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Transverse Momentum Distributions: TMD PDF
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Spin and guark motion correlation

Open issues

spin budget of hadrons
missing contributions from elementary constituents
not yet quantified

SSAs in hadron reactions

- not vanishing as expected with increasing energy
- correlation with parton dynamics

purpose-built
playground

Effect of polarization on nucleon
internal structure density

polarized TMDs and anomalous magnetic moment




Phenomenology of polarized TMDs

= presence of a non-zero Sivers function f. induces a dipole deformation of f,

x £1(x, k, S7)
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Extraction of Sivers Function

Determined through its contributions to

the cross section of polarized SIDIS (and DY)

transverse polarization

azymuthal angle of the
polarization vector

azymuthal angle of
the produced hadron



Extraction of Sivers Function

azimuthal angle of
the polarization vector

azimuthal angle of
the produced hadron

Determined through its contributions
to the cross section of polarized SIDIS

LO - NLL
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Parametrization of Sivers function

Sivers function parametrized in terms of its first moment

fllT(x’ ki) J J_(l)(x)fllTNP(x’ ki)

At NLL proportional to the Qiu-Sterman (ETQS) quark-gluon correlator

k# 1
) = szkT Ve =[50 k) = = a7 [F06 )



Parametrization of Sivers function

Sivers function parametrized in terms of its first moment

fIJ_T(x’ ki) J L(l)(x)fllTNP(X’ ki)

Its nonperturbative part is arbitrary, but constrained by the positivity bound.
1 (1 +Agk})
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flTNP(x ki D)=

following the definition to the nonperturbative part of the unpolarized TMD distribution
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Parametrization of Sivers function

Sivers function parametrized in terms of its first moment

firCe kD) = f_jgl)(x)fllTNP(x’ kD)

_1,2 2
firnp, k) = e f np(x, kD) As» M,

following the definition to the nonperturbative part of the unpolarized TMD distribution

2 2 2
k1 k1 k1

fine, b))  FTof | e+l e i+l e c

from MAP22 TMD extraction



Parametrization of Sivers function

Sivers function parametrized in terms of its first moment

flJ_T(x’ ki) J J_(l)(x)flTNP(x ki)

Its nonperturbative part is arbitrary, but constrained by the positivity bound.

1 (1 +AgkD)
Fron(x, k?) =
UNPE22 T 2Ky (MR + AMY)

/ normalization factor
k2

to guarantee that _ ) 1 .
Kf the weighted Kf = Id ki M2 flTNP
integral is unitary

—k1IM} 2
e M f np(x, kD)

10



Parametrization of Sivers function

normalization
(INg;i,| < 1)

/

/

T,(x) Chebyshev polynomials

LD(y) = Nsiv_ x%(1 — x)Pa(1 + A, Ty(x) + B,T,(x)) f(x, 0%

= G4,

N

maximum value of the
x polynomial function

Free parameters Ng ,a,,f3,,A,, B,

Flavor dependent: distinct for up, down, sea

Positivity bound

[k

2
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2M?

k2
fir(x, k%)] < 4—A;2f%(x,k%)
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Evolution of Sivers function first moment

evolved Sivers function first moment

At NLL we approximate its evolution,
through OPE, to DGLAP

frVacx, b2 0?) =
Z oy ®f1 (x, E*;Mb) S(E*’:ub’ )egK(bT) ln<ﬂ/ﬂ0>f1}2; (x b )
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Evolution of Sivers function first moment

evolved Sivers function first moment

fJ_(l)a(x b2, Q2) — nonperturTbI\zjlgve part of

b*, , b | 1 (1
_ Z y ®f1 X, b*al’tb Hps 1 egK i n<ﬂ/ﬂ0)f17(7\31631 (x, bT)

(Wilson
Coefficient) (Sudakov
form factor)
collinear PDF
nonperturbative part

PQCD of evolution

8> taken from MAP22 TMD extraction
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Evolution of Sivers function first moment

A

~1l}1)a(x, b2 0% = 2 (Ca/i ®f{) (x, E*;/“‘b) oS (Bsi iy 1) o8k (br) ln(M/ﬂo)fi‘;}J; (x, bT)

i

The renormalization group evolution of TMDs is encoded in the Sudakov form factor S.
Here the resummation of large logarithm contributions is performed at NLL

/xlb = 2e_yE/bT

at large bT: TMD evolution runs into a nonperturbative region and becomes unreliable.

cured by bs«-prescription

_b%/ br?lin

1 _b;&/b4 % bbmax = 2€_yE GCV_I
—e max
l—e

b* (bT> = bbmax <

b . =2e"/Q
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Evolution of Sivers function first moment

ENIE

1 - e_b;/bélax bbmax =2e7TE GCV_l
b. (bT) = bbmax 1 — e_b%/briin //lb = 2€_yE/bT
b =2e7E/Q

at large b, the function b.(b;) saturates to b,,,, , u, frozen at 1 GeV.
the perturbative contributions to the TMD merge into the nonperturbative region

At small by, the TMD formalism is not valid and must match onto the fixed-order formalism.

limy, o FHD (.53 0%) = [dkyoot fi (x, k3 02) = fis™ (x: 0?)

Approximation at NLL: the first moment is evolved with collinear evolution
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Starting point: PV20Sivers Polarized TMDs

125 data points from SIDIS, DY LO-NLL )(2 1.12
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TMDs
PV20Sivers

polarized
filxky s Q%) — fir(x. ky; Q%)
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Updated Sivers extraction

Additional data =
¢ - SIDIS
Multidimensional
[JHEP12(2020)010] X, P, Z
2022 SIDIS
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2015-2018 DY
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0.00<P,, [GeV]<0.23 0.23<P,, [GeV]<0.36 0.36 <P, [GeV]<0.54 0.54<P, [GeV]<2.00

X

N

02 + — = =
T E
0.1 |~ = ‘ ek =
0.1 = = =
02 —E —E —E
02 | - _ _
0.1 . = + 0 =of = E*
o_t—:ﬂ____k%_____b __________ R EEREEEE
o1f ! 3 - 2
-0.2 — = - =
0 0.2 0 0.2 0 0.2 0 0.2
X
COMPASS Drell-Yan
02 DY|
curves based on:
JHEP 02(2021)166
01 02 03
18

>020

820>2

z>82°0

180>



Updated Sivers extraction
included datasets

:" -
témifs
2020

[JHEP12(2020)010]

SIDIS

target: proton [H]

final state hadron

at,n K", K~

250 data points

2009 t: deuteron [¢LID]
2017 t:Proton [NH3]
2022 t: deuteron [¢LID]

[PLB673,127(2009)]

[PLB770,138(2017)] fs.h

[PRL133] h"" h™

98 data points

Jefferson Lab

DY

W-Z production

2016 STAR

[PRL107,072003(2011)] [PRL116.132301(2016)]

-2

7 data points

t: neutron [3He]
6 data points

2015-2018 ;

pion-induced DY
t: Proton [NHj3]

3 data points

[PRL133]

Total number of data

364
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Updated Sivers extraction

W
Additional data %‘4%

2020
[JHEP12(2020)010]

More accurate unpolarized TMDs
for a self-consistent global extraction

[PRL133]

MAPTMD22

pionMAPTMD

2022

2015-2018

[JHEP10(2022)127]

[PRD.107.014014]
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Updated Sivers extraction

W
Additional data %‘4%

2020
[JHEP12(2020)010]

Accurate unpolarized TMDs

Revised fitting framework

MAPTMD22

[JHEP10(2022)127]

NangaParbat

2022
2015-2018
[PRL133]
pionMAPTMD

[PRD.107.014014]
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Pion TMD extraction: MAP22Pion

accuracy
NSLL

[PRD 107 (2023) 1, 014014]

daDY

~Q 5 a 2
dqr|dyd0 o d|bT||bT|JO(|QT||bT|{flw(mA,bTaNa CA)Iflp(«’BB,bT,u, gBj
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Total number of data 364 _____Global x* distribution ___

16 | X2—f
14} 2 S — :
global fit from <x >=109"
« semi-inclusive DIS, Z10] ]
» pion-induced Drell-Yan % s} Bootstrap method: -
« W-Z boson production 6 200replicas 4
4| .
2 b .

0 I P T U B H R SR

1.08 1.10 1.12 1.14 1.16

Accuracy: NLL-LO X
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Selected results: Compass 2009

SIDIS D — z*
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Selected results: Compass 2017 ht
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Selected results;: COMPASS 2022
SIDIS D —h* u beam
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Selected results: COMPASS DY 2015
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Selected results: HERMES 2020
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Selected results: HERMES 2020
HERMES p — K+

Mrf: (CB, Zy |PhT|7 Qz)
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Results on
Sivers TMD
first moment

down quark

(z,Q, Q%)
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Results on

Sivers TMD 0.01
first moment 0.00
__—0.01
S _o.02
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up quark ® 0.03
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Results on
Sivers TMD
first moment

sea quark
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Testing evolution frameworks: EKT

M.G. Echevarria, Z-B. Kang, J. Terry

At large x, transverse spin dynamics leads to a modification
to the

. . standard quark to quark
q<—q (x) = —q NC o(l — x) splitting kernel for unpolarized PDFs,

1 + x2 3 ]

P,y (x) = [(1 . + 55(1 — X)

> Modified evolution applied to the Sivers first moment
> Kept the standard DGLAP evolution for collinear PDFs

Changes to splitting functions in apfel++ -



Testing evolution frameworks: comparison

0.07 first moment Sivers distribution 0.07 first moment Sivers distribution
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Conclusions

® Updated MAP global extraction of Sivers function with a fully consistent
TMD framework, connecting different datasets, energies, processes

® New data from COMPASS, Hermes, STAR help explore new
phenomenological aspects of polarized TMDs (multi dim., DY)

® New datasets confirm previous works, allowing more flexibility
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