV

UA1 pp Vs=900GeV

CDFpp Vs= 1800 GeV

P. (GeV)

Figure 10.2: Compariinn nf no» diffrarfirr tran^rcrsi nifiniriitiiiii spiel nun inlh Ihr ilnlti
fmm Ifl (7fiJ. OME(i.\ l'A l [7~>j and ('DF[77]. Th< I H H C C nrnr bart tndirah thc siattt-
tit'il r-rrors and thr nulrr finra rrpirscnt ihr qvadifitic sinn "l thr ffnh*ltcnl and fystrniafic
crrors.

partonic [cvcl wcre derivcd [MD] from thc ( + c data. Thc ra lni la t ion dcpcnds ^trongly on
the parton dcnsitie« in thc proton and in thc photon, yiclding a sprcad in llic prediction«
of u p to '-W/i dtie to thc formcr and 20/f due to thc lattcr. Thc factomation sralcs of ihe
incoming and outgoing parlon lincs, äs well äs tl ic rcnormalization ^calc, wcrc all sct to ;>/ .
Thc uncertainty due to the ambignity of this rhoicc was cstimatcd by changing all thrcc
sralcs up and down by a factor of 2. Thc cstimatcs of thc thcorctical crrors wcrc addcd in
qnadraturc and inilicated in Fig. 10.-l äs a shadcd band. Thr thcoretical calrulation is in
good agrcomcnt wi th thc expcrimental rcsults.
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Figurc 10.3: ('amparinoii ff ihc inclusirc rros-s fcctioiif for non diffracttrc photoproductinn
al (\\'.P) = ISO (4cV trif/i /Ar .ViO (,>( '£) calcutatwii irsuHi? from [7*], Thc inner crror barg
cm ihr da/a poinlf tndicalc thc statiftical rrrors and thc oiittr oticf irptrscnf thc quadratic
sum o f t h c statislical and systcmatic errorf. Thc shadcd band corrcsponds to thc wnccrtainly
of thc Ihcoirticat ralculatio».

10.3 Diffractive photoproduction

In chaplcr !) a nicasnrctnciit of thc invariant mass distribution of thc diffractivcly disso-
ciatcd photon was prcscntcd. It was pcrformod for tlic rcartions -,p -» XptX.\, wcrc N
is thc iHicloonir systcm with M.\ 2 (icV, at an averagc c.m. energy (U'} = 200 GeV.
The obtaincd spectrum of diffractivc masscs in thc ränge S < MX < '2-1 (IcV can bc dc-
scribcd by (ho triplc pomrron Rcggc fornuila (Eq. i.15) with thc pomcron intcrccpt of
o/-(0) - l.M ± O . Q l f . ' f f f l f ) ±0.08(jsj/ji/). Thc single diffractivc dissociation was rcccntlv stnd-
icd in pp collisions at c.m. cncrgics of ^/s ~ 5-lfi (W and 1.« ToV [33]. The rcsults fittcd

Tablc 10.2: Th< r<iht< ~ «J Ihr pni-Hmrtfn. n ^illnig frnm ihi JH* nf Eq. (D. l to ZEl'S data
in fhf intcn-ali}.'.] < p, < l .2(;c\ ' . Thc rrst.ü and a!l/sl indicatr Ihr ftatifttcat and systematic
crrors (in (i(\'~l for b).

with siniilar t r ip lc ponnTrm rclation indiratc n ^ - l O ) - i . 121 ± 0.01 l ( s t a i ) ± 0.011 (ayft) for
ihr Iowcr r.m. cncr^y and o , - ( 0 ) - l . H K f - 0 . 0 1 7 [ ^ ^ i / ) ± 0.01 H-s j / .« / ) for thc higher onc. Thc
o j - ( O ) valnc obtainM in th i« ; analy^i- i^ ron^i-itcnt w i t h lioth ini-.'i^iiicnu'nt.^, indicat i i ig tha t
thc d i f f rac t ivc dissodiil 'um of photons is MTV ^imilar to t l ia t tif ;i liadrrm. whicl i is in full
accord w i t h thc \ " I )M. Thc Rcstfl,!1 lluxiry alluws to rclatc t ln - M\r in diffrartivc
procc^si^ to thc U' dcpcndcncc of thc total and thc c]asti<- crcts* ^cction-v Thc ponicron
intcrccpt. of a / > ( 0 ) = LOS [2'4] uscd in ihc pjtramclrizfl t ion snrrcssfully i|cscril)ing all thc
total and cla?tir photoprodiiclion rross scction-* (scc wct.ion L'.-.-t) is also coiisistcnt with thc
rcsult of this ni'\isurcmcni. Tlicrcffrc. wi t l i in thc achicvcd cxpcrimental pn-cision this rcsult
confirms tlic applirability of thc Hcgc,c phcnomcnology for ll»' dc^cription of thc diffractivc
photopro'hiction.

Ilowcvcr. thc |irc<cntcd nicasnicnicnt lcn\-c-; onc <|iicstion opcn. fhc roniparisuns of th i i

rcconstrnctcfl .U.v ^pcctnun in thc dal;\d in thc MC^ i im i la t i un ind ica tcas ign i f t ran t cxccs«.
of d i f i r i i r t ivc rvcn ts with 1.1 < M\ l (lc\ ovcr thc Icvd cxpcctcd from thc tr iplc ponicron
rclation. Thc pour resolutioii of t h i ^ nicasnrcincnt in thc low M\m docs not allow to
dctcnuit ic whcthcr thc i>f[crt is duc lo ;i single rcsonancc. uncxjjcr tcdly high non roonant
cros< scction or a very diffcrcnt bcliaviour of thc p",^; an r l O j j ro r l iK ' t i on wil.h rcspcrt to what
was sinnilatcd in thc MC. Only a part of Ihc cffcct niay bc asrribcd to thc rcsonant .//*
productioii sincc thc cxcc?-> of cvent* in thc dal a o\'cr thc modcl cxpcctations rorrcsponds to
thc -,p cross scction of thc ordcr of l /ib. whilc Ihc clasti«: .//41 photoprodurtion cross scction
is of thc ordcr of 0.1 /;b [Sl]. It i^ also not clrar if onc s-honld cxpcct tlic triplc pomcron
rclation dcrivcd in thc asymptotic l i i n i t M^ > 3C to work for «nrh low nias^cs.

Chaptcr S prcscntcd a nicasiirciiicnt of Ihc inclus ivc pi ^[)cctra of rhargcd partklcs
cmittcd in thc plioton fragmentation rcgion in thc dilfractix'c rcartions -,p —• ,V;>,A'.-V
H'crc N dcnotcs ,1 nuclconic systcm wi th _U\ \_ Thc nn-a-.iiri'ii]cnt was pcrformcd
at (U*) — ISO (Jc\ in t wo intcr\'als of Ihc dissocialcd plioton mass w i t h njcan valucs
(M,\) ~ .r)(Jc\ and IDOcV. In thr intcrval of O.:t < jtj < 1.2 (icV thc two obtaincd
diffractivc spcctra can bc dcscribcd wi th thc cxponcntia] form (Eq. 10.1). Thc rcsult of thc
fit is sliown in I ' i«. 10.L Thc obtaincd valucs of thc cxpuncntial slopc b and thc paramctcr n
arc listcd togcthcr with thc non diffractivc rcsult in tablc 10.2. Thc systcmatic crrors wcrc
calculatcd likc in rase of thc non diff ract ivc data (scr sortioti 10.1). In Fig. 10. l thc valucs
of thc b paramctcr rcsult ing from thc fit s of ECJ. 10.1 lo ;>;» jind pp data arc prcscntcd äs a
function of thc c.m. cncrgy. Thc slopc mcasnrcd in non-diffractivc photoprodurtion is also
includcd. Thc diffractivc slopcs agrcc bcttcr with thc hadronic data corrcsponding to lowcr
c.m. cncrgy. In Fig. 10.1 tlic ZEl'S diffractivc points arc plottcd at 5(IcV and ItKicV.
thc valucs of thc invariant mass of thc dissociatcd plurfon. A «imilar bchaviour ha« bccn
obscrvcd for thc diffractivc dissociation of hadrons, i.e. thc scalc of thc fragmcntation of
thc dissociatcd svstcm is rclatcd to thc valuc of its mass rathcr than to Ihc total c.m. cn-
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Figure 10.4: Inrersc shpr of thc pi fpcclrtim from thc ßt of Eq. III. l i-s. thc c,m. cnrrgy
for diffcrciit rrpcnmcntt. Thc ji.rcd tnrgct datn vcrr takcri from /i*'i'. X./. fi{j. ISR />>Vj/.
l^.\l /7-iy. Thc ZEI'fi non diffraetirc point 1$ placrd nt thc photon proton c.m. cncrgy. Thc
diffracttre paittlf arc plottcd nt thc. cnrrgtes corrcspondtng to thc mcan raluc of thf inrartaiit
mass {M.\}' Thc rrror barf iiuhcatc Ihr- qvndrahc s\nn o} thc staiistical and fystrmatic
ciTors. Thc ddfhcd tnic ts a piirabola i'i loyif) and ira« Jiltrd t o all thc hfidron hadron potnts
to indirntc thc trcnd of thc data.

cr«y [lS, l!), 7] (see sr-ction '2.'2.'21. Thi'- mca'nrcmcnl i-^ anothcr cxampleof closc similarities
belween thc diffractivc dissoriation o!' photons and tliat of hadron«, äs experted from thc
VOM.

10.4 EPSOFT
Onc of thc important oiitcomes of this study is the MC program EPSOFT. It simulatrs sof't
diffractivc and non diff 'ractivr cullisions of hadronic photons with protons. It has boon tuned
(o thc ZEUS photoprodnrtion data. The EPSOFT «enerator turncd out to bc very useful
also in othcr analyses of photoprodnolion at ZEUS siiice it corrcctly dcscribcs Ihc hadronic
final «tatrs observed in soft -,;> intcractions at HERA. Thc program was writtcn in such a way
that il can he also nsc-d to simulate thc intcraclions of photons of higher virtuatities. Thc
dynaiiiics of the simulalrd proccss is assuincd not to dcprnd on Ihe photon virtuality in any
way. Thc only ilepcndcnccon Q~ entcrslhrough Ihc kincniaticalconstraints. Surprisingly tlic
EPSOFT turncd out lo bc vcry uscful also in somc analvsis of tlic Dccp Inclastic Scat.tcring
(Q* » HleV2). In parlicular the studics of diffraction in DIS havcprofitcd from EPSOFT
since it works in thc kinematkal rcgions where thc Simulation programs based on QCD
modcls usually fail, c.g. region of vcry Iow valucs of Mx whcrc the füll Simulation of Q('D
radiation and the suhscqucnt hadronization can not bc pcrformcd due to lack of thc phasc
spacc. Even more surprising is thc fact that EPSOFT corrcctly simulatcs many of thc
features of the hadronic final statcs in non diffractivc DIS. To illustrate this obscrvation
a comparison of onc of the mcasurcments of chargcd particlc production in DIS with thc
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Figure 10.5: Mran nmltiphciti/ af chtiiycd pnrtielcs in thc curn-nt trgion of t!« liral fi-nme-
in DIS äs n fintet tan fif Q. Th< ZF.l'S dufu />'?/ (point») i." cainpaittf t o Ihc rr.-tilh ff Ihr
EPSOFT Simulation f*hadrd band).

prediclion from LPSOFT i^ pn^mtcd U-low.

The charged parliclc produclioi i in DtS at HF.lt A was studiert in 1 . l i< - Brnt franie [S<>]
dcfined such tliat tlic v i r t u a l pho t im exchaiu;cd belwi-eti Hie eiert nm and Ihc prolcm is
coniplotcly spnce-like i t ha* im mcn-v Imt only a T n i n m - n t u n i <d<mg thc / direHkm. \ t hin
thc i|uark parton model ( Q P M ) , viewins, t l i < ' DIS a«, t l i e prorcss wlicn- Hie v i r t u a l photon
roilplos dir r r t ly to a cliar^ed parton m^ido the |>roton. t l ie Bn-it f ianx 1 \* t.he mo^t natural
rcfercncc System to study thc particlr- j jrodtict idii . [n this frainc thc /-cotiiptnient of thc
momentum of Ihc iiircmiing f j ua rk is Qfi liefere the interartinii and chaiiftes to —Qj'l liy
Ihc ahsorplion of thc virtual photon. Th<- particlcs produccd in DIS can he assisinerl to
onc of t wo rcgions dcjn>nr|inp; oii Hie Z conijjonent of Hie monn-ntuni . Thc ciirrc-nt. rcf>ioii
corresponds to thc diiwtion of the oiitpjoing ^ t ruck qiiark.

Thc mulliplicity and thc nionicntiiin spc-clra af cliar?c-d particlcs jjroduced in thc ciirrcnt
rogion of the Breit framc in DIS wcre incasiired wit.h thc ZF.l'S d'-tcclor. Thc ohlainod
dcpcndcncc of thc incan mul t ip l i c i ty tn\ is roni]iared lo t l n - r i^ul l 1 - of t l ie Simulat ion
with EPSOFT in Fit;. IU.5. Tlie .MC ^imii l r t t ioi l corrtr l ly rcpiudiicos the ob^erved rctalioii .
Figure 10.fi shows tlic pcak positioii of t.hr lu\p) d i s t r i bu t i on vs. Q. whcrc t.hc scalcd
momentum is dcfinc-d a= ,r/( - '^/'/"". Ako in th is ca--e EPSOFT corrertly d<«-rriltes Hie
mcasurcd dependcnce, This ac,ni'inent ]* ^onn-whal suipns'mi' ".inro Ihe ^ lud i cd r inanl i t i es
clcarly dopend on Q and thcrc is no cxpticit dcpendcnre of t l ie part.ide proilnction un thc
photon virtuali ty in tho EPSOFT gencrator. This stiegest strong pliasc ^pan> cffcct1; in thc
mrasurements of partlcle production in thc currcnt region of t.hc Breit franie vs. Q. A closrr
cxamination confirnis this, äs thc sizc of thc kincniatirally availahlr pha.sc spacc attrihutcd
to the currcnt region of Ihe Drcit framc incrcasos with growing Q wliich dctcrmiiics the Rross
features of the observed dfpendoncics. This cxamplc shows that thc Simulation of partiric
production according to longitudinal pha.sc space, äs it is done i» EPSOI'T, is sufhcicnt. t i»
rcproducc many propcrties of hadronic final states in DIS. It is thcrcforc oftcn oasier and
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Figure 10.6: Prak pofitif*» o} Ihr h i ( l / x f ) disfributton in thc currcnt rtgion nf ihr liinl
framc in DIS äs a function ofQ. Thr Z/Tf'.S' datn [f>7] ipninif) i* compand lo Ihr n\*w/fs of
ihr EPNOFT Simulation fthadcd band).

morc cdncativc to use « simple MC Simulation pro^ram likc EPSOFT than to work witli a
complicatcd MC Simulation of QCD processcs.

Chapter 11

Conclusions

The propertji's ut phokiprndi ic t ion rcaclion- at c.m. cneraics II" s: l?l
usiii" thc ZEUS dctcctor ;il t l i < - H E R A «'ollider.

Thc indiMve t.raiisverse momentnm s[ ( (vtrnni of charp;eil particle> niea^nred in non
diftiactive rcaclion* fal ls exponenlialiy in ihe low pj res,ion in accord w i t l i theimodyiiam-
icat models uf soft i n t i - r a r t i w n s . The exponcntial slopc is ronsistent w i t l i lhat nieasnred
in hadron hadrou reacl iunsal Mmilar r .m. cncrgic?. This brhavionr of soft nun d i f f rac t ivc
pliotoprodnrtion is consistenl w i l h the YMD. In the reniun of high ;>/ Ihe nun dif f ract ivc
vpectrnni clearly dcparts (nun ihe expunent ia l shape. Coniparc-d tu photoproduction da t a
at a lower c.m. cner^y, a l iardcnina, of t he Iransvcrsc moiiicnlnin spcrtrmn i- ob^erved äs thc
collision erier^y increases. Thc ^hape ul thc pi speclriim i* cumparable to l h a t of;»/» intcrar-
tions at v^ = i)(ll) (ic\". The rcsnlt«; f ron) a NLO QCD ralcnla t ion inc l i id in« thc dircct and
Ihe rcsolved jihoton in tcrar l imis aa,nvc w i t l i the mcasiircd rru=s sections tvr inclusivecharRed
partiel l" |>ro'lnrtion.

An extensive s tudy uf thc f l iH ' ra r ( i \ ' c di^suciation of plioton« was [ire^entcd. The div
tr ibnt ion of thc dij^oriated j t l io ton uia-s in thc re»ion S < .Uv < 2 l (JcY ran be dc-
srribcd wilh the triplc j ionie iun Hc^ae formnla witli thc poineron inlerce|)l of o/-(0) -
1.11 ±0.011•"'</') ±l).OS|si/N' | . Thi1; i^ runsis lent witli the valne obtaincd in the ineasiircmcnl
of sin^le dÜfract.ion in MI i - u l l i ^ i u n s and w i l h thc poineron inlerrept ( h a t corrcrtly (iescril)es
thc total and elastic pho to j» rodnr l iun crtj«--. scrtion?. U ' i t h i n the availablc i'\pcrinn>ntal jire-
cision this rcsults conhnns t In- ap j ) l i rah i l i ty of \"MD and Ihe Rc«"n phcnumenoloKy for the
dcscription of diffractivc phutuprodnet ion. A signih'cant cxress öl di l f racl jvc cvcnts wilh
1.1 < MX < l <JoV over thc levcl expccled froill ihe tr iplc poineron relat ion was observed
in thc data. Ilowevcr. dne to poor cxpcriniental resolntion at tow .U\t was not possible
lo idcntify thc natnre of the cffcct in t h i s analysis. The jij s])ectra of cliargcd partirles
produccd in the H i f f r a r t i vc dKsocialion of photons wcre measiirod in two intcrvals of thc
dissociatrd pholon niass w i t l i mcan valnes (M\) - 5(ie\ and I I I OV. Thc pj sjjectra
fall cxponentially in thc luw f>i rc^ion. wi t l i s|o])cs ronsislenl wit l i hadronic data al a c.m.
cncrgy cqnal to thc invariant mass of ihe diff 'ractive systcm. A similar bchavionr has been
obscrved in thc diffractions of hadrons. This analop,y between dissocialion of photons and
hadrons is another confirniation of \"MD for diffractivc photoprodnrtkm reactions.

Thc rcsnlts prcscnted in th is thcsis allow to draw thc followini; thrcc ^cncral conclnsions:
• the YMD corrcctly models thc soft photoprodnction rcactions also at HERA cncrgies,
• thc diffractive dissociation of photons is corrcctly describcd by thc Rcgpc phcnomcnoloRy,
• the propcrties of photon proton coltisions in thc hard rcgimc arc ronsistent with Q('D.
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niore or li-'-s d i i v < - t l y i im-hrd in t l i i s aiiidy^i1-.

I am n r . i l i - t n l tu H .Al i r amowi rz . ( J . l cvnu tn and f J A V t i l f l i . r t l ic ( l i^f i i^iuiH t l ia t t n r n e i l i.nl
to !"• vciy l)cl|it 'n] m t l n - ronrw? ot dc\, i h r F.I'SOI'T. They aku provided nie w i t h
t ln 1 rurle t l i a l w;^ direrl ly ii^i'd in t l ir pni"rain. l am n r a l e f n l to A, K. \Vr6Mrvv-Ui fm t l n -
d i -c i i s^ io i i " mi v a i i i . n ^ asper- ls t.l -ü.lt pror^vses.

s. m ^ la at DKS1»l ik r In t l i a n k DKS1!" l > i i c i - ( n r a h ' fur t l i r l inam i . i l s i i

l am ü , r a t i ' l ' i i l 1" . i . Z a k r z r w ^ k i \\-\i«. .1- 1 1 n 1 \>«^ of l l n - /K t 'S c n » i j > al t I n - \ \ar-a\  I 'n ivcrs i
al \vays Mij ) |« i r tcd im-, i n a k i n n l l i i > tlir-i1- pussi l i lc . l woiild likc tu t . l iank al l l l n ' u i e m l i
i.f t l ic ZF.l'S \\'ar-aw <;roiip for l . f inc m> lionn- at I)F_.SY and at tlic l ; n iv i - r s i i v . I a
<wknott-lcd«e t l i r hei p of .!.( 'iliU'cwki in r o n i - r t i n « pa i t s uf t.liis tnaiuisrript.


