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Introduction - the Collins function
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® genuine TMD fragmentation function
® express correlation between quark transverse polarization and produced hadron p |
* extracted, together with TMD transversity h, in global fits of SIDIS azimuthal

asymmetries:
N [Azi¥<¢h+¢5)} ~C {h?qu}

and ete™ — hqhyX azimuthal asymmetries (double ratio):

RY 1+ PY cos(2¢»)

RHO 14 P(L,(C) cos(2¢1)

~ 1+ cos(2pn)Ag ") ~ ¢ [ UH, ]
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Introduction - the Collins function

h
q Sq/ P Dh/qT(leL) _Dh/qT(Z _pl)
/ PgxpL)-S
X = YD, 1 (2,p2 )% (10— ca)

J.C. Collins, NPB 396:161-182 (1993) _ 2|p | Lq( 2 ) (Pq X PL1)-Sq
f B T
zmy - Py

(Amsterdam)

® genuine TMD fragmentation function
® express correlation between quark transverse polarization and produced hadron p |

® extracted, together with TMD transversity h{, in global fits of SIDIS azimuthal
asymmetries:

i + L
N [Azlp(% 475)} ~C {h$H1 Q}
and ete™ — hqhyX azimuthal asymmetries (double ratio):
RY 1+ PY cos(2¢»)

RHO 14 P(L,(C) cos(2¢1)

~ 1+ cos(2¢1)A ) ~ ¢ {Hf‘ijq}

® complementary processes: hadron-in-jet production [Umberto’s talk on Thursday]
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Why photon-photon collisions for TMDs?

‘ Y172 =944 — hihy +X \
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Why photon-photon collisions for TMDs?

Key advantages of 7y collisions:

e Clean initial state — only m

electromagnetic interactions in the
hard process at LO

Y172 =944 — hihy +X

e Different flavour combination:

I L

e vs e weight in SIDIS/SIA Photon sources
® Variable hard scale - unlike lepton 1. 0+

colliders, 7y collisions allow to vary

the perturbative energy scale 2. N,

e Both lepton and heavy-ion UPC
colliders currently accessible at
colliders
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Kinematic in the thrust axis frame

We consider the process

partonic subprocess:

CH (L) €7 (1) = ha(Py) + hy(Py) +X

71(q1) + 72(92) — q(Kq) +q(Kg)

both photons are quasi-real: q,? ~ 0 = Weizsacker-Williams (WW) approximation

Kinematic variables:

Rr: hard scale

q: g

Z1,2:
hadron momentum fractions

Pi1,P12t
hadron p | w.r.t. thrust axis

_ h h
P2 = ‘/’q1 - quz
A
= T (eta 4 etMa):
612 NG ( + )

photon momentum fraction
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Differential cross section

General expression of the cross section within helicity formalism and factorized TMD approach:

3 3
00— hihy X _ 1 Ky d*Ky - ek
do t(ly- 1) 2(2m)3K9 2(271)3Kg (27)* ' (g1 + g2 — Kq — Kq)
dé g
X Z E P/\1,/\/ ’)/‘I ,0)\2, (72)f71//+ 7::(+ (g‘l) §1 fh/ffypé (Cz) Cz

X g rgidns HA/ prBY DA Ay (z1,p.11) dz1d%p 4 DA o (22,p12) dz,d%p
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Differential cross section

General expression of the cross section within helicity formalism and factorized TMD approach:

3 3
00— hihy X _ 1 Ky d*Ky - ek
do t(ly- 1) 2(2m)3K9 2(271)3Kg (27)* ' (g1 + g2 — Kq — Kq)
dé g
X Z E P/\1,/\/ ’)/‘I ,0)\2, (72)f71//+ 7::(+ (g‘l) §1 fh/ffypé (Cz) Cz

X g rgidns HA/ prBY DA Ay (z1,p11) dz1d’p 4 DA o (z2,p12) dz2d°p |5

Cross section can be written as:

dot " i X(p P_) 642 1

d?Rr dijq dryq dzy d2p 11 dz, d?p 1, sk2 1+ cosh(yg — 1) Zeq
X {fo 0+ (6)fy - (G2) — PrPoALE o+ (§1) DSy 0~ (82) }

x {COSh(Uq — 11q) Dh,/q(21,P11) Dhy/q(22,P 12)

1 h h
ta cos(¢q" — (qu)ANDm/qT (z1,pM)ANDh2/a¢(zz,pu)}
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Differential cross section

After integrating over hadrons p, 's w.r.t. the thrust axis:

£t ¢~ collisions

dgﬁrahsz(prr'fpi) B 6;“2 1
d?ky dijq dq dzy dzy dgra — skZ 14 cosh(q —1q)

xYes |:f'y/é+ (&) fy - (&) = PP ALE, o+ (§1) ALy /- (82) ]
q

1
 { cosh(ig — 1) Dayn 20) Dayny (22) + €052 8Dy 20) "Dy, 1 ()}

J
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Differential cross section

After integrating over hadrons p, 's w.r.t. the thrust axis:

£t ¢~ collisions

dgf+1{*~>h1hzx('P+,’P*) = 6;“2 .
2Ry dijq dijq dzy dzo dgn; ~ sk2 1+ cosh(nq — 1q)

xY e [f'y/[‘*’ (&) fy - (&) = PP ALE, o+ (§1) ALy /- (82) ]
q

1
 { cosh(ig — 1) Dayn 20) Dayny (22) + €052 8Dy 20) "Dy, 1 ()}

J

UPC

daN]/\/’zahsz 602 1
2Ry dijq dijq dzy dzy dry ~ syy k% 1+ cosh(q —

) ;93 Frina (1) Fryny (62)

]
X { cosh(i7q —113) Dy /q(21) Dhy/(22) +  COS P2 ADy a1 (21) A"Dy, gt (Zz)}
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Observables - azimuthal moments

Unpolarised cross section and double longitudinal spin asymmetry

_ do(+,+) —do(+,-)

do"" = 1[do(+,+) +do(+, )], L= do(t, +) - do(+,—)

Following [s. anedda, F. Murgia, C. Pisano, PRD 112 (2025) 0140131, One can introduce azimuthal moments:

/d¢q dgra do'™ (¢q, ¢12) €OS[NgPg + Mr2¢pr2]
/d¢q dgra do'™ (g, P12)

(da””"\nq;mu) = 2

/d‘f’q dgra Ar do™P (¢, P12) €OS[NgPq + Mia¢hra]
[ déqdpr o™ (9q, ¢r2)

(AL |ngimp) =2
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Observables - azimuthal moments

Unpolarised cross section and double longitudinal spin asymmetry

_ do(+,+) —do(+,-)

do"" = 1[do(+,+) +do(+, )], L= do(t, +) - do(+,—)

The cos ¢, azimuthal moments (ng = 0, my; = 1):

4 AN N
1 ;eq ATDy g1 (21) ™Dy 41 (22)

do""P | cos =
< | c0sP) = Zoshirg —1a) Y €5 D /q(21) Dhy/q(22)
q

4 AN N
1 Afy e &) ALE, - (&) };jqu Dy, gt (21) AYD, a1 (22)

hcosh(ng—1na)  fyer (G Fy - (82) Y€} D, /q(21) Dhy/q(22)
q

<ALL ‘ COS¢12> =

® (do“"P| cos ¢12) directly probes the Collins TMD FFs

® (A;L]cos¢piz) more sensitive to kinematical region probed in the WW distributions

® both suppressed by 1/ cosh(yjq — 173) = favors central rapidity

e predictions for like-sign (L, 7t 7" + 7~ 7~) and unlike-sign (U, 7" 7~ + 7~ ") pairs
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TMD parametrization

® two different parametrizations

(i) TO-CA24 M. Boglione et al., PLB 854 (2024) 138712]
(i) JAM3D-2022-nolat [L. Gamberg et al., PRD 106, 034014 (2022)]

® Gaussian ansatz for unpolarized TMD-FF

Dh/q(z,pL) = Dh/q(2)G(p1), with G(p?) =

exp[—p% /(p?)]

n(p?

TO-CA24 JAM3D-2022-nolat

2,
A'D,, +(z,p.) = Hiy0(z,p1) 222m?
h/a zmy 1/ Hina(@pl) = i Hinja(@) G (P2)
= N;(z)%z\/Zee’pi/M% Dh/q(z,p1) LlHg
C

(g = fav, unf)

with ¢ = fav, unf, M¢ free param.
with mass dimension, and
Nfcav(z) = Nfay 27, Nucnf(z) = Nunf

.

® relation between two notations:

[#)c .
thra(®) = 37 AYD o (2), with (p2)c = ME(p?)/ (M2 + (7))

Collins effect in
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Setup

ete~ collider

Vs

kr range

92 GeV

3,20], (]20,40]) GeV

0.03 rad
<25(0.5)

Photon WW distributions

a [1

frre(@) = o— [

Y

Afye(®) = o [

2

2
Qmin =

=22 Gy o (o )]
— 2 In 2 4 mi (o —
z @, "\ e @

m; &
1-¢’

Q

1-(1-9)?, G 1 1
g (g q )

¢ Qin

2 _ S
= 20

-9

min

2
min

2
+ Qmin

Pb-Pb UPC
ATLAS & CMS, ALICE and LHCb
V/SNN 5360 GeV
Rr range  [10,30] GeV
[79,9] < 2.4 (ATLAS/CMS)
< 0.9 (ALICE)
g € [2,4.5] (LHCb)

Nuclear photon flux In the Equivalent Photon
Approximation:

2
(@) = 22 [2xka )i ) — (B x) — K30)
® Ko: modified Bessel functions
® Xi= CMmein
® bin = 2Ry (symmetric ion beams)
® Ry = RoA"3, with Ry = 1.2 fm

Collins effect in
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Results - unpolarized cross sections

----- L — U -1
e — TO-CA2 | === — TO-CA2
Lok I JAM3D-202molat | 0 F | JAM3D-2022-nolat ]
1071 4 w07k E
> mg] < 2.4

1072 5
= 7, ma| < 2.5 Z 0
= kr € [3,20] GeV
& 1079 1
< T g  m—
5 o T B (x101)

101 1 ] ha———

|
. [1ig: | < 0.5 W
0TE kr € [20,40] GeV
V3NN = 5360 GeV
6| S 09 CeV J 10°% ™ «
10 V5 =92 GeV 21 € 0.1,0.9]
2 €1[0.1,0.9) kr € [10,30] GeV
“‘l ll‘Z ()‘X U") ()‘G U‘T u‘zl H“J H‘l U‘Z 0‘7( H‘J ll‘o H‘G 0.7 U‘h ““f)
22 22

(b) UPC @ LHC

(a) FCC-ee




Results - (dc'" | cos ¢4, ) - FCC-ee

£ v roca)
e Z2 Lroca

e

£ ¢ roca) v (oA
| Z2 Lroca

by € (20:40] GV

gl < 05

59 U Toca)

o E g Z2 Lroca) L A

=
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Results - (dc'" | cos ¢4, ) - HL-LHC

£ v roca)
Z2 Lroca

£ z,

H I prog] g 1 3 304
[ (YN L -

= 1 = 1

{da™™®| cos dra)
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1/12

chcUI




Conclusions and outlook

Summary:
® v collisions: a proxy to access the Collins effect
e computed TMD cross section and azimuthal moments
e predictions for FCC-ee and Pb-Pb UPC at HL-LHC
= sizeable cos ¢1; asymmetry
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Conclusions and outlook

Summary:
® v collisions: a proxy to access the Collins effect
e computed TMD cross section and azimuthal moments
e predictions for FCC-ee and Pb-Pb UPC at HL-LHC
= sizeable cos ¢1; asymmetry
Outlook:
e updated Collins extractions with different parametrizations
= implementing CSS evolution
e extend study to EIC physics
¢ include other mesons (e.g. kaons) or spin 1/2 baryons (e.g. A)

Thank you
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Backup



Weizsacker-Williams distributions

ol ‘ ‘ ‘ ‘ 7
— fyel8)
""" Awa/e(&) ;
4x1072
1)1 4
¢ 3x 1072
) 2x1072
10% 085 000 0.95
10—1,
Ss=wocey T
I 0, =30 mrad
1077 ! ! ! ! E
0.9r E
ALfye(€)/ fe(8)
0.6F ]
0.3f ]
0.0 ; : : :
02 0.4 0.6 0.8

Collins effect in 7y collisions

12/12 chcUI



Collins TMD FFs - TO-CA24 vs JAM3D-2022

XX JAM3D-2022-nolat 1
JAM3D-2022
B4 TO-CA24
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