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.in2p3.fr2 II. Institut f�ur Theoretis
he Physik, Universit�at Hamburg, Luruper Chaussee 149,D-22761 Hamburg, GermanyWe have 
al
ulated the di�ra
tive dijet 
ross se
tion in low-Q2 ep s
attering inthe HERA regime. The results of the 
al
ulation in LO and NLO are 
ompared tore
ent experimental data of the H1 
ollaboration. We �nd that in LO the 
al
ulated
ross se
tions are in reasonable agreement with the experimental results. In NLO,however, some of the 
ross se
tions disagree, showing that fa
torization breakingo

urs in that order. By suppressing the resolved 
ontribution by a fa
tor ofapproximately three, good agreement with the data is found.1 Introdu
tionDi�ra
tive 
p intera
tions are 
hara
terized by an outgoing proton of high longitu-dinal momentum and/or a large rapidity gap, de�ned as a region of pseudo-rapidity,� = � ln tan �=2, devoid of parti
les. It is assumed that the large rapidity gap is dueto the ex
hange of a pomeron, whi
h 
arries the internal quantum numbers of theva
uum. Di�ra
tive events that 
ontain a hard s
attering are referred to as harddi�ra
tion. A ne
essary 
ondition for a hard s
attering is the o

urren
e of a hards
ale, whi
h may be the large momentum transfer Q2 in in
lusive deep-inelasti
 eps
attering or the high transverse momentum of jets or single hadrons produ
ed inhigh-energy 
p, ep, or p�p 
ollisions.The 
entral problem in hard di�ra
tion is the question of QCD fa
torization, i.e.the question whether it is possible to explain the observed 
ross se
tions in harddi�ra
tive pro
esses by a 
onvolution of di�ra
tive parton distribution fun
tions(PDFs) with parton-level 
ross se
tions.The di�ra
tive PDFs have been determined by the H1 
ollaboration from a re-
ent high-pre
ision in
lusive measurement of the di�ra
tive deep inelasti
 s
attering(DIS) pro
ess ep! eXY , where Y is a single proton or a low mass proton ex
ita-tion [1℄. The di�ra
tive PDFs 
an serve as input for the 
al
ulation of any of theother di�ra
tive hard s
attering rea
tions. For di�ra
tive DIS, QCD fa
torizationhas been proven by Collins [2℄. This has the 
onsequen
e that the evolution of thedi�ra
tive PDFs is predi
table in the same way as the PDFs of the proton via theDGLAP evolution equations. Collins' proof is valid for all lepton-indu
ed 
ollisions.These in
lude besides di�ra
tive DIS also the di�ra
tive dire
t photoprodu
tion ofjets. The proof fails for hadron-indu
ed pro
esses.As is well known, the 
ross se
tion for the photoprodu
tion of jets is the sum
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t 
ontribution, where the photon 
ouples dire
tly to the quarks, andof the resolved 
ontribution, where the photon �rst resolves into partons (quarksor gluons), whi
h subsequently indu
e the hard s
attering to produ
e the jets inthe �nal state. So, the resolved part resembles hadron-indu
ed produ
tion of jetsas for example in p�p 
ollisions. Dijet produ
tion in single-di�ra
tive 
ollisions hasbeen measured re
ently by the CDF 
ollaboration at the Tevatron [3℄. It wasfound that the dijet 
ross se
tion was suppressed relative to the predi
tion basedon older di�ra
tive PDFs from the H1 
ollaboration [4℄ by one order of magnitude[3℄. From this result we would 
on
lude that the resolved 
ontribution in di�ra
tivephotoprodu
tion of jets should be redu
ed by a similar 
orre
tion fa
tor. Thissuppression fa
tor (sometimes also 
alled the rapidity gap survival probability) hasbeen 
al
ulated using various eikonal models, based on multi-pomeron ex
hangesand s-
hannel unitarity [5℄. The dire
t and the resolved parts of the 
ross se
tion
ontribute with varying strength in di�erent kinemati
 regions. In parti
ular, thex
-distribution is very sensitively dependent on the way how these two parts of the
ross se
tion are superimposed. Near x
 ' 1 the dire
t part dominates, whereasfor x
 < 1 the resolved part gives the main 
ontribution. However, in this regionalso 
ontributions from next-to-leading order (NLO) 
orre
tions of the dire
t 
rossse
tion o

ur. Therefore, to de
ide whether the resolved part is suppressed as
ompared to the experimental data, a NLO analysis is needed. This is the aimof this 
ontribution. For our 
al
ulations we rely on our work on dijet produ
tionin the in
lusive (sum of di�ra
tive and non-di�ra
tive) rea
tion 
 + p ! jets +X[6℄, in whi
h we have 
al
ulated the 
ross se
tions for in
lusive one-jet and two-jetprodu
tion up to NLO for both the dire
t and the resolved 
ontribution.Re
ently the H1 
ollaboration [7℄ have presented data for di�erential dijet 
rossse
tions in the low-jtj di�ra
tive photoprodu
tion pro
ess ep ! eXY , in whi
hthe photon disso
iation system X is separated from a leading low-mass baryoni
system Y by a large rapidity gap. Using the same kinemati
 
onstraint as in thesemeasurements we have 
al
ulated the same 
ross se
tion as in the H1 analysisup to NLO. By 
omparing to the data we shall try to �nd out, whether or nota suppression of the resolved 
ross se
tion is needed in order to �nd reasonableagreement between the data and the theoreti
al predi
tions.2 Kinemati
 Variables, Di�ra
tive Parton Distributions, and CrossSe
tion FormulaThe di�ra
tive pro
ess ep ! eXY , in whi
h the systems X and Y are separatedby the largest rapidity gap in the �nal state, is sket
hed in Fig. 1 of [8℄. Thesystem X 
ontains at least two jets, and the system Y is supposed to be a protonor another low-mass baryoni
 system. Let k and p denote the momenta of thein
oming ele
tron (or positron) and proton, respe
tively, and q the momentum ofthe virtual photon 
�. Then the usual kinemati
 variables ares = (k + p)2; Q2 = �q2; and y = qpkp: (1)



Fa
torization Breaking in Di�ra
tive Photoprodu
tion of Dijets 3We denote the four-momenta of the systems X and Y by pX and pY . The H1 data[7℄ are des
ribed in terms oft = (p� pY )2; M2Y = p2Y ; and xIP = q(p� pY )qp ; (2)where t is the squared four-momentum transfer of the in
oming proton and thesystem Y , MY is the invariant mass of the system Y , and xIP is the momentumfra
tion of the proton beam transferred to the system X .The ex
hange between the systems X and Y is supposed to be the pomeron IP ,whi
h 
ouples to the proton and the system Y with four-momentum p� pY . Thepomeron is resolved into partons (quarks or gluons) with four-momentum v. Thevirtual photon 
an resolve into partons with four-momentum u, whi
h is equal toq for the dire
t pro
ess. With these two momenta u and v we de�nex
 = pupq and zIP = qvq(p� pY ) : (3)x
 is the longitudinal momentum fra
tion 
arried by the partons 
oming fromthe photon, and zIP is the 
orresponding quantity 
arried by the partons of thepomeron. For the dire
t pro
ess we have x
 = 1. The regions of the kinemati
variables, in whi
h the 
ross se
tion has been measured by the H1 
ollaboration [7℄and 
al
ulated by us, are given in Tab. 1 of [8℄.The upper limit of xIP is kept small in order for the pomeron ex
hange to bedominant. In the experimental analysis as well as in the NLO 
al
ulations, jets arede�ned with the in
lusive kT -
luster algorithm with a distan
e parameter d = 1[9℄ in the laboratory frame. At least two jets are required with transverse energiesEjet1T > 5 GeV and Ejet2T > 4 GeV. They are the leading and subleading jets with�1 < �jet1;2lab < 2. We have sy =W 2 = (q + p)2 = (pX + pY )2. xIP is re
onstru
teda

ording to xIP = PX(E + pz)2Ep ; (4)where Ep is the proton beam energy and the sum runs over all parti
les (jets) inthe X-system. The variables x
 and zIP are determined only from the kinemati
variables of the two hard leading jets with four-momenta pjet1 and pjet2. So,xjets
 = Pjets(E � pz)2yEe and zjetsIP = Pjets(E + pz)2xIPEp : (5)The sum over jets runs only over the variables of the two leading jets. Thesede�nitions for x
 and zIP are not the same as the de�nitions given earlier, wherealso the remnant jets and any additional hard jets are taken into a

ount in the�nal state.The di�ra
tive PDFs are obtained from an analysis of the di�ra
tive pro
essep! eXY , whi
h is illustrated in Fig. 1 of [8℄, where now Q2 is large and the stateX 
onsists of all possible �nal states, whi
h are summed. The 
ross se
tion for thisdi�ra
tive DIS pro
ess depends in general on �ve independent variables (azimuthalangle dependen
e negle
ted): Q2, x (or �), xIP , MY , and t. These variables arede�ned as before, and x = Q2=(2pq) = Q2=(Q2 +W 2) = xIP �. The system Y is



4 M. Klasen and G. Kramernot measured, and the results are integrated over �t < 1 GeV2 and MY < 1:6 GeVas in the photoprodu
tion 
ase.The proof of Collins [2℄, that QCD fa
torization is appli
able to di�ra
tive DIS,has the 
onsequen
e that the DIS 
ross se
tion for 
�p! XY 
an be written as a
onvolution of a partoni
 
ross se
tion �
�a , whi
h is 
al
ulable as an expansion inthe strong 
oupling 
onstant �s, with di�ra
tive PDFs fDa yielding the probabilitydistribution for a parton a in the proton under the 
onstraint that the protonundergoes a s
attering with a parti
ular value for the squared momentum transfert and xIP . For fDa (x;Q2;xIP ; t) an additional assumption is made, namely that it
an be written as a produ
t of two fa
tors, fIP=p(xIP ; t) and fa=IP (�;Q2),fDa (x;Q2;xIP ; t) = fIP=p(xIP ; t)fa=IP (� = x=xIP ; Q2): (6)fIP=p(xIP ; t) is the pomeron 
ux fa
tor. It gives the probability that a pomeronwith variables xIP and t 
ouples to the proton. Its shape is 
ontrolled by Reggeasymptoti
s and is in prin
iple measurable by soft pro
esses under the 
onditionthat they 
an be fully des
ribed by single pomeron ex
hange. This Regge fa
toriza-tion formula, �rst introdu
ed by Ingelman and S
hlein [10℄, represents the resolvedpomeron model, in whi
h the pomeron is 
onsidered as a quasi-real parti
le witha partoni
 stru
ture given by PDFs fa=IP (�;Q2). � is the longitudinal momentumfra
tion of the pomeron 
arried by the emitted parton a in the pomeron. In [1℄ thepomeron 
ux fa
tor is assumed to have the formfIP=p(xIP ; t) = x1�2�IP (t)IP exp(BIP t): (7)�IP (t) is the pomeron traje
tory, �IP (t) = �IP (0) + �0IP t, assumed to be linear in t.The values of BIP ; �IP (0) and �0IP are taken from [1℄ and have the values BIP = 4:6GeV�2, �IP (0) = 1:17, and �0IP = 0:26 GeV�2. Usually fIP=p(xIP ; t) as written inEq. (7) has in addition to the dependen
e on xIP and t a normalization fa
tor N .This is in
luded into the pomeron PDFs fa=IP and thus �xed from the di�ra
tiveDIS data [1℄. The di�ra
tive DIS 
ross se
tion is measured in the kinemati
 range6:5 � Q2 � 120 GeV2, 0:01 � � � 0:9, and 10�4 � xIP < 0:05. The PDFsof the pomeron are parameterized by a parti
ular form in terms of Cheby
hevpolynomials as given in [1℄. For these pomeron PDFs, we used a two-dimensional�t in the variables zIP and Q2 and then inserted the interpolated result in the 
rossse
tion formula.The 
ross se
tion for the rea
tion e + p ! e + 2 jets + X 0 + Y 
an then be
al
ulated from the well known formul� for jet produ
tion in low Q2 ep 
ollisions,d�D(ep!e+ 2 jets +X 0 + Y ) =Xa;b Z tmint
ut dt Z xmaxIPxminIP dxIP Z 10 dzIP Z ymaxymin dy Z 10 dx
f
=e(y)fa=
(x
 ;M2
 )fIP=p(xIP ; t)fb=IP (zIP ;M2IP ) d�(n)(ab! jets): (8)y, x
 and zIP denote the longitudinal momentum fra
tions of the photon in theele
tron, the parton a in the photon, and the parton b in the pomeron. M
 andMIP are the fa
torization s
ales at the respe
tive verti
es, and d�(n)(ab ! jets)is the 
ross se
tion for the produ
tion of an n-parton �nal state from two initialpartons a and b. It is 
al
ulated in LO and NLO, as are the PDFs of the photon
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tive Photoprodu
tion of Dijets 5and the pomeron. For the resolved pro
ess, PDFs of the photon are needed, forwhi
h we 
hoose the LO and NLO versions of GRV [11℄.3 ResultsHere we present the 
omparison of the theoreti
al predi
tions in LO and NLO withthe experimental data from H1 [7℄. In this paper, preliminary data on 
ross se
tionsdi�erential in xjets
 and zjetsIP for the di�ra
tive produ
tion of two jets in the kinemati
regions spe
i�ed in Tab. 1 of [8℄ are given. These two 
ross se
tions are theonly di�erential 
ross se
tions, whi
h are not normalized to unity in the measuredkinemati
 range. All other di�erential 
ross se
tions, namely those di�erential inthe variables log10 xIP , y, Ejet1T , M jetsX , M jets12 , �jets, and j��jetsj, are normalized
ross se
tions. With these latter distributions, only the shape 
an be used to testa possible fa
torization breaking in the resolved 
omponent.Before we 
onfronted the 
al
ulated 
ross se
tions with the experimental data,we have 
orre
ted them for hadronization e�e
ts. The 
al
ulated 
ross se
tionsare the 
ross se
tions for the produ
tion of QCD jets, whi
h 
onsist either of oneparton or a re
ombination of two partons a

ording to the kT -
luster algorithm.The experimental 
ross se
tions are measured with hadron jets 
onstru
ted withthe same jet algorithm. Although the di�eren
e between the two kinds of jets isnot large, in parti
ular for jets with suÆ
iently large ET 's, we have 
orre
ted theoriginally 
al
ulated 
ross se
tions with a fa
tor Chad for the transformation fromQCD jets to hadron jets. The 
orre
tion fa
tors Chad for the di�erential 
rossse
tions in the kinemati
 variables of interest are shown in Fig. 2 of [8℄. Here, Chadis the ratio of the respe
tive 
ross se
tions for hadroni
 jets to partoni
 jets. Asseen in Fig. 2 of [8℄, Chad is approximately equal to one with deviations less than20%. The only ex
eption is Chad for the xjets
 
ross se
tion with values that areappre
iably di�erent from one for xjets
 � 0:6 [12℄.The di�erential 
ross se
tions have been 
al
ulated in LO and NLO with varyings
ales, where the renormalization s
ale and both fa
torization s
ales are set equaland are � = �Ejet1T with � in the range 0:5 � � � 2. This way we have a reasonableestimate of the error for the theoreti
al 
ross se
tions and are not in danger tobase our 
on
lusions 
on
erning fa
torization breaking only on one parti
ular s
ale
hoi
e. The theoreti
al 
ross se
tions are presented in two versions in LO and NLO.In the �rst version no suppression fa
tor R is applied. It 
orresponds to the LO orNLO predi
tion with no fa
torization breaking, labeled R = 1 in the �gures. These
ond version is with a suppression fa
tor R = 0:34 in the resolved 
ross se
tion,labelled R = 0:34 in the �gures. This parti
ular value for R is motivated by there
ent work of Kaidalov et al. [13℄. These authors studied the ratio of di�ra
tiveto in
lusive dijet photoprodu
tion in the HERA regime with and without in
ludingunitarity e�e
ts, whi
h are responsible for fa
torization breaking, as a fun
tion ofx
 . In this study they applied a very simpli�ed dijet produ
tion model for thisratio. From the 
al
ulations of this ratio, with and without unitarity 
orre
tions,they obtained the suppression fa
tor R = 0:34 for x
 � 0:3 (see Fig. 6 in Ref. [13℄),whi
h they attribute to the resolved part of the photoprodu
tion 
ross se
tion. Weuse this value of the suppression fa
tor and apply it to the total resolved part in
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Figure 1. LO (upper) and NLO (lower) 
ross se
tions for di�ra
tive dijet photoprodu
tion asfun
tions of xjets
 (left) and zjetsIP (right), 
ompared to preliminary H1 data. The shaded areasindi
ate a variation of s
ales by a fa
tor of two around Ejet1T .the LO 
al
ulation and to its NLO 
orre
tion. The dire
t part is, in both 
ases,left unsuppressed (R = 1). Our LO (top) and NLO (bottom) results are shown inFig. 1 for the di�erential 
ross se
tions in xjets
 (left) and zjetsIP (right), whi
h arenot normalized to one. The normalized distributions in xjets
 , zjetsIP , log10 xIP , y,Ejet1T , M jetsX , M jets12 ; �jets, and j��jetsj have been 
al
ulated also in LO and NLO.The results 
an be found in our more extended work [8℄.For d�=dxjets
 (Fig. 1, left), we have very di�erent 
ross se
tions for R = 1 andR = 0:34 and for the s
ale 
hoi
e � = 1. An ex
eption is the highest xjets
 -bin, wherethe di�eren
e is only 20%, sin
e in this bin the dire
t 
ontribution is dominant andthe suppression fa
tor is therefore less e�e
tive. In all the other bins, d�=dxjets
 withR = 0:34 is redu
ed by this fa
tor as expe
ted. Ex
ept for the highest xjets
 -bin,neither of the two LO 
al
ulations agrees with the data. The R = 1 
ross se
tion istoo large and the R = 0:34 
ross se
tion is too small. Only when we 
onsider thes
ale variation with 0:5 � � � 2 as a realisti
 error estimate, we would 
on
ludethat the unsuppressed LO 
ross se
tion (R = 1) is marginally 
onsistent with theH1 data inside the experimental errors. At NLO, the 
on
lusion is reversed: thesuppressed 
ross se
tion now agrees very well with the data, while the unsuppressed
ross se
tion drasti
ally overestimates the data. For d�=dzjetsIP in Fig. 1 (right), the
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tive Photoprodu
tion of Dijets 7agreement of unsuppressed and suppressed 
ross se
tions with the data is equallymarginal at LO, even within the respe
tive error bands, while it is ex
ellent for thesuppressed NLO 
ross se
tion.4 Con
lusions and OutlookThe re
ent measurement of di�ra
tive dijet photoprodu
tion 
ombined with theanalysis of di�ra
tive in
lusive DIS data in terms of di�ra
tive PDFs o�ers the op-portunity to test fa
torization in di�ra
tive dijet photoprodu
tion. For this purposewe have 
al
ulated several 
ross se
tions and normalized distributions for variouskinemati
al variables in LO and NLO. Two of them are shown in this 
ontributionand are 
ompared with re
ent preliminary H1 measurements [7℄. In LO we foundthat the measured distributions und unnormalized 
ross se
tions agree quite wellwith the theoreti
al results if, by a reasonable variation of s
ales, a theoreti
al erroris taken into a

ount. This means that in a LO 
omparison there is no eviden
e fora possible fa
torization breaking expe
ted for the resolved 
ontribution. However,it is well known that for dijet photoprodu
tion NLO 
orre
tions are very importantfor the dire
t and in parti
ular for the resolved 
ontributions to the 
ross se
tion.Indeed, the theoreti
al results at NLO disagree with the data for unnormalized
ross se
tions like d�=dxjets
 and d�=dzjetsIP . Agreement between data and theoreti-
al results is found, however, if the resolved 
ontribution is suppressed by a fa
torR = 0:34. Sin
e NLO results are more trustworthy than any LO 
ross se
tion 
al-
ulations, we 
onsider our �ndings a strong indi
ation that fa
torization breakingo

urs in di�ra
tive dijet photoprodu
tion with a rate of suppression expe
ted fromtheoreti
al models.A
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