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Hadronization model: NRQCD

> J/4 wave function as a series with respect to relative constituent quarks velocity v:

17/8) = 0(°) [ee?S{V]) + O(w1) |eel* P g) + O(w?) |ee> S Y]gg) +
+0W?) lee* SP1g) + O(w?) |ee[* DT P]gg) + ...

» Hard cross section factorization:

d&(ab— CX) =" d&(ab — ce[n] X)(O[n]),

(O€[n]) = nonperturbative matrix elements:
color singlet NMEs — potential models,

color octet NMEs — lattice calculation or experimental data fitting
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Factorizations and initial parton transverse momenta

> Collinear parton model (CPM): ¢ < kp ~ pip,
e parton distribution functions f(z, u) = DGLAP equations,
qf =z pf, a5 = zyph,

e leading order (LO) processes are 2 — 2, g+g — J/¢ + g

> Transverse Momentum Dependent (TMD) factorization: ¢,k < pp,
e TMD parton distribution functions F'(z, @, iy, () = two-scale Collins-Soper equations,
@ =T Py A yph a4 = Toph + Yapl + B
e neglecting the terms O(q%/Mz) and, therefore, assuming y1 2 — 0:

0 (). m ().

2 s 41T 2 5 ydo, — 2

e relevant processesonly 2 — 1, g+ g — J/v¢
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TMD factorization and TMD PDFs

» General formula of TMD factorization:

do(J/) N/dv’cl dzy dqyr daar F(21, 175 1ip: C1) F(22, @17, s G2) d6

> To implement CS evolution, the transfer to impact parameter b.. space by 2D Fourier transform is done:

d(J/) ~ [ dby ePTOT F(ay br) Flay, by) do
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Soft gluon resummation approach
> Soft and collinear gluon resummation approach by [J. Collins (2011)]:
do(J /1) ~ /de bp Jo(prby) e SPCTr Q) e=Snp(T) f(ay,b3) F(xy, b)) d&
0

» Sudakov factor in LL-LO calculations [J. Collins, D. Soper (1981)]:

Q2
Cy [ dp” 2 /11-2N;/Ca
Splbr,np, Q) = 7*‘/ 52 as (i) [m% - (Tf/ + 1)} + O(as)

ug

> Sudakov factor expression is valid only on region bo/Q < by < b, max Which is being controlled with
[D. Boer, W. J. den Dunnen (2014); J. Collins, D. Soper, G. Sterman (1985)]

b
- Qfﬁ and  bi(br) =
T 0 1+ (bT/bT, max)2

br

By = 1
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Soft gluon resummation approach

> Master formula for soft gluon resummation [J. Collins (2011)]:

do(J/) ~ /de by Jo(ppby) e SPOTHrQ) ¢=Snp Q) By, b%) F(my, b)) dé
0

> Nonperturbative quark factor obtained in SIDIS data fitting should be scaled by C, /C}. for gluons
[S. Aybat, T. Rogers (2011)]:

C
Snplbr, Q)= =2 |g1ln

Q ( 10z, )} 2
1+ 2g31 b
C, 20Np +g2|1+2g3ln - T

Zo

» The perturbative tail of TMD PDF is expressed with collinear PDF limit :

F(x’ b;“) = f(x’ Hg,*) + O(as)
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Spectator model for gluon TMD PDF

» Spectator Model for gluon PDF by
[A. Bacchetta, F. Conti, M. Radici (2008);
A. Bacchetta, F. Celiberto, M. Radici, P. Taels (2020)]  ,ceon spectator nucleon

> Expressions for unpolarized TMD f1, helicity g;, P P—p
worm-gear g, and Boer-Mulders h 4 functions

» TMD PDF as a superposition of spectator’'s PDFs (at the fixed Mx)
weighed on the spectral function:

Jo(@ph) = [ px OLOT, (@ ph M), px(My) =i
M
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Spectator model for gluon TMD PDF
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Matching of low-p, and large-p,. regions with Inverse-Error Weighting Scheme

»> Matched cross-section as a weighed sum of CPM and TMD terms [M. Echevarria, T. Kasemets, J.-P. Lansberg,
C. Pisano, A. Signori (2018)]:
do =Wdo™P 4 z dg*PM

» Normalized weights for each of the two terms are

AW—2 AZ—2
= — Z2= ———,
AW=2 L AZ—2 AW=2 4+ AZ—2

pr\? m\?
AW = —T) , AZ=|—
(Q (pT>
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Data fitting with CPM (at p;, > M) and TMD (soft gluon resummation)
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Data fitting with CPM (at p;, > M) and TMD (soft gluon resummation)

> TMD: M/ = (O'S$]) + 7 (OFP{™]) /m2 = 1.7- 107" Gev?,
x2/d.o.f. =2.61/9

> CPM: MY = (O[LS$P]) +3- (OB P®]) /m2 =7.7-1072 Gev3,  (OPS®]) =6.5-10~3 Gev3,
x?/d.o.f. =118.15/33

CO LDME LO CPM NLO CPM
[Cho, Leibovich (1996)] | [Butenschén, Kniehl (2011)]

M (6.6+£1.5)-1072 GeV3 | (1.83+0.56) - 102 GeV?
(OBS®) | (6.6+2.1)-1073 GeV3 | (1.68 £ 0.46) - 10~ GeV3
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Predictions for SPD NICA
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Calculations with the Spectator Model for gluon TMD
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Polarized J /1) production in TMD factorization
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Conclusions

> We have analyzed two different approaches to calculate low-p;. J/4 production in the TMD factorization

> Color octet states of NRQCD are necessary to describe J/v production within the CPM and especially within
the TMD factorization where they are main contributions

» The both approaches, the soft gluon resummation and Spectator Model for gluon TMD PDF, satisfyingly describe
experimental data of unpolarized J/1 production at /s = 200 GeV

» Description of J/1 polarization within TMD and NRQCD apparently doesn’t controvert the experimental data
of PHENIX, as opposed to our previous calculations based on Generalized Parton Model [A. Karpishkov, V. Saleev,
K. Shilyaev, Physics of Atomic Nuclei, 4 (2024)]

THANK YOU FOR YOUR ATTENTION!

J /) production in the TMD parton model and NRQCD




