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TMDs: Transverse Momentum Dependent PDFs (and FFs)

k}\ from 1D to 3D mapping

S s In momentum space
k=xPr | g L
e How do partons move and orbit inside hadrons?
= proton ¢
momentum

How wide is the distribution ?

How does it change with x ¢

How does it change with flavor ¢

What if the hadron is polarized ¢



Where TMDs ?

- I factorization conditions
proton Dre -Yan
M? <« 0% g < QF
proton
Py
hard part TMDPDF  TMDPDF
do 1 [® - .
dqrdydQ () 2_ﬂ“0 dby by Jo(br, 4r) f‘ll(xA, b% 0% f?(XB, b%; 0% +@(q%/Q2,M2/Q2)

Collins, Soper, Sterman, N.P. B250 (85) 199
Echevarria, Idilbi, Scimemi, JHEP 07 (12)

f = Fourier Transf. to br space: from convolution to simple product



Where TMDs ?

=2 I factorization conditions
. Drell-Yan
M? < Q% g < Q?
proton
Py
hard part TMDPDF ~ TMDPDF
do { T W %
R 7Y (0% 2—][“ dby by Jo(br,qr) fl. b7: Q) fxg, by Q%) +06(q7/ Q% M?/Q?)
4 L Collins, Soper, Sterman, N.P. B250 (85) 199
Echevarria, Idilbi, Scimemi, JHEP 07 (12)
SIDIS factorization conditions
P2

2 By 0
PhTzsz_+PJ_ M2 < Q2 qT—7 < Q

& P integrating on
hadron angles [d(ﬁh

hard part TMDPDF TMDFF
do B B
~ opSIDIS A2\ q 2. 02) PP b2 02 6(a2] 0% M2/ O>
d.dequdQ % (Q ) 271_ JO debT JO(bTa qT) fl(-x’b 7Q ) 1 (Z’ bT’Q ) r (qT Q ’ Q )

Ji, Ma, Yuan, P.R. D71 (05); Rogers & Aybat, P.R. D83 (11)
Collins & Metz, P.R.L. 93 (04) 252001

f = Fourier Transf. to br space: from convolution to simple product



small kr < matching — large kr

TMD factorization ¢? <« Q2

(60)

1 it ~

~ Y0 2—7J dby by Jo(br, qr) flx, b7 Q) fi(xg, by Q%) +0(q7/ 0% M?/Q?)

0
hard part TMDPDF TMDPDF

do
dgrdydQ

kJ_‘ """""""" > bT



small kr < matching — large kr

TMD factorization ¢? <« Q2

do I s -
P HPY(Q%) 2—7J dby by Jo(brqr) fUxy, b% 0% Filxg, bk 0% +0(g2/ Q% M*1Q?)
0
hard part TMDPDF TMDPDF
kJ_ e~ mmemm-s e > bT
small br (large parton k,) = matching —p large br (small parton k)
perturbative prescription non perturbative
OPE expansion on PDF (arbitrary) parametrized
calculable and fitted to data
1.4E—b*
1-23* bmax

10f _~

0-8; perturbative - non s
? // perturbative 26 TE
O.Gf ////c////// uf =2 GeV Q Z //lb* — b Z 1
b . o04f yd 3
min. ¢ =5 GeV
5 ?/ Mt
N p =20 GeV
0.0 o 0.‘5 R 1.10 R AGRS 1115 ST ZI!DJ




small kr < matching — large kr

TMD factorization ¢? <« Q2

do I s -
ot 7 (Q) 2—7[{ dby by Jo(br.qr) f04.07: 0% Filxs. b3 0% +0(q7/Q% M*1Q%)
0
hard part TMDPDF TMDPDF
kJ_ e~ mmemm-s e > bT
small br (large parton k) = matc.hir?g —p large br (small parton k,)
perturbative prescription non perturbative
OPE expansion on PDF (arbitrary) parametrized

calculable and fitted to data

Quality of TMD extraction:

- perturbative accuracy - size of data set and best x2
i perturbative A
) Wi=2 GeV 0> w = > 1
bmin 0'45 / pi=5 GeV b*
*20 =20 GeV



Most recent global fits of quark TMDs in Nucleon

Accuracy | SIDIS Drell-Yan N of points | X2/Npoints | Flavor dep.
arXivF:)Y 7%%? 17 0157 NLL v v 8059 1.5 X
arXivS:Y9212736532 NSLL(-) v v (LHC) 1039 1.06 X
ar“i?f;éﬂ,%é%és NSLL(-) v v (LHC) 2031 1.06 X
v otn 1onss | VL v v (LHO) 2031 1.08 v
arxwéigéi o01 | NLLG) v v (LHC) 1209 1.05 v
e L v (LHO g2 | oo7 | «x
arj(ﬁxl\:/lzzsipgﬂg71 NNLL o v (LHC) " 4;'7%6[)'8) 1.10 v

Increasing level of perturbative accuracy and quality of fit




Most recent global fits of quark TMDs in Nucleon

Accuracy | SIDIS Drell-Yan N of points | X2/Npoints | Flavor dep.
arXivF:)Y 7%%? 17 0157 NLL v v 8059 1.5 X
arXivS::/921(;(s)96532 NSLL(-) v v (LHC) 1039 1.06 X
ar“if\fgé”o%%‘iéés NSLL(-) v v (LHC) 2031 1.06 X
v otn 1onss | VL v v (LHO) 2031 1.08 v
arxwéigéi o01 | NLLG) v v (LHC) 1209 1.05 v
e L v (LHO g2 | oo7 | «x
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Increasing level of perturbative accuracy and quality of fit

MAPTMD 2024: first global fit with flavor sensitivity of intrinsic quark k

5 channels:g=u, @, d, d, sea

+ (un)favored — 7, K




Most recent global fits of quark TMDs in Nucleon

Accuracy | SIDIS Drell-Yan N of points | xX2/Npoints | Flavor dep.
arXivF:)Y 7%%? 17 0157 NLL v v 8059 1.5 X
arXivS:Y9212736532 NSLL(-) v v (LHC) 1039 1.06 X
ar“i?f;éﬂ,%é%és NSLL(-) v v (LHC) 2031 1.06 X
v otn 1onss | VL v v (LHO) 2031 1.08 v
arxwéigéi o01 | NLLG) v v (LHC) 1209 1.05 v
e L v (LHO g2 | oo7 | «x
arj(ﬁxl\:/lzzsipgﬂg71 NNLL o v (LHC) " 4;'7%6[)'8) 1.10 v

Increasing level of perturbative accuracy and quality of fit

MAPTMD 2024: first global fit with flavor sensitivity of intrinsic quark k

5 channels: g = u, i, d, d, sea
MAPNN 2025: not a global fit but first based on Neural Network

JAM25pprstmp: not a global fit but first combining PDF & TMD

+ (un)favored — 7, K
/ ifﬁ\\ [2/ 10/ 1]




Typical phase space coverage
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Moss et al. , JHEP 11 (25), 2503.11201

. IMDEDF_,  x=0.1

z=0.1 @ =10GeV u-quark

B ART25 B MAP24 |
ART23 B MAPNN

- significant differences in nonperturbative models at large b

1.0

xr=0.1 @ =10GeV wu-quark 7

B ART25 B MAP24 |
B ART23 B8 MAPNN]

1.5 2.0 2:5 3l0 3‘.5
b(GeV™H)

- different approach to collinear limit b—0

TMDFF z=0.3

z=0.3 @ =10GeV u-quark 7r+

Bl ART25 B MAP24 -
- MAP22 |

u—>mw

2=0.3 @ =10GeV d-quark 7wt ]

B ART25 B MAP24 |
B MAP22 |

10"+ 1.51-" 2026 R G0N css
b(GeV™)
freezing

parameter
bmax

/!
/ NAqcp

b(br) 1
ﬂ ~
' b-(br)
prescription  bmin /
vs. cutoff ; 8
PDF(x, u) = J dk; TMD(x, k)
0



f1(x, kt; Q) ; TMDPDF , Y—" 1 T M Bacchetta et al. (MAP),
fi(x, 0; Q) o 010 1w MAPTMD 2024 JHEP 08 (24) 2405.13833

Q=2 GeV
x = 0.01 |
[ |

Q=2 GeV
x = 0.001
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\3‘2‘ better appreciate the very different kr behavior .
ngl e that changes with x W e

URBE R Al 031+ 1.5 - > 2,07 e —— gronmmpyemm .0 1.57-72:0 216 RSN
b(GeV ™) b(GeV 1) freezing
parameter
- significant differences in nonperturbative models at large b y bmax
/ Nacp
b(br) 1
diff h to collinear limi e
- different approach to collinear limit b—0 e e v

Q

vs. cutoff
U

0



TMD evolution: the Collins-Soper kernel

e : RGE evolution in factorization scale p must be {2 = Q4
0 G bT@ evolution in rapidity scale  — CS kernel K std choice G=p2 = Q2

K universal: same for TMDPDF and TMDFF, it does not depend on
process, hadron type , x , and flavor !

K(by) + gx(by)
perturbative, calculable fitted to data; calculable on lattice



TMD evolution: the Collins-Soper kernel

e : RGE evolution in factorization scale p must be {2 = Q4
0 G bT@ evolution in rapidity scale  — CS kernel K std choice G=p2 = Q2

K universal: same for TMDPDF and TMDFF, it does not depend on
process, hadron type , x , and flavor !

K(by) + gg(br)

erturbative, calculable fitted to data; calculable on lattice
/ /
: , : : - ; - DWEF24  Bollweg et al., arXiv:2403.00664
1.0+ ==~ N3LO IFY23 MAP24FI LPC23
...... NLL ART23 PB24 I DWF4 LPC23  Chuetal. (LPC), arXiv:2306.06488
MAPNN25 EEC24 ART25 I This Work I_ atti Ce
0.5 MAP22 ASWZ24 . ASWZ24  Avkhadiev et al., arXiv:2402.06725
00 \\\1 ﬂ “This work” Bollweg et al., arXiv:2504.04625
—0.5r IFY23 (ResBos) Isaacson et al., arXiv:2311.09916
-1.0t EEC24 Kangetal., arXiv:2410.21435
sl | PB24 Martinez et al., arXiv:2412.21116
: T v Pheno :
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 MAP Collaboration
fi .
QCD by [fm] MAP-22 arXiv:2206.07598 -24 arXiv:2405.13833
Y NN arXiv:2502.04166

N3LL Vladimirov, arXiv:1610.05791 Artemide Collaboration

N3LO Li&Zzhu, arXiv:1604.01404 ART-23 arXiv:2305.07473 -25 arXiv:2503.11201



Potential impact on W mass

e Wi/'lepton intrinsic_ K1 + resummation = gy = Pry
q’/ T neutrino uit ,dd — Z° main channels
ud — W7 main channel butall analyses assume
flavor-independent
intrinsic kL distribution
Procedure

- template fit with varying Mw on pseudodata based on sets of flavor-dep. non-perturb.
parameters of TMDs that reproduce same qr-distribution of Z0

Finding:

MeV and AMy,. # AMy,._ Bacchetta et al., P.L. B788 (19),
—4 < AM,,_<3 w W= arXiv:1807.02101

In progress: repeat the analysis with MAPTMD24 at N3LL



EIC Luminosity curve

Vs ~72GeV — 10 (e-) x 130 (p) GeV
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Phase space of EIC @10x130

Drell
Yan

10° ¢ j
o LLLTITILY 2T
‘§103 - |
5 ¢ — E605 ElC
fixed target & {f — e
S5
collider <5: bo
0"t Guis
SIDIS ~ {{ — &8s
100 Lt
107° 104
including EIC pseudodata in the fit:
MAPTMD?24 + EIC
2031 pts + ~1700 pts per kin. Tt
+ ~3400 pts per kin.  T+K



lumi = 10 fb-1, proton target, SIDIS m+ K

Impact of EIC 10 x 130, lumi=10fb™!, mn+K

@ ©@ © Flavour index For each (X,QZ) bin:
@ down
o ® uw O from MAPTMD?24,
o] 006 ©® ® ® © sea max. uncertainty of
— fi(x, kz; Q) over
>
§ 5 ©©® 006 © ©® ® Uncriny reacio all kt and all flavors g
= ©@©®0 0 ©®®® ® ° o
§ CRCRORONONCNONONON0) N ® 0 O
©000000000 u d  sea
Q
’ 8 8 8 8 8 8 8 % % | including EIC pseudodata,
a 1;2 o color code indicates the

flavor with max. reduction
in uncertainty over all kr

increased reduction ~60% for down at large x and several Q2

78



EIC impact: 10x130 lumi=10 fb-

b LD R AR , TMDd - <TMDa>  x=0.16, Q=4.2 GeV
EIC # pts' luml [fb-1] Impact of EIC 10 x 130, Iumi=1be‘1,n+K
10x130 B1700. 10 <TMDa> n coe)
(early Science conditions, all m + K production) E eeo0cee
0.15 E ©® 0006 e iy
o ©P0©©®©06©®®® 0 °
down 2222222220
0.10 %888%888%9

0.00

—0.05 A1

ff(%,ki,Q,Qz)—<ff(33,ki,Q,Q2)>
<ff(w7kiaQaQ2)>

—0.10 A

Q = 4.2 GeV x = 0.16

—0.15

0.0 0.2 0 0.6 0.8 1.0

|kL|[GeV]

~60% reduction at medium Q2 courtesy



EIC impact: 10x130 lumi=10 fb-

LR Z0E , TMDa - <TMDa>  x=0.0025, Q=4.2 GeV
EIC # pts' luml [fb-1] Impact of EIC 10 x 130, Iumi=19fb‘1,n+K
10x130 BlZ00 10 <TMDa> n coe)
(early Science conditions, all m + K production) E e0000 0|
E“ ONCNCICRORCNONGC!
sea o @@ ©® 0 ©©®®® e O
0.4 7 (0)0o @ @ © @ @ @ @ ®
© © @ @ @ © © ® @ @©
~ 88888 8 eS8 8 8 9
NQ* .
0: 0.2 A
i/ PN
=~
JC
iyl
TO&A 0.0 -
<Ny
‘}E_' —0.2 A
X
S
Dy
Q = 4.2 GeV x = 0.0025
—0.4 A
0.0 012 018 1.0

k|[GeV]
slightly more than ~30% reduction at medium-large Q2

courtesy L. Rossi



EIC impact: 10x100 lumi~50 fb-1 (5 years)

Impact of EIC 10 x 130, lumi = 10 fb~!, n + K

@ @® ® Flavour index
@® down
0.100 ; e w
up MAPTMD24 down e MAPTMD24 . P
0.075 BN MAPTMD24 + 10x100 BN \MAPTMD24 + 10x100 | =5
— 9, @ @ @ @ @ @ @ Uncena.mtyore;;uction
— (3 s @ 068
0050 ©@©®©® 0006 e
4 © @ ©® ©© ©© ©®@ ®©®
0.025 © 0 © © =@ © ©® ® ©
1 88888G9sss”

2

0.000

x 2

—0.025

MAPTMD24 2031

oo S EIC # pts. lumi [fb-1]
—0.075 Q=2GevV v —0.01 10X1 OO 161 1 51 .3
o100 | | (simulation campaign of May 2024)
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
k1| [GeV] k1|[GeV] L. Rossi, Ph.D. Thesis
. , Ph.D.
0.20 I os | 0.6 |
£ MAPTMD24 tid m=E MAPTMD24 ' MAPTMD24
015 ANUI=UD g \APTMD24 + 10x100 aANt1-AOWIN gy \(APTMD24 + 10x100 Sea MAPTMD24 + 10x100
0.4
0.10
0.2
0.05
0.00 0.0
—0.05 —0.2
—0.10
—0.4
015 Q=2GeV =001 Q=2GeV  z=001
—0.6
Y 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.8 1.0 L2 00 o2 o [ o e -
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EIC impact: 10x100 lumi~50 fb-1 (5 years)

Impact of EIC 10 x 130, lumi = 10 fb~!, n + K

@ @ @ Flavour index
" @® down
0.100 ) R . - ; ::a
» I MAPTMD24 d _ [0 MAPTMD24 10 © @ ©®©®®®
oo B MAPTMD24 + 10x100 OWI), o \APTMD24 +10x100 S
: e é 8 @©@©® © 0 ©® ©® ® Uncena.mtyore;;uction
o, @ 068
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|kL|[GeV] k1| [GeV] L. Rossi, Ph.D. Thesis
0.20 \ 0.3 e ! 0.6 |
. MAPTMD24 t? MAPTMD24 sea MAPTMD24
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e
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Actions to meet the $ 3B cap

reduce costs and scope by deferring ultimate performance capabilities:

- Electron Storage Ring: reduce to 2 SRF systems, 10nC/bunch E=9 GeV
- Defer IR Crab system - Defer low-energy cooling (reduce lumi by 2x to 3x)
- Hadron Storage Ring: defer bypass line at 41 GeV (increase min s = (45 GeV)?2)

scevx1006ev {10 x 130 GeV

‘_'_Q From the March 27t GM:
1034 100 N https://indico.bnl.gov/event/31936/
>
- Tomography (p/A) &
N“’ Transverse Momentum 8
c Distribution and Spatial Imaging c
O S
= 103 10 =
2 3 talk by A. Deshpande

2 = on Friday
c —
E I | L ‘8)
- nternal La C
—I 32 = —
10 T =
-]
c
c
<

e-N Centertof-Mass Energy [V(Z/A) GeV]




Early Science Conditions

New matrix: Species Beam energy Integrated Electron-beam Hadron-beam
(GeV) luminosity polarization polarization

e+Ag 9 x 115 1.0 fb~! NO N/A
e+D 9 x 130 1.5 fb~! LONG NO

# e+p 9 x 130 1.0 fb~? LONG TRANS and/or LONG

e+p 9 x 275 2.5 fb~! LONG TRANS and/or LONG
e+Au 9 x 100 1.0 fb~! LONG N/A

e+3He 9 x 166 1.5 fb~? LONG TRANS and/or LONG

Table 1: EIC Early Science Matrix. The eA luminosity is per nucleon.

BNL & JLab Associate Lab Directors charged ePIC to summarize the science
achievable with early data according to above matrix, before full machine capabilities

Early Science Report (ESR) due by July 1st; v2 document circulated to community

57,
LI




EIC impact: 10x130 lumi=1 fb-1

10 x 130 GeV, L =1fb" ", 7 + K * = 0.1.Q = 100 GeV?

Fl x = 0.0016,Q = 3.2 GeV? = = .
o 05 o e For each (x,Q2) bin:
e d
e d ) O from MAPTMD24,
2] o 0.0 - ® ® e
10 . L <uncertainty>
. | of f1(x, k7 Q) over kr
—0.5 | P R 0.0 0.5 1.0
i o5 0 ® @ ® ® @ k. [GeV/c] and all flavors q
ki [GeV/c] / ! i . . . i - 2=10.1.Q*=32GeV’
q Mean Ratlo /= = = = = | = o 0.05
:> ® 049 / ‘\,/“ ®© @ “\,/ ‘\,/“ L) } &
@ ® 05 / | 0.00
O, ® 069 y L @ @@ @ O
a ® on @ @ @ @& @ @ @ @ [~9.05
o ® o5 © 0 @@ @ © @ @ " u u d sea
/ / R . |
0.0 0.5 1.0
1 k) [GeV/c] . .
10! | L ® © ©® @ ® @ ®@ ® @ |®| ==0160=10G including EI.C Pseudodata,
& [T & & <&@ @ & & & |\ ' — COIOr COd ein dlC ates th e
/ . .
flavor with max. reduction
/ /
® ® & @ @ ® ® & & @ ;
) © o o © e e e O e of <uncertainty> over all kr
/
® @ 0.0 0.5 1.0
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New opportunity: hadron-in-jet

- hard collision of proton pa and proton ps
- a parton p fragments into the jet J with radius r
- hard scale = Pt of jet ] w.r.t. collision axis

- hadron Py, inside jet ] with j, w.r.t. jet axis




New opportunity: hadron-in-jet

- hard collision of proton pa and proton ps

- a parton p fragments into the jet J with radius r

P, - hard scale = Pt of jet ] w.r.t. collision axis
i Y @, - hadron Py inside jet ) with j; w.r.t. jet axis
J- : . N
7y =— Agep 2J1 < (Prr)*  hybrid factorization theorem
p J i Yuan, P.R.L. 100 (08)
do 27| Pr| dx,dxgdz; __ collinear
. - Z J 8z = Zp) YD [70p) Haposea
dnd|Pr|dz,dj, S bed XAXB
»UsC, X @?(ZJ?Zh’jJ_’lpTl’lPTlr) 7, = |PT| er_ﬂ-l‘xBeﬂ
T™MD Vs
JTMDFF
h : dbr ij,-br/z, Pyi—~h
D25 7§15 | Prls [ Pr| 1) = 2 C,{zp | Prl, [Pr|7) (27 e P DTz, by | Pl 1)
LO : ) Kang et al., JHEP 11 (2017)
access to TMD FF — Z (1 = z)) 8, D{(z, §1: | P7|) arXiv:1705.08443
i

Similarly for hadron-in-jet SIDIS at the EIC



New opportunity: Energy-Energy Correlator in e+e-

defte EE. 1 —cosy;
EEC({) = dr i J‘d6e+e——>ij+X Q_2J o (C oy > :
i

energy-weighted e+e- cross section
measures correlation of two energy flows along specific directions
IR-safe, well measured, known up to NNLO

for <_>1 (X_”-[) Born Hard

: d ;
factorized formula: d—g = % Z qujde Jo(brO\/1 = O) Jetd(by) Jeti(by)
q9
1
Jetd(by) = Z dz z> TMDFFY~"(z, b,) = Jetgert + Jet], «— fitted to data
hadrons * 0

— sensitivity only to CS kernel

Kang et al., arXiv:2410.21435

Bris et al., arXiv:2507.17478
Ferrera et al., arXiv:2603.19162



New opportunity: Energy-Energy Correlator in e+e-

Flne= EE; 1 —cosy;
EEC({) = dr T J‘dae+e——>ij+X E o\ ¢— 2
ij

energy-weighted e+e- cross section
measures correlation of two energy flows along specific directions
IR-safe, well measured, known up to NNLO

for <_>1 (X_H-[) Born Hard

: d g
factorized formula: d—g = % Z qujde Jo(brO\/1 = O) Jetd(by) Jeti(by)
qq
1
Jetd(by) = Z dz z> TMDFFY~"(z, b,) = Jetgert + Jet], «— fitted to data
hadrons * 0

— sensitivity only to CS kernel

use OPAL, DELPHI, L3, SLD, ALEPH, TOPAZ, TASSO,... data to constrain CS kernel

Kang et al., arXiv:2410.21435

agreement with latest pheno results for CS kernel  Brisetal., arxiv:2507.17478
Ferrera et al., arXiv:2603.19162



quark TMDs in Pion

Drell-

Accuracy ol N of points | X2/Npoinss | Flavor dep.
s ?1' Eeee [ v 96 1.61 X
mg.gng%?ggg NNLY | v 80 1.44 X
il 82)22 NSLLG) | v 138 158 X
PR[J)Am?BB(B) NNLL v 93 a7 X
MAPTMDPIOn2S | NLL v 101 1.22 v

simultaneous extraction of
<« pion PDF & TMD
proton TMD

MAPTMDPion25 First fit sensitive to flavor dep. of kr distributions: valence - sea, 6 parameters
data set: E615, E537 7 -N Drell-Yan, Nucleon TMDs from MAPTMD24 with same CS kernel



quark TMDs in Pion

Accuracy DYI‘e”- N of pOintS XZ/Npoints Flavor dep
an
Wang et al., 2017
JHEP 08 (17) 137 NLL v 96 s X
Vladimirov 2019 :
JHEP 10 (19) 090 | NNLL v 80 1.44 X
MAPTMDPion22
N3LL(-) (4 138 1.55 X : '
e simultaneous extraction of
PR[J)Am?;B(B) NNLL v ) 11,87 X <+— pion PDF & TMD
proton TMD

MAPTMDPion25

2509.25098 N3LL v 101 1.22 v

MAPTMDPion25 First fit sensitive to flavor dep. of kr distributions: valence - sea, 6 parameters
data set: E615, E537 7 -N Drell-Yan, Nucleon TMDs from MAPTMD24 with same CS kernel

1.75 Q=5Gey Z Q=5Gey Z Q=5Gev I Z e i::;;ev — : ~~ (jis.:ev — : 32;59\, - :
1.50 - °=02 o Er 2=9% o pr T o pr 1o ‘
25| u =sea _ _ ,
1.00 = . ) - 0.6 \
0.75| \A/ \ Y N 0.4 \ A \
0:50 NN o A = o2 \\\ \\ N
0.25 N < o \\ \\\ \\
— 0.0 — —

0.00 - 000 0F 030 O 100 1%  0.00 035 030 0% 100 135 000 03 030 076 130 1%

0.0 02 II?:fI [Gg.\(;} 08 1000 02 II(;.EI [Gg.\% 0.8 1000 0.2 szl [Gg.\(;] 1.0 [k1| [GeV] [k1| [GeV] |k1| [GeV]

f1(x, kr; Q) down quark in VS.
0 PPN 0 0 ; X s 4

valence and sea have different kr distributions fx 0; Q) in kr space, proton is narrower than pion
FI = flavor-independent il

I o valence & sea same finding in JAM23, lattice, and chiral QCD



gluon TMDs

two types depending on complicated color structure of Wilson lines:

fT R &r
WW-type T %5 1
T Y
2-jet SIDIS [+,+] gluon fusion to Higgs [-,-]
& L
dipole-type 3 . i . -
TMD PDF ‘ -
y [+,-] ['/+]
ElpSe e yah et

WW # dipole: different mechanisms, different processes..

(Warning: factorization under
investigation for most processes)

often use models as guidance
T-even Bacchetta et al., arXiv:2005.02288

spectator model for all {
T-odd Bacchetta et al., arXiv:2402.17556



first extraction of gluon TMD in proton

N of
Accuracy | Drell-Yan Doints X2/Npoints | Flavor dep.
Anedda et al. (MAP),
arXiv:2605.28216 NSLL v (LHC) 30 1.49 X

TMD factorization cut: g;/M;; < 0.3

qr/Mpg < 0.3 |
7727 qr/My < 0.2
[ gr/Mg < 0.25 |

process: gluon-gluon fusion to Higgs - WW-type gluon TMD

0.04

data set: CMS Run Il ; ATLAS Run I,Il  channel: pp - H — yy or4¢

T
N z=0.1
N z=0.01
I z =0.001

Q =125GeV -

w00 Cut Nyat X2/Ndat
qr /My < 0.2 1.08
qr /My < 0.25 1.35
gr/Mu < 0.3 1.49

10 15 20 25
|kL| [GeV]

| | | | |
15 20 25 30 35 40

k1| [GeV]

effect of cut — tensions from large gr data



quark TMD PDFs at leading twist

,{\00 quark [ ) | = t Mulders & Tangerman, N.P. B461 (96)
N 0 Boer & Mulders, P.R. D57 (98)
QO\,b Quark polarization
nuc I eon Unpolarized Longitudinally Polarized Transversely Polarized
(V) (L)
— //;\‘ 1 . o\ YR
O u Ji= (2 b 4 hy = (1) - (4|  Boer-Mulders
@5 ) X g1 = == - == | hip ==~ “~  Kotzinian-Mulders
/’L\ /L\ .
* n N S + hi = 4 - v transversity
€ 1| fir=0 - O, 9T = (o) - =) , 1
1 < A =
hir =7 - (v« pretzelosity

Sivers worm-gear

Each entry: - has a probabilistic interpretation; x = forbidden by parity invariance
- is connected to deformations induced by spin-momentum correlations
@ — hi.fi; 00 e gir-hip hiy %e® 3%

- can be extracted from a specific measurable spin asymmetry



quark TMD PDFs at leading twist

Mulders & Tangerman, N.P. B461 (96)

{\1:<> Boer & Mulders, P.R. D57 (98)
QO\% Quark polarization
nuc I eon Longitudinally Polarized Transversely Polarized
- Helicity TMD
- k R

(9
@5
4
@

Do quarks with spin || proton spin
have larger / smaller kr than those
with spin anti-Il ¢

g1 e, by 1.62) /g4 £, by 1.62)

Accuracy | SIDIS [Drefi-yan| NO | e | FAver 20flier @ § W
points dep.

MAPTMD22pol -y |

Bacchetta et al. NNLL (74 X 291 1.09 x

(MAP) P.R.L. 134 (25) R
YLSZM

Yang et al. (TNT) NNLL V X 24516 0.74 x 53 07 e 03 &

P.R.L. 134 (25) - M : :

Bollweg et al., arXiv:2505.18430



quark TMD PDFs at leading twist

Mulders & Tangerman, N.P. B461 (96)

{\1:<> Boer & Mulders, P.R. D57 (98)
QO\% Quark polarization
nuc I eon Longitudinally Polarized Transversely Polarized
- Helicity TMD
- k R

(9
@5
4
@

Do quarks with spin || proton spin
have larger / smaller kr than those
with spin anti-Il ¢

i e 1.62)/gA Fo M, b 1.62) > 0

Accuracy | SIDIS |Dreli-van| N | e | 1AV offan % V¥ Y
points dep.

MAPTMD22pol -y |

Bacchetta et al. NNLL I/ X 291 1.09 X

(MAP) PR.L. 134 (25) R
YLSZM

Yang et al. (TNT) NNLL V X 24516 0.74 x 53 07 e 03 &

PR.L. 134 (25) '  byffm] '

Bollweg et al., arXiv:2505.18430



quark TMD PDFs at leading twist

3’000 quark > t

(\
WO Quark polarization

QO
Longitudinally Polarized Transversely Polarized

nucleon Unpolarized
L) (L)

/L\ /L\
* N Iy = (L -
ol |
N ) '
hir =, - <)

naive T-odd: non universal, but in a predictable way..

Mulders & Tangerman, N.P. B461 (96)
Boer & Mulders, P.R. D57 (98)

Sivers TMD

o
0| :
N 3
| \J//
r 7=(}
1
v =0
10 05 00 05 10
ke (GeV) ke ((h-\/)
Ll kX

how the quark kr dlstrlbutlon
distorted by the nucleon T polarization




quark TMD PDFs at leading twist

= t Mulders & Tangerman, N.P. B461 (96)
. @&\O quark e > Boer & Mulders, P.R. D57 (98)
<\
QO\,b Quark polarization

(V) (L)

d ot
(o =~ 7 u e :
L \ | |
N _ /’7\‘ N 10 ll - = : = 0.
N\, & i s —0 y
| /i‘ kx (GeV) kx (GvV)
4 N\ . | m=0d - 4\ 3
) (e) (=) = ()

how the quark kr distribution is
naive T-odd: non universal, but in a predictable way.. distorted by the nucleon T polarization

n ucleon Unpolarized Longitudinally Polarized Transversely Polarized Sivers TMD

Many extractions:

PV 2020 EKT 2020 BPV 2020 TNT 2024
TMD framework arXivi2004.14278  arXiv:2009.10710 arXiv:i2012.05135 arXiv:2412.18324
arXiv:2103.03270
i JAM 2020 TO-CA 2021 JAM 2022 Fernando-Keller
generalized Parton Model arXiv:2002.08384  arXiv:2101.03955 arXiv:2205.00999 arXiv:2304.14328

all parametrizations are in fair agreement for x-dep. of fl(l)(x) for valence flavors
kr-dependence is still much unconstrained



quark TMD PDFs at leading twist

,{\00 quark [ ) | = t Mulders & Tangerman, N.P. B461 (96)
{\1:<> Boer & Mulders, P.R. D57 (98)
QO\% Quark polarization
nuc I eon Longitudinally Polarized Transversely Polarized

(L)

— D L )
u Ji= () X hy = (1) - (|  Boer-Mulders

I h hi=(

transversity

o~ — (—o )
-/ N

¢

@5 ) X g1 = == - ==| hiz = 7=- “~  Kotzinian-Mulders
A T

¢

n EN . _
Tl fir=0c) - (|97 =1
. >

pretzelosity

Sivers worm-gear

collinear PDFs surviving integration in kr



quark TMD PDFs at leading twist

,i\O(\ quark o [ o 4 t Mulders & Tangerman, N.P. B461 (96)
\ ) Boer & Mulders, P.R. D57 (98)
QO\’b Quark polarization
NnucC I eon Unpolarized Longitudinally Polarized Transversely Polarized
(V)] (L) °
transversity
(9 of h=0 X M= - D i

tensor charge §%Q? =J dx hi~(x, 0%)
potential doorway to new Phys.?

the only chiral-odd structure that
survives in collinear kinematics
— 2 different mechanisms

©_> L X g1 = (v~ (=
*
¢




quark TMD PDFs at leading twist

,{\0(\ quark [ > t Mulders & Tangerman, N.P. B461 (96)
{\’1/’& Boer & Mulders, P.R. D57 (98)
QO\’b Quark polarization
nuc I eon Unpolarized Longitudinally Polarized Transversely Polarized
(V)] (L) °
transversity
(9 u fi= 1 X hi= (1 - (4 ; i i
tensor charge 5%Q )=J dx h'~%(x, Q%)
Q’ = hi (P - (¢ 5 0
L X gr=lm = | g = "I potential doorway to new Phys.?
t e Do lar=A o A4 the only chiral-odd structure that
Q T 1T — ) = ) ! ’ ; . g
' survives in collinear kinematics
— 2 different mechanisms
~ w75 Collins effect x hy(x,k) ® Hi'(z, P,) SIDIS
p———4 St -kxP
s A A ol TMD framework
Y Collins, N.P. B396 (93) 161

di-hadron mechanism o« 7,(x) H*(z, R} o Mflhz) SIDIS
St -P2xP1 =St -PhxRy

collinear framework p PT
Collins et al., N.P. B420 (94)

talk by A. Metz today

—

T——



hadron-in-jet Collins effect

do

= Sy sin(gpg — ¢y,)

| P |

A)

z

dx,dxzdz;

XAXB

5(ZJ T ZJ)

dnd|Pr|dz,dj dos

RHIC

EIC («ET))»

Abdul Khalek et al.
(EIC Yellow Report),
arXiv:2103.05419

hybrid

a,b,c,d

. b it
collinear X hf(x,) f2(xg) HSSM™S

a

Jet-Collins x 1%z, 7,,5,; 1Prl, |P7|7)

U,OGE ; ﬁi 0-065 1 :t
p'p = (WX | oo
J Ig 0.025 L,M 0'025 M
5 > i r «° ® b ] [
Predictions for STAR data s o= o
g d : f d '7%:;370.02} e ® BN 1 —0.02} ® ¢
Integrated In forward n : ¢ 17 '
, “OME /5 = 200 Gev t 17 /5 =510 Gev
D/A/eSIO et a/. PI_ 8871 (2025) —U,OGE <p'T> —13.3 QGeV E 70-065 <piT> = 32.3 GeV
arXiv:2506.21959 e I A
0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
z z

/5 =105 GeV, 100 fb~!
0.15< z <0.20, y >0.1, Q* >50 GeV?

! v'/
0 ex e X XX XX} o4é 0++

i
?5 N theory, 7 :
= —10 theory, 7~ g
. ¢ proj. error \
B 4 proj. error K \\\
—920 + proj. error p <
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Zh = ‘ﬁim . thz\(lmu‘ /Iﬁ_‘imlz

projected errors at the EIC
see also

Arratia et al. PR. D102 (2020)

D’Alesio et al. arXiv:2605.02890



quark TMD PDFs at leading twist

,{\00 quark [ ) | = t Mulders & Tangerman, N.P. B461 (96)
{\1:<> Boer & Mulders, P.R. D57 (98)
QO\% Quark polarization
nuc I eon Unpolarized Longitudinally Polarized Transversely Polarized
(V) (L)
=& TR N
Q u Ji= (2 b 4 hy = (1) - (4|  Boer-Mulders
L N il o
C > L X g1 = (em~ (== | hip ==~ v~ Kotzinian-Mulders
/’L\ /L\ .
* n g S s hi = - Y transversity
Q | fir=0 - (| NT= (= - =
A A :
hir = (s - (7| pretzelosity
Sivers worm-gear
Boer-Mulders arXiv:2004.02117, arXiv:2407.06277
Worm—gear g1 T arXiv:2110.10253, arXiv:2210.07268
(Kotzinian-Mulders) Worm-gear h1L
Pretzelosity arXiv:1411.0580

not mentioned TMD fragmentation functions, nuclear TMDs



Summary for quark TMD PDFs

(\00 quark [ ) (= ] Mulders & Tangerman, N.P. B461 (96)
NKs Boer & Mulders, P.R. D57 (98)

O\
QO\,b Quark polarization
n ucleon Unpolarized Longitudinally Polarized

(V) (L)

. //. 1 VN YR
u fi= () X hy = (1) - (L] Boer-Mulders

4 TR S (1) transversity
T ffi—, — \i . /\ - (:\ . :) g 17 = f._./ — {;—.{/w
. . : ,

@
C}’ L X g1 = = - (=~ | hip ==~ “=  Kotzinian-Mulders
*
@

4
1 , N e
hir =7 - («)| pretzelosity

Sivers worm-gear

Good knowledge of the x-dependence of f; and g;

Good knowledge of the kr-dependence of f; (also for pions)

Fair knowledge of fllT and hy (mainly, x-dependence)

Some hints about the others



Summary for gluon TMD PDFs

(\@’00(\g| uon e @) 4

o —— for each entry: & o
T .
nucleon i ] R WW-t .
— ype &
N [ x | s [+,+] [-/-]
Q’ L X gg hL’g ’ & &r
1 1L —
4 dipole-type ,
T fJ_,g ) gg ! hé hJ- 8 ‘ &
Q IT 1T 1°7r [+,-] [-,+]
: - Complementarit
first extraction Offlg(X, kT) Boer, talk at IWHSS 2020 p . y
Boer et al., arXiv:2409.03691  of various colliders
use model guidance o jex LHe
5 T-even Bacchetta et al., arXiv:2005.02288 | . |71 LHC
spectator model for all L e o (R pp = vjet X LHC & RHIC
-0 acchetta eta. arAlv: 3 hf_g[_,_’_,_] ep—)e’Q@X RIC
" " lg ep — € jetjet X EIC
propel !E[p ot whlL PP = Nep X LHC & NICA
h pp—> HX LHC
K\ h 9T g et X LHC & RHIC
: \j % 1ng A ept 5 QO X EIC
4 g epl — e jetjet X EIC
e — ] B T Py X RHIC
—~"% | T ph A M jet X RHIC
o p'A— hX (zp <0) | RHIC & NICA




Conclusions

quark TMD in the proton

significant impact of EIC, already in early years,
for both spin-averaged and transversely polarized
observables

Q? [GeV?

10!

quark TMD in pion & gluon TMD
phenomenology just started

103 102 10-!

interesting new opportunities from new collider observables (hadron-in-jet, EEC)

guidance from models where phenomenology is missing (particularly, for gluons)

THANK YOU

for your

ATTENTION!







correlation matrix

Bacchetta et al. (MAP), JHEP 08 (24) 232, arXiv:2405.13833

MAPTMD24 total of 96 parameters

Nl: P el 2" o 1

Qid . u

25K
AFsK
Nisear:
Nsseak:
glseak
2seaK
5] seaK
52‘Pﬂf\'
ViseaK
2seaK
AFseak




Potential impact on W mass

g Wi/"ePtO” intrinsic_ k1 + resummation — drw = Prs
6]'/v T neutrino uii , dd — Z° main channels
ud — W7 main channel butall analyses assume
flavor-independent
Procedure intrinsic k1 distribution

- take the DYTURBO code, introduce sets of flavor dep. parameters in nonpert. part
and generate ptZ spectra compatible with exp. spectrum including ATLAS and CMS

errors (x2/d.o.f. < 1.3)
- with these “Z-equivalent” sets, generate pseudodata for lepton pr distribution at Mw?

- with flavor-indep. nonpert. part, generate 30 template lepton pr distributions with
Mw in Mw? = 0.015 GeV

- perform template fits for each pseudodata
Bacchetta et al., P.L. B788 (19),

arXiv:1807.02101

Finding: -6 <AM,. <9 -4<AM, <3 MeV and AMy. # AMy,

In progress: repeat the analysis with MAPTMD24 at N3LL



Snapshot of the EIC and ePIC

EIC Users Group kw

41 countries
310 Institutions
1557 members

as of June 1st, 2026

25 countries

183 Institutions

1158 members
as of June 1st, 2026

Africa I N
Europe | AS|a

|

0 ep@ Collaboration

Africa
S.America

Asia

Europe Oceania

North
| America

origin of N mass origin of N spin  dense gluonic matter
saturation?




The current EIC Project timeline

co-0  CD-1 CD3A ... CD-3B CD-3C CD-2/3 CD-4
122019 07/2021 03/2024 7" 02/2026  09/2026 |ate 20267 ~07/2027 ~10/2027 Q1-2028 ~ 2034-35
A A .

A

v

Misvsion Conc;ptual F%st RHIC LLP DOE LLP Final DOE Performance Start of
need design LLP shutdown  review parts of  design review baseline Oper;tnons
‘_ Detector reviews Start of Science

completed constructions

Current design maturity > 75%

9-12 Mar 2026: EIC Project Director’s Review (summary):

*The EIC Project has made strong technical progress and demonstrates the capability to deliver the facility.

*The primary challenge is no longer technical feasibility, but:
Establishing a credible, fully integrated baseline and aligning scope, cost, schedule, and risk management to meet
the $3B cap while preserving mission need.

Current estimates exceed the $3B cap; systematic cost reductions tied to a defensible baseline are required.




spectator model of gluon TMDs

eikonal approx.

- Nucleon = gluon + spectator on-shell
spin-1/2 particle; vertex contains a
Gordon-like propagator with parametric > =
dipolar couplings

same structure as
@ but with f-type
and d-type color
structures

- T-odd generated by gluon-spectator FSI via 1 gluon-exchange; WW-type — f2%, dipole — d’%
- Spectator mass takes continuous range of values through a parametric spectral function
- Parameters (9) fixed by reproducing collinear gluon PDFs f; and g; from NNPDF3.0

Bacchetta et al., E.PJ.C 80 (20) 733, arXiv:2005.02288
Bacchetta et al., E.PJ).C 84 (24) 576, arXiv:2402.17556

it
z0(@pep2) xfy + (py /M) xf, “propeller” hlng

P, (T3 Pzs Py)
P

=

1.0

1.0 (whiy, papy/2M?) x 107

0.5 q
0.8

0.6

Py [GeV]

0.0

0.4

py [GeV]
(=]
(=]
py [GeV]
(=]
(=]

—0.5 1
0.2

—1.0 -

replica 11 z = 1071 I

—1.0 —0.5 0.0 0.5 1.0
Pe [GeV]




gluon TMDs

QQ pair with [25+1L51'3)] quantum number

Soft process

g-g fusion

xff

xfE + (p, /M) xf-$

PasPy)
g
)

=

(a, )

e
g

J/P, Y production qTQ,Q < M5 TMD factorization

do ~ 2 (a)"H" [¢TMD ® gTMD ® TMDShF]

hadroproc &r

hard ab — cc[n] WW-type
gluon TMD TMD PDF

fit data (~100 pts, mostly RHIC) with some parametrization,
maybe inspired by model calculations

—0.5

" ” L . .
propeller” j- & spectator model predictions

1 I

Bacchetta et al., E.PJ.C 80 (20) 733, arXiv:2005.02288

P P—p

- generate T-odd with Tgluon - exchange
- spectral mass function for spectator
- parameters fixed to collinear gluon PDF

E.PJ.C 84 (24) 576, arXiv:2402.17556



N of Flavor
Accuracy | SIDIS |Drell-Yan . ¥2/N -
points dep. S
MAPTMD22pol %
Bacchetta et al. (MAP) NNLL v x 291 1.09 x <«— enforced | 81 | < fl
PR.L. 134 (25) 121901
YLSZM accuracy limited by gluon
Yang et al. (TNT) NNLL 74 X 2058 RR0rC X Wilson coeffs.
PR.L. 134 (25) 121902
data from SIDIS DSA A,
u
0.2
d 1.0
0.0 Q =1GeV Q =1GeV Q =1GeV
—0.2} Q —92CeV - = 0.04 0.8 x = 0.05 x = 0.1 xz = 0.3
0.5 ~|—
= <)}
< N
Ewi <
i} @: 50 4
s z =0.08 HEs
e Tl
& 0.2
o
= 0f00 0.25 0.50 0.75 0.00 025 0.50 0.75 0.00 025 050 0.75
S| = 0.16 k.| [GeV] k.| [GeV] k.| [GeV]
1,
Bacchetta et al. (MAP),
’ MAPTMDzpoI PR.L. 134 (25) 121901
YLSZM
i z=0.32
0.0 0.2 04 0.6 0.3 1o Yangetal.,

/ kr (GeV) P.R.L. 134 (25) 121902



The Sivers TMD is not universal

SIDIS

@
el in SIDIS, the color structure describes the
T state residual final-state interactions between the
\ struck parton and the
P

P L : :
<:> g in Drell-Yan, the color structure describes the
initial % /
WY

o ~ - initial-state interactions between the
annihilating parton and the

b

p
Drell-Yan i b
Prediction of QCD based on general principles:
il S
0.12f 088 ‘IOO fiT'SIDIS R flTlDrell—Yan
eod LT 27
vt TTTTIH . e current statistical precision of exp. data
0w e me aXivi2012.05135 - js not enough to confirm the sign change

2103.03270



Sivers effect at the EIC

Abdul Khalek et al. (EIC Yellow Report),
(((€ >))) =10 fb-1 N.P. A1026 (22) 122447, arXiv:2103.05419
-u down
> BPV 2020
i + EIC
— [ [2GeV \ . fiz,aep[2GeV] -
flT, p[ ] ‘ 5.16/_3 5 X 41 Gev
—\ y 5_10,3 18 X 275
1072
— 5. 102 2.0 : - 1072
Y 15 -
L i8 1.0 e
0. 0.5 : G
U.20 0.5 0.75 1.0
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Z
)
=
s
S
-5
Sy
i u-quark I d-quark
—-0.1 i
I O T Ty Iy W Sy )
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Pheno - lattice : tensor charge

S~ ou - od
Eiﬁif;‘ ; : green Ni=2+1+1 H > ST
PNDMEI1S8 & b Oquark  Agluon
raebzsy 1 open symbols = no continuum extrapolation
QCDSF+23 i
xQCD22 | . g
a2} lattice ] yellow N=2+1
NME21 | B
RV — - .1 tension between pheno and lattice ?
e ——e— phena
Kang - —— i
e e e O d| JAMDIFF (%] LQED) JAM3D" (w/ LQCD)
adapted from C. Alexandrou, QCD Evolution 24 (.2} JAMDIFF (no LQCD) JAM3D* (no LQCD)
0.1l u? =4 GeV?
| ‘
JAM claim: 01 - KA3-4 o
C c . . —0.2 -
including lattice points,
° ege _03
restore compatibility T
—Y. DME (2018 : |
_0.51+ ETMC (2020) O:%q, +
O o o Radici, Bacchetta (2018
but still under discussion... o O08) e

0.4 06 08 du
adapted from D. Pitonyak, QCD Evolution 24



Transversity at the EIC

EIC ])

Abdul Khalek et al.
(EIC Yellow Report),
arXiv:2103.05419

Coll

effect

ins

E== JAM20
—:= JAM20 + EIC(ep)
== JAM20 + EIC(ep+e°He)

dihadron

mechanism
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0.2}
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polarized DiFFs

z = 0.30 z =0.30

NNLO Q=1GeV 41 NNLO Q =1GeV
PVDiFF25: 5] = 5. e ™ -
3 EE 3 1 o [ u
extract unpol. quark DiFF D1 up to NNLO 3¢ a8l ' E o
. \ 2 o
from Belle data + PYTHIA flavor-tagged S \ LNl Ay
0 _Q | e Q1"
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Work in progress to extend to
polarized quark DiFF H®

fixed parametrization ~ Neural Network

z = 0.50 = 0.50

Problem with gluon DiFF D
basically unconstrained

Need di-hadron multiplicities
from hadron collisions (RHIC) N——— - W, —
and SIDIS e I e e e ]

M, [GeV]




