
Study of D V CS with HERA I

and HERA I I data

Summer Studen t Program 2008, DESY

Stefania Stucci

Univ ersit� a della Calabria

16th Septem b er 2008
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during HERA I running p erio d and a �rst lo ok to the HERA I I data.
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1 In tro duction

This rep ort presen ts the measuremen t of the cross section for the exclusiv e pro duction

of a real photon in di�ractiv e p ositron

1

-proton in teractions, ep ! e
p , a pro cess kno wn

as Deeply Virtual Compton Scattering (D V CS). In p erturbativ e QCD, this pro cess is

describ ed b y the exc hange of t w o partons, with di�eren t longitudinal and transv erse mo-

men ta in a colourless con�guration. A t the 
 � p cen tre-of-mass energies, W , a v ailable

for ep collisions at the HERA collider, for large squared momen tum transfer at the lep-

ton v ertex, Q2
, the D V CS pro cess is dominated b y t w o-gluon exc hange. Measuremen ts

of the D V CS cross section pro vide constrain ts on the generalised parton distributions

(GPDs) [1� 5], whic h carry information ab out ab out the transv erse distribution of partons

in the proton whic h is not accessible through the measuremen ts of the F2 structure func-

tion. The simplicit y of the �nal state and the absence of hadronisation e�ects mean that

the QCD predictions for D V CS are exp ected to b e more reliable than for exclusiv e v ector

meson pro duction whic h has b een extensiv ely studied in ep collisions at HERA [6�13].

The rep ort presen ts the measuremen t of the D V CS cross sections in the kinematic range

of 1:5 < Q 2 < 100Ge V

2
and 40 < W < 170Ge V for HERA I

2

, 5 < Q 2 < 100Ge V

2
and

40 < W < 170Ge V for HERA I I. The study based on the HERA I data sample rep eats

a ZEUS analysis, presen tly b eing published, using and indep enden t R OOT/C++-based

analysis co de. The HERA I I analysis is a �rst feasibilit y study of the measuremen t of the

D V CS cross section with selection criteria similar to the HERA I analysis. In order to

mak e a comparison b et w een the HERA I and the HERA I I results an analysis w as made

applying the same cuts used for HERA I I to the HERA I sample.

2 Exp erimen tal set-up and Mon te Carlo sim ulations

The data used for this measuremen t, corresp onding to an in tegrated luminosit y of 61.1

� 1

for HERA I and 141.21 pb

� 1
for HERA I I, w ere tak en with the ZEUS detector when

HERA collided p ositrons of 27.5 Ge V with protons of 920 Ge V . A detailed description

of the ZEUS detector can b e found elsewhere [14, 15]. A brief outline of the comp onen ts

most relev an t for this analysis is giv en b elo w.

1

Hereafter, the p ositron is referred to with the same sym b ol, e, as the electron.

2

The data taking p erio d b et w een 1995 and 2000 is referred to a HERA I, while the p erio d 2002-2007 is

referred to as HERA I I
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Charged particles w ere trac k ed in the Cetral T rac king Detector (CTD) [16] and, in the

HERA I I p erio d, also in the Micro V ertex Detector (MVD). These comp onen ts op erated

in a magnetic �eld of 1.43 T pro vided b y a sup erconductong thin solenoid. The CTD

consisted of 72 cylindrical drift-c ham b er la y ers, organised in nine sup erla y ers co v ering the

p olar-angle

3

region 15� < � < 164�
. The transv erse-momen tum resolution for full-length

trac ks w as � (pT )=pT = 0:0058pT � 0:0065� 0:0014=pT , with pT in Ge V.

The MVD consisted of a barrel (BMVD) and a forw ard (FMVD) section with three

cylindrical la y ers and 4 v ertical planes of single-sided silicon strip sensors in the BMVD

and FMVD resp ectiv ely . The BMVD extended the p olar-angle co v erage for trac ks with

three measuremen ts from 30�
to 50�

. The FMVD extended the p olar-angle co v erage in

the forw ard region to 7�
.

The uranium�scin tillator calorimeter (CAL) [17] co v ered 99.7% of the total solid angle and

consisted of three parts: the forw ard (F CAL), the barrel (BCAL) and the rear (R CAL)

calorimeters. Eac h part w as sub divided transv ersely in to to w ers and longitudinally in to

one electromagnetic section (EMC) and either one (in R CAL) or t w o (in BCAL and

F CAL) hadronic sections (HA C). The CAL energy resolutions, as measured under test-

b eam conditions, w ere � (E)=E = 0:18=
p

E for p ositrons and � (E)=E = 0:35=
p

E for

hadrons, with E in Ge V .

The p osition of p ositrons scattered at small angles with resp ect to the p ositron-b eam

direction w as determined com bining the information from the CAL, the small-angle rear

trac king detector (SR TD) and the hadron-electron separator (HES) [18, 19].

The FPC [20] w as used in HERA I to measure the energy of particles in the pseudorapidit y

range � � 4:0 � 5:0. It consisted of a lead�scin tillator sandwic h calorimeter installed in

the 20� 20 cm

2
b eam hole of the F CAL. The energy resolution for electrons, as measured

in a test b eam, w as � (E)=E = (0 :41 � 0:02)=
p

E � 0:062� 0:002, with E in Ge V. The

energy resolution for pions w as � (E)=E = (0 :65� 0:02)=
p

E � 0:06� 0:01, with E in Ge V,

after ha ving com bined the information from FPC and F CAL. The e=h ratio w as close to

unit y .

The acceptance and the detector resp onse w ere determined using Mon te Carlo (MC) sim u-

3

The ZEUS co ordinate system is a righ t-handed Cartesian system, with the Z axis p oin ting in the

proton direction, referred to as the �forw ard direction�, and the X axis p oin ting left to w ards the cen tre

of HERA. The co ordinate origin is at the nominal in teraction p oin t. The pseudorapidit y is de�ned as

� = � ln (tan �
2 ) , where the p olar angle � is measured with resp ect to the proton b eam direction.
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lations. The detector w as sim ulated in detail using a program based on Geant 3.13 [21].

All the sim ulated ev en ts w ere pro cessed through the same reconstruction and analysis

c hain as the data.

A MC generator, GenD V CS [22], based on a mo del b y F rankfurt, F reund and Strikman

(FFS) [23], w as used to sim ulate the elastic D V CS pro cess as describ ed in [24]. The

ALLM97 [25] parameterisation of the F2 structure function of the proton w as used as

input. The t dep endence w as assumed to b e exp onen tial with a slop e parameter b set to

4.5 GeV� 2
, indep enden t of W and Q2

.

The elastic, ep ! e
p , and inelastic, ep ! e
Y , BH pro cesses, where Y is the hadronic

�nal state, and the exclusiv e dilepton pro duction, ep ! ee+ e� p, w ere sim ulated using

the Grape-Compton

4

[26] and the Grape-Dilepton [26] generators. These t w o MC

programs are based on the automatic system Gra ce [27] for calculating F eynman dia-

grams. A p ossible con tribution from v ector meson electropro duction w as sim ulated with

the Zeusvm generator [28]. T o accoun t for electro w eak radiativ e e�ects, all the generators

w ere in terfaced to Hera cles 4.6 [29].

3 Kinematic v ariables and ev en t selection

The pro cess ep! e
p is parametrised b y the follo wing v ariables:

� Q2 = � q2 = � (k � k0)2
, the negativ e four-momen tum squared of the virtual photon,

where k (k0) is the four-momen tum of the inciden t (scattered) p ositron;

� W 2 = ( q+ p)2
, the squared cen tre-of-mass energy of the photon-proton system, where

p is the four-momen tum of the inciden t proton;

� x = Q2=(2P � q) , the fraction of the proton momen tum carried b y the quark struc k b y

the virtual photon in the in�nite-momen tum frame (the Bjork en v ariable);

� xL = p0�k
p�k , the fractional momen tum of the outgoing proton, where p0

is the four-

momen tum of the scattered proton;

� t = ( p � p0)2
, the squared four-momen tum transfer at the proton v ertex.

F or the Q2
range of this analysis and at small v alues of t , the signature of elastic D V CS and

BH ev en ts consists of a scattered p ositron, a photon and a scattered proton. The scattered

4

Hereafter, the Grape-Compton generator is referred to as Grape .
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proton remains in the b eam-pip e. The ev en ts w ere selected online via a three-lev el trigger

system [14, 30]. The trigger required ev en ts to con tain t w o isolated electromagnetic (EM)

clusters with energy greater than 2 Ge V .

The o�ine selection follo w ed the same strategy as for a previous publication [24]. T w o

EM clusters w ere found b y a dedicated, neural-net w ork based, p ositron �nder [31]. They

w ere ordered in p olar angle and are in the follo wing denoted as EM1 and EM2, with

� 1 > � 2 . The �rst cluster w as required to b e in the R CAL with energy E1 > 10 Ge V ; the

second cluster had to ha v e a p olar angle � 2 < 2:85 rad and w as required to b e either in the

R CAL, with energy E2 > 3 Ge V , or in the BCAL, with energy E2 > 2:5 Ge V . The angular

range of the second cluster corresp onds to the region of high reconstruction e�ciency for

trac ks in the CTD. The asso ciation of a trac k discriminates b et w een p ositron and photon

induced clusters. F or ev en ts with one trac k, a matc h w as required b et w een the trac k and

one of the t w o EM clusters. Ev en ts with more than one trac k w ere rejected. In order

to ensure a uniform high acceptance for the electromagnetic cluster in the R CAL some

�ducial cuts w ere required on the p osition of the electromagnetic cluster on the R CAL

surface. A di�eren t �ducial cut w as applied in the HERA I and HERA I I analyses, due

to the di�eren t R CAL detector acceptance.

The condition 40 < E � PZ < 70 Ge V w as imp osed, with E = E1 + E2 and PZ =

E1 cos� 1 + E2 cos� 2 . This requiremen t rejected photopro duction ev en ts and also ev en ts

in whic h a hard photon w as radiated from the incoming p ositron.

Ev en ts with CAL energy dep osits not asso ciated with the t w o EM clusters w ere rejected

if their energy w as ab o v e the noise lev el in the CAL [32]. In addition, the total energies

measured in the FPC (only for HERA I) and in the F CAL w ere eac h required to b e

b elo w 1 Ge V. These elasticit y requiremen ts also suppressed D V CS ev en ts and inelastic

BH ev en ts in whic h the proton disso ciates in to a high-mass hadronic system. The sample

w as still con taminated b y ev en ts in whic h a forw ard, lo w-mass hadronic system w as not

visible in the main detector.

F or HERA I, the kinematic region w as 40 < W < 170Ge V and 1:5 < Q 2 < 100Ge V

2
. In

the HERA I I analysis, the minim um Q2
cut w as raised to 5 GeV2

. The HERA I restricted

sample consisted of HERA I data with the same b o x and kinematic cuts of HERA I I.

F or the purp oses of this analysis, the v alues of Q2
and W w ere determined for eac h

ev en t, indep enden tly of its top ology , under the assumption that the EM1 cluster is the

scattered p ositron. This assumption is alw a ys v alid for D V CS ev en ts for the Q2
range

considered here. The electron metho d [33] w as used to determine Q2
and the double-angle
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metho d [33] to determine W .

4 Bac kground study and signal extraction

The selected ev en ts w ere sub divided in to three samples:

� 
 sample: EM2, with no trac k p oin ting to it, is tak en to b e the photon and EM1 is

assumed to b e the scattered p ositron. Both BH and D V CS pro cesses con tribute to

this top ology . The sample consisted of 7618 ev en ts for HERA I, 6315 for HERA I I

and 3368 for the HERA I restricted sample.

� e sample: EM2, with a p ositiv e-c harge trac k p oin ting to it, is assumed to b e the

scattered p ositron and EM1 is the photon. The sample is dominated b y BH ev en ts.

The n um b er of D V CS ev en ts is predicted to b e negligible due to the large Q2
implied b y

the large p ositron scattering angle. This sample consisted of 11988 ev en ts for HERA

I, 10198 for HERA I I and 5385 for the HERA I restricted sample.

� negativ e-c harge- e sample : EM2, with a negativ e-c harge trac k p oin ting to it, ma y ha v e

originated from an e+ e�
�nal state accompan ying the scattered p ositron, where one

of the p ositrons escap ed detection. This sample is dominated b y non-resonan t e+ e�

pro duction and b y J= pro duction with subsequen t deca y in to e+ e�
and w as used

to study these bac kground sources. It consisted of 764 ev en ts for HERAI, 391 for

HERA I I and 195 for the HERA I restricted sample. The con tribution from di�ractiv e

electropro duction of � , ! and � mesons w as found to b e negligible [24].

In the kinematic region of this analysis, the con tribution of the in terference term b et w een

the D V CS and BH amplitudes is v ery small when the cross section is in tegrated o v er the

angle b et w een the p ositron and proton scattering planes [34, 35]. Th us the cross section

for exclusiv e pro duction of real photons w as treated as a simple sum o v er the con tributions

from the D V CS and BH pro cesses. The D V CS cross section w as determined b y subtracting

the latter.

The size of the BH con tribution to b e subtracted w as determined using the e sample

whic h consists of elastic and inelastic BH ev en ts and a small fraction of exclusiv e e+ e�

pro duction. The exclusiv e e+ e�
con tribution w as estimated with the negativ e-c harge- e

sample to b e (6:4 � 0:3)% for HERA I, (3:8 � 0:3)% for HERA I I and subtracted from

the e sample.
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The measured cross section of the BH pro cess w as (4 � 1)% smaller than the exp ectations

of the Grape program (a detailed discussion can b e found elsewhere [36, 37]). The Grape

cross section w as mo di�ed accordingly .

The BH con tribution to the 
 sample w as determined b y Grape and found to b e (56� 1)%

for HERA I and (58� 1)% for HERA I I. The BH-subtracted 
 sample w as further scaled

b y (1� f p� diss) , where f p� diss is the fraction of D V CS ev en ts in whic h the proton disso ciated

in to a lo w-mass state. Its v alue w as tak en [24] from a previous publication [38], f p� diss =

17:5 � 1:3+3 :7
� 3:2 %.

The W and Q2
distributions separately for the e sample, for the 
 sample and for the 


sample after BH and proton disso ciation bac kground subtraction, for b oth HERA I and

HERA I I, are sho wn in Fig. 1. Also sho wn in the �gure are the MC exp ectations whic h

describ e the data w ell. In Fig. 2 the shap e comparison b et w een the HERA I and HERA

I I data is sho wn for the 
 sample in the same phase space region and using the same

selection cuts.

5 Results

The 
 � p cross section of the D V CS pro cess w as calculated as a function of W and Q2

using the form ula

� 
 � p! 
p (Wi ; Q2
i ) =

(N obs
i � N BH

i ) � (1 � f p� diss)
N MC

i
� � FFS( 
 � p! 
p )(Wi ; Q2

i );

where N obs
i is the total n um b er of data ev en ts in the 
 sample in eac h bin i of W and Q2

,

N BH
i denotes the n um b er of elastic and inelastic BH ev en ts in the 
 sample in the same

bin, and N MC
i is the n um b er of ev en ts exp ected in the 
 sample from GenD V CS for the

luminosit y of the data. The cross section as predicted b y the FFS mo del is denoted as

� FFS (
 � p ! 
p ) and w as ev aluated at the cen tre (Wi ; Q2
i ) of eac h Q2

and W bin. The


 � p D V CS cross section, � 
 � p! 
p
, is sho wn in Fig. 3 as a function of Q2

at W = 104 Ge V

and as a function of W at Q2 = 3:2 Ge V

2
. The cross section sho ws a fast decrease with

Q2
. The �gure sho ws the p erfect agreemen t b et w een this analysis and the analysis that is

going to b e published.The p oin ts coming from m y analysis, ha v e b een shifted for clarit y .

A �t to the Q2
and W dep endence of the cross sections, assuming the functional forms

� 
 � p! 
p (Q2) � Q� 2n
and � 
 � p! 
p (W) � W �

, w as p erformed for W = 104 Ge V and for

Q2 = 3:2 Ge V

2
,resp ectiv ely . Figure 4-5-6 sho w the result of the �t on the HERA I, HERA
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I I aand the HERA I restricted sample cross sections. The result are in go o d agreemen t.

The impro v emen t in the statistical precision obtained using HERA I I data is eviden t. The

result is in agreemen t with other D V CS measuremen ts at HERA at lo w er W [24, 39� 41].

As exp ected for D V CS [23], the decrease of the cross section with Q2
is slo w er than for

exclusiv e v ector meson pro duction [9� 13, 42]. The cross section increases with W . In

pQCD-based mo dels, this b eha viour is related to the increase of the gluon con ten t of

the proton with decreasing Bjork en- x . This result is in agreemen t with the previous

measuremen ts [24, 39�41] p erformed in a restricted range of W and at higher Q2
. The

n um b ers of D V CS ev en ts, together with the resp ectiv e BH p ercen tage and luminosit y , are

listed in T able 2 1. This n um b er scales with the luminosit y , as exp ected. This means that

considering all the HERA I I running p erio d, where the collected luminosit y w as 400 pb

� 1
,

for the future analysis w e can start with 6815� 400=41 = 7611 ev en ts of a pure D V CS

sample.This n um b er can b e increased with a b etter tuning of the cuts for the HERA I I

en viromen t, a b etter understanding of the di�eren t bac kground comp onen ts and the use

of the MVD for b oth bac kgound and signal. This increase of statistics lo oks promising

in order to p erform a new measuremen t of d�=dt using the HERA I I data with larger

statistics and therefore b etter precision.

6 Conclusion and Outlo ok

Rep eating the analysis of the HERA I data that will b e published so on, w e ha v e v eri�ed

that, v arying only the b o x cuts and kinematic region of the HERA I selection, w e can

obtain a measuremen t of the D V CS cross section with the HERA I I data compatible with

the previous measuremen ts. The increase of statistic in the HERA I I analysis has op ened

the w a y to a future study of d�=dt where t will b e calculated in a indirect w a y using the

expression

t = � p
02
x � p

02
y = � p

02
T = � (


0

T + e
0

T )2

whic h needs a high resolution on b oth e
0

T and 

0

T . Ho w ev er for a complete analysis w e

need a b etter tuning of the cuts for the HERA I I en vironmen t, a b etter understanding

of the di�eren t bac kground comp onen ts and Mon te Carlo studies b oth to de�ne the new

kinematic region and the resolution study of the v ariables in th new data taking p erio d.
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Samples D V CS ev en ts BH (%)

HERA I (pub.) 3328 56.3 � 1.0

HERA I ( Q2 > 5Ge V

2
) 1233 63.4 � 1.1

HERA I I (06-07) 2746 56.5 � 1.1

T able 1: The sample of D V CS events after BH the b ackgr ound subtr action, the

sample stil l include the pr oton disso ciative c ontribute. The last c oloumn indic ate

the BH fr action subtr acte d.
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Figure 1: Distribution of W , Q2
in the inclusive sample for HERA I and HERA

II, for the e-sample (top), the 
 -sample (midd le) and the 
 -sample after BH b ack-

gr ound and pr oton disso ciation subtr action (b ottom). A lso shown ar e the exp e cta-

tions of the MC normalise d to the luminosity of the data and the c ontribution fr om

exclusive dilepton pr o duction ( e+ e�
).

15



Figure 2: Shap e c omp arison b etwe en the HERA I and the HERA II data within

the same phase sp ac e r e gion and using the same sele ction cuts
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Figure 3: (top) The D V CS cr oss se ction, � 
 � p! 
p
, as a function of Q2

for b oth

this analysis and the analysis to b e publishe d. (b ottom) The D V CS cr oss se ction,

� 
 � p! 
p
, as a function of W for b oth this analysis and the analysis to b e publishe d.

The p oints of this analysis have b e en shifte d for mor e clarity.
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Figure 4: Fit to d�=dQ 2
and d�=dW ,assuming the functional form Q� 2n

and

W �
.The cr oss se ctions wer e obtaine d using the HERA I data and in the same

kinematic r e gion as for the analysis to b e publishe d.
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Figure 5: Fit to d�=dQ 2
and d�=dW ,assuming the functional form Q� 2n

and

W �
.The cr oss se ctions wer e obtaine d using the HERA II data in the r estricte d

kinematic r e gion describ e d in the text.

19



Figure 6: Fit to d�=dQ 2
and d�=dW ,assuming the functional form Q� 2n

and

W �
.The cr oss se ctions wer e obtaine d using the HERA I data in the r estricte d kine-

matic r e gion describ e d in the text.
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