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THE PHYSICS OF DIFFRACTION AT HERA

3. Lalorge®
DAPNIAJSPP. CEA/Saclay
DL Gif swr Yoealte, France

F-mail - Taforgoalhcp.saclay. cca fir

Recent results are described on diffractive physics from both HI and ZEUS collaborations bascd
on data taken both in "94 and "95. After a brief introduction to kinematics of diffraction and to
the experimental apparatus at HERAL inclusive measurements such ax the one of the dilfractive
structure function I"_»,l"") or of the diffractive photoproduction cross section are presented. Further
measurcments ol different exclusive linal states are also diseissed. Finally, we review recent resil(s
unvector meson production that show with increasing precision the transition from =olt o hard
production: mechanisms. The stractwre of the pomeron (P} can be invest igated uxing these new
available data and reveals the gluonic nature of 1he pomeron.

Talk givan al the VIFY Blois conforenee on be half of the 1E and ZI1°0S collaboralions

1 Introduction

HERA i a unique faclity that provides collisions between eloctrons {(positrons) ol 27.5 GeV
against protons of 820 GeV, leading to a center of mass energy of about 300 GeV. In about
10% of the collisions. the incoming proton is scattered and remains intact or dissociates with
a very low invariant mass so that it escapes in the hean pipe. The absence of hadronic
activity between the outgoing proton and the rest of the hadronic final state is a very
remarkable feature that implies the absence of color flow between (hese {wo svstems. These
events are interpreted as being mostly due to the exchange of a colorless object. the (I1?).
coupling to the proton. The data nsed in the presented analvzes were taken in 1991 and
1995,

(.4 The Mincraltios of diffraction at 11 1R

Diflractive exchange corresponds to the process ¢p— « VY where X and Y oare separated by
alarge vapidity gap as represented on figure (1), The hadronic final state is divided into 1wo
svatems Noand Yo olmass My and My osael that a color singlet exchange coupling to the
5=V and 2 =Y vertices can he defined. Nost of the resnlts presented here are concerned
with the case where the svstemn Y s dominantly a proton. When the svstem .\ is a bound
state vector meson. the process is considered olastic at the photon vertex.  Dissociation
processes correspond to the cases where one or both the invariant masses \/y or Ay of the
two systems is large. The processes stadied cannot directiy be considered 1o be diflractive
in the sense ol the exchange of the leading vacnam singularity. Consequentlv, it s very
important to mderstand the role plaved by non-dillractive processes in the hadron level
cross-sections measared. A lixed beam energios. the Kinematics ol the diffractive inchisive
process requires Gindependent variables. One of those is the azimuthal anele hetween (he

(e.5) and (12.P) planes whose distribiution is assumed 1o bo flat. Another one is My which
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Fignre 1: Ninematies of the diffractive reaction cp — « X'y

is supposed to be small for single dissociated events, [t remains <o [ invariant variables.
Those are chosen among the conventional kinematic variables . Q% g and 1. used o
discuss inclusive op interactions, as well as among specific variables describing the hadronie
final state :

2 A=Y ?
e L . -
q.1 2.(17 - 1Y)

My (1

where g 2o and Y are respectively the four-vectors of the incoming photon. incoming
proton and outgoing system Y in the framework of figure (1), The variable £ s the squared
four-momentum transferved at the proton vertex. oy is the fraction of the beam monentum
translerred ta the longitudival momentym ol the color singlet exchange and = o/ e (used
only i the DIS regime) is the Traction ol the color singlet exchange f-momentum that is
carvicd by the quark coupling to the photon. Depending on the dillerent method (o select
the diffractive signals. the variables £ and My are not alwayvs measared. T any case. 1/,

is restricted to be small and £ is loss than | GeV2,

2 Experimental Equipment

Fhe two detectors HT and Z12US are deseribed in details elsewhere "0 We remind only
here the main characteristies of the two detectors, insisting on important features of the
apparatus that are used 1o select ditfractive events, The figares (2) aud (3) show typical
diffractive events in the main detector ol 1 and Z15US. These events show a clear signal in
the central detectors and no ladronic activity in the forward direction (proton direction).
The systene N is detected in the main detector while the svstem Y escapes in the heam
pipe aud i not detected. Leading proton spectrometers (1LPS) are installed hoth in the
HH and Z120S experiments apstream of the interaction region as close as possible 1o the
proton beam. These detectors are designed to bhe able 1o tag the final proton scattered in
single dissociation. Inaddition. Forward Nentron Calorimeters were also installed (o tag
charged colarless excliange resulting in a neutral svstem N (essentiallyv a newtron). Addition
ol all these new detectors allows now a hetter experimental investigation of the structure of
diffraction at HER AL
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Figure 20 Feene display of a tvpical ditfractive Figure 3: Event display of a high Q7 ditlractive
cvent in the T deteetor cvent in the ZEUS detector

20 Diffractive signals in thic 1 and 2105 dolectors

Three different methods ol seleeting diffractive data are now used and will be described
t)

below. The first two allow high statistics but do not have access to 1 and My The last one

provide a full reconstruction of the kinematics but is limited in statisties by the acceplance

ol the LPS. These moethods are

e he rapidity gap selection method uses the central detectors as woll as the lorward
detectors to sign the presence ol a gap ol rapidity between the svstem X seen in the
central region and the svstem Yo which escapes in the beam pipe. 111 uses its forward

-

detectors to tag hadronic activity in the region —1 < i< 7.5 The requirement is then

that the maximune pseudo-rapidity 1, of detected particles is less than a cortain

value (T 23220 ZEUS - LA(DIS) L3 ).

o The My method assames that dillvaction is linked to non exponentially suppressed
processes. The selection is done by doing in cach bin of interest a fit of the the
My distribution as showw on the figure (1a), The diffractive sienal is Gaken as 1he

remaining events when the exponential background is subtracted.

o The tageed proton selection makes use of LPS detectors to detect the scattored pro-
ton and 1o measure its cnergy. Figure (1) shows the spectrum ol the loneitudinal
momentui fraction .y ol the heam protons carried by the outgoing protons meastred
by Z12US with the 1LPS detector. The dilfractive peak is visible around o = 1. The
experimental ZEUS dillractive peak cuts correspond to the range oy € [0.97. 1.02]. .y
i= related tao e through the velation oy = 1 — g The measurement of the momenum

[

of the scattered proton allows 7 reconstruetion with —/ ~ T
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Figure -1 (a) Exponential fit of the My distribution by Z12US, () Distribution of the hoam cnergy lraction
o carvied by the outgoing proton detected in the ZIKUS LIPS comparcd with the NMonte Carlo RAPGAP

hased ona factorizable pomceron excliange which is able (o describe the data

3 Inclusive measurements

S Diflractive Plhotoproduction cross-scelion

Figure (5.a) shows the diflractive cross-scection Midafd MR versus M3 in the photoproduc-
tion regime measured by HEin two bins of 112, Fienre (5.D) preseuts the ZEUS cross-section
Ve dafdln My as a lunetion of My at 117~ 200 GeV. Fhe {11 results are integrated over
< 1 GeNoand My < 16 GeVo the ZI2US results over My < 2. GoV and all [1]. \ triple
Regee approach is taken by bhoth collaborations. such that the My and 1V dependences of

. . A
the cross-section can be parameterized as™

dor . D))

1%
T = : (l" I i
AVE T 2 G )(. )

5 ()
( AN > cos[d, (1) — (1)) {(2)

S,

where and Jeorrespond to the physical regeeon coupling to the proton (i £ j for interfer-
ence terms) and Ais a Turther regeeon deseribine the forward olastic amplitade s a; = 50, al
acentre olmass energy given M. The hadronic scale s, is taken (o be 1 (o\'2, P 1) s the
phase ol regeeon 7. specilied by its sienature Factor, and G ) contains afl the conplings in
the triple Regee amplitude involving regeeans /. Joand Lo The main conteibution comes rom
the teiple 17 vertex. bhut even at laree 1172 (he Regecon contribution is fonnd to be not nee-
ligible. The interlerence terms invalvine (wo regecan and one pomeron (or the reverse) are
found 1o have a noticeablo contreibution fucreasine with M3 ZEUS liconly o triple pomeron
ternd for dillerent My ranges. The result i< shown on top ol the ZEUS cross-section and
seens to be nnstable shiowing that this disteibution cannot be Gited with only a triple I
execliange. There s a need Tor a regeeon term (o have a stable result. Botl T and Z1KUS

obtain thew the vesult that the pomeron intercept extractod from these data s compatible
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Figure 5: HIE and ZEUS measurement of the My dependence of the dilfractive photoproduction cross-scction.

() Triple vertex 111 analysis : all terms (full). diffractive terms {dashed), interference terms (dashed-dotted),

non diflractive terms (dotied). (b) Z15US pommeron (riple vertex fitin different VM x ranges : My € [3.21] GeV
(dashed). My € [R.21] Ge\' (Tully

o the one deseribing hadron-hadron and photoproduction elastic and total erossesections
at high encrgy. HI obtain ap = 1068+ 0.016(s/al.) + 0.022(syst.) £ 0.0 (meodc 1) where
the model dependence error is dominated by uncertainties on the sub-leading terms. The
ZEUS vesult s ape = 112 £ 0.0 ((slal.) + 0.08(syst.).

ZEUS wsed also its LPS to measure the 1 dependence of difltactive photoproduction
for 0.07 < || < 0.1 GeV<o | < My < 32 GeV oand < B >~ 200 GoV. The result s
b=73£09% 1.0 GeV=2 adittle larger than the one measured at < 1 S~ | | GeVitand

)

consistent with shrinkage of the forward diflractive peak with ap =025 GeV

G2 Diflractice Doy Inelastio Scalle ring eross-scetion

NI
H1 measurement of /'_,I( )

The cross-section of the senii-inelusive process cp— ¢ VY can be written using the analogy
ta the proton structure I hy
I.‘»’ — .2
ooy IRa

doeged 3d)? 30!

(1 =+ Q% ) (31

: ) (3)
A Regee approach is taken to parameterize the oy dependence sach that I, decomposes
into contributions of dillerent Crajectories a (1} = a;(0) + u;/ according to ;

2o ()=

i 2
I ; e N | ; )
B ’u.(ga‘,-,,.):}:/ r/l¢/“'(v—> (107 (1
- R R L
where V(1.007) ix proportional to the structure function ol (he exchange 7 and b s the
logarithmic slope ol the £ dependence of the coupling of the exchange 1 to the photon and

)



the proton. For each of the separate exchanges, the arp dependence then lactorizes from

the 3 and Q? dependence.

With "94 data’, Hl measured 1",,“(3) over the range 2.5 < Q% < 65 GeVZ,0.01 < 3 < 0.9,
0.0001 < rpr < 0.05. A1, < My < 16 GoV.and £, (~ 107%) < || < 1GeV2, Figure (6.4)
Din two particular bins in 3 for Q% = 20 GeVZ2. A single Regge approach is

D
shows s 1 (
used to analvze the experimental data with two contributions since a single P exchange leads
to a factorization breaking where the eflective aps inereases with 4 (H1 sees no dependence

. B3 ' PN . . . .
with @Q%). The analysis includes also an interference term with a phase ol |15 degrees. such

S D) . . . . . .
that a (it ol [ ) is done with the following functional form
e l»'"‘..r"_,"I +( ',\,.I-'_,”( i.(u)‘)]..r[."") + interference term (H)

2

I
The resnlt of the fit gives 1y = 129 4 0.03 & 0.06 £ 0.03(model) and s = 0.3 £ 0.3 £+
0.6 £+ 0.20maodel). the meson intensity 'y and If_',l'( 5.7, PTCARY) was used for the
nmeson structure fanction, Since 0 = 20; — 1. these results correspond then to ap =

PSR £ 0.02£ 0010 and cyy = 0.6 £ 0.1 £ 0.3, The sccond trajectory intercept is consistent
[ and «a trajectory that are necessary to describe

oL

with the approximately degenerate pow.
total cross-sections. A second step is done doing a QCD analysis ol the extracted I structure
finetion. This analvsis based on DGLAP evolution s analogous to the usual QCT analvsis
of the proton structure 5. The parton densities resulting from this QCD fit are shown at
% =5 GeV?oon figure (6.b). The IP appears to be a gluonic object with a gluon density
peaked at high values of a - the momentum fraction of the pomeron carried by the glion
involved in the hard process. The dominating picture is then a pomeron behaving as a
leading gluon hidden in a cloud ol partons neutralizing the color fiekt, The gluons are
found to carry about 80 %4 of the IP momentan over the all range in Q7.
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ZEUS measurement of versus 1’

Using the My selection method, ZEUS measurement of the diffractive Ap — XY cross-
section in different bins in My as a function of 11 is presented on the figure (7.a) and shows
a steep dependence of this cross section with 1. This measurement is achieved over the
range 8 < Q% < 60 GeV2,0.028 < 4 < 0.91, 0.7 < My < 15 GeV', M, < Aly <1 GeV, and
all [/l with < |7] >~ 0.18 GeVZ A Regge inspired fit to this cross section has heen done
using a power law in 182 of the form (”.2)2(,-"»—1)' IYigure (7.h) presents the dependence of
the fitted effective np with Q% in two bins of M y. There is a tendeney of this exponent to
grow with Q7 but more data are needed to draw a clear conclusion. At the present stage.,
these results are in agreement within the errors with the f/1 measurement ol ay

® ZEUS 1994 Preliminary
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A e wich a power law is puC onetop ol the datae (h) cvolition of the power law exponent with Q-

ZEUS measurement of events with a tagged proton

The Z1US collaboration also used the 1LPS detector to measare the dillractive <trncture
function™ over the domain L1071 < g < 3000770 1 < Q7 < 20 GeN2 0006 < 5 < 0.5 and
.07 < 7] < 035 GeN = The main advantages of this method are that it tass exactiv ovents
with a protonin the final state and that itinercases the aceeptance in My and improves (he
reconstruction ol the Kinematics. Unlortunately, the statistios are very fow due to the low
4)

. . ' . Dy oL
acceptance of the LPS, Consequently, the present measuremoent of gy ST integrated

over /. This measnreement is presented on the lienre (8). N fit with power faw in g feads

i
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Fignre 80 Diffractive soructure function lrom the Z15US 1S data as a lfunction of i for different bins in .3,
A power law it is shown on top of the measirement with an exponent 10 = 1.0 £ 0.09 4 0.1 1.

to an exponent 1= 1.0 0.09E G 11, Note the different kinematic region covered by that
measarement sitting at rather high oy wheve the reggeon contribution can be important
and favors a smaller value of » thaw for the rapidity gap selection ranee. On the other
hand. ZEUS could also measure the ¢ dependence 'Y of the dilfractive eloctroproduction

cross=section and obtains b= 7,11 £ l.l;HI)".

4 Exclusive measurements

Fxelusive measurements are another wav to test the mechanism of difivaction and to prove
our understanding ol the structure of the 17, Some of these processes give an oceasion
to apply perturbative QCD and to compare it to the data. The diffractive exclisive pro-
cosses which have been measured at HEERA arve di-jet prodnetion and elastic vector meson
production hotl in the photoproduction or electroproduction regime. Di-jot production is
predominantly sensitive to the gluon density inside the pomeron throngh the hoson-glion
fn=ion hard subprovess althougl it is also sensitive to the quark density throngh the QC-

Complton subprocess,

0 Diffractice di-jols production

Fignre (9.a) presents the ZEUS measurement of the diffractive di-jet photaproduction ¢ross
section " versus the prendo-rapidity of the jots. This measurement is compared with varions
hypotheses on the stracture of the B*. Data lfavors a hard or super-hard gluon structure of
the pomeron. Different other differential di-jet cross sections have heen measired by Z1US
and are used together with the 703 ZEUS measurement™ ol /i-?m,“ (the integration of /~'_,“(:”
over the micasurement e range) to liave further inlormation on the parton densitios insidoe
the 20 The hest fits are presented fignre (9.5) on top of the data which favors a hard eluon

structure of the 12 and points out that mare than 70 % of the pomeron momentun is carried

N
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Figure 9: (a) ZEUS di-jet cross section in dilltactive photoproduction versus the pseudo-rapicdity of (he jet
. - g e R > . . . . e .
in the lab frame. (b) ZEUS measurement of £7(.4.07) as a fanction of .3 for diffcrent Q. Best i vesult

with different assumptions of the I parton densities arc overlaid.,

by the gluons, These observations are in agreement with the conclusions of the Hi QUCD
NAIBITE ‘. cer . .. - . .
5 (s Figure (10) shows the 1 dilltactive di-jet (ep — X (Jel = jel)Y) cross
11
1

analvsis ol £
section measurcment’™ done both in the photoproduction and clectroproduction regime as
a function ol . the momentum fraction of the I? carried by the di-jet svstem measured at

the hadron level. At the parton fevel, & would be the momentum fraction of the 1P carried
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Figure 100 (a) I di-jet cross sections in dithactive photoproduction (a) and in dilfractive DIS (h) versos

- Phe overlaid predictions are obtained using the 1P parton densities taken from QCD amalysis of ]

by the parton going into the hard subprocess. No significant exelusive di-jet contribution
i seen at high G Consequently, there is no evidence of any resalt which could be relatoed
to the super-hard contribtion of the Kind reported hy UAR ' hor any ovidenee for 2-

eluon exchange processes leading to exclusive di-jet production®. Predictions made with

9
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Figure T NVector Meson cross scctions in photoproduction (a) and in IS (b.c)

the help of THE QCD-fit I parton densities through the RAPGAP (DIS) and PONPYT
{photoproduction) Aonte Carlos describe Tairly well (he data. In photoproduction. clear
contributions from resolved and direct photon processes are observed.

1.2 Veelor meson production

Many resultd™ on vector meson production have heen obiained by AL and ZEUS and |
do have not the place to cover them all. n this report. 1 will concentrate on the energy
dependence of such processes. The figure (Ia) summarizes the 1 dopendence of different
meson vector photoproduction cross sections. or all vector mesons except the /W, the
I dependence can be repraduced by a solt pomeron beliavior just as the total S CrOss
section. The steeper S/W 3 dependence can be described by QCD predictions where the
perturbative scale is related 1o the squared mass of the charm quark. The ligure (11.h)
and (1) show respectively the 11 dependence of the poand the S/ Tor different bins in
Q7. For the pothe situation is nnclear at the moment due (o diserepancies diflerent data
sets. or the S/ the W dependence is similar toits photoproduction behavior, A change
on the 1 dependence with Q% would he (he sien of a Cransition from a non perturbative
process described by the veetor dominance model at Q* = 0 10 a perturbative one where
the scale is given by -,

5 Conclusiouns

A signilicant amount of data on diffractive processes has bhoeen measurod by the HI and
ZEUS experiments whose analysis give a hetter understanding of the nature of the 0.
There is now agreement that the value of the tercept ol the 17 is significantly higher in
the high Q7 regime than the one extracted in phiotoproduction or from soft hadron-hadron
physies. There i also a consensus lron two independent analvzes from T and Z1SUS (hat

the 1705 a eluon dominated object whose glnons carvios more than 70% of its nmoment i

10



and which can be see as a leading gluon at low scale. The new vector meson production
data increase the precision with which the transition from the vector dominance to (he
perturbative region is measured.

Acknowledgments

I want to thank here both experiment 111 and ZEUS for their (rust. | also thank the
HIERA machine people. engineers without who none of these results would be there. |
thank J. Dainton. 1. Phillips. AL Mehta, P Newinan. . Marage. R. Nania and 12, Gallo for
fruitful discussions during the preparation of this talk.

References

Lo The T Detector at THERA (Updated Version). 11 Collaboration, 1. Abt ot al.. Nuel.
Instriom. Mcthods A 386. 310 (1997).

2. Z1IEUST A Detector for HERAL DL Notz (DESY). 1990. In Kazimierz 1990, Proceedings.

Physics of elementary interactions. 500-510.

H1 Collaboration, CU Adloll ot al. 2. Phys. 074, 221 (1997)

T. Chapin of al.. Phys. Reeo 1) 310 17 (1985)

AL Kaidalov, Phys. Rep. 50, 157 (1979),

G. Alberic Gl Goggl. Phys. Bep. T4, 1 (1981,

K. Goulianos. Phys. Rep. 101, 169 (1983).

N. Zotov. V' Tsavev, Soe. Phys. Usp. 31, 119 (1988).

G. Z12US Collaboration. . Breitweg «f al, DESY 97-061. 10 appear in 7. Phys..

. ITE Collaboration. contribution pa02-61 to the 281h International Conlerence on High

U

Energy Physies, July 1996, \Warsaw, Poland.
Xo Go Briskin, Proceedings ol the conference DIS 797, Chicago. 1997,
9. Fmanuela Barberis. contribution to the conference DIS 96. Rome. 1996.
0. ZIEUS Collaboration. contribition pa02-026 to the 25th lnternational Conlerence o
High Energy Physies. July 1996, Warsaw. Poland.
FEod Terron. Proceedings of the conlerence DIS 97, Chicago. 1997.
12, 721508 Collaboration, NL Dervick of alo 2o Phys. ¢ 68. 569 (1995)
(3. .1 Phillips. Proceedings of the confercnce TCHEP 96, \Warsaw. 1990,
P NMarage., Proceedings of the conference DIS 797, Chicago. 1997,
(5. VAR Collaboration. R. Bonino of al.. Phys. Lot 13 211, 239 (TO8K8),
UAR Collaboration. No Brandt of al.. Phys. Lot 13297, 117 (1992).
1G. g Bartelso L Lotter o0 NI WiisthollL DESY 96-026. hep-phi /9602363, (1996).
o Bartelso Co Fwerse 1 Lotter o0 N Wiisthoflo DESY 96-085. hep-ph /9605356,
(1996,
oo b Ndamezyke Proceedings of the conference DIS "7, Clhicago. 1907,
T Nonteiro, Proceedings of the conference DIS "07. Chicago. 1097,
. Gaede. Proceedings ol the conlerence IS 797, Chicago. 1097,
Z1US Collaboration, NE Devviek o al.o Plhys. Leii, 13 377, 259 (1996).
Z12US Collaboration. N Devviek of ol Z0 Plgs. C 73,73 (1096).

Il






