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Introduction

e Studying the production of C-even quarkonia in pp collisions is a
useful tool for probing gluon TMDs

* Gluon TMDs are still poorly known: since they encode the information
on the intrinsic motion of the gluons inside hadrons, their knowledge
is a key ingredient to understand polarization phenomena

« TMD factorization + NRQCD

* Single spin asymmetries (SSAS)
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Gluon TMDs

p| b
: Mulders, Rodrigues, PRD 63 (2001)
Gluon correlator Buffing, Mukherjee, Mulders, PRD 88 (2013)
% | O‘[-)’(p,l) S) F Boer, Cotogno, Van Daal, Mulders, Signori, Zhou, JHEP 1610 (2016)
b o =

I P

Gauge invariant definition of the gluon correlator

[Fg”’”]“ﬂ(a:,pT) oc (P, S| Tt [ FO*(0) Upo g F (E) Upe 7 | |1 P S”LF]

Gauge link: gT

c - ’ < gl link
U = Pexp ( —ig fqo,g] ds, A (s)) 0.¢) gauge lin
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.63.094021
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.054027
https://link.springer.com/article/10.1007/JHEP10(2016)013

Twist-2 gluon TMDs

Parametrization of correlators
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Twist-2 gluon TMDs

Parametrization of correlators

v 14 v p2 1
(o) = i { = ot Fiepd) + (G + b e ) o) |

Nanako Kato - University & INFN Cagliari 6



Twist-2 gluon TMDs

Parametrization of correlators

2
0 epe) = 2 = ot ) + (S ot B ) i et}

rpr{n v}

v . Qv € 1
FM ( 7pT): iSL {ZG# gﬂ(ﬂfapi) -+ TbepTh g( 7PT)}
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Twist-2 gluon TMDs

Parametrization of correlators

2
0 epe) = 2 = ot ) + (S ot B ) i et}

rpr{n v}

v . Qv € 1
FM ( 7pT): ﬁSL {ZG# gﬂ(ﬂfapi) -+ TTﬁpTh g( 7pT)}

1 EpTST Dy S PT{MSV} ST{MpV}
737 _ pv =T 2 puv T T lg € T T hY 2
3 (n,pr) = 5 {ob S o) + e P s ) - T (z.p?)
4 (pr - Sy) pT{upT} +p? [EPT{HS b Srin v}} .
T 3 h g( 7PT)
8M;
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Twist-2 gluon TMDs

Nucleon Spin Gluon .O.p.erator
Helicities

Gluon Operator Polarization

Un-Polarized I-_Ielicity 0 . Helicity 2
antisymmetric

Jransverse momentum

kr
. =00 fp®= o)+ ()
- B 17
Longltudlna:_momentj_m o® ®  Artons Unpolarized Linearly Polarized
kT =zP o ®
g _ 19 _
fCx,kr) S g7y, = (el — (o) | PAL = (S + (S
: Helicity Worm-gear L
praobe e o
N hadron g h'i]T = @ + @
/ momentum T = _ @ J_ g - Transversity
hJ_g _
Sivers Worm-gear T 17T = *

A. Bacchetta

hng : linearly polarized gluon distribution in unpolarized hadron

1 . . . .
fng : gluon Sivers function in transversely polarized hadron
Angeles-Martinez et al., Acta Phys., Pol B46 (2015)

1
h? .. hi2 - helicity flip distributions
17> 1T yTip Boussarie, R, et al. "TMD handbook."
h =h? 2M2 h : vanish under PT integration

1 — 1T
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https://www.actaphys.uj.edu.pl/fulltext?series=Reg&vol=46&page=2501
mailto:https://arxiv.org/abs/2304.03302

Twist-2 gluon TMDs

Gluon helicities in the squared amplitude for J=0 and J=2 quarkonium production

fi i
+1 i +1 +1 +1 1
+1 +1 +1 -1 § +1
' T
fi hid
J=0 J =2

Boer, Pisano, PRD 86 (2012)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.094007

Non-Relativistic QCD

Pa 999999999999 >

Pb 999999999999 <

Bodwin, Braaten, Lepage, PRD 51 (1995)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.51.1125

Non-Relativistic QCD

Non-Relativistic QCD (NRQCD)

Pa 999999999999 > ag

° . . /
Double power series expansion =,

A q v

Pb 999999999999 <

Bodwin, Braaten, Lepage, PRD 51 (1995)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.51.1125

Non-Relativistic QCD

Pa 099999999999 >

P 099909900000, <

Non-Relativistic QCD (NRQCD)

as

° . . /
Double power series expansion =,

q ()

 Hard process calculated perturbatively

Bodwin, Braaten, Lepage, PRD 51 (1995)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.51.1125

Non-Relativistic QCD

Non-Relativistic QCD (NRQCD)
009099000099,
Pa > Qg

« Double power series expansion —
A q i P T

 Hard process calculated perturbatively

Pb 999999999009 <
e Soft process given by LDMEs

In the kinematic region where the
transverse momentum g of the

produced quarkonium state is much 2

. ) vi~0.3
smaller than its invariant mass, namely ¢
qr < M, TMD factorization is expected ’U% ~ (.1

Bodwin, Braaten, Lepage, PRD 51 (1995)

to be applicable
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.51.1125

C-even quarkonia
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C-even quarkonia

For this kind of quarkonium states Color-Singlet production mechanism dominates (CSM):

p(Pa, S4)+p(Ps, S5) — QQPSTLM(q) + X
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C-even quarkonia

For this kind of quarkonium states Color-Singlet production mechanism dominates (CSM):

p(Pa, S4)+p(Ps, S5) — QQPSTLM(q) + X

The leading order diagram is the gluon-gluon fusion:

Pa 099999999999 >

A q [g(pa)+g(pb) — Q@[QS—'_lL(Jl)](Q)]

Pb 099999999000, <

do Fgw (ﬂia,paT) FZ" (a:b,pr) Aup (AW)*
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Amplitude using NRQCD

General expression for the amplitudes:

4 Calculable in pQCD
A( g9 — QQ[2S+1L< )]) pa7pb q f (g ];4TT k) ¢<Q7k)] Contains the fDME

R. Baier, R. Ruckl, Z. Phys. C 19 (1983)
D. Boer, C. Pisano, PRD 86 (2012)
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https://link.springer.com/article/10.1007/BF01572254

Amplitude using NRQCD

General expression for the amplitudes:

4 Calculable in pQCD
A<gg — QQ[2S+1L< )]) pa7pb q f (g ])€4 k) ¢<Q>k)] Contains the IE)DME

R. Baier, R. Ruckl, Z. Phys. C 19 (1983)
D. Boer, C. Pisano, PRD 86 (2012)

no(*So)  ASM] o Ro(0)€H* paypio

XeoC o) APRE) o B (0)| = 30" 4 ot (0107°(*55) o) = 351 Ro(O)[1 + O(w")

3N

(0] OF (*Py) |0) = (27 + DIRL(0)]°[1 + O(v*)]

1 o 4 v v v
X Q2 <3P2) A[3P2( )] Xg Rll (O)&‘ﬁz (Q) [Wgu pappaa — gggg - gpgg
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Amplitude using NRQCD

General expression for the amplitudes:

4 Calculable in pQCD
A<gg — QQ[2S+1L< )]) pa7pb q f (g ])€4 k) ¢<Q>k)] Contains the IE)DME

R. Baier, R. Ruckl, Z. Phys. C 19 (1983)
D. Boer, C. Pisano, PRD 86 (2012)

no(*So)  ASM] o Ro(0)€H* paypio

XeoC o) APRE) o B (0)| = 30" 4 ot (0107°(*55) o) = 351 Ro(O)[1 + O(w")

3N

(0] OF (*Py) |0) = (27 + DIRL(0)]°[1 + O(v*)]

1 o 4 v v v
X Q2 <3P2) A[3P2( )] Xg Rll (O)&‘ﬁz (Q) [Wgu pappaa — gggg - gpgg]

do?P=RQ = 3" d&[gg — QQ] (0] 0, (25T L) |0)
L L 1

Perturbative short-distance coefficients Long distance matrix elements (LDME)
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https://link.springer.com/article/10.1007/BF01572254

Cross sections: UU
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Cross sections: UU

/ do(ng)

dyd?qr

oc C[f7 f71[1 — R(az)]

Clwhi 9hi 9
Rlgt) = S

d

Tuoo) scelft 211 + Righ)
Proton A: unpolarized

dU(XQZ) - C[fiqflg] Proton B: unpolarized

dyd*qr /

Boer, Pisano, PRD 86 (2012)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.094007

Cross sections: UU

/ dU(UQ) 9 £g 2
dyd?qr < C[f{ fil[l — R(q7)]

Clwhi9hi?
Rlqr) = [C[ffflg] ]

do
Tuoo) scelft 211 + Righ)

Proton A: unpolarized
dU(XQZ) x C[fiqflg] Proton B: unpolarized

dyd*qr /

Boer, Pisano, PRD 86 (2012)

The convolution is defined as:

Clw FY FY] = [ d*pur d*por w(Par, Por) FY (Ta, Par) Fs (Tb, Dor) 0% (Par + Dor — qr)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.094007

Results: cross sections

Cross section computed for all combinations of initial proton polarizations:
Uu, UT, TU, UL, LU, LT, TL, TT, LL

Nanako Kato - University & INFN Cagliari 24




Results: cross sections

Cross section computed for all combinations of initial proton polarizations:

4 )

do Q Q,sin . Q,sin .
dyd[Qq]T = F2, + F5, Spr + F2y Sar + Fypr ?s |SBr|sings, + Fry) P5a S ar|sin ¢g,

Q, Q,
+ FLQL Sar SBL + FLTCOS ?sp Sar |SBT| COS ¢SB T FTLCOS Psa |SAT| SBL COS (bSA

Q,cos — Q,cos +
+‘SAT||SBT‘ (FTT (QSSA ¢SB) COS(¢SA _quB)—i_FTT ((bSA ¢SB) COS(¢SA +¢SB>>

&

NK, L. Maxia, C. Pisano, PRD 110 0234028 (2024)

Each structure function can be factorized:

/ HS =5, (%)n HnQ] Perturbative part
\(

F<Q

Clw F{ F5]
LDME

Non perturbative part

.
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Results: cross sections

Cross section computed for all combinations of initial proton polarizations:

4 )

do Q Q,sin . Q,sin .
dyd[Qq]T = F5, + FS Spr 4 F2)|Sar + Fppr ?s |SBr|sings, + Fry) P5a S ar|sin ¢g,

Q, Q,
+ FLQL Sar SBL + FLTCOS ?sp Sar |SBT| COS ¢SB T FTLCOS Psa |SAT| SBL COS (bSA

Q,cos — Q,cos +
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&

NK, L. Maxia, C. Pisano, PRD 110 0234028 (2024)

Each structure function can be factorized:

/ HS =5, (%)n HnQ] Perturbative part
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F<Q

Clw F{ F5]
LDME

Non perturbative part
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Results: cross sections

Cross section computed for all combinations of initial proton polarizations:

4 )

do Q Q,sin . Q,sin .
dyd[Qq]T =FZ H F5, Spr + Fy Sar + Fppr ?s |SBr|sings, H Fry P5a S ar|sin ¢g,

Q, Q,
+ FLQL Sar SBL + FLTCOS ?sp Sar |SBT| COS ¢SB T FTLCOS Psa |SAT| SBL COS (bSA

Q,cos — Q,cos +
+‘SAT||SBT‘ (FTT (QSSA ¢SB) COS(¢SA _quB)—i_FTT ((bSA ¢SB) COS(¢SA +¢SB>>

&

NK, L. Maxia, C. Pisano, PRD 110 0234028 (2024)

Each structure function can be factorized:

/ HS =5, (%)n HnQ] Perturbative part
\(

F<Q
Clw F{ F5]

LDME

Non perturbative part

.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.034038

Structure functions
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Structure functions

Unpolarized and single-transversely polarized structure functions
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Structure functions

Unpolarized and single-transversely polarized structure functions

2 2
Wyy = —piﬁgT COS [2(¢a — ¢b)]

¢, = azimuthal angle of p,r
¢, = azimuthal angle of p,r
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Structure functions

Unpolarized and single-transversely polarized structure functions

FG3 " o (= Cluw S i) + Clutn i 0] = Clwr b *his])

UT
XQo,sin ¢ h oL Rt lgq, L
Fpp ™ oo ( Clwhy £ £5°] - Cluoky b OS] + Cluliy hiohiyf])
XQ ,Sil’l ¢S
FUT2 " [wIJJc'T f1 }
Wyy = % cos [2(¢q — ¢b)] ;= |1;2T| cos ¢y,
P P

2
h _ Par |pr|
wUT — 4Mg COS(¢I) - 2¢a)

¢, = azimuthal angle of p,r

: ht _ pgT |pr|3 3 9
¢p = azimuthal angle of pyr Wy, = — o coS(3¢y — 204)

or 8M?3
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Structure functions

Unpolarized and single-transversely polarized structure functions

FG3 " o (= Cluw S i) + Clutn i 0] = Clwr b *his])

UT
XQo,sin ¢ h oL Rt lgq, L
Fpp ™ oo ( Clwhy £ £5°] - Cluoky b OS] + Cluliy hiohiyf])
XQ ,Sil’l ¢S
FUT2 " [wIJJc'T f1 }
Wyy = % cos [2(¢q — ¢b)] ;= |1;2T| cos ¢y,
P P

2
h pa, |pr|
Wyr = ng COS(¢b - 2¢a)
¢, = azimuthal angle of p,r

: ht _ pgT |pr|3 3 9
¢p = azimuthal angle of pyr Wy, = — o coS(3¢y — 204)

urT 8Mp5

L++C

spin

Observable measurable at LHCSpin project, afixed target experiment planned at LHCb
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The LHCSpin project

The project: implementation of a new-generation fixed target polarized gas in the LHCb spectrometer
allowing spin physics at LHC for the first time

Goals:

 Multi-dimensional nucleon structure in a previously unexplored kinematic region at LHC energies

 Measure experimental observables sensitive to both polarized quarks and gluons TMDs, PDFs, and GPDs
 Heavy-ion physics: probe collective phenomena in heavy-light systems through
ultra-relativistic collisions of heavy nuclei with transv. pol. deuterons

LgrC

L. Pappalardo et al., Nuovo Cim.C 47 (2024) 4, 235 I
P. Di Nezza et al., PoS (PSTP2022)001 _
A. Accardi et al. arXiv:2504.16034 (2025)

Nanako Kato - University & INFN Cagliari 33

Evolution of fixed target
systems at LHCb:



https://inspirehep.net/files/e9d4bca99f5cedc6c50283b89e2b8fa4
https://pos.sissa.it/433/001
mailto:https://arxiv.org/abs/2504.16034

Single-Spin Asymmetries (SSAs)

Proton A: unpolarized
Proton B: transversely polarized
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Single-Spin Asymmetries (SSAs)

g N
Proton A: unpolarized AQ,Sin Pps Qqubs sin ¢ps[do(ps)—do(ps+m)] F§%s1n ¢3
Proton B: transversely polarized N - [ désldo(ps)+do(ps+m)] - FU@U
g K )
Independent
from LDMEs
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Single-Spin Asymmetries (SSAs)

g N
Proton A: unpolarized AQ,Sin Pps Qqubs sin ¢ps[do(ps)—do(ps+m)] F§%s1n ¢3
Proton B: transversely polarized N - [ désldo(ps)+do(ps+m)] - FU@U

N~ Y

Upper bounds for SSAs using gaussian parameterization

Independent

g 2
flg(w,pi) = 7{2;;& eXp [— é:%} unpolarized TMD from LDMEs

M.
| fi2 (2, p2)|, | (2, p2)| < —”‘flg(:v,pi),

|pr

M2
(e, p})l < 3 (293

T

Positivity bounds

3

M
[hif (, p3)| < D %ff(%pi)-
T

N = N =
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Numerical results

B c[ng hi 9 hy 9]

Rou = c[ff £f]

0.1 < p2 <0.9

P2 _’hfg
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Numerical results

Relative value of the linearly polarized distribution and the Sivers function with respect to the unpolarized distribution

F— n=1/3 (p?) =1 GeV?
0T —— =23
0.6 F
05F
\EOA:_ ,’7///;;/%4;///
03E W
02F
0.1F
0'0:_‘|HH|‘H‘l‘H‘l‘”‘|HH|HH|HH|HH|‘
000 025 050 075  1.00 125 150 175  2.00
qr [GeV]
f g Lg]
Rf . C[wUT I fir
T g rg
v clri ]
0.1 < po < 0.9
1 ;
po = fi1° Sivers
g
p1 = hy

Py = hfg lin. pol.

lg
p3 — th
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Numerical results

Relative value of the linearly polarized distribution and the Sivers function with respect to the unpolarized distribution

F— =173 (p2) =1 GeV? (p2) = 1 GeV? — p=1/3and p;=1/3
0T —— =23 0.125 F \ —= py=2/3and py = 35
0.6 - 0.100 £
05F 0.075§—
_S04F L& 0050F
r = E
osk 0.025 ¢
E 0.000 £
0.2 r
i —0.025 F
0.1 r
i —0.050
0.0 :
e e e e b e e e e b e e e e b e e _0.075\|\\\\|\\\\|\\\\|\\\\|\\\\\\\\\\ PRI W
000 025 050 075 100 125 150 175 200 000 025 050 075 100 125 150 175 2.00
qr [GGV] qr [Ge\/]
1
f g plg Clwlr hy ¥ Y]
Rf B C[wUTf1 1T] R}(}T: UTglg 1
UT clff f7] clst 1]
1 .9 for thicker lines
0.1 < po < 0.9 0.1 <ps < 0.9
1lg .
Po = 1gT Sivers
p1 = hy
19

p, = hy” lin. pol.
1
p3 — h17g
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Numerical results

Relative value of the linearly polarized distribution and the Sivers function with respect to the unpolarized distribution

Y (p2) = 1 GeV? § (p7) =1 GeV? — p=1/3and ps=1/3
0.7:_____ P0=2/3 0125:— R P2:2/3 and P3:3/5
0.6 F 0‘100;—
05F 0.075§—
L 050 £
_504F %Z% L5 000
: g — = 02F
0.3:— = r
: 0.000 -
? oozt
0.1 r
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I 2\ _ 2 h Lgyg
f C[w{JT 7 1LTg] 0.10F ) = 1 GeV Rh o C[wUT hi h1]
RUT - 9 9 i ' ur — C[fg fg]
C[f1 f1] 0.05 F Lo
i 1 .9 for thicker lines
0.1 < pg<0.9 0.00 F 0.1 <p3<0.9
cg [
Lg —0.05F
- ] i
Po 17 Sivers : clwhL ptopte
py = h? —010F RhL _ Wy Ny~ Nyp
1 1 r —
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Upper bounds for SSAs

Nanako Kato - University & INFN Cagliari

. f h ht
A??Q,Sln Psp _ _RUT + RUT - RUT
N 1 - Ryu
. _Rf o Rh 4 RhJ‘
A§<VQOa51n¢SB _ UT urT UT
1+ Ryu
XQ2,8in¢psp f
Ay ¥ =—Rpyr



Upper bounds for SSAs

. f h ht
A??Q,Sln Psp _ _RUT + RUT - RUT
N 1 - Ryu
. _Rf o Rh 4 RhJ‘
A§<VQOa51n¢SB _ UT urT UT
1+ Ryu
XQ2,8in¢psp f
Ay ¥ =—Rpyr

SSA for g2 production

depends only on the Sivers
function!

By comparing the SSAs for ny and xgg
with those for y,, we can
comprehend the relevance of the
combined effects of the linearly
polarized gluon TMDs.
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Upper bounds for SSAs

= I T T T T I T T T T I T T T T I T T T T I — AnQ’Sln quAS‘EE — _RéT + R}&T - R}é’;
0.0 F e q 1 - Ruu
—0.9 2 E AXQoSInPsp _RJI;T — Riyr + Riyr
= . - ] N 14 RUU
S —04F _ T AT~ Rl
< B §
—0.6 J
—0.8F - SSA for g2 production
B ] depends only on the Sivers
0.0 I i function!
< I i
§ —0.2r .
'5<CZ i {1 Bycomparing the SSAs forng and g
0.4 - 4 with those for y,, we can
i 1 comprehend the relevance of the
N ~_.’ 7 combined effects of the linearly
_0'6 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I l . d l TMD
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 9, Potarzedgiuon THLs.

g [GeV] qr [GeV]
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Summary of the talk

 (C-even quarkonium production in p-p collisions

e Used NRQCD and CS mechanism

 Maxvalues of transverse SSAs for different quarkonium states

* Asymmetries depend on the parametrization of the gluon TMDs but are independent of the LDMEs

* Observables measurable at LHCSpin
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Gaussian parametrization of the gluon TMDs

i 2
Lo 2 ! (@) 20=po) (L1 Pi
r \ Ly Pr :N XL M, ex 2 on
17 (T,P7) o( )7r<p%>3/2 p 00 P 12 po (p7)

J 2(1 — p1) 11 p
W (z,ps) = Ni(x 1 (@) M, eXp |5 = — 7
1 (z, p7) 1 ( )7T<p%>3/2 p 01 b 2 p1 (p2)
g 1 — p2) 1 p?

B9 (e, p2) = 2N () JEE) a2 B2 P2) o [1—— T]

(@, p7) 2( )7T<p%>2 P pg P p2 (D7)

9 21-p3)1* 3 1 p?
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Gaussian parametrization of the gluon TMDs
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LHCSpin timeline

LHC Run4 LHC Run5+6
SMOG2 Data taking at the IR4 Data taking at the LHCb
| |
2030 - 2033 2034 - 2035 2036 -
| | |
LHC LS3 LHC LS4
Installation of the I— C Installing the I_ C
apparatus at the Spin target at LHCb Spin

IR4

Polarized target

The LHCspin apparatus consists of a new-generation
HERMES-like polarized gaseous fixed target to be installed
usptream of the VELO.

With its installation, LHCb will be the first experiment

to simultaneously collect data from unpolarized
beam-beam collisions at+/s = 14 TeV and polarized and
unpolarized beam-target collisions at /s = 100 GeV.




