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Probing the gluon Sivers function in p↑p → J/ψX at SPD NICA

CPM, GPM, TMD, PRA, kT -factorization

CPM: qµ = xP+
µ , q2 = 0, f(x,Q), DGLAP, QCD for amplitudes + NLO +

NNLO

GPM: qµ = xP+
µ + yP−µ + qTµ, q2 = 0, F (x, qT , Q) = f(x,Q) ∗G(qT ),

DGLAP for f(x,Q), QCD for amplitudes

TMD: qµ = xP+
µ + yP−µ + qTµ, q2 = 0, F (x, qT , Q, ζ), CS evolution equations

for F (x, qT , Q, ζ), QCD for amplitudes, qT << Q

PRA: qµ = xP+
µ + qTµ, q2 = q2

T 6= 0, F (x, qT , Q, ) = C(x, qT , Q)⊗ f(x,Q),
DGLAP for f(x,Q), Lipatov effective field theory for off-shell amplitudes,
Reggeized partons

kT -factorization: qµ = xP+
µ + qTµ, q2 = q2

T 6= 0, F (x, qT ), BFKL for F (x, qT )
and x << 1, Lipatov’s effective field theory for off-shell amplitudes (Reggeized
partons).
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Probing the gluon Sivers function in p↑p → J/ψX at SPD NICA

GPM - Generalized Parton Model

Factorization in GPM at q1,2T << M

E
dσ

d3p
(pp→ J/ψX) = dσ = dσgg + dσqq̄

dσgg =
∫
dx1

∫
d2q1T

∫
dx2

∫
d2q2TFg(x1, q1T , µ)Fg(x2, q2T , µ)×

× |M(gg→J/ψ+...)|2
16π2x1x2S

δ(ŝ+ t̂+ û−M2)

dσqq̄ =
∑
q

∫
dx1

∫
d2q1T

∫
dx2

∫
d2q2TFq(x1, q1T , µ)Fq̄(x2, q2T , µ)×

× |M(qq̄→J/ψ+...)|2
16π2x1x2S

δ(ŝ+ t̂+ û−M2) + (q ↔ q̄)

σinc = σ(pp→ J/ψ +X)

σinc = σprompt + σB→J/ψ

σprompt = σdirect + σχc,ψ
′→J/ψ
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Probing the gluon Sivers function in p↑p → J/ψX at SPD NICA

SSA - Single Spin Asymmetry

AN =
dσ↑ − dσ↓

dσ↑ + dσ↓

dσ↑ = E
dσ

d3p
(p↑p→ J/ψX)
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Probing the gluon Sivers function in p↑p → J/ψX at SPD NICA

SSA - Single Spin Asymmetry

M. Anselmino et al., PRD 70, 074025 (2004)

dσ↑ − dσ↓ =

∫
dx1

∫
d2q1T

∫
dx2

∫
d2q2T∆NF ↑g (x1, q1T , µ)Fg(x2, q2T ×

×
|M(gg → J/ψ + ...)|2

16π2x1x2S
δ(ŝ+ t̂+ û−M2) +

+
∑
q

∫
dx1

∫
d2q1T

∫
dx2

∫
d2q2T∆NF ↑q (x1, q1T , µ)Fq̄(x2, q2T ×

×
|M(qq̄ → J/ψ + ...)|2

16π2x1x2S
δ(ŝ+ t̂+ û−M2) + (q ↔ q̄)

∆NF ↑g (x1, q1T , µ) = F ↑g (x1, q1T , µ)− F ↓g (x1, q1T , µ)
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Probing the gluon Sivers function in p↑p → J/ψX at SPD NICA

Parton Distribution Functions (PDFs) in GPM

PDF in unpolarized proton

Fg(x, qT , µ) = fg(x, µ)G(qT ), G(qT ) =
e−~q

2
T /<~q

2
T>

π < ~q2
T >

, x1,2 =
q0
1,2 ± q3

1,2√
S

On-shell condition for initial partons: q2
1,2 = 0

q1 =

(
x1

√
S

2
+

~q21T
2
√
Sx1

, ~q1T , x1

√
S

2
− ~q21T

2
√
Sx1

)
, q1z > 0

q2 =

(
x2

√
S

2
+

~q22T
2
√
Sx2

, ~q1T ,−x2

√
S

2
+

~q21T
2
√
Sx1

)
q2z < 0

The Sivers function (M. Anselmino et al., PRD 70, 074025 (2004))

∆NFg(x, qT , µ) = ∆Nfg(x, µ)G(qT )×
2qTM

q2
T +M2

× cos(φqT ), M2 =< q2
T >

|∆NFg(x, qT , µ)| ≤ 2Fg(x, qT , µ) 6 / 21



Probing the gluon Sivers function in p↑p → J/ψX at SPD NICA

PDFs in GPM

Estimation of maximum value of gluon SSA

∆NFg(x, qT , µ) 6= 0, ∆NFq(x, qT , µ) = 0

Estimation of maximum value of quark SSA

∆NFq(x, qT , µ) 6= 0, ∆NFg(x, qT , µ) = 0

Intrinsic transverse momentum

CPM: < q2
T >= 0

GPM [Anselmino et al. JHEP 1704 (2017) 046]: < q2
T >= 0.25GeV2

GPM [M. Anselmino et al., PRD 70, 074025 (2004)]: < q2
T >= 0.64GeV2

GPM [U. D’Alesio et al., PRD (2017), PRD (2019)], < q2
T >= 1.00GeV2
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Probing the gluon Sivers function in p↑p → J/ψX at SPD NICA

J/ψ at PHENIX in GPM, Color Singlet Model, g + g → J/ψ + g
U. D’Alesio et al., Phys.Rev.D 96 (2017) 3, 036011

σprompt = 1.72× σdirect, in fact the ratio is not constant !
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Probing the gluon Sivers function in p↑p → J/ψX at SPD NICA

AN (J/ψ) at PHENIX in GPM, Color Singlet Model, g+ g → J/ψ+ g
U. D’Alesio et al., Phys.Rev.D 96 (2017) 3, 036011
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Probing the gluon Sivers function in p↑p → J/ψX at SPD NICA

J/ψ at PHENIX in GPM, NRQCD
U. D’Alesio et al., Eur.Phys.J.C 79 (2019) 12, 1029

g + g → cc̄[3S
(1)
1 ] + g

g + g → cc̄[3S
(8)
1 ,1 S

(8)
0 ,3 P

(8)
0,1,2] + g This is NLO and divergent contribution !

LO is 2→ 1 subprocesses, which is omitted g + g → cc̄[1S
(8)
0 ,3 P

(8)
0,2 ]
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Probing the gluon Sivers function in p↑p → J/ψX at SPD NICA

J/ψ at PHENIX in GPM, NRQCD
U. D’Alesio et al., Eur.Phys.J.C 79 (2019) 12, 1029

A
J/ψ
N (xF ) with different sets of color-octet NMEs: [BK2011], [SYY2013]
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Probing the gluon Sivers function in p↑p → J/ψX at SPD NICA

Prompt J/ψ at in GPM + NRQCD

Color-singlet model

Direct production (2→ 2): g + g → cc̄[13S
(1)
1 ] + g ⇒ J/ψ + g

Feed-down production (2→ 2): g + g → cc̄[23S
(1)
1 ] + g ⇒ ψ′ + g

Feed-down production (2→ 1): g + g → cc̄[3P
(1)
0,2 ]⇒ χc0,2

B.A.Kniehl, D.V.Vasin, V.A.Saleev, Phys.Rev.D 73 (2006) 074022.
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Probing the gluon Sivers function in p↑p → J/ψX at SPD NICA

Prompt J/ψ spectra, PHENIX

< q2
T >= 1 GeV2, pTψ =

Mψ
MX

pT,X
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Prompt J/ψ spectra, PHENIX

< q2
T >= 1.5 GeV2, pTψ =

Mψ
MX
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Probing the gluon Sivers function in p↑p → J/ψX at SPD NICA

A
J/ψ
N (xF ), PHENIX

< q2
T >= 1 GeV2, pTψ =

Mψ
MX

pT,X
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Probing the gluon Sivers function in p↑p → J/ψX at SPD NICA

A
J/ψ
N (pT ), PHENIX

< q2
T >= 1 GeV2, pTψ =

Mψ
MX

pT,X
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Probing the gluon Sivers function in p↑p → J/ψX at SPD NICA

Prompt J/ψ spectra, SPD NICA

< q2
T >= 1.0 GeV2, pTψ =

Mψ
MX

pT,X
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Probing the gluon Sivers function in p↑p → J/ψX at SPD NICA

A
J/ψ
N (xF ), SPD NICA

< q2
T >= 1 GeV2, pTψ =

Mψ
MX

pT,X
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A
J/ψ
N (pT ), SPD NICA
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Probing the gluon Sivers function in p↑p → J/ψX at SPD NICA

Next step: compare prediction for A
J/ψ
N in

NRQCD and ICEM
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Thank you for your attention!
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