A recent global extraction of TMD distributions

ART25
Valentin Moos (NYCU)
with I. Scimemi, A. Vladimirov, P. Zurita
based on: [2503.11201]

PDFs in EIC era Academia Sinica, June 2025

Valentin Moos ART25 1/36


https://arxiv.org/abs/2503.11201.pdf

Evolution of Extractions

DY DY+SIDIS
+SIDIS (FFs)

flavour dependent ansatz

improved uncertainty progression
more perturbative precision

more high-energy DY data

+SIDIS (FFs)

N4LO
tune model

Valentin Moos 2 /36




Transverse Scale I: SIDIS

Semi-inclusive DIS specifies the struck quark’s final state.
Requires knowlegde of 2 hadronic functions

I(k) + N(P) — I'(K') + h(pn) + X

l/
Describe process with:

» PDF f(z)
7" » FFs d(z) ~ probability
l for struck quark f to

hadronize into state of
}X energy Ej,

qr:q L (P, q)

time
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Transverse Scale I: SIDIS

Semi-inclusive DIS specifies the struck quark’s final state.
Requires knowlegde of 2 hadronic functions

I(k) + N(P) — I'(K') + h(pn) + X

I Kinematics in SIDIS
g=k—F
,y*
, Q*=—¢
2
IrB = Q
}X 2P-q
L P py
P-q

time
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Transverse Scale II: DY

A clean process:

ha+hg — e +e +X

ha

hp

time
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Transverse Scale II: DY

A clean process:

ha+hg — e +e +X

X
et
ha q
-, » only PDFs involved
» measure final state lepton pair
hp _ > qr:q L (Pa, Pp)
x ¢

time
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Transverse Scale II: DY

A clean process:

ha+hg — e +e +X

Kinematics in DY

ha

)
hp )
X e o = [ B ot

time
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TMD regime: in a nutshell (or two)

examine events in which the scale A\ = %T is small

[The field modes can be separated (Power counting) and ordered]

Phe = Q(]-u)‘Q,)‘)
rm=Q (A%, 1,))

[and the effective current determined]
(determines which dirac structures contribute!)
(state of the art extractions still in LP factorisation!)

JH(2)J7(0) = &, (21 + b &a(24T + b)Em(0)71€n(0) + . ..

Valentin Moos 7/ 36




TMD regime: in a nutshell (or two)

f(z,b/kr)

.

factorisation: separate high energy modes from slow modes [y]

-

f(@, b/kr; pr)

.

in TMD case:
require additional factorisation scale [(] to disentangle b and @

f(z,b/kr;pr, Q)
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TMD DY cross-section (v*)

do _ 2magn(Q)
dQ*dydqy. — 3NesQ? ( 2@2) ZCDY Q. 1r)

0o Q4) —D(b,ur)
X /(; db bJ()(qu) (Cl(

X frp(@, b; wr, Gy 7(22, b pr, C2)

Phenomenology:
what you HAVE to do: model

» fi(z,b) at reference scale (ur, (;)
» D(b, pr)
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Evolution equations

= —VF(/;’ Of(m, b; 11, Q)

1 evolution is perturbative v/
¢ evolution is not:
Parametrisation Collins-Soper kernel (D)

D(b, i) = Dsman-n(b*, i) +Dnp(b)
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Form of TMDPDF

Parametrisation of TMDPDF:

r

1
fr(z,b) :/ Y Z Cr—yp(y, L, as) gy ( )pr(I b)
T Iz

lim £, =1
bl_{%pr(x) b)

Phenomenology:
what you CAN do:
use boundary condition for TMDs & PDFs
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Scale dependence of TMDs: in a plane

d )
MQd—“zf(fCa b; 1, C) = w% C)f(ﬂﬁ, b; 1, €)
d
Cd_cf(za b; Ky C) = _D(b7 M)f(xy b; H, C)
ATIERNRES

To evolve (1,¢) — (@, @*)
» define TMDPDF at saddle point

102 L

Z[GeVY]

10 | .
» evolve in p

» evolve in (

1 10 107
i [GeV?]
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TMD DY cross-section (v*)

do 27Tagm(Q) q2
dQ2dydqy. ~ 3N.sQ? (1 30 )Ef: Coy (@)

> pup=Q
> fi(z,b) at saddle point scale (1(b),((b))
» decouple PDF and evolution

Valentin Moos 13 /36



Evolution of Extractions

DY DY+SIDIS
+SIDIS (FFs)

flavour dependent ansatz

improved uncertainty progression
more perturbative precision

more high-energy DY data

+SIDIS (FFs)

N4LO
tune model

Valentin Moos 14 /36




Perturbative input
"Quark and gluon form factors in

four-loop QCD” [2202.04660]
I Sl Q%

ferYes)

Quark Rapidity Anomalous Dimension
T Rapidity anomalous dimension at
N N4LL [2205.02242]

B — = Dpert(b; 11)
ay(mz) = 0.118
ey T

Splitting functions at N3LL
[1908.03831]
= Cyp(y, toPE)
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Kinematic range of included data, datasets

i "™ Features:
o ibasom, “  p large range of resolution
scale: 1 GeV — 1 TeV
I " » W production in DY
3l ™ » %T < 0.25 imposed cut
<
E605
I 2\ | » More high-energy DY:
O PHENIX H H L] SV19 457 + H&2
s isarit e SN e« ART25: 627 + 552
gl‘]{)ls gg; COMPASS
L Total 1209 data points HERMES .

104 107 1072 107! 1

Valentin Moos 16 / 36



Parametrisation: SV19

PDF flép(x, b) = exp (—

(AT + Aoz + A32T) b2)

V14 Agzs b2

(mz+mz) b2

FF o (2,b) =exp | — —
r N Virme

(1

+774?

)

RAD Dmodel(ba N) = Dresum(,uy b*) + bb*

fI(IP(z, b) ~ e for b>1
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CS kernel

Parametrisation of TMD Evolution:

Body
D(ba :u’) = Dsmall—b(b*a #*) ol / _'Lfrcusp<,ul) + DNP(b)
M*
» Ansatz for NP part: » log term brings sensitivity to

moderate b region, determined

Dup(b) = cobb™ + c1bb* In (_Bb > by high energy DY data!
NP

» 3 parameters for TMDPDF
scale evolution

Valentin Moos 18 /36



TMDPDF model: ART23/5
Parametrisation of TMDPDF:

flép(x, b) = cosh™! (()\’I(l —z)’s Aéx) b>
fe {u,ﬁ, d,d, sea}

ART23 ART25

[ A3 =1 EDY

10 indep. parameters for PDFs

[ fo(z,b) ~ e for b>1
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TMDFF model: ART25
Parametrisation of TMDFF:

b b?
b=t () (14
he {r* K}
fe {U,E,ﬂ, sea} for h=n"

10 indep. parameters for FFs

dll(z,b) ~ e for b>1
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Extracted function: CS kernel

e LPC22 v ASWZ24
+  SSSV23at w =  BGMZ24
— ART25 — ART23
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Extracted function: TMDPDF
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Extracted function: TMDPDF

2203 Q=10GV dquark |7+ 2=03 Q=10GV dquak |7

BE ART25 B MAP24 B ART25 5 MAP24
B oMmap22 ] o MAP22

=03 Q=10CeV s-quark |7

B ART25 B MAP24 -
= MAP22 -

Di(z,b)
Dy(z,b)
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Extracted function: TMDPDF
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5 2=03 Q=10GeV d-quark | K+ 5 2=03 Q=10GeV d-quark | K+ =03 Q=10GeV s-quark | KT
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Problem I: Uncertainty processing fit
replica of data + replica of PDF & TMDPDF replica

ensemble of replicas average value and 68% CI

2sF " " ' F " ' e

b d Vi o= 13C$:\]/ i?i V=1 %C'rr):\% Vs = 1.951?:3
1)

do/dqr [pb/GeV]
b
I 2

doldgr [pb/GeV]

T — -
% im el T i
R TR ikid
;; 091 ff g 091 i { }
% 14 2‘1 ; 1‘4 2‘1 7 14 21 28 7 14 21 28
qr[GeV] gr [GeV] qr (GeV] qr(GeV]
0.6
3? =
§ A
= < 04
M D
> 2
<2 =02
8 &

b[GeV] ™!
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Problem I: collinear PDF choice

B HERAZ20 W MSHT20 m T8 B NNPDF3.1 m SV19

T T T T T T
14r u-quark ' b=1./GeV fji14

Sy

; 1. Param. | MSHT20 | HERA2.0 | NNPDF3.1 | CT18
i) kY 0.12 0.11 0.28 0.05
s 0.8 Ky 0.32 8.15 2.58 0.9
- » obtained parameters
- stronly depend on PDF
" » collinear PDF is base
s layer of TMDPDF
j: » we choose MSHT20 as
- the strongest candidate
. in JHEP 10 (2022) 118
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Problem I: Consistency and Limitations
Effect of collinear PDF on the extraction:

MSHT20PDF

X/ Np = 100232

» impact of PDF is significant!

» cven CS kernel is affected at
moderate b

» additional, systematic
uncertainty: estimate?

» Solution(?):
independent TMDPDF fit w.o.
constraint due to PDF

» at this precision core hours
become a problem.

i gy )

Extractions using MSHT20 and
NNPDF3.1
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Problem II: fixed target DY (&Pion induced DY)

Table of x? results

for

DY data

Experiment ‘ Onorm ‘ Xz/Npt ‘ sys. shift ‘ #dat ‘

do/dgpdzy [nb/GeV ]

Also for pi-DY
(Q ~ 10 GeV, fixed target)
predictions without shift

E228-200 25% | 0.547 20% 43
E228-300 25% | 0.683 26 % 53
E228-400 25% | 1.241 29 % 79
E772 10% | 1.233 20 % 35 =
E605 - 15% | 0.357 38 % 35 3
PHE200 12% | 0.386 5% 3 2
Al3-norm 0% | 1.274 0% 5 i

Origin: Higher Twist corrections?

el el
05 10 15 20 25 30 35 05 10 15 20 25 3.0 35
qr [GeV] qr [GeV]
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What do I want from the EIC

» SIDIS data ~ Q > 1

» access polarised distributions

Valentin Moos



Kinematic range of included data, datasets

i "™ Features:
o ibasom, “  p large range of resolution
scale: 1 GeV — 1 TeV
I " » W production in DY
3l ™ » %T < 0.25 imposed cut
<
E605
I 2\ | » More high-energy DY:
O PHENIX H H L] SV19 457 + H&2
s isarit e SN e« ART25: 627 + 552
gl‘]{)ls gg; COMPASS
L Total 1209 data points HERMES .

104 107 1072 107! 1
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8 TMD distributions

quark polarization

q
N v L r Parametrised forms of TMDs

include 8 functions.

Polarisation of quark
~ spinor operator (I")

Polarisation of hadron

@1@ . S ~ exterior state

Nulceon polarization
h
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