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QCD is the richest known QFT

Responsible for a plethora of interesting

Locp = —iGZ,,G“”“ 4 0 (11D — i )1 , Phenomena, and fields of physics
Hadrons Nuclei Neutron stars Quark-gluon jetS

plasma

jet i

substructure JJZ'

® Asymptotic Freedom ® Collider physics
® Confinement ® Factorization & Resummation
® Chiral Symmetry breaking, pions ® Gluon saturation
® QCD phases and phase transitions ® Multiloop QFT, Amplitudes
® Non-relativistic confined quarks QQ  ® Flav?r physics
® Exotic bound states, X,T,Z ... ® Lattice QCD

® Models

® large Nc



Unravelling the Mysteries of Relativistic Hadronic Bound States

® Parton distributions provide useful snapshots
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® /(x, k;) Transverse Momentum Dependent distributions (TMDs) provide:

info on dynamics of hadronization (frag. functions)

e microscope for the proton’s “fine-structure”

9o _— e key component for precision collider physics
(Higgs g, Drell-Yan g1, ...)

Nﬁ e quantum correlations inside the proton

e access to “new dimensions”
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New Dimensions

e 1D — 3D imaging




New Dimensions
e 1D — 3D Imaging

® S5Spin-KT correlations
(8 leading TMDs for each of
q or g and PDF or FF)

Quark
Polarization

AP

Nucleon
Polarization




New Dimensions

e 1D — 3D imaging

® Spin-KT correlations
(8 leading TMDs) %9%

® [MDs are part of a larger family

§ =0 and F.T.
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New Dimensions
e 1D — 3D imaging

® Spin-KT correlations
(8 leading TMDs)

® [MDs are part of a larger family

® Most prominent among many quantum TMD correlators
leading TMDs (p|QQ|p)
next-to-leading TMDs  (p|QGQlp) (p|G G G|p)
N?-leading TMDs (p|QRQQQIp) (p|QGGQ|p)



New Dimensions
e 1D — 3D imaging

® Spin-KT correlations
(8 leading TMDs)

® [MDs are part of a larger family

® Most prominent among many quantum TMD correlators

® Connected to other interesting observables

Energy Correlators (ENC)
do < (OTE(7y) - E(Ain)O)




New Dimensions
e 1D — 3D imaging

® Spin-KT correlations
(8 leading TMDs)

® [MDs are part of a larger family
® Most prominent among many quantum TMD correlators
® (Connected to other interesting species

® And to interesting phenomena
eg. saturation, final-state interactions, fact. violation

Key Targets for EIC
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TMDs

3D momentum distributions

. FF Dw/q(w, ET,,LL, C) of hadronizing partons

Semi-Inclusive DIS Drell-Yan Dihadron in ete-
o~ fop(x,kr)Dnsg(,kr) 0~ forp(x, kr)fe/p(x, k) 0~ Dhysg(,k7)Dpyyg(, k)

pth l Fragmentation @

Dh/q £, ]CT
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Semi-Inclusive DIS Drell-Yan Dihadron in ete-
o~ fqp(@,kr)Dnsg(x k) 0~ forp(x, kr)fe/p(T, k) 0~ Dhysg(, k1) Dy, k1)

ho
A
O— —D

Two Scale probe: Q, qT

Q,qr > Aqcp collinear factorization (1D)
Q > qr ~ Agcp  TMD factorization (3D)

Q@ >qr > Aqcp TMD (& collinear) factorization

f(x, kr) = C(%,/@) @ f(E) + ...

II



_Observables (leading order in g; < 0)

SIDIS with polarized electron & proton: e~ p Ly e~ h.X
do 0é2

dxpdy dzn dps depy, dP2 x5y Q2 (1 T Zy )
+SpsinQey) p1 Fypp o + S Apa Fry
+ St sin(¢py — ¢g) Ff}r}(q;h_%)
+ St sin(py + ds) p1 F81n(¢h+¢5)
+ A St cos(Pn — Ps) p2 Pcos(q)h )
+ St sin(3¢y, — ¢s) p1 Fsm(3¢h e

FLIUT + COS(Zgb )p FCOS(quh)

TMDPDFs * TMDFFs: f1,D15, hi,Hi,, -

Drell-Yan with pol. proton: ™D gt X
d 2 COS
d4q:1Q §Q2 { [(1 + cos? Q)F g T sin” 6 cos(29)F qu]

+}

products of TMDPDFS:  fi «fi,p, i <hips --
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‘TMDs with Polarization‘

Quark

Leadi k TMDPDF Nucleon Spin Quark Spin
Polarization I cading Quar s (O )

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized

(U) (L)

1 _ _
f1="() i = (D)
Unpolarized Boer-Mulders
1
g1 =(=r = | hip=(2 =)
Helicity Worm-gear
, s (b0
1 _ 1 !
Nucleon fir = () - @ giT = (-t-) - @ ey
Polarization Sivers Worm-gear hip = @ - @
Pretzelosity

SL’ S')T

8 different TMDs which encode spin-momentum correlations

po

M flJ_T(ajva)

eg. 0@ kr) = fiule, k)
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Field Theory

e Rigorous Factorization Theorems Sgéf:iz‘;s <= TMDs

2

do  _ H(Q, 1) /dQET STV [ (0, b1, 11, Ca) fo(@, br, s ) [1 * O(%)]

dQdY dg2

CSS (Collins, Soper, Sterman)
SCET (Soft Collinear Effective Theory)

e TMD Definitions (constructions & schemes)
=== full understanding now available

o, by, 11,C) ~ Zuy (p|Op \p>/

===l tractable methods with Lattice QCD

e Universality same TMDs in DY, SIDIS, e"e ™

L SIDIS _ _ ¢ DY
but with sign flip for Sivers and Boer-Mulders: 1fsm1s i_TDY
Brodsky-Huang-Schmidt; Collins, ... h = —h3

directly probes final/initial state interactions
with “spectator” partons in the proton!
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Field Theory

e Evolution

N Hdy / 1 G N
fq(xa bT7 Ly C) — €XP |:/MO 77&(“ ’ CO)} exXp |:§ In g fq(aja bT? Ho, CO)
Boundary condition
0’ ® [, C
Sum large logarithms:  In(Q°b7) ~ In —-
Yira
@

Ho, CO
Perturbative ;/l.q : Leading Log (LL) — Next-to-leading log (NLL) — NNLL — N°LL — NLL

Nonperturbative yéf’ : fit to data using models, or calculate with Lattice QCD

I5



Field Theory

e Evolution

woq,./ .
di’YZ(,U/aCO)} exp[1 1H£ fQ(aj7bT7MO7CO)

folar B, Q) =exp [ 2 -

Ho
Boundary condition

Perturbative yl.q : Leading Log (LL) — Next-to-leading log (NLL) — NNLL — N°LL — NLL

Nonperturbative yg : fit to data using models, or calculate with Lattice QCD

® Operator Product Expansion and (non)perturbative inputs

fz/h(wabTmua C) fp/e}];t(aj b*(bT)7M7C) lejg(x7bT)

perturbative nonperturbative (models, lattice)

br' ~ qr > Agcep by~ gr ~ Agcep

t d
OPE: fzp/e}f (xabTalua C) — Z/ gyc’ij(aj‘/yvbTaua C)f]/h(yalu)
J

LO (aSO) — NLO (a,)— NNLO (asz) — N°LO (%3) longitudinal PDFs
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(Selected) Recent TMD Results

© Precision TMDs (Multi-loop, Global fits)
© Lattice QCD for TMDs
© TMDs in Heavy Hadrons

© New observables: g

Jets
EECs

Not covered:

Subleading TMDs (study of QGQ correlators)
TMDs in Nuclel

Proton Spin decomposition }
Small-x & Saturation
Nucleon Energy Correlators
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Precision TMDs



TMD physics with state-of-the-art precision

Key new ingredients:

Multi-loop results

® OPE for TMD PDFs and FFs to 3-loops

(all channels)

Ebert, Mistlberger, Vita (2020)

Accuracy| H, T [Pewsple) |78 (0) [1(0s) [ Blas)
LL Tree level| 1-loop — — |1-loop
NLL Tree level| 2-loop | 1-loop | 1-loop |2-loop
NLL' 1-loop 2-loop | 1-loop | 1-loop |2-loop
NNLL 1-loop 3-loop | 2-loop | 2-loop |3-loop
NNLL' 2-loop 3-loop | 2-loop | 2-loop |3-loop
N3LL 2-loop 4-loop | 3-loop | 3-loop |4-loop
N3LL/ 3-loop 4-loop | 3-loop | 3-loop |4-loop
N*LL 3-loop 5-loop | 4-loop | 4-loop |5-loop
N4LL’ 4-loop 5-loop | 4-loop | 4-loop |5-loop

Luo, Yang, Zhu, Zhu (2020)

t d
fzp/e}f (IabT7M7C) — Z/?yclj(x/y7bT?M?C)fJ/h(ZJ?/“L)
J

® CS kernel to 4-loops
Duhr, Mistlberger, Vita (2022)

1.6 -

1.4 4

Moult, Zhu, Zhu (2022) <
3 1.2 1
2
Yas] = sy + a2 o 10-
=
+ozsvc()+cx3fyc()+ /;0.8—
| . ~~ 0.6 - Duhr, Mistlberger, Vita (2022)
(3-loop result: Li, Zhu 2016; Vladimirov 2016) \j
0.4 - ete” — ~4* — hadrons

® large angle EEC = TMD FF sum rule 0.2+

mz) = 0.118

J(bT):Z/dZZDh/q(ZabT) 162 164 166 168 170 172 174 176 1781
©)
X[

g (

Collins, Soper; Kodaira, Trentadue; Moult, Zhu 21



MAP Bacchetta, Bertone, Bissolotti, Bozzi, Cerutti, Delcarro, Radici, Rossi, Signori (2405.13833)

Drell-Yan + SIDIS Global Fit
at N3LL & flavor dependent NP-TMDs

‘ eg.

et

)

[

— )
COMPASS h £ \
= '}(
& %
02<2<03 ¥V 04<z<06 = ﬁfﬁ‘}
0.3<2<04 0.6 <z<0.8 =

[=}

-
.
=]

%Eﬁ
i

4 X — M,ﬁ
é: N {E mgh;%ﬂ

Multiplicity
g
e

Q [GeV]

! Ld
i i ‘*,1‘ T
i oy L i i 5 _ — — — — —
m " - b m}ﬁ I i, ; ? 10 f T T T T
0.1 1, 1™ Y T -
1 E L' " ! FT H—l—’T ‘
2.65 %ﬁ C qu C Eﬁ o 0.03 0.06 0.00 4 = ——r— ——— 7
w | RET e 777 777 T T
o %k% kﬁ%‘i ﬂﬂ " LN F [7///[—5 bl e e el e+ 2
=1 ] | | . ] i P 2 A S T —27
S A, Mo | . -
O W T 100 | :
2 &L\m i ‘rﬂ,r \( W, [;ru‘n iy e %
i D D—‘ 1 ij "‘ - ‘rr‘L,’i F'rr‘ ) 7T7[LD U — E60 5
0.1 1 L J 4 m ] _ |
1.73 . o o e e 0.04 0.08 0.12 — E288
&% ey i e g /@ NQ; 10° £ — STAR
‘ F
., f L | | f —  PHENIX
£ .0 ] R by, — cpr
= i Hy i, i,
= mﬁ%mf s, ' B i — DO
= o e ! B LHCb
§ ( mmﬁ— M}[} L ([}{U 10" ¢ CMS
L1 o —
iy, T o b HELMES
o1 — — — —— COMPASS
1.3 0.05 0.1 0.15 0.05 0.1 0.15 0.05 0.1 0.15 0.05 0.1 0.15 0.05 0.1 0.15 0 . L . Ll . . il
P/ @ P/Q? P/ Q? P/Q P/Q? 10
hT hT hT hT hT _5 _4 _3 _2
10 10 10 10
0.008 0.013 0.02 0.032 0.055 0.1 0.21 0.4 £r

& 22



Bacchetta, Bertone, Bissolotti, Bozzi, Cerutti, Delcarro, Radici, Rossi, Signori (2405.13833)

Drell-Yan + SIDIS Global Fit
at N3LL & flavor dependent NP-TMDs

0.6
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ART23

Moos, Scimemi, Vladimirov, Zurita (2305.07473)

Drell-Yan Global Fit at N*LL & flavor dependent NP-TMDs
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ART23 Moos, Scimemi, Vladimirov, Zurita (2305.07473)

Drell-Yan Global Fit at N*LL & flavor dependent NP-TMDs

ART?23

r=10"° r=10""
) uncertainty ) uncertainty
z=10"2" T fucp(z,b) 0% | 0%
r=0.1
7 50% 50%
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,,,,,,,,,,,,,

*********

——————————————————————————————
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Slide from Chiara Bissolotti (MAP22)

(| 5
10
Impact studies - EIC
g MAPTMD22
D I MAPTMD22 + EIC 5x100
C 3
-« Q = 2 GeV
a2 x = 0.001
RY.
8]
~1 1
S -
TRy
8
b
| - MAPTMD22
0.0 o —————— S\ e MAPTMD22 + EIC 18x275
C 3
k1 [GeV] < Q =2 GeV
a2 x = 0.001
<2
8
~1 1
S -
& i by
¢ general reduction of the bands 8
0.0 H— ———————————————————————

0.0 0.2 0.8 1.0

"k, [GeV]
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Slide from Chiara Bissolotti (MAP22)

Impact studies - EIC
) s MAPTMDA2 4 EIC 5x100 i < [El

~, — E288
~ —— STAR

~ 10? F —— pHENIX

S
S
g Sivers TMD@EIC: o
oS
8

| 100
1
0 / 17T;d<p 2GeV]
h L - EIC 18x275
_0.10.0 . N 5 . 10_3
— 2 GeV
2.0¢ — 1077 - 0.001
= 5.1072
SCIENCE REQUIREMENTS
AND DETECTOR
5 CONCEPTS FOR THE
‘& general ] gz(«ET)») ELECTRON-IOEII\l secuaotvL::pi: S
025 05 075 1.0 .
k‘T[GeV] ’
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Lattice TMDs



Lattice Calculations for TMDs -

® Basic issue: lattice is Euclidean and TMDs involve the light-cone

® Strategy:

Musch, Hagler, Engelhardt, Negele, Schafer (10, ’11, ’15)

Ji, Sun, Xiong, Yuan (’14); Ji, Link, Yuan, Zhang, Zhao (’18)

Ebert, IS, Zhao (’18, ’19, ’19); Ji, Liu, Liu (’19, ’19)

Shanahan, Wagman, Zhao (’19, '20, ’21)

Viadimirov, Schafer (’20);

same infrared
physics

physical TMDs

29



Factorization relation between lattice TMDs and physical TMDs

perturbative

/ coefficient

lim ﬁé/h(xagTaﬂvgaxpza ~) — CZ('CUPZMM) z’?h(az?gf?ra?C)

nN— OO

A2
. ]
n - xTP*n (zP%br)? (zP%)?2

 Ji, Sun, Xiong and Yuan, PRD91 (2015);
 Ji, Jin, Yuan, Zhang and YZ, PRD99 (2019);

- - Ebert, Stewart, YZ, PRD99 (2019), JHEP09 (2019) 037;
QuaSl MHENS | . Ji (it and Liu, NPB 955 (2020), PLB 811 (2020);
* Ebert, Schindler, Stewart and YZ, JHEP 09 (2020);

Lattice schemes

Continuum T, S
1 limits » Vladimirov and Schéfer, PRD 101 (2020);
I R -  Ji, Liu, Schéfer and Yuan, PRD 103 (2021);
P, large, n — o  Ebert, Schindler, Stewart and YZ, JHEP 04, 178 (2022).

LR

Switch order of Change Wilson lines
e0,Y P>
2 _ Matching

relations
Collins JMY

. Ebert, Schindler,
Continuum schemes S, Zhao (2201.08401)
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CS Kernel: Nonperturbative determinations with Lattice QCD
(slide from Yong Zhao)

Current status for the Collins-Soper kernel

Pion mass |Renormalization Op_er_a tor Fourier Matching x-plateau
mixing transform search
SWZ20
PRD 102 (2020) | ™, = 1.2 GeV Yes Yes Yes LO Yes
Quenched
LPC20 _
PRL 125 (2020) m, = 547 MeV N/A No N/A LO N/A
SVZES
JHEPO8 (2021), | m_= 422 MeV N/A No N/A NLO N/A
2302.06502
PKU/ETMC 21 _
PRL 128 (2022) m, = 827 MeV N/A No N/A LO N/A
SWz21 _
PRD 106 (2022) | ™= = 580 MeV Yes Yes Yes NLO Yes
LPC22 m_= 670 MeV
PRD 106 (2022) Yes No Yes NLO Yes
LPC23 — 220 MeV Yes
JHEP 08 (2023) my Yes No Yes NLO
ASWZ23
9307.12359 m, = 148.8 MeV Yes Yes Yes NNLL Yes

YONG ZHAO, 09/28/2023 3] 22



Results as of 2022 June 2023 lattice avg. by

b= 2 Gev) | A.Vladamirov
0.8 277

o6l 0.8}
| - D(b,2GeV) viAaP22 | T [ART23

0.4F

0.6
0.2} 0.4}
! 0.2}
—0.2¢ -
— CASCADE o SVZES :
— SV19 + ETMC/PKU —0.2¢
——— MAP22 . SVZ '
---= Pavial9 v  LPC20
Pavial7 = LPC22

MAP22: Bacchetta, Bertone, Bissolotti, et al., JHEP 10 (2022)

SV19: I. Scimemi and A. Vladimirov, JHEP 06 (2020) . - T T
Pavial9: A. Bacchetta et al., JHEP 07 (2020) > ] - SVI19 —— BLNY — ART23
Pavia 17: A. Bacchetta et al., JHEP 06 (2017) O 1}
CASCADE: Martinez and Vladimirov, PRD 106 (2022) O \ Pavial9 —— MAP22 —— N°’LO
DS
O L
3 i
~ i
S
ASWZ23 results - -1
Z. L
>z i
= i
0 —2+
El—
0.0

32 bT [fm]
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(x, br) dependence of the unpolarized proton TMD

J.-C. He, M.-H. Chu, J. Hua et al., (LPC), arXiv: 2211.02340.

b, = 0.12fm = (1.64GeV)™! b, = 0.24fm = (0.82GeV)™! b, = 0.36fm = (0.55GeV)"?

I This work

B PV17
£ZZ. MAPTMD22

SRS svi9
ST BHLSVZ22

- J

xf(xr b_l_r U, ( )

a =0.12 fm, m, = {310, 220} MeV, P, = 2.58 GeV SV19: Scimemi and Vladimirov, JHEP 06 (2020)
Pavia19: Bacchetta et al., JHEP 07 (2020).
MAPTMD22: Bacchetta et al., JHEP 10 (2022).
BHLSVZ22: Bury et al., JHEP 10 (2022).
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Heavy Hadron TMDs



Heavy Hadron TMD FFs  von Kuk, Michel, Sun (2305.5461) Q

eN - HX

Heavy Quark Spin
Symmetry relations

H
d(7'u1r1p01 X Hfl Q/N ®
Asin(2¢H) X th_L Q/N X H kT
Unpolarized:
1 3
e.8.0 sg = % . Xl,D(bTa [y C) — ZXl,E(bTa Ly C) ’ X1,D* (bTa 2 C) — ZXl,Z(bTv 122 C)

fragmentation probed by

1
1(br) = 1,m(br) = — Tr (0| [WTY,](bL) [V W](0)|0
X ;X A I ] | o pure Wilson line object

Polarized (Collins):

hip ® Hi Clean probe of sign of
f1 ® Dy Heavy Quark Collins function

. 4 _ L
e.g.. Hl D/C —_— _Hl D*/C AULsin(2¢H) X
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q: : TMDs from angles



Key challenge for probing hadronization and confinement at EIC is ability to
accurately reconstruct final ', and thus P,

e~ (0) + N(P) —» e~ (¢)+ h(Py) + X Gao, Michel, Sun, IS (2209.11211)

eg. 0 =20GeV, A" =0.5GeV = 50% uncertainty on P,/z =1GeV

Solve by replacing ET by observable g we can measure with EIC lab frame angles

Py,
- )tanngIC Pir <Qz: g =—sm¢h—T+
0/

mam))> measure same TMDs

_ . ]_03 = T T T T T T T T T =
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TMDs from Jets

Standard processes ~ two TMDs,

while with jets ~ one TMD

1) Lepton + jet imbalance

TMDPDFs
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2) Fragmenting Jet Functions

TMDFFs PP /eP — J(h)+ X

Z-tagged jets at LHCD Kang, Lee, Terry, Xing ‘19
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Energy Correlators

Direct probe of the confinement transition
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ete™ for @ < 1 exhibits same universal scaling as hadron colliders
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- T based description of the transition is an open problem

Full Q
Recent progress from free hadron side based on TMD FF models!
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Full QFT based description of the transition is an open problem

Recent progress from free hadron side based on TMD FF type models!
2) Barata, Kang, Lopez, Penttala (2411.11782)
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Summary

® TMDs provide new dimensions to

probe mysteries of hadronic structure

® New Lattice QCD calculations
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® Precision & Global fits

® New insights into hadronization
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TMD Factorization (Drell Yan) CSS (Collins, Soper, Sterman)
¢ ¢ SCET (Soft Collinear Effective Theory)
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