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Transverse momentum dependent distributions

Three-dimensional distributions: provide information on the partonic
longitudinal momentum and the two-dimensional transverse momentum

Jransverse momentum

Longitudinal momentum

. partons
kt =2Pt

Renormalization scale p and the Collins-Soper scale ¢ not shown explicitly

More detailed information on the proton’s structure as compared to PDFs:
1D description is not always satisfactory, see i.e. spin effects




TMD factorization

Two scale processes Q2 > g

SIDIS Ip—~U'hX | 7 « .
Drell-Yan pp -

Factorization proven
All orders in as
Leading order in powers of 1/Q (twist)

Collins, Cambridge University Press (2011)
Boussarie et al, TMD handbook 2304.03302



TMD factorization

Scales and frameworks

Three physical scales, two theoretical tools
Bacchetta, Boer, Diehl, Mulders, JHEP 08 (2008)
Bacchetta, Bozzi, Echevarria, CP, Prokudin, Radici, PLB 797 (2019)
Boer, Bor, Maxia, CP, Yuan, JHEP 08 (2023)

Low Intermediate High

FEPM<<GELQ M <

(i.e., interpolation or sum?)

2
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M Q
Do they describe the same dynamics or
two competing mechanisms
in the intermediate region? 0000000

TMD collinear PDF




Gluon TMDs

The gluon correlator

?{ r (P )T
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Gauge invariant definition of [*”

MUY o (P, S| Tre [ F(0)US o FH() UG o] IP, S)

Mulders, Rodrigues, PRD 63 (2001)
Buffing, Mukherjee, Mulders, PRD 88 (2013)
Boer, Cotogno, Van Daal, Mulders, Signori, Zhou, JHEP 1610 (2016)

The gluon correlator depends on two path-dependent gauge links

Z/{[((:),E] = Pexp <—ig/ dsy, A”(s)>
clo.¢]

The path C depends on the color interactions, i.e. on the specific process




Gluon TMDs

The gluon correlator

FSI in SIDIS ISI in DY
[+ & & ~ -]
Upo.g) } ] | Upo ¢
RS &
3 {
/dk-,- — =0 — . the same in both cases

ep — €' QQX, ep — €’ jetjet X probe gluon TMDs with [++] gauge links
pp — yyX (and/or other CS final state) probes gluon TMDs with [——] links

pp — ~vjet X probes an entirely independent gluon TMD: [+—] links




Gluon TMDs

Leading-twist diistributions

GLUONS unpolarized | circular linear
u ""—f:\g\\, hlJ-K
\ J1
: (g5 I
T . .
i 8ir N

Angeles-Martinez et al., Acta Phys, Pol. B46 (2015)
Mulders, Rodrigues, PRD 63 (2001)
Meissner, Metz, Goeke, PRD 76 (2007)

hllg: T-even distribution of linearly polarized gluons inside an unp. hadron
fﬁ_g: T-odd distributions of unp. gluons inside a transversely pol. hadron

>

>

> hE,, hj5%: helicity flip distributions like hY,, hj3%, but T-odd, chiral even!
>

hf = th + ;ﬁ hf‘Tg does not survive under pt integration, unlike transversity
P

In contrast to quark TMDs, gluon TMDs are almost unknown, however models exist:

Bacchetta, Celiberto, Radici, Taels, EPJC 80 (2020)
Chakrabarti, Choudhary, Gurjar, Kishore, Maji, Mondal, Mukherjee, PRD 108 (2023)
Bacchetta, Celiberto, Radici, 2402.17556




Extraction of £ at /s = 13 TeV

J/4p-pair production

We consider g1 = P“T’w < My /2 in order to have two different scales

04 ; ; . .
E Gaussian 13, <k> fit —
= over [0 ;<M,,,>/2
- [0 <My, >/2]
z 0.3 b
% LHCb data without DPS +—+—
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Lansberg, CP, Scarpa, Schlegel, PLB 784 (2018)
LHCb Coll., JHEP 06 (2017)
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Linear polarization of gluons

Gluons inside an unpolarized hadron can be linearly polarized

It requires nonzero transverse momentum

Interference between +1 gluon helicity states

Like the unpolarized gluon TMD, it is T-even and exists in different versions:
> [++] =[] (WW)  (SIDIS and DY-like process)

Gluons can be probed in heavy quark production in both ep and pp scattering
Mukherjee, Rajesh, EPJC 77 (2017)
Lansberg, CP, Scarpa, Schlegel, PLB 784 (2018)
Rajesh, Kishore, Mukherjee, PRD 98 (2018)
Bacchetta, Boer, CP, Taels, EPJC 80 (2020
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C = +1 quarkonium production

2 — 1 processes

Color Singlet (CS) production of C-even quarkonia from two gluons is possible

This is not allowed for J/1 or T because of the Landau-Yang theorem

Pa 9909999990090

Db 9909999999999/

pp—[QQIX (g8 —[QQ])

Hard scale can only be the particle mass: Q@ = M (charm, bottom)

TMD Factorization requires the resulting particle Q to have small g7 (g7 < M)




C = +1 quarkonium production

Gluon polarization

Pol. gluons affect the transverse spectrum of scalar quarkonia at NNLO pQCD

The nonperturbative distribution can be present at tree level and would
contribute to (pseudo)scalar quarkonium production at low gr




C = +1 quarkonium production

gr-distribution of g and xqs (Q = c, b) in the kinematic region g7 < 2Mg

Lleg Lleg
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Proof of factorization at NLO for p p — 1ng/x@o,2 X in the Color Singlet Model (CSM)

Ma, Wang, Zhao, PRD 88 (2013); PLB 737 (2014)
Echevarria, JHEP 1910 (2019)

Future fixed target experiments at LHC




C = +1 quarkonium production
Q' XQ0» XQ2

Structure of the cross section for the doubly polarized process p(Sa) + p(Sg) — QX

do[Q Q,sin ¢ i Q,sin ¢ .
7dy d[zq]T = FL?U + FUQL SgL + FLQU Sac+ Fyr °8 |Sgr|sin ¢sg + Fry %A |Sar]|sin s,

Q,cos g, Q,cos pg
+FLQL SacSeL+ Fir % SaL|SBr|cos ps, + Fry A |Sar| Sgy cos ¢s,

Q,cos(ps, —¢sp) Q,cos(ps,+bs,)
+|sAT\|sBT|[FTT°°S AT cos(s, — bsg) + Frp oA 7% C°$(¢5A+¢$B)}

Kato, Maxia, CP, 2403.20017

Single spin asymmetries for different quarkonia are sensitive to different TMDs

,sin ¢,
Fur Boc—fF @ fyf + b€ @ hE — hf @ hif
Foi ™" 7% oc —fF @ 55 — 1E w0 b+ hiE @ iE
»sin ¢
For o —Ff @ fi#

Such observables are in principle measurable at the planned LHCspin experiment




C = +1 quarkonium production

Single-spin asymmetries (SSAs)

Asymmetries maximally allowed by positivity bounds on gluon TMDs can be sizeable
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Gaussian parameterizations for the gluon TMDs for several values of variables p;




Quarkonia are good probes for gluon TMDs: first extraction of unpolarized
gluon TMD from LHC data on double-J/1 production

Model-independent feature: hf‘g, hf‘Lg, he, hf‘Tg, enter the production of
P-odd nq states with opposite signs w.r.t. the P-even xqo states

On the other hand, the effects of linearly polarized gluons on higher angular
momentum quarkonia like x g2 are strongly suppressed

The gluon Sivers function ff}g can be accessed by looking at xq2; then
SSAs for g and xqo can be used to determine h¥ and h; &

Transverse SSAs could be measured in principle at LHCSpin (AMBER?)
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