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Plan
A general overview of TMD studies, including
theory, interpretation, phenomenology.
All topics are covered superficially.
For more details — interrupt and ask questions!
» Part 1

» General ideology

» TMD factorization in a nutshell

» Evolution of TMD distributions

» Unpolarized TMD distributions (properties)

» Unpolarized TMD distributions (determination)

» Part 2
» Zoo of TMD distributions
Polarized distributions (properties and determination)

»
» Nucleon tomography
» Problems and perspectives of TMD physics
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Hadron is a 3D object

Nucleon tomography aims to explore
the multi-dimensional structure
of nucleon. ‘




Hadron is a 3D object

Complete information about
motion of partons within nucleon

is encoded in the Wigner distribution ®
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Hadron is a 3D object

Complete information about Transverse Mom?nt?m Pependent
(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 P
(TMD) distribution

motion of partons within nucleon

is encoded in the Wigner distribution
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Hadron is a 3D object

. . Bury, Prokudin, AV, PRL 126 (2021)
Complete information about [ :

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 diey

i

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

spin, charge, total momentum, mass, tensor charge, ...
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Access 3D structure = process with 3D kinematic = at least 2 hadron states ]

Golden processes

SIDIS M STA

h2

2 hadron states define the “scattering plane”
» Invariant mass of the photon Q% — oo

» Transverse momentum of the photon ¢
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Access 3D structure = process with 3D kinematic = at least 2 hadron states

Golden processes

SIDIS M SIA

h2

Rr \ h2
Sources of transverse momentum of photon ‘
» Perturbative: from loops and multi-parton interaction gp ~ Q > A

collinear factorization

» Non-Perturbative: from non-colinearity of partons gr ~ A
TMD factorization
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TMD factorization theorem

5,Q% = oo, all other scales (z1,z2,qr) are fixed
do b Q = qr A
49 i(bar) ¢ (7) F(x1,b; 11, O)F (22, b; 1, &) + O (l f)
g0 € x1, 05 1, X2, 05 W, ’
dqr (2m)? M ( M ) Q Q
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TMD factorization theorem

5,Q% = oo, all other scales (z1,z2,qr) are fixed
do b Q = qr A
g9 _ itbar) o (7) (21, b; 1, ) F (2, b, 14, C) + O (—T 7)
a0 e 1,05 W, 2,05 W, )
dqr (2m)? M ( M ) Q Q

Vladimirov

l

Hard coefficeint function
» Perturbative (known up to N4LO)

» u is hard-factorization scale (u ~ Q)
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TMD factorization theorem

5,Q% = oo, all other scales (z1,z2,qr) are fixed

2 . —
4o _ o [ A citvar) o (%) F (w1, b; 1, C|F (w2, bi 1, O)|+ O (q—T A)
TMD distributions

» Non-Perturbative functions

» One for each hadron (sum over
quark-flavors is implied)

» Depend on two scales (u, ¢)

dqr (2m)2

Quark Polarization
Unpolari Longitudinally Polarized y Polarized
) ()] m
Ul k) @ Hek) @ - @
Unpolarized Boer-Mulders
L Lk @~ @—| hiek) @— @
Helicity Kozinian-Mulders,“worm” gear

(k) Iy (x,k2) é - 6

Transversity
‘, g.r(x,ki)é - &
@ rosmmasen, | KD @ - &

Sivers “worm” gear Pretzelosity

Nucleon Polarization

=
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TMD factorization theorem

5,Q% = oo, all other scales (z1,z2,qr) are fixed

2 . —
do _,, / D iar)o (%) F(wr, b, O F (w2, b5 1,C) + O (% %)

Fourier transform

» TMD factorization is “natural” in
position space

» TMD distributions usually defined in
position space

» In momentum space

F(z, kr) ~ /d2bei(kb)TF(:z:, b)

dcr~/d2k1,25(QT—k1—k2)F($1,kl)ﬁ’(x2,k2)
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TMD factorization theorem

5,Q% = oo, all other scales (z1,z2,qr) are fixed
do b Q = qr A
49 i(bar) ¢ (7) F(x1,b; 1, O F(z2, b; 1, &) HO (l f)
g0 € x1, 05 1, X2, 05 W, ’
dqr (2m)? M ( M ) Q Q

l

Power corrections
» So far, only theory (known at NLP!)

» Modern frontier..

The leading-power TMD factorization is proven at all orders of perturbation theory.
There are several approaches to prove it (each has pros. and cons.)
e Method of regios [Collins’ textbook]
e SCET [Becher, Neubert, 2010, Scimemi, Echevarria, Idilbi 2011]
e OPE [AV, Moos, Scimemi, 2021]
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[ Why there are two scales? ]

h2

n-collinear

-y

n-collinear

To derive TMD factorization one have to distinguish 3 regions
» Hard fields (well-localised interactions)

» fi-collinear fields (belongs to h1)

» n-collinear fields (belongs to h2)
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Why there are two scales?

h2

n-collinear

Hard/collinear separation =
n/n separation = ¢

-y

n-collinear

To derive TMD factorization one have to distinguish 3 regions
» Hard fields (well-localised interactions)

» fi-collinear fields (belongs to h1)
» n-collinear fields (belongs to h2)
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[ Why there are two scales? ]

h2

n-collinear

Hard/collinear separation =
n/n separation = ¢

n-collinear

To derive TMD factorization one have to distinguish 3 regions
» Hard fields (well-localised interactions)

» fi-collinear fields (belongs to h1)
» n-collinear fields (belongs to h2)

» soft (not necessary)
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TMD evolution
same for all TMD-distributions (polarized & unpolarized)

d2F<zbu,<> = Y e b

=D(b; ) F(z,b; i, €)

» ~r anomalous dimension for hard/collinear separation

» Usual UV anomalous dimension
» Perturbative (known up to 4-loops)

» D Collins-Soper kernel (anomalous dimension for n/f separation)
» also known as “rapidity anomalous dimension”
» Non-Perturbative function of b

» Integrability condition

_dD(bsp) _ ldyr(,¢) _ Teusp(p)

dlnpg?2 2 din¢ 2
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[ TMD evolution ]

12 -4 P b, 0) L(;’ D

02 z, b 1, C)

d

)
Solution
102,
F(:E, b; My C) = R[b? (/J‘a C) — (/J‘iv C’L)]F(x7 b; His C’L)
10+
R[b; (1, ¢) — (wi, )] =
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()— —D(b,u)—
[ o | [ (a0 %~ Do)
T (i G PN
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TMD factorization theorem
(practical form)

e = e e (5) (53)
— =0 — et ( Z ) F(xy, by p, O F(z2,b; 4, () + O
dr =) @2 " (@1, b; 1, Q) F (w2, b5 1, C) 00

do / d?b z(bw)c(Q)R?[D(b)]F(wh) (3”2”’”0(62 g)
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TMD factorization theorem
(practical form)

2
o _ Uo/ﬂei(b‘”)(f (9) F(z1,b; p, Q) F(22,b;1,C) + O (ql A)
dgr ( 1%

Q’'Q

cilbar) o (9) R2[D(b)]F (21, b) F(x2,b) + O (%T’ %)

Collins-Soper kernel
» Evolution factor is function of CS kernel

» Universal for all processes

» Universal for all hadrons

» Can be computed with lattice methods
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Collins-Soper kernel is about QCD vacuum

= 0fm

light-cone

0fm=

Perturbation theory

transverse
L >
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Collins-Soper kernel is about QCD vacuum

light-cone

= 0fm

Ofm=

Perturbation theory

transverse
————p-

06

041

02

Perturbation theory

:: < 0.01fm

D(by, 4GeV)

/ 1 2 3 4 5

br[GeV ]
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Collins-Soper kernel is about QCD vacuum

(]
g
9]
Q
b i — of
) L

Ofm= 5

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

D(by, 4GeV)

06

0.2

/ 1 2 3 4 5

br[GeV Y]
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Collins-Soper kernel ~ Wilson loop

[AV,PRL 125 (2020)]

g Tr fy dBO0|For (—A—n + bB) W 0) + Zo(p)

D(b,p) = A X
2 Tr(0|W¢/|0) b
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Relation to the static potential

In SVM the potential between two quark sources (confining potential)
[Brambilla, Vairo,hep-ph/9606344]

V(b):Q/bdy(b—y)/wdrA( Vit y?) /dyy/ dri (Ve + y?).

Jo 40
Dup (b 1t = 4GV V(r,p=4.GeV)
06 0.15
0.10
04
005
02 — {fm]
04 06 08 10 12 14
-005
{/ 1 2 3 4 B -0.10
br(GeV] -0.15
’D’(O) r? [®dx D'(x)
V(r)= D”(O) + =+ —/ — T+
2 r x \/zQ —r2
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0.8

0.8+ D(b, 2GeV) Global fits
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D(b, 2GeV) Global fits
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do d2v . Q qr A
_ i(bar) 2 + i =
dar ~° (27r)26 e (u) R D®)]F (1, 5)F(w2,6) + 0 ( Q’ Q)

» Each data-point is a convolution of three independent nonperturbative functions
» FEach function is responsible for a separate kinematic variable

» Multi-dimensional bining is essential

DY SIDIS
dPS = dQ dgr dy dPS = dQ dqr dz dz=
(0, 1) F(z,b) (b,p)  F(z,b) D(z,0)
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ART23=[Moos,Scimemi,AV,Zurita,2305.07473]
Global extraction of unpolarized TMD & CS-kernel from Drell-Yan data

» 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
[ g - » Z-boson at 7 and 8 TeV
sl  LHCb 7 S S AATAS i T o » 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)

500+ 500

100}

Q[GeV]

YVVYYVY

5} Total:
| 627 data points

1071 10

x 627 data points
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ART23=[Moos,Scimemi,AV,Zurita,2305.07473]
Global extraction of unpolarized TMD & CS-kernel from Drell-Yan data

» 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
[ g oy » Z-boson at 7 and 8 TeV
sl IHCb 7 S S AATAS i f I » 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)

500+ 500

100}

Q[GeV]

YVVYYVY

5} Total:
| 627 data points

107 107

x 627 data points
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Very presice test of TMD evolution
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uncertainty
%

150%

> 100%

Some features of ART23:

Hard function and evolution at N4LO
Matching to PDF at N3LO
Flavor dependent NP-ansatz

artemide (=ART23)

uncertainty
0%

50%

> 100%

Consistent inclusion of the PDF uncertainty

Alexey Vladimirov
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TMD distributions are nonperturbative 3D functions
However, they match 1D PDFs at b — 0 boundary

B N Fecn b~B bA"!
AN L
@
emory] i | & R £
] e 2101 i 2
IR LB Ei5 000 2
R " =1 S ICRIRE
e e T L1 a
| = & = ] e
I = = @ 1 [
| £ gic &
25 2 !
A~ A~ =
o § S —
yoo= I g
2w R b

F(z,b) = [¢(z) + as (p(z) In(b2p?) + )+ ag,..]‘ +|b2... + ...

N\
Lead.power OPE Higher power OPE
up N3LO

F(x,b) = C(z,b) ® q(z) fn p(@,b)

Fitting ansatz
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do [dgp[ph/GeV]

—

025
1.0

ATLAS 8TeV  :
[yl € 11.2,1.6]

0.975

0.6
0.5
0.4
0.3
0.2
0.1

No TMD

2
b(GeV-')

Kinematic ranges:
» Power corrections gr ~ Q

fixed order

F(z,0) ~ f(z) = f(2)é(kr)




ATLAS 8TeV  :
[yl € 11.2,1.6]

do [dgp[ph/GeV]
- W e o

0.6
0.5
0.4
0.3
0.2
0.1

2
b(GeV-')

Kinematic ranges:
» Power corrections gr ~ Q

» Resummation A > qr > Q

F(z,b) = C(z,In(b)) ® f(z) + b2...



do [dgr[pb/GeV]

— o o e ot

ATLAS 8TeV
lyl € 1.2, 1.6]

LUEE

0.975 ===

;
!
!
!
!
!
3
:
1.025 === - .
;
;

0.6

0.5

0.4

0.3

0.2

0.1

2
b(Gev-1)

Kinematic ranges:
» Power corrections gr ~ Q

» Resummation A > qr > Q
» Nonperturbative gp < A ~ 2 — 4GeV

F(z,b) = C(z,In(b)) @ f(z) fxp (b)

fnp to fit

Low-energy measurements are
most interesting,
because they provide access
to NP structure.
Unfortunately,
all low-energy measurements
are inprecise.
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End of part 1

Part 1
» Basics of TMD factorization
» TMD evolution and non-perturbative Collins-Soper kernel
» Determination of unpolarized distributions

» Kinematics of TMD processes

Part 2
» Zoo of TMD distributions

» Extraction of polarized distributions

» Nucleon tomography

» Problems and perspectives of TMD physics




Nucleon tomography in momentum space
Part 2

Polarized TMDs and outlook
» Zoo of TMD distributions
» Extraction of polarized distributions
» Nucleon tomography
» Problems and perspectives of TMD physics
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| PDF: oo gy

: oo . T F

G M) = / o e (p, sl (An) - [\, 0]4(0) )
S @] e TMD:

Tooda - r
M (,0) =‘/‘ ST py sl + ) [ (O)lp, s

D =yF, 9%, ic0F P

There are 3 PDFs of twist-2
*]

@) = fi),
FOrll@) = agi(a),
FUo" "l @) = s§hi(a,b),
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PDEF: N
v CdN i, n r
.E::l @) = [ e (sl ), 0 (0) )
"""""""" 5(0) “~An TMD:

Toodx - r
ol (z,b) = / S s On 4 b) S [ Je(0) . )

[=vF vty i00te5

There are 8 TMDs of twist-2
Fical
45

(x,b) = fi(z,b) + iet busT, M fiz(x,b),
(2, b) = Agi(z,b) 4 i(b- sp)Mgip(x,b),
alie™ (4 p s%hy (2, b) — A Mhi, (z,b)

M2p? (g;“ bep

v
Il

2 b2

+i€*P b, Mhi (2,b) — ) sruhir(z,b),

2
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/l(x &) @ nek) @ - @

Unpolarized Boer-Mulders
L Sk @ @—| (k) O— @—
Helicity Kozinian-Mulders, “worm” gear

Fiekd) )
‘ & : weH® - @ e é”*g
’ Koo, | KD @ - @

Sivers “worm” gear

Pretzelosity

There are 8 TMDs of twist-2

q;['vﬂ(x, b)
q;['v+’v5](z7 b)
q;[iv‘“'v‘r’](x’ b)

f1(z,b) + ieh busTy, M iz (x,b),
g1 (2, b) +i(b - s7)Mgisp(x, b),
53 hi (2, b) — iANbY Mhiy (x,b)

M 2 au (N7}
+i€*H b, Mhi-(z,b) — M7o7 ( . %) stuhip(z,b),
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(Naive) Process-dependence
Shape of Wilson contour is dictated by the process

P(E) »(€)

Ty e A B(0) | —=an

ht

\KT h2

PDF(—o00) xPDF(—00) PDF(400) xFF(—o0) FF(400) xFF(+00)

TMDPDF defined in Drell-Yan and SIDIS have different operators
(with Wilson lines pointing in different directions)

Vladimirov April 9, 2024 26 /49



T-even & T-odd TMDs

The contour is reflected by T-conjugation

w(E) RG]
o) “an b)) - An
Sivers function : fir (x,b)[DY] = — fi (, b)[SIDIS]
Boer-Mulders function : hi(x,b)[DY] = —hi (z, b)[SIDIS]
rest TMDs : f(z,b)[DY] = f(z,b)[SIDIS]

Sign-change is one of conceptual predictions of QCD.
Can we check it experimentally?

Vladimirov April 9, 2024




do a2y Q gr A
— i(bar) 2 = =
dar oo (27‘_)26 ar)C (M) R*[D(b)]F(z1,b)F(x2,b) + O ( , )

» Each data-point is a convolution of three independent nonperturbative functions
» Each function is responsible for a separate kinematic variable

» Multi-dimensional bining is essential

DY SIDIS
dPS = dQ dqr dy dPS = dQ dqr dz dz
(b, 1) F(z,b) (b, u) F(z,b) D(z,b)

We would like to extract Sivers function (for example)
Data in SIDIS ~ fi5. x D1
Data in DY ~ fi5 x fT
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e —————————

Universality & the chain of extractions

Low-energy
E228, E605,...
PHENIX

>R x F1 X F1 [ x1pAs, LHCD, ..

Unpolarized DY

g

Dolbry = 1G8Y)

CS kernel

bl

High-energy

\ CDF, DO

uTMDPDF

[V.Bertone,I.Scimemi,AV;1902.08474]
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Universality & the chain of extractions

Low-energy High-energy

E228, E605,... >R x F| x F| | ATLAS, LHCb, ...

PHENIX CDF, DO
Unpolarized DY / \

CS kernel uTMDPDF

NI e

e —————————

7
-

~

HERMES

COMPASS > RX F1 X Dy >

. Unpolarized SIDIS

e

[I.Scimemi,AV;1912.06532]
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P

PHENIX CDF, D0
Unpolarized DY / \

Universality & the chain of extractions

CS kernel uTMDPDF

Dby = 1G8Y)

tone,l.Scimemi,AV;1902. 08474] 7

HERMES
COMPASS

Unpolarized SIDIS

[I.Scimemi, AV;1912.06532]
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Universality & the chain of extractions

. Unpolarized SIDI

\ [L.Scimemi, AV;1912.06532]

’

1
1

1

1 NA.
1

| [AV;1907.10356]

HERMES > R x F, x fi COMPASS
COMPASS RHIC
JLab 17 x?/Npt = 0.8
x?/Npt = 0.9 Sivers

[Bury,Prokudin,AV, 2103.03270]

Transverse SSAs

SIS eI

Alexey Vladimirov
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Universality & the chain of extractions

1
1
1
1
1
| [AV;1907.10356]

’
HERMES COMPASS
COMPASS RHIC
JLab X% /Npt = 0.8
x?/Npt = 0.9

Transverse SSAs

\
1
1
1
1
1
1
[Bury,Prokudin,AV, 2103.03270]
1
1
1
1
1
1
1

!
1
1
1
1
1
1
1
1
1
1
1
1
1
\
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TMD evolution is very important

20 0855

0.7
s 06 =0.32
IS 05 Pyr = 0.14 GeV
$ 04
P10
L 20 25 30 40 ;
o 5 — N°LO
) —=-= NNLO
Tosp T [ e NLO

— LO

00

20 80 100

40 60
Q (GeV)

Very large effect
at small-Q

> bdb b| Py
S [ 5o (M5 R0 Qg (20D 1)
Anon=os) _ _pp 9 0

> bdb b| Py
E "3/ o Jo <—‘ hT‘) R(b, Q) f1,ge-n1 (2.0) D1 g5y (2, D)
p o 27 z

Quality of unpolarized input is also critical.
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Data for the Sivers function

0.3 ‘ ‘ ‘ - JLab Dataset name Ref. Reaction # Points
0.25 3 4 Star.Z T o — 7
) v Star.W- d' oyt 1 ’9
5 02 » Star. W+ o 08 6 L 1/9
0.15) + Hermes ompass [36] At s K 179
0.1 * CompassDY ; )
0.05 > Compass16 dh 4+~ = K~ 1/9
: _ 7 e Compass08 T T -
. pl+4" = h 5 /40
005 01 05 1 Compass16 [39] Pt b | 5740
P+ =t | 11 /64
TMD factorization is valid Hermes [35] PTT + 'Y: - TT’; 11 64
ONLY at phea S K+ | 12 /64

ar < QM<K Q Pl K- | 12/64

(it cuts a lot of data) ;)1 11 : :t 1 :
DY: ar —ar JLab R S B
SIDIS: gy = 2oL Py K| 0/4
SIDIS total 63
Each next measurement CompassDY [40] T 4+d =4 2/3
in the chain of extractions has: Star. W+ pl+p— W+ 5/5
worse uncertainty Star.W- [43] pl+p—sW- 5/5
less data Star.Z Plep—=v/Z| 1)1
DY total
Total
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Example of data description

HERMES 7t STAR W*/Z
<P <0 0%< B0 030<Fr <05 05i<By<?
? 0.1 ; = |8 w* }
L Y _ 05 {
ool T = r
S DA : T ot
0.1 ;
g§§ P Fp .
0. —&-;j—-—é— ? 05 l % %: { ; %
L
0.1 0 00—
1 L5 Tr=d
0. _f_'_‘_;— %§ 7z 2 4 6 8 10
i 1 o { o (GeV)
0.1 [ 3
. _Lé&ﬂ_i_{j*i—é— = ‘
I —04 =02 0.0 02 04
0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.2 y
T
Filled points = in fit, Open point = prediction

Actually, we can explain more data (up to gr < 0.4Q in SIDIS)
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Sivers function

[M.Bury,A.Prokudin,AV,21]

d-quark
L L
10 1T;de—p
107"
| f .
2 . iy !A /A
e T b(Gev Y
& —

Z’ 1 2 3 1 5

» Enormous uncertainties
» Even the sign is barely defined
» Still it is the most trustful extraction of Sivers function (included in PDG)
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(Efremov-Teryaev-)Qiu-Sterman function
quark-gluon-quark correlator

B BPV20 PV20

N EKT20 JAM20

1 limp 0 f1(2,b) — fi(z)
limy 0 fip(z,b) = T(-2,0,2)

Ty(—,0,2;10 GeV)

To(=2,0,2;10 GeV)




(Efremov-Teryaev-)Qiu-Sterman function
quark-gluon-quark correlator

s
o 05 . o 05" limy 0 f1(2,0) — fi(@)
@) = limy 0 fi(2,b) = T(-,0,z)
O O
(=1 f=1
— —
£ 00 £ 00
= =
I& B srv2o T?
E o E Large-x anomaly:
~05 EKT20 —0.‘l e 1 due to VERY large
- *e%”.
rowessy AN at STAR
]
1073 1072 0.1 1 1073 1072 0.1 1
d z
Z ““ ER T r—————
013
o1 Ww-
003
,,,,, 0.5

o1

o1l preliminary 0.0 T -

o) projection 201742022

B T R R R T T

yW.\cm




Check sign-change

f(SIDIS) = ~f7 (DY)

!
0.2} |
1
0.10} |
008} .
O X = + s
# 006f

2
B Xfoy = ~fomns
0.04F

0021

flj’___[’(sea) — —fffp(sea) Naive picture

X /Npe = 0887068 vs. X /Npe = 100703 “'

sgss

Current data does not check sign-change!
Low-energy polarized Drell-Yan is needed! p
NICA? e S

IXEY




Situation with other TMDs is even worse
Data barely restricts them
Example of worm-gear-T function g1 [Horstmann,et al, 2210.07268]

1.0
_ —+0.38
A1 = 0477543 0.8
A2 =0.371512 06 ]
2 012 — x2/Np: = 0.95

T— Xz/Npt =1.0

0.2
0.0 -
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Ay

null-hypothesis: A2 =0 x2/Np¢ = 1.06

tw3-null-hypothesis: A2 =1 x2/Npt = 0.95

o
8]
I
i
it




Example of data description

COMPASS 7t
COMPASS /" = > 0.2]

1< Q< 9(CeV)

g s | et Bt ey |
i o g . 25 < Q < 4(GeV)
{A,L P 005 §.;.-+% e Sl W ..}.-é-,—{’ 1
o t = uos% T b 1 Y 7

2.<Q < 2.5(GeV)

bt f B st b

T

1 o] L i
N e % % o }L 1<Q <2(GeV)
02] s 0.05 e
; "l 5 — PR
o 0z 04 06 o8 Q‘f ? ?
00
ol 0z 03 04 o1 03 o5 07 0505 0% 1 155
x z p1(GeV)
Filled points = in fit, Open point = prediction
0_4~v—|JLab at JLab 7~
02 % %
N 2 0
) T T
-0.2 %
—0ab, R,
0.15 02 025 03 035 015 02 025 03 035
T T
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Worm-gear-T function (at b = 0.25GeV~1)

u-quark d-quark
' ' ' 0.000 . .
zgip(z,b = 0.25GeV )

u-quark

0.015
-0.001 1

0.010 N -0.002 ]

-0.003 - 1
0.005

-0.004} zgip(v,b = 0.25GeV ") |
d-quark
0.000 : : : :
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
x x
[Bhattacharya, Kang, Metz, Penn, Pitonyak: 2110.10253]
0.00
0.08-
—_ —_ —0.02
0.06 -
23 u ~ —0.04f-
CL; 0.04~ Cg
—0.06
8 0.02- 8 d
—0.08
0.00
T T T T
00 02 04 06 08 1.0 00 02 04 06 08 10
z z
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Nucleon tomography

[M.Bury,A.Prokudin,AV,21]

u-quark d-quark

u-quark ‘d-quark

k]-y(GeV)
o, (GeV)

0

00 . 00
ko (GeV) ke (GeV)
Combination of unpolarized and Sivers function

kra
M

Interpreted as 3D momentum density of unpolarized quark in the nucleon

Prgent (T, k1, 87, 1) = frgen(w, krip, 1) — = figgen (@, ks %),
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Collins & Rogers, [2309.03346]
Gonzalez-Hernandez, et al [2303.04921]
Pitonyak, et al, [2305.11995]

Wigner distribution
GTMD(:ZI, kJ_, TJ_)

P
[ TMD(z, k, ) ] GPD(z,r,) ]
B
aipotegiy| 200 JCPOR@ ) [ e

spin, charge, total momentum, mass, tensor charge, ...

Alexey Vladimirov April 9, 2024 40 / 49



Collinear distribution from TMDs

Naively
fi(z, kr) . q(z)
unpol. /dkT o unpol.
hl (I, kT) /dkT > Aq(l‘)
transver. transver.
f%(zva) dk . T(—l‘,o, :E)
Sivers @ o Qiu-Sterman
hi(z,kr) [ o| B(==,0,2)
Boer-Mulders e(x)

] [

TMD(z, k1)

»[ PDF(x)

[

Vladimirov TMD April 9, 2024 41 /49



Collinear distribution from TMDs

unpol.

transver.

Sivers

Boer-Mulders

(P00 i+ A 08] POFa ]

fi(z, kr, 1, €)
hi1 (m»kT7ﬂ7 C)
fll(a% kT7 122 C)

h’f_ (xa kT: s C)

OPE

Properly

C(m,kl,ﬂ, C)® q(w,ﬂ)
N3LO unpol.
N2LO transver.

C(l‘,kl;u, <)® T(—:E,O, :IJ,[L)
NLO Qiu-Sterman

C(xak:J_;/J’:C)@ E(_mvovwvu)
NLO e(x)

1. Coefficient function ~ In™(k?)/k2
2. Three scales: (p,¢) in TMD, u in collinear PDF

How determine collinear PDF from given TMDPDF?

Vladimirov

April 9, 2024




Collinear distribution from TMDs
o
/ d2ka1(x7 kT;Hv”‘Q) :Q(xv /”’)

[Ebert, et al 2201.07237]

[Conzalez-Hernandez, et al, 2205.05750]

T 10% g T T T
—_ 8% fiy @ = 0.01, p=/C=k{"3
& 6% NOLL, b5 = 0.94 GeV ™'
S 4%l | pEIL056)% AP (1GeV) S
= 2%E 1 3
e 0E—- _
=z T —f
- S £ Axp® Anp]
Lf[; —6% — -~ Pavia *19 E
] 78? OH. ‘ 1 SV ’19 ‘ E
C10%E e L L
—~ 0 5 10 15 20
kS [GeV]

One can restore (tw2) collinear PDF up to few %.

-
| e
~  A%E fi, k=10 GeV, p=/C =k
J% 3%E NPLL, b3" = 0.94 GeV 1=
L 2% < (05 GeV)?, A< (1Gev)?* S
= 1% 3
1
E %m0,
1 —3%E . Pavia 19 E
e —4? = ... SV 19 | E
—5% L L
— 71 1072 107"
xr

Can we do better?
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Collinear distribution from TMDs
n N
/ A’k f1(z, ks p, p?) = ZTMPIMS (1) @ g(a, 1)

| [O. del Rio, et al, 2402.01836 |

6.8
d-quark = =0.1
66 \ — 10

- * —NLO
= 64 —— N’LO
= - - - MSHT2 - - - MSHT2|
S 62
®
N 6.0

p g
004 k 20GeV d k 20GeV
—quark 1 = -quai —30Ge
— . trauark p Lo s duarke # --- L0
002F "S~ — N%JO el NLO
Sl — N?LO DTN NLO
0.00 A

-0.02

Z & Golhl/ A" -

-0.04

10 0.001 0.010 0.100 104 0.001 0.010 0.100 1

xT T




Collinear distribution from TMDs
n N
/ A’k f1(z, ks p, p?) = ZTMPIMS (1) @ g(a, 1)

| [O. del Rio, et al, 2402.01836 |

wquark = 20 GV dquark 1 = 20 Gov
MSHT20
0.05 ——— ART23

5.x107% 0.01 050 5107 001 050




Collinear distribution from TMDs

Gilfiz]

[O. del Rio, et al, 2402.01836 \

o waquatk = 20 GV Tquatk i = 20 GV
_ MSHT20
| 0.05] — ART23
s, = /
=
S
@ -0.05
N
-0 5.x107F 0.01 0.50 sx107 0.01 0.50
T T
T(—z,0,z) (from Sivers function [2103.03270])
10 . .
ek & -
05
0.0
05
10f
= 10GeV
15 .

0.2 0.4 06

0.8 1.0 02 0.4 0.6 08 10 02 0.4 06 08 1.0

x x z

TMD-scheme (different from MS at NLO)

ladimirov
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Second moment of TMD
/ d* k7 k2 f1 (z, kr; p, p?) — subtraction ~ (k%) (x, i)
Equals to {(§D?q) in TMD-scheme (MS-scheme up to NLO)

| [0. del Rio, et al, 2402.01836 |

gL n=10 GeV /\ 3l }0 GcV

—_—

\ —3
e~ d / I‘\

T
=

(k)
/
/4
.""; ;‘/
™
g
#(k7)

10 10 1072 10! 1 10* 0% 10°* 0t 1




TMD factorization is very successful.
However, there are a lot of open problems.

List of problems
» Normalization issue
» Mismatch with high-qr tale
» High cost of computation
» Mismatch with MC simulations
» Necessity of joint analysis (very expensive)
» Also many open theory questions
| 4

» Power corrections

» Interpretation of soft factor

» Formal proof of evolution

» Factorization for more involved processes
»
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Problem with normalization
7DY [1907.10356]

XEIN,=0.92 + 463 = 5,54 XIN,20.4143.26 = 3.6 of <107 XIN,=0.55+ 158 =2.13
(d/0)=40.3%

1.95¢Q<5.4

1.05¢Q<5

15¢Q<1.95

=8 (d/0)=59.6% 5 el (W0)=50.%

of 107 XIN,=0.61+0.27=0.88
o2
6.75<Q<7.65

aof =107 XEIN=1.56 +0.86 =242 «10° XEIN=1.98+0.53
@orsean 19 e
5.4<Q<5.85

What is that?
» Problem with factorization?
» Problem with collinear PDF?
» Problem with data?

I think: this is evidence of power corrections
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Problem with normalization
example of COMPASS-bin by MAP22 [2206.07598]

5

NP predictions NLL
—— NP predictions NNLL.
= NP predictions N3LL

¥ daa
.
g +i
~o 3
. +
£ -
5 L S
2 T i
= —_— —_— 3
+ —_— p—
— .
e
b2 03 04 05 05 07 08
P

What is that?
» Problem with factorization?
» Problem with collinear PDF?

» Problem with data?
I think: this is evidence of power corrections

adimirov
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Power corrections:
(many works during last year)
» I.Stewart, A.Gao, et al,

» S.Rodini, AV, et al,
» I.Balitsky, et al,
> ...

NLP TMD factorization is done!
e.g. [2306.09495] for SIDIS

(it is much more compli-

N S R R T R 1 cated than one expected)
0 12 5 10 20 3040 60 80 120
r(GeV)

TMD factorization at NLP

» 4 TMDFFs, 16 TMDPDFs of twist-3
NLP restoration of frame-invariance, gauge invariance, boost invariance
NLO expression for coefficient functions

LO evolution for twist-3 TMDs

Qiu-Sterman-like terms in TMD factorization




Power corrections:
1. gr/Q-corrections
Y-term

2. A/Q & M/Q-corrections
higher-twist
target-mass

3. kr/Q-corrections
kinematic

1 [AV,2307.13054]
0 12 5 10 20 3040 60 80 120
qr(GeV)
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200 Power corrections:
160 1. gr/Q-corrections
Y-term
120
9 2. A/Q & M/Q-corrections
%60 higher-twist
2 target-mass
&40

3. kr/Q-corrections
kinematic

{ [ 1 L1 |} ! \{ !
0 12 5 10 20 3040 60 80 120
qr(GeV)

[AV,2307.13054]
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Power corrections:
1. gr/Q-corrections
Y-term

2. A/Q & M/Q-corrections
higher-twist
target-mass

3. kr/Q-corrections
kinematic

< T B N L [AV,2307.13054]
0 12 5 10 20 3040 60 80 120
qr(GeV)
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200 Power corrections:
160 1. gr/Q-corrections
Y-term
120
9 2. A/Q & M/Q-corrections
%60 higher-twist
2 target-mass
&40

20 e 3. kr/Q-corrections
10 A kinematic
- — A e e = — —
4 - \
1 '{' 11,1 1 I} ¥ [AV,2307.13054]

0 12 5 10 20 3040 60 80 120
qr(GeV)
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Power corrections:
1. gr/Q-corrections
Y-term

2. A/Q & M/Q-corrections
higher-twist
target-mass

3. kr/Q-corrections
kinematic

[AV,2307.13054]

0 12 5 10 20 3040 60 80 120
qr(GeV)

This explains why there are problems with low-k7 at Q ~ 10GeV
LHC is “pure” perturbation theory
EIC will be more interesting
NICA is very sensitive to these effects
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0.0201 doype — doyp Q=90.Gev 010F Goyipe — doyp Q=20.Gev

0015 dovp(qr = 0) 0.08 dop(qr =0) V19
ool S — T
. x=10" —10-!
S0 el
0.005F———————————— x=107 x=107"
0.02
\ _—_\
0.000 . : . d
0.00 ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 b ; 5 3 i :
qr(GeV) ar(GeV)
Kmemat.lc power correctlpns L40p g 41=0.GeV
» Correction for the non-collinear 1.35F 5
dorip V19
parton momentum 1.30
» Restore EM-gauge-invariance 32
(charge conservation) : x=10"!
1.15 x=10"2
» Restore frame-invariance 1.10
» Can be summed up at all powers = 105
1.00 ‘ , ‘ —
[AV,2307.13054] 0 10 20 30 40 50 60 70
» Non-zero at gy = 0 Q(GeV)
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0.0201 doype — dovp Q=90.GeV 0101 4oype — dorp Q=20.GeV

dovp(qr = 0) dopp(qr =0) V19
0.015 0.08
0010 006
: x=10" —10-1
x=10"2 00— =
0.005F———————————— x=107 x=107"
0.02
\ _—_\
0.000 . . . d
0.00 ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 b | 5 P i :
qr(GeV) ar(GeV)
Kmemat.lc power correctlpns L40p g 41=0.Gev
» Correction for the non-collinear 1.35F 5
dorvp V19
parton momentum 1.30
» Restore EM-gauge-invariance 32
(charge conservation) : x=10"!
1.15 x=10"2
» Restore frame-invariance 1.10 x=107?
» Can be summed up at all powers =105
1.00 A —
[AV,2307.13054] 0 10 20 30 40 50 60 70
» Non-zero at gy = 0 Q(GeV)

Requires further investigation
If true, all earlier phenomenology of TMDs is concerned.
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EIC = Electron-Ion Collider

electron
injection
fine possible

on-energy
ioninjector

EIC is based on existing RHIC
complex

injector
linac

» High luminocity:
~ 1033 — 103*cm—2s~1

possible

e / (~ 1000 higher than HERA)
sossivle Y » Variable CM energy:
detector
e‘em"“a‘“’" Aeclmns 20 — 100GeV (upg. to 140GeV)
aoue Z » Highly polarized:
70% electron and nucleon beams
(polarised)

fonsource

» Ion beams:
proton — gold, lead, uranium

alternating . . .
L » Two interaction regions:
second detector is now under

discussion
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EIC = Electron-Ion Collider

EIC is based on existing RHIC

. complex
FY19 | FY20 | Fv21 | FY22 | Fv23 | FY24 725 | FV26 [ Fv27 [ Fv28 | Fy2o | FY30 | Fy31 | FY32 | Fv33 | FY34 | FY35
Y 7 5 5 ) e o e e e e e 'L..nzﬁ— P
’ > T T T i T T T ’ ’
© @ | o1 s o Construction Phase i @4
rins o ey i
P T .
Research 8 e | ™ oncludion of Science Phase
Development e | N
N : RHIC Operatior|
| I
1
1 1
Design I
' [
: 1 l I
i | I - I
g b ' ' ' | | |
aion ot e ————
JUE] [N = e e e = R
T [ccsvon] Commisioning & 7re0ps !
= | g - - ——"
1 1 1 1
=
o | s Wllewes e B[ Qle, — e

second detector is now under
discussion
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Conclusion

Part 1 & 2
» Basics of TMD factorization
TMD evolution and non-perturbative Collins-Soper kernel
Determination of (un)polarized distributions
Kinematics of TMD processes

Problems and perspectives of TMD physics

Perspectives
» New experiments: EIC, AMBER, LHCspin, fixed target LHCb, JLab22, ...
» Ever improving theory
» New level of global fits

Can NICA/SPS contribute to it?

» Modern DY measurements (especially polarized) at ~ 10 GeV are very needed

» J/v¢-production in TMD is not that interesting: theory is not certain, description of J/v
is worse that of TMDs

» Twist-three observables (asymmetries)

v
= = = = Ty
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Conclusion

Thank you for attention!

Perspectives
» New experiments: EIC, AMBER, LHCspin, fixed target LHCb, JLab22, ...
» Ever improving theory
» New level of global fits

Can NICA/SPS contribute to it?

» Modern DY measurements (especially polarized) at ~ 10 GeV are very needed

» J/v-production in TMD is not that interesting: theory is not certain, description of J/v

is worse that of TMDs

» Twist-three observables (asymmetries)
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