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TMDPDFs: 3D tomography of the nucleon
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TMDPDFs: 3D tomography of the nucleon
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» In 2026, we will primarily concentrate on the first four distributions: f,, ht, g,,, and h{;,
while the other four will be studied in subsequent work.

Boussarie et al., TMD Handbook, 2304.03302




Theoretical Complexity of TMDPDF -- Rapidity Divergence 7

» Rapidity divergence from gluons radiation collinear to lightlike gauge link:

IdivN/dk+dk_ JeTe) = /Ci(k /T yd(kﬂc—\ f(ktk‘)

A

(ktk— )1"‘6 [kt “(ktk—)1te
Vi = %mk_ Yy, — Too: rapidity divergence

» Rapidity divergence renormalized by soft function:

S(by, s 6%,67) = ~Te(OIWaBL) 4 WG 5-10) /\N

é as the rapidity regulator.

Jietal, PRD 71, 034005(2005),
Collins, Vol. 32(Cambridge University Press, 2011).




Theoretical Definition of TMDPDFs, Collins-Soper Kernel and Intrinsic Soft Function 3

» Physical TMDPDF is defined as: e. g. unpolarized

FO b, 1,67/ PY) = (PlYyOn/2+b ) W,(An/24+b1)|s- ¥(—An/2)|P) = Unsubtracted TMDPDF

- +
FIMD(z b 4 ¢) =| lim L X04,0,07/PT)
5=—0 /S(by, p,d"€2¥n,57)

Rapidity regulator cancelled in the ratio, leaving the rapidity scale { dependence ~ e

2
—5 Kb, minks

* Rapidity scale evolution controlled by the Collins-Soper equation:

2Cdi§'1n .fTMD(wa by, p, C) =

Collins-Soper kernel
e The intrinsic/reduced soft function is defined from

Spy(bi, 1, Y,Y) = e¥YTYIKbLw+DbL,w 4 ...

as
ES’I(bJ_a B = ep(b“ﬂ

Jietal, PRD 71, 034005(2005),
Collins, Vol. 32(Cambridge University Press, 2011).
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2. Method




TMDs on Lattice QCD
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* Achieved great success in the studies of TMDPDFs:
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0.2 0.4 0.6

-0.6

0.8 1.0 0

0.2

0.4

0.6

0.8 1

Boer-Mulders Function, JHEP 08 (2025) 086

* Large-momentum effective theory: connecting Euclidean lattice and physical
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https://arxiv.org/abs/2502.11807

Extraction of Collins-Soper Kernel and Intrinsic Soft Function 11

» Collins-Soper kernel from the P? dependence of TMDs:

Hr((%, ”)fl"(xi bJ_r {i' ”))

K(b,,u) = l 7
(b 1) In( P%/P3%) n<Hr((Z»ﬂ)fr(x: b,,{3 1)

~

fr could be either unsubtracted quasi TMD wave function or quasi TMDPDF.

» Intrinsic soft function from four-quark form factors: p* p
Sbi,p,Y,Y _y ,
S b = 2 ? 2 Lse
HoL, ) Sbi,p,Y,080bL,p,0, ¥ 0 ’
_ (b, P?) Ji, PRL 110, 262002 (2013);

[dexdz’ H(z,x, Pz)q;Wz, b )o@, Y, P7,b,) Ji, Sci.China 57 (2014),
\/ Jietal., NPB 955 (2020);
Deng et al., JHEP 09 (2022)




Quasi-TMDPDFs 12
e e

 Hadronic matrix element from equal-time correlators:

(2, P, by) = Jim (P2, SW (bufs) TU(bufy = bufiy + Lits bufiy + L, — Lizs Li, « zitg) g (22| P, S)

* Subtracted quasi-TMDPDFs:

f d : ho.(z, P%, b
Jr(x,P*,b,,pu) = 11m haicd e iz (xP%) r( 1) .
L—,m 271' \/ZE(2L+Z,b_|_,a) Zo(l/a,u)




Quark and Nucleon Polarization 13

Quasi-TMD correlators with different Dirac structures and spin projectors map onto the leading-twist

TMDs:

/dﬁz d?€. o—i@P " —ik

SLTr(P?, S| p0)TU 0, £9)v(£9)| P?,8) ~ (f1,91L, h1, firs hiy...)
\

Nucleon polarization:

27 (27)2

Quark polarization:
1+]/4

2

Unpolarized: Tynpo1 =
* Unpolarized: T = yZ or yt

oo oomt _ 1+Ya 11YsY3
Helicity: Tpe = ———

 Helicity: T = yZys or ylys

* Transversity: I' = io ,ys or (&%) _ 1+7a 13¥s1s

trans = o 2

Transversity:

. i
i01tYs , Oy = 5 [V Wl T(EY) _ 147 14572

trans = o 2
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3. Lattice Calculation




Lattice Setup

Intrinsic Soft

15

CS kernel Function TMDPDF's
C32P29 323x64 292.4 984 x4 984x2 </ 1000x4 +/
C32P23 0.10530  323x64 228.0 448x10 450x24 ./ 1000x4 O
C48P14 483x96 135.5 204x24 448x48 O 300x12 O
F32P30 0.07746  323x96 303.2 1153x6 1100x6 vV 1000x4 v/
G36P30 0.06889 363x108 297 — — 1000x4 O
H48P32 0.05187 483x144 317.2 550%8 550x8 Vv —

Hu et al.(CLOCD), PRD 109 (2024)
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3. Lattice Calculation

a. Collins-Soper kernel




Result for Quasi-TMDWEFs in Momentum Space

Z
ifevent P

17

Z . (dzZ i Lyp
= —_ 2
f (xl bJ_r I’lr (z) ll‘l_)rgj J 27‘[ e

&%z b,,P?a L)

ZO(H' a)\/ZE(ZL t+z, bJ_! i, a)

Relfix, b, = 3a, P?, u)] on H48P32
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Tan et al.(LPC), PRD 113 (2026)




CS Kernel Extracted from Quasi-TMDWEFs 18

quasi-TMDWFs

1 H(Coo,Coo, by, wf (2,01, 1, Cs
K(bL,,u,aj,Pf,PQZ): In (<’2€’2 J_,LL) (:U J‘Mc’l)

ln(Plz/PQz) H(Cz,la C_-z,l) bJ.a ,LL)f(ZE, bJ_7 M, Cz,2)

matching kernel

r

K(bl = 3a, }1) on H48P32 K(bl =6a, }1) on H48P32 K(b =12a Il) on H48P32
[ Pf/Pf =6/5
038 - T PiP;=6/4 0251 05
06 & P{/Pj=5/4 0.00

o 1] B FHl | Bdel| o
|7:53 % BREIE © Bie
. }Eﬂﬁﬁ%gﬁ%%%%%%ﬁ% j: 5 PiPi=6/5 7 i P}/P3=6/5 §

027 T P}Pi=6/4
125 L 20{ & Pi/P;=6/4
—0.4 A  Pj/P5=5/4 X Pip;=5/4
T T T T T T T -1.50 T T T T T T T _
030 035 040 045 050 055 060 065 070 030 035 040 045 050 055 060 065 070 23T 035 o040 045 0s0 055 ok oes oo
X X
X

(For better visualization, we present a subset of points selected
from the 200 data points in each of the 3 cases.) Avkhadiev, et al., PRD 108, 114505 (2023).




The Systematic Uncertainty 19

> We have properly accounted for the systematic uncertainties.

Error Contribution

0351 1 Total error
B [maginary part
0.304{ W/ extrap
B ¢ and m, extrap
0251 WM P°extrap
BN Statistical error
0.20 1
0.15 -
0.10 1
0.05 1
0.00 -

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
b1 /0.05187 fm

Tan et al.(LPC), PRD 113 (2026)




Final Result of CS Kernel 20
e

v' Continuum limit; v' Physical mass; v' b, = 1fm.
K(b,,n)
0.5 S H 5z K(b,,p)
I SV 19 EEC 24 ART 25
i’ ART23 = ASWZ24 CFR 25
0.0 1 T T1 717 0.0 1 N IFY 23 MAPNN 25 § This work
j :
—0.5 } —0.5
~-1.0- ST 1.0
- lloop ¥ ASWZ23 RN 1
15| — 2loop 1 DWF24 ‘\\ 1 154
— 3-loop © PionCG25 \
& LPC22 § This work '
_20 T T T T _ T =20 T T T T r
0.0 02 04 06 08 10 0.0 0.2 0.4 0.6 0.8 1.0
b, /fm b./tm
Chu et al. (LPC), JHEP 08, 172 (2023); Scimemi et al., JHEP 06, 137 (2020); Kang et al., arXiv:2410.21435;
Avkhadiev, et al., PRD 108, 114505 (2023); Moos et al., JHEP 05, 036 (2024), Bacchetta et al., PRL. 135, 021904 (2025);
Bollweg, et al., PRB 852, 138617 (2024); Avkhadiev et al., PRL. 132, 231901 (2024);  Moos et al., arXiv:2503.11201;
Bollweg, et al., PRD 112, 034501(2025). Isaacson et al., PRD 110, 073002 (2024);  Camarda et al., arXiv:2508.06201.
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b. Intrinsic Soft Function




Extraction of Form Factor near the Physical Pion Mass

Previous Studies: 350~670 MeV
Liet al,PRL. 128 (2022) —

Chu et al. (LPC), JHEP 08, 172 (2023) ......

This work:
136~320 MeV

22




Extraction of Form Factor near the Physical Pion Mass 23

e
» Three-Point Correlation Functions for the Extraction of Form Factors:

3 €O, by 1, —PP)aTu(Z + by, )dTd(Z, H)OL(0, 3, P))

e p—y

Z,L1,%3

03(b_L’ Fa tSCQ7 t7 Pz

we take:

Ol(t,, P*,T1) = u(Z,t)T'1d(Z, t)e =P

Or(tseqs @', P?,T9) = (2, toeq) Tou(@', toeg)e™ "

12 =75 [12 = Vt¥5 O VzVs
High power: O(m?P?) messss)  Leading power: O(P3)

Source-enhanced
operators




Extraction of Form Factor near the Physical Pion Mass

» Fix m; = 300MeV (tsoq = 6a,b; = 1a,P? = 1.47GeV)

Noise to Signal Ratio

1.4

1.2

1.0- m%ﬁo arpucfily

0.8

!
i
i
S

0.6

Fed K HEH PFH A bH B e FeH

Ui =ysye, To=ysy: ‘/
Dy=ysr, To=v2rs ‘/
'y =ysyi, I'o=ys
I'y=yy5, I'o=ysy: ‘/
Ly =yys, To=rrs ‘/
I'y=yys, I'a=ys
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I'y=ys, I'o=y5

24




Final Result of Intrinsic Soft Function 25
e

v Continuum limit; O Physical mass; v’ b, = 1fm.

Intrinsic Soft Function

14
——= S/ TP A=0.3GeV
1.2 4 L ¥ This Work
\ FLPC23
1.0 ] BGHMZ
\
ok
) T
0.6 I};i ~~~~~
04 ; % ~~~~~~~~~~
0.2 g I{j{
by, .
00 FTHTIYEK I
0.0 02 0.4 0.6 0.8 1.0
b, [fn] Chu et al. (LPC), JHEP 08, 172 (2023)

Bollweg et al.,Phys.Rev.D 112 (2025)
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MEs in Coordinate Space

27

» unpol.
bJ_ = 2a

unpol_gt: fixed b=2, compare Pz in coordinate space
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14

bJ_=4'a

unpol_gt: fixed b=4, compare Pz in coordinate space

(after renormalization)
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MEs in Coordinate Space 28
e
> helicity(+)-(-)

bJ_ = 2a bJ_ = 4a

(after renormalization)

hel_gzg5: fixed b=2, compare Pz in coordinate space hel_gzg5: fixed b=4, compare Pz in coordinate space
1507 1.50 i :::
1.25 A . -4 Pz=6
1.00 -

Re[h_ren(z)]
o
G

Re[h_ren(z)]
o
a

0.50 0.50
0.25 0.25 A
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-0.25
0.0 su—t——— 0.0

—-0.2 4

Im[h_ren(z)]
&
»
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S
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Im
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_0.6 E
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-0.8
T T T T T T T T T _1‘0 T T T X T T T T T
0.0 25 5.0 7.5 10.0 125 15.0 17:5 20.0 0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0

A=2zP? A=zP?




MEs in Coordinate Space 29

» Boer-Mulders, b, = 2a » Worm-gear(+)-(-), b, = 2a
BM: fixed b=2, compare Pz in coordinate space WG: fixed b=2, compare; Pz in/ceominate space
0.06 1 —— Pz=4
0.101 —$- Pz=4 - Pz=5
0.04 A —&— Pz=6
0.08
0.02 -
— 0.06 =
) £ 0.00
g 5
R e = °™ £ —0.02
) &
0.02 A —0.04 -
0.00 —0.06 A
—0.02 4 —0.08 A
i 0.025 4
zZ=
—§— Pz=5 T [ T
0.000
Pz=6
0.01 = il
—0.025 -
§ 0.00 + | = —0.050
S =
g [
Im 2 & oors-
= £
—0.01 ~ —0.100 A
-0.125 A
—0.02 1 - Pz=4
-0.150 { —#— Pz=5
- Pz=6
0.0 23 >0 = Al_o'z(;,z 123 15.0 17.5 200 0.0 25 5.0 75 10.0 125 15.0 17.5 20.0
. . = A=2zpP?
(after renormalization) 2




Result for Quasi-TMDPDFs in Momentum Space 30
e _

e Subtracted quasi-TMDPDFs:

dz o~ i2(xP%) h)(z, P*, b))
2m \/ZE(2L+Z,b_L,a) Zo(1/a, p)

a—(
[.—00

fr(x, stb_Lnu) 5T llm/

unpol. xf(x, b, = 4a, P?) unpol. xf(x,b, = 6a, P?)

unpol_gt, b=4 (0.310 fm): momentum-space quasi-TMDPDF unpol_gt, b=6 (0.465 fm): momentum-space quasi-TMDPDF
—pr=a 0.5 1 — PZ=4
—_ Pz=5 —_ Pz=5
0.5 — PZ=6 — PZ=6
// 0.4
/
0.4 7/
N\ 0.3 Y,
3 Q 3 '
5 0.3 A \.\ =
< A\ N < 0.2
0.2 \\
R y
\\ : 4 \
0.1 N
0.0
0.0

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0




LaMET Matching 31
* Large-momentum effective theory: connecting Euclidean lattice and physical
observables
Physical Matching kerW 5
(x,b,,u, Q) 1 —{% + i€ = Agcp 1
PRl exp [~ Kb wlin =l @ G b ) O )
2 . .
Sitbu 1) Collins-Soper kern:l/ Quasi TMD{/
Intrinsic soft functi\07
* Large momentum limit extrapolation:
A(x) bJ_)

fx,b,,u,;P?) = f(x,by,pm, Q)+

(P%)?




Large Momentum Limit Extrapolation
N

06 xf[x,b, =0.15 fm, P?] Unpolarized
0.5 1
0.4 -
0.3 -
Unpol. o2
Z —
011 PZ=2.0GeV
PZ=2.5GeV
0.0 F========————- PZ=3.0GeV o ___
PZ - inf
_0.1 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
0.8 xf[x, b, =0.15 fm, P?] Helicity
0.7 A
0.6
0.5 1
Hel. °4%]
0.3 1
0.2 PZ=2.0GeV
0.1 P?Z=2.5GeV
P?=3.0GeV
0.0 T [T
_0.1 v T T T
0.0 0.2 0.4 0.6 0.8 1.0
X

xf[x, b, =0.31 fm, P?] Unpolarized

0.6
0.5 1
0.4 1
0.3 1
0.2 1
Z —
0.11 PZ=2.0GeV
PZ=2.5GeV
0.0 F-—======————- PZ=3.0GeV. | - </ EE—
PZ—inf
_0.1 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
08 xf[x, b, =0.31fm, P?] Helicity
0.7 1
0.6 1
0.5 1
0.4 1
0.3 1
0.2 1 PZ=2.0GeV
0.1 - PZ=2.5GeV
PZ=3.0GeV
0.0 T pZsinf T
_0.1 v T T T
0.0 0.2 0.4 0.6 0.8 1.0
X

32

xf[x,b, =0.46 fm, PZ] Unpolarized
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P?=3.0GeV

041 P? > inf
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_0.1 T T T T
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6 xf[x,b, =0.46 fm, P?] Helicity
P?=2.0GeV

0.7 1
P?=2.5GeV

0.6 PZ=3.0GeV

0'5 _ PZ_) inf

0.4 1

0.3 1

0.2 1

0.1 -

0.0 1

-0.1 T T T T
0.0 0.2 0.4 0.6 0.8 1.0




Comparison of TMDPDFs with different polarizations

33

> Fix b, = {0.15,0.31,0.46} fm

TMDPDFs for unpolarized and longitudinal polarized nucleon:

xf(x, b, =0.15fm) xf(x, b, =0.31fm)

xf(x, b, =0.46fm)

0.7 0.7 0.7
—— unpolarized —— unpolarized
0.6 - = helicity(+)-(-) 0.6 1 = helicity(+)-(-) 0.6 -
—— Worm-gear(+)-(-) —— Worm-gear(+)-(-)
0.5 Boer-Mulders 0.54 —— Boer-Mulders 0.5
0.4 4
0.3
0.2 1
0.1+
0.0 .
_0.1 T T T T _0.1 T T T T _0.1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0

—— unpolarized
—helicity(+)-(-)
—— Worm-gear(+)-(-)
—— Boer-Mulders

=

0.2 0.4 0.6 0.8 1.0




Comparison of TMDPDFs with different b | 34
T

B xf(x, b, ), unpolarized B xf(x, b, ), helicity(+)-(-)
. b, =0.08fm . b, =0.08fm
0.6 - b, =0.31fm 0.6 - b, =0.31fm
bJ_ =0.54fm bJ_ =0.54fm
05_ bl=077fm 05_ b_|_=077fm
b, =1.01fm b, =1.01fm
0.4 1 0.4 1
0.31 0.31
0.2 0.21
0.1 0.1
0.0 i /—k 0.0 |
_01 T T T T 1 —01 T T T T
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
 The TMDPDFs decrease as b, increases;
* As b increases, the peak of the TMDPDFs shifts to the right.




Ratio of TMDPDFs 35
-

glLd(-x bTa{ ,U) glLd(x bT,Pz”u)
o (x,bril, ) o %(x, by, Pop)

81L/f1 (X bT) 8A =

b=0.31fm b=0.54fm b=0.77fm b=1.01fm
T T T T T T T T T T T T T T T T T T T T T T T T
I H|§q°" ] I : ] I +—O——— | I : ' = o]
BNL/ANL £ @ He o
MAP-Heli | Jﬂ_{kﬂ-l'_u_' . - |—:rc1—|'_u’_6|_' - - I—E-D—:_'_B_'_. - - l_i-m_"?c)_'ﬂ—' -
" i " | "” i " |
et s | baeo | P == -
_ * |1 | |1 | Il ' _
LY E3] =

00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 15 20 25

Within each row, top to bottom: x=0.2, 0.3, 0.4, 0.6
Bollweg et al., PRL 135 (2025)

MAP Collaboration, PRL 135(2025)
TNTC, PRLI134, 121902(2025)
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From LLM to Agent

38
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A Shift in the Scientific Research Paradigm 39

Al physicist for
Lattice QCD?

Confinement of quarks*

Kenneth G. Wilson
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14850
(Received 12 June 1974)

1974 ~2000

-~
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2. From PhysMaster to LQCD Master




Challenges in Lattice QCD 41
N

» Computation: From Physics Goals to Simulation Codes
Requlreq physwg knowledge: QFT, operator construction, LQCD Master
correlation functions, ...
Specialized computational tools: Chroma, PyQUDA, ...

» Analysis: From Lattice Data to Physics Results
Complex analyses involving long pipelines, massive PhysMaster
datasets, and high-dimensional structures
Time-consuming and mentally exhausting




PhysMaster: A General AI Agent for Physics 42
I

» Three-Stage Workflow: Plan — Execute — Summarize
* Plan
e Clarifier: Natural-language query — structured
physics task
e Librarian: Build a task-specific local knowledge
base _
° Execute Pre-Task = QR:::y - @ Clarifier | —> @ Strl;;illl(red N Librarian
«  Monte Carlo Tree Search (MCTS) e
* Supervisor-Theoretician hierarchical emmmmmmmmees . subtesk l m
collaboration " [, heoretician | | €= i
. | , : | Results | R supervisor
* Supervisor: manages overall progress T | - i =3
e Theoretician: performs derivations and coding i c.,desa,,%box e e by
* Summarize \_ Cosebnton | et L
* Visualize exploration paths and generate reports l 1
» Extract successful paths and expand the romatnoe [T L] e focerml
knowledge base Fauned s T fnowiedge
Miao et al., arXiv: 2512.19799




Acceleration: Extracting the CS Kernel in Lattice QCD 43

xi R*(z=2a,b, =4a,P*=1.47GeV) Re[®° (2,b, =4a, P*=1.47 GeV, )] Re[® (z,b, =4a, P?=1.47 GeV, p))
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Tan et al., arXiv: 2603.22471
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> (LQCDphys) [muhuazhang@login@3 QCD Master]$ python3 run.py

UM

[ An Autonomous AI Scientist for Lattice QCD ]

[LQCD Master] Enter task description: calculate the two-point function of pion, the point source located at [o,
0,0,0]. Inverting the propagator should use the stout smeared gauge link, with parameters 1, ©0.125, 4.'
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e

1. Planner

Planner
Planner
Planner
Planner
Planner
Planner
Planner
Planner
Planner

solve] stage start! £
planner\_SOIVQ] Skllls SeleCted! L— | Skllls:qudnphySICS E r*q with Gamma dagger=gammad*Gamma”\dagg gammad

SOlVe] Stage done! L | tOOl_CallSZQ ) ra >Tr [ S x,0)qga u (0, x)gammab]=¢ >Tr[S u(x,0)*\dagger S u(x,0)] degenerate ud
C Fitique] Stage start! 'l%-‘ e r 0 r=gamma5*D*gamma5

planner critique] skills selected! B4 | skills=1qcd-physics
critique] stage done! B4 | tool calls=0

t with t=0..71 no p ed real expected

. & FitWNMBEGRR: BREM 2473x72 Clover REGE, AREAMRIE (0,0,0,00 #HE »nn A FRRBHEHBHEWNEN cv), BFRERN v (BHRE
. | -
ran&te]stagestmﬁ. ") . ‘ GEEH AR OEBNNA) |

planner rewrite] skills selected! B4 | skills=lqcd-physics
rewrite] stage done! tool calls=0 BESKER: PRHEFFTEEE nr+=(\bar dybu), ZBERBEBKYE, RFEE disconnected B; ARIRNLRAFTRERERF (v/d BHE s u=s d) ,
] & L I - MTREEREXRY, XERIHE o, BRBEME (\bar uysu-\bar dysd)/\2 HASR,

L B s B s B s B s B e B e B s B e |
[T T T Sy T [ RS [ - [y S—  — |
L B s T s T s B s B s W s W s W |

B e NS AE . RABEMNGEER -y, BETHEPEAEHMEKAEBATE \dagger E = y4 I"\dagger v4, WHNEBEFRAKETE A
C(t)=\sum {\vec x} \mathrm{ReTr} {c,s}[S d(0; x)y5 S u(x;0)y5], #H wilson/Clover B y5-hermiticity WHEMBEHEERENFI ct)=\sum {\vec x}
\mathrm{ReTr}[S u(x;0)*\dagger S u(x;0)] (E u/d ﬁ#—F) o i‘i’ﬁ]%*ﬁ%%ﬂﬂ;ﬁﬁ#ﬁﬂ%Zk sanity check (\fi(t) ﬂﬁjﬂﬂfﬁﬁ\ BE t §1}§2) o

SR/ KRBE—HMAR~: KBEBRPEETCEEFRN Clover BH (mass=-0.277, cSW t=cSW r=1.160920226, xi 0=1.0, t boundar
1,1,1,4]) . BB tol/maxiter 4, BERERHAREBRARBNRLEEZRY, A REEN/RBMAFHEE SXRELSEAGL o
HREIRITEER B SENERRE.

o S EAEREO > WA npy, K (cfq, O)"BHR (t=0..71, FEMEIFE) , HE nctadata PiFF: EEARY. BLUE. EHNERY SR (NEIHEE
WEEKRM, AEERFH 1) . BE o, EFSHEBEAE. BREM t boundary=1, XETERHFAGENARE (SENBESNRREREEM forward/backw
ard BAHEENRE) .

TRREE~ RAFTRFEORREEFURR /o 5EREN,; NFAR, TNRLENAEEAFBERE. LA cfg selection RIEFH SENE'S
NS BMRIE TR, S#ANEFENR, NERAXNEENNARTE cfq selection FEA full/BENEBE, HESEHEHT binning/jackknife LAFF
HREES5EEX,
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2. Executor

[ Executor ] PLAN SUMMARY
[Executor] [executor:vi] stage start! & _ . BHEREELFE IR (stout ERIE. AR THE. w1 HA5ED , E4F n BAREEAN
[Executor] [executor generate] skills selected! | skills=pyquda-tool, lgcd-physics FHEIRH dagger/BIRERMEEERBREE, THSHYELEERA.

[Executor] [executor] stage done! | tool calls=0
[Executor] [executor static_analysis] stage start!

[Executor] [executor static_analysis] stage done! [ | errors=0 : N . ‘ — .. — . .
[Executor] [executor critique] skills selected! | skills=1qcd-physics, pyquda-tool - main.py B HSTER mpi n ERATEA metadata, KATHRES core.init FIEEME/KFE mpi

[Executor] [executor critique] stage done! | tool calls=o run -n —EiE; 5 SUb':Et BIZAEL process_grid BiafFf RIgEH I “mpirun #EFEHE [6x,Gy,Gz,Gt] AILE
- - 2 3= S 3 - = o Ny TR~ n
[Executor] [executor_critique:vi] found 1 error(s); trigger executor rewriter static-check round REETHEREMEESE, BUESE—THRE.

WARNINGS

1 - stoutsmear AFHMED gauge; HEET BHARERF EARGERSHRAEER, S5 ELIARR
[Executor] [executor rewrite] skills selected! | skills=pyquda-tool, lqgcd-physics HRE (EESE—NEHRD .

[Executor] [executor rewriter] stage done! | tool calls=o - BERAET c(t) ISR/ ERRBBELAR; A EE np.save AIEREFEHEAE (BT contraction
[Executor] [executor static analysis] stage start! g Z8) , EESTESHIGEERESSR N ERREHFICFTFLE-

[Executor] [executor static_analysis] stage done! [ | errors=0 - submit HATERE T AENEERSHFE/QUOA BERE, BEAAZEIERHE, EaEtgs, 2
[Executor] [executor critique] skills selected! | skills=lqgcd-physics, pyquda-tool AF|THEA mpirun %L + resource path + cfg”{EAEHETREHEEM{ES .

[Executor] [executor_critique] stage done! | tool calls=0

[Executor] [executor critique:vl] remaining_errors=2; pass_to_checkpoint for_human_review EXECUTOR CRITIQUE ERRORS

[Executor] [executor:vl] artifacts_saved=runs/20260416 213546/executor vl - T A RS SRS R E AR : s MIEUBAEIEHA (..., spin_snk, spin src, color snk, col

or_src), {EfREBH swapaxes(-4,-3) RZZ# T spin snk 5 spin_src, # KX color_snk/color src @
;, = A i A 2 i - TR t - A 3y N A
Eizgzgggncheckpoint vl] Scripts generated. Approval will trigger the test submission and queue ;ﬁi ;T&Efﬁmﬁ/ﬁﬁfi) E\nglgxigggggl‘%_;g%ﬁg?l;%;%gg?ﬁ%@ﬂ?ﬁ{iﬂj#ﬁ) TR s dagee
- einsum EFGE5EBREETFEHSEHE/ERENFIEER: A B einsum("...jiba,ik->...jkba")
BEIFEIESIMFEA (spin_snk, spin src, color snk, color src), {BFEfE corr t = -einsum("wtzyxi
jab,wtzyxjiab->t", A, B) UEERERE a,b EFERCERIEEX HE A/B EUE—F; BT B HIFiE
FHRELAFEEE, % contraction FEEXN MAEARRIEL, ERAURKETEAATMER.
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3. Sbatch & Revision

[Executor Checkpoint] Press Enter to submit the test job, or provide revision feedback:
[Executor] [submit test:vi] stage start! °

[Executor] [submit test] submit script=/public/home/muhuazhang/QCD Master/runs/20260416 2135/ pipefail
xecutor v1/submit test.sh module purge
[Executor] [submit test:vi] stage done! B4 | ok=True | job id=111752377 module load apps/git/2.30.2
- . - . - module load compiler/cmake/3.23.3
[Queue] waiting for test job output... module load compiler/gmu/9.3.0
module load compiler/intel/2017.5.239
module load mpi/hpcx/2.11.0/intel-2017.5.239
e, [ Slur“[n Queue ] e, module iler/dtk/25.04
Current state: submitted, but Job 111752377 is not yet visible in this “squeue™ query ; CUP? USE_HTP=
TARGET=gfx906
=== [ L‘Jor‘k"FloL'.l Cornpleted ] e e e =clang++
. . . Y - - 1 912 S public/home/gzcl1234/PyQUDA configs 2604/zmh-dev /bin/activate
[Run dir] Path: /public/home/muhuazhang/QCD Master/runs/20260416 213546 JoubL i/ home /muhnazhang/0CD Master/runs/20260408 121411 /executor
[StatUS] Completed cd /public/home/muhuazhang/QCD Master/runs/20260408 121411/executor
[Trajectory] File saved to: /public/home/muhuazhang/QCD Master/runs/20260416 213546/trajecto

ﬂpirun python3 main.py /public/share/weiwang/clgcd/betab.

ull.json

1.0 L2777 1.0 1.160920226
outputs pion 2pt piPlus point src L24x72

(LQCDphys) [muhuazhang@loginOl QCD Master]$ sqg
JOBID PARTITION NAME USER TIME NODES NODELIST (REASON)

111130013 kshdexclulo6 test pi2pt 24x muhuazhang 0:00 1 (Priority)
(LQCDphys) [muhuazhang@loginOl QCD Master]$ I
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T

Results

9 C24P29_cfg10000_src0000_stout1_rhoOp125_n4_clover_Cpi_t.npy

QCD_Master > runs > 20260416_213546 > executor_v1 > output > C24P29

[-1.163258200451794+2.3941403055470432e-197,
-0.15899417138341945+5.605321309320685e-207,
-0.06679277204263595+-3.4515889536339814e-217,
-0.043159090818385926+2.206516646212471e-217,
-0.03229948709785555+1.0406659695027323e-217,
-0.027268744041290018+1.6034973061896494e-217,
-0.02343857884501545+-1.4018934240633875e-227,
-0.01886632942633874+-1.3710837560412432e-217,
-0.014799854242632648+7.289682038856057e-227,
-0.01144286534300992+5.32031352448254e-237,

LQCD Master

5 pion_2pt.npy X

pyquda_test > [3 pion_2pt.npy
[1.1632582004701688+1.5065319188174853e-197,

9.
.06679277206431788+1.731524998554314e-227,
.04315909084677358+-7.559647829679007e-217,
.03229948713362343+4.541400961643044e-227,
.027268744090051197+-5.453783652210867e-227,
.023438578906970074+-2.508022831936606e-217,
.018866329493487002+-3.175108617532112e-227,
.014799854306129321+-5.35634656470552e-247,
.011442865398169976+-7.203612719902414e-227,

OO0 0000 ®

158994171401292+9.68714111233087e-207,

Me

® @B @ 0
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@ USER AREA AGENT AREA
e
<+

o]
a— m
8 e — ¢ Define Goals
* Analyze Theory
PLANNING ¢ Theoretical skill r

Planning
User } ‘* Generate Tests 7
TESTING & VALIDATION

Feedback
Loop p“
¢ Test Management
e Script Writing
* coding skill
Pass
EXECUTION & ANALYSIS

e Run Computation
p Problem

e Generate Data
* Quality Check
Executor Analyst « Verify Results

|\
Normal

: SUMMARY & FEEDBACK
Problem

/\M
Normal
¢ Summarize Findings
* Feedback

Final Results -
kSummary Message

Plannlng & Revision

Conflrm

Review Plan

End Process




Skill: advanced prompt 50
e

name lgcd-analysis

Lattice QCD analysis pipeline skill. Takes correlator data from lattice measurements and extracts physics results with
I v i Ski I IS statistical and systematic error control. Covers: source-time shifting, correlator folding, jackknife/bootstrap resampling,
gvar/Isqfit integration, effective mass, multi-state correlated fits (hadron spectrum), matrix element extraction (ratio method,
description  summation method, simultaneous C,+Cs two-state fit), dispersion relation and speed of light, fit diagnostics (x*/dof, Q-
. value, AIC, SVD cut), and scale conversion to physical units. Uses fit function templates from Igcd-physics-spectrum. Trigger
v i Iqu -ana IyS|S on: "analyze correlators", "fit the data", "extract mass", "effective mass", "matrix element", "dispersion relation", "speed of
light", "jackknife", "resampling”, "Isgfit", or when contractions are done and results needed.

1

(9 SKILL.md LQCD Analysis Pipeline

v [ lgcd-physics-correlator
name Igcd-physics-correlator
Lattice QCD physics reasoning skill. Derives the chain from a physics observable to a computable correlator: interpolating
> . refe rence operator construction (mesons, baryons), correlator definition (two-point, three-point), Wick contraction with ys-hermiticity
and flavor symmetry, propagator requirements, and einsum expressions for contractions. Hands spectral decomposition and
fit templates off to Iqcd-physics-spectrum. Uses DeGrand-Rossi gamma basis (PyQUDA convention). Trigger on: hadron
D S KI LLmd masses, decay constants, form factors, matrix elements, operator construction, Wick contraction, disconnected diagrams, or
"what correlators/propagators do | need".

description

v @ Igcd-physics-spectrum LQCD Physics Reasoning

D S KI I—I-- m d name pyquda-tool

PyQUDA tool usage skill. Generates Python code that calls PyQUDA to solve quark propagators on lattice gauge

v i pyq u d a _tool configurations. Covers: configuration loading, quark parameter setup (Wilson/clover action, mass or kappa, clover

coefficient, link smearing), multigrid solver configuration, source construction (point, Gaussian smearing with APE/HYP/stout

description
P links), propagator inversion, and residual verification. Reads ensemble parameters from ensemble_registry.yaml. Trigger on:

"compute propagators", "solve propagator”, "run inversions", "call PyQUDA", "solve Dirac equation"”, or when lgcd-physics-

D S KI LL-md correlator has produced a propagator requirements list.

PyQUDA Tool Usage
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» CS Kkernel:

v’ continuum limit;

v’ physical mass;

vb, =1fm;

v systematic uncertainties Q systematic uncertainties

Kby,

iy ( L! )
0.0 1
0.5
—1.0 ]

= l-loop ¥ ASWZ23 _
154 — 2-loop 4 DWF24

— 3-loop @ PionCG25

& LPC22 § This work
_20 T T T T T

0.0 0.2 0.4 0.6 0.8 1.0

bl/fm

» Intrinsic Soft Function :
v’ continuum limit;

O physical mass;

v b, =1 fm;

1.4 4

1.0 4

0.8 1

0.6 1

0.4 1

0.2 1

0.0 1

Intrinsic Soft Function

- 5] TP A=0.3GeV
£ ¥ This Work
\ ¥ LPC23
] BGHMZ
\ {
I:‘[ N
¢ Hif

i i

FHNIITHK§
0.0 02 0.4 0.6 08 1.0

» TMDPDFs:
v’ Polarized TMDPDFs;
O continuum limit;
O physical mass;

vb, =1fm;

O systematic uncertainties

xf(x, b,), helicity(+)-(-)

0.7

0.6

0.5

0.4 1

0.3

0.2 1

0.1

= b, =0.08fm
— b, =0.31fm
= b, =0.54fm
— b; =0.77fm
= b, =1.01fm

0.2 0.4 0.6 08

1.0
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T

» Higher statistics (X10) and broader ensemble coverage;
» Extension to a wider class of polarized TMDPDFs;

» Further phenomenological applications and analyses;

Re[h(A, b = 0.6fm)] Noise-to-signal ratio

§ TMDWF 4

1.0 { B Unpolarized
% §  Unpol. TMDPDF . i Helicity
0.8 i i Boer-Mulders
#  Worm-gear
0.6 - s{ 21
iy E — g -
0.2 - i } i i i
0 .
0.0 A1
_1 4
-0.2
T T T T T T T T _2 T T T T T
0 2 4 6 8 10 12 14 0.2 0.4 0.6 0.8 1.0
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T

v" Broadly integrate open-source scientific tools into PhysMaster to expand its
capability for solving general physics problems;

v" Explore Al-agent-based solutions for domain-specific scientific problems;

Thank you for your attention!
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Quasi TMD Wave Function

» The quasi-TMD wave functions can be
defined as:

Pi(x,b,,pu,) .
= lim dzp” eiszZ Q)iﬂ(z, b, P?a, L)

%) 2m Zo(w,a)\Zg 2L+ 2, by, Q)

4(Z/2+b,)

where the bare quasi-TMD wave function can
be constructed as :

®0(z,b,,P% a,L)
=(0|q(zn, + b,n,)I'U_ ,(L,z,b,)q(0)|P?).

Chu et al.(LPC), PRD109(2024),
Chu et al.(LPC), PRD 106(2022),
Zhang et al., PRL125(2020).




Self-Renormalization--a New Scheme to Extract Z,,
N

Subtracted matrix element

®°(z, b, Pz =0, p) T a’
o s Uy ’ —7 la, hMS ,b . Z +0 .
N TSI ol/a, w)hy™ (1, b1, 2) + O(53

» Renormalization condition: i(a,z, b,)

ization:  InJ; _ Yo C1
» Parametrization: Inh(a,z,b,) = B In -ln[l /(aAQCD)]d + N1/ (ahocn)] +g(z,b.)
_ Yo Cl /
InZo(a,pn) = 5o In hln[l/(aAQCD)]— + In[1/(@hoco)] +d'(u)

Deng et al., JHEP 09 (2022); Huo et al. NPB 969(2021)




Self-Renormalization--a New Scheme to Extract Z,,
N

Subtracted matrix element
. . e ” ®°(z, b, Pz =0, a?
» Renormalization condition: |i(a,z,b,)|= ( W =Zo(1/a, ,u)hMS(,u, b,,z)+ 0(—
1===j A4l Joint fit result : ¢,=0. 020 I
° ° ~ yo | 01 IL====——=—=======
» Parametrization: 1In%(a,z,b,) == In|In[1/ (alAqcep)] — g(z,b))
Bo In[1/(aAqcp)]
o In®(z=0.15fm, b, a) os In®(z=0.2fm, b, ,a) os In®(z =0.25fm, b, , a)
% Zl zg.;zim ¥ b, iO.lem ¥ b, =0.15fm
044 % bi — 0.25fm 0.4 1 % gi ;8;2?::1 047 % Zi :8:§§?m
3 b, =0.3fm 3 b, =0.3fm & b, =0.3fm
031 ¥ my;=135.5MeV 034 * m,;=1355MeV 031 ¥ m,=135.5MeV
© o .
0s ] - 0.2 - - 0.2 1 .
5 ,, & . = . 0.1 &5 ' -
0.1 1 £ £ 2 ' T - &
* . 0ol & } 001 v
001 F & o1l ® ¥
—0.1
o 20 25 30 35 40 45 50 20 s 30 35 40 45 5o 02 ; ' ' ' ' ' '
1/a[GeV] . . E l/a[Ge-V] . . . 2.0 2.5 3.01/a[GZ.\5/] 4.0 4.5 5.0
Deng et al., JHEP 09 (2022); Huo et al. NPB 969(2021)




Self-Renormalization--a New Scheme to Extract Z,

» Renormalization condition: |i(a,z,b,) =

Subtracted matrix ele~ment
®(z,b, Pz =0, )

\/ZE(z +2L, b, u)

= Zo(1/a A" (1,51, 2) +0(5)

1===j A4l Joint fit result : ¢,=0.020

. . ~ I c | e e
» Parametrization: Inh(a,z,b,) = LA In[1/(aA CD)] + Ly g(z,b.)
. Bo | ° In[1/(aAqcp) .
70 — C1 / ’
InZo(a,u) = — In|ln[1/(aA + +d
- - o(a, u) 50 0| [1/( QCD)]_ In[1/ (¥eoco)] (1)
6 =-0.00003(404)
" d'(u) = —0.448 LPC, in preparation
a/fm 0.10530 0.07746 0.05187
T R — - 3% .3 HYPO 1.064(21) 1.145(20) 1.241(19)
HYP1 0.92208(62)  0.97526(57)  1.03969(53)

—-0.20

0.10

0.12 0.14 0.16 0.18 0.20

V2% +b? /fm Deng et al., JHEP 09 (2022); Huo et al. NPB 969(2021)




Result for Quasi-TMDWEFs in Momentum Space
N

&%z b,,P?a L)
ZO(M' a)\/ZE(ZL t+z, bJ_! i, a)

Z . (dzZ i Lyp
= —_ 2
f (x' bJ_r I’lr (z) ll‘l_)rgj J 27‘[ e

Relf(x, P =1.47GeV, b, = 1a)] on C32P29 Im[f(x, P =1.47GeV, b, = 1a)] on C32P29
[ HYPO 0.04 1

1
1.0 1 i 0.02
1
0.8 i 0.00
i —0.02
0.6 1 :
! —0.04 1
i 1
04 H —0.06 1
1
0.2 i —0.08
i 0.10 i
0.0 F===—=———mmmmmmmm dommm e m e m e ' B HYP2 '
L —0.12 !
0.2
014 0 Afo-1 EE Afa-2 [0 Afo-2
R e —— |
—0.1 A
_02 T T T T T T T _02 T T T T T T T
-0.50 —0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50 -0.50 —0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50
X X

Tan et al.(LPC), arXiv:2511.22547




To suppress the fluctuation arises from the excited states, we try different Dirac structure in the interpolator, i1.e. in 3pt:

Z e PO (tseqy T1, —P?)al'u(Z + b, t)dTd(Z,t)01(0, 25, P?))

e p—y

Z4yL1,L9

C3(b_l_a F7 tseqa t7 PZ

we take:

Ojr(ta z,P* T'1) = u(z,t)['1d(Z,t)e —iZ-n, P~
Or(tseq; «', P, Iy) = d_(a_:”, tseq)qu(f;', tseq)ei“'?"’izpz

Fix the current 3pt I'=y, and y, ys, at large momentum limit we have

F(by, P, Py, I'y,I'y) o< Te[D'y (B — m)D (B — m)Uy(By +m)L(Hy +m)]

here Iy, T, = v°, y%y° or Y'y°. At large momentum limit:

I's
YtV5 Yz)5 Y5
I’y
Yeys O(P2) O(P2) O(mP2)
V25 O(P2) O(P7) O(mP2)

Vs O(mP?)  O(mP?)  O(m*P%)

12



' Monte Carlofif#822 ( MCTS )
4 e (Best Trajactony)

average_reward: 0.6796296296296296
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B 5% REBRAZR LANDAU

« PR/FEARFNRFZE(LANDAU, Layered Academic Data Universe) :

- HAEE Library | WSt RSB HENAVEE SEMERNR,

BRaRRIE IR

» F5i%i€ Methodology : #5S1F. RILASBEAIARRIARIER , dEERENIEX
- 5c8%MR Priors | ATEENSEELINANR |, GIMINEZ . BEEMEHVE

Evolving Academic Data Universe

.

b

T Library L: Task-specific knowledge

distilled from precisely retrieved papers

Methodology M : validated reasoning
paths for reuse in familiar domains

Priors P: Reliable textbooks, docs and
verified prior knowledge

/Y\J%:%ﬂujﬁ




Skill

SEAIE&S LA ﬁmaa

B 01 -1 1 [ J——

Agent Skill

1TEhiERES
EEEW*Z

HHER5 | |
RERA (7

« SBEHR (Steps)
 RFRIZ4E (Logic)

E
{
k,.,1 ToEUR (Metadata) i \;\ 2.3 8% ( Instructlons)

%* (Name), KR~ (Ver5|on)
&4 (Description)
o PR HB (Permissions)

N {5

o e T e e

' O =&hE, BT A E;‘Eﬁ ! |

« API BN (API Rules) /

3 m,ﬁf(ﬁ: (Resource Flles)

i 2t e e T S ,.__

. I*él (Docs), 1&E1R (Templates)
o RHIEHE (Data)
o SMNEBREIZS (Scripts)

\pjeis —— e Y
el B RAILX @ JOVBEHSG

JoEE (Metadata) : XdHEERY
EREfR. REEERBLTXH
KRN, IEETE Tokens ( Bk
XED) .

135hi8@ (Action Guide) : X
S REIERRENE  fIET Al
B EAM.

FEXIH (Resources) : XE&
RERNRET | EnjgeE S Python
18 SEMHITIER | (RIEFER
VAR Skill BYgEFe R EZIZ1E.



Decay channels  Amplitudes (in unit of a)

FNFHEHTOSUGIERR:
H = D/H;M]

FSS Analysis of Union Jack BH Model DO — 7['_€V

t/U =0.02992 +0.00020

iE}uAﬁfEF = SHAARESESTE
ma&a&agtma Lo ERAERRE : \
e aiyes) XIS TBER AT '

D° > K ¢v

Dt - %%
D* — ngty

D* — RO¢w

Di =[D°D*,D}] H; =[0,V,q, Vil D! — Kl
D} — ngtv

HizbifelEU‘FESﬁ Ry
EXCS kernel MEZT AN TR A ME

—— L=20

0.027 0.028 0.029 0.030 0.031 0.032 0.033
t

BERM :
N : Lattice QCDEEALE BilifE= : EHFBRSUR)XIFRME
MAETMD R EHREY Collins—Soper #% HTFQMCHaEUnNIon Jack E'ﬁ';ﬂ&J: MEEFHRERN S BT8R
EEZESEE s Bose—Hubbard B2 F+E2IRHR S HMEBNREME , MS=TEIRE

>




