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Hadron is a 3D object

Complete information about
motion of partons within nucleon
is encoded in the Wigner distribution .
Wz, ky,r1) .
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Hadron is a 3D object

Complete information about Transverse Mome.nh{m D.ependent
(TMD) distribution

motion of partons within nucleon
is encoded in the Wigner distribution
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Hadron is a 3D object

Transverse Momentum Dependent

Complete information about e
(TMD) distribution

motion of partons within nucleon
is encoded in the Wigner distribution
Wiz, ky,r1)
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Wigner distribution
GTMD(:ZI kJ_,TJ_)

/di dk,.

i

[ 22(k1) ] [ PDF(z) ] [ FF(ry) ]

spin, charge, total momentum, mass, tensor charge, ...
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; r
TMD! (2, b) = / dre~ " PT (P, S|g(An + b)[infinite staple link] Zq(0)| P, S)

» The gauge link is along light-cone
» Type and properties of TMD depend on I’
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There are 8 TMD distributions
each parametrizes a particular relation between spin, momentum and orbital
momentum
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There are 8 TMD distributions
each parametrizes a particular relation between spin, momentum and orbital
momentum

Quark Polarization

Unpolarized | Lengitudinally Polarized Transversely Polarized
()] L (m
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Unpolarized Boer-Mulders
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Nucleon Polarization

Only a few distributions have 1D analog
Rest are due to non-zero OAM
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To get tomographic picture of nucleon one must combine several distributions

k
Pgc it (@ kr) = f(z,pr) = T fitn (@, br)

10,

35%0-quark

u-qudk

kr,(GeV)
kry (GeV)

00 .5 10
kr2(GeV)

Tomography state-of-the-art [M.Bury, A.Prokudin, AV, Dec. 2020]

» Global fit of ~ 20 experiments
» Multiple processes: p+p — v/Z, p+pt = ~v/Z, p+m =y, p+v = h, ...
» N2LO perturbative accuracy: N2LO evolution, N2LO perturbative matching, ...

This picture is already outdated, due to the recent progress...
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TMD factorization theorem

2
2 (:—"Qe“bmo (9) F(a1,bi 1, O F (w2, bi 1, C)
I

)

SIDIS M SIA

h2

:KT h2

Main scales:
The invariant mass of photon: |¢%| = Q2
Transverse component of photon momentum: qp

Q>N Q>qr
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TMD factorization theorem
do d?b i(b Q =
— =09 | ——e ar)|Cr (*) F(x1,b; p, C)F(x2,b; 1, ¢)
dar @) p ] |

|
N4LO
(for all structure functions)
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Evolution
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(for all distributions!)




TMD factorization theorem

do a2y Q —\ A\
— i(bgr) )
dar oo )2 e!\ar)C ( ) F(ml,b(u, C)F(mz,b(,u, ¢ |

N4LO _ : L _
(for all structure functions) i R il I
2 e KD Dl
L k) @ @ | Ak
o P e
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14 |
Double-scale evolution . o | D @ .;.,31
2
— InF =
W P |
d K(b) Evolution
— InF =-D(b)=—=
Cac ) == N‘LO
D=Collins-Soper kernel (for all distributions!)
nonperturbative
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TMD factorization theorem

do d2b

dar ") (2m)?

oo

do d2b

dgr ) (2m)?

Double-scale evolution

d
2 —
o d,uQmF = vF
d K(b)
— InF =-D(0b) = —=
(e ®) ==

D=Collins-Soper kernel
nonperturbative

=0 —__¢ilbar) o (9) F(x1,b;p, ) F(x2,b;p, Q)
I

:

= a0 [ S eitunc (%) RID)(b; 1) F 1, b) F (2, 5)
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light-cone

= 0fm

Ofm=

Perturbation theory

transverse
-
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Q
=}
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& ki
Ofm= 5
Perturbation theory
< 0.01fm
Perturbation theory
transverse
—t
D(br,4GeV)
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,'.ED = 0fm

Ofm= L

Perturbation theory
< 0.01fm
Perturbation theory
> 0.05fm
Non-Perturbative interaction with vacuum

transverse

—t

D(br, 4GeV)
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Collins-Soper kernel ~ Wilson loop

[AV,19]

g Tr J dB(O|Fyt (—A—n + bB) W |0)

Db, ) = A
1) 2 Tr(0[Wer |0)

+ Zp(n)

RSy

puig
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Relation to the static potential

In SVM the potential between two quark sources (confining potential)

V(b) =

Alexe

b
2/ dy(b—
Jo

[Brambilla, Vairo,hep-ph/9606344]

OO0
y)/ drA( r2+y /dyy/ drAq ( r2+y)

J0
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Quark Polarization
Unpolarized | Longitudinally Polarized Transversely Polarized
(O} (G M
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Nucleon Polarization

Sivers

Task: decorrelate 3 functions 2D+2D+1D

» Requires tonns of data (precise and at different energy)

» Requires a perfect understanding of the theory
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First extraction at
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[V.Moos, I.Scimemi, AV, P.Zurita, 2305.07473]

* data included for the first time

» ATLAS

» Z-boson at 8 (y-diff.)

» Z-boson at 13 TeV (0.1% prec.!)
» CMS

» Z-boson at 7 and 8 TeV

» Z-boson at 13 TeV (y-diff.)

» Z/v up to Q = 1000GeV
» LHCb

» Z-boson at 7 and 8 TeV

» Z-boson at 13 TeV (y-diff.)
» Further more:
Z-boson at Tevatron
W-boson at Tevatron
Z-boson at RHIC
DY at PHENIX
DY at FERMILAB (fix target)

YyVVYYVYY

627 data points

vs. 457 in SV19 S
vs. 484 in MAP22 R
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ART23
[V.Moos, I.Scimemi, AV, P.Zurita, 2305.07473]

z=10"* r=107"

uncertainty

@ Fup(,b) i
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 faep(,b) %
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09|
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Extra features of analyses:

» Flavor dependent NP-ansatz (first time!)

> 2 parameters per flavor
» u,d, u, d, rest

» New parametrization for Collins-Soper kernel (3 parameters)

» Consistent inclusion of the PDF uncertainty (first time!)

» artemide

Alexey Vladimirov September 20, 2023 15 /32



Collins-Soper kernel

081 Db, 2GeV)
0.6

[MAP22| [ART23

0.4r

0.2}

/ 1 2 3 4 5
-0.2§ b(GeV 1)

Very small uncertanties
(despite huge uncertanties in TMDPDF's)
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More accurate estimation of uncertainty
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More accurate estimation of uncertainty

12 u—qﬁark I I d—qliark I I (4uni+dd)/9 12
l.lx’/ 1.1
1. — == 1.
094/—\ 0.9
?.g ; . . _— I : mb=0.5/GeV ?.g
“I w—quark d—quark (s5+4cc+bb)/9 ’
1.1
1.
0.9
JEP b=0.5/GeVY|, ,
107" 10° 10 01 1.
X X

A

A

Alexey Vladimirov September 20, 2023 17 /32




Check sign-change

fi(SIDIS) = —fi (DY)

,
0.12f i
1
0.10f |
008f ,
O X = +foss
# 006}

2
B Xfoy = ~fomns
004}

0021

ffr]“(sea) — _flJi’(SGCL) Naive picture

X?/Npt = 0887088 vs. x?/Nps = 1.0070 22 :

sgss

Current data does not check sign-change!
If there would be DY at anti-proton...

IXEY




These are only few example of internal problems of TMD phenomenology
Normalization issues
Large-qr tail

>

>

» Strong model bias

» Lack of data for polarized TMD distributions
| 4

Lattice computations can help to resolve many of these issues
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[B.Musch, P.Hagler, J.Negele, A.Schafer,2011]

r
Wll(y) = (P, S|a(y)[stapie] 5a(0)| P, S)
Theory assumptions

» L>0b /4
» (vP) > A M
» (bv) =(bP)=0

TMD factorization

» {£,b} S {1,271} A~ M/(vP)

Alike hadron tensor with “instant”-to-light current
r
Wy P, 8,05 L) = (P, S| () 5 T (O) P, S)

Ji(y;v, L) = [oor +vL,vL + y][vL + y,ylq:i (y)
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[Ebert, Stewart, Zhao, 19]

[Ji, Liu, Liu, 19]
[A.Schafer, AV, 20]

TMD
+O(A[ !

b ¢
P bPH L L]
» Collinear modes (hadron)

WHI(6,6;8, P, L p) = Cul® 24, b: S, P, ) W(bi0, Li 1, )
» Standard TMD factorization (a la Drell-Yan hadron tensor)
» V-modes (for Wilson line)

“instant-jet”
tAqon )
» Soft moder (overlap)

Alexey Vladimirov




[Ebert, Stewart, Zhao, 19]
[Ji, Liu, Liu, 19]
[A.Schafer, AV, 20]

W, b, S, Pyv, L, p) = |Cp|? @1 (0,0; S, P, 11, ¢) W (b; v, Ls 11, )

TMD “instant-jet”

» Factorization theorem is confirmed at NNLO [O.del Rio, AV,23]
2
ICH|? =1+ asCp ( ~L242L -4+ E) + a2 (see [2304.14440]) + O(a3)

» Factorization theorem proven at LP, and NLP [S.Rodini, AV,22]
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Factorization theorem for leading-counting qTMDs

Wl (e, b, 8, P;v, L, p) = [C 2T (0,058, P, i, )W (b; v, L; 1, C)
M 1 b Y

— ———, —, —, LA
(P+7bP+7L7L7 QCD)

(¢ = (2(pv))*p?
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How to use it?

1. Direct usage

» Fourier transform to xz-space

» Function ¥ (“reduced soft factor”)
[Ji, NPB955(2020); Zhang, PRL125(2020); Li, PRL128(2022); Chu, 2302.09961]

from Qi-An Zhang talk at LaMet23 [hep-lat/2211.02340]

by =0.12fm = (1.64GeV) ™" by = 0.24fm = (0.82GeV)~"

by = 0.36fm = (0.55GeV) ™"

by = 0.6 fm = (0.33GeV) ™

xf (e, by, 1, 0)

This work

ART23 12305.07473
BHLSVZ22  JHEPI0(2022)
MAPTMD22  |2206.07598
SV19 JHEP06(2020)

V17 JHEP0G6(2019) @
5%,

Difficult to estimate systematicse.
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How to use it?

2. Extraction of evolution only

» Fourier transform to z-space

W (z,b; Py, ) (C(P) 2 (w, b C1, ) DlbT

W(a, b Pay)  |C(P2)[2¥(a, bi G, ) Dby
|C(P)2 Wl bitr) ((m))”“”“’ C(P, )2

|C(P2) 2 ¥lzbi€s ) \(vP2) |C(P2, )2

Very direct access to the CS kernel

= R[G — ¢

* There is an alternative approach without Fourier transform (directly in ¢-space), but it
requires extra hypothesis about some ratios [A.Schafer, AV, 20]
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sl 5
b(GeV)
— SV17T Pavial7 e SVZES v LPC20
— SV19 Pavial9 + ETMC/PKU o« LPC22
—— ART23 ---- MAP22 SvVZ *  SSSV23
| [A.Avkhadiev, et al, 2307.12359) |
038 D(b, QGOV) ; —— $V19 = BLNY —— ART23
0.6 5 ! = Pavial9 — MAP22 = N’LO
0.4 Ioof
0.2 5
3 -1
Z
V 1 2 3 4 s I
—0.2 b(GeV™) gy P
— Pert.th. N°LO CASCADE 0.0 0.2 0.4 0.6 0.8 i /i
by [fm] ;}’A
------ Pert.th. N2LO =
September 20, 2023 25 /32

Alexey Vladimirov



0.8

0.8+ D(b, 2GeV) Global fits

0.6 Yo __— 06
0.4} altogether

D(b,2GeV)
T ;

L
*
3 s 5
b(GeV)
LPC20
LPC22
*  SSSV23

—1
b(GV™) B izana)|

08E (b, 2GeV)

- - SV19 — BLNY ART23
06 O
. &) — Pavial9 MAP22 — N°LO
a
0.4 |
= [ NS
0.2 ESE N
/ 3 I N X
:; [ N\
V 1 2 3 4 5 RN
-0.2 b(GeV™) CCN
Pert.th. N*LO CASCADE o o ! o "
by [fm]

------ Pert.th. N*LO
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Joint lattice

PRO

» Can access large-b

0.8f

0.6

0.4

0.2

D(b, 2GeV)

[MAP22]

-0.2

» Can study “exotic” sources

» Directly in b-space

B GeV )

CONTRA

» Large power corrections
» Lattice artifacts

» Unknown scheme factor




Similar ratio can be extracted from colliders
» Requires Fourier transform to b-space

» Requires measurement in specially prepared bins

Direct measurement of CS kernel from collider data

0.8F D(b,2GeV)

0.6
EIC
(10 X 100,8.5/7.5 GeV)

0.4 mm JLab22
(4.2/4.1 GeV)




- )

In future lattice will be preciser, but experiment will be also preciser.

The true power of lattice simulations is access to “difficult” or impossible for
experiment channels

x-moments of TMDs
Gluon CS-kernel
Gluon TMDs

Meson TMDs
Higher-twist TMDs

vVVvyVvYVvyy

Latest example:
test of of universality of CS kernel
[Hai-Tao Shu, M.Schlemmer, T.Sizmann, A.Schafer, et al: 2302.06502]

Collins-Soper kernel is the evolution kernel for TMDs
and it universal for

» All TMDPDFs/TMDFFs of twist-2 (all types and hadrons)

» All TMDPDFs/TMDFFs of twist-3 (all types and hadrons) [av, et al, 2008.01744],[Ebert,at al,
2112.09771]

» All quasi-partonic TMDPDFs/TMDFFs of twist-3 (all types and hadrons) [av, et al,

2008.01744]

v
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Check of universality for {f1,g17,h1}
[M.Schlemmer,A.Schafer, et al,2103.16991]

oall]
Eig éi __ oy .

| =
oy E £ I

3 4 1

KIF!
|
o
'S

T TP |
)

3 4

2 2
b[GeV~!] b[GeV~!]

i F=fi, 6K=0.06 3§ F=hy, 6K =0.05
{4 F=gir, 6K=0.14 ¥ Combined, 6K =0.06

K =-2D
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NLP TMD factorization is very complicated!
[Rodini,AV:2211.04494]

(2fz[(vP))?
¢

+C1 (L, 1) <~I'2<b) +D@H)n (M) )B(x, b C)

1 —D(b.p)
Fab =1 ( ) {euwaabn0

1
+ [ da (Cally 2200 bip, ) + 57CH Lyt 22) Do i) }
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NLP TMD factorization is very complicated!
[Rodini,AV:2211.04494]

twist-2

/ TMD

wP)2\ e
Pt = 1 (S e @y At )

Derivative

Twist-3 ))
qTMD +C11(Lip, 1) L2(b) + D(b) In ))B(r,b; 10« ist 2
. TMD
twist-3 + / 1dx2 (Cr(Lyp,z, 22)C(&,b; 1, ¢) + s7C; D(i,b;u,C))}
“reduced SF . Derivative
Twist-3 TMDs CS-kernel

(qGq)
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NLP TMD factorization is very complicated!
[Rodini,AV:2211.04494]

twist-2
TMD
1/ @2lz|(wP))2\ e /
Pt = 1 (S e @y At )
Twist-3 Derivative
. 2lz|(vP erivative
qTMD +C11(Ly, 1) L¥2(b) + D(b) In w> )B(r,b; 10« ist 2
; TMD
twist-3 +/ . dz2 (Cr(Lp, ®,22)C(%,b; 1, ¢) 4 snCr D(&,b;11,¢)) }
“reduced SF ‘ R (NS Derivative
o P » . B wist- S ’
B o - B : CS-kernel
i (aGq)




NLP TMD factorization is very complicated!
[Rodini,AV:2211.04494]

twist-2
TMD
17(2 P2\ 2w /
Pt = 1 (S e @y 4G i
Twist-3 Derivative
. 32l (P erivative
aTMD +Cu (L) [ Wa(0) + D) In W) )B(z,b; S PP

TMD

1
|+ e (Cally O )+ smCilEra 22) D@ i) |
nti‘(;hl“)(j o ) . . " ; Derivative
n o TWI’%:3 TMDs CS-kernel
i (aGaq)
o 6 qTMDs (out of 16)
- can be used to determine
= CS-kernel
,,,,, REE (alike in twist-2 case)

o
8]
I
i
it




Check of universality for {fi(proton), fi(pion),e(proton), e(pion)}
[Hai-Tao Shu, et al,2302.06502]

0.2 0.4 0.6 0.8
0.0
—0.21 o
—0.4
—0.6
—0.8
X
—1.0{ —— N3LO [1610.05791]
—— SV19 [1912.06532]
=127 —— MAP22 [2206.07598)
@  Proton, twist — 2
—14
H S
6] ¢
[}
-18
1 2 3 1
K =-2D

o
8]
I
i
it




Conclusion

The synergy in the phenomenology of lattice and collider data
is in their complementarity
b-space <— kp-space

low-energy <— high-energy
low-statistic high-statistic
many channels few channels

Outline of talk:

» ART23 extraction
> N'LL
» Larger data set (mainly due to LHC data)
» (more) Accurate determination of uncertanties
» artemide: https://github.com/VladimirovAlexey/artemide-public

» Universality of CS kernel

» Evolution for different polarizations is the same
» Evolution for twist-2 and twist-3 TMDs is the same
» Evolution for pion and proton TMDs is the same

y
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