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Small x physics and hard QCD processes at LHC

1. Itroduction

The so-called smaklt regime of QCD is the kinematic region, where the characteristic hard
scale of the procesg? ~ p2 ~ M2 = M2+ p2, (M and p? are the mass and the transverse
momentum of the final state) is large as compared to\gep but u is much less than the total
c.m.s. energy/s of the process\qcp < U < /S.

In this sense, the HERA was the first smalinachine, and the LHC is more of a small
collider. Typicalx values probed at the LHC in the central rapidity region are almost two ®rder
of magnitude smaller thar values probed at the HERA at the same scale. Hence, the small
corrections start being relevant even for a final state with a charaatestlisctroweak scal®l ~ 100
GeV.

It means the pQCD expansion any observable quantity tontains large coefficients
(IN"(S/M?)) ~ (In"(1/x)) (besides the usual renorm group ombé‘(uz//\zQCD)). The resumma-
tion of these termgas(In(1/x))" ~ 1 atx — 0) in the framework of the Balitsky-Fadin-Kuraev-
Lipatov (BFKL) theory [1] results in the so called unintegrated gluon distidou% (x,k2). The
unintegrated gluon distribution determines the probability to find a gluon carryia longitu-
dinal momentum fractiox and transverse momentuki. This generalized factorization is called
"kr —factorization" [2[B]. If the terms proportional trfIn"(u?/Ajcp) andasin®(u?/Aécp)In™(1/x)
are also resummed, then the unintegrated gluon distribution function degksadsn the probing
scaley, <7 (x, k2, u?). This quantity depends on more degrees of freedom than the usual aolline
parton density, and is therefore less constrained by the experimental\@aitaus approaches to
model the unintegrated gluon distribution have been proposed. One gpickaah, valid for both
small and large, has been developed by Ciafaloni, Catani, Fiorani and Marchesinisdmbwn
as the CCFM model]J4]. It introduces angular ordering of emissions teectly treat gluon co-
herence effects. In the limit of asymptotic energies, it is almost equivaleéBEkdL [fl, but also
similar to the collinear (DGLAP) evolution for largeand highu?. The resulting unintegrated
gluon distribution functions depend on two scales, the additional sda#éng a variable related to
the maximum angle allowed in the emission.

The BFKL evolution equation predicts rapid growth of gluon density(?, where 1+ A is
the intercept of so-called hard BFKL Pomeron). However it is clear tiggtiowth cannot continue
for ever, because it would violate the unitarity constrajht [2]. Consetlyethe parton evolution
dynamics must change at some point, and hew phenomenon must come intngisd as the
gluon density increases, non-linear parton interactions are expecteztéonle more and more
important, resulting eventually in the slowdown of the parton density growtbvkras "saturation
effect”) [B, [5]. The underlying physics can be described by the lim@ar Balitsky-Kovchegov
(BK) equation [B]. These nonlinear interactions lead to an equilibrium-likeesy®f partons with
some definite value of the average transverse momektuand the corresponding saturation scale
Qs(x). This equilibrium-like system is the so called Color Glass Condesate (JGChiite the
saturation scale increases with decreasing: @?(x,A) ~ x *A% (A is an atomic number ) with
A ~0.3,6 ~1/3 8], one may expect that the saturation effect will be more clear at Lirvi®gges.
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2. Unintegrated parton distributions (uPDF or TM D)

The basic dynamical quantity in the smafihysics is transverse-momentum-dependent (TMD)
(kr-dependent) or unintegrated parton distribution (UPRHX, k%, u?). For example to calculate
the cross sections of photoproduction process the uRDEk2, u?) has to be convoluted with the
relevant partonic cross secti@nyg:

dz N
U:/?/dk% UVQ(X/Z,k'ZraI-lZ)@{(Xa k%?l-lz) (21)

For the uPDF there is no unique definition, and as a cosequence it is furéhemenology of these
quantities very important to identify uPDF which are used in description of &gy processes.
For a general introduction to smallphysics and the smaX evolution equations, as well as tools
for calculation in terms of MC programs, we refer to the reviels [9].

During roughly the last decade, there has been steady progressl tawatter understanding
of the kr-factorization (high energy factorization) and the uPDF (for exanpll [@rkshop on
Transvere Momentum Distributions (TMD 2010), which was held in Trentiy), was dedicated
to the recent developments in smajphysics, based on the -factorization and the uPDIFJIL1].

Recently the definition for the TMDs determined by the requirement of faetioiz, maxi-
mal universality and internal consistency have been done by Cdllihs T1] results obtained in
previous works are reduced to the following:(TMD)-factorization is valid in

e Back-to-back hadron or jet productionéne -annihilation,
e Drell-Yan processRa+ Ps — (y*,W/Z) + X),
e Semi-inclusive DIS€+ P — e+ h+ X).

In hadroproduction of back-to-back jets or hadrorsg ¢ h, — Hj + H, + X) TMD-factorization

is problematic.

For expample, partonic picture gives the followigg-dependent hadronic tensor for DY cross
section:

WHY =3¢ [H¢ (Q; ur) MY (2.2)
/dzledzszdf/pl(Xl, KiT; UR; Zl)gT/pz(Xz, kot; Ur; 2)0 (K1t + Kot —01) + Y (Q,q7).

The hard part¢ (Q; ur) is calculable to arbitrary order ias, Ur - the renormalization scale.
The termY (Q, gr) describes the matching to large, where the approximations of TMD-factorization
break down. The scalés, {, are related to the regulation of light-cone divergencesags= Q*.

The soft factors connected with soft gluons are contained in the defigitibthe TMDs, which
cannot be predicted from the theory and must be fitted to data.

3. Theky-factorization approach in hadroproduction

The kr-factorization approach in hadroproduction is based on the work bynCa&&faloni
and Hautman (CCH) (seff [3]) The factorization formula fgrcollision in physical gaugena =
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0,n =aP} +bP) is

1 7 dx d ~
o= W/dzkl-r/X—ll/dzkz‘r/%y(X:L,le)O—gg(p/(X]_XZ%le;kZT)y(XZkZT)? (31)

wherep = 4M?/s, M is the invariant mass of heavy quark, afd are the unintegrated gluon
distributions, definded by the BFKL equation:

F(ckiQB) = 615K~ QB+ 3.2)
_ [d’q rdz .2 .2
10 [ 15 [ FiF 2k aiQf) - Ok ) (/2 ki Q)

wereds = asNc/7T. It means that the rapidity divergencies are cut off since there are dititmp
cuts in the BFKL formalism. Effectively one introduces a cfits(>, and then seté; = X3, {> =X

in (3.1).

The declaration in CCHJ3] tha# is defined via the BFKL equation (3.2) means that the BFKL
unintegrated gluon distribution reduces to the dipole gluon distribufich [13je donnections
between different uPDF recently were analysed i [14].

The procedure for resumming inclusive hard cross-sections at than¢gadn-trivial order
throughkr-factorization was used for an increasing number of processes: gradiaction ones,
DIS ones, DY and vector boson production, direct photon productjtumnic Higgs production
both in the point-like limit, and for finite top mass. Please look, for examplg [15].

The hadroproduction of heavy quarks was considered n [16] avehtly in [1T]. In last paper
it was shown that when the coupling runs the dramatic enhancements Jeed @oupling, due
to infrared singularities in the partonic cross sections, are substantiallgeddto the extent that
they are largely accounted for by the usual NLO and NNLO perturbatvieections. It was found
that resummation modifies tigeproduction cross section. at the LHC by at most 15%, but that the
enhancement of gluonW production may be as large 50% at large rapidities.

In our previous papers we have used kgefactorization approach to describe experimental
data on:

e heavy quark photo- and electroproduction at HERA

e J/y production in photo- and electroproduction at HERA with taking into accthentolor
singlet and color octet states.

e D*, D*+ jet, D* 4+ 2jet photoproduction an®* production in DIS

e charm contribution to the structure functii(x, Q%),FS, R

e B-meson andb pair production at the Tevatron

e charm, beautyD* andJ/ production in two-photon collisions at LEP2
e Higgs production at the Tevatron and LHC

e prompt photon production at the HERA and Tevatron

e W/Z production at the Tevatron
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Here | want to present the resultstwfjuark and) /g production at the LHC[[19], 19]in com-
parison with first experimental data obtained by ATLAS, CMS and LHCb ®olations. The
description of prompt photon production and DY lepton pairs was done byialyshev [2D].

4. Ingredientsof our ky-factorization numerical calculations

To calculate the cross section of any physical process ikithdactorization approach accord-
ing to the formula (3.1) the partonic cross sectiihas to be taken off mass sheki¢dependent)
and the polarization density matrix of initial gluons has to be taken in the so cafigd Borm * :

Hiv
Y et = kLL(T. (4.1)
T

Concerning the uPDF in a proton, we used two different sets. First of ikethe KMR
one. The KMR approach represent an approximate treatment of the gadtution mainly based
on the DGLAP equation and incorpotating the BFKL effects at the last stépegbarton ladder
only, in the form of the properly defined Sudakov formfact@yék?, u2) andTy(kZ, u?), including
logarithmic loop correctiong [21]:

%(X7 k'zl'al'lz) :Tq(k'zraﬂz)
1 < /x < /x (4.2)
x/dz[qu(z)Zq (z’k%> O(A—Z)+qu(z)ig (z’k%ﬂ’

X

1 (4.3)
« foz| goniaa(354) s muio o4 ) ota-a |

where ®-functions imply the angular-ordering constraibt= 1/ (u + kt) specifically to the last
evolution step (to regulate the soft gluon singularities). For other evolutepsghe strong or-
dering in transverse momentum within DGLAP equation automatically ensuresaamgdering.

Ta(k2, u?) - the probability of evolving fromk?2 to 2 without parton emissionT, (k2 , u?) = 1 at

k2 > p2. Such definition of the,(x,k%, u?) is correct fork2 > 32 only, wherepy ~ 1 GeV is

the minimum scale for which DGLAP evolution of the collinear parton densitieslid.va

We use the last version of KMRW uPDF obtained from DGLAP equatipri [22 this case
(a(x, u?) = xGor a(x, u?) = xq) the normalization condition

p2
a(x i) = [ oalx ke, 1Pk (4.4)
0

1The problem of choicing of proper gauge will be discussed in more détefisc. 5.



Small x physics and hard QCD processes at LHC

e

AP

Q000Q0000H0HRAG0

N

= OOOOOOOOOQ@
E %@OOOOOOOOO

000000Q00000000

Figure 1: Feynman diagrams for the pp Q@X process.

is satisfied, if
Ma(xv k%’ﬂz)|k%<u§ = a(X, Ilg)Ta(”gallz)u (45)

whereTa(é, u?) are the quark and gluon Sudakov form factors. Then the uBR& k3, u?) is
defined in alk2 region.

Another uPDF was obtained using the CCFM evolution equation. The CCBMt®n equa-
tion has been solved numerically using a Monte-Carlo methdd [23]
According to the CCFM evolution equation the emission of gluons during the icistade is
only allowed in an angular-ordered region of phase space. The maxitmned angle= related
to the hard quark box sets the scalep? = §+ Q% (= p?).
The unintegrated gluon distribution are determined by a convolution of thepadarbative start-
ing distribution.eo(x) and CCFM evolution denoted by_(x, k2, p2):

Xt (x I3, 112) = [ dzo(2) 2l (5,8 1), (4.6)
where
xa(X) = NxP°(1—x)Prexp(—k2 /k3). (4.7)

The parameters were determined in the fiFtaata.

5. Heavy quark production in pp-interaction

The hard partonic subprocegsyy* — QQ is described by the Feynman'’s diagrams presented
in Fig. 1. We used Sudakov decopmaosition for the momenta of heavy quatkbainitial gluons:
pi=aiPL+BP+piL, ki=aPi+ky, ke=BP+koy, p1 = pz =M?, k% = k%Ta ks = k2T’ where
in the center of mass frame of colliding particles
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Figure 2. Feynman diagrams explaining Lipatov vertex.

P, = (E,0,0,E), P, = (E,0,0,—E), E=/5/2, PP=P2=0, (PP) = /2.

Sudakov variables are

s = "0 expty). o= "L exply;) B = L exXp—YD). o= L ex )

Kit +kor = Pt + Por, a = a1+ 02, B =P+ Bo.

To guarantee gauge invariance, the process with off-shell incomitiglparhas to be embed-
ded into the scaterring of on-shell particles. The second row of Figondke this factorization
one can sum up these diagrams with the last diagram in the first row leadimg tdiagram with
an effective Lipatov vertex by working in Feynman gaugé [24]:

2 2
M (k) = 2 <2tl+M 2ot ME py

T pv
P,
S BS 1

wheret; = k& = —k2;, tp = kZ = —kZ;, M2 =&+ (k3 + K3 ).

This vertex obeys the Ward identity:¥ (ki,kz)k, = 0. Then the last five diagrams in Fig. 1 are
replaced by one diagram (Fig. 2). By neglecting the exchanged momenttha ooupling of
gluons to incoming particles, we get an eikonal vertex which does noindepe the spin of the
particle:

— (ka1 — sz)V) ; (5.1)

LT()\{,P]_—kl)VuU()\l,PZ — 2P{15A17/\1. (52)

Then it is possible to remove the external particle lines and attach so-catiaesémse" polariza-
tion to the incoming gluons:

e = V2Pl /s & = VP /s (5.3)

Instead of Feynman gauge, one can choose an appropriate axielrgetig- 0 (n# = aPl“ + bPz“).
The contraction of the eikonal coupling with the gluon polarization in this gauge
neky +kany 5 Kuky

A (K) = —gyuy + T g (5.4)
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then reads
PA) (k) = kerv/a, PYd (ke) = ket /B. (5.5)

In such a physical gauge the non-factortizing diagrammes vanish sindieehteconnection of two
eikonal couplings giveﬁ’l“df,”v) Py = 0. It means the Lipatov vertex is to be replaced by the usual
three gluon vertex. Then we can use the following matrix elements according ttiggrams in
Fig. 1:

s = 0p1) gy i M gy e ), 56)
Ma = 1) (107" ol P M i), 57)
Mz = 0(p1)CHYA (—ky, —ka, kg + ko) WVA v(p2), (5.8)
where
CHYA (K1, ko, ks) = i((ka — ki) "V + (ks — k2)Hg"* + (k1 — ks)"g**) (5.9)

is the standard three gluon vertex.

6. Numerical results

Recently we have demonstrated reasonable agreement betwelenfwtorization predic-
tions and the Tevatron data on thequarks,bB di-jets, B*- andD-mesons [[25]. Based on these
results, here we give here analysis of the C\1$ [26[2]7, 28] and Lig8pdata in the framework
of thekr-factorization approach. We produced the relevant numerical calcuaitictwo ways:

e We performed analytical parton-level calculations (which are labele&s L

e The measured cross sections of heavy quark production was cornglapedith the predic-
tions of full hadron level Monte Carlo event generator CASCADE.

In our numerical calculations we have used three different sets, namel@@FM A0 (BO)
and the KMR ones. The difference between A0 and BO sets is conneitethe different val-
ues of soft cut and width of the intrinskcr distribution. A reasonable description of tite
data can be achieved by both these sets. For the input, we have usechteedtd STW'2008
(LO) [BQ] (in LZ calculations) and the MRST 99 [31] (in CASCADE) setsheTunintegrated
gluon distributions depend on the renormalization and factorization sgglesd ur. We set
g = Mg + (pir +P5r)/2, U = $+ Q%, whereQr is the transverse momentum of the initial
off-shell gluon pairm; = 1.4+ 0.1 GeV,m, = 4.75+ 0.25 GeV. We use the LO formula for the
couplingas(u3) with ns = 4 active quark flavors aigcp = 200 MeV, such thatrs(M2) = 0.1232.

We begin the discussion by presenting our results for the muons originatimgtiie semilep-
tonic decays of thé quarks. The CMS collaboration has measured the transverse momentum and
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Figure 3: The pseudo-rapidity distributions of muons arising from semileptonic decays of beauty quarks.
The first column shows the LZ numerical results while the rsgtame depicts the CASCADE predictions.
The solid, dashed and dash-dotted, dotted histograms sorel to the results obtained with the CCFM A0,
BO and KMR unintegrated gluon densities. The experimental dre from CMS[[26].

the pseudorapidity distributions of muons framdecays. The measurements have been performed
in the kinematic rang@t > 6 GeV andn¥| < 2.1 at the total center-of-mass energg= 7 TeV.

To produce muons fronb-quarks, we first converb-quarks intoB-mesons using the Peterson
fragmentation function with default valugg = 0.006 and then simulate their semileptonic decay
according to the standard electroweak theory taking into account thgsdeea u as well as the
cascade decdy— c — p.

The results of our calcilations are shown in Figs. 3 — 8 in the comparison with Ht
data (see[[18] for more details). We obtain a good description of the daa using the CCFM-
evolved (namely, AO) gluon distribution in LZ calculations. The shape asdlate normalization
of measured-flavored hadron cross sections at forward rapidities are repradue# (see Fig. 6).
The KMR and CCFM BO predictions are somewhat below the data. In comtitiisb hadron and
decay muon cross sections, the results for inclusijet production based on the CCFM and KMR
gluons are very similar to each other anda reasonable description of tthésdabtained by all
unintegrated gluon distributions under consideration.

The CASCADE predictions tend to lie slightly below the LZ ones and are ratbee ¢o the
MC@NLO calculations (not shown). The observed difference betvieen.Z and CASCADE
connects with the missing parton shower effects in the LZ evaluations. Veedhecked addition-
aly that the LZ and CASCADE predictions coincide at parton level..

Figs. 5 and 8 show the role of fragmentation and off-shelness effects itatculations.

7. Quarkonium production in the ky —factorization approach

The production of prompl//(Y)-mesons irpp-collisions can proceed via either direct gluon-
gluon fusion or the production dP-wave statesyc(xp) and Swave statey/ followed by their
radiative decay¥c(xp) — J/@(Y) +y. In theky—factorization approach the direct mechanism
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Figure 4: The transverse momentum distributions of muons arising ftee semileptonic decays of beauty
quarks. The first column shows the LZ numerical results wwhidesecond one depicts the CASCADE predic-
tions. Notation of all histograms is the same as on previtide sThe experimental data are from CMS][26].
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Figure 5: The dependence of our predictions on the fragmentationnsehél'he solid, dashed and dash-
dotted histograms correspond to the results obtained ufiegPeterson fragmentation function wigh=
0.006 &, = 0.003and the non-perturbative fragmentation functions respett. We use CCFM (A0) gluon
density for illustration. The experimental data are from SI@].

corresponds to the partonic subprocgss-g* — J/Y(Y) +g. The production oP-wave mesons

is given byg* +g* — Xc(Xb), and there is no emittion of any additional gluons. The feed-down
contribution fromS-wave state)’ is described by* +g* — ¢/’ +g.

The cross sections charmonium states depend on the renormalizatiorctorizédion scalegir

and tg. We setu3 = n? + p2 and u2 = §+ Q2, whereQ? is the transverse momentum of ini-
tial off-shell gluon pair. Following to PDE [B2], we satyy = 3.097 GeV,my; = 3.511 GeV,
myc2 = 3.556 GeV,my, = 3.686 GeV and use the LO formula for the coupling constaiu?)

with ny = 4 quark flavours af\qcp = 200 Mev, such thatr (M2) = 0.1232.

The charmonium wave functions are taken to be equig, (0)|2/4rr=0.0876 GeV?, |R y(0)|? =

10



Small x physics and hard QCD processes at LHC

100 ' LZ = 100 Cascade
-g_ = [ ® LHCb data

= S el — CCFM Set A0

T 8o B L CCFM Set BO
3 °

60 [ 60~ .

40

20 1
.......... Asnseunnns 1
) 3 4 5 6
Hyn

Figure 6: The pseudorapidity distributions of b-flavored hadrons Bt LZ results with the CCFM AO,
BO and KMR uPDF. The experimental data are from LH@ [29].
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Figure 7: The differential cross sectionsoddyd pr of inclusive b-jet production integrated over the speci-
fied y intervals. The experimental data are from CI$ [28]

0.075 Ge\?, |Ry (0)|?/4m= 0.0391 Ge\? and the following branching fractions are u(c1 —
J/W+y)=0.356B(xc2 — J/PY+y)=0.202B(¢ — J/Y+X)=056lanBJ/Yy —pu u-)=
0.0593. Since the branching fraction fgg — J/@ + y decay is more than an order of magnitide
smaller than forxc; and xc2, we neglect its contribution td/ production. Asy/’ — J/@ + X
decay matrix elements are unknown, these events were generatedrgctoitie phase space.
Comparison the results of our calculations with the C\1$ [33], ATLAS [34] &riCb [35]
data are shown in Figs. 9 - 1[J19]. We see that the taking into accountsete production

11
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Figure 8: Importance of non-zerkt of incoming gluons. Dotted histograms - the results obt@wehout
the virtualities gluons and witk? < p3 in matrix element. The CMS datp [27].

is not sufficient to descibe the LHC data.We have obtained a good ovgra#iraent between our
predictions and the data when summing up the direct and feed-down caioingaul he dependence
of our numerical results on the uPDF is rather weak and the CCFM and Kid&gbions are
practically coincide. The difference between them can be observeuhditis; or at large rapidities
probed at the LHCb measerements. We have evaluated the polarizatiansepens of prompl/
mesons in the kinematical region of CMS, ATLAS and LHCb measurements indlieszSoper
and helicity frames (se¢ [[19]). We have took into account the contributions the direcct and
feed-dowm mechanisms. The qualitative predictions forxwy meson polarization are stable
with respect to variations in the model parameters. Therefore future pré@surements of the
polarizations parameters of tiéy mesons at the LHC will play crucial role in discriminating the
different theoretical approaches.

8. Conclusions

Inthe present time there is steady progress toward a better understafhttialr-factorization
(high energy factorization) and the uPDF (TMD).
We have described the first exp. datdajuark and)/( production at LHC in thér-factorization
approach. We have obtained reasonable agreement of our calculatiorie first experimental
data taken by the CMS and ATLAS Collaborations.
The dependence of our predictions on the uPDF appears at smalldraasmomenta and at large
rapidities inH, andJ/y production covered by the LHCb experiment.

12
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Figure 9: The differential cross sectionsogdyd pr of prompt J¢ production at LHC integrated over
the specified y intervals. Solid, dashed and dashed-dotteats correspond to the results obtained using
the CCFM AQ, BO and KMR uPDF. Dotted curves represent theriboibn from sole direct production
mechanism cal culated with the CCFM AO uPDF. The CMS o@a [33]
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pr [GeV] pr [GeV]

ATLAS ——
15<lyl<2

ATLAS ——
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B do/dy dp; [nb/GeV]
B do/dy dp; [nb/GeV]

Figure 10: The differential cross sectionsogldyd pr of the J/¢ production at LHC integrated over the
specified y intervals in comparison with the ATLAS dhth [34].
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Figure 11: The differential cross sectionsogdyd pr of the J/¢ production at LHC integrated over the
specified y inrervals in comparison with the LHCb ddtg] [35].

Our study has demonstrated also that in the framework dftHactorization approach there is no
need in a color octet contributions for the charmonium production at the. LHC

As it was shown in[[29] the future experimental analyses of quarkoniolarigation at LHC are
very important and informative for discriminating the different theoreticatiais.
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