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Nucleons: Building Blocks of the Visible Universe

Despite more than half a century of exploration, the nucleon is still a very mysterious

object, and the most abundant piece of matter in the visible Universe

* How does quarks & gluons forms nucleon,
how do they distribute?

1010m » How does nucleon mass & spin emerge

from strong interactions?
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The Landscape of Nucleon Structure

Wigner Distributions

« Wigner distribution (5-D)

@Q Wi ky,ri) . . . .
RN i Gy, 2y, Not directly accessible in experiments

« TMDs and GPDs (3-D)

Still limited in experiments, with relatively low
precision

« PDFs and FFs (1-D)

Precisely measured over a broad kinematic range

Spins, charge, magnetic moment, charge radius, ...

Parton Distribution Functions (PDFs) Form Factors (FFs)
Static Properties Have been determined with high preciseion

Jin-Xin Tan 3D Tomography of the Nucleon: Lattice QCD Calculations of the TMDs 3



The Landscape of Nucleon Structure

The Next Experiment Frontier

EicC (China)

Polarized Electron lon Collider in China

EIC (US)

»  Wianer distribution (5-D)

directly accessible in experiments

K
« TMDs and GPDs (3-D) )

Still limited in experiments, with
K relatively low precision

R

-[ind FFs (1-D)

lisely measured over a broad kinematic range

| charge, magnetic moment, charge radius, ...

: been determined with high preciseion
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TMDs: 3D Momentum Tomography of Nucleon

Leading Q‘uark TMDPDFs Q—v Nucleon Spin @ Quark Spin

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized

(V) (L) (T)

", - f1= @ hf_ =®_®
.Q _>/°°/ Unpolarized Boer-Mulders
- g1(r -G |y = (o=@

Helicity Worm-gear

TMDs: Spin-dependen'l' 3D fl—lf_r' - é) — @ glJf_Z" _ é _ é Transversnth @

momentum space images from Sivers Worm-gear @ @

Preizelosdy

semi-inclusive scattering
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TMDs from Global Analysis of Experimental Data

""""""""""""""" Collins-Soper (rapidity evolution) kernel
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TMDs from Lattice: OPE Moments

06 -

| Sivers—Shift 00,
S 04! - Boer—Mulders Shift (SIDIS), u—quarks
= " S op #EH# 5%,33% ‘
= 00, - | R wse "
g | 2=041, * | e -03 * ;
=, -02 = | = : m (=203
= Ibz| = 0.25 fm, Ex3 ol T~ : e >
o D€VF " iIII t S -04 ® * /=101
-04 1 £ , ® ~
s , 1 , ° m,; =518 MeV ® /=0
. DY SIDIS —| | B . S S S S S
06— e 00 02 04 06 08 1.0
0.30 ; - y |br| (fm)
i g1r Worm-—gear Shift ]
S 025" ]
2 020 1 I £ * Without soft function, only ratios can be
= i z
p III:;.:II § accessed.
Se 010 5 ] .
w 04 * Only the ratio of lowest order moments.
g 005" |br| = 0. m,
O DWF SIDIS —>
T <10 -5 0 5 10 o PRDY3, 054501 (2016), PRD96, 094508 (2017)
nlv| (lattice units)
Jin-Xin Tan 3D Tomography of the Nucleon: Lattice QCD Calculations of the TMDs



LaMET: A New Horizon for Nucleon Structure from Lattice

Large-momentum effective theory (LaMET): connecting Euclidean lattice and physical observables

Lorentz boost N EET Y

é |
Y

Ji, PRL110, 262002 (2013), Rev.Mod.Phys.93, 035005 (2021)

« Equal-time distributions can be directly computed in lattice QCD:

(@, P = / 92 o=iP* (P*| §(2) TUz, 0)(0)| P?)

« Recovering light-cone distributions in the large-momentum limit:

Tode Yy K ~ z M? AzQCD )
av.w = | el o) ae. P )+O(<Pz>2’<sz,<1—y>PZ>2
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TMDs from Lattice QCD within LaMET

Quasi-TMDs: Equal-time correlators, Lattice calculable

Lorentz boost

L —> o

PZ - oo

Factorization in LaMET: PLBS11, 135946 (2020); JHEPO4, 178, (2022)

Perturbative matching kernel

- z A% M? 1
fr(w, bi, p, Cz) SI(bJ_a [.L) = HI‘(Cza N') eXP %K(bl, N) ln%]lf(wa by, p, C) +O( ?SD’ (Pz)z’ bicz)

Quasi TMDs Intrinsic Soft Function Light-cone TMDs

Jin-Xin Tan 3D Tomography of the Nucleon: Lattice QCD Calculations of the TMDs



LQCD Workflow for TMD Calculations and Factorization

Quasi-TMDPDFs Quasi-TMDWFs Form Factor
Momentum dependence: Fb,,P?* = /d:cdaz’H(w, x’, P?)
2Cdiln FIMP(z, b1, pu,¢) = Kb, p) ¢, Y, P*b1) 1@, Y, P*,b1) gy 31y
¢ SY,Y,b,) SXY.,Y'b,) o
Infinite-momentum limit:
i f[‘(wa bJ_, My Cz) V SI(b_L, I"/) — . . .
Collins-Soper Kernel —— 0 ¢ «<— |Intrinsic Soft Function
Hr(¢*, 1) expl 5K b, i) In | £(o, b1 1, O
LPC, PRL125(2020), PRD106(2022), LPC, PRL125(2020), JHEP08(2023)
JHEP08(2023), PRD113(2026) / \ ETMC, PRL128(2022), PRD113(2026)
MIT/ANL, PRD102, 2020, PRD104(2021), BNL/ANL, PRD112(2025)
PRD108(2023), PRL132(2024) TMDWFs TMDPDFs
Regensburg, JHEP08(2021), PRD108(2023)
LPC, PRD109(2024), JHEP08(2025), PRD111(2025)
ETMC, PRL128(2022), PRD113(2026) LPC, PRD109(2024)

BNL/ANL, PRD112(2025)
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LQCD Workflow for TMD Calculations and Factorization

Quasi-TMDPDFs Quasi-TMDWFs Form Factor
Momentum dependence: Fb,,P?* = /d:cda:’H(a:, x’, P?)
d 7 % z g 7 z
2¢_zIn FPMP@, by, 1, Q) = Kby, p) ¢, ¥, P*, b)) §'a’, YV, P 0D gy, v, b))
e SY,Y,b) SXY,Y’,by)
. See the talks in this
Infinite-m¢ gnd next sessions
_ fI‘(w, by, p, Cz) vV Srby, H) — o )
Collins-Soper Kernel —— 0 . «<— |Intrinsic Soft Function
Hr(¢*, 1) expl 5K b, i) In | £(o, b1 1, O
LPC, PRL125(2020), PRD106(2022), LPC, PRL125(2020), JHEP08(2023)
JHEP08(2023), PRD113(2026) / \ ETMC, PRL128(2022), PRD113(2026)
MIT/ANL, PRD102, 2020, PRD104(2021), BNL/ANL, PRD112(2025)
PRD108(2023), PRL132(2024) TMDWFs TMDPDFs
Regensburg, JHEP08(2021), PRD108(2023) LPC, PRD109(2024), JHEP0S(2025)
ETMC, PRL128(2022), PRD113(2026) LPC, PRD109(2024) ’ ’ ’

PRD111(2025)

PNITLANE PRIPI1I19-L00958)
DINL/AINL, TIRUJT1Z\ZVZLT)
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Collins-Soper Kernel from Lattice QCD
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PRD113, 054505 (2026) .
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1.0

A benchmark quantity for lattice TMD studies

v' Continuum, physical mass, and infinite-momentum
limits are now being addressed

v’ Lattice QCD provides first-principles constraints up to
br~ 1fm

v Agreement with global fits provides mutual validation

* A precise CS kernel is a key step toward first-principles
predictions of TMD observables
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Intrinsic Soft Function from Lattice QCD

See Zhi-Chao's talk for details.

LPC, 2020 LPC, 2026
100- ‘\\\\\ _ Sl%h;_sloop ol i ! T . ISIlfloop T
{\ § P?=1.05GeV, y=2.17 \ L Sllfloop,RGR
s T P?=1.58GeV, y=3.06 i
\‘; ¥ P?=2.11GeV, ; 3.98 L0 ‘§\ & LpPC23
\ i = o8 @i\\ BNL/ANL 25
& \ - Ii‘ I ETMC 26
'y \ 2 06 A S S, This Work
107! 1 “ 1 = @I\Q\ _\\I ~~~~~ is Wor
] ! 0.4} i ________
| PRL125, 192001 (2020) 02 LPC 2026 g% LT
, In preparation tiany
T T T T T T T OO B | | ! | | * ‘
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.2 0.4 0.6 0.8 1.0
bJ_ [fm]
v' Continuum, physical mass and infinite-momentum limits
v' Precise first-principles prediction up fo bt~ 1fm
v' Essential input for the lattice calculation of TMDPDFs
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Exploratory LQCD Studies for TMDPDFs (LPC 2024-2025)

 Single lattice spacing
 Limited statistics

asi-TMDPDFs
Quasi ™. Matching in LaMET:

Collins-Soper Kernel —— fr@,bi, p,¢*)/SibL, p) = * Incomplete systematic uncertainties
/ Hr(¢*, p) eXp[%K(b_]_, 1) ln%]f(ma bi,p, Q)

Intrinsic Soft Function / \

Unpolarized TMDPDF Quark Spin-transverse-momentum Correlation

LPC, PRDI111, 094507 (2025); JHEP 08, 086 (2025)

LPC, PRDI109, 114513 (2024) P —1.84 GeV. b, —0.196 fm
x=0.3
b, = 0.48fm = (0.41GeV)~! 9 - T
e} o
S 1 &3 nucleon
~ ] 2.4 &5 pion
2 ] Py =2 GeV
~ I  This work ~ 1.8 ¢ =4 GeV?
=~ -1 4 44— s e, £
S 1 £ 4 WA vl OrihT T 2 ART23 ERY
= 1777 BHLSVZ22 o
( T [0  MAPTMD22 J_ 06
= sV =
mm  Pv17 0
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Precise Calculation for Polarized TMDPDFs

(LPC 2026)

« E.g.: Unpolarized TMDPDF

unpol_gt: fixed b=2, compare Pz in coordinate space

-3 Pz=4
—§- Pz=5
= =6

Re[h_ren(2)]

Im[h_ren(z)]

Rel[®(A, b\, P?, )]

Ac=10.80
¥ by=1la P’=250GeV

v' Multi lattice spacings = Continuum Limit
v" Multi pion masses = Chiral Limit
v' Large statistics

unpol_gt, b=6 (0.465 fm): momentum-space quasi-TMDPDF

f-i:epIZ [a] ' \
LPC (2026), in preparation o
4 ) 4 . N
Ground-state fit Nonlocal renormalization Large-A Fourier transform to get
the ratio of 3pt/2pt to get coordinate-space extrapolation momentum-space
distribution quasi-TMDPDF
_ J \_ )
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Precise Calculation for Polarized TMDPDFs

 Preliminary results of TMDPDFs for unpolarized and longitudinal polarized nucleon

(a=0.077fm, m,= 300 MeV) LPC (2026), in preparation
07 xfix, b1 =0.31fm) 0 xfix, b =0.46fm)
—— unpolarized o — unpolarized
0.6 helicity(+)-(-) 1 0.6f —— helicity(+)-(-)
———  Worm-gear(+)-(-) = Worm-gear(+)-(-)
0.5F —— Boer-Mulders ] 0.5F —— Boer-Mulders
—_ ~ 04}
< <
é o 0.3
=
= =02}
Only statistical uncertainty | Only statistical uncertainty
b0 0.2 0.4 0.6 0.8 7.0 0.5 02 04 06 0.3 1.0
X X
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Unpolarized TMDPDFs @ Physical Limit

v' Infinite-momentum limit

« Unpolarized TMDPDFs at and O Chiral limit
v' Continuum limit
- xf[x,b, =0.39 fm, P?] Unpolarized Unpolarized, »=0.360 fm
| P?=2.0GeV : — =0
S3%8 P oo
PZ =3.0GeV N ¢ a=0.069fm
0.4 PZ_yinf 0.20F
031 oasf
)
] B o.10fF
0.1 z . -
Large P? extrapolation 0.05¢ i i
. B ] A ——. i }
Y 02 0.4 0.6 058 1.0 02 03 04 05 06 07 08 05 10
X X
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Unpolarized TMDPDFs @ Physical Limit

« x-dependence

i b, =0.24fm=(0.82GeV)™!
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LPC (2026), in preparation
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I  This work
= ART23
T BHLSVZ22
W33 MAPTMD22
D sV

[IllD pv17

Jin-Xin Tan

3D Tomography of the Nucleon: Lattice QCD Calculations of the TMDs

18



Ratios between nucleon helicity and unpolarized TMDPDF

 Preliminary results on the ensemble with a=0.077fm, m,= 300 MeV LPC (2026), in preparation

b=0.31fm b=0.54fm b=0.77fm b=1.01fm
T T T T
BNL/ANL} kgf 1t @oj I t}‘j—:o_' | L H)H:H —
MAP-Heli Hiiﬂ;m 1t H:'fegﬂ {1 t %*%—-;T I HD_{'—%D_"T% 1
mctlu Tt |l . e
LPC| ’;0.‘ 1 t ""Fs.“ 1 ﬁ I .::’_‘23_. ]

. . BNL/ANL (LQCD): PRL135, 20 (2025)
More systematic analyses are in progress ...... MAP (Global fit): PRL134, 121901 (2025)

TNTC (Global fit): PRL134, 121902 (2025)
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Quark Spin-transverse-momentum Correlation

« First moment of quasi Boer-Mulders function and its matching

1 B [de ., TsTr [ Pau(P,S)(N(P,S)|07 (2,b.)IN(P, S)a(P, )|
— e —e€

e M (@, 0%, P*,p) =

2
B O (2,82, P, 1) /S1(b1, 1) = exp [EIHQK(M,”)]H (“—2) WO, ,0 o (e, ML
2 ¢ Y ¢ ¢ (P?)?  biC

0.03} a=0.077fm, m,= 300 MeV — siis -
— DY
0.021

« Gauge links generate initial and final state interactions
and distinguish the SIDIS & Drell-Yan processes

~)

S\

L(1),u
1

xh

b
U,(a,b) = expl—ig/ dAn-A“An)t™ n
[GAD
®

| | |
e 2 2 o 92
o (=] o o o
w N =) o -

2

~0.04} LN [ kT 1 2y
hi(z) = /d k hi (x, k7)
005! ' Tamz T pe (2026), in preparation o?

0.0 0.2 0.4 0.6 0.8
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Quark Spin-transverse-momentum Correlation

« Rebuild the full distribution of hi(x,kf) from model parametrization

Llyu—d 2\
hl (w7 kL) _27TkJ_

4M?

EHS(m)W (1 +

Ls(z)

2
My / db b2 Jy (kb )h (z,52)

0.10F

0.05-

~(x, br)

1L(1),u

1

a=0.077fm, m,= 300 MeV.

] e e e s J
:""|"|\‘|

-3
)

Bacchetta, Conti, Radici, PRD78, 074010 (2008)

AM? 2O\ 7°
7TLA(“/') LA(m)

0.10
0.05

0.00

by b

—0.05

~0.05
$  x=03
~0.10f % ﬁigi Dre”'éYan ~0.10f SIDIS i
B (7 ¥ S F S N 00 02 04 06 08 10
br [fm] br [fm] LPC (2026), in preparation
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Quark Spin-transverse-momentum Correlation

« Rebuild the full distribution of hi(x, k%) from model parametrization

hi="(x=02,k}; p=2GeV, {=4GeV?) hi= " x=04,k}; p=2GeV, {=4GeV?) hi "~ r=0.6,kf; p=2GeV, {=4GeV?)
—— SIDIS —— SIDIS —— SIDIS
0.10 — DY 0.10¢ — DY 1 0.10 — DY
0.05 _\ 0.05} ] 0.05
Ry R% ©
5 = <
3 0.00 < (o)1) S——— ¥ 0.00
o E :
< —0.05// < —0.05} = -0.05
-0.10 -0.10} ] -0.10
a=0.077fm, m,= 300 MeV
02 03 04 05 06 07 08 09 1.0 02 03 04 05 06 07 08 09 1.0 02 03 04 05 06 07 08 09 10
kr [GeV] kr[GeV] ky [GeV]
Ll,u—d . _
i ks kr=0.2GeV, p=2GeV, {=4GeV?) hi=" =, k}; kr=0.4GeV, u=2GeV, {=4GeV?) hi="~4(x, k}; kr=0.6GeV, p=2GeV, {=4GeV?)
—— SIDIS —— SIDIS —— SIDIS
0.10 — DY 0.10} — DY ] 0.10 — DY
005 0.05} ] 0.05
= $ s
s 000 ‘75 0.00 < 0.00
g L g
3 : :
< -0.05 0.0} | = —0.05/
-0.10 ~0.10} ] ~0.10 LPC (2026),
in preparation
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Quark Spin-transverse-momentum Correlation

« Rebuild the full distribution of hi(x,kf) from model parametrization

DY: i, k3 u=2GeV, {=4GeV?)

SIDIS: hi-"~9(x,k?; u=2GeV, {=4GeV?)

1.0 0.08 1.0 ' 0.08
' a=0.077fm, m,= 300 MeV '
0.9 0.06 0.9 1 ™0.06
0.8 0.04 0.8 10.04
0.7 10.02 0.7 10.02
> >
(] ]
S 0.6 10.00 S 0.6 {0.00
) )
0.5 1-0.02 05 {-0.02
04 T —004: 04 T —004
0.3 —0.06 0.3 ~0.06
| | | | | ~0.08 | | | | | ~0.08
092 03 04 05 06 07 08 092 03 04 05 06 07 08
X X
Further analyses and discussions are underway...
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Summary and Outlook

TMDs of the nucleon are part of the future frontier
of nuclear science, especially in the Electron-Ion

Collider and first-principles QCD calculations.

Lattice QCD + LaMET provides a new perspective on

exploring the 3-D structure of hadrons.

With controlled continuum, physical-mass, and large-
momentum limits, lattice calculations will deliver
essential nonperturbative inputs for precision TMD

phenomenology.

2023 | VERSION 1.1
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Lattice Setup

Intrinsic Soft

CS kernel Function TMDPDFs
C32P29 323 %64 292.4 984 x4 984 x2 1000x2
C32P23 0.10530 323x64 228.0 448x10 450%x24 1000x4
C48P14 483%x96 135.5 204x24 448x48 300x12
F32P30 0.07746 323x96 303.2 1153x%6 1100x6 1000x4
G36P30 0.06889 363x108 297 — — 500x4
H48P32 0.05187 483x144 317.2 550x8 550x8 —

Hu et al.(CLOCD), PRD 109 (2024)



