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Outline

» Factorisation framework:

e TMD factorisation, Soft Gluon Resummation approach, Boer-Mulders PDFs

e InEW, matching of TMD and fixed-order (CPM) calculations

v

Hadronisation model: NRQCD

v

Polarised J/v production & leptonic angular coefficients within NRQCD

v

Results of calculations:
e Unpolarised J/1) production with up-to-date PDFs
e Leptonic angular coefficients, PHENIX & HERA-B data

e Predictions for SPD NICA
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Introduction

» J/4 production as a tool to study gluon PDF in proton

e In the small-p,. region, TMD PM and TMD PDFs

o In the large-p;. region, CPM and Collinear PDFs

v

Hadronisation approaches: NRQCD and ICEM

» V. Saleev and K. Shilyaev, «Production of S-wave charmonia in the Soft Gluon Resummation approach
using the NRQCD», Mod. Phys. Lett. A 40 (2025) 32, 2550145.

> V. Saleev and K. Shilyaev, «Prompt production of J/4 in the soft gluon resummation approach using the ICEM>»,
Mod. Phys. Lett. A [hep-ph: 2601.22817] (2026).

> V. Saleev and K. Shilyaev, «Small-p,. production of 1. mesons within the Soft Gluon Resummation approach>,
Phys. Atom. Nucl. 88 (2025) 2, 338-341.
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Current status of studies

» Previous tasks:

leading contributions in TMD factorisation — unpolarised partons (PDFs) within NRQCD and ICEM
for J/4 and n. production in LL-LO approximation

calculation of J/% polarisation, agreement with PHENIX data at small-p.

estimation of contribution of gluon Boer-Mulders PDFs (BM PDFs), i.e. linearly polarised gluons within protons,

for J/4 and 7. production

» Current work:
e J/1 production in NLL-LO approximation, including gluon BM PDFs

e impact of BM PDFs on the leptonic angular coefficients in J /4 production
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TMD factorisation and initial parton transverse momenta

> Transverse Momentum Dependent (TMD) factorisation: q .,k < pip ~ M

» TMD parton distribution functions f(z, g, ptp,¢) = two-scale Collins-Soper equations:

81nf(mszuU'F7C)

= K(bp, with CS kernel K (b,
In/C (bpspp) (br, 1r)
9K (b,
M = —vglog(pp)] with anomalous dimension 7 [, (15 )]
Olnp
> Partons’ momenta decomposition:
@’ = 1ot +y1ph +dips ay = Toph +yapi +dhp (1)

o preserving O(q /M) terms, neglecting O(q%/M2) terms and, therefore, assuming y; , — 0:

v (FrBE). an ()

2 41T, 2 2 sdors — 2

(@]

> Relevant 2 — 1 processes for production of charmonium state C:

e gluon-gluon fusion g + g — C and quark-antiquark annihilation ¢ + § — C
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TMD factorisation and TMD PDFs

> General formula of TMD factorisation [TMD Handbook, arXiv:2304.03302]:

(2m)* v o YV
do = ) 73 / dzy dvy dqyp dqyp 5 )(‘11 +q2 — )‘D‘; (w1, ‘hT)q’Z (w2; Qo) MppMs (3)
2s  (2m)3 2p0

with ®4" (x, q ) being the correlator of gluon field strengths in leading approximation w.r.t. kinematic power corrections:

PHY _ 1 RV £g q;"q% g q% hJ—g 4
g (x,qT)——i gr fi(z,ar) — M2 + 97 ang? ) (z,ar) (4)

> Differential cross section after simplification:

do 2m3p

=— = /dqlT dqyr 6 (qyr + qor — pr) PGP0 Myup M, (5)
dydp, s

» PDF convolutions over transverse momenta:

Clwffl= /dqlT dgyr 8P(qyr + @or — Pr) w(@ir: @ors Pr) f(@1, @17) F (@2, Qo) (6)

o the form of w(q, 7, gy, Pr) is defined by PDF weight in @4 (z, qr) and structure of M,,,

e different convolutions contribute variously to final angular distribution
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Soft Gluon Resummation approach, perturbative evolution

» To implement Collins-Soper evolution, the transfer to impact parameter b space by 2D Fourier transform is done

» PDF convolutions in b;-space:

Clwff]

/dqlT dgyr 5(2)(41T +dor — Pr) (G177, ot PT) f(@1, ai7s 11, C) (T2, o, 15 C) =

= QL /de bT Jn(prT)f(m17 bT: Hy C)f(ZQ’ bT: s C) (7)
T

> Soft and collinear gluon resummation leads to perturbative Sudakov factor S, (u, p,,b7) [J. Collins, D. Soper (1981)]:

F@y, by, 1,C) fxg, by, 1, Q) = e SPWbnbr) f(ay by iy 1i3) f (2, by gy, 1) (8)

» Perturbative calculation of S, terms:

2
y 2

Sp(inbr) = [ [A(u'nnﬁ—,i +BG|. A = i A (0O g = i o (2"

T

ug

e AM AP and BM refer to NLL-LO approximation
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Soft Gluon Resummation approach, nonperturbative content
» Soft gluon resummation formula for any PDF convolution:
Clwff] = % /de by Jn(PTbT)f(xlvbT)f(%abT) =
= o [ by 3, (b S0 D) SN O fa i ) s e ) (10)
o scale prescription y1f, = by /(iby + bo) and impact parameter cut-off b = by /\/1+ (by /by a)?

> Nonperturbative quark factor obtained in SIDIS data fitting [S. Aybat, T. Rogers (2011)]:

n 10:1:1:0)] 9
S b = 1 1+ 293l b 11
~Np (b, 1) {91 H2QNP+92( +2g3 e | L) (11)

e Casimir-scaled by C', /C. for initial gluons, Casimir-scaling is preserved up to O(az’)
» In LO, the perturbative tails of TMD PDFs are expressed with collinear PDF [P. Sun, B.-W. Xiao, F. Yuan (2011)]:

P (@, i, 07) = f(2, ) + O(ery) + O(bpAqep) (12)

5 s (1 da’ (2 , L
hfg(z,#g*,b;):_w/i, (%_1) Cuf9(@ ph) +Cp S fila )| +0(2) +Obrd)  (13)

™ xT . _
1=4q,9
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Matching of small-p;. and high-p,. regions within Inverse-Error Weighting Scheme

» Matched cross-section as a weighted sum of CPM and TMD terms
[M. Echevarria, T. Kasemets, J.-P. Lansberg, C. Pisano, A. Signori (2018)]:

do =Wdo™P 4 z 4g°PM (14)

e do approximates TMD-term at small-p;, and CPM-term at high-p .

e intermediate p-region is covered with sum of TMD- and CPM-terms weighted with their power corrections

> Normalised weights for each of the two terms:

—2 —2
W= AW 7 2 AZ
AW=2 4+ AZ-2 AW=2 4+ AZ-2
2 2 2 QQ +p2
AW = (pl) + (@) ,oaz= (") 12 T (15)
Q Q Dp P
» Uncertainty due to the matching procedure:

do AW - AZ

Ado = (16)

VAW ZI1AZ 2 JVAWeiAz |
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Hadronisation model: NRQCD
> J/v wave function as a series w.r.t. relative constituent quarks velocity v (approximate scaling, v? &~ 0.2):

7/4) = 0P [celPSV)) + O(01) |eel* PP1g) + O(w?) |eel ST |gg) + O(w?) [ee* S5 g) + ...

» Hard cross section factorisation:
d&(ab— CX) = d&(ab — ce[n] X)(OC[n])
n

v

Long-distance matrix elements (LDME) (O€[n]): phenomenological potential models, experimental data fitting

> Amplitude of J/1) production projected onto necessary spin state: Mp = Mpac® (S,)
» Unpolarised J/1 production within TMD factorisation:
do 27r2pT 571‘2043 J/rl (8) g rg lg;lg
ddps = | aar (O USED (el ) = Cluz by Phy ) + (17)
57r2a§ 3 (8 Llg, L
+ 5 OV PR (CU £+ Clu b hi)) +
4n2a?2 8
g (O PR (s A1)
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Leptonic angular coefficients, NRQCD

> Angular distribution of leptonic J/v-decay:

ldo 3 1

2d0  Am3in [1+)\c0520+usin20c0s¢>+ gsiHQHCOSQw]

e in a rest frame of J/4: Collins-Soper (CS), Gottfried-Jackson (GJ), Helicity (HX) frames

> Leptonic angular coefficients related to spin states of J/1):

\ = do—3doy V2Redo 2doy 4
— 00 = —= v
do + doy " do + doy,

» Calculation of cross sections and interferences as projections onto necessary spin states

da'ij _ 27r2pT

dydp.. 82

- do + doy,

/dqlT dayy 6P (17 + aop — pr) @407 Myupa My 5e%(S, =1) e*P(S, =4)

(18)

(19)

(20)
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e
Leptonic angular coefficients, NRQCD

> Angular distribution of leptonic J/v-decay:

1d073 1

a0 T A3 [1+)\C05 9+usln29cosg@+751n 90052@] (21)

> Expressions for terms in J/v angular coefficients, i.e longitudinally polarised J/v, v (double spin-flip), u (spin-flip):
e longitudinally polarised J/1) cross section

dogy _ 2m’pp |1 5n%al 4 56 g g lg, lg
dvdns = |5 aaar (OIS (UL A = Clo ki) + (22)

[

5m2a?

+3 - T (O PR (ClA )+ Clw, f“h“’])]

e double spin-flip term which contributes to v coefficient

doy_, 27%pp 1071' a? T/ 13 1 (8) n n
dydpy T T2 EYE (O PR (C[w31h1 Y] + Clwsa fThy g]) (23)

e spin-flip term which contributes to u coefficient
doyg

dydp .

=0 (24)
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Unpolarised J /v production at /s = 200 GeV
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Prediction for unpolarised J/v production at SPD NICA
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Estimation of Boer-Mulders contribution

Clw, h9hi9)
Rer) = ="cemm

200 GeV
41.6 GeV ===
27 GeV ====--
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Leptonic angular coefficients, HERA-B data
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Leptonic angular coefficients, PHENIX data
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Leptonic angular coefficients, SPD NICA predictions
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Summary

> We used the Soft Gluon Resummation approach to calculate small-p,. unpolarised J/1 production in the TMD factorisation

> We found agreement between our preductions for unpolarised J/1 production at SPD NICA
with our previous NRQCD & ICEM calculations

> We estimate decreasing contribution of BM PDFs with decrease of /s
» Quite difficult BM PDFs estimations on basis of unpolarised cross sections at relatively small energies /s

»> BM PDFs (only in convolution with unpolarised PDF) defines angular coefficient v
which could be of sufficient magnitude even at small /s

THANK YOU FOR ATTENTION!
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Backup slides. Perturbative Sudakov factor

» Perturbative Sudakov factor:
' ’ p? ’
v A 2+ B

QL

u?
Sp (s, by) = /

“

> Coefficients A and B are calculated perturbatively:

Ay = i A (%(u’))” B() = g B (%W

’ n
™ )

> First perturbative coefficients are as follows [P. Sun, C.-P. Yuan, F. Yuan (2013)]:

AW =¢
C 67 w2 5
A A (2 _ D Yo, -2
2 18 6/) 4 9
11C, — 2N, (¢
B(l)zf A6 f*TA(;cS
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Backup slides. LDME fit results

CO LDME

Our fit

LL-LO, MSTW2008

Our fit
NLL-LO, NNPDF4.0

LO CPM
[Cho, Leibovich (1996)]

NLO CPM, global fit

[Butenschon, Kniehl (2011)]

(OS], Gev3 || (9.7+0.5)-102 | (4.0+0.2)-10! - (3.0£0.4) - 102
(OI/VBP®), Gevo || (1.3+£0.2)-1072 | (4.8+0.6) 102 - (-9.1+1.6)- 103
M, Gevs (11+0.1)-10"1 | (4.6+0.3) 1071 (6.6 £1.5)-10~2 (1.8+0.6) - 10—2
<OJ/¢[3S§8)]>, Gev? || (2.04£1.6)-1073 (2.0£0.6) - 1072 (6.6 £2.1)-1073 (1.7+0.5)- 1073
(Oxe0[3S))), Gev3 || (8.6+2.9)-1073 - (3.3+£0.5)-10-3 -
x2/n.d.f. 0.76 0.86 0.9 3.74
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