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Prompt photon plus jet photoproduction at DESY HERA at next-to-leading order in QCD

L. E. Gordon
High Energy Physics Division, Argonne National Laboratory, Argonne, lllinois 60439
(Received 25 July 1997; published 10 November 1997

The cross section for photoproduction of an isolated prompt photon in association with a jet is studied in
next-to-leading order. The kinematics are those appropriate for the BESXllider HERA. The effects on
the cross section of various experimental cuts including isolation cuts on the photon are examined. Compari-
sons with the ZEUS preliminary data using two parametrizations of the photon structure function are made, and
good agreement is found. The data are not yet precise enough to make a distinction between various models for
the photon structure functiohS0556-282(98)01101-]

PACS numbes): 12.38.Bx, 12.38.Qk, 13.85.Ni, 13.85.Qk

I. INTRODUCTION are present)’g?— yq andq?gP— vq. Since they contribute
to the cross section in different regions of pseudorapidijty,

It has long been anticipated that the DE®Y collider it has been proposed that this may provide a means of sepa-
HERA would provide a good opportunity to study prompt rating them, but this has proven to be difficult to implement
photon production in photoproduction proces$g&s Over in the experiments. Secondly, there are two contributions to
the past few years various calculations of this process havilae cross section in photoproduction processes, usually la-
been performed leading to continuous improvements in theibelled the direct and resolved. In the former case the quasi-
theoretical precisioh2—4,6. In the most recent studi¢g,7]  real photon participates directly in the hard scattering sub-
the inclusive cross section for producing a single photon wagrocess and gives up all its energy, while in the latter,
calculated fully in next-to-leading ordéNLO) with photon  resolved, case it interacts via its partonic substructure. Thus
isolation effects incorporated. Gordon and Vogelsg®d] the resolved subprocesses are sensitive to the photon struc-
use an approximate but nevertheless accurate analytic tectwe functions whereas the direct are not. Again it was pro-
nique[8,9] for including isolation effects in the NLO calcu- posed that they may be separated experimentally with suit-
lation, including the fragmentation contributions. This ana-able rapidity cuts, but these studies assumed a fixed initial
lytic technique is only applicable to single inclusive promptphoton energy. Since the initial photon energy is not fixed
photon production and cannot be applied when a jet is alsbut forms a continuous spectrum, then even this separation is
observed. not straightforward4]. This is because the spectrum of ini-

The ZEUS Collaboration have reported prompt photontial photon energies causes the sharply separated peaks in the
data[10] and have first chosen to analyse events with a jetapidity spectrum of the resolved and direct components,
balancing the transverse momentup¥) of the photon. In  present when the initial photon energy is fixed, to become
order to compare with this data a new calculation is necessmeared out and so less sharply defined. Separation of the
sary as described in outline in the next section. This is théesolved and direct processes is better achieved by tagging of
first calculation of the procesgp— y+jet+X to be per- the spectator jet from the resolved photon.
formed in NLO QCD although the matrix elements for the In Sec. Il a brief outline of the theoretical background to
resolved contributionésee beloware the same ones encoun- the cross section as well as the technique of calculation is
tered in the procespp— y+ jet+X, which have been cal- given. In Sec. Ill numerical results are presented and in Sec.
culated twice before. IV the summary and conclusions are presented.

In all previous studies of prompt photon production at
HERA, one of the common themes was the possibility ofll. THE INCLUSIVE PHOTON PLUS JET CROSS SECTION
using it for measuring the photon distribution functions, par-
ticularly the gluon distributiong”(x,Q?) which is presently
poorly constrained by the available data. This latter fact is In addition to the direct and resolved photon contributions
still true even with the availability of jet photoproduction to the cross section there are the nonfragmentation and frag-
data from both HERA and KEK TRISTAN. Prompt photon mentation contributions. In the former case the observed fi-
production is particularly attractive since it is dominated innal state photon is produced directly in the hard scattering
leading order (LO) by the hard scattering subprocesswhereas in the latter it is produced by long distance fragmen-
gg— vq, resulting in a cross section which is very sensitivetation off a final state parton. The fragmentation processes
to the gluon distribution. involve the functions which cannot be calculated and must

At HERA the situation is more complicated than at had-be taken from experiment. So far they have not been satis-
ron colliders for two reasons. Firstly there are two particlesfactorily measured. There are various parametrizations of
involved in the reaction, namely the quasireal photemit-  these functions available using different models for the input
ted by the electron which scatters at a small angled the  distributions. As the numerical results will show in the next
proton. Both particles have distinct gluon distribution func-section these contributions are small at HERA energies and
tionsg” andgP, hence two differentjg initiated subprocess so do not provide a significant source of uncertainty in the

A. Contributing subprocesses
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FIG. 1. (@) Lowest order Feynman diagrams for the direct )
nonfragmentation procesg— yq. (b) Lowest order diagrams for .FIG. 2. (&) Lowest order diagrams for the resolved_ nonfragmen-
the direct fragmentation process|—gq and yg—qq. tation process|g— yq andqg— yg. (b) Lowest order diagrams for

two examples of the resolved fragmentation processes.

present calculation. This point has already been noted in pre- .
vious studies and will be returned to below. In the resolved case, for nonfragmentation there are only
The only direct nonfragmentation process contributing toth® two processes

the cross section in LO is the so called QCD Compton pro- —
cess(Fig. 1a. qg—vyq and qgq—yg

gy— 4. in LO (Fig. 2. At NLO there are virtual and three-body
corrections to these as well as other three-body processes, for
The corresponding direct fragmentation processes in L@xamplegg— yqq etc. For a complete list of these plus the
(Fig. 1b are fragmentation processes see, for example, f&f.As with
o the direct case, the fragmentation contributions are included
dy—gq and gy—qdg. here in LO.

As discussed in many placésee e.g.[6]) the photon frag-
mentation function is formallyO(ae,/@s), thus although
the hard subprocess cross sections in the fragmentation caseThe calculation was performed using the phase space slic-
areO(aemas), after convolution with the photon fragmenta- iNg method which makes it possible to perform photon iso-
tion functions the process contributesGita?,), the same as  1ation exactly as well as to implement the jet definition in the
the nonfragmentation part. Thus in a fixed order calculatiofN-© calculation. More details of parts of the calculation can

the two contributions must be added together to provide th&€ found in Ref[12]. The two-body matrix elements for the
physical cross section. resolved case, after the soft and collinear poles have been

At NLO for the nonfragmentation part there are the vir- canceled and factorized in the modified minimal subtraction
tual corrections to the LO Compton process plus the addi¢{MS) scheme can be found in the appendices of R4,

B. Some calculational details

tional three-body processes 13]. Those for the direct contributions can be obtained from
these by appropriately removing non-Abelian couplings.
qy—ygq and gy— yqq. These matrix elements depend on the soft and collinear cut-

off parametersgs and 6. and must be added to the three-
These processes have been calculated previously by variogdy matrix elements, also included in the appendiki@,
authors. In this study the virtual corrections are taken fromin order to cancel the dependence of the cross section on
[11] In addition there ar®(«,) corrections to the fragmen- these arbitrary cut-off parameters.
tation processes to take into account, but in this calculation Following the ZEUS experiment, the cone isolation
these processes are included in LO only. It has been showhethod is used to isolate the photon signal. This method
previously[6] that the fragmentation contributions are not asrestricts the hadronic energy allowed in a cone of radius
significant here as at hadron colliders which generally havé&R,= VA ¢?+A7?, centered on the photon to be below the
higher cms energies. They are also reduced drastically whevalue €E.,, whereE,, is the photon energy. The fixed value
isolation cuts are implemented. Thus ignoring NLO correc-e=0.1 is used in this study, which corresponds to the value
tions to the fragmentation contributions, while in principle used in the ZEUS analysis. By contrast the Collider Detector
theoretically inconsistent; will not lead to significant error in at Fermilab(CDF) Collaboration in their analysig4] uses a
estimates of the cross section. value ofe=2 GeV/p¥, which varies with the photon energy
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FIG. 3. (a) Rapidity distribution at fixedo? for the inclusive nonisolated prompt photon cross section at HERA energies showing
resolved and direct contributiond) Same aga) but with the cut 0.16:z<0.8 imposed on the Weiszacker-Williams spectrichSame as
(b) but showing the contributions from fragmentation processes to both components as well as to thd) Same agb) and (c) but
comparing the sum as calculated in LO and NLO.

(p¥ is the transverse momentum of the observed photon used. Thus the “electron structure functiorfy(xe,Q?) is
The cone algorithm is also used to define the jet. Thiggiven by a convolution of the photon structure function

defines a jet as hadronic energy deposited in a cone radidg(xy,Qz) and the Weiszacker-William@VW) function

R;= VA ¢+ A 72 If two partons form the jet then the kine-

matic variables are combined to form that of the jet accord- tem| [1+(1-2)2) Q3.(1-2)
ing to the formulae fye(2)=5_— - 272
Py=P1tP2 (1-2) 1
- 2m§z[ W— QT} } (2.2)
_ (mp1+ 72P5) e max
n P1tP2 by
+
¢J:(¢1p1 ¢2P2). 2. L [tdz ¥
p1tp2 fe(Xe,Q%) = - fle(2)f Y’Q : 2.3

In the ZEUS analysi®,=1.0 andR;=1.0 are chosen and

these values will also be used in this study. The expression fof ,,.(z) was taken from Ref5]. Follow-
In order to estimate the flux of quasireal photons from theéng the ZEUS analysis the valu®Z,=1 GeV, is used

electron beam the Weiszacker-Williams approximation isthroughout.
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FIG. 4. Comparison of the nonisolated single photon and the 3 1
isolated photon plus jet cross sections at fixgdshowing direct i
and resolved contributions. The lower dot-dashed curve is the re- 10! = E
solved component after the cx=0.8 is imposed. c ]
. RESULTS iy
2 100 = —
A. Effect of experimental selections ~ F ]
el
The numerical results presented in this section are ob- &
tained using the Gordon-Storrow 1996596 [15] photon © 4
distribution functions, the CTEQ4L6] parton distributions S CTEQ4M E
for the proton and the Gk-Reya-Vogt(GRV) LO [17] c T MRSR1 ]
fragmentation functions as standard. Furthermore the two- [ |
loop expression forxg is used, four-flavors of quarks are P R T P B
assumed active and the factorization/renormalization scales 10 2 0 2 4
are taken to be equal to the photpr [Q?=(p})?]. The (b) Ui
maximum virtuality of the initial state photon is fixed at
Qha=1 Ge\2. The calculation is performed in thep labo- FIG. 5. The isolated photon plus jet cross section pat

ratory frame usin@®,=27.5 GeV for the electron energy and =5 GeV vs#? with various cuts imposed by the ZEUS Collabora-
P,=820 GeV for the proton energy. The electron is movingtion using(a) the GRV and GS96 photon structure functions énd
toward negative rapidity. the CTEQ4M and MRSR1 proton structure functions.

In order to make contact with the results of previous cal-
culations, it is convenient to start by examining the inclusivethe resolved contribution does not fall by as much. The rea-
single prompt photon cross secti@p— yX. As more data son for the asymmetric response of the two contributions to
are taken at HERA this cross sectiéwith isolation cuty  this cut is that the WW distribution is largest at smalix,
will certainly be measured since it is the largest cross sectiorr z, for the direct evenis Cutting out this region removes a
involving prompt photon production. In Fig. 3a the noniso-large fraction of the direct events with lower energy initial
lated single inclusive prompt photon cross section is showiphotons. When the convolution in E.3) is taken for the
as a function of photon rapidity giY=5 GeV. No experi- resolved processes on the other hand, for a gignx./z,
mental cuts are implemented. In the positive rapidity regiorgll regions ofx. contribute and thus the cut andoes not
the resolved contributions are roughly twice as large as theave the same dramatic effect in this region. In all the fol-
direct and thus this is the region of interest if information onlowing results the cut oz is implemented.
the gluon distribution of the photon is to be obtained. At Using the standard parameters, the fragmentation contri-
negative rapidity, the direct and resolved contributions ardution constitutes less than 20% of the cross sectiopat
comparable in size. =5 GeV (before isolation and as expected, falls rapidly

When the WW spectrum is cut as done by the ZEUSwith increasingp}. After isolation, the fragmentation con-
Collaboration (0.16:z=<0.8) the cross section changes astribution is reduced to about 3% of the cross section. Figure
shown in Fig. 3b(also at the sam@}=5 GeV). Both the  3c shows the contribution from fragmentation processes to
resolved and direct contributions remain essentially unthe resolved and direct contributions, as well as their sum, at
changed at negative rapidities but are reduced in the positive=5 GeV before isolation cuts are implemented.
rapidity region. The effect on the direct contribution is large, The higher order corrections, enhance the cross section by
being reduced by a factor of 10 gf'=2. Thus sensitivity to  O(20%) before isolation. As indicated by Fig. 3d, the cor-
the photon structure function is enhanced in this region sinceections are numerically more significant in the positive ra-



57 PROMPT PHOTON PLUS JET PHOTOPRODUCTIONTA. . 239

||||v||I|||||||vv fl...y||1.|| ||r|

J i
10! E- -07<n” <08 [ 5 < p} < 10 deV -156<n < 1.8_
10! =
gum :
(o T S SO N resolved _|
1o E - -~ direct
% 7
S 2 100
™~
Q -1 — — b
ICRA: 3 §
S -2 N 10! | B
T 107° — 3 ;
oy g’ a7 1
N P P A I I o2 Ll iy
5 10 15 20 25 30 -2 0 2 4
P1 n?

FIG. 7. 5" distribution of the photon plus jet cross section for
FIG. 6. p? distribution of the resolved and direct contributions 0-5<P7=<10 GeV showing resolveddot-dashed lineand direct

to the photon plus jet cross section as well as their sum for photofdashed ling contributions and their surtsolid ling). The various
rapidity in the range-0.7< 70.8. dotted lines show the partial breakdown of the resolved contribu-

tion. The dotted line with error bars is the contribution from the
Py i : o

pidity region, but they are still modest, indicating good per_q g” initiated process using the GRV photon parametrization.
turbative stability for the predictions. . . . . . o

In Fig. 4 the single inclusive prompt photon cross section's desired and look at highe if the aim is to eliminate the

y_ . . resolved events.
at p¥=>5 GeV, with only the cut 0.18z=<0.8, is compared . . .
. . o ; . Figure 7 shows a partial breakdown of the isolated photon

to the photon plus jet cross section with isolation cuts and Jeblu

ST : jet cr tion into initial stat ntribution func-
definition incorporated as done by the ZEUS collaboration S JEL CTOSS SECUo 0 initial state contributions as a func

. tion of »”. The photonpy is integrated between 5 and 10
_ J J n p P g

The rapidity ancpT cuts— 1.5< y"< 1.8 anapr=>5 Ge\( are  GeV as done by the ZEUS Collaboration. The solid curve is

placed on the jet. As expected, the photon plus jet cros

R : the sum, the dot-dashed curve the resolved and the dashed
section is significantly smaller than the single photon cros

. . 2 urve the direct. The contributions to the resolved process
section, but does not show much difference in shape. It coul

. . .- ~~—are the labelled dotted curves. The dotted curve with error
thus still potentially be used to measure the photon d'smbubars is they”qP initiated process as predicted using the GRV
tions in the positive rapidity region.

2 . . photon distributions. Clearly it is only distinguishable from
. The lower dot-dashe'd In Fig. 4 |s.the resolved Contrlbu'the GS96 result in the far positive rapidity region. All other
tion to the photon plus jet cross section after the further cu

~08isi d Thi all ¢ hFeatures of the curves except for the absolute sizes of the
x,=0.8 Is Imposed. This cut essentially removes most of the., ik tions are similar to the results of previous studies

L S i : Yone on single nonisolated prompt photon production in the
of the sensitivity to the photon distribution functions. It is Sp laboratory frame2,4,6].

still nevertheless not a pure direct sample and as seen in Fig.
5a, it still shows sensitivity to the photonic parton distribu-
tions. One of the main differences in the GR¥8] and
GS96 photon distributions is in the quark distributions at Table I lists predictions for the resolved and direct contri-
large x,,. In Fig. 5a the rapidity distribution is plotted at butions to the cross section and their sum for various choices
p¥=5 GeV with all the cuts used in the ZEUS analysis of parameters. As stated above, in order to obtain a sample of
implemented, including the cut oq,. At negative rapidities direct events the ZEUS Collaboration have imposed the cut
the photonic quark distributions are probed at laxgghich ~ X,=0.8 on their data. This cut which is also imposed on the
is where the largest differences between the results of GS9®sults in Table |, favors the direct contributions since they
and GRV are seen. By contrast, as Fig. 5b demonstratesontribute atx, =1, but there is still a contribution from the
there is almost no differences between the results when th&solved processes and hence some sensitivity to the photon
proton distributions are changed. This cross section may thudistributions chosen. In addition the cuts 5 Gepy
potentially be used to distinguish between these two models
of the photon structure function. TABLE I. Total y+ jet cross section in pb with ZEUS cufsee

In Fig. 6 the cross section is plotted p$ with the ZEUS tex). MRSR1 means Martin-Roberts-Stirling set R1.
rapidity cuts on the photon imposed-0.7<7,<0.8). It

B. Comparison with HERA data

shows the well known fact, common to this type of photo- Standard Q?=(p})%4 Q*=4(pP? GRV’ MRSR1

production process, that the resolved contribution only comg. 331 260 4.95 6.72 3.44
petes with the direct at low values off, while the direct g, 9.86 11.45 8.18 9.86 0.34
dominates ap7{ is increased. One thus needs to look in theg,m 1317 14.05 13.13 16.58 12.78

lower p¥ region if sensitivity to the photon structure function
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<10 GeV, pi=5GeV, —1.5<7’<1.8, —0.7<7’<0.8 IV. CONCLUSIONS

and 0.16sz=E,/E.=<0.8 along with the isolation cuts and ) ) ) )
jet definitions discussed in Sec. Il are imposed. A NLO calculation of isolated single photon plus jet pro-

The first column of numbers gives the results for the standuction at HERA was presented. The effects of various ex-
dard choice of parameters while the 2nd and 3rd C0|umn§er|mental cuts on the cross section was studied in some
show the effect of changing the scales. The results show @etail, and comparisons are made with the preliminary data
remarkable stability to scale changes. This is in contrast tdfom the ZEUS Collaboration where good agreement was

nificant scale sensitivity. The 4th and 5th columns show thdion but there is still a significant sensitivity to the quarks
effect of changing the photon and proton distribution func-distributions in the photon at large;. At the moment the
tions used respectively. In the latter case, as already indfTor in the data is still too large to distinguish between the
cated by the results shown in Figs. 5a and 5b there is hardIpRY and GS96 photon distributions, but it is expected that
any changes in the predictions, while in the former case th@nalysis of more data will soon remedy this situation.
changes are very significant. Since with these cuts the cross

section is mostly sensitive to the quark distributions in the

photon at large¢ then this measurement may potentially be ACKNOWLEDGMENTS
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