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1. Introduction

The jet-jet correlations are interesting probe of QCD dyitarfil]. Recent studies of hadron-
hadron correlations at RHIC [2] open a new possibility tadgtthe dynamics of jet and patrticle
production. The hadron-hadron correlations involve betkjét correlations as well as complicated
jet structure. Recently also preliminary data on photodrba azimuthal correlation in nuclear
collisions were presented [3]. In principle, such corrielas should be easier for theoretical de-
scription as here only one jet enters, at least in leadingrg@CD. On the experimental side, such
measurements are more difficult due to much reduced statbimpared to the dijet studies.

Up to now no theoretical calculation for photon-jet weregagted in the literature, even for
elementary collisions. In leading-order collinear-factation approach the photon and the asso-
ciated jet are produced back-to-back. If transverse moanehpartons entering the hard process
are included, the transverse momenta of the photon and tlaegeno longer balanced and finite
(non-zero) correlations in a broad range of relative azirabangle and/or in lengths of transverse
momenta of the photon and the jet are obtained. The finiteetadions can be also obtained in
higher-order collinear-factorization approach [4]. Acoding to our knowledge no detailed stud-
ies of photon-jet correlations were presented in the liteea Only cross section as a function of
photon-jet invariant mass was discussed for polarized figicms [5].

2. Formalism

It is known that at midrapidities and at relatively smallnsgerse momenta the photon-jet
production is dominated by (sub)processes initiated byprgu Here we concentrate on direct
photons. A large fraction of the photons could come fromdfe~ gg process, where one gluon
fragments into the photon and the other produces the jetrifhtiple, such mechanisms can be
removed by imposing isolation cuts.

In the k;-factorization approach the cross section for a simultasgmoduction of a photon
and an associated jet in the collisions of two hadrgsdr pp) can be written as

do_hlhzﬂyk dzklt dzklt 1 .
d?p1:d?py; /dyldy m 16n2(X1st)2| Mipl?
G (k1t+k2t—ﬁ1t—ﬁ2t) (Xl,klt,ul) (Xz,th,uzz), (2.1)

where.Z (xq, kit, u%) and.Zj(xz, k27t, u3) are so-called unintegrated parton distributions. The lon-
gitudinal momentum fractions are evaluatedkas- (M€t + mye™¥2) //sandx, = (mye ¥t +
mxe¥2)/y/s. The final partonic state igk = yg,yg. If one makes the following replacement
T, K2 ) = xapi (00)8(2,), T (%2, KB) — XoPj (%2) 8(K ) and. i (K2, 1B,) — A p(KE =
0,k3, = 0) then one recovers the standard leading-order collineard.

Up to now we have concentrated only on processes with twdaixphrd partons ¥K) in the
k-factorization approach. It is of interest to compare ressof our approach with the standard
collinear next-to-leading order approach.

The cross section fdr h, — ykIX processes can be calculated according to the standardiparto
model formula

dOhyhy—ykl = %/dxldXZ pi (X1, 12) pj (X2, 4?) dGij—yia (2.2)
i
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where elementary cross section can be written as

401 1 = gl 7y 22746 (P + Py le. rl 2E (2:3)
I
Repeating similar steps as for-2 2 processes we get finally

. 1 _

dGijy = % mxlpi(xbuz)xzpj (X2, M) | M — ]2 (2.4)
J]

X P1tdprpzrdprd@ dyrdyodys, (2.5)

where the relative azimuthal angle between the photon asaocided jetp_ is restricted to the
interval (0, 7). The last formula is very useful in calculating the crosstisecfor particle 1 and
particle 2 correlations.

3. Results

In this section we shall present results for RHIC, Tevatnod BHC energies. We use UPDFs
from the literature. There are only two complete sets of URDFthe literature which include
not only gluon distributions but also distributions of gkmand antiquarks: (a) Kwiatski [7], (b)
Kimber-Martin-Ryskin [8].

For comparison we shall include also unintegrated distidmg obtained from collinear ones
by the Gaussian smearing procedure. Such a procedure s gt in the context of inclusive
direct photon production [9, 10]. Comparing results obdainvith those Gaussian distributions
and the results obtained with the Kwiéski distributions with nonperturbative Gaussian form
factors will allow to quantify the effect of UPDF evolutios aontained in the Kwietski evolution
equations. What is the hard scale for our process? In ourtbadgest candidate for the scale is the
photon and/or jet transverse momentum. Since we are inégkgsrather small transverse momenta
the evolution length is not too large and the deviations fioitial k;-distributions (assumed here
to be Gaussian) should not be too big.

At high energies one enters into a small-x region, i.e. tiggoreof a specific dynamics of the
QCD emissions. In this region only unintegrated distribn$ of gluons exist in the literature. In
our case the dominant contributions come from QCD-Comgloion— quark or quark— gluon
initiated hard subprocesses. This means that we need grated distributions of both gluons and
guarks/antiquarks. In this case we take such UGDFs fromitim@aiure and supplement them by
the Gaussian distributions of quarks/antiquarks.

Let us start from presenting our results on tipe;, p2) plane. In Fig.1 we show the maps for
different UPDFs used in thig-factorization approach as well as for NLO collinear-fazation
approach fompy, p2r € (5,20) GeV and at the Tevatron energy = 1960 GeV. In the case of the
Kwiecinski distribution we have takem = 1 GeV for the exponential nonperturbative form fac-
tor and the scale parametef = 100 Ge\?. Rather similar distributions are obtained for different
UPDFs. The distribution obtained in the collinear NLO agmio differs qualitatively from those
obtained in the-factorization approach. First of all, one can see a shaligeralong the diagonal
p1t = P2t. Thisridge corresponds to a soft singularity when the uaplesd parton has a very small
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transverse momentumg:. As will be clear in a moment this corresponds to the azimhale
between the photon and the jet beipg= 1. Obviously this is a region which cannot be reliably
calculated in collinear pQCD. There are different pradtmsssibilities to exclude this region from
the calculations. The most primitive way (possible onlyhedretical calculations) is to impose a
lower cut on transverse momentum of the unobserved pagenSecondly, the standard collinear
NLO approach generates much bigger cross section for asymermpe: and py;.

do/dpa, dps, (nb/GeV?)
do/dpa, dps, (nb/GeV?)

do/dpy, dps, (nb/GeV?)
do/dpy, dps, (nb/GeV?)

Figure 1: Transverse momentum distributiode/dp;1dp at W = 1960 GeV and for different UPDFs in
the k-factorization approach for Kwieski (bp = 1 GeV 1, u2 = 100 GeV?) (a), BFKL (b), KL (c) and
NLO 2 — 3 collinear-factorization approach including diagranmnirFig.2. in Ref.[11] (d). The integration
over rapidities from the interval -& y1,y» < 5 is performed.

As discussed in Ref.[6] the Kwigtski unintegrated parton distributions are very useful to
treat both the nonperturbative (intrinsic nonperturbtatiansverse momenta) and the perturbative
(QCD broadening due to parton emission) effects on the saotaf). In Fig.2 we show the effect
of the scale evolution of the Kwidtski UPDFs on the azimuthal angle correlations between the
photon and the associated jet. We show results for diffaretil conditions pp = 0.5, 1.0, 2.0
GeV1). Atthe initial scale (fixed here as in the original GRV [18]Jdeu? = 0.25 Ge\f) there is a
sizeable difference of the results for differdigt The difference becomes less and less pronounced
when the scale increases. At = 100 GeV/ the differences practically disappear. This is due to
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the fact that the QCD-evolution broadening of the initiaftpa transverse momentum distribution
is much bigger than the typical initial nonperturbativetsgerse momentum scale.

/-\103 L B B L B 3 /-\104
o) A3 )
£ 102 RHIC v's = 200 GeV ] E 03
| ' E
< o f
© 10 o 2
~ N 107 ¢
b b
° RERTE
10
2R Sk 1
10 ’ ’ 3
-1 [
-3
10 10 ¢ ;
10_4 “,v'x‘:].\‘.mwm."H\::H‘: 10_27‘“»7'-1’]"”\ H\H‘\.’H\-‘:H‘
0 30 60 90 120 150 180 0 30 60 90 120 150 180
$_ (deg) ¢_ (deg)

Figure 2: (Color on line) Azimuthal angle correlation functions at RHIC, (b) Tevatron energies for dif-
ferent scales and different valueshgfof the Kwiechski distributions. The solid line is fdip = 0.5 GeV1,

the dashed line is fobg = 1 GeV ! and the dotted line is foby = 2 GeV1. Three different values of
the scale parameters are shovut: = 0.25,10,100 GeV (the bigger the scale the bigger the decorellation
effect, different colors on line). In this calculatigmy, p2; € (5,20) GeV andyi,y» € (-5,5).

In Fig.3 we show corresponding azimuthal angular corretetifor three different energies
relevant for RHIC, Tevatron and LHC. In this case integmaii® made over transverse momenta
P1it, P2t € (5,20) GeV and rapiditieys,y, € (—5,5). The standard NLO collinear cross section
grows somewhat faster with energy than #eesult with unintegrated Kwiegski distribution.
This is partially due to approximation made in calculatidrite off-shell matrix elements. Up to
now we have used matrix elements called "on-shell" (for axation see appendix A in Ref.[11]).
This approximation is expected to be reliable for small$rsrse momenta of gluons (for a detailed
discussion see Ref.[6]). For larger gluon transverse mdantre longitudinal gluons start to play
important role. This is obiously not included in our simpl@rapolation of the on-shell formula.

In Fig.4 we show angular azimuthal correlations for diffgreelations between transverse
momenta of outgoing photon and partons: (a) with no comgsanps;, (b) the case whergy; >
ps: condition (called leading jet condition in the followingy imposed, (C)2: > p3t and an
additional conditionpy: > pzt. The results depend significantly on the scenario chosearabe
seen from the figure. The general pattern is very much the sanaiferent energies.

Fig.4 suggests that tHe-factorization approach may be very efficient to describeatation
in azimuth forg_ < /2 (where NLO contribution vanishes) when the leading jetdition is
imposed.

4. Conclusions

We have performed for the first time the lacking in the litaratcalculation of the photon-jet
correlation observables in proton-(anti)proton (RHICyateon and LHC) collisions. Up to now
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Figure 3: Photon-jet angular azimuthal correlatiods /d¢_ for proton-(anti)proton collision atV =
200,196Q 14000 GeV for different UPDFs in tHe-factorization approach for the Kwiggski (solid), BFKL
(dashed), KL (dotted) UPDFs/UGDFs and for the NLO collirfsatorization approach (thick dashed). Here
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Figure 4: Angular azimuthal correlations in the NLO collinear-fagtation approach without any ex-
tra constraints (dashedps: < pot (solid), psy < p2r and p3; < p1t in addition (dotted). Her&V =
2001960 14000 GeV angi,y» € (—5,5).

such correlations have not been studied experimentahigeitVe have concentrated on the region
of small transverse momenta (semi-hard region) wheregfiactorization approach seems to be
the most efficient and theoretically justified tool. We haedculated correlation observables for
different unintegrated parton distributions from thergire. Our previous analysis of inclusive
spectra of direct photons suggests that the Kviigki distributions give the best description of
existing experimental data at low and intermediate ensrgie

The correlation function depends strongly on whether itis ¢orrelation of the photon and
any jet or the correlation of the photon and the leading jetthie last case there are regions in
azimuth and/or in the two-dimensionady(;, p2t) space which cannot be populated in the standard
next-to-leading order approach. In the latter casekhictorization seems to be a useful and
efficient tool.

We hope that the photon-jet correlations will be measuret@lesatron. At RHIC one can
measure jet-hadron correlations for rather not too highsvarse momenta of the trigger photon
and of the associated hadron. This is precisely the semilegidn discussed here. In this case
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the theoretical calculations would require inclusion @ fragmentation process. This can be done
easily assuming independent parton fragmentation metsiog fragmentation functions extracted
from ete™ collisions. This analysis is in progress.
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