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) TMD physics roots &m _

1913 atomic nucleus
1919 proton

1922 Stern-Gerlach
1925 spin 100 years! -
1933 proton anomalous magnetic moment ﬂ

=» Nucleon spin structure: TMD

1964 Quark model

* 1969 Parton model

SE 5 %
* 1973 asymptotic freedom and QCD E} E ﬂ %

* 1976 large transverse single spin asymmetry in forward a* production ~50 years

I
* 1978 intrinsic transverse motion of quarks and azimuthal asymmetries I

[ =

*.%.  (EMC)Z. Phys. C34 (1987) 277

Volume 78B, number 2,3

25 September 1978 (SLAC) Phys. Rev. Lett. 31, 786 (1973)

(EMC) Phys. Lett. B 130 (1983) 118,
(EMC) Z. Phys. C34 (1987) 277
(EMC) Z. Phys. C52, 361 (1991).
(E665) Phys. Rev. D48 (1993) 5057
(ZEUS) Eur. Phys. J. C11, 251 (1999)
(ZEUS) Phys. Lett. B 481, 199 (2000)
(H1) Phys. Lett. B654, 148 (2007)

<cos O, >/w, (y)
¢
T

02 |-

Anselmino et al.
Phys. Rev. D 71 074006 (2005)
1 1

-0.3

o 0.5 1

Xg i

* 2005 first published evidence of non-zero Collins and Sivers effects (HERMES-COMPASS) 20 years!
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Transverse spin asymmetries o

a long-standing puzzle b isaiess

di Fisica Nucleare

\/g — 49 GeV 6.6 GeV 19.4 GoV 62.4 GeV 1978: Kane, Pumplin & Repko: transverse-spin asymmetries suppressed in pQCD
50 60 60 80
ot IR ¢ i PRELIL Mo £2002+ al Speedipri ool + il ;R;:’L:f' e 1990: Sivers proposes transverse spin-momentum correlation for quark
. . T
_ a} on o 20t K al oe? . ¢ distributions
£ JOF % 8 .
& M g Ofp-==mm=- 6------; Op--- 6, e T 1993: Collins dislikes (& disproves) idea, introduces similar correlation in
wl c}: e OC;} e | o b o fragmentation
40} 40} -0} O% 40 ® ({)
) ANL % BNL ‘%’ i I FNAL 0 RHIC T i 1996: Mulders&Tangerman: compendium of azimuthal asymmetries
02 04 06 08 1 02 04 06 08 1 02 04 06 08 1 02 04 06 08 1
A A i i 1998: Boer&Mulders: naive T-odd observables -> Boer-Mulders distribution
1976 2002 1991 2008 . _ ol
2002: Brodsky, Hwang & Schmidt: resurrection of Sivers idea

' , " EJPA (2016) 52:156 - -
p' p— h X (pioneer role) & [ 268 w-ascev n l < F . T l < [ u 0 va-226ev T ]
E o =

0414 AGS, 15 =66 GeV —— 02 e PHENIX, 15 = 62.4 GeV

[ = E704,\5=22GeV ; - L STAR, 1§ = 200 GeV
LEFT [ e BRAHMS, ¥5 = 62.4 GeV X .o, f ; STAR, {& = 200 GeV, <j>=1.5 1

T
O% +om

® BRAHMS, v = 200 GeV 045l © PHENIX, 5 =200 GeV, <=0,
L] ) STAR, 15 = 500 GeV

e = 1 s 1 L
6,—# -© j’% S R : %
- * RIGHT ﬁ . L {

L ¥ [ [ [
0.1 ii} 03 7Gs, {5=49Gev { + 005 4 %
— L . . & L & AGS, V5 = 6.6 GeV L
gy OR i of*¥ ) - E704, {5 =22GeV : - "
AN = e— ol - . 04l ® BRAHMS, 15 = 62.4 GeV Ehm% L x
O-L +UR :| pe o b s by Lwna Las :I.usuRerf":gTZfouefvul I :l I]II TRV AR S B I B
04 06 03 0 02 04 0.6 0.8 0 0.2 04 06 0.8
Azimuthal angular dependence of particle X X X
i i i F =2P, /\s ~ X, — F F
production relative to the transverse spin Xe=2F /NS ~ X1 =X, .
direction of the polarized proton large TTSA in the forward direction (large x.) Cannot be explained
in the proton-proton collision In p+p collisions up to 500 GeV over 40 years 1IN the Ieadlng-tW|st
mostly independent of energy collinear picture
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TMD distributions &”_"

O

“Quest for understanding hadrons and the origin of their mass and spin”

= mapping of quarks and gluons with their dynamics and multiple degrees of freedom

1D

kt =aPt 4
A
4@ Parton Distribution Functions

PDFs ()
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TMD distributions &”_"

2

“Quest for understanding hadrons and the origin of their mass and spin”

= mapping of quarks and gluons with their dynamics and multiple degrees of freedom

iD 2D

kt =agPt <=

by
Form Factors | 4

PDFs () FFs (A)
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TMD distributions (I-H/ FN

O

“Quest for understanding hadrons and the origin of their mass and spin”

= mapping of quarks and gluons with their dynamics and multiple degrees of freedom

Transverse Momentum-dependent Generalized Parton Distributions
Distributions

kT =aP" < kit = 2Pt - For GPD Experiments see

review by Daria Sokan.

- 3 D s + For GPD theory see

4 @ review by Pawel Shneider
' on Thursday

1D TMDs (z, k) GPDs (z,A) 2D

kTt =aPt 4 9
d“k

PDFs () FFs (A)

For Inclusive scattering see review by Xiaochao Zheng
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TMD distributions (I-H/FN

O

“Quest for understanding hadrons and the origin of their mass and spin”

= mapping of quarks and gluons with their dynamics and multiple degrees of freedom

Transverse Momentum-dependent
Distributions

kt =aPt <

4@ 3D

TMDs (z, k)
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Y
TMD Theory: great progress!  INFN

B
COLLINS-SOPER EQUATIONS
......................................................................................... TMD Handbook

Differential equations

diagonal in flavor space A modern introduction to the physics of
Transverse Momentum Dependent distributions

Anomalous dimension of TMD, Introduction

<] l.
T . can be expanded in 2. Definitions of TMDs
dIn F(.j‘.". bT, I, (3) o perturbative series 3. Factorization Theorems
d 1 _ = YF (ﬂ,) Known up to 4 loops 4. Evolution and Resummation Renaud Boussarie
guiyy RN, Lee, A. von Manteuffel, R.M. Schabinger, A.V: Smirnoy, 5. Phenomenology and Extraction of TMDs Matthias Burkardt
VA. Smirnov ‘lmd M. Steinhauser, Phys. Rev. Lett. 128 (2022) 212002 6. Lattice Calculations of TMDs Martha Constantinou
) ~ Collins-Soper kernel, 7. Models William Detmold
Jdln F(.L bT, [y (:) ~ can be expanded in perturbative 8. Small-x TMDs Markus Ebert
E = I" (bT" IJ,) series at small b:‘,. 9. Jet Fragmentation Michael |ET'1_QE|"|1'="'dt
() 111 \/Z Known up to 4 loops 10. Subleading TMDs Sean Fleming
o i o ) X I1. Generalized TMDs & Wigner Space Distn. Leonard Gamberg
C. Duhy, B. Mistiberger and C. Vita, Phys. Rev. Lett. 129 (2022) 162001 Xian dong Ji
d } b 1. Moult, H.X. Zhu and Y.J. Zhu, JHEP 08 (2022) 280 12, Summary and Outlook g
1 ( T, ’u) Zhong-Bo Kang

= —Vg (}Li) o Cusp anomalgus dimension, Christopher Lee
can be expanded in

Keh-Fei Liu
dIn H perturbative series Simonetta Liuti
Known up to 5 loops *Thomas Mehen *
_ i Andreas Meiz
C - COHInS_SOper parameter F. Herzog, 5. Moch, B. Ruifl, T. Ueda, J.A.M. Vermaseren, John Negele

| e Collaboration Aloxa Prokuin
Collins-Soper kernel K is specific for TMDs Jian-Wei Qiu

See TMD theory review Abha Rajan

Marc Schlegel

i Phiala Shanahan
. DGLAPEQUATIONS o reday ranab® 12 chapters

lain W. Stewart *

47 | Pa ge S Andrey Tarasov

Raju Venugopalan

Integro-differential equations e Ivan Vitev
non diagonal in flavor space arXiv:2304.03302 Feng Yuan

Yong Zhao
+ - Editors

For lattice calculations u.s. DEPARTMENT OF | Office of
e -y / Wp (:#) of TMD see review by ENERGY | science

! Wei Wang later today : :
JL = UV renormalization scale progress StI" O"gOlng

f'=a,4.9
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New phenomenological approaches INFN

‘ A 1gtituto Nazionale
di Fisica Nucleare

Combined extraction of pdfs and TMDs TMD GROUP
. . : . (A. Prokudin at QCD-N IWHSS)

— fixed target « DIS (fixed target) oh, TR .,
n +a -.‘-v = . ¥ _— el n &
[()7 & —CDF/DO v DIS (JLab) »C‘"r; LR, . R . 3 P.C. Barry etal in prepration
Py POl e e PRELIMINARY RESULTS |
[ —LHCb - W? = 3.5 GeV? ,'.{t': ;.-‘l P B
~ 10!+ —PHENIX = ;
a | —STAR A s 0.8 _
> | 4 NuSea i B T . : B JAM25TMD Collins Soper kernel compares
8 [()'= » SeaQuest Lidiiii i i § 0.6 ART23 well to existing extractions.
N, fot RHIC/ Teiatron) .LHC W A ER R "/: 3 e ART25 ART24: V. Moos, 1. Scimeni, A. Viadimirov, P. Zurita JHEP 05 (2024) 036
-+ RHIC/Tevatron jets LEDIEIILE - - ART25: Vi Moos, |. Scimemi, A. Viadimiroy, P. Zurita e-Print: 2503.11201
[ | 1 02k o tHOW FYEEE = s I 0.4r MAP24 MAP24: MAP Collaboration, A. Bacchetta, JHEP 08 (2024) 232
01 E® - W +.c Skl odeded § § & e o w——l] @ MAPNN: MAP Collaboration, 4. Baccheta, Phys Revlett. 135 (2025 2,
' EL_'L- 2 ri : f“? é [: MAPNN 021904
| ’ A, AL Rl hyd 0.2
re 5 ol > =]
10'f -3 H AR SRR e R
5 S Ti13130 . o IR LGARAOES Q
- x ER R R AR ISR ] o o 0.0
A s 800l N — araul o L I L 1
10 0 10 2l 0.3 0.5 0.7 0.0 _p.olk
0 1 2 3 4
Precise data at small and intermediate x Data at large-x br (GeV™1)
- B JAM25TMD
._g-' u baseline TAD+ LHC “ “1“
~ ol baseline TAMD ’
H = Q = 10 GeVz = 0.200
\E 0.005
=
i
= L 0.000
=] ¢
E 2 2
1
0% 5 i 0 p '- 3
br (GeV™) br (GeV™') by (GeV™)
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List of main TMD contributing experiments  INFN

‘ A letituto Nazionale
di Fisica Nucleare

2

Semi-inclusive DIS Drell-Yan process

X .

on Lab
C|Q§§ SellD

ep|&5 E Jefferson Lab @ 22 GeV

Electron-positron annihilation | pp. pA-scattering, jet production, ete.
sPHERIX

. Y L? Brookhaven
o 1 h
I
e X

National Laboratory
SPIN2025 - Qingdao 22.09.2025 TMD Experiments Fulvio Tessarotto 10

For fragmentation functions see review
by Anselm Vossen after the coffee break
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TMDs at twist-2

quark
U L
number density Boer-Mulders
L &---O---O®
g e worm-gear L
(o2
- S Y S 7)-(¥)
T ({) B ("i) @ - @ transversi!y
s | e | (B)-@
pretzelositt’

" - spin of the nucleon; ’ - spin of the quark ’ -k

nucleon

Y

INFN

C

Istituto Nazionale
di Fisica Nucleare

quark
U L T
chiral-odd
U f1 (x, k ) hi‘q(x,k%)
Boer-Mulders
T-odd
chiral-odd
L 91 T (x, k3 T) (X k%)
Helicity worm—gearL
dmal—ndd
. , hi(x, k%)
T f1 q(x kizf‘) .9'1'1‘(%1 kT) J_mmt’
Sivers Kotzinian-Mulders h q()(' k%)
T-odd e o prelzelont],

N A
SN
7 AR

Longitudinal momentum
Et =a2Pt

ransverse momentum

SPIN2025 - Qingdao

22.09.2025

TMD Experiments
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A SIDIS cross-section at twist-2 INFN

‘ A letituto Nazionale
di Fisica Nucleare

dO-LO
Fypr+eFy i quark
dvdvdzdpiagdd, ) S . - -
1+ £ 452" cos 24,
— = £2(x, k2) hi9(x, k2)
+ S, 6‘4;’1;~ s 2¢, + SL}L\/I —& 4, v e ety ]ﬁoer-Muld;;s:dd
[~ sin| G5 ) - §
Ay sin (¢, — gy ) 2. g1 k) | hi9(e k2)
X sin | - = Helicity worm— L
+Sp |+ &4 sin(g, + ) =
sin( 3¢y, —gs - o
o+ 4, 'sin (34, —(ﬁs) sy | g% k) h];,g w:‘lcw)
______ :____________________________- 1TSivers EotzmanMulder: (x k2 )
+ S;A4 \H( ) JCOS E COS(¢h — s )} L T-odd [ “omeeT rmzehmt}

B~ f,_—f"‘
“o
P
AT o L H“’ Boer-Mulders h
(T-odd) P
~4, 1 h _ i
Asm(aﬁh ) o fl q ®D Sivers (T-odd) ] N N %\d EQ_X
< e o '
sin(h +4; L | S s N
AZi;(.H ) o h(f ®H, ¢ Transversity \. \ K O
- Pr N N\
sin(3dy, —d; 1 1h ) < e\
Af,i?( W) o hi ®H 1q  Pretzelosity N .
\ / . ) -‘?{f \\\
" N, K

® =C[wf D] =.rz.eajjdﬁkrdﬁp_alzu(:kr+P_ —P,)w(ky.p, ) f*(x.k; ) D} (x.p}) _ x
q h
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)
A Unpolarised SIDIS multiplicities & FN

Hadron multiplicities; h*, n* and K* (2016 data) Lé;l

collinear
A set of complex corrections: y— W u
* Acceptance, rad. corrections, e Bo—
PID, diffractive VM, etc. re L PR y.‘:,_gi_ s x
2"'.- '—l. -'... :-. N//;/ }Q N N
,g | B U R T"‘ .| Diffractive VM production
i ' X 5 o * In DIS y* interacts with a single quark
I .. Hh ' o * DVMP - y* fluctuates into a VM
i T T * VM then interacts diffractively with the
R T R TR L L nucleon through multiple gluon exchange
-2 DU S S oo o *  DVMP correction: two MC samples are used
o - " SIDIS
of L L * LEPTO 6.5 MC (diffractive contributions off)
N S S Lt BRIt e e Diffractive p" and ¢ mesons
c o I preliminary
N " i }+{. " " Diffractive events enhance at low x and Q?
1o i .. Y g * Pions from p°® decay (at high 2)
m == : 5 : +.....)  For pions maximum correction can reach even 50%
- : - : 2/ » Kaons from ¢ decay (0.4 <z <0.6)
New radiative corrections (DJANGOH) For kaons maximum correction ~24%
PRD 112 (2025) 012002 for (z= 0.6 and Q% = 1 (GeV/c)*.
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https://wwwcompass-private.cern.ch/compass/publications/papers/locked/journal/2025_prd112_012002.pdf

Al
INFN

P2 distributions
C

Istituto Nazionale
di Fisica Nucleare

b 0%(GeVie)*
16.0 COMPASS preliminary
) Intrinsic + fragmentation
0.20<z<0.30
. it 107 e % F s g
h 2 ) § L ] * * L] * bl
o 0 10 LI .. ' e, P, P
il . . -k T
10_4 L L L F 1 1 1 F 1 1 | . e e e e ]
3.0 1 2 3
1 \. P3 (GeVic)?
L 2N E % C >
-
10 Ce . "o . “e . !
- L ]
-3 . o 2 2/1.2 2
10 ‘ : expected:  (Pr) = z°(ky) + (P]
10-1 | 1 L F E
10 2 3 i 3 3 T 3 3
P7 (GeVic)® P; (GeVie)® P; (GeVic)? X
0.003 0.013 0.020 COMPASS preliminary
N 102 ” o 0.7 B 0.005 = x <0013 K 0015 < x < 0.020 B, 0020=x<0.055 | K 0.055 = x = 0.100
> F COMPASS preliminary 2 ;; s iES Two | |
5‘ W =5 GeVie? = é 0.5F - i . S L
C F02<v<09 300 ¥ < o4 e . . ° - .
- B SY, < (.06 rad ﬁs".\_,h 03k B L s " - * L . .
(o] L — . . . H [ |
S N . ' . deviation from
E ‘: o Jv‘. Gljli;| QI??J: W, 0013 =x=0020 e, 0.020 = x = 0.035 W, 0055 =x = 0100 <PT> p— Z <lLT> _I_ <PJ_>
C Z m 50-07<150 *
- 5 o5t
i 100 < . .
; .y 0.4 . . L] ™ . n
L i a7 sl . . m * s * -
i ~ o2k f. f' |
1 102 10—1 I 1 0 002 03 06 0 02 04 06 0 02 04 065 0 02 0f 06
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A TMDs from JLAB Halls C INFN

‘ A 1gtituto Nazionale
di Fisica Nucleare

1 270‘3P T T 1 zl-o“? T T 1 21-0'515 1 1 I z|.0‘B|b 1 T
Solld: Curves  L0frs N X rpes 28 10 -
from MAP 007f - \\ o O =LA L]
scaled by factor 0.05 ey k-l)h__h\' k.l_lﬁ_-\u-lm“‘;\%\: k=112 ] " x=0,45, Qz=4.5 GeV2
0.03F + + . +t : :
Bacchetta et al, :\\\ N\
JHEP 10 (2022) % oo Toeeepecetoeeepeemreempor et oeecpemefe oo b oot
0.10 c k-D.BB:: k-l.ﬂﬂ: k=1.08 r k-l.LB:
E:; 0.07 :m k-D.B:_‘___‘;\t“:}- k-f:::F k=1.02 k-?.lﬁ_
N 0.05 L‘ k=0.78 § k=084 14 : k=0.96 § k=1.011 " ) )
. <y 4 3.:‘:“:\' 3 x=0.3, Q?=4.1 GeV
N 0.03 1 " 7
0.02 O
010 I k=1[.59_
k=1.48]
® .+ fromp o ket 24]
® =+ from d ' i x=0.31, Q2=3 GeV?
0.03 J
® & fromd
. UIUE L L L L L I i 1 L L A A 1 1 1 A L L i il y
ﬂ:_ from p 00 01 02 03 04 0600 0.1 02 03 04 0500 0.1 0.2 0.3 0.4 0600 0.1 0.2 0.3 0.4 05
Py (GeV) Averaged over ¢*
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A
Unpolarised SIDIS modulations

INFN
do B
dxdyd=dp2d,d s,

xy0? 2(1—-¢) 2x

o 1 \2e(r 2) A2

Target spin independent part of the
(Fror+Fn,) cross-section: three asymmetries

nhcos g, + a4 cos2¢, + 426 (1—g) 4 sing, +.)
%’* 5 0.05 _ COMPASS preliminary i 2016 pr?;ojr% data _ . E; Cahn effect
= : Hp—H . = Different for h+, h™
L T Sl I T T I Sl 1 S . Non-trivial Q
S BN "tes, & *}  "Fa_ dependence
_0.05_ ] ] _-_ ] —. . .
3 S D | |
§~§ 0.05F ¢ . - TR - . . Boer-Mulders effect
ok i’.--t--e_-!.--_'---'!_-_i-:__-.;.._'-! _g-_---__---}_i-l_l:_-'..'_."_-_-) ______ 4. Collins-like behavior
: « * 0 g tamsas’ g g . ¢ (h*h™ - mirror symmetry)
005} D — e ™
* [ 0.1<P/(GeVIO <100 | 0.1<Py/(GeVie) < 1.00
‘5‘:—1 005_ 0.2<z<0.85 i o ORI
¥ : + * % Beam-spin asymmetry
0"# ; *% .i{“'** ............ higher-twist effect
: : non-zero, positive trend
—0.05p # i ]
102 10 02 04 06 0.5 i
x z
SPIN2025 - Qingdao

P, (GeV/c)
22.09.2025 TMD Experiments

Fulvio Tessarotto 16
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ab
Ay in proton-proton collision INFN

‘ A letituto Nazionale
di Fisica Nucleare

Ay = dAo(ST)
do

° . where dAd(St) = %[da(ST) —do(-S7)] and do = %[da(ST) + da(=5S1)]
T production

0.25
-4 STAR500GeV, 2.7 <1 < 4.0, This Paper _
Ay oo ¢ STAR200GeV.27.<n<4.0, Tis Paper dAo(St) = Ha ® fﬂ[3) ® fb(Z] ® Dflff(z}
“F ¢  STAR200GeV, (n)=3.7
- ¢  STAR200GeV, ()=323 [ +Hp® fﬂ(z) ® fb(3J ® thf[z)
0.15— 4  RHICI510 GeV,n>6
~ 0 eeNxescevai<n<os | [y +Hi @ fa@) ® fo2) ® Dije)
01— &  E70419.4GeV l ] 5
[ J~ i Lé L rz-
- it %l P
0.05— T
E L dFa0et” BRAHMS 20 STAR
o=p PR L g o ot
- &C’ 0= 4.0° @® =368
S EOSP N S, ot S 10f @73
Ty n E Z . —o—
> 1 RYTE 0 —5—9:30N
g _ . .O %% o o * =2 m 5 Ok P0G e® ...
: 2_ . &) - O “ | | 1
Q.l_ : o O 4 } ) ; 1 2 PhT 1 2 3 PhT
~ [ O O = Oa L ﬁt‘?‘_ v
O ol oz Tea Tea s 06 07 AIP Contf. Proc. 915 (2007) 533 PRD 86 (2012) 051101

curves: PRD 102 (2020) 054002
PRD 103 (2021) 092009
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)
First sSPHENIX SSA extractions (", n) INFN

‘ A letituto Nazionale
di Fisica Nucleare

sPHENIX: 0 < 7 (pseudo-rapidity) < 2
0 < Xpeynman < 0.15

» At Brookhaven National Lab
(Upton, New York)

(8n, 5¢) = (24, 24) mrad

- w /

» 3.8 km circumference s! ‘
MVTX "~ 1 w,l e, T ' z £ T T T T T T T T ™
» Cu, Au, Ru, ---, pT : v 7 deponten < o o p¥ p - 10X xp> 0 SPHENX prelminary E
» 111 polarized bunches per beam I ~~ : analysis passes: c sp p-onX PP Is=200GeV 1
P P ) 005t Tt e o
» Polarized proton-proton collisions MAGNET S e e R ‘+ + ]
= MinBIAS C |
for Run-2024 at /s — 200GeV/ ‘ ® oSt E
E ooosf 3 E|
» Average polarization: P ~ 50% (2024) ¢ B ertedmeasurement ot ,T J * E
1 trigger £ E
» New detector sPHENIX \ “ 0BE T 3

» Installed in 2022 i ~pia , R S-S SR B R R R

» Commissioned in 2023/24
» First Physics Run in 2024

(Beam-averaged)

I » pr-dependent asymmetry mostly consistent with zero
= 80F T T T T T T T =
E 160E- 6<p_1GeVI <7/ sPHENIX Preliminary | » Some pr bins expected to be added later:
o MOE pl+p 15 =200 Gev | > 70 [1, 2] GeV, [2, 3] GeV
P S E total bk > o [2, 3] GeV
"g 100 — A AN - r AN
= E E _
a3 sof 3 N —
s} E 3 — . .
0 E 1 r Preliminary sPHENIX results
40[- —
200 E > First extraction of TSSAs using the SPHENIX detector and the RHIC Run-2024 p'p data
[‘uE R KT 7 B 1R - ¥ A R 1 :1 at /5 = 200 GeV and 77 > 0
M,, [GeV] » The forward 7° and 1 meson TSSAs are consistent with zero
0 » TSSAs are compatible with former PHENIX TSSAs at mid-rapidity within uncertainties
7 Asymmetry n Asymmetry
<Z 7\‘T"‘\““ L T 3 <Z i‘\'T“‘\““\‘“‘\‘“‘\““c)\““\“"\““\“"\‘,‘ FUture prospeCts
0.025F 0 = F ‘ > i =
E —m0 X X=>0 SPHENIX Preliminary 01-p'pP—=m Xg SPHENIX Preliminary —| B
o.ozg—p P F oTep 12200 Gov g blep 152200 Cey » Extend the measurement to smaller pr domain
0.015% 7%W\amm..sm\eumemmnmw,w% 0_05; 7%po!:znz:l\onsmleuncemlmymlshownz » ’/TO: [3. 10] Gev — [1. 10] Gev
00t + 3 S . ‘ E > 1 [3,20] GeV — [2,20] GeV
0'00(5}; . - ) t ‘ E 0055 + ] > xg-dependent asymmetries (—0.15 < x¢ < 0.15)
E ¥ 3 —0.05~ E
~0.005F- = E ] » p-dependent asymmetries (forward and backward)
E 3 —0.1F 3
’O'OE E E 41 Comparison of RHIC results at different average pseudo-rapidities,
’0'0151 ) B 3 7 5 o 0450 bbbl SPHENIX covers previously unmeasured range
P, [GeV] [ [GeV] = will contribute to further understand transverse single-spin asymmetries

in polarized hadron collisions

SPIN2025
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. Al
Sivers TMD INFN

‘ A letituto Nazionale
di Fisica Nucleare

The Sivers function f. encodes the correlation between the partonic intrinsic motion
and the transverse spin of the nucleon, and it generates a dipole deformation in momentum
space and could not exist without the contribution of orbital angular momentum of partons
to the spin of the nucleon. It arises from interaction of the initial or final state quark with
the remnant of the nucleon and thus, many of its features reveal the gauge link structure that
reflects the kinematics of the underlining process Above all, the difference between initial
and final state gauge link contours leads to the opposite signs for Sivers functions in SIDIS

and DY ki atics
ane rnematies fir(x, kr)siois) = = fi7 (¥, kr)py)-

e COMPASS 2015 data

COMPASS 1™ x<0.032
® COMPASS n* x>0.032 [
o HERMES ™ PRL 103 (2009)

el S ¢
I LN L
% o1l I . N ee,ih *
2 oos. , * :
z “ R L + ) 005, | L . 01
~ a5 0.2 COMPASS K™ x=<0.032 = L
N 005 b = S SERMESE pRL 105 2009 -
u(;;: ' I 4 017 ‘ﬁ#f (*) H{)ﬁ%{. * Fo1d (},{,% ;6.5 6 ‘015‘
opht S + § T # g;}‘}ﬁﬁ} ! + ’ PRL 119 (2017) 112002  *F
NI A R 4 . Rk
0.05 - -
et edess |t PBTasors)zs0 | )
X . T - ) 05 05 Ip; PN 3 fe=p - ) :
< o.;isT’AR p\:p 500 GeV (L = 25 pb’) < oI;fSTAR p‘-‘p 500 GeV (L = 25 pb’) z : 2.0

ky (GeV)
°
5

ky (GeV)
o
o

ot _\L Jlit LTI ooy T i
-0:4—+W‘%|’V -0:4—. e T
0 — 0 esomng-sign g -o-ef--gi,:,:::,ﬁr:;“::ﬁ“:s:";s Q? = 4 GeV? ’ ———
e A. Bacchetta et al. PLB 827 (2022) 136961

PRL 94 (2005) 012002 PRL 116 (2016) 132301 (2022)
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COMPASS data taking: 20 years N
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COMPASS timeline

* CERN SPS north area — M2 beamline
* Fixed target experiment

* Approved in 1997

* Taking data since 2002 (20 years)

* The Analysis Phase started in 2023

33 institutions from 135 countries: ~ 200 members

COMPASS rop osal

"‘i‘* J

Many studies that can be done at future experiments can be studied at COMPASS
Key problems are in common: rad. corrections, MC generator tunings, the role of
exclusive diffractive VMs, analysis methods, etc.

& COMPASS Phase-1I addendum
(d-quark /, and )

o) &
ééb Q;V .é@kcgés ‘¥§> CJ qjk
SDISLT & & TL F&§ @\
& & TS FIFLHBS
(!

“y.

)

o o DOO0000000000
FESFS I LSS FEL S IE S S SO S O

e LS LS-2
~ ~

Drell-Yan

N

X
Z
»
P -
X

Nucleon structure
* Hard scattering of p* and = off
(un)polarized P/D targets
* Inclusive and Semi-Inclusive DIS
* Drell-Yan and JAy production
* Study of nucleon spin structure
* Longitudinal and Transverse
* Collinear and TMD pictures
* Parton distribution functions and
fragmentation functions

COMPASS data taking campaigns

Beam | Target year | Physics programme
2002
i 2003 | 80% Longitudinal | 20% Transverse SIDIS
K Polarized deuteron (6LiD) 2004
2006 | Longitudinal SIDIS
Polarized proton (NH;) 2007 | 50% Longitudinal | 50% Transverse SIDIS

2008
2009

2010 | Transverse SIDIS

T | K | p LH, Ni,Pb,W Spectroscopy

n Polarized proton (NH;)

O

. 1 2011 | Longitudinal SIDIS
Pilot run Phase I Phase 1T Analysis - i -
25 March 2025 B. Parsamyan Phase 17 x|K|p Ni 2012 | Primakoff
p* LH, 2012 | Pilot DVCS & HEMP & unpolarized SIDIS
2014 | Pilot Drell-Yan
- Polarized proton (NH 5
B olatizedprolonREs) 200 Transverse Drell-Yan
2018
2016 pi . " .
W LH, 2017 DVCS & HEMP & unpolarized SIDIS
Y ol = 2021 -
n olarized deuteron (°LiD) 2022 Transverse SIDIS
SPIN2025 - Qingdao 22.09.2025 TMD Experiments Fulvio Tessarotto
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COMPASS experimental setup
COmmon Muon Proton Apparatus for Structure and \pectroscopy

CERN SPS North Area (building 888)
Two-stage spectrometer LAS+SAS

Polarized <:\

Large Angle Spectrometer (SM1 magnet)
Small Angle Spectrometer (SM2 magnet)

EcaLl  SM2

HCAL1

RICH

SM1

Primary beam - 400 GeV p from SPS
* impinging on Be production
target (T6)
190 GeV secondary hadron beams
* h beam: 97% 77,2% K, 1%p
* h*beam: 75% 7*,24%p, 1% K~
160 GeV tertiary muon beams
*  u*longitudinally polarized

Y

COMPASS

ECAL2 ¢ |uoenEs
HCAL?2 GV} | CLAS 6 GeV

CLAS 12 GeV 4t

Muon-filter

240
N

Large-acceptance forward spectrometer
* Precise tracking (350 planes)
SciFi, Silicon, MicroMegas, GEM, MWPC,
L . DC, Straw, Muon walls
“7™ Muon-filter «  PID - CEDARs, RICH, calorimeters, MWs
Various targets:
* Polarized solid-state NH; or °LiD
* Liqud H,
*  Solid-state nuclear targets (e.g. Ni, W, Pb)

utorpat KT Target
\ " ‘ """" MeTeEt R

400Gev Be PR
p beam p sl (Hadron absorber)
from SPS P K ' ‘ \

2 100 m | ~= 600 m =330 m

[ /=100 m |

INFN
-

Istituto Nazionale
di Fisica Nucleare

SPIN2025 - Qingdao

22.09.2025

TMD Experiments Fulvio Tessarotto
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COMPASS experimental setup: Phase II (SIDIS program)

COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area (building 888)
Two-stage spectrometer LAS+SAS

* Large Angle Spectrometer (SM1 magnet)
*  Small Angle Spectrometer (SM2 magnet)

EcaLl  SM2

HCAL1

RICH \

SM1 \
Polarized }\\m

Target

*  Primary beam - 400 GeV p from SPS
* impinging on Be production
target (T6)

* 160 GeV tertiary muon beams
* " longitudinally polarized

SPIN2025 - Qingdao 22.09.2025

COMPASS

Al
INFN

,

Istituto Nazionale
di Fisica Nucleare

M“HH_;_T
L0
P h
P
NZ X x
Muon-filter

Polarized solid-state NH; or ’LiD
Two or three oppositely polarized cells
Longitudinal and transverse polarization

TMD Experiments

B \agrets
- & Cavity =1 80 K Thermal Radiation Shields
Target Cells 4.2 K Thermal Radiation Shiglds
B Diluti frigeral
50 Target Holder = H;j";;RE n[gera or
parator

N Hg-3 Precooler

Fulvio Tessarotto 22
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COMPASS experimental setup: Phase II (DY program)
COmmon Muon Proton Apparatus for Structure and Q,pectroscﬁpy

Al
INFN

-

CERN SPS North Area (building 888)
Two-stage spectrometer LAS+SAS

» Large Angle Spectrometer (SM1 magnet)
*  Small Angle Spectrometer (SM2 magnet)

ECAL2

SM?2 . P
ECAL1 Muon-filter
HCAL1 \
RICH Q‘ KA
SM1 '
. Hadron absorber

Polarized

Nuclear target (Al)

aluminum
box cover

*  Primary beam - 400 GeV p from SPS
* impinging on Be production
target (T6)
* 190 GeV secondary hadron beams
* h beam: 97% n,2% K, 1%p

MMO1

25cm
l‘ downstream last

alumina layer

Stainless Steel
i 20 cm
.. alumina

Istituto Nazionale
di Fisica Nucleare
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3D unpolarlzed Drell Yan cross section on NH; and W

0.0 16 36 1 (GeVie
— > I
9. (=4 5 €ieV ey (MY=4.5 (GeV/e) (My=45(Gevrchy [ Drell-Yanw (NH He) s pop-X | | 43 f
Lz 015 P04(GeVe) 1 I 1 I (g =09 (Gevie) | (g =13 (GeVie) X
9z i
® ol NH -H I E
. 0.10 CE - B
= I _ 4 4 T
= 005 - 3 1 3 . 1t
5 . F H T, i
1 =l x T
.
{.u‘.-=§mth-\ (:P [ (M=5.0 (GeV & (M)Y=5.0(GeV ) (M)=3.0 (GeV ) 7 — E
(g )=04(GeV b (q_=0.9 (GeV/e) (q_0=1.3 (GeV/e) (g =20 (GeV/e) o E —— COMPASS 2015 NH, data
010 F I % F 4 - ¥ = sl < Comb. background
collmear | By, . 3O A e v KO
| g = (MC)
0'05'-{ I Trx . 5] P : 5] N o — scaled by 3 Sy - Open-charm (MC)
[ . - - e = --== Drell-Yan (MC)
—arill - S <4 : Toral MC + Comb. background
(M=62 (GeV/e) [ (M)=6.2 (GeV/e) (M)=6.2 (GeV/ &) (M)=6.3 (GeV/e') - P - T T S 1
002 | (g }=051GeVie) [ TElvE (g )09 (GeVie) [ (a)=13 GV [ (g )=2.1 (GeV/c) = !
I I I B I I 1 g :
il 1 @ L2 T
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1 i =
i e b o e o S e B o e ] E S
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Xg XE XE X ) Mull (GEV/C )
. .
* First new results in 30 years! . o . y 1e 4OV
—— =
L] V}( _ (M)=4.5 (GeVic® (M)=45 (GeV/eh) (M)=4 5 (GeVieT) Drell-Yan: ™ W — p~p~ X 43
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= H 3
- posfHl T E OFE L 1 18 L sealed by 3
* Nuclear dependence 4 ; e - B fmion,
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3 M N M N . N N . N . i~ N N s L -
e lD/2D/3D repre Sentations [ (M)=5.0 (GeV/c) (M=5.0 (GeV/e) (M=5.0(GeV/e) (M=5.0 (GeV/ie') 47
i (g, 77014 €GNy (g )=0.9 (GeVic) (g 713 (€GeVic) 4 )-20(GeVie)
Xp:qr:M
F-HT
0.05

010 | - . L
- collinear | _
+ Unique data to access collinear "“f.*«=., 2 e, TR e

x . . = L] & - T =
and TMD distributions — — e | EX
. 002 {9,103 (GeVie) (g, )=0.9 (GeV/c) (g )=131Gevie) [ (9.)=2.1 (GeVle)
e.g. pion TMD PDF - -
¥
001F Tyw, i3 J B _ [ t,
1 s e - 11 2 scaled by 3 ~
) . . : S
= . -
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Drell-Yan cross-section

Y

C

Single-polarized Drell-Yan cross-section at twist-2 (LO)

—— COMPASS 2015 NH, data
- e Comb. background

T n

INFN

Istituto Nazionale
di Fisica Nucleare

—
N,
S s
10 = ]S d Lo
3] - Ty (MC) o 1 2
O SN N e v (MO) <y (1 +¢0s” O¢s ) "
g 104 = r,"| R Open-charm (MC) dq dQ N = x !
S E<ha -= -~ Drell-Yau (MC) ; ) .
= R ~ 1 408 20¢g §
Z 103 - i _________ Total MC + i:m_lllh background 1+ I)I_mJ ,9(,3_. ) FIU s cos 2 Dps
mo i v -2 sin2@cs 1o
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0 Maniy x| [ sing,
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0.25r . cos 2 L L -
0.30 — i i i . Asm e épriﬂu’n:t:ll-alﬁl_F;Rstz;9[2(532}9] Abv Des oc h] (i ® h] q BOCI" Muldel"s
M. Anselmino etal. __ 4. 10 Gevic 0zl T ——"—_ Collins etal., PRD 73 (2006) > P (T—Odd)
025/ PLB 770 (2017) 302 1% .. et TG0y ing ; I
: Cogn : s i N
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" 005/- ' SIDIS « Drell-Yan sign-change of the
'ICOMPASS-Il projection from proposal 2010
expected to be large ol b bbbl bl T-odd TMD PDFs

X=X,
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Sivers DY TSA
. sin Qg g ~lg
0.3}.COMPASS ~Drell-Yan data [ M,,€[4; 9] GeV/e? [PRL 133(2024)071902 A o 2@ firy
r hep-ex/2312.17379
PRL 133 (2024) 071902
o1l L « COMPASS Drell-Yan
=010 = S ¥ based ) s . 2
- T Torino. ---'s“gﬁQMl wER 02, coani6s|  Drell-Yan 01k M,,€l4; 9] GeV/c
01 02 03 04 06 080 0.5 1 2 ~, i
Xy Xy Xg . (GeVie) & T
g i
< O eem T
- e SPM
i JAM20 N
- Tori
in th Ki ; 0.1 \Onno | | |
in the same kinematic range 0 01 02 03

(e z2>0.1 COMPASS [az>0.1
0.04}> 0.1<z<0.2 PLB770(2017)138} » 0.1 < z<0.2

. (e z>02 [+ z2>02 :
e PR % N Sivers SIDIS TSA
< 0.02- - .
EE L 4 I sin(g, -, ) -1g h
< - +| A" o i ®D1q
0- : B |
L —_— ] L __-_#.
002~ L
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Transversity and Collins effect & FN

Transversity (h, ) measures the probability to find a quark in an eigenstate of transversely favored and unfavored Collins are both large
projected Pauli-Lubanski spin in a transversely polarized nucleon. 500 o \ R -
Transversity PDF concept: Ralston and Soper, 1979. Q{toos ' t
h, with f; and g, = leading power collinear description of the structure of a spin %2 hadron. i i 1 t i i ”
h, chiral odd - another chiral odd function needed for a chiral even observable. ol ,,ggg,g,g ,,,,, / 55?""@ ,,,,,,, %%;iﬁéi, ,,,,,,, { ,,,,,
Collins FF: correlation between transverse spin of fragmenting quark and transverse # EE esed I
. . ! i Pey oL
momentum of produced final hadron. It is chiral odd. 005 0
Collins FF: cos(2¢) modulation in e+e- cross-section - Collins FF and h,; measurable. < : ' —
Q"‘Cao L :E L L
Sm(@ﬁ@’cJ . : ;
The Collins asymmetry in SIDIS is A, and given by the expression } } % it ; H !
Lopld LI 21 | ] Lt dle e 1 7 loQarl L [ |
» : ’ ﬁﬁ‘iﬁ% | %’%% } J}H"i [
sin(pp+s ~(0) 5L(1) ; ]L i 1
Asm(@h"‘(}l’s) _ _ur _ L B[hl Hl ] —01- I = % =
ur - - ~(0) =(0 . . . .
FUU,T B[ ( ]D( )] <
l 1 >0 % [ [
= ° 0 *
SESTFIR ST B XX TR -
=Ty L B
—0.1 [ -
N s o B T o5 1 s
Yy ¥ z p? (GeVic)
1 o PLB 744 (2015) 250
~{ensor 1 . - ; 1 5
charges: 8T = : dx (hy(x) - hi(x)),  gr = ; dx (hy(x) = hy(x))
B T SO B ) e
— ! — 0.0 — s SIDIS + SIA - Radici, Bacchetta (2018) : 'T. G‘:;‘J:L(M?ﬂ{(mn;J
E- 0.4 ORI kg SIDIS # Cupta et al (2018) I 3¢l Alexandrou et al (2019)
-E ] & {JI'> Y :  Radici, Bacchetta ‘18 02F # Alexandrou et al (2019) —.—l—i—lAn.-,elminu et al (2013)
s 8 2 —-— DBeneleial ‘19 = Pitschmann et al (2015) - Goldstein et al (2014)
0.0 0.3 d == D'Alesio ot al ‘20 T l'{':sd{lcl L\:);).I (2015)
02 04 06 08 & 02 04 00 08 T . # —4 —.—,' i Radici, Baschetia (2019)
—02r . il —.1—:- : Eml:f’l.::ui;iftjj(znzuj
[JAM, Phys. Rev. D 106 (2022)] - | #———————— sIDIs
L _ 1 _ L 1 _ 1 JTAM2( =t SIDIS + SIA
Hln*/u Hln*/d Hl'n Ji — Hln fd = Hlfuv 06 1 I'." CLOBAL
1 1 L _ 1.0 s I.r 15 .)I
Hlﬂ*,"u H1ﬂ+/d Hln fu — Hln Jd H] unf PRD 102 (2020) 05400261& 0.5 1. () l.) 2.0 gt
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SIDIS TSAs: Collins effect and Transversity

sin (¢, +45) ... |

do o
dxdydzdp;d $,d ¢,

(FUU,T +eFyy ){1+...+ S; 5‘42;*%—05'

A Collins effect in 2022 COMPASS data

xh|

-

Measured on P/D in SIDIS and in dihadron SIDIS
Compatible results HERMES/COMPASS

- New deuteron data crucial to constrain d-quark transversity

0.4

L/,

INFN
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| PRL 133 (2024) 101903

8

S T
SRR ?

Point-by-point extraction framework
A. Martin et al. PRD 91, 014034 (2015)
A. Martin et al. PRD 95, 094024 (2017)

" A # f‘ Iy
Es = =P pati .
M, ) _ (Q? is different by a factor of ~2-3)
- 2022 hep-ex/2401.00309 | COMPASS °LiD data ht
0.05_7 2002-04 (NPB 765(2007)31) [ PRL 133 (2024) 101903 |
,-::g I % g X LT [ L] Lo [ ]
Y SR I SR USRS T
~ i +.+_§§§.[._++_ é.}:'}{.c}{ $ {';*-}_{,:_{5 }
A 2022 ~70% of the 2022 sample | h~ i
0.05 |4 2002-04 (NPB 765(2007)31) [ -
BN S ; May g £ Rt ]
£ of Thagdet B Y P SLLRES S
005k i _ e
0.05 -u-___-ud P P R R R P R R
102 107! 02 04 06 038 0.5 1 1.5
X z P, (GeV/c)

COMPASS 2022 run — highly successful data-taking!

224 COMPASS deuteron measurements conducted in 2022: unique SIDIS data for the next decades
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COMPASS Drell-Yan: transversity INFN
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TransversHy TSA Drell Yan and J/\y  Transversity DY TSA

sin(2¢es —¢s ) Lg q
rPRL 133(2024)071902 AT oc h].:fr ® hl.p

M,,€[4;]9] GeVl/c*
hep-ex/2312.17379
P B e SR (R S S L ~ « COMPASS Drell-Yan
?? 3 M,,g[4; 91 GeV/e 2
E 4
"= 1‘ 0.1~
i i baced LFCQM
o= LFC-JAM20 — LFCQM curves based on — - SPM
= Q.PM JAMZ{} —-- SPM - JHEP 02, (2021) 166 Drell-Yan 0.2 " s LFC-JAM20
: SR - p SPM-JAM20
0 1 () 2 0 3 0 4 0 6 O 8 0 0.5 1 2 | bR
Xy Xp Xp q, (GeVie) 0 0.1 0.2 03'3
N
* The Drell-Yan Transversity asymmetry is negative (~2 s.d.) N
o1l . COMPASS | @ +pl = p" "+ X | 2.85<M,,/(GeV/e <34/ 1/ § y 3
;,,, . preliminary [ 201542018 data W/
I Pl
& ool L Lbdo 4y by S |
& o ¥ i+ b4ty 4 |
G e
~
0 L . de . i ! P ! L Ll 005:: ng'i{Oz
102 10" 110" 1 0 0.5 1 2 300® : 2502
Xy, Xy Xp q, (GeV/ie) & ht  COMPASS SIDIS p
y . . . . iy e o p I PLB 770 (2017) 138
* JAp Sivers asymmetry is compatible with zero (within ~ 1%) I5 o
I ~ . . ) L P
*  Predictions for a large Sivers effect in Drell-Yan and J/y at COMPASS < [ i
» J/y Transversity TSA is also compatible with zero I A\ }1
* Hint that J/y production might go via gg fusion in COMPASS? —0.05¢ - ) l
* Access to small gluon TMDs? | 10

07 (GeV/ey
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Dihadron Collins effect and Transversity ®@

dcost d My, d¢rdzdxdydes
2

2 2 14 < 2
3 - 5 ((1 — ¥+ %)Zeé fl(x) D14(z, M}, cos8) + A?}'?cbns _ P1 — P2l Zq €g hi () Hy (2. Miyy.. cos0)
7 Q% 4 2Mnh Y2, €3 f(x) D1 q(z, M}, cos0)

Sia-nY e 'pén;hl:ﬂ sind singrs h1(0 HiS (2, M2, cosa))
q

[« 2022 (~70%, preliminary) [ COMPASS °LiD data New!
0.05|-© 2002-04 (PLB 71?(2012)10) i ~70% of the 2022 sample
- 1 IS - ( ,
o o lhE ey R i
€ - 1 7 ¢ - s
5 D i 1 ¢ i S ! I
~ i 1 [ I
-0.05 B
| = — e : [ ]
Ll L T | L ]\\...Vl 1 | 1 1 1 | 1 1 L | 1 1 1 | 1 1
1072 107! 0.2 0.4 0.6 0.8
X A

COMPASS 2022 run — highly successful data-taking!
« 20d COMPASS deuteron measurements conducted in 2022: unique SIDIS data for the next decades
* New results — dihadron Collins-like asymmetries

» Access to collinear transversity PDF; Non-zero trend at large x
Precision comparable with proton results
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COMPASS dihadron panorama
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Multiplicities: Modulations:

preliminary results from 2004 deuteron data: bins of Q2, M,,,, z
[SPIN2012, Phys_Part Nucl. 45 (2014) 138]

e
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multiplicities measurement with proton target data (LH,, 2016): ongoing - results soon LO"gI"’UdIﬂQ' .
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¥ ah t +eos(29,~26,) 477} g, @D,
L e J o, = (T Ay sim(g) 42" 07 H g0
twist-2 i with)
+&sin (24, ) 47"
measured at COMPASS with proton target (2016 data) -0.05¢ _ . . . . . , J doy, eN1-a Y
107 10" 02 04 06 03 1 2 3 Bacchetta & Radici- Phys. Rev. D69 094002 ity 1ol g p
x z My, (GeVic?) Bacchetta & Radici & Gliske: Phys. Rev. D90 114027 +yf26(1-6) cos(dp) A7 107 e, Hir *&'DITJ

different from zero:
can they be used to access the Boer-Mulders function?
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A Collins effect for K INFN

‘ A 1gtituto Nazionale
di Fisica Nucleare

do .
dxdydzdp,d ¢, d .

) ){1+...+ S, 450 gin (4 +¢, )+ }

. Measured on P/D in SIDIS and in dihadron SIDIS

ponaes) _ ol B Pryopri Compatible results HERMES/COMPASS

. M, " (Q? is different by a factor of ~2-3)

New deuteron data crucial to constrain d-quark transversity

“h

%10~ X107 «10° v 10’
g }00 COMPASS preliminary cE % 12 COMPASS preliminary i £ & | COMPASS preliminary
SOl 2022 °LiD data 5 = [ 2022 °LiD data, K° 03 59 | 2022 °LiD data, K’
A < i 40
200 o] L
0.2 L
10:— L
100 : 20~
0.1
B o 0(.ﬂI ‘—P]SJI"'S(??‘_I*'!TH)I ']”_" - 107 B 10" B m”x' ’ R o 'thh_ﬁ(:': (Gewlcg'l
oy * 2022 preliminary [ - COMPASS °LiD data - K° New!
““F ©2002-04 (PLB 673 200T)127) C I l
< ST A
- - N I
S A SRR S - e [
R TN P T S : I
“qu —0.1F Exclusive release for = =
- TWHSS-CPHI-2024 i r
L - | I | | | |

T2 00T 02 04 06 08 05 1 15
¥ P p. (GeV/ce)
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Boer-Mulders, worm-gear, INEN
Kotzinian-Mulders, Pretzelosity (o nston

di Fisica Nucleare

Boer-Mulders: distribution of unpolarized quarks in transversely polarize quark
target (counterpart of Sivers). It is both T-odd and chiral odd. U L T quark
do 31 [1+ /cos?6s + pisin(26cs) 4 2 5in?6p5008(2 )] -G - - -
— ACOS LIS11 cos —Sin cos - st
0" ami+3 cs ™ Cs)CO8Pes T 5 ST Pescostades v @ - ol frcR e k)
—_ ——— T number density Boer-Mulders muber deasity Bner—Mnlr]Tm; »
. “‘< o COMPASS, m- 190 GeV/ie, W, prelimipary ] - - - - n::.lm
DY unpolarlzed T 2[ O NAIOT 194 GeVie, W ’ " (-@)-»—4-@@)—»—4—(‘) § q 2 iq 2
cross-section: I E615, 1~ 252 GeVie, W 1 L ; 2 L g1 gi,:r) by (x, kLr)
o — DYNNLO i = . z o
Lam-Tung relaton " 1 1 [ ] g helicity worm-gear L L
violation = Boer - 1 } ] S 1 ~ h%(x, kZ)
t ] -] Lq 2 q Z transversil
Mulders effect? ' | 3 ] = . v (-0 T | fir CokE) | Gar (o Rp) | e,
T % 1 Kotzinian-Mulders th (x, k3)
0y B 13 - (9 -@ ) @ ) Rl
1 g 4 ., s sversi
] T i
T Sivi Kotzinian-Mulders -
-r Oyt = Ogpar R e worm-gear T (> q)
1 I - | ] pretzelosity

2 3
g, (GeVic)

Pretzelosity: transversely polarized quarks in transversely
polarized nucleon. It is related to orbital angular momentum

I - spin of the nucleon; ' - spin of the quark ’ - kg

Transversely-polarised target part at leading twist: h= Pr/Pr
[ 2 k;
sin(¢p —a¢ h - P ) . T
F{TTF%IT w5l = ¢ TJ_flLTDl] (Sivers effect) ‘ - ‘

Kotzinian—Mulders asymmetry:

_ sin(ép —¢g) _
Ce z>01 Caz=001 FUT-L =0

0l-0 0.1<2<0.2 P 01=2<02 r i
- v 2502 2502 sin(ép,+d5) h -kt L - . ‘ -
& Foor o A | F! ’ =C |- h1H (Collins effect — transversity)
] ~ h ¥ ~ h . ur M !
L 0.05" ++ - i +| L ViR
= b s ol - . . . .
SN SR prntson—es) _ o [20hs PU(PL - kr) + P2 o) = d(h - P (- k) /eLTHL] & -
- I - o uT - 1 1

2M2 My,

[ \ (— pretzelosity)
Ll L Ll L L
1 0 1 10 PR [ R P
07 (GeVic) 07 (GeVie) F]i%b(c)h ¢s) _ ¢ |- [J' g1T D1:| (Kotzinian—Mulders effect) k.-t— .-b

Asymmetry on pT _ - A‘

[Compass, Phys. Lett. B 770 (2017) 138] Fﬁ%bws), F]i;bw@"’ _GSJ... purely sub-leading twist (1/Q)
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Subleading TMDs
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INFN
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NPB 886 (2014) 1046

Istituto Nazionale
di Fisica Nucleare

6 _ . 2 s
d®Gsubleadin o 1 3
u I Ig —=— t!ﬂz 1- Y+ _-UZ ,UIFUU L+ LOb(( ’J’r}.”? Fuof;ﬁlr) g § 0.00F L. g
dxdydz, dosde, dPy,  xyQ 2 << S :::r; M 00;;
i o7 I 1
sin(¢y,) sin(dy, ) cosfd}n] -0.05 * e ¢ b4 i sy Y
+ A 5111((1;!);1413 + 5. sm(f);,)ng + A SLcos((J;,)p4 ¢
[ ]
s1n{2<p; —s) . sin(¢s) —0.10- - I i *
+ St sin(2¢y, — ds) pa F, ' + St sin(¢s) pa Fp vh
‘ ~0.15¢ . 2
. ) . @y — s
+ St sin(¢y — ¢s) p1 Ff}?r(f ¥s) *h'
! 1 I | | | 1 1 1 1 1
o 102 = 02 04 06 08 02 04 06 08
+ A St cos(dg) py FLOS @) 4 A St cos(2dy, — ds) pa FmstzmJ ~¢s) , x p" (GeVie)
COMPASS data, for a °LiD target, of the Cahn asymmetry ALl &, |fig. Faoic')" /Fuu

Suppressed
by factor A/Q

Subleading Quark-Gluon- Quark
TMDPDFs

Subleading Quark-Gluon-Quark
TMDFFs

Quark Chirality

Chiral Even Chiral Odd

Quark Chirality

Chiral Even Chiral Odd

.
HH

uL

At

-0.06™

L L L L L L L
045 02 025 03 035 04 045 05
X

", oo
Flgure 10.5: Left: HERMES data for the longitudinal target-spin asymmetry Asmw FE’LW'/FUH
for pion production [I286]. Error bars include the statistical uncertainties only The filled (blue)
and open (white) bands at the bottom of the panels represent the systematic uncertainties for neutral
and charged pions, respectively. The shaded (green) areas show a range of predictions of a model
calculation [1291] 1292] applied to the case of 7° production. Right: CLAS data for the beam-spin
asymmetry Asmd”‘ o Fi';'?" /Fuu for n° and n* as a function of x at an average Pyr = 0.38GeV and
for04 <z < 0 7 [1293]. The error bars correspond to statistical uncertainties, and the red error band
at the bottom of the plot corresponds to systematic uncertainties. The red and blue hatched bands
show model calculations involving only the term proportional to ¢ ® Hy- in Eq. for n° and 7*,

respectively.
TMD handbook figure

SPIN2025 - Qingdao 22.09.2025 TMD Experi

ments Fulvio Tessarotto 34



,
S

CLAS12

IN

Y
FN

L-/ Istituto Nazionale
di Fisica Nucleare

Beam Spin Asymmetry @ CLAS12 20.08F T T T T I

i+

no
o IF
o
o
(+2]
—— —— T AL
|
T
W
L]
-
1
T

E4-1_%..‘-'1-% .|+

CLAS Y

e Ly

’ CLAS12

|
e
o
[4%]
g

COMPASS ___

=0.04 HERMES T
1 1 | | 1 o s s s a b s ualonaslsa o loossloos sl olansnlonsalassaloasalonay
0 01 02 03 04 05 06 01 02 03 04 05 06 0.7 0.2 0.4
XB Z
Azimuthal Modulations @ CLAS12 i St Ty T

Finied Ditribution of

N

— o
o .
o

-

= gt

w

o |

e Py Wy R R R

o

e P P A (14 G ) € G2 .
@x, Bin: § — 2P, Binz Al — — —fr] £
o
= s == a.a =
o
ol ot ATy pey- Ths
o s

SPIN2025 - Qingdao 22.09.2025

TMD Experiments

Fulvio Tessarotto

35



( ePIC
I\

Storage Ring (RHIC Rings)
41, 100-275 GeV

i)

Detector located at 6 o'clock of
the EIC Ring

Electron Storage Ring 5-18 GeV

o Polarized electron source

e Electron pre-injector
(750 MeV Linac)

e Rapid Cycling Synchrotron
design to avoid depolarizing
resonances
(750 MeV - top energy)

.........

The ePIC Collaboration formed in
July 2022 is dedicating to the
realization of the project detector

s+ 178 Institutions, 26
countries, 4 world's region
e =901 collaborators

Interaction Region(s)

* High Luminosity Target:
L= 10%-10**cm?sec”
10 - 100 fb /year

» Highly Polarized Beams: 70%

e 25mrad (IP1) crossing angle
with crab cavities

e Bunch Crossing ~ 10.2 ns/98.5
MHz

ePIC is more than 80 m long...

off-momentum
BO detectors and
roman pots

luminosity system

N

s
low-Q? taggers

central ePIC
detector

Backward
Calorimetry _

High-performance
DIRC

Proximity Focusing RICH

Proximity gap =40 cm

up to 7 GeVie 36 /K sep.
High Rate Picosecond
Photodetector (HRPPD)
sensors

Provide also reference time
{~20ps) for ToF

Electron Direction

w,

Al
INFN

C

Istituto Nazionale
di Fisica Nucleare

1.7T Superconducting Solenoid

_ Dual-radiator RICH

Tracking®

Barrel Hadronie
Calorimeter o

o

Dual-Radiator RICH (dRICH)

. C2F6 Gas Volume and Aerogel

- Sensors tiled on spheres
{SiPMs)

- /K 36 sep. at 50 GeV/ic

Fused silica
prism

Fused sica

Photon sensor -

M. Zurek - EIC

-~ v High-Performance DIRC

Quartz bar radiator
(BaBAR bars)

Light detection with

MCP-PMTs

/K 36 separation at 6

GeVlc

AC-LGAD TOF
. Accurate space point for
tracking ~30 um
- Forward disk and central barrel

Ficture: ePIC Collaboration 37
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Glimpse at the unpolarized f1 TMD:
TMD PDFs obtained using MAPZ24 global
TMD fit, only + production

L. Rossi, EICUG Meeting 2025

MAITEN

ni
| sea LA e EE
wa

| =30 &=

| M|

MAIFTAE

- LETMER
BiE E VATTRER -

dwl] AL FTRIT + KK

EIC impact

Impact on u and d quark Sivers
distributions:

¢  Sivers function: correlates the
proton’s fransverse spin with an
unpolarized parton's transverse
momentum

e  Accessible in single spin
asymmetries A _

INFN
(—/ Istitute Nazionale
di Fisica Mucleare

Spin oriented up

o

R. Seidl, et al., Nucl.Instrum_Meth A 1043 (2023) 168017

Tir-a ;-I.K:"ll"l.i
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LHCspin
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di Fisica Nucleare

JINST 3 (2008) S08005
ITMPA 30 (2015) 1530022

LHCspin experiment
045-7 TeV

@ t
H D
LHC beam — o —_ - Ok—-

2.76 TeV

T/L Polarized target

pp: Vs = 29 — 115 GeV
Ap:+/s = 72 GeV

pp. Ap collisions

forward spectrometer Forward acceptance: 2 <7 < 3

Tracking system momentum resolution
Ap/p = 0.5%-1.0% (5 GeV/c - 100 GeV/c)

spin
As a group independent I_ C
from LHCb collaboration spin
LHC Run4 LHCspin Run5+6

data taking at the IR4 data taking at LHCb

| | | | | | |
| 1 1 1 | | >
2024 2025 2026 2027 30 2033 2035
LHC LS3 ? A LHC LS4
SMOG2 installation of the N installing the
apparatus at the IR4 target at LHCb
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Precision
nucleon 3D
imaging

Origin of the
proton mass and
gluonic force

BSM searches &
nucleon structure

Ultra-precise
measurement
of the weak
charge of the
electron

Y

JLAB program INFN
W e

BDX: Beam Dump exp. Search for light dark

matter particles

Engineering design studies for the
the hall construction on-going

High luminosity
(10°7-10%% ¢em*s
+large aeceptance

Installation Just started 9 Jetterson Lab
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CLAS12 INFN
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RGH implements the target configuration which is most sensitive to the 3D nucleon structure study
and capitalizes on CLAS12 with a complete set of target polarizations

N

100 (physics) + 25 (ancillary) PAC days approved to achieve unprecedent precision in the valence region

RGH aim: The SIDIS and exclusive measurements will significantly improve our understanding of tensor charge,
spin-orbit correlations, and quark angular momentum, complementing past and ongoing CLAS12 studies.
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JLAB 22 GeV INFN
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JLab: IDEAL PLACE TO CARRY OUT IMAGING STUDIES in the non-perturbative region

High Luminogcity + High Polarized beam and target + High Regolutions State-of-the-art detectors +
Versatile experimental setup + Multiparticles FS detection

N

Several advancements @ 22 GeV, including: E ; -+ CLAS12
.. . . . . 10 -
1. Multidimensional studies of the evolution of 3D observables with Q2 & fe .
2 = =i
- . _.. CLAS22
. ) N * L . 2 I a
2. Unigue opportunity to measure y* & y*; contributions to observables at higher Q 0l o
2 —— _‘_—l—
: _‘_
i 30 o« 05 — R oL 2'
3 |0 1icey ST * or W%
S | 18Gev of It s
o 22 GeV
gzu—E /453101232 i
e 11GeV o 5 o ! . L . L
22 GeV
¢ e 2 4 6 8 1& )
10k " 03 04 05 06 0.7 0.8 i
X - f
Neglecting }* biases TMD extractions and o 05 4 x=0.3, Q°=5.5 t
factorization studies, limiting the accuracy of P I f———— EIC 18x275
spin-dependent QCD insights % oz 04 us o8 1 0 02 04 06 08 1 1l:|41
X PT I

EIC 5x41

3. Aunique opportunity to evaluate the contribution of various processes at higher Q2 _

All critical aspects for a deeper and better understanding of our
current measurements and future measurements at EIC! 13 L
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sPHENIX program INFN
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Direct photon or jet TSSAs in pT P>y X and p‘r p— jet X Heavy flavor production at Vs=200 GeV is dominated by gluon-gluon fusion
So TSSAs will highlight the tri-gluon collerator

Clean processes: No fragmentation so only Sivers mechanism in the initial state PRD 107 (2023) 5, 052012 / Statistical projection for sSPHENIX \

20.08= T e . > e
— — < p'+p - e +X . Open Heavy Flaver € < E on o407 D i E
0.02 PRL 127 (2021) 162001 / Statistical projection for sSPHENIX 0.06= ¥s=200Gev ; + OpenHeavy Flavore 0-03¢ SPH:MX ZU;?;?:?:T;"’P 707D p=087 E
- : 0.015 I I r i : 1
[PT+P - 7%+ X, I3 =200 GeV, n|<0.35 i PIHEND‘( BUFI2022 ‘Y ‘1 3 i 0.04 bl PRD78, 114013 002§  68pb’strprp E
r — s il E ‘045 PHENIX [T - (0.01,0.11) Gev F Kang, PRD78, 3, = 1,= 0 1
o PHENIX F 62 pb™ samp. p'+p—=y + X, P=0.57 ] 0.02 ‘L [ —Y o A 0.01,0.11) GeV [ Kang, PRD78, ., = -, = 70 MeV 3
0.01 E B . | E ]
C 0.005- . 0 - PRD84, 014026 - - » of I
5 [ T E 2 - _ . 4 [ ]
sz | e — » ofch 1 ] - o0eb Y | Kg = 6.0x10* KG_25x10 b ]
F ; 1 | E - Kg=6.0x10* = Ky = 2.5x10° s ]
0 s S T — T e Ll E -0.04 E ]
M s qgq Contribution E === (gq Contribution (D.Pitonyak) E -0.06 3.4% polarlzatlon scale uncertainty not mc\uded 70'02;” NN T T T T E

[ — — ggg Contribution Model 1, min/max -0.01F  Trigluon Contribution Model 1 (S.Yoshida) 1 273 & s e 0 05 1 15 2 25 3 35
-0.01 - ggg Contribution Model 2, min/max E Trigluon Contribution Model 2 (S.Yoshida) ~ J [GeV/C] p_[GeV]

L L - L L L ! L 00150 L s s L b e e 1 P trisati f the 3-g! lat 2 del
5 6 7 8 9 10 11 12 5 6 7 8 g 0 11 12 arametrisations of the 3-gluon correlator in 2 models
GeV/c, P, [GeV] . . .
Pr [ ] T Kang, Qiu, Vogelsang, Yuan, PRD78 | T¢(x x) = A;G(x), T(x, x) = A,G(x)

Hadron in jet TSSAs in pT p—>jethX Di-hadron TSSAs in p'r p—h*h X

2 scales: jet transverse momentum p; The RHIC Cold QCD Plan for 2024 to 2028 Quark transversity can also be accessed by di-hadron fragmentation
+hadron transv. momentum within the jet k,, Completing the RHIC Science Mission Jho

¢ by ab'seld grae
vy Tt T A TR Ayrec Fi(x,)hT (xp) x#ﬂl (2. M) o ) .
Rich information in the azimuthal distribution < (Cedcas Pomacrlas g Rt 1P ot 118 d Significant constraints on the u and d-quark transversities
) . o it | ¥ F f, x Transversity PDF x AG x IFF (dihadron Importance for the nucleon tensor charge determination
Collins azimuthal asymmetry oof ) ] > 3 ) ) Interference FF)
sin(ds—ot) o g_ Jﬁ = (in Collinear framework)
Ay ST E The RHIC Cold QCD Plan for 2024 to 2028
e T | PRL 115 (2015), PLB 780 (2018) - e
[ s roj: P
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120 GeV
beam

= Experiment will run for two full years ,
to collect a sufficient Drell-Yan data
sample.

* Projected uncertainties:

SpinQuest

k Dreli-Yan Target Single-Spin Asynunetry

Pl > X A<M <9GeV

0“_

-0.02
A.6-04-02 -0 0.2 04 06

x
P

L P. Fernando and D. Keller
Phys. Rev. D 108, 054007 {2023)

- lgtituto Nazionale
di Fisica Nucleare

0.10
Statistical uncertainties: 3 — 5%. I | | E—— o oesl — 13 SpinQuest
Efficiency and Acceptance: 3% of 5 o C .
Y P ° i o] | | Commisioning + first data
| gl Plans a run in 2026
Systematic: minimized via careful target E v B P a
material characterization, polarization | R pi——— o '
monitoring, and beam-target alighment. r L $ ;‘;i:::ii:;:: Levioly < e /
0.15 0.2 0.25 03 0.35 0.02 p———————"1 -
X arget 0.00
If Ay = 0: “Smoking Gun" evidence for T3 o5 07 05 10 15 20
L—E =0 T ar (GeV)
T,
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( NICA INEN

Spin Physics Detector setup

Electromagnetic calorimeter  Magnet  Range system Vertex detector end-cap Zero degree calorimeter

Time-of-flight system
Straw fracker
Vertex detector
Beam pipe

BBCMP cetector  Range system: muon/hadron
Range system end-cap
separation

Electramagnetic calorimeter end-cap
Time-of-flight system end-cap Silicon vertex detector: for short
Beam-beam counter lived particle decays

Aerogel Cherenkov defector

PID: TOF + FARICH + STRAW (dE/dx)

Straw tracker end-cap

ECal: for prompt photons

PR
J24) 1

[N
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SPD in Woﬂd landscape of polarised phySK:S

.,,1033

E : " AFTER & LiGspin W —r—r v e
E F : SPD (NICA, JINR} (LHC, CERN} : | SEMG « coumssoc 7 7 SR
© B SATURNE Il i pt-pt p-pt ASMG o starw [ AFTER 1
iy 102 & Saclay : e B 2 o SMClowx . STARess 1
E D <pt 10" | =E143 + PHENDjats L = |
F i N;' <E154 W nicasPD = 4 3
| SPASCHARM v <E158 EIc
10°" =74, Protvino) O, | wcoumssso
E pt-pt | O 1g2 L ~compass
C & H i +HERMESOT
10%0 k- ANKE E? | PHENIX & STAR _ SHEAMES
E (COSY, Jilich) . (RHIC, BNL) i
F pt-pt pt+pt 10
102
= 4.
F 1B - o
Piid i i ! g 7
1028 k= bbb ikt sibiiah ke bk I L w
1 10 100 s Kinematical coverage for major probes at
= Luminosity and bunch inte R the SPD: charmed mesons, high-py photons,

charmonia

At NICA, there will be a unigue opportunity to utilize polarized deuteron beams!

e
P pa— )
PR . o )
v::‘ whoco e ) ) JIW o
<t J/yrpolarisation AV predictions for SPD
Fou £ { s kinematics (and projected
o) H o e ! uncertainties for one year of
o - o recorded data)
iSO SN 15 Lack b EEEF G _- T e N L [Phys. Rev. D 104, 016008]
Xry v p‘((‘mwc
Different inputs for ghuon Sivers function Projected Statistical Uncertainty of A”
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02 7
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@V Conclusions m;?
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- TMD physics made enormous progress in 20 years
- New insight in the dynamic hadron structure

- Brilliant future for ongoing experiments and new facilities
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