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Processes with factorization

SIDIS factorization conditions Fourier Transt. to br space:
h P2 from convolution to simple product
electron Pt  pg2 2 DR sl < 02
do T [ I L
hadron*-} dxdzdqrdQ ) Z_EJO dbr by Jolbr.qr) f{t.b7: Q%) Df "(2,b7: 0%
hard part TMDPDF TMDFF

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

Drell-Yan

M? < Q? g7 < 07

1 Q? do e ey iy 2
J»M prm—ias (0 2—EJ dby by Jo(br, ar) [0, by 0% fleg, b 07)

0
nEErel hadron hard part TMDPDF ~ TMDPDF

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

e+ e- P}%T
2 DR 2
hK ’ b S R = 2 < 0
q-l-h dG

e o & - ' i ~ TMDFF @ TMDFF
462- SEL Factorized .expressmn f.or it s 0
electron positron but data Only for spin asymmetrles Collins & Soper, N.P. B193 (81) 381

For e+ e- = h+X formula more complicated; need to include info on thrust axis
Boglione & Simonelli, JHEP 02 (21) 076; 02 (22) 013; 09 (23) 006
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Phase space for processes with factorization
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Evolution of TMDs

Collins - Soper - Sterman (CSS) scheme

Collins, “Foundations of Perturbative QCD” (11)

b3 pn b = Evo|(un &) « (up&)| X fIx, b7 4, &)

small bt e
OPE large bt ?

Z [qu-(x, br; i, &) ® fi(x, /4-)]

l
Evolution operator A2 MS choice (cancel large logs in resummation)

Wilson Coefficient C, w=1/C=2e7" [ by
are all perturbatively
calculable



Evolution of TMDs

Collins - Soper - Sterman (CSS) scheme

Collins, “Foundations of Perturbative QCD” (11)

f‘.ll(x, bza ,ufa Cf) = EVO [(qua Cf) S ()ui’ Cl)] X ‘]’E?()@ bza Mi? Cz) X fNP(xa b27 Qg)
Sl b St ;ir%fNP =1
OPE large bt = T:)
. ; parametrized at Qo
Z qul-(x, by, ¢) ® f1(x, /"i)] and fitted to data
: PDF

MS choice (cancel large logs in resummation)

pi=+G=2e by

Evolution operator,
Wilson Coefficient C,
are all perturbatively

smooth connection with large bt
replace bt with b*(br)

calculable — o e
141 Usx bmin = = b*(bT) e bmax 5
[ b :uf QO
1.2f max
1'0; Mf i e E
non b*(bT)

08[  perturbative

i perturbative
0oL ni=2 GeV oo P
bmin prescription facilitates

matching to fixed-order
b =20 GeV Bozzi et al., PL. B696 (11) 207

..................

min pi=5 GeV

02F

not used in all extractions
br (Gev)



Evolution of TMDs

Collins - Soper - Sterman (CSS) scheme

Collins, “Foundations of Perturbative QCD” (11)

]?61](36, bf: by §p) = Evo [(ﬂf’ Col Sl &) x f(f(x’bz;//‘i’ &) X fup 0p)

small bt e l}i_rﬁ)fNP =i
OPE large bt = TQ
. ; parametrized at Qo
2 qui(x’ brs i 6i) ® f1(x, 'ui)] and fitted to data

" PDF

Final formula

evolution in u evolution in C

CN\T ¢

FiCx, b7 . &) = B Ko
fl(X, s Ky Cf) = exXp ’ Wi e 108 > exp | K(b-, pp,) log y

L. b o

i f similar formula for D‘f"h

X Z [Cq,-(x, bi ty ) @ fr(x, ﬂb):
i ; Quality of TMD extraction:
i

X exp [gK(bT)log 7] Fuplx, by) - perturbative accuracy
g - size of data set and best %2



Logarithmic counting
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The unpolarized quark TMD PDF

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

Unpolarized Longitudinally Polarized Transversely Polarized

(V) (L)

Let’s focus on the simplest unpolarized TMD PDF:
fia = probability density to find an unpolarized quark g with light-cone momentum
fraction x and transverse momentum ki in an unpolarized hadron

It enters the denominator of every spin asymmetry needed to
extract the other polarized TMDs: I do(pol.) — do(—pol.)

\ sl & do(pol.) + do(—pol.) = do?




Most recent extractions of Nucleon TMD f;

Accuracy | SIDIS Drell-Yan N of points | x/Npoints | Flavor dep.

arXivF:)Y 7%%1.17 0157 NLL v v 8059 1.5 X
arXivS:Y7%%?g1473 NSLL X v (LHC) 309 28 X
arXi?ﬁ\éozzo.Z);m NSLL x v (LHC) 457 11 X
arXivS:Y921%1.§6532 NSLL(-) v v (LHC) 1039 1.06 X
arXivF:J1V92121.C?755O NSLL = v (LHC) 353 1.07 X
e | NG v v (LHC) 2031 1.06 X
e | vl X v (LHC) 627 0.96 v
e | L v v (LHC) 2031 1.08 v
ar)h(/llézl;ONfgff 66 NSLL X v (LHC) 482 0.97 X

pil N4LL(-) v v (LHC) 1209 1.05 v

arXiv:2503.11201
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Accuracy | SIDIS Drell-Yan N of points | x/Npoints | Flavor dep.

arXivF:)Y 7%%1.17 0157 NLL v v 8059 1.5 X
arXivS:Y7%%?g1473 NSLL X v (LHC) 309 28 X
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arXivS:Y921%1.§6532 NSLL(-) v v (LHC) 1039 1.06 X
arXiv|?1V92121.C?7550 NSLL = v (LHC) 353 1.07 X
e | NG v v (LHC) 2031 1.06 X
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Increasing accuracy & precision
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Most recent extractions of Nucleon TMD f;

Accuracy | SIDIS Drell-Yan N of points | x/Npoints | Flavor dep.

arXivF:)Y 7%%1.17 0157 NLL v v 8059 1.5 X
arXivS:Y7%%?g1473 NSLL X v (LHC) 309 28 X
arXi?ﬁ\éC)z.20.2)2474 NSLL x v (LHC) 457 11 X
arXivS:Y921%1.§6532 NSLL(-) v v (LHC) 1039 1.06 X
arXiv|?1V92121.C?7550 NSLL = v (LHC) 353 1.07 X
e | NG v v (LHC) 2031 1.06 X
e | vl X v (LHC) 627 0.96 v
e | L v v (LHC) 2031 1.08 v
ar)h(/llézl;ONfgf? 66 NSLL X v (LHC) 482 0.97 X

pil N4LL(-) v v (LHC) 1209 1.05 v

arXiv:2503.11201

global fits

first use of Neural Networks




More pheno studies on unpolarized TMD f;

Q =10Ge

- TMD FFs from e+e- data

Boglione & Simonelli, JHEP 02 (21) 076; P 1 Cerutti et al. (MAP), P.R. D107 (23) 014014
02 (22) 013; 09 (23) 006 a0 Vladimirov, JHEP 10 (19) 090
e Barry et al. (JAM), PR. D108 (23) L091504

- pion TMDs

D1 pu(z k1 Q)
° o

1.0 1.5 2.0
Ik [GeV]

E hadron—in-jet prOdUCtion at C()“iders D’Alesio et al., P.L. B773 (17) 300

Kang et al., P.L. B774 (17) 635
Arratia et al., PR. D102 (20) 074015

- Di-jet and heavy-meson production at colliders and in DIS v casio etar. siee 03 22) 04

Gutierrez-Reyes et al., P.R.L. 121 (18) 162001

- partOﬂ—branChing method Bermudez Martinez et al., P.R. D99 (19) 074008

o qT_ reS u m m ati O n based extracti O n S Camarda, Ferrera, Schott, E.P.J. C84 (24) 39

pp — H(—= yy) +X
T ‘ T ‘ T T ‘ T T —

T
artemide v2.01

_ glu on TMDs low-gr spectrum of o CMS Data-
Higgs production in € v ’
( see talks by D. Boer, gluon fusion S
A. Mukherjee and T
C. Pisano) | | )

T — Gutierrez-Reyes et al., JHEP 11 (19) 121



Most recent extractions of Nucleon TMD f;

ACOUREGT SSIBIS Drell-Yan N of points | x2/Npoints |Flavor dep.

arXivF:)Y 7%%1.17 0157 NLL v v 8059 1.5 X
arXivS:}/?%%?gM?S NSLL = v (LHC) 309 1.23 X
arXi?ﬁ\éozzo.Z);m NSLL x v (LHO) 457 17 X
arXiv?Ygag?c?sssz NSLL(-) v v (LHC) 1039 1.06 X
arXivF:)1V921%1.c?7550 NSLL * v (LHO) 353 11017 X
e | NP v v (LHO) 2031 1.06 X
waree || O X v (LHC) 627 0.96 v
axwotosiasss | ML [ v v (LHO 2031 | 108 | v
i || DL X v (LHO) 482 0.97 X

gl N4LL(-) v v (LHC) 1209 1.05 v

arXiv:2503.11201




MAPTMD24 settings (in one slide..)

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

b (b ) Hy 1 - e_b;/bélax i bmax 7 2e_yE/Q0( =1)
B\ buin = 277/ Q same as MAPTMD22

Bacchetta et al. (MAP), JHEP 10 (22) 127
non-pert. Collins-Soper kernel = gx(b;) = — g5 b7 /2

x,b,) Fourier Transf. of combination of 2 Gaussians + 1 weighted Gaussian, all
Jnp(x, br) 8
with x-dependent widths

Dyp(z, by) Fourier Transf. of combination of 2 Gaussians with z-dep. widths

cuts N = 2031 pts.
(Q) > 1.4 GeV

02<z<0.7

Drell-Yan ¢g; < 0.20
SIDIS
P, < min lmin [0.2 0, 0.5 QZ] + 0.3GeV, ZQ]



MAPTMD24 settings (in one slide..)

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

] — e_b"%/b'f’“x : bmax o 2e_yE/Q()( e 1)
= bm'lx 4114 L
1 — e=%/min brin = 2772/ Q same as MAPTMD22
non-pert. Collins-Soper kernel =—g7bz/2
P P

faplx, by)  Fourier Transf. of combination of 2 Gaussians + 1 weighted Gaussian, all
with x-dependent widths for u,d, i, d,sea

Dyp(z, by) Fourier Transf. of combination of 2 Gaussians with z-dep. widths
for fav./unfav. u — 7z+/d — 7 and fav./unfav.u - K*,5 — K+/d,s — Kt

NNPDF3.1 + MAPFF1.0 at NNLO

N3LL perturbative accuracy Total 96 parameters oL 3 I

cuts N = 2031 pts. e

<Q> > 1.4 GeV XZ/N o 1.08

e~ 0.7 l,

Drell-Yan ¢g; < 0.20 ye L

SIDIS e =u Tt re ::: P - /

P, < min [min 020, 0.507] +0.3GeV, z0 correflatlon VAL AT TREIL ALY
matrix (E I

S T




“Normalized” MAPTMD24 TMD PDFs

fi(x, kt; Q)
f1 (X/ O/ Q)

1.4
Q=2GeV 1 4«
1.2 x = 0.1 [ d
| d
1.0 u
s

jO.S
20.6
0.4

0.2

0.8.00 0.25 0.50 0.75 100 1.‘2?771.50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
ko] [GeV] k1| [GeV] ko] [GeV]

th. error band = e very different kt behavior
68% of all replicas o it Changes e



MAPTMDNN: TMDs with Neural Networks

same Se’[’[ings as MAPTMD22 & MAPTMD24 Bacchetta et al. (MAP), arXiv:2502.04166
X 2, 10, 1]
but limited to Drell-Yan data
e <1+ £ >

NN(x, b : /- 2\ 1+l
D) — (x, br) NN architecture *

NN(x,0) N avoid overfitting e

W = sgop

N3LL perturbative accuracy

Total 41+1 parameters Koo 5280
N =482 pts. x2/N =0.97 1 /

Iteration



MAPTMDNN: TMDs with Neural Networks

same settings as MAPTMD?22 & MAPTMD?24 Bacchetta et al. (MAP), arXiv:2502.04166
s L (2o
but limited to Drell-Yan data : ( )
Y, activation o@=—(1+ 1+le|
i) — NG5, NN architecture “
NN(x,0) g avoid overfitting o
\ % of || dentanaton aunes — Tz 1 ES 008
N3LL perturbative accuracy I
Total 41+1 parameters / X o®
N =482 pts. x2/N =0.97 |
Neural Networks perform better than - - —iro o :
. e 150 BN NN ]
MAPTMD?22 limited to Drell-Yan e MAP2IDY A
T MAP22 r —0.01 |

MAP24FI Q =2GeV |

&
(MAP22DY), particularly on the most S,
precise ATLAS data: x2=3.51 — 1.38 g

vvvvvvvvvvvvvv

‘‘‘‘‘‘‘‘‘‘

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
|ki| [GeV]




MAPTMDNN: TMDs with Neural Networks

same settings as MAPTMD?22 & MAPTMD?24 o Bacchetta et al. (MAP), arXiv:2502.04166
but limited to Drell-Yan data )
=N 1 Z
N activation 6(z)=—<1+ >
. 2\ 2 1+ ]z|
fupx, by) = NG5, NN architecture = _ i
NN(x,0) o ~avoid overﬁtE r:g -
N3LL perturbative accuracy \ O |
Total 41+1 parameters / Koo 5280
N =482 pts. x2/N =0.97 |
Neural Networks perform better than  — —rnei o |
MAPTMD22 limited to Drell-Yan S N APaany j
(MAP22DY), particularly on the most S - MAP22 T =001 |
ise ATLAS data: x2=3.51 - 1.38 % e GTEE
RGO N : = 05 effect of SIDIS data!
o~ I
8
0.0 b —
S 15 __
< 1.0
x 0.5
0.0 T 0i2 T 0i4 T 0i6 ‘ 0.8 1.0 1.2 1.4

|ki| [GeV]



MAPTMDNN: TMDs with Neural Networks

same Settings as MAPTMD?22 & MAPTMD24 o Bacchetta et al. (MAP), arXiv:2502.04166
but limited to Drell-Yan data o
. c 1 Z
activation oc@=-(1+
NN(x, b : 2( 1+|z|>
i) — ) NN architecture =
NN(x,0 Wit avoid overfittin
{ 5 509
_ ‘ = sgop
N3LL perturbative accuracy |
\ E 2
Total 41+1 parameters / Koo 5280
N =482 pts. x2/N =0.97 |
Neural Networks perform better than —————————————
S sl W NN ]
MAPTMD?22 limited to Drell-Yan Sl . e wapzDy
(MAP22DY), particularly on the most S MAP2Z o001
. gt MAP24F1 =2GeV |
recise ATLAS data: x2=3.51 - 1.38 = ]
P X = 05 effect of SIDIS data! ]
45 I |
‘ __TMD distribution : ) e \ ]
closure test - level 0 v ™| =D s Y .
- generate pseudodata with known 015 F m—— '% 10 — -
DWS model and real-data uncertainties o X2 ~ 1061 PpOOSE L
Davies et al., N.P. B256 (85) ] 0.0 02 04 °|‘; | [(";'SV] Lo 12 14
e
- reproduce result with NN " -

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
k. [GeV]



MAPTMDNN: TMDs with Neural Networks

same Se’[’[ings as MAPTMD22 & MAPTMD24 e Bacchetta et al. (MAP), arXiv:2502.04166
but limited to Drell-Yan data 9

Inp(x, b)) = (0 0r) NN architecture

NN(x,0)

. . 1
activation a(z)=5<1+ £ >

avoid overfitting
‘ ‘ ‘ ‘ T i 50%
—— Validation 1 5 Oo /O

N3LL perturbative accuracy

Total 41+1 parameters / X o®
N =482 pts. x2/N =0.97
NN PDFs — NN TMDs ! s
Neural Networks perform better than —————————————
o : —~ 15k NN ]
MAPTMD?22 limited to Drell-Yan Sl . we aAPzDY
(MAP22DY), particularly on the most S m MAP22 02580
. ad MAP24F1 =2GeV |
recise ATLAS data: x2=3.51 — 1.38 = 1
P X = 05 effect of SIDIS data! ]
Py I |
‘ __TMD distribution : ) e \ ]
closure test - level 0 v ™| =D s Y .
- generate pseudodata with known 015 F m—— '% 10 — -
DWS model and real-data uncertainties o X2 ~ 1061 PpOOSE L
Davies et al., N.P. B256 (85) ] 0.0 02 04 °|‘; | [(";'SV] Lo 12 14
e
- reproduce result with NN " -

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
k. [GeV]



Comparison among most recent extractions

Bl ART2S

global fits
T MAP24

Bl ART23
W MAPNN
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Comparison among most recent extractions

effect of bmin

prescription
2e7E
bmin = = b*(bT) — bmax = Ze_YE
Hy
e TE
> = > 1
i, D
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Comparison among most recent extractions

TMD FFS at Z=O.3 7 Q:1 O GeV Moos et al., arXiv:2503.11201
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Comparison among most recent extractions

TMD FFS at Z=O.3 7 Q:1 O GeV Moos et al., arXiv:2503.11201
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MAPTMD22: validity of TMD region ?

cut of baseline fit

l

ﬁ% i
+\ /+ —‘—4_ i [} excluded bins
- ¢ i i § ® included bins
fitted b g
NQ: 100 : l
- ; - §
W= predicted
r §
B 1.3 < Q < 1.73 GeV
f.. 0.02 < = < 0.032
-

CO.S <z < O.-i)

p 0.86 S Pyr/zQ S 1.5 —

e RS o e e

| 'vi‘alivdity of TMD factorization seems to extend well beded Phi/z << Q I

il " - oSN aaiaa el i e i




Collins-Soper evolution kernel

' | flavor-ind dent
e el K(b+, pp,) + gi(by) fitted to data; input from lattice

drives evolution in rapidity C

: : : : - : : Lattice
1.0F ——= N°LO IFY23 MAP24F] # LPC23 1 DWEF24 Bollweg et al, arXiv:2403.00664
------ N3LL ART23 PB24 ¥  DWF24
MAPNN25 EEC24 ART25 §  This Work LPC23 Chuetal. (LPC), arXiv:2306.06488
0.5 : MAP22 ASWZ24 1 ASWZ24 Avkhadiev et al., arXiv:2402.06725
N :
\\\
0.0} SN Pheno
. ~
IFY23 (ResBos)
Isaacson et al., arXiv:2311.09916
—0.5} EEC24  Kangetal., arXiv:2410.21435
PB24 Martinez et al., arXiv:2412.21116
—1.01
+ MAPTMD-22, -24, -NN
—1.5} + ART-23, -25
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
pQCD
b, [fm]

N3LL Vladimirov, arXiv:1610.05791

Bollweg et al., arXiv:2504.04625
N3LO Li&Zhu, arXiv:1604.01404

( see talk by P. Shanahan
and S.Mukherjee )
T ——




Ratio of different flavors from lattice

Bollweg et al., arXiv:2505.18430

f12Ce, by p, 0) _
| x 02 03 04 06
fldv(x’ br; u, ¢) 4 Loco W @ ® A
ﬂ=\/Z=1.62GeV ART25 [0 [0 OO0 [Id A
3 R = = =S
2 % 1
1— L 1 1
0.2 0.4 0.6 0.8 1.0
br [fm]

\( see talk by S.Mukherjee )7
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Ratio of different flavors from lattice

Bollweg et al., arXiv:2505.18430

f1'&brp, ) _
|| x 02 03 04 0.6
S, br s O) ’ loco W 6 & A
ﬂ=\/Z=1.62GeV ART25 [0 [0 OO0 [Id A
3 Ly e
F
. T
o 5|
at br = 0, ratio is given
by collinear PDFs
1 I L | | | ]
0.2 0.4 0.6 0.8 1.0
br [fm]

\( see talk by S.Mukherjee )7
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Drell
Yan

Phase space for processes with factorization
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The EIC impact at x=0.01

TMDa - <TMDa>

“lup mume || [ down mmme TMDe> T
N g MAPTMD24 2031

: EIC # pts. lumi [fb-1]
5x41 12735 s

~0.025 10x100 1611 51.3

0050 18x275 1648 10

—0.075

(simulation campaign of May 2024

- only T+ production)
0.0 0.2 04 0.6 0-8 1.0 1.2 %0 0.2 0.4 0.6 0.8 1.0 1.2
|kL|[GeV] |k.|[GeV]
0.20 o
. MAPTMD24 0.3 sea MAPTMD24
015 ANCI-UD g \ApTVD2L 4 BIC anti-down " MAPTMD2! MAPTMD21 + EIC
BN MAPTMD24 + EIC 04

0.2

0.10
0.2

0.05
0.1

=3

O\
? ( e\'\('(\\“

—0.05

- —0.4

o R Q=2GeV z=0.01
—0.10 77/,,/'/
—0.6
—0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
—0.15 Q=2GevV z=0.01 Q=2GeV z=0.01 |kL|[GeV]
—0.20 + —0.3 : )
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 02 04 0.6 08 10 1.2 L. Rossi, Ph.D. Thesis
|kL|[GeV] |k1|[GeV] o



The EIC impact at x=0.001

TMDa - <TMDa>
x=0.001

o100 | B MAPTMD24 dowr BN MAPTMD24 <TMDa>

0.075 up | EEE MAPTMD2{ + EIC s OWIL, s MAPTMD24 4 EIC

0.050 el MAPTMD24 2031

| EIC # pts. lumi [fb-1]

0.000 5x41 1273 2.85
oo 10x100 1611 51.3
om0 18x275 1648 10
“oors T e y (simulation campaign of May 2024

Q=2GeV x=0.001 Q=2GeV z=0.001 ;
00 [ — only T+ production)
0.0 0.2 0.4 |kL|([)éeV] 0.8 1.0 1.2 0.0 0.2 0.4 |kJ_|(Ec6;ev] 0.8 1.0 1.2
0.20 0.3 — 06 MAPTMD24
. MAPTMD24 Wsn.  EEE MAPTMD24 - 1D2:

o15{ ANGI-UD g\ pvp2s & FIC ANCi-AOWN) gy /P11 + EIC y (LR + FIC
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0.05 . (’(\'\(\a\ J

?(e\\

—0.10 — o h Q=2GeV z=0.001

| —0.2 // \ o h —0.6
—0.15 Q=2GeV z=0.001 Q; 2GeV  z = 0.001 e M e Gen

00 0z 04 | k“‘[’éev] 08 L0 12 00 02 04 | kl|[[]éeV] 08 10 12 L. Rossi, Ph.D. Thesis



Early Science Conditions

ep Luminosity for Phase-1

5GeV e x 250 GeV p 9.26 pb! 6.48 fb1 5 GeV e x 250 GeV p
10 GeV e x 250 GeV p 13.12 pb! 9.18 fb! 10 GeV e x 250 GeV p
5GeVex130 GeVp 6.3 pb 4.36 fb-1 5GeVex 130 GeV p
10 GeV e x 130 GeV p 7.6 pb 5.33 fb-! 10 GeV e x 130 GeV p

Compare to HERA integrated luminosity 1992 — 2007: 0.6 fb-'

Remember: S SGeaacEarosacaracas
high divergence: higher lumi, but reduced acceptance lllustration
for low forward particle pymn

low divergence: lower lumi, but increased acceptance
for low forward particle pymin

- important for exclusive processes

10

High-divergence

L[1033 cm2s])

pr™" [MeV/c]

6.81 pb-
8.8 pb-
5.8 pb-"
7.1 pb?

Highest L

4.78 fb
6.19 fb-1
4.1 fb!
4.95 b1

Electron-lon Collider
ePIC Collaboration Meeting, January 2025 E.C. Aschenauer & R. Ent



Early Science Conditions

ep Luminosity for Phase-1

5GeV e x 250 GeV p 9.26 pb! 6.48 fb1 5 GeV e x 250 GeV p 6.81 pb1 4.78 fb"

I 10 GeV e x 250 GeV p 13.12 pb- 9.18 fb- 10 GeV e x 250 GeV p 8.8 pb-" 6.19 fb-1

5 GeV e x 130 GeV p 6.3 pb 4.36 fb-1 5GeV e x 130 GeV p 5.8 pb1 4.1 fb
(10 GeV e x 130 GeV p 7.6 pb 5.33 fb-! 10 GeV e x 130 GeV p 7.1 pb? 4.95 fb-1 )

Compare to HERA integrated luminosity 1992 — 2007: 0.6 fb-'

Remember: B S e o AR
high divergence: higher lumi, but reduced acceptance lllustration
for low forward particle pymn

low divergence: lower lumi, but increased acceptance
for low forward particle pymin

- important for exclusive processes

Highest L
High-divergence s

0 44444444 YO S SO R O TR VO VO VO W VO S O VO VO o Vo v—"
100 200 300 400

pr™" [MeV/c]

Electron-lon Collider
ePIC Collaboration Meeting, January 2025 E.C. Aschenauer & R. Ent



EIC impact in Early Science Conditions

Impact of EIC 10 x 130, lumi = 5 fb~!

@® @ © © @@ ®©@ @ © @ ®@ @ ® ® Flavour index
o
i@ ©® © @ ® ©® ® @ © @ ® ® ®
>
S'l®@®©® ©®®®®©® 0 ® ® ® @ Uty rhein
@ 0:92
‘@@ @ @ @ @ ®@ @ @ @ @ @ ® ’
| ® @ @ @ @ @ @ @ @ @ @ @ ®
©®® © ® ® ® ® ® ©@ ©® ® ® ®
888888888888 ¢
103 102 101
X

For each (x,QQ2) bin:
O from MAPTMD24, max. uncertainty of fi4(x,kr;Q) over all kt and all flavors g

@® including EIC pseudodata, color code indicates the flavor with max. reduction

in uncertainty over all kr
78



EIC impact in Early Science Conditions

Impact of EIC 10 x 130, lumi = 5 fb~!

@ @ @ @ @ @ @ @ @ @ @ @ f@\ Flavour index
nie® ®© © © © ® ®©@ © © ® ® @|®
>
O 8 A
(@) Uncertainty reduction
5 @ ©@ © 0O @ @ ® © © @ ® @|@®@
‘l®e @ @@ @ @ ® @@ @ @ @|@®
1./ ® ®©® © @ @ @ @ @ © @ @ ®@|®
o0 2o 0o - 50% reduction on
2%8 8%%% 8%%%@ down at large x

For each (x,QQ2) bin:
O from MAPTMD24, max. uncertainty of fi4(x,kr;Q) over all kt and all flavors g

@® including EIC pseudodata, color code indicates the flavor with max. reduction

in uncertainty over all kr
78



The EIC impact with 10x130 at x=0.16

MAPTMD24 2031 MDA - <TMDa>
EIC #pts.  lumi [fb-1] x=0.16, Q=1.77 GeV
10x130 B0 5 <TMDa>

(early Science conditions, only T+ production)

0.3

0.2 A

0.1 A

0.0

—0.1 1

_fld(JZ,ki,Q,Qz)—<_f1d(12,ki,Q,Q2)>
(fil(=,k%,Q,Q%))

—0.2 1

Q = 1.77 GeV r = 0.16

—0.3 T T i
0.0 0.2 0.8 1.0

|kL|[GeV]

courtesy L. Rossi
7
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- How polarization of quarks distorts their kr ?

- Do quarks with spin parallel to proton spin
have larger / smaller kt than those with spin

antiparallel ¢

Helicity TMD PDF

quark e o $

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

()




Double Spin Asymmetry

do” " —do” " +do"" —do™

Ax,z,|Pr|,0) =
1€ il O) do~”<+do>>+do "~ +do—<

importance of
consistency

Y.z %], dbtds (brl Pl / Z> gi(x, bf; Q) DMz, b Q) >

30 215 b o (brIPigl /2) Ficx, bE ©) Dtz b 0)

I=4,q

Accuracy | SIDIS |Drel-yan| N N[
points dep.
MAPTMD22pol
Bacchetta et al. (MAP) NNLL v ) 4 291 1.09 ) 4
PR.L. 134 (25) 121901
YLSZM

Yang et al. (TNT) NNLL v ) 4 253 0.74 X

PR.L. 134 (25) 121902




The MAPTMD22pol fit (in one slide)

Bacchetta et al. (MAP) P.R.L. 134 (25) 121901

TMD f; & D1 from MAPTMD?2?2
89(x, b3 s, £) = Evo|(up, &) — (ui £)| exp|gx(by) log(\/Zf/ Q)| gnp(x. by)
x Y, | Ca b €)@ gl )]

same Evo and gk from MAPTMD22; Cg up to NLO — NNLL max. pert. accuracy

Guti -R tal.,
g1(x,Mi) from NNPDFpol1.1 at NLO P-Et.lg;zzg(le;’)e;: a

YLSZM fit modifies gi(x,Mi) — breaking OPE formula!

— J'dkT g(x,Ky) # g,(x) even at NLL!



The MAPTMD22pol fit (in one slide)

Bacchetta et al. (MAP) P.R.L. 134 (25) 121901

TMD f; & D1 from MAPTMD?22

gcl](x’ b12~; K Cf) = Evo [(/,tf, Cf) < (¢ Cl)] EXp [gK(bT) log (\/zf/Qo)] gnp(x, by)
x Y, |Ca b ) @ gl )]

same Evo and gk from MAPTMD22; Cg up to NLO — NNLL max. pert. accuracy

Gutierrez-R i
g1(x,Mi) from NNPDFpol1.1 at NLO P-Et-l‘;r;zzg(le;’)e;jta

—k2 [ wy(x)

2y = fMAP22(,. 2 such that Jdk o=
gnp(X, kT) pr (x, kT) e /' T ENP

x-dep. width wi(x) such that always | g;| < f; ensure positivity
(not granted in YLSZM fit)

At Qo 18xKEQ) _ 180l ™MW
fi(x, k%; Qp) 100 kuorm®)




The MAPTMD22pol fit (in one slide)

Bacchetta et al. (MAP) P.R.L. 134 (25) 121901

TMD f; & D1 from MAPTMD?22
g’cl](X, b%; s, Gr) = Evo [(/,tf, Gl Cl)] EXp [gK(bT) log (\/zf/Qo)] gnp(x, by)
X Z [Cji(x, br pi» ) ® 81 (x, ﬂi)]
same Evo and gk from MAPTMD22; Cg up to NLO — NNLL max. pert. accuracy

Gutierrez-Reyes et al.,

g1(x, ) from NNPDFpol1.1 at NLO L i
e h that | dk I
2\ — £MAP22 2 such that anp =
gnp(X, kT) = NP (x, kT) J T 8NP
knorrn(x) /

x-dep. widthsuch that always | g;| < f; ensure positivity
w1 game kin. cuts as MAPTMD22:

fel ¥ parameters ) | only Hermes A; data survive,
exclude CLAS6 & Compass

Q? [GeV?
- (=2} o E

N =291 pts. x?/N=1.09

.3
X

Airapetian et al. (Hermes), P.R. D99 (19) 112001



MAPTMD22pol Helicity TMD PDF

—02r @ = 2GeV

T = 0.04

x = 0.08

T = 0.16

—1R

x = 0.32

0.0 0.2 0.4 0.6

kr (GeV)

0.8

1.0

1.0
Q =1GeV Q =1GeV Q =1GeV
— 0.05 —0.1 N —0.3
—| NN
SIS ——\
N:|N_|0 6 - \\‘%‘;;tii\\\
= (= ) A
B804 N \
Sl e =~
e T T A\
#00 025 050 0.75 0.00 0.25 0.0 0.75 0.00 025 050 0.75
k1| [GeV] |kL| [GeV] k1| [GeV

]
Bacchetta et al. (MAP),
P.R.L. 134 (25) 121901

MAPTMD22pol

YLSZM

Yang et al.,
P.R.L. 134 (25) 121902



MAPTMD22pol Helicity TMD PDF

p =1/ =162 GeV
\( see talk by S.Mukherjee )7

input from lattice oo
8A flv V(xa bT;ﬂ, C)

Bollweg et al., arXiv:2505.18430

2.0F | Locp E o ¢ A
MAP-Heli

1.5¢

il

1.0f 4§ 4§

0.2 0.4 0.6 0.8 1.0




MAPTMD22pol Helicity TMD PDF

p =1/ =162 GeV

\( see talk by S.Mukherjee )7
S —
Bollweg et al., arXiv:2505.18430

input from lattice oo
8A flv V(xa bT;ﬂ, C)

compatibility for x=0.2, 0.6
partial “  for x=0.3, 0.4

TE 02 03 04 06
. LQCD H o ¢ A ‘
MAP-Heli T =
 §
= ﬁ
=[ 15 ;fl ‘ 4
ﬁ .
e P
S|
~ T ©
S 3
Il == 1l
>

X
[Em—
()
T T
[
X

0.2 0.4 0.6 0.8 1.0
br [fm]




MAPTMD22pol Helicity TMD PDF

p =1/ =162 GeV

\( see talk by S.Mukherjee )7
R —
Bollweg et al., arXiv:2505.18430

input from lattice

8A f{tv_dv(xa bTa H, C)

compatibility for x=0.2, 0.6
partial “  for x=0.3, 0.4

X 02 03 04 06
2.0r| Locp E o ¢ A ‘
MAP-Heli T =
Al 2
(= »
e
|
=
S
: ]
nS |
at br = 0, ratio is given 0.2 0.4 0.6 0.8 1.0

by collinear PDFs br [fm]




The Sivers TMD PDF

° $
,-&\00 quark ° °
&
A -
O Quark polarization
Q Unpolarized Longitudinally Polarized Transversely Polarized Bacchetta et al.,
nucleon (L) PL. B827 (22) 136961,
- arXiv:2004.14278
¢ u fi= (2 ) - (
. . )/
©—> L g1 = (= - (== 4 &J : ;
T 1| B
t 0 Yoo s [m=0 -
T |fir=0 - 9T = o - = Sy
O v L
T — (A - ) >k,
A ;’}kT P+
1 k, xS, -P
SP= i~ fr——T— @y St kixP
S,

Sivers effect: how the momentum distribution of quarks is distorted
by the transverse polarization of parent nucleon

(“spin-orbit” correlation) Burkardt, P.R. D66 (2002) 114005;
N.P. A735 (2004) 185

: an it 3
Sivers [, — indirect access to quark orbital angular momentum . < Radiel PR 107 (2011) 212001
Jietal., N.P. B652 (2003) 383
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Most recent Sivers extractions

Framework | SIDIS | DY o o\é\gfti 0 fg\\;lv?erf p[\(l).i r?tfs x2/N
arXi:J/:Azhc/l)ozzo.ggss4 pga?tr;erﬁw”éedda g = v X il 1.04
e oL | v v v X 25 1.08
B fNlowelL | v (v | v X | 226/452 0.99 /1.45
arxS:Fz)\(;fzo.ggms G v v v X 76 0.88
arXiv:2103.03270 | Prescription '
s o v (x| x| v | o2ss [
arXiL\J/:Azl\gozsgggggg pga?tr;enr?lriéedde| v v X 255 7 (0]
af)%r\? :iazg%aﬁigezrs p%?tﬁﬂéedda v v X X 732 1.660

lower accuracy and less data w.r.t. unpolarized TMD

SIDIS / +STAR

SIDIS +
reweighting

+ ANT data



Most recent Sivers extractions

W/Z

forward

N. of

Framework | SIDIS | DY production | EM jet points x?/N
arXi:J/:Azhc/l)ozzo.ggss4 pga?tr;erﬁw”éedda g = v X il 1.04
arXivF:);/o%a?? so78 | LONLL [ ¢ [ &/ v X 25 1.08
B fNlowelL | v (v | v X | 226/452 0.99 /1.45
arxS:Fz)\(;fzo.ggms G v v v X 76 0.88
arXiv:2103.03270 | Prescription '
s o v (x| x| v | o2ss [
arXiL\J/:Azl\gozgggggg pg;tr;enr?lriéedda v v X 255 7 (0]
af)%r\? :iazg%aﬁigezrs p%?tﬁﬂéedda v v X X 732 1.66

first using Neural Networks, but limited analysis:

- parton model => no TMD evolution
- no consistent knowledge of unpolarized TMD in
denominator of spin asymmetry

SIDIS / +STAR

SIDIS +
reweighting

+ ANT data



Most recent Sivers extractions

first kT-moment ILT(I)(x)

fé\ 0.02 === Echevarria et al ‘20
& 0.00 — = 0.06
2. —0.02 > 0.04
_|qE—0.04 B —+= Anselmino et al ‘17 0.02
8 _0.06 F .u . Bacc:hetta, etlal ‘21 0.00 - | | . :
0.2 0.4 0.6 0.8 & 0.2 0.4 0.6 0.8 &

all parametrizations are in fair agreement for x-dependence of valence flavors

0.01 ’

PV 2020

0.06

kr-dependence is still much unconstrained

0.04

0.02

sea-quarks ~ O(10-3) smaller, large errors

. = PV 2020
= lmpaCt Of EIC ~0.06 E " mm
0.01 '
’é\ Bacchetta et al., PL. B827 (22) 136961 arXiv:2004.14278
E& 0.00 —
4o a=d
8

~0.01 e
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—0.8

E ptp o> W@ {s=510GeV

- Liy=350 pb’! - inary

- preli®

- o,

E +

E M

E L. Adamczyk et al. (STAR), PRL 116 (2016) 132301

E Bury, Prokudin, Viadimirov, PRL 126 (2021) 112002

Bl iastiwalosnliwes) svedowslises lsecal
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yW.rcco

Sign change puzzle

n=p

T Drell-Yan

spin asymmetry

AT ~

fl it ®flTp

© COMPASS preliminary

Aghasyan etal, PR.L. 119 (17) 112002

¢/ reliminar;
OMP, rell-Yan, NH,

sm(

sign change

\_,_,

L JHEP 02(2021)166

L — LFCQM

L - SPM .
== JAM20

| --- Torino no s'gn change

4x1072 107! 2x10™!

<z ZSTAR preliminary p+p 510 GeV (L = 340 pb™) p pT _) W+X

0.5 < PE <10 GeVie 7gﬁ

0.3 0

02- 2020 p — Z0+X

0.1 i

ks : PV-2020 AN~ fi, ®fit,
02 HZorT Adamczyk et al., PR.L. 116 (16) 132301

03"
04

[ arxiv:2103.03270
[ arxiv:2004.14278

still not enough to confirm sign change
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1.4% beam pol. uncertainty not shown
(S I [ I B L1
15 1 05 0 05 1 15 : BPV 2020
v ot 0.88 1.00
0.10f e
| o
0.08F 1 2
: O Xfox « + fims
# 006fF : L 0x..,
DY = “Jsms
0.04} :
0.02f : T~ 1
1 [ —
1 - - 4
70 80 90 100 110
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Transversity

\
\’3’( Quark polarization

Longitudinally Polarized Transversely Polarized

nucleon

@
O»
4
@

- transversity is the prototype of chiral-odd structures

- the only chiral-odd structure that survives in collinear kinematics
1

- only way to determine the tensor charge %0 = [ dx hi7(x, 0?)
0



Most recent extractions

Framework e+e- SIDIS Drell-Yan An Lattice
P RA.rggelzm(i;1 3)21211%23 SESTIIMIOREl v v X X
P.eragg;(t%.) %211%09 TMD / CSS 4 v X X
P.R.LL.iqzeéa(ﬂi 82)011582502 DonImose o v X v g

T e R R R
PR. Dk1JAo|;/|?2Do_)2 854002 gefien gdel v v v X
PR. Dk1JAole\;/|C())2D2_)‘2 e pRilonimose A v v v g
BF?I?.”OBn:Sit (6;4)2?227(52) SEIION (100 v v rewe?;hting X

Dihadron mechanism Unpege;joo e+e- asymmetry SIDIS p-p collisions Lattice

Radici & Bacchetta 2018

P.R.L. 120 (18) 192001 PYTHIA (separately) | ' (separately) v v X
Benel et al. 2020
E.P.J. C80 (20) 5 PYTHIA (separately) | ¢ (separately) v X X
JAMDIFF 2024

PR.L. 132 (24) 091901 A v v v v u, 6d




JAMDIFF (no LQCD) . o Wl 0.0
0.4fJAM3D* (no LQCD) v xhy® 1 ™
0.3/ Radici, Bacchetta (2018)

1—0.05¢

0.2}
0.1} D 010 :
. > ....,\‘::A —0.15F

1 L !

102 01 03 05 0. 10-2 01 03 05 07

: - = D. Pitonyak, QCD Evolution 24
*JAM3D includes it = —d w.r.t. JAM22

consistency of phenomenological extractions from a variety of
exp. data with different approaches
(provided that no LQCD points are included in the fit)
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Pheno - lattice : tensor charge
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Pheno - lattice : tensor charge
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List of latest extractions

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized
(V)] (L) (m
U fi= hi= 1) - (1| Boer-Mulders
- (D . hi = (- () 1o
L g1 = [eom = == | L = 2 / Kotzinian-Mulders
[} [}
h — /l ‘ _ \\‘
4 g p 1= (4 W,
T flJ_T:(‘)‘ - (| 9NT = () - ) h
f i — KN A
1T = /)~ “J  pretzelosity
worm gear
Boer-Mulders arXiv:2004.02117, arXiv:2407.06277
Worm-gear g1T arXiv:2110.10253, arXiv:2210.07268

(Kotzinian-Mulders) \Worm-gear hiL

Pretzelosity arXiv:1411.0580

courtesy A. Bacchetta

not mentioned pion TMDs, TMD fragmentation functions, nuclear TMDs



Summary

k. TMD PDFs (x, k1; Q2?) at leading twist
X p . for a spin-1/2 hadron (Nucleon)
S $
1 quark e —
X
O\ Quark polarization
nomenclature
Unpolarized Longitudinally Polarized Transversely Polarized
(V) (L)
C U fi=( hi= 1 - (L unpolarized Boer-Mulders
@ ) g1 = (== - (== | hiy = (7=~ (= helicity Kotzinian-Mulders
/i\ '1\ A
* N s o s hi = O transversity
“/*\“ T f 1T — '/,,:‘ - ‘\;\ giT = ‘i:j‘ - ) A A
I hir =(» - (¢| pretzelocity
Sivers worm gear

* very good knowledge of x-dependence of f; and g,
» good knowledge of kr-dependence of f;

« fair knowledge of x-dependence of /1; and kr-moments offllT

 some hints about all others



for discussion
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e shouldn’t we look at
T e e [ TMDs in kr space ??

B ART25 5 MAP24 |
£ MAP22

Qo @b . Iy 20 25 - 30 &b
b(GeV )

- ratios f1(u)/f1(d) and gi/f1 at br=0 should reproduce
the ratio of corresponding collinear PDFs...

N o e P2
- what are the limits of TMD factorization ¢ = = G=— < 0*?
% Z
< ety

\\\\\\
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- has the tension between phenomenology and 7
I 0.1 L 340
lattice tensor charge been really solved ? R
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