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Introduction: Nonrelativistic QCD

> Nonrelativistic QCD (NRQCD) [Phys.Rev.D 53,150 (1996)],[Phys.Rev.D 51,1125
(1995)]:

alpp = I+ X) = o(pp — QQPH L] + X)(07/ ¥ [n))

n

> o(pp — QQ[25+1L8®] + X) cross-section of heavy quark pair production QQ
in Fock state n =25+1 Lga) with definite spin S, orbital L n total J angular

momenta and color representation a (color singlet (CS) [1] and color octet
(CO) [8]) - can be calculated in the framework of perturbative QCD.

» LDME (nonperturbative matrix element) (O7/%[n]) describe the transition of
intermediate state QQ[n] into physical quarkonium via emission of soft gluons.

JPC_g~+ 17 qt- ottt ot
L=0 0 1 1 1 1

> Decomposition of wave functions of S- and P-wave charmonia over the small 28
parameter v of quark relative motion and Fock states:
W) =00l s{V]) + O@h)eel? PYVlg) + O(v?)|cal* S{V]gg) + ...
[Xes) = O@O) el PSV)) + O(wh)lee*${g) + O(w?)|eel P{P]gg) + ...
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Charmonia production: recent status and challenges

> Nonrelativistic QCD in collinear factorization approach at the NLO:

< good description for the charmonia (J/%,v’, xc) and bottomonia (Y, x;) transverse momentum distributions
[Phys.Lett.B 673, 197 (2009); Phys.Rev.D 84, 051501 (2011); Phys.Rev.D 83, 111503 (2011); Phys.Rev.Lett. 106, 172002
(2012);Phys.Rev.D 90, 074021 (2014); Phys.Rev.D 83, 114021 (2011)]

< tree-level NNLO calculations to the color singlet contributions [Phys.Rev.Lett. 101, 152001 (2008); Phys.Lett.B 695,
149 (2011)]

< problem with polarization [Phys.Rev.Lett.108, 172002 (2012)].

< global fit for ¢(2S) (NLO calculations) [Phys. Rev. D 107, 034003 (2023)]: a satisfactory fit can be achieved only
at pr > 7 GeV, polarization problem is not solved

> A possible solution of polarization problem [Phys.Rev.D 93, 054037 (2016)].

> Calculation in kp-factorization approach at the LO:
< good agreement with LHC data, including the polarization observables for J/v,¢’, xc and Y(nS), xp
[Phys.Rev.D 100, 114021 (2019); Eur.Phys.J. C 79, 621 (2019); 80, 1022 (2020); 79, 830 (2019);80, 486 (2020); 81, 1085 (2021)]
< Results for P-wave quarkonia xc, xp are in contradictions with the Heavy Quark Spin Symmetry (HQSS)
relations
< Possibly the higher-order correction could restore the HQSS.
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kp-factorization approach

> In the region of high energies (small ) parton model assumptions about collinear factorization of parton
distributions and partonic cross sections are violated. Along with contributuions ~ o In™ NZ/AQCD arises
contributions ~ a2 In"™ 1/x, which can be summarized up to all orders of perturbative theory with evolution
equations BFKL (Balitsky-Fadin-Kuraev-Lipatov) or CCFM (Catani-Ciafaloni-Fiorani-Marchesini)

> In kp-factorization approach [Phys.Rep. 100,1 (1983)],[Sov.J.Nucl.Phys, 53,657 (1991)],[Nucl.Phys.B 366,135 (1991)]:
dxzq dzo 12 dé1 dor

77& trdksr - — =~ (@1, Kir, ip) f2 (@, Ko, ) do™ (ke ke, wR),

where f(a:,kT,uF) - TMD (transverse momentum dependent) parton distribution function in proton which obey
the BFKL or CCFM evolution equation.

> LO in kp-factorization approach can include the large piece of high-order corrections from collinear QCD approach
(partially NLO + NNLO + ...) taking them into account in the form of TMD gluon distributions f(z,k2., u%) in
the proton.

> Gauge invariance of off-shell amplitudes are achieved by using the effective vertex [Nucl. Phys. B 452,369 (1995)]
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CCFM evolution equation and multiple gluon radiation

» CCFM evolution equation [Nucl. Phys. B 296, 49 (1988)],[PLB 234,339 (1990)] at leading
logarithmic approximation:

dq/2
q,2 e(q - Zq,) X

(X 0) = Fyo 1 ) Aclasa) + [ d [

X As(q, 24 ) Pyg(2,4' k) fo(2/2,K 7,4%),

> Emitted gluons obey the angular ordering conditions (due to color coherence effect):

qiy1 q> Znqn > Zn—14qn—1 > ... > q1 > qo,
Ei+1
— at z — 0: no constraints on ¢; - BFKL conditions
E, zx q — at z — 1: ordering on ¢; - DGLAP conditions
Eipx » Multiple gluon radiation can serve as a source of J/v produced via fragmentation
mechanism (emitted gluons have pr # 0).
» CCFM evolution equation and kp-factorization approach QCD give us unique
P opportunity to calculate such contributions with inclusion of high order corrections.
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Challenges in NRQCD within kp-factorization approach

> Pair charmonia production ¥ + 1
> Associative charmonia production J/v + Z/W*

> Violation of HQSS for x.; and 7.
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Chapter 1: J /1 pair production
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> Significant discrepancy between NRQCD predictions and
experimental data ATLAS [Eur. Phys. J. C 77, 76 (2017)] and CMS
[JHEP 09, 094 (2014)], especially at the region of high m(J/4, J/v)
and Ay(J/4, J/).
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» Progress within NRQCD: 10 20 30 40 50 60 70 80

— full LO CS and CO contributions [Phys. Rev. Lett. 115.022002 Mgy (GeV)
(2015)]; 10
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DPS and heavy quarkonia pair production

The double parton scattering (DPS) is of particular interest for heavy quarkonia pair production.

At high energies DPS cross section can be presented in the factorized form (omitting correlation and interference):

DPS
0AB

1

o(A) o(B)

T 146aB

Oeff

where o - effective cross section, which determine the effective transverse overlap of parton interactions.

> Typical value of ger 15 mb (12 - 20 mb) from

experimental data.

> Processes with heavy quarkonia, such as J/v + J/1,
J/Y+ 7T, T+ T, give a significantly lower

estimations: oeg ~ 3-6 mb.
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Heavy quarkonia production mechanisms

» Creation of two cc pair at the definite quantum states
n,m = [25+1L(Jl’8)] with subsequent nonperturbative
transition into physical quarkonia H n H':

p+p — celn] + celm] - H + H’

» Charmonia pair production via CS mechanism within
kp-factorization approach at LO QCD O(a?):

g +g" = S + sV (~ 1/p%)

» Role of CS-CO and CO-CO mechanisms increase
with pp growth

g+ g = elPSM + PP vy (/)
g+ g = edlPSM + PSP g (vt /pd)
g +g" = PP+ e sV (~ 0% /pS)

g +g" = PSP + e (~v® /D)

cer®si] ce[3s{M] ce’s®)
g -
Y( ( ce*PP1 g
g
g cé[3P(Jg’] ce?s®)] ce[*s®] ce[’s®]

(@) (b)

Singlet-octet (CS-CO) and octet-octet (CO-CO) mechanisms
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Fragmentation mechanism

> Factorization approach propose separation of parton production in
hard interaction and their subsequent transition to hadrons.

> Cross section of fragmentation production (a — A) :

olpp— A+ X) = Z/‘A’(pp% a+ X)Dg (2, 1%)8 (

where DA (z, u?) - fragmentation function.
» NRQCD formalism for fragmentation function at the initial scale

,ugrwmf/):
(OM sl
H 2y _ _ 2 1QQ(n)|
Dgjo(emd) = 32 dyjaniaam) (=m0 — S5
1QQ ()| Q

Charm quark fragmentation

Gluon fragmentation

ce*PP

» DGLAP evolution = D?(z, u?) and DZ“(z,uz) at any p?:
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Role of noncollinear evolution

> kp-factorization approach allow to effectively include the high order
corrections of collinear QCD bounded with real gluon emissions at the initial
state (multiple gluon radiation).

> Emitted gluons have kT # 0 = source of quarkonia production (c pi{/w #0)
via fragmentation mechanism.
» Fragmentation contributions from multiple gluon radiation:
< play the dominant role at the region of high m(J/, J/v) and
Ay(J/y, J/1) at the central rapidities (ATLAS, CMS)
— negligibly small at forward rapidities (LHCb)
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DPS o extraction from LHCb data

Oeff extraction from available LHCb data: J/% pair production at /s = 7 TeV [Phys. Lett. B707, 52 (2012)] and /s =
13 TeV [JHEP 06, 047 (2017)]

> Only CS + DPS contributions are considered within kp-factorization approach with TMD gluon distributions A0 un
JH'2013 set 2 [Nucl.Phys.B. 883,1 (2014)]

»
5

—— LHc data

(S=13Tev — OPS A0
—— CSSPS AD
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» Factorized DPS formula:
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w

do/y )
dp, (01 1)

> Direct J/1 and feed-down x. n )’ contributions

i

> Results are published [Eur.Phys.J.C 80, 1046 (2020)]:
— Oeff = 17.5+ 4.1 mb for AO
< T = 13.8 2 0.9 mb for JH'2013 set 2

N

g

> Results are compatible with many other estimations based on

essentially different final states. 08

!
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o
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Comparison with LHCb data (see Eur.Phys.s.C 80, 1046 (2020)))
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New LHCb data prep 03 (2024) 0ssj: J /1), J /1) production (see [Phys.Rev.D 110, 054001 (2024)])
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New LHCb data

[IHEP 05 (2024) 259]: J /1), 1 (2S) production
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J /1 pair production at central rapidities

» Fragmentation mechanism + multiple gluon radiation
allow us to include (within kp-factorization):
— main CS-CO n CO-CO contributions
— high order collinear QCD corrections
< additional fragmentation contributions

» Modified scheme of DPS calculation include
fragmentation contribution
— direct production g*g* — J/% via intermediate
state 3,5'?] can be replaced by g*g* — g* in each of
single parton interaction with subsequent
fragmentation to J/v with multiple gluon radiation
< additional subprocess g*g* — cc

Modified scheme of DPS
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Comparison with ATLAS data

ATLAS data [Eur. Phys. J. C 77, 76 (2017)]
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> DPS effective cross section oeff = 13.8 M6H.

» Inclusion of fragmentation contributions from multiple gluon radiation allow to strongly improve the agreement
between theoretical predictions within NRQCD and ATLAS data at /s = 8 TeV at central rapidities especially at
the region of high m(J/, J/¢) and Ay(J/v, J/1). (see [Phys.Rev.D 106, 034020 (2022)])

> The sensitivity of calculations to the choice of TMD distributions within theoretical uncertainties
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Comparison with ATLAS data
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Chapter 2: associative .J/1) 4+ Z/W¥ production

T
ATLAS, (s=8 TeV, 20.3 b~
pp — prompt Jy+Z : pp — Z
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» Theoretical predictions of NRQCD significantly underestimate latest e
experimental data ATLAS [Eur. Phys. J. C 75, 229 (2015)] and ATLAS [JHEP Is
2020,95 (2020)]. @
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. . e “g S spin-alignment uncert.
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Associative .J /1) and gauge Z/W bosons production

> Possibility to investigate role of fragmentation mechanisms of charmonia production and multiple gluon radiation
at new scales i ~ m(Z, W¥)

» Main source of fragmentation contribution to the process of J/1 + Z/W¥ - excitation of ¢ quark for Z boson
(or s for W*) with subsequent fragmentation:

g+c—Z+c, g+s—>W~ +¢, c—=J/Y+c

> Such fragmentation contributions are not included in NLO
calculations [Phys.Rev.D 66,114002 (2002); Phys.Rev.D 83, 014001
(2011); JHEP 02,71 (2011)], (new subprocesses contain
additional quarks at the final state).

» Within kp-factorization approach these processes turn to:

g +gt—= Z/WE rc+e

> Additional source of J/v: multiple gluon radiation

T N
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Comparison with ATLAS data

Data ATLAS [Eur. Phys. J. C 75, 229 (2015)] and ATLAS [JHEP 2020,95 (2020)]
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> Fragmentation contributions come from charm quarks and gluons significantly improve the NRQCD predictions
especially at the region of high J/v transverse momenta (at pq‘{/w > 20-30 GeV contributions ~ NLO NRQCD
predictions + DPS (ceff = 15 mb)) (see [Phys.Rev.D 104, 034018 (2021)]).

> Feed-down contributions ', x. also important (~ 30% to the direct J/1 production).

> The sensitivity of calculations to the choice of TMD distributions within theoretical uncertainties
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Chapter 3: beyond the LO calculations in kp-factorization approach

> Cross section beyond the leading order:

0 = 0L0 + @s(ONLO real + INLO virtual) + -

NLO calculations in collinear QCD approach contain some challenges: the loop
calculations, cancellation of divergences and some sort of processes with complex
topology.

LO in kp-factorization approach can include the large piece of high-order corrections
from collinear QCD approach (partially NLO + NNLO + ...) taking them into account
in the form of TMD gluon distributions f(z,k%, %) in the proton.

NLO in kp-factorization approach:
< more complicated calculation of off-shell amplitudes (extended set of Feynman

diagrams)
< Double counting problem for LO and NLO: some contributions (parton emissions)
p can be counted twice - from tree-level amplitude and initial gluon radiation (from

evolution of TMD gluon distributions)
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XeJ production at NLO

> Progress in collinear QCD:
< LO calculations [Phys.Rev.D 90, 0974021 (2014)]: fits point to the large |R’ (1)(0)|2 > typical value from potential
models |R’ (1 (0)|2 = 0.075 GeV®
< NLO calculations [Phys.Rev.D 93, 054033 (2016)]: good agreement with pr spectra, [R’ (1) (0)]2 = 0.075 GeV®

> Progress in kp-factorization approach (links) LO:
< good agreement with data (spectra + polarization) for x. and xp
< HQSS violation

> Heavy Quark Spin Symmetry (HQSS) in NRQCD:
(Oxes PPV = (27 + 1)(0xe0 PRGV))
(Oxes PSP = (2 + 1)(0xe0 PSP
» Can NLO contributions restore the HQSS?

> LDME for P-wave quarkonia (OXes [3P{V]) = 6N, (2 + 1) 2O where [R! (1)(0)|? = 0.075 GeV® from
potential model.

> Merging scheme of LO and NLO should exclude the double counting: we propose two possible solutions scenario A
and scenario B
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LO + NLOT merging scheme: scenario A

LO 2—=1: g*(k1) +g" (ko) —>c€[3P§1)](p)
NLO 2 —=2: g*(k1)+g"(ke) = c6[3P§1)](p) + 9(pg)

v

CS contributions:

LO 25 1:  g*(k1) +g" (k2) — ca*S¥)(p),
NLO 2 —2: g*(k1)+g"(k2) — ce[*S\¥](p) + g(pg)

v

CO contributions:

> ko - transverse momenta of initial gluon can serve as characteristic momentum of emitted gluons (as a result of
evolution) with a good accuracy:

(kT> > <p§luon emissions>

v

Scenario A: merging scheme of LO + tree-level NLO (NLOT):
* 2 — 1: without cuts * 2—=20 pgr > max(kir, kar)

— separation of LO and NLO contributions
< separation of gluon g(pg) from amplitude 2 — 2 and emissions from TMD parton distributions f(z,k32., u%).
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LO + NLOT merging scheme: scenario B

> Only certain sets of 2 — 2 diagrams can contribute to the
double counting — more target restrictions

> Choice of polarization tensor in the form
kiKY,

> et (k)e*” (k) = =5 allow us to exclude contributions %{6 Oséggﬁ
T
from some of nonfactorizable diagrams
s pll] , k ka
> In case of x.s production via > P} mechanism only 2 f 3
diagrams create the double counting. ! kv = py 4
p
: Lcut H do p
> P_ara_met.er of merging £7** can be obtained from dhe >
distributions: ks ky — py
— 2 — 1: kp - transverse momentum of initial gluon ks

. k:
=2 =2 tmin. gluon = mm{(kl _pg)27 (k2 _pg)2} - 2 bo

minimal gluon propagator % % %

> Scenario B merging scheme a b
P=1/2: ki1 < k$", kar without cuts
o 2—=1: . "
P =1/2: kyp without cuts, ko < k'
0 2 2:/t> kMt
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Comparison of LO + NLO' with LO in ATLAS/CMS kinematics

3 s
3 Lo 8 Lo Lo
- JH'2013 set 2 = JH2013 set 2 JH'2013 set 2
= —— LO+NLO* scenario A =l set —— LO+NLO* scenario A —— LO+NLO* scenario A/B
s’ D Iy )l <25 5
R o Iyix )l <25 = LO+NLO* scenario B >, = LO+NLO* scenario B <2
B o AR Iy )l <25
° S 10

V5=7Tev
s=7Tev

=
Q

=
S

o 5 g |
S|o 10 (s=7Tev Zlo Zlo P
A S 12 0 Berre
9l 9 S
1k 1 E 1 E|
] A b 10F ko) [ ]
2o 10¢ 5=13Tev T 2o £ = -] Zlo ]
+9 - 3 Z1e £ fs=13Tev - 49 ——eimie e imia e,
(o] ] O| LN [e]
9 i 9 9
1L .
7550 510 15 20 25 30 35 40 45 50
Xy Xa
p= [Gev] P [Gev]
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. . 8
Determination of (OX<0 [35{ ]]> (see [Eur.Phys.J.C 84, 348 (2024)])

Fit: ATLAS data /s = 7 TeV [JHEP 07, 154 (2014)] and CDF data /s = 1.8 TeV [Phys. Rev. Lett. 79, 578 (1997)]

s T T s r T T ] s r T T 13 T T
] 3 ATLAS data 5 T AnAsdaa o T AnAsdaa o 3 ATLAS data
g Scenario A 201 se2 g Scenario A saoszseiz | 2 [ Scenario B wosssaz | B Scenario 8 a3 sz
o= = N g = St I = = =] ek =
x [ x ] S r 1 %«
E == Pt I = I
E —— S 5 [ — z
2 107 — 4 20F = El 2107 = 4 207 El
7 P —1 (N 15 =
s —t— & | ] 5 e e
10°E I | | | 10°E I | | | 10°E I | | | 107 | | | |
15 20 25 30 15 20 25 30 15 20 25 30 15 20 25 30
P (x,) [GeV] p,(x.,) [GeV] p,(x,) [GeV] p,x) [GeV]
The fitted values of LDME (OX<0[3SI]]) /Gev?®
Scenario A x2/n.d.f. Scenario B x2/n.d.f.
JH'2013 set 2 (3.07£0.89) x 10~ 7 0.78 (1.7440.62) x 107 0.39
A0 (1.914+1.91) x 107* 1.8 (1.3240.49) x 10~ 0.65
LLM’'2022 (4.8440.87) x 107* 1.09 (3.86+£0.76) x 104 1.18
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CMS Xcl and Xc2 polarization \/g =8 TeV [Phys.Rev.Lett.,124,162002 (2020)]

> Parametrization of muon angular distributions:

do(J/b—pp)
dcos 0F dg*

osf ems T iieind  08f Cms | Jwp @ov ] 37ag (14 Ao cos® 07 + Xy sin® 0% cos 2™ + g sin 207 cos ¢*)
E (s=8Tev ] E o 8-12 ]
05¢ - ;F,,-_,_—H;«_, E R +- o 12-18

*18-30 i
> Correlation between the A?Cl and )\gcz parameters from CMS

analysis:
AX2 = (—0.94 + 0.90A%¢1) £+ (0.51 + 0.05A%°1),

8 < pl/¥ <12 GeV,
Aye2 = (—0.76 + 0.80A 1) £ (0.26 + 0.05x;°1),

12 < p/¥ < 18 GeV,

Aye2 = (—0.78 4 0.77A 1) £ (0.26 + 0.06 1),

40 60 8 . 0.4
@ (degrees) Icos &1

18 < py/¥ < 30 GeV.
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Polarization predictions (see [Eur.Phys.J.C 84, 348 (2024)])

0.5

| I L A

Scenario A

Xy
Ao

JH2013set2
— A0
—— LLM'2022

Ll
I
I
I
I
I
I
I
i [

25 30

p,(IY) [GeV]

0.5

o

JH2013set2 ]
— A0 i
— lm2022

> A} points (expected values) are obtained from the CMS relations.

(NLO* 3P51] more important in scenario B).

23 October

(1]

> The 2 — 2 contribution provide lower polarization of the 3PJ

25 30
p, (1) [GeV]

mesons as compared to the 2 — 1 contribution
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Summary

> Fragmentation contributions from multiple gluon radiation arising during the noncollinear evolution of gluon
distributions play a significant role in describing LHC data for the J/4 pair production in central rapidity region
(ATLAS, CMS experiments). In forward rapidity region at small transverse momenta such contributions can be
safely omitted (LHCb experiments).

> Value of DPS effective cross section oeff ™~ 15 mb was obtained in forward rapidity region from the fit of LHCb
measurements of J/4 pair production. Additional fragmentation contributions in central rapidity region can point
out to the same estimations of ogff.

> Taking into account new mechanisms associated with the fragmentation of quarks and gluons into charmonia
allows us to significantly improve the agreement between NRQCD predictions and LHC data for associated .J/1)

and gauge Z/I/Vi boson production.

» NLO' corrections for x.s production within kp-factorization approach allow us to restore the HQSS relations and
keep the descriptions of polarization observables.
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Backup

23 October Prokhorov A.A. DLNP JINR 2024 31/ 37



TMD pacnpefeneHnsi rnoOHOB B MPOTOHE
> TMD pacnpepenenusi rnooHos B npotore: A0, JH'2013 set 1 un set 2.

> O6was napametpusayna TMD pacnpegenenuii:

fo(@, Kt q8) = NaPo (1 — 2)P* exp(~k7/k§)

> AO: npu YncneHHom pewenun ypasHeHusi asontounn CCFM yunTbiBannch TONbKO CUHTYNsIPHbIE YieHbl B DyHKLMN
pacwennerus (z — 1 u z — 0). Vicnonbsosanock ogHoneTnesoe npubnmxeHme as(u2) C napameTpamu ny = 4,
Aqcp = 250 MsB. MNapametpel p1 =4, po =0, ko = k%“t = 1.3 3B 66111 NoAyYeHbl N3 YCAOBUS HAUYHLLIErO
onucaHus aaHHbIx konnabopauuii H1 u ZEUS ans cTpykTypHoii doyHkumm npotoHa Fa(z, Q2) & obnactu
x<5-107% n Q2 > 4.5 'B.

> JH'2013 set 1 n set 2: npu 4ucneHHom peweHun ypasHerusi asostounn CCFM yunteiBanuce Takxe He
cnHrynspHele cnaraemsle. Vicnonbsosanock asyxnetnesoe npubnmxenne as(p?) ¢ napamerpamu ny =4,
Aqcp = 200 MsB.
— JH'2013 set 1: napametpsbl p1 = 6.5734, pg = —0.18074, ko = k%“t = 2.2 3B u3 ycnosusa Hanny4ero
onucanus aamubix H1 u ZEUS gns Fa(z, Q%) 8 obnactn 2 < 5-1072% n Q2 > 4.5 '3B.
< JH'2013 set 2: napameTtpbl p1 = 11.431,pp = —0.14739, kg = k%“t = 2.2 '3B. Bbian gononxuntensHo
MCMOSIb30BaHbl AaHHbIE s Ff(x,QQ) npu Q2 > 2.5 MB.
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Ponb HekonnnHeapHoli aBontoLnn

[nb]

do(IIy Iy
djay|

10tk

doQIy Iy
diayl
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F=13Tev

10

0.5 1 15 2
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CpasHeHune ¢ gaHHbimun ATLAS

Aannsie ATLAS [Eur. Phys. J. C 77, 76 (2017)]

3 1
[0} —3%— ATLAS data :

0 V. 4444 sum (JH2013 set 1)
3 10 sum (JH2013 set 2) -
=3 E - - - DPS (JH2013 set 1) E
= r —— DPS + Fragm. (JH2013 set1)
= C ]
g S L s, - processes (2)-(4) (JH2013 set 1) _|

iz
(T 3
BlE £ B
3|° n ]
E - B
107 E
107257 e B
10°%:, N
Bl bovn vl b b P iy
10

m(J/ g, i) [GeV]

Oeff = 13.8 mMbH

23 October

do/dm(J/y J/y) [pb/5 GeV]

-
2
)

=N
9
@

2

_
o

_\
<2

I REREE AR RRRRRFT ) Y LA L
fs=8TeV, 11.4 "

fops = 9.5% £ 2.1%

e Data

o DPS Estimate
[ DPS Pred.
[ NLO* SPS+DPS Pred.

10 20 30 40 50 60 70 80
m(Jhy Jhy) [GeV]

Oeff = 6.3 MOH
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MapHoe poxgeHne J/1) B ueHTpasbHOR obiactu beicTpoT

PaccmaTpuBaemblie nognpouecchi:
> Bknagbl ot J/1, ' v xeg
> CS BKNnaAbl: g* + g* - 05[3551)] + cE[SS:El)L g* + g* - CE[3P§1)] + CE[3P§1)]7
g +g" > el PP eV + g, g+ > PSPV + g+ g
amnuTyasl Beiducnens: C.M. Baparossim [Phys. Rev. D 84, 054012 (2011)]
g +g =g g +g —ecte g +g —a+q

g +g" —ce [ 3P§1‘8>] , g +g" > cc [ 355”] +g

v

CS-CO, CO-CO Bknagpl (¢ ydetom dparmeHTaymn):

> Mogunduumnposatnnas cxema [AINP Ha npumepe poxgenus J/1p mesoHos

Es{t, 3PP x PtV 5PP) = g, ¢, 35{Y, 3PP x [g, ¢, 25{Y, 2PS]

> B dyHkuusix pparmeHTaymu DZ‘?Q(,@MQ) ObINN yUTeHbI Ciegytolne BKAALbI:
g— CE[3S§8)} g— CE[3P§1)] +g
_ 8 _3a(8
T,y = g cel® P +g Xes <= g — cef*s{Y]
c— 06[3550] +c c— CE[3P§1)} +c

v

JH'2013 set 1 n set 2 TMD nnoTtHocTu ratooHos; MonTe-Kapsio renepatop cobbituii CASCADE
75 @R T
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®parmeHTaumoHHble BKNaabl B npouecc J /1) + Z/ W=

PaccmaTpuBaembie nognpoueccsi:

> Bknagbl ot J/1, ' v xeg

g +9g = Z+ct+e g Hg > Z+q+7

» B nogxone kp-thakTopusaunn: . . B . . _ _
g+g > W 4ct+s g +g9g 2W +q+¢

qu+q—Z/WE qutg— Z/WE+q,

> [lononHuTesbHble KOHEApHbIe MOANPOLECChI: , 4
q+c—Z+q+c, q+q W= +q+c

v

B dyHkuusix pparmenTtanmm DZ{/g(z,,uQ) BbINN yYTeHbI Criefytolne BKAagbl:

g ces{Y) g — s\
J/, " = Xeg <=

c— ca[3S§1>] +c c— CE[3P§1)} +c

v

JH'2013 set 1 n set 2 TMD nnoTHocTu ratooHoB Anst kr-cpakTopusaumnoHHoro noaxona; MoHte-Kapno reHepatop
CASCADE

v

PDF MMHT2014LO pns konnuneapHbix pacdeTtos; Monte-Kapno reHepatop PYTHIA
T (ol T [ &



k5" determination

» JH'2013 set 2 :
ks (PMY = 5.8 and 6.8 GeV,
kst Py = 0.7 and 0.9 GeV at
Vs = Tand 13 TeV.
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