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Abstract

In lowest order perturbative quantum chromodynamics, high transverse momen-
tum direct photon production accompanied by a recoil hadronic jet is studied in LHC
pp collisions at /s = 14 TeV. The gluon structure function for the proton in the range
0.005 < x < 0.04 for Q? values between 440 GeV? and 2-10* GeV? is constrained as-
suming that the QCD Compton process gives the dominant contribution to high-pp
direct photon plus jet production.

1 Introduction

The production of high-pr direct (prompt) photons in hadron collisions offers an im-
portant test of perturbative QCD. At leading order, we will show that this production is
sensitive to gluons and thereby provides information on the gluon structure function for
the proton.

In the present paper, the gluon structure function can be determined in the range
0.005 < x < 0.04 and 440 < Q? < 2-10* GeV? (Sec. 6.2), by using the differencial
cross section for the production of a direct photon and a opposite-side jet in LHC pp
collisions at /s = 14 TeV. For this purpose we study the reaction pp — v + jet + X
(where X are the undected hadrons), generated by the Monte Carlo PYTHIA (by which
we modeled 100.000 events of the photon-jet type containing direct photons with high-
pr), and using the ATLFAST program to simulate the ATLAS detector at low luminosity
(1033 571 em™2).

The simulation programs used for this analysis are briefly described in Sec. 2. The
trigger and the selection criteria for photons and jets are given in Sec. 3. A description
of direct photon production is discussed in Sec. 4, while Sec. 5 presents the cross section
results for v-jet simulated events. The method used to extract the gluon structure function
and the main results are formulated in Sec. 6. The theoretical systematic errors are given
in Sec. 7, followed by a conclusion in Sec. 8.



2 Simulation

2.1 The Lund Monte Carlo (MC)

The versions 5.7 of PYTHIA and 7.4 of JetSet [1] have been used to generate the
~-jet events in this paper. The Lund MC program is able to simulate pp interactions
at /s = 14 TeV, corresponding to the nominal LHC energy. However, this program is
limited to leading order (LO) processes (the basic processes are 2 — 2 with the LO order
matrix elements). A phenomenological model is introduced to describe the hadronisation
of a final parton configuration.

2.2 ATLFAST

The v-jet events which are generated with PYTHIA pass through an ATLFAST sim-
ulation of the detector. ATLFAST is a fast simulation program for ATLAS that is used
for determining the performance of the detector for physics channels. This program is
interfaced to the event generator. The stable final-state particles are processed and the
reconstructed isolated momenta are smeared by gaussian resolution distributions to sim-
ulate the response of the ATLAS calorimeters. A complete description of ATLFAST is
given in ref. [2].

3 Selection criteria and trigger

3.1 Selection criteria

The selection criteria are used to detect photons and jets. The photons are selected
within the central part of the calorimeter and over the default energy nominal threshold:

In(v)| < 0.7, the default threshold ( [2]) pr(vy) > 5 GeV,

where 7(7) and pr(7) are the photon rapidity and the transverse momentum respectively.
The selected photons are then passed through isolation criteria [2]. Similarly, pseudo-
rapidity and transverse momentum requirements are imposed on the jets:

In(jet)| < 2, pr(jet) > 35 GeV.

3.2 Trigger cuts

In this analysis, only the level 1 trigger is taken into account to select the high pr
events. However, the following cuts are assumed:

e minimum pr for isolated photons, to discriminate the background, is 40 GeV (the
selection of the ATLAS trigger at low luminosity) with a rapidity coverage |n(v)| <
0.7 .

e minimum jet transverse momentum is 37 GeV. The rapidity coverage for jets is
In(jet)] < 2.

4 Direct photons and QCD

In quantum chromodynamics (QCD) the two hard processes that contributes to direct
photons production at lowest order in the strong runing coupling constant o, (Q?) are the



Compton effect on gluons gg — ¢ and the annihilation ¢qg — ~g. The cross section
expressions at the parton level for these two elementary processes after performing spin
average and color sums are respectively [3]:
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where 5,f and @ are the Mandelstam variables for the parton-parton scattering processes
and e, is the fractional charge of the gth quark.

In the parton model, neglecting the internal transverse motion of partons kr, the
differential cross section at LO for the process A+ B — v+ jet+ X in the center of mass
is given by [4]:

do(ab — 7 + jet)
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where z, and x; are defined to be the momentum fractions for the hadrons A and B re-
spectively and pr is the photon transverse momentum. From the photon and jet rapidities
ny and nje; and with ¢ = 2pp//s, the momentum fractions x, and z}, at LO are given
by:
Tg = :)%T(e’“ +e'iet) and zp, = :)%T(e_rh + e~ Miet)

Note that for the case of direct photon production plus opposite-side jet, z, and zj can
be approximated at next-to-leading order by the expressions above (i.e. higher order
corrections introduce a small contribution [5]). FA(z,, Q?) and F2(xy, Q?) are the parton
distribution functions. In the approximation where the contribution of the annihilation
process is neglected (see fig. 1), the cross section for producting a jet opposite to a direct
photon in pp collisions (eq. (3)) becomes:
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In this expression G(x,Q?) is the gluon structure function. In the quark parton model the
structure function Fy(z, Q?) is given by

Fy(z, Q%) = Z e?chf(:c, Q?) (with f =1,---,Ny; Ny is the number of flavours)
f

where ey is the charge of the quark of flavour f which has a momentum distribution
Fy(z,Q%).

5 Results of cross section for y-jet simulated events

In order to regularize the differential cross section divergence at pr—0, the QCD
processes for direct photon production are generated with a transverse momentum greater
than 37 GeV (the threshold on the jet pr). The v-jet sample is then selected by requiring
an additional analysis cut: the azimuthal separation between the photon and the jet
directions must satisfy: 150° < A¢,_je¢ < 210°. Notice that the 7° and n particles



(the only particles which survive to isolation criteria with a small rate!) are forced to be
stable (in the first approach) and the Bremsstrahlung from quarks (initial and final-state
radiation corrections?) are taken into account in the study presented in this paper. For
the following studies in this section, the CTEQ4L [7] set has been used to parametrize
the proton structure function. To calculate the observed cross section from ATLFAST, we
adopted the following formula:

Number of accepted events

OATLFAST = OPYTHIA,

Number of generated events
where opyrgra is the cross section from PYTHIA. The results for the double inclusive
cross section for the production of direct photons and recoil jets with this additional cut
are shown in fig. 1, as a function of the photon transverse momentum, for an integrated
luminosity of 100 pb~!.
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Figure 1: Direct-photon production with an opposite-side jet in pp collisions
at /s = 14 TeV and the CTEQA4L structure functions, as a function of p/.

In the study of a large scale jet production shows that only 28% of the photons at high pr from m°
decays survive to isolation criteria, compared to 84% of the direct and bremsstrahlung samples [6].

2The bremsstrahlung sample is generated by switching on the photon emission in the Pythia MC
program [1].



The assumed luminosity of 100 pb~! corresponds to about one day of data taking with low
luminosity. The dominance of the Compton process gqg — g7y over the annihilation gg —
g7 is clearly illustrated in fig. 1. In y-jet production, the contribution of the annihilation
channel to the cross section is less than 10 %. A relatively pure quark-jet sample in pp
— v + jet events has been studied. In this study, the same pr cuts of Sec. 3 are used
whereas the 1 range of the photons and jets are restricted to |n| < 2.5 and |n| < 3.2,
respectively. The fraction of these events correponding to the quarks (u, d, s, ¢ and b)
for Compton and annihilation processes in the total v — jet sample is plotted in fig. 2 as
a function of the photon pseudo-rapidity (|n(v)| < 2.5) and an integrated luminosity of
100 pb~!. Up-quark jets clearly dominate (because of the quark structure of the proton),
while the contribution of bottom-quark jets in the total v — jet sample is very small.
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Figure 2: Fraction of pp — + + jet events for u, d, s, c and b-quark channels
(see text)

The effect on the cross section of using different structure functions has been tested
for three sets of parton distributions, CTEQ4HJ [7], MRS(A) [8] and GRV94HO [9]. The
relative difference of the cross section between these sets of parton distributions and the
CTEQA4L parametrization is shown in fig. 3 as a function of the photon pseudo-rapidity



(with ()| < 2.5). The rapidity range for jets is restricted to |n| < 3.2 . The variation
obtained is less than 10 %.
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Figure 3: Cross section ratios from ATLFAST of the v — jet production
between structure functions. CTEQA4L is taken as reference system.

Notice that the pseudo-rapidity distribution of the photon shows a flat behaviour in
the central part of the detector (fig. 2). This will favor the photon rapidity requirement
discussed in Sec. 3, in order to study the gluon strcture function, while the cutoff on the
jet direction is purely kinematical.

6 Determination of the gluon structure function

6.1 Method

The method used to extract the gluon structure function is based on fitting the v — jet
cross section to the theoretical prediction at leading order. The data are simulated by
using the Martin-Roberts-Stirling set A [MRS(A)] structure function set [8] in the program
Pythia, as a reference system (according to the choice of the parametrization for F(x, Q?),



as will be described later). The eq. (4) defined in Sec. 4 has been used for this purpose.
In this expression it is assumed that the dominant hard process contributing to direct
photon production is the Compton effect on the gluon. Fy(z, Q?) is expressed in terms of
singlet and non-singlet parts via [10]

B, Q%) = 2B (,Q) + £F (2, Q)

The MRS(A) set is used to parametrize the structure function F5 from ref. [11] (in the anal-
ysis of deep inelastic scattering ”DIS”, in particular, the measurements of F} at HERA,
shows that this set of quark distribution functions is consistent with the data obtained).
The strong coupling constant is given at the next-to-leading order by

1 b Inin(Q?/A2)
(@) = bIn(QP AL bl”(QQ/A%59 v

with the Ag;z value being chosen according to the parton distribution function parametriza-
tion and

_ UCa—2N; 17C3 — 5CaNy — 3CpNy

’ 127 21(11C — 2Ny)

where C4 = N, (number of colors) and Cp = N2 — 1/2N,. for SU(N,).

The scale which enters in the structure functions and «g is chosen to be the same,
Q? = p%/4 (according to the appropriate choice of the scale for a; from ref. [12]). The
Q? dependence of the gluon distribution (values) is neglected in our analysis. The error
induced is estimated less than 10% (Sec. 6.2). Thus, the gluon structure function is taken
to have the generic form [13]

2G(z) = Agz M (1 — 2)12. P(2; A3, - )

with Aj 2 being physically associated with small-z Regge behavior and large-z valence
counting rules respectively. For the smooth function P, the CTEQ parametrization is
adopted

P(x; A3, Ag) =1+ Agz



6.2 Results

In this section, the gluon structure function xG(x) has been determined in the range
0.005 < z < 0.04 covered by our data simulation (in the kinematic region defined by the
photon transverse momentum pp(vy) > 40 GeV and the rapidity cuts of the photon and
jet |ny| < 0.7 and |njet| < 2, respectively). Fig. 4 shows the kinematic region analysed in
this paper.
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Figure 4: Two dimensional (z, x x;) plot for event distributions from the
reaction pp — v+ jet + X at /s = 14 TeV and p}. > 40 GeV.

In the previous section, it has been shown that the contribution of the b-quark jets is
very small and can be neglected. In this case, the least-squares fits are made with four
flavours of quarks. The fits are performed using the program MINUIT [14], taking into
account the statistical and theoretical systematic errors. We notice that the systematic
error is due to the choice of the parton distribution functions. This latter has been
estimated in Sec. 4 as being less than 10 %. The x? value is computed after adding the
statistical and theoretical systematic errors in quadrature. The fact that this analysis is
limited to the small-z region implies that the gluon distribution is mainly sensitive to
the parameter A;. In this regard, the parameter As has been fixed to the value which



best describes the simulated data which is obtained for Ay = 3.0 with y? = 32.74/35
DF (degree of freedom). Also, we introduced an effective K factor to take into account
the contribution to the cross section for photon and recoil jet production from the pair
annihilation process ¢g and the Bremsstrahlung effect from quarks (the main effect of the
higher-order corrections). The results are given in table 1 for fits with the parameter K
kept free. The main observation is that the x? does not change as a function of K factor
and the value of K is close to 1 because Pythia is LO. We also see that the K factor and
the parameter Ay are correlated and the errors are large if both are varied at once. In
fig. 5 the result of the gluon structure function zG(z) for an integrated luminosity of 10

fb~!, as a function of x (v7 = 2pr/4/s), is compared to the HMRS B1 (with A%leO
MeV) [15] theoretical parametrization. The errors on zG(x) are statistical. In this case
the average Q? is determined from the simulated data of the ATLAS experiment is < Q? >
= 576 GeV2. The agreement between the theoretical predictions and the simulated data
is good, within the overall uncertainties (if we take also the theoretical systematic errors

into account that will be discussed in the next section).
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Figure 5: Comparison between the gluon structure function obtained from
the simulated data using the MRS(A) structure functions and the
parametrization HMRS B1



To evaluate the difference between theory and simulated data, the new sets of gluon
distribution functions have been studied: MRST98-5 (with Ag)jsz383 MeV) [16], MRS
DO (with ALL=230 MeV) [17], CTEQ 5D (with AY)¢=326 MeV) [18], ABFOW (with

A —230 MeV) [19] and MTS1 (with AL =212 MeV) [20]. In fig. 6 the relative difference
of the gluon structure function between the unfolded simulated data and the theoretical
predictions is shown as a function of x (x7 = 2pr/4/s). Clearly shown in this figure is
that the variation is less than 5 % (reaching up to about 8% for CTEQ 5D) in the region
z < 0.03 . For z > 0.03 the variation is less than 5 % in the case of the HMRS B1
parametrization and it is within 5-8 % from the other sets, except CTEQ 5D where the
variation is more than 10 %. There is much interest in comparing this result with the
other input shapes of the gluon structure function. To do this, the following two generic
forms have been studied by applying the method described in this paper:

o MRS parametrization ( [13]) G (x) = AgzM (1 — 2)2- (1 + Asv/a + Agz)
e DO parametrization ( [21]) oG (x) = Aoz (1 — )2 (1 + Azz + Ayz®)
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Figure 6: Gluon structure function ratios between the simulated data using
the MRS(A) structure functions and the predictions at Q? = 576 GeV?
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Notice that the DO smooth function P given in ref. [21] is a polynom of degree 3. For
each parametrization, the value of the x? between the simulated data (using the MRS(A)
structure functions) and the prediction is calculated. The results are summarized in table
1 and plotted in fig. 7. The x? of the studied parametrizations shows a good agreement
between theory and simulated data. Fig. 7 shows the comparison of the results on the
gluon structure function to the CTEQ gluon input shape (which agree the best with the
simulated data) for an integrated luminosity of 10 fb~!. On this plot, the DO gluon input
shape shows a consistency for x < 0.02 with respect to the “best” gluon distribution func-
tion. Whereas in the case of MRS gluon distribution function the agreement is noticeable
for z > 0.02 . Thus, the difference observed between the CTEQ and DO (CTEQ and
MRS) gluon distribution functions varies from 7.5 to 20 % (8 to 15 %).

From table 1, we found, that the values of the A; parameter obtained agree well with
the theoretical prediction of BFKL (Balitsky-Fadin-Kuraev-Lipatov dynamics) [11, 22].
The value of A; is given by the best fit : A;=-0.51+0.18 .
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Figure 7: Results on the gluon structure function using different
parametrizations of 2G(x) (see text)
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gluon structure function shape
parameters CTEQ DO MRS
K 0.96+0.85 | 1.1640.94 | 1.00+0.86
Ag 0.65+0.58 | 0.814+0.65 | 2.18+1.88
Aq -0.51£0.18 | -0.4940.18 | -0.37+0.21
Ao 3.0 3.0 3.0
As 1.73+0.18 | -7.56+£0.79 | -3.9240.35
Ay 1.03+1.00 | 34.84+8.21 | 5.944+1.08
x° 32.74 37.02 37.23
DF 35 35 34

Table 1 : The results of fits obtained by using the MRS(A) set of quark
distributions and Q? = p% /4

In addition, some correlation between the K factor and the gluon structure function is
obtained (the fitted parameters A; of zG(x) show a correlation with the effective K factor).
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Figure 8: A comparison between theoretical predictions and the two data
sets for gluon. The data are from our simulation of ATLAS detector (the
errors on xG(z) are statistical) and UA2 experiment

12



We end this analysis by comparing our result to the gluon structure function con-
strained by the UA2 data for pp collisions [23]. One should notice that the data points
used correspond to the small-z values accessible by this experiment (/s = 630 GeV).
These data points are consistent with the theoretical gluon parametrization HMRS B1 at
the Q2 value given by our simulation (fig. 8), within the overall uncertainties (experimen-
tal and theoretical added in quadrature). This confirms the compatibility of our results
and the good agreement with theory.

To conclude we emphasize that the minimum transverse momentum of the photon
required in this study is at least 40 GeV. However, we have studied the effect on the
gluon structure function by using for the transverse momentum cut: pp(y) > 60 GeV
(threshold of the single photon trigger). The variation obtained (the difference between
the gluon structure functions for the pr(vy) cuts of 40 GeV and 60 GeV, respectively) is
less than 2 %.

7 Theoretical systematic errors

Owing to the weak dependence of the v — jet cross section on the QCD energy scale
Agcp, this latter cannot be obtained from our simulation. The systematic uncertainty
due to the choice of AY_is evaluated by changing the value of A% in a5 (Eq. (5)) in the
range from 155 to 395 MeV (for Q = pr/2). Therefore, the variation on zG(x) is from 5
to 6 %.

The effect of the uncertainty on 2G(x) due to the ambiguity in the Q? choice has
been studied by using the following representations of the pr dependence: Q? = p2T /9,
Q?* = p2T /4 and Q% = p%. The systematic error obtained is less than 5 %.

In the previous section, the error resulting from the difference between the studied
gluon input shapes DO and MRS to the one of CTEQ gives an uncertainty within 7.5-
20%.

In order to estimate the error due to the choice of the quark distribution functions, we
have repeated the fit procedure above by using the CTEQA4L set to parametrize Fy(z, Q?)
in eq. (4). Here, the CTEQ4L set is used as a parametrization of the proton stucture
function in the MC program. Hence, the error on xG(z) evaluated in this way is found to
be about +3 %. Combining quadratically these uncertainties, the total theoretical error
is estimated to be about 11.2-21.7 %. Such an error is induced by using the cross section
at LO which, generally, have large estimated errors. An obvious way to improve upon this
(theoretical uncertainty dominating the measurement) is to use the next-to-leading order
cross sections.

8 Conclusion

Throughout this paper, we have presented a first study on the possibility to determine
the gluon structure function based on the leading order QCD analysis. We have shown
that the gluon structure function xG(x) can be determined by the ATLAS experiment in
the range 0.005 < = < 0.04 for Q? values between 440 GeV? and 2-10* GeV? by using the
cross section for producting a jet opposite to a direct photon in the LHC pp collisions at /s
= 14 TeV. The prompt photon away-side jet cross section is obtained for central photon
production where the background from 7° and 7 is not taken into account. The precision
on xG(x) is limited by the systematic error of the order of 11.2-21.7 %. The results are in
agreement with the theoretical gluon parametrization HMRS B1. The variation between
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simulated data and theory is estimated to be less than 5 %, which is due to the fact that
the Q2 dependence of the G(z) values has been neglected.

As a next step, it is mandatory to extend this study to next-to-leading order QCD.
For this purpose, the computer code of ref. [5] which includes the O(a;s) QCD corrections
can be used. A procedure has to be implemented to unfold the gluon density from the
observed (simulated) distributions, with a (possibly iteration) numerical approach. At an
even later stage, the information from direct-photon production has to be combined with
other measurements (e.g. jets, W, Z) to perform a global fit of parton distributions. One
has to take into account background sources for prompt photon production in the analysis
to study the influence of the background substraction on the determination of the gluon
density.
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