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TSSA in inclusive production of higher-lying states of charmonium at the NICA

L Generalized Parton Model (GPM) and it’s application to calculation of TSS
Factorization formula for the GPM

Factorization formula for the GPM

Within the GPM we can write the following expression for the differential cross-
section of 2 — 1 hard subprocess g(q1) + g(g2) — C(k):

do(pp — CX) = /dwl/qulT/dwg/d2q2Tx

X Fg(z1,q11, kr)Fy(z2, ¢2r, pr)dé(99 — C), (1)
where C = J/9,19(2S) or xc(1P), and
|M(gg —C)[> d'k 2 2
k= — . 2
g0 2 L b —md). (2
In a case of 2 — 2 subprocess g(q1) + g(g2) — C(k) + g(g3), C = J/¢,¥(25) in
formula (1) dé(gg9 — C) must be replaced by:

[M(g9 = Cg)|? d®k  d'qs

dé(gg — C) = (2m)*6™ (q1 + q2 — k)

dé ) — (2 46(4) —k — g-
5(g99 g) = (2m) (g1 +q2 q3) 25 728 (2m)32k (2m)3 +(q3)
3)
2 2 H
woo_ Vs qair Vs Y97 4
a; <J»‘1+2\[$ AT T 2\/3931) ) (4)
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TSSA in inclusive production of higher-lying states of charmonium at the NICA

L Generalized Parton Model (GPM) and it’s application to calculation of TSS
Polarized production. TSSA

Transverse Single Spin Asymmetry (TSSA)

In inclusive process pTp — CX C = J/4, Xc, ¥(2S)) TSSA is defined as:

dot — dot _ dAc

A= —F—— = —. 6
NZ 4ot + dot 2do (©)

The numerator and denominator of Ay have the form:

do OC/dl’l/dQl]lT/dZ'Q/d2QQTFg(CUl7(I1T7MF)Fg(x2vQ2T7NF)d&(gg —CX), (7)

dAo 0(/dwl/d2Q1T/d$2/thI2T[FJ(fC1,qlT,MF) — FY(z1,air, )]
X Fg(z2,qor, pr)do(gg — CX), (8)

where Fg’¢(x, qr, pr) is the distribution of unpolarized gluon (or quark) in polarized

proton, Fg(T>($17q1T7MF) - Fgu)(CULCIlTaMF) = AFJ(z1,a17,pF) — the gluon
Sivers function (GSF).
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TSSA in inclusive production of higher-lying states of charmonium at the NICA

— Generalized Parton Model (GPM) and pplication to calculation of T

Including IST and FSI — Color Gauge Invariant formulation of GPM

TSSA within the CGI-GPM framework
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Figure 1: LO diagrams for the process pr — J/¢ X, assuming a color-singlet
production mechanism, within the GPM (a) and the CGI-GPM (b), (c). It turns out
that only initial state interactions depicted in (b) contribute to the TSSA. Figure is
from [D’Alesio et.al., Phys. Rev. D 96, 036011 (2017)].

In GPM (Fig. 1 (a)) we can write the numerator of the asymmetry as follows:
dAo o AF) (z1, a1, ir) ® Fy(w2,qor, pr) @ HY, g,

where H;{q—wd =|M(gg — cd)|?.
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TSSA in inclusive production of higher-lying states of charmonium at the NICA

— Generalized Parton Model (GPM) and it pplication to calculation of
Including IST and FSI — Color Gauge Invariant formulation of GPM

TSSA within the CGI-GPM framework
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Figure 2: LO diagrams for the process p'p— J/¢¥ X, assuming a color-singlet
production mechanism, within the GPM (a) and the CGI-GPM (b), (c). It turns out
that only initial state interactions depicted in (b) contribute to the TSSA. Figure is
from [D’Alesio et.al., Phys. Rev. D 96, 036011 (2017)].

Formally, the numerator of the asymmetry in the CGI-GPM approach (|L. Gamberg
and Z. B. Kang, Phys. Lett. B 696, 109 (2011)]) can be obtained from eq. (9) by
with the substitution:

cH) 4 o) i cld 4 ol
Lg U I Fe plg(f) U I Fe palg(d) U _
FngHggHJ/wg - Cy Fiy Hogss/wat Cy Fif Hygssjwg =
— pLa(f) gpIne(f) Lg(d) grInc(d)
=P Hog hrgg T T g sy (10) 6,24



TSSA in inclusive production of higher-lying states of charmonium at the NICA

—TSSA in charmonium production at NICA

TSSA in charmonium production at NICA
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TSSA in inclusive production of higher-lying states of charmonium at the NICA

in charmonium production at NICA

Numerical results. Predictions for NICA

TSSA of x., at NICA (D’Alesio), |y| < 3, /s =24 GeV.
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Figure 3: Predictions for TSSA AXNCO as function of pr and zp at /s = 24 GeV within

NRQCD (solid histogram) and ICEM (dashed histogram) approaches. The D’'Alesio et
al. parametrisation of GSFs is used.
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TSSA in inclusive production of higher-lying states of charmonium at the NICA

in charmonium production at NICA

Numerical results. Predictions for NICA

TSSA of x., at NICA (SIDIS1), |y| < 3, v/s = 24 GeV.
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Figure 4: Predictions for TSSA AXNCO as function of pr and zp at /s = 24 GeV within
NRQCD (solid histogram) and ICEM (dashed histogram) approaches. The SIDIS1 et
al. parametrisation of GSFs is used.
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TSSA in inclusive production of higher-lying states of charmonium at the NICA

in charmonium production at NICA

Numerical results. Predictions for NICA

TSSA of x., at NICA (SIDIS2), |y| < 3, v/s = 24 GeV.
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Figure 5: Predictions for TSSA AXNCO as function of pr and zp at /s = 24 GeV within
NRQCD (solid histogram) and ICEM (dashed histogram) approaches. The SIDIS2 et
al. parametrisation of GSFs is used.
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in charmonium production at NICA

Numerical results. Predictions for NICA

TSSA of x., at NICA (D’Alesio), |y| < 3, /s =24 GeV.
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Figure 6: Predictions for TSSA AXNC2 as function of pr and zp at /s = 24 GeV within

NRQCD (solid histogram) and ICEM (dashed histogram) approaches. The D’'Alesio et
al. parametrisation of GSFs is used.
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TSSA in inclusive production of higher-lying states of charmonium at the NICA

in charmonium production at NICA

Numerical results. Predictions for NICA

TSSA of x., at NICA (SIDIS1), |y| < 3, v/s = 24 GeV.
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Figure 7: Predictions for TSSA AXNC2 as function of pr and zp at /s = 24 GeV within
NRQCD (solid histogram) and ICEM (dashed histogram) approaches. The SIDIS1 et
al. parametrisation of GSFs is used.
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TSSA in inclusive production of higher-lying states of charmonium at the NICA

in charmonium production at NICA

Numerical results.

Predictions for NICA

TSSA of x., at NICA (SIDIS2), |y| < 3, v/s = 24 GeV.
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Figure 8: Predictions for TSSA AXNC2 as function of pr and zp at /s = 24 GeV within
NRQCD (solid histogram) and ICEM (dashed histogram) approaches. The SIDIS2 et
al. parametrisation of GSFs is used.
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TSSA in inclusive production of higher-lying states of charmonium at the NICA

A in charmonium production at NICA

Numerical results. Predictions for NICA

TSSA of 1(2S5) at NICA (D’Alesio), |y| < 3, /s = 24 GeV.
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Figure 9: Predictions for TSSA A%(2S) as function of pr and zp at /s = 24 GeV
within NRQCD (solid histogram) and ICEM (dashed histogram) approaches. The
D’Alesio et al. parametrisation of GSFs is used.
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A in charmonium production at NICA

Numerical results. Predictions for NICA

TSSA of ¢(2S5) at NICA (SIDIS1), |y| < 3, /s = 24 GeV.
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Figure 10: Predictions for TSSA A}L\}(ZS) as function of pr and zr at /s = 24 GeV
within NRQCD (solid histogram) and ICEM (dashed histogram) approaches. The
SIDIST et al. parametrisation of GSFs is used.
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A in charmonium production at NICA
Predictions for NICA

Numerical results.

Vs =24 GeV.

TSSA of ¥(2S5) at NICA (SIDIS2), |y| < 3,
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Figure 11: Predictions for TSSA A}L\}(ZS) as function of pr and zr at /s = 24 GeV
within NRQCD (solid histogram) and ICEM (dashed histogram) approaches. The
SIDIS2 et al. parametrisation of GSFs is used.
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ion at NICA

armonium pr

Predictions for NICA

TSSA of x., at NICA, |y| <3, /s =24 GeV.

Numerical results.
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Figure 12: Predictions for TSSA A;(Vcl
ICEM approach.
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as function of pr and zp at /s = 24 GeV within
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nium at the NICA

TSSA in charmonium production at

SpinQuest
(Fermilab NM4)
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TSSA in inclusive production of higher-lying states of charmonium at the NICA

Home | About | Science | Jobs | Contact | Phone Book

2EF [1F:10)

Resources for

About SpinQuest

Physics of SpinQuest
Main goal of SpinQuest

Every proton and neutron is made up of tiner partcies called quarks and giuons, and we continue to explore how the quarks and gluons
behave therein. Both quarks and their ant-matter cousins the anti-quarks play a fole in creating protons and neutrons. The SpinQuest
Collaboration experiment is designed to explore a very particular aspect of proton and neutron structure: Are the sea quarks orbiting around the

Polarized target
Spectrometer

Presentations and publications spin axis of the nucleon?

“spin” axis
of the proton

Contact us
SpinQuest at Work

Related Links

= University of Virginia SpinQues

Websit

= University Wiki (log

Are the anti-quarks in orbit about the Spin axis of

Data Management Plan

the proton?

A fixed-target experiment using the 120 GeV Main Injector beam and a polarized
frozen-ammonia target.

Vs=15GeV,  |zr|>04
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TSSA in inclusive production of higher-lying states of charmonium at the NICA

Numerical results. Predictions for SpinQuest

TSSA of J/v at SpinQuest: /s = 15 GeV, |zp| > 0.4.
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Figure 13: Predictions for TSSA A}{/w (prompt) as function of pr (left) and zr (right)
at /s = 15 GeV within GPM+CSM approaches.
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TSSA in inclusive production of higher-lying states of charmonium at the NICA

Numerical results. Predictions for SpinQuest

Comparison to NICA: /s = 27 GeV, |y| < 3.
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Figure 14: Predictions for TSSA A}{/w (prompt) as function of pr (left) and zr (right)
at /s = 27 GeV within GPM+CSM approaches.
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TSSA in inclusive production of higher- 1ymg states of charmonium at the NICA

“harmonium production at

Numerical results. Predictions for SpinQuest

TSSA of J/1 at SpinQuest: VS = 15 GeV, |zp| > 0.4.
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Figure 15: Predictions for TSSA Ag/d) (prompt) as function of pr (left) and zp (right)
at /s = 15 GeV within CGI-GPM+CSM approaches.
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TSSA in inclusive production of higher-lying states of charmonium at the NICA

A small announcement: predictions for .J/¢ within Soft Gluon
Resummation model.

Calculations of Kirill Shilyaev (PhD student, Samara University):

10
10
J> Iy Xoy > b +y
Matched Cross Section Direct Jiy ——
0
2
10 10 PHENIX 2012
p+p = JAP+X
SPD NICA
p+p = JIP+X = Vs = 200 GeV
Vs =27 GeV 10 Iyl <035

Iyl <3.0
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Figure 16: Predictions for cross sections for prompt J/: d—a at NICA /s = 27 GeV
PT

43
(left) and ETZ at PHENIX /s = 200 GeV (right) within the SGR model.
P
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TSSA in inclusive production of higher-lying states of charmonium at the NICA

Summary

» For all the P-wave charmonia states we see significant discrepancies between
predictions within CSM and ICEM. It is especially noticeable for
x p-distribution.
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Summary

» For all the P-wave charmonia states we see significant discrepancies between
predictions within CSM and ICEM. It is especially noticeable for
x p-distribution.

> For 1(2S) state both pr and xr dependencies of Ay has big discrepancies
between predictions within CSM and ICEM.
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Summary

» For all the P-wave charmonia states we see significant discrepancies between
predictions within CSM and ICEM. It is especially noticeable for
x p-distribution.

> For 1(2S) state both pr and xr dependencies of Ay has big discrepancies
between predictions within CSM and ICEM.

> SIDIS1 parametrization of the GSF gives the biggest value of the T'SSA.
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TSSA in inclusive production of higher-lying states of charmonium at the NICA

Summary

» For all the P-wave charmonia states we see significant discrepancies between
predictions within CSM and ICEM. It is especially noticeable for
x p-distribution.

> For 1(2S) state both pr and xr dependencies of Ay has big discrepancies
between predictions within CSM and ICEM.

> SIDIS1 parametrization of the GSF gives the biggest value of the T'SSA.
> At SpinQuest kinematics we see quite similar results of Ay for J/4.
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TSSA in inclusive production of higher-lying states of charmonium at the NICA

Summary

v

For all the P-wave charmonia states we see significant discrepancies between
predictions within CSM and ICEM. It is especially noticeable for
x p-distribution.

For 1 (2S5) state both pr and zr dependencies of An has big discrepancies
between predictions within CSM and ICEM.

SIDIS1 parametrization of the GSF gives the biggest value of the TSSA.
At SpinQuest kinematics we see quite similar results of Ay for J/4.
CGI-GPM can reproduce negative values of the TSSA.

Thank you for your attention!
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Backup: Color factors and Feynman rules in the CGI-GPM framework

T

Figure 17: CGI-GPM color rules for the eikonal three-gluon (a), quark-gluon (b) and
antiquark-gluon (c¢) vertices. The color projectors for the gluon (d) and the QSF (e) are
shown as well. The eikonal gluon has color index c. Figure is from [D’Alesio et.al.,
Phys. Rev. D 96, 036011 (2017)].

The color factors are:

i —t§; . or D Qf]

= NyTS,, DS, = NpDE,,, Q5 = Nots,, (11)

aa’ - aa/ -

where TS = —ifoes, D, = dape, N7 = W = 1/(Nc(N2 - 1)), Np =

m =1/((N2 —4)(NZ — 1)), Ng = ﬁ =2/(N2-1).
So, correspondingly, for the f- and d-type GSF, the relative color factor is therefore
calculated from Fig. 1(b) as follows:

1
ci = fch,cyi) = 0. (12)

And in CSM of the heavy quark-antiquark pair to the FSI, depicted in Fig. 1(c):

o) =ci =o. (13)
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