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Prompt photon and associated hedwyc quark production has been a subject of pointed the-
oretical and experimental investigations up to now singghighly sensitive to parton distribution
in the hadron. So it provides a test of hard subprocess dysamiso this process contributes to
the background for the physics beyound the Standard Modekpses.

In this work thekr-factorization approach is used to make the calculatiohsvas used to
describe the production of prompt photons associated Wwéltharm or beauty quark in paper [1].
The consideration was based on #i¢aa?) amplitude for the gluon fusion subprocegg® —
yQQ_ A reasonably good agreement between the numerical pi@ticand the Tevatron data
[2, 3] was obtained in the region of relatively Iqu where the off-shell gluon fusion dominates.
However, the quark-induced subprocesses become moretampat moderate and larg#’ and
therefore should be taken into account. Here we extend theéqus analysis by including into the
consideration two additiona¥’(a a2) subprocessesqq — yQQ andqQ — yqQ, whereQ is the
charm or beauty quark.

The essential ingredient of ttke-factorization approach is unintegrated (transeverse emem
tum dependent) parton distribution functions (UPDFs). Gfitee aims of the presented study was
to test these parton densities. This is important as a stifye isearch of universal universal uPDFs.

According to thekr-factorization theorem, to calculate the cross sectioh@jrompt photon
and associated heavy quark production one should conviblateff-shell partonic cross sections
with the relevant unintegrated quark and/or gluon distiins in a proton:

, do de

o= z /agb(XLXz,k%ﬂk%T) fa(X17k§T7Il2)fb(Xz,k%T,uz)dxldxzdkdekZTE .
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whered;,(x1, %, k31, k2; ) is the relevant partonic cross section. The initial offfspartons have
fractionsx; andx, of initial protons longitudinal momenta, non-zero transeemoment& it and
kot and azimuthal angleg, and ¢,.

In this work we test the KMR uPDFs [4, 5]. The KMR approach is thrmalism to construct
the unintegrated parton distributiorfg(x, k2, u?) from the known conventional parton distribu-
tions xa(x, 4?), wherea = g or a=q. In this approximation, the unintegrated quark and gluon
distributions are given by [4, 5]
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whereP,p(2) are the usual unregulated LO DGLAP splitting functions. Theta functions which
appear in (1) and (2) imply the angular-ordering constraiat 1t /(1 + |kt|) specifically to the last
evolution step to regulate the soft gluon singularities. dtbher evolution steps, the strong ordering
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in transverse momentum within the DGLAP equations autarabyi ensures angular orderihg
The Sudakov form factorgy(k%, u?) and Ty(k%, u?) which appear in (1) and (2) enable us to
include logarithmic loop corrections to the calculatedssreections.

The calcuation of the matrix elements generally follows stendard Feynman rules. The
only difference comes from the modification of the polaiatsum rules. In thé&y-factorization
approach the gluon polarization density matrix takes sled¢@FKL form: y ete*V = k#k%/k%.
The spin density matrix for the off-shell quark with the marhen k = xP+ kr in massless limit
is [7] T su3(k)u3(k) = xP, whereP is the momentum of the incoming proton (or antiproton). 8inc
the expression was obtained in the massless approximateneglected the light quarks masses.

In our numerical calculations we took the renormalizatiad factorization scaleg3 = p2 =
&2p2. In order to evaluate theoretical uncertainties, we vafiegtween 1/2 and 2 about the default
valueé = 1. We used the LO formula for the strong coupling constayiti?) with ny = 4 active
quark flavours af\gcp = 200 MeV, so thatig(Mz) = 0.1232. We set the charm and beauty quark
masses ton. = 1.5 GeV andm, = 4.75 GeV.

In order to reduce the huge background from the secondappsproduced by the decays of
m° andnp mesons the isolation criterion is introduced in the experital analyses. This criterion
is the following. A photon is isolated if the amount of hadwmtransverse energg™? deposited
inside a cone with apertur@ centered around the photon direction in the pseudo-rgpatd
azimuthal angle plane, is smaller than some valyg.

E?ad < Emax

("—n)?+ (9"~ ¢)? <R

The isolation not only reduces the background but also fsgmtly reduces the so called frag-
mentation components, connected with collinear photoratiat (10%). We tookR = 0.4 and
EM*=1 GeV.

In Figs. 1—5 the results of our calculation [8] for the profioic of the prompt photon with
the associated heavy quark are shown. The results are cednpéh the data taken by the DO
and CDF collaborations gfs = 1960 GeV [9—12]. For comparison we also plot the NLO QCD
predictions [13]. We find that the full set of experimentatade reasonably well described by
the kr-factorization approach. One can see that the shape antligbsormalization of measured
cross sections are adequately reproduced. However, imtigeady + c-jet production, the situation
is a bit worse: we find a substantial disagreement betweepredictions and early DO data [10]
at highpY (see Fig. 4). Note, however, that very recent CDF data [11} e c-jet production are
well described by thér-factorization in a wholept range (see Fig. 5). This problem remained
open before recent time, but new DO experimental data [id]irma good agreement with the
kr-factorization predictions.

In Fig. 6 the results of the calculation for associated petidn of the prompt photon and
the muon originated from the semileptonic decays of charrbeauty quarks is presented. The
experimental data are from CDF [3]. To produce muons fromirakd and beauty quarks, we first
convert them intd or B hadrons using the Peterson fragmentation function [15}laeid simulate

INumerically, in (1) and (2) we applied the MSTW2008 partostrifbutions [6].
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Figure 1: The associatedt+ b-jet cross section as a function of photon transverse mmned{

in the kinematical region defined by®!| < 1.5 and |c1irEt >15GeV at,/s= 1960GeV. Left panels:
the solid curve corresponds to the KMR predictions at thauletcaley = Er , whereas the upper
and lower dashed curves correspond to scale variationsriestin the text. The dotted histogram
represents the NLO pQCD predictions [13] listed in [9]. Rigianels: the different contributions
to they+ b-jet cross section. The dashed, dotted and dash-dottacdsworrespond to the contri-

butions from the tg* — yQ(§ qgq — yQ(S and dQ — ygQ subprocesses, respectively. The solid
curve represents their sum. The experimental data are fré{9D

their semileptonic decay according to the standard eleetn theory. Additionally, the cascade
decaysb — ¢ — u have been taken into account. We set the fragmentation péeesg. = 0.06
andep = 0.006 and corresponding branching fractiond o — p) = 0.0969, f (b — u) = 0.1071
and f(b — ¢ — ) =0.0802 [16]. We find that thé&r-factorization predictions describe the data
very well. One can see that the CDF data clearly favoikihéactorization results.
In the present work we also make some predictions for LHCgeer We define the kine-

matical region by the following requirementyy| < 2.5, 25< p¥ < 400 GeV,|y/®| < 2.2 and
18 < p%et < 200 GeV. Our predictions for differentigi+ b-jet cross sections as a function of pho-

ton transeverse momentup?,i and rapidityy” are shown in Fig. 7.
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Figure 2: The associateg+ b-jet cross section as a function of photon transverse mamep;
in the kinematical region defined by| < 1.0, |y/!| < 0.8 and g > 15GeV at,/s= 1960GeV.
The notations are the same as for the left panel of Fig. 1. Xperémental data are from @[10].
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Figure 3: The associatedt+ b-jet cross section as a function of photon transverse mmnedf

in the kinematical region defined by/| < 1.0, |y/®| < 1.5 and dFt >20GeV (a) andn’| < 1.1,
In’®| < 1.5 and dft > 20 GeV (b) at/s= 1960GeV. The notations are the same as for Fig. 2.
The experimental data are from CDF [11, 12].

In summary, we have studied the process of the prompt phatmiuption with the associated
heavy b, c) quark in thekr-factorization QCD approach at Tevatron and LHC energieseda
sonably good description of DO and CDF data for the assatiptompt photon and heavy quark
production has been obtained. Also the associated prongibplandu-meson production has
been studied. A theoretical uncertainties investigatias been studied and a predictive power
of the used approach has been shown. The obtained reswis v applicability of the KMR
unintegrated parton distribution for the description aflsprocesses.
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Figure 4: The associategt+ c-jet cross section as a function of photon transverse mamen;
in the kinematical region defined by| < 1.0, |y/!| < 0.8 and g > 15GeV at,/s= 1960GeV.
The notations are the same as for Fig. 2. The experimental al&t from 0D [10].
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Figure 5: The associategt+ c-jet cross section as a function of photon transverse mumeﬁ
in the kinematical region defined by| < 1.0, |y/!| < 1.5 and g* > 20 GeV at,/s= 1960GeV.
The notations are the same as for Fig. 1. The experimental al& from CDF [11].
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Figure 6: The associated/+ u cross section as a function of the azimuthal angle diffezenc
between the produced prompt photon and muon in the kineahagigion defined bynY| < 0.9,
InH#| < 1.0and g > 4 GeV at,/s = 1800GeV. Panel (a): the solid line corresponds to the k
factorization calculation, the dashed line correspondshi collinear QCD factorization results.
The notations on the panel (b) are the same as for Fig. 1. Thergrental data are from CDF [3].
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Figure 7: The associated + b-jet cross section as a function of photon transverse mamen
pY (a) and rapidity ¥ (b) in the kinematical region defined byY| < 2.5, 25 < p¥ < 400 GeV,
lyl®| < 2.2 and 18 < p{et < 200 GeV at,/s= 7000GeV. The notations are the same as for the
right panel of Fig. 1.
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