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Topics

» Precision isovector axial, tensor, scalar charges [PRD108 (2023) |
> Quark and gluon momentum fractions, (x), (x), [PLB714 (2012) + in preparation]

» Renormalisation and mixing
» Oft-forward Compton amplitude [PRD105 (2022), PRD110 (2024) |
» Reconstruction of generalised parton distribution functions
» Transverse forces [PRL134 (2025) ]
% 1 o o e e e e e




Precision isovector axial, tensor, scalar charges

[PRD108 (2023)]



Motivation

n _n o
» Current Toottle — Theam 4o

» Unconsidered systematic error in the
experiments? or evidence of new physics?

» Bottle counts how many neutrons left
» Beam counts final state protons only

» Evidence of some unknown decay in bottle?

A . - v - el . . 'S -
A 1 : DO o | ) .

879.320.75 seconds
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Motivation [QCDSE PRD108 (2023)]

» Nucleon isovector charges (gX_d, gzbf_d, gg‘_d) can have an impact on searches for New Physics

» Neutron lifetime puzzle 199l

» Neutron f-decay

» (CP-violation and neutron EDM ' _ |

Sl -124

» Importance of lattice input to these reflected in
appearing in FLAG in 2021

< _196 - - -
k, - ky
electron — anti-neutrino ¥ 5
' * ~128°

‘momenta correlation — V.

~1.30" Bottle

870 875 880 885 890 895 900
7, |seconds]



Motivation

» For a beam of polarised neutrons the differential decay rate is described by:

—

1 ke ' ]_éu m, s n- l_c)e s n ]_éy ,/// A \
AW o« —F(E) |1+ a= 22 1 7 A% 2 4 L Kool

tn L eE 17 L e L e L v : |
Neutrino

» Added to account for the possible BSM scalar and tensor interactions

» SM: b =0

SM BSM

(P VIA|n) (P |T/S|n)
gy~ 1,g,=1.2756(13) gorR N gr="



Systematics of Lattice QCD

Extrapolations:

» Continuum > d % O

» Unavoidable

» Improved actions (errors O(a2))

» Finer lattice spacings
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» Continuum > d % O
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» Finer lattice spacings
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» Finite volume

» Large volumes so effects are exponentially suppressed



Systematics of Lattice QCD

Extrapolations:

» Continuum > d % O

» Unavoidable

» Improved actions (errors O(a2))

» Finer lattice spacings

» Finite volume > L — OO
» Large volumes so effects are exponentially suppressed
» Chiral
» Simulate at physical quark masses
> ﬁ m.,. — 140MeV

» Chiral perturbation theory GOR = m2 x m,

» Flavour-breaking expansion



Matrix elements on the lattice

Sink 3-pt functions
\i Ft > i energy gap to
L y AFE lowest excitation
\\
RN
\i <03(t7 t/)> ~ <N/‘J‘N>
Source AN (C2(t))(Ca(t))
Feynman-Hellmann
Sink L 1
A AN A ~~_ _
| | | \ AE
\i
T . OF
k‘i i’: N A X <N‘J‘N>
4 \i O A—0
Source U B AN
t_




Feynman-Hellmann Theorem

Suppose we want: (H | O | H) real parameter

Modity action with external field:

S— S+ 1| d* O(x)

Measure hadron energy while changing 4

large t

G(A;pst) = de ™" (x)x(0))

Calculation of matrix elements = hadron spectroscopy JF H( A, ﬁ)

O\

A=0

—Ey(A.p)t

2E 1 (p)

(H

N local operator, e.g. g(x)y3q(x)

(P)|O(0)|H (p))

12



Feynman-Hellmann Theorem

» Can modify fermion action in 2 places:

o quark propagators Connected o fermion determinant Disconnected
T @
~— -
g4, AZ [PRD9O (2014)] N
NPR [PLB740 (2015)] ~_
Gg,Gum [PRD96 (2017)] (Requires new gauge configurations)
F (o, Q%) [PRL118 (2017), PRD102 (2020), PRD107 (2023)] (x), [PLB714 (2012)]
GPDs [PRD105 (2022), PRD110 (2024)]

NPR [PLB740 (2015) ]

2 — n [PRD108 (2023)] As [PRD92 (2015)]

g4, g1, gs [PRD108 (2023)]
S,(0?%) [PRD111 (2025)]

Fy(w =0,0%) [PRD111 (2025)] 13



Feynman-Hellmann Theorem

» Can modify fermion action in 2 places:

o quark propagators Connected e fermion determinant Disconnected
ga, AX [PRD90 (2014)] < . >
NPR [PLB740 (2015)] —
Gg,Gm [PRD96 (2017) ] (Requires new ¢ urations)

F (o, 0)? PRD102 (2020), PRD107 (2023) ] (x), [PLB714 (2012)]

NPR [PLB740 (2015)

S, (07
Fy(w =0,0%) [PRD111 (2025)] 13



Demonstration: Axial charges (Connected only, [PRD90 (2014)])

) —> — —> _ .
Want (Ns(9)]q(0)7,759(0)|Ns(p)) = 2is,Aq  q € (u,d)
|
. OEN(A) |~
> Employ L— L4+ A(—17375)9 = B3 = *=Aqconn.
A=0
0.25 , , — : 0.06 , . , , .
Energy shiftsvt | ' 0. 005 [ * “!' Energy shifts v A
00l a\, =0.025 ||
5 a\, =0.0125 0.04
| 0.03}
0.15} i :
B T _ 002}
& &
£ { l { | T oo} ,
0.10} §§§§§§{T Tf“ == -
Q 000k T RN TSP PUPRRRPRPRN i
- : ; =0 s
0.05} {’ & | ~0.01
§--§ ¢ ; { -0.02}
0.00 1 1 -~ i {1 s -0.03 i 1 : 1 1 .
0 5 10 15 20 001 000 00l _ 002 _ 003 004 005  0.06
alt aA

m, ~ 470 MeV 350 configurations 323 x 64
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Energy shifts: weighted average -

le_s  Vveights Combined result
Ch gA | 0.3
6' N
- 0.2 £
=)
4- | %)
i N 01
2_
0, : 5 s S5 0.0

atmin
Minimum time used In fit~0.5-0.55™m
t =10,9,8,7,6 for a = 0.052, 0.058,0.068,0.074,0.082 fm

m, ~265MeV, a=0.068fm, V=48%x96, 1 =5x107%

[PRD108 _(%023 )]

le—5

%
< 77 )
<

O 5 10 15 20 0.0

d tmin

see also: Beane et al. NPLQCD/QCDSF, PRD(2021),
Rinaldi et al., PRD(2019)

(Non-normalised) weights:

pf fit p-value
Wf — 02
J result uncertainty

15



Comparison to 3-point functions

m_ ~ 265 MeV
a=0.068fm, V=483x96 , #measurements= 534x2sources

g 8
S FH
: 2-exp fit
7_ i tsep = 11
~— _ tsep = 14
é GE teep = 17 i
= 6
—
.ﬁ 1 T
I~
2 ~
iy 1
L) I
2-state fit i Feynman-Hellmann
N t

T for 3-pt, t for 2-pt

Excellent agreement between Feynman-Hellmann and standard 3-point function methods

16



Quark mass trajectory

4___________________________" “Typical” trajectory:

P fix strange quark mass to physical
o’ point and lower light quark mass

o’ QCDSF trajectory:

, Tune to physical average quark mass.
Approach physical point by breaking
SU(3) symmetry.

strange quark

R Hold “m-bar” constant:
R m = % (2mbﬂ + ms) = % (2m§hys + mbphys>

light quarks My
Bietenholz et al. [QCDSF-UKQCD], PRD(2011)

17



Flavour-breaking expansion

Consider general flavour matrix elements of octet baryons:
1| 7F
(B'|J"|B) = Appp
In exact SU(3) limit, just 2 independent constants:
» F- and D-type couplings

At linear order in SU(3) breaking: 5 slope parameters (3 D’s & 2 F’s)

Bickerton, Horsley et al. [QCDSF]|, PRD(2019)

= (dss)

®y %uds) Y (uus)

X O(uss)

» # of parameters (polynomials/operators) reduced by restricting to /1 = constant line

1 2
) — 2f_ —825ml7

V3
Fy = (ANT('N + AET&'E) = 2f 4+ 4s10my,

Fy=As v = 2f + (=251 + V/3s2)0my,

Fl — \/g(ANnN o AEnE

f All matrix elements identical
L in the SU(3) symmetric limit

1
F4 — \/§<ASKE — ANKZ) — 2f — 2815772/[,
1 2
Fr = Axp= — Ax — 2f 4+ (/351 — 59)0m;.
5 \/3( Az — ANka) f \/§( 1 — S2)0my

Index| Baryon (B) Meson (F) Current (J©)

1 n K" dvys

2 P KT uys

3 2 ™ dyu

4 >0 " \% (ﬂ’yu_— d’yd)

5 AY n %5 (ﬂvu + dyd — 2375)
6 >t Tt uyd

7 = K~ S5YU

8 =0 K" 5vd

0 n' \/Lg (ayu + dvyd + 5vs)

18



Fan plots

a=0.068fm

Can form a “singlet” combination

1 2
General result: Singlet quantities only
vary at 2nd-order in SU(3) breaking.
0.650
¢
O T G T L
- ¢ O -+
0.600- !
0.575-
0.5501
_____________________________________ ® &
0.525{ L *
0.500 | S
X
0.475 + D
¢ Xr
0.450 . . . . .
—0.008 —0.006 —0.004 —0.002 0.000 0.002

6m,

0.90+

2

= 2f — —s90my,
/ /3 20MM
= 2f +4s10my,
— 2f + (=251 + V3s5)6m,
— 2f—2515ml,

= 2f + l(\/gsl — S9)0my.

V3

= fan

— F1/XF
— F2/XF
— F3/XF
Fa/XF
Fs/Xk
Extrap

—0.005 0.000
6m,

0.005

17



Simulation details

2+1 flavour, NP-improved Wilson fermions

3 volumes
3
500 L ®@ 32°Xx64
® 483>x96 ° .
® 643x96 ‘ ‘
400- ¢ - o A ,
. ¢ n . * | | pion masses
> _ $ A |
o 300 & L |
\Z’ ¢ N +
= _ v
200- 220 « 500 MeV
100-
0 . . .
0.000 0.002 0.004 0.006
~ a%(fm)3 |
O lattice spacings  0.052 < 0.082 fm 20



Global fits

Singlet Xr

0.62
=
- 0.611
O
p)
2w
E ><O.60
X
E 0.59
= :
d

0.58+1

With O(a) and FV
X

0.59;

# & & >

Extrap
a=0.082
a=0.074*
a=0.074
a=0.068
a=0.059
a=0.052

~0.75

—0.50

0.00

0.25

0.62;

0.61;

0.60;

* »

i >+ % >

a=0
a=0.082
a=0.074*
a=0.074
a=0.068
a=0.059
a=0.052

~0.75

—~0.50

~0.25

0.00

0.25

Fil Xk

Fil Xk

F slope parameters

1.050-
1.025-
— F1/XF
1.0001 — FalXr
— F3/XF
0.975- A a=0.082
¢ a=0.074
0.950{ L B a2=0.068
i ¢ 2=0.059
0.925{ | ¢ a=0.052
i ¥  a=0.074
0.9001 i ¥  Extrap
—0.75 —0.50 —0.25 0.00 0.25 0.50
mz — X3
X2
1.107 |
+|\.
1.05] |
i —— FlX
| — Fy/XF
1.007 — F3/X¢
i I 4 a=0.082
0.95- ¢ a=0.074
B a2=0.068
¢ a=0.059
[ |
0.90{ ¢ a=0.052
i ¥  a=0.074
i ¥ Extrap
0.85L | . . . . | |
~0.75 —0.50 —0.25 0.00 0.25 0.50
mZ — Xz
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Different model parameterisations

Results - ISovector )
weighted average among FLAG result, ~2.2% ) a, 5ml2
models (as above) ’ 3 2 5 2
. a ml
'04 4. a/, 5ml27 mﬂ'L
1.3- D. a®, dm7, maxL
0.3 E 6. Smi, mxL
< @)
S 1.2 0.2 '
; FLAG 2021
0.1 -
1.1- i
1 2 3 4 5 OO

Our result, (stat+sys)~5.5%

g4 = 1.253(63),(41),(03)py

Expt Nf=2

09 1.0 1.1 12 1.3 1.4



ar

ds

Results - Isovector charges Ny =2 + 1

1.1

1.0

0.9;

0.8

1.6;

1.4-

1.2

1.0

0.8-

0.6-

025, g4 =1.010(21)y,(12),(01)py
=

0.1 FLAG 2+1: ~6%
FLAG 2+1+1: ~3%
Our result: ~2%

.§ g4 =1.08(21),,(03),(01)py

FLAG 2+1: ~12%
-0.1 Our result: ~19%

MS, u =

FIAG2021 g7

2GeV

Ne=2+141
u

FLAG average for Ny=2+1+1

ETM 19

PNDME 18
PNDME 16
PNDME 15
PNDME 13

2+1

N¢

FLAG average for N, =2+1

NME 21
RBC/UKQCD 19
Mainz 19

LHPC 19

JLQCD 18

LHPC 12
RBC/UKQCD 10D

=2

ETM 17
ETM 15D
RQCD 14
RBC 08

1 Radici 15

Pheno. Nf
®

i1 Goldstein 14

Kang 15

Pitschmann 14

04 06 08 1.0 1.2

u—d
FLAG2021 £gs

‘_T_ FLAG average for N,=2+1+1
i ETM 19
N PNDME 18
I PNDME 16
Z PNDME 13

FLAG average for Ny=2+1
- NME 21
+ xQCD 21A
N RBC/UKQCD 19
U_ Mainz 19
Z LHPC 19

JLQCD 18

LHPC 12
N
I ETM 17
= RQCD 14
O
> Gonzalez-Alonso 13
@

04 08 12 16 20 2.4




Quark and gluon momentum fractions,

(X)g s (X)g

[PLB714 (2012) + in preparation]



Motivation

» Long-standing question re: nucleon momentum:
How ts the nucleon’s momentum distributed amongst its constituents?
» Addressed experimentally @ JLab (now), EIC (future)

» Must satisfy the momentum rule
D (X, +(x), =1
q

where

(x); = fraction of nucleon momentum carried by parton f=q,g

» Experimentally : (x)g ~ 5

» Received much interest from Lattice QCD, but with challenges,

» e.g. statistical noise in (x) , due disconnected nature

25



Motivation

Renormalisation: Mixing between (x), and (x),

ie. Y (F+@F = 1 = 2, ()l + Zx)
q

q

does not necessarily mean

()c)lqre = Zq(x)lq“’ or (X>§ = Zg('x)(lgat \QMWM/

» Ly ="Lgg+ 2y 2y = 2oyt 2y

_a
Recent progress in NP determination of Z,, // \

Mixing due to Z ,, Z,, often ignored or computed perturbatively

26



Determining (x), ,

Require matrix elements
S 2 S , 4, O = 04y — l@ii
(NB)| 67 IN(P)) = 2(my + = P*)(x)y )

2
08 = —TrF,F,, OV = S Tre(= &% + B

which can be computed at p = 0 (for O)) e pa va

6D =z, D 6B =7, D 1 D.
Uv qy,u yq ’ q qy4 4q 3 q}/l lq

Typically obtained via 3-point functions O(7) = Jd3x@(7, X)

This work: Feynman-Hellmann theorem [following QCDSF(2012)]

Compute 2-point functions in the presence of a modification to the action § — S(A)=85+1 Z O(2)

<

EYS OE Y
A=0 A=0

. . . oL, 1 A
Matrix elements determined from energy shifts =—(N|:— [N

27



The modified action

| ' ' | ' '
Wilson gluonic action:  §, = g,ﬁ Z Re Tr.|1 — Uy = Z ETrC (1) + B*(1)

X pU<v

Modity with gluon operator @(b )

S, (4,) = —ﬁ(l +70) ) Re Tro(1 — UL(x)) + ﬁ(l —2g) ) ReTr(l -

.\x,

Similary modity Wilson/Clover action with @g? )

() = ) q)gx) — DG (1 =1+ 4)r) Uy qlx +4) + Z G+ H(1+ 1+ A)y,) Ul ) +

1
2 a@(1 = (1= =4)r)
» modified hoﬁoing term

X,i<]

/

amsotropzc action

|
Ux) q(x + 1) + Z G0+ D1+ = A1) U q(x)

i

UV

U—(x))

28



Simulation details

Quenched QCD » no disconnected quarks and Z,, = 0
Volume: 24° x 48

iNTS iNrt J /\ q .'flginput £ input A'T(: fo
Wilson glue, f = 6.0 = a =0.1fm 24 48 6.0 —0.0666 5.9867 0.9354 1000
24 48 6.0 —0.0333 5

. 9967  0.9672 1000
5 values of 4, 240 48 6.0 0 6.0 1 1000

24 48 6.0 +0.0333 5.9967 1.0340 1000
24 48 6.0 +0.0666 5.9867 1.0689 1000

NP-clover action for valence quarks

k =0.1320,0.1333,0.1342 map m, ~ 1080, 820, 600 MeV
5 values of 4, = — 0.0666, — 0.0333,0, + 0.0333, + 0.0666

29



Energy shifts: Quark operator

Eemr{Ra,(t))

| i
003{®e, . s58; |
0.02 -

kk““ —— ..*_H_*_.._‘_‘_‘AA‘IA;
0.01 - '

# A=0.067
000 ¥ A=0.033
U1 F A= -0.033
§ A= -0.067
_0.01-'””_ B
—-0.02 - '
e e R e e S
L mmg?¥ f
—~0.03 -
0 5 10 15 20
t
0.03 -
®
002 u tn proton
0.01
:f 0.00
=
-0.01
-0.02 -
-0.03 -

~0.06 —-0.04 —0.02 0.00 0.02 004 0.06
Aq

m_ ~ 1065 MeV

0.015 - B A=0.067
' . ¥ A=0.033
0o10l® I A= -0.033
' & A= -0.067
Ay e .
. 0.005 $A#ASicoicioiololoh o™\ | MV VY yewwwrrvre N "VV
Ef 0.000 - °
i |
W i B . ]
—0.005 { "¥¥ : chookod 4 4 A&
i
H
_ | m®
0.010 .
O
—0.015 -
0 10 20 30 40
0.015 A
0.010 - plon
0.005 A
E 0.000
<
—0.005 -
—0.010 -
—0.015 A

—0.06 —0.04 —0.02

0.00
/\q

0.02 0.04 0.06
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Quark operator - comparison to 3-point functions .~ 1065Mev

0.42
s —— FH = 0.3786(13)
041{ 8 ¢ §— B0O=0.3793(47)
) ¥ t=12
0.40 ' v t=13
- | t=14
)
£ 0.39 T
)
L { . |
£ 0.38 Pl .|
m {
= | [
0.37 - ] \
0.36 - Feynman-Hellmann
0.35

0 2 4 6 8 10 12 14 16 18 20
T for 3-pt, t for 2-pt

Excellent agreement between Feynman-Hellmann and standard 3-point function methods
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Energies: Gluon operator m, ~ 1065 MeV

1.08
1.08 T
A=0.067 i : 1.06 -
1 06 - f  A=0.033 ?
A=0.000 T q 1.04 -
1.04 A= —0.033§ % . proton
A= —0.067 f 14 I _1.02;
= 1.02- | | T 1.00-
'Sf L4 ' | \
G 1.00 - B i 1T 0.98 -
: ] \ -
W] _ 4 0.96 -
0.98 - f N T [ 11 |
™~ s 1 W T 1 vy - M
0.96 - R385 250022001 3 —_—
| + ] { | IR S ~0.06 —0.04 —0.02 0.00 0.02 0.04 0.06
0.94 - Ag
; é 1.0 1,5 o0 0.59 -
t 0.58 - .
0.57- pion
Data points are entirely uncorrelated, from separate ensembles. = _
<o
0.55 - \
0.54 - \ -
Good agreement with quadratic fit, no significant cubic term. 053
0.52

—0.06 —0.04 —-0.02 0.00 0.02 0.04 0.06



Renormalisation Pl N

Recall quark-glue mixing under renormalisation ( (x) g " A Zyy Zyq (x) lat
< B Z (z)q

But Z , = 0 in quenched QCD

» for n, = O with m, = m,

and
() + )+ 000 = Z )+ 7, (), + (@), ) = 1
with Z,, Z depending only on coupling g and

_ _ ~7MS MS
Zg = Zgg and Zq = qu -+ qu

1
We will employ RI’-MOM, e.g. ETr(FR [FTree] _1) =1, If= Lol ITlat apd Tt = /A\

[NPB445(1994), NPB544(1999)]

33



Renormalisation - FH Similar to: QCDSF(2015)
[PLB740 (2015)]

Extract 3-point functions from perturbed quark/gluon propagators

Generate propagators on same modified gauge fields as above
oD, (p) z
Gluon: — = — (APOOAp)Y = Q999 AX)NQ299 -
S 12,=0

with (A(P)OL0A(=p))* = Z,Z; (A(p)O,(0)A(=p))' D(p)k = Z,D(p)"“

To avoid mixing with non-physical operators in the EMT [Collins&Scalise(1994),Shanahan&Detmold(2019) |

. . o INT / . 2
» take combination <Ap(p)TfL 4AT(—p)> — <Ap(]? )TfmAT(—P )> — 2P4 T§4 _ i@((gb)
/ / / 4
oD (p)); oD (p");
» Zg(//t) — 2pjp2 D(l)at(p) 8 g —1
Ohg Ohg pj=pj=0
/1 — /1 —

34



Renormalisation - glue

1.1
6.0 $ Z,=0.704(23)
5.5 - 1.0 -
5.0 -
0.9 -
4.5 - (ap)?
j ¥ 247
3 4.0 336 N 0.8-
9',‘35‘ $ 439
i555 0. ——5—+—3—+—¢
3.0{ Y 685
-' | i 829
2.5- 0.6
2.0-
Y T T T T T T 0,5 T T T T T
~0.06 —0.04 —0.02 0.00 0.02 0.04 0.06 0 2 4 6 8 10

A

Data points at different 4, are entirely uncorrelated, from separate ensembles.
Appear linear in 4,, quadratic terms small, no significant cubic term.

Good signal for Z,



Renormalisation - quark

Need to account for quark-glue mixing

Z,, can be obtained via usual RI’-MOM (e.g. QCDSF(2005))

To account for mixing, generate quark propagators on same modified gauge fields

4P P00 =
= — \q\p q\p)) = >
a/lg Ag=0 / \\
. R R __ la la . _ _ N . _
and invoke O, + O, = Z O, s Z,0, "with Z,=2,+7Z,and”Z, =27 +7, n=0:2,=0

-1 I lat Born lat —1aS’1g(p ) lat, ~1-1 ) | -1
Z: () = —Tr< Tep) | Z,(p)T o™ (p) — Z(p)| S (p)] | N

12 \ 8 A

then isolate mixing term 2, =72, —Z,,

8
pP=pu?

use standard quark 3-point methods



Renormalisation - quark

0.88
0.87{ | |
| :
L. ieeienrccnrserssstssta@uenreanssassssscaras @ v rrrrrsienitsninniisainaianes 2
0.86{ | | | (ap)”
| 17.5
7 T $ 134
0.85 - S I 9.9
| ¥ 609
0841 - " 44
0831 T i .................... } {
0.821— , . : . , ,
000 0.05 010 015 020 025  0.30
(amy)?
use standard 1200
¢ Z5=1.034
RI’-MOM LT3
. 1.1
with quark 3- . Zq 0
point methods 110-
1.075 - e —
/,””,”
1.050 1 e
1.025 - -
1.000 r " T ' T
0 2 = 6 10 12 14 16 18

1.00

0.95 -

0.90 -

0.85 -

0.80 -

-0.100

$ Z,=0.8122(50)

—0.125 -
—0.150 -
—0.175

)
" —0.200 -

2y

=

—0.225 -

—0.250 -

~0.275 -

$ ZVS=-0.2223(50)

¢ = 2q— Zyq

___——9%

+ 1

—0.300

(ap)?

12 14 16

18
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Momentum sum rule

R lat
<37>g Lgg Zgq Zgq <5U>g
<$>u — 0 Zqq 0 <$>Zm
(T)d 0 0 Zy ()"

- 0.704(23) —0.2223(50) —0.2223(50)
ZM5 = 0 1.034(1) 0
0 0 1.034(1)
Nucleon
Quark |
Gluon E
Sum
0.0 0.2 0.4 0.6 0.8 1.0 1.2

(x)MS

Quark

Gluon

Sum

0.0

Nucleon

anm. (:1:)21_S (r);? ~’.L‘;Iq + (;1:)31_8
0.540  0.5869(23)  0.430(26) 1.018(27)
0.412  0.5703(31)  0.492(36) 1.063(36)
0.300  0.5645(92)  0.464(54) 1.029(54)
Pion
am. (), (Z), (2 )q +(z), "
0.540  0.58803(58) 0.417(16) 1.005(16)
0.412  0.56569(80)  0.478(18) 1.045(18)
0.300 0.521(20) 0.534(41) 1.056(42)
Pion

0.2 0.4

0.6
(x)MS

0.8 1.0



Off-forward Compton amplitude

[PRD105 (2022), PRD110 (2024)]



Off-forward Compton

[PRD105 (2022), PRD110 (2024)]

T — [d4ze%<q+q’>-Z<N<p'> | TJH(2)J4(0) | N(p))

18
T"(P,q.q) = ), A (@,0,1,0})L"
=1

18 tensor structures

2
AQCD S
Q2 1
power subtraction
corrections  “constant”
Sl(ta Q2)
—_— 1 / /
61=5(61+61), A=P—-P
Q’=-7
A-g
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Off-forward Compton I T
_ 1 B B 1 } } o _ R = i'yFysu, et = 2?: u'ysu
Tuu:2P.q_—(h-q7{1—l-e-q51)gpw | Pq(hq?—[2+eqEQ)PMP,/+H3h{MPV}_ N

( ] )
(P - g2
+ (Pugl + Pog) (b @Ka + e aKs) + (Pug), = Pugu) (A aKs + e+ GKa ) + qua, (h -G — e 9)Ks

Py Ko + (hud), + b ) Kr + (hudl, = hugu ) Ks + Pa(P)io,pau(P)g*Ko.

l o 1.k ~K O
| 2p.g€,ul/p/<;qp(h %1‘|_€ gl) |

>

[(P - qh"™ — h-q@P")Hy + (P - " — & - qP“)é}}

A vanish at leading twist
Diehl, EPJC(2001)

simple mapping to forward limit Belitsky, Mller, Kirchner, NPB(2002)
Belitsky, Muller, Ji, NPB(2014)

t—0 t—0
H1 — F1, Ho+Hz — Fo,
~ t—0 < ~ t—0 - —
Hi — g1, Ha2 — go, Ly, | LA | Lg | ¢ Q% | Nueas
L q5 (GeV?] | [GeV?]
27
» Kinematics chosen carefully (5,3,0) | — — 0 4.86 | 1605
(4,3,3) [(1,—-1,0)| (£,£,3)| —0.29 4.79 1031
. A — — — 3,4,3
> With current chosen ¢, x A =g, — g, 1}, reduces to 3,4,9)
(5,3,1) | (0,0,2) | (5,3,0) | —0.57 | 4.86 1072
B 3 (5,3,—1)
Ly = P . (h g te- q%l) (4,2,4) |(2,-2,0)| (3,3,4) | —1.14 | 4.86 | 1031
9 (2,4, 4) 4




Off-forward Compton

» 2 X spln projectors

—)

isolate Z |, &

Ly =

zp.g(h-q%1+e-c']%1)

» Expand subtracted #, & in moments, e.g.

I \(@,1,0%) =2 ) @"M,(t, 0%

t = —0.57 GeV?

1.5

1.0

0.5

0.0

t = —0.29 GeV?

1.oF

1.0f

0.5

0.0

wide
medium
thin
moment

lattice results

t = —1.14 GeV?
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Off-forward Compton

Moments match onto Mellin moments of GPDs

_ -1 T
— 25 i
M,(1,0,0%) — | dxx""'H\(x,&,1)
J_1
n—1
= ), (Z28YA, 0+ (=28)"C,(1)
j=0,2.4,... 7 even
0
6 =—=
0,
0.0 =
~o\ || contain all power
| Q B2o(t, Q) || corrections &
0.6 ) Bao(t) hgher twist
O
0.4
3-point functions using 02} Ty @y
twist-2 operators
|

0.0~
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Off-forward Compton

GPD reconstruction

» Employ model-dependent ansatz

H(x,t) = Cx~*D(1 — x) ="
a(t) =ay+ a't i
(dispersion relation)

t = —0.57 GeV?

)
S TQn—a@®)(B+ 1)

(@, 1) = 2an:; “ ['(1 +2n — a(t) + p)

» Perform Bayesian fit with 3 priors of differing widths

» Drawing on positivity constraint of leading-twist GPDs

» enforce

| L5 0(0) | < A, 0(0)

2my,;

| B, 00| < A 3,,0(0)

—1

151

1.0

0.5

0.0

t = —0.29 GeV?

= wide

1.5F === medium

1.0f

0.5

== thin

----- moment

X lattice results

0.0 -

t = —1.14 GeV?

: thin

wide

medium

0.6 0.8 1.0
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Off-forward Compton

GPD reconstruction

» Enforce quark counting (leading-twist)
» Truncate series at n=50 moments

» Compare with model-independent
moment fit and 3-point results

2.0

Lot

1.0}

0.0

0.30 1

0.25

0.20 |

0.15}

0.10

= wide

=== medium

D Ao 3pt
X moment

0.6 f

0.2}

0.0

X
— > -
'—'—x- -“—-.——.——.——.—————___=___
X
uu o
4,0 A1
0.0 0.2 0.4 0.0 0.8 1.0 1.2
—t [GeV?]
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Off—f() r'wWa rd COm pt()n GPD reconstruction
H(x,t) = Cx O] — x)’

— —
81 . . — » Fourier transform A — b
(medium prior) == t=0
N { = —0.20 GeV? s [mpact parameter GPD
~ —— t=—0.57 GeV”
syl L T~y = t = —1.14 GeV~
S
- T 0.06
2 "
" 0.05
ol T 0.04
T 0.03
1.00 f T 0.02
=075} T 0.01
2
S .
5 050
=
0.25
o 1000
0.00 | T 0.8 510 b\

0.0 0.2 0.4 0.6 0.8 1.0
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Transverse force distributions in the nucleon

Physical Review Letters 134 (2025) — Editor’s suggestion

“The study reveals a spin-independent force that reflects the confinement of quarks,
with local forces reaching up to 3 billion electron volts per femtometre — about half a
million Newtons, or the weight of roughly 10 elephants. A spin-dependent force
has also been mapped, which offers new insights into how the dynamics of quarks are

influenced by the spin of the proton in which they live.”

‘ RAWNEWS |

CALT™

o0 00 00 00 oo

Protons’ Internal Forces Are As Strong As The

Weight Of 5 Schoolbuses
Raw News Health, 26 Feb 2025

Protons sit in the nuclei of all atoms, but they are not fundamental
particles: They are made of three quarks...

Force As Strong As 10 Compressed Elephants SPACE DAILY

Rests Inside A Proton, Suggests Study
Wonderful Engineering, 24 Feb 2025

Protons, the building blocks of all matter, hold some of the
deepest mysteries in modern physics.

Mapping the forces inside protons
COSMOS magazine, 24 Feb 2025

You might be surprised to hear that there's anything “inside” a

ranamyy md telescopes

proton. But scientists have mapped the forces between the...

Protons' Internal Forces Are As Strong As The

Weight Of 5 Schoolbuses
Iflscience, 26 Feb 2025

Space and Physicsphysics PUBLISHED31 minutes ago This is why
you need very powerful particle accelerators to smash them! Dr.

llluminating the Inner Workings of the Proton
Space Daily, 24 Feb 2025
The international collaboration, which includes researchers from

the University of Adelaide, is focused on uncovering the...

llluminating the Inner Workings of the Proton

Sky Nightly , 24 Feb 2025

llluminating the Inner Workings of the Proton by Simon Mansfield
Sydney, Australia (SPX) Feb 21, 2025 A team of scientists has...

% 9 T e e e e e e

Force as strong as 10 compressed elephants rests

inside a proton, suggests study
Interesting Engineering, 23 Feb 2025

To uncover the forces within a proton, the study authors used a
computational technique called lattice quantum chromodynamics
(La...

llluminating the proton's inner workings

Science Daily, 21 Feb 2025

Scientists have now mapped the forces acting inside a proton,
showing in unprecedented detail how quarks -- the tiny
particles...



Confinement: static quark potential

Vi(r)

i Long range Imear ﬁ

e

T

. Short-range 1
Coulomb |

| I——

(
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Imaging nucleon structure

0.06
[ 0.05
[ 0.04
[ 0.03
[ 0.02
[ 0.01

L | 0.8 15

Recall: Generalised paﬁon distributions
| Describe the (longitudinal) momentum
and (transverse)

4

f

l
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Imaging nucleon structure

’
\tli\""'

0.06
[ 0.05
[ 0.04

[ 0.03

[ 0.02
[ 0.01

L | 0.8 15

Can Wbe‘gO further to describe the

Wl Descrlbe the (longitudinal) momentum '
~ forces acting on these quarks? |

anad (transverse) posmon of quarks ;
: —— 49




Inelastic scattering

Hadron tensor

9,9, Fy P-qq P-qqy,
Wll:Fl(_gll= = ) | (p u)(pu )
g g p-q \'" q? g2

| ?'gl AT | 292 A o o
l €Euvied S €Cavred \P4gS —S-4gp ;
p-q " (p-q)% " ( )




Inelastic scattering

Hadron tensor

Scaling functions

| I-nthe‘deep ine
arge Q% these

P -q4q,

'igz

€Euviaq
(p-q)2 "

q2

*(p-qs” —s-qp?) ,

)
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Inelastic scattering

Hadron tensor

Scaling functions

| I-nthe‘deep ine
large Q% these-

on!|

P -q4q,

q2

)
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Colour-Lorentz force Burkardt. PRD, 2013

While no simple parton interpretation, moment of the g, structure function can be expressed in terms of a
local matrix element

d |
dengz(x) = 32 = 6 Z egdzq

where

9= —— (P, S|TO) eGP O (0) | P, S)
2 OMP+HP+Sx 9 1

 Quark current density |\
coupled to colour- |

- rentz force |
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Transverse densities

Electromagnetic current

(p', s’ |y

D, 3> =u(p’,s) [y Fi(t)

".4, =y _
li

|2

|

- Quark densities ;f

— e ——— o

ble/'St d

1 ” 2
q(b) =3 Fi(b) A

Fy(b?
my  db? 2(5%)

1.5

1.0

10.5

3.0

2.0

2.0
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(P, 8|0y igGT Y p, s) = a(p, ') | PTA T By (t) + MPTio ™ ®y(1)

Twist-3 off-forward matrix elements Aslan, Burkardt, Schiegel, PRD, 2019

(p, $),

_I_A(I)g(t) U

1

MPJFAiiU

(p’ — p)H, t = —A? and oM = LA

(P +p)H/2, At =

where PH

Fi(by)

1

[~ e ~—a //V;/V//,V//» /

= =iy > o e— o

L. \\\\\\\\\

AR R BT E T EE D ’
wm g g 0 [ul gl # www o
(“FANENLED L LA e Er b
NN 2Ees
n////////é/‘i.m\w\\\\ >
Ex //////M.k\\\\\\\\\
BN 17222444
SN e e <
//

i j'/V,IJVi/V/V///' / — \\ \\h\\.\.ﬁl\\.\\.l..\\ll\\ - e -

— — -

Lo e > D \\\\\w\w\‘\ \ — / //A/A/’A/&/JI S

i &~ a
\\\\\‘\\mx\

= — G

/ 4/4//4/4/4/ e e %

N\\\\\\\\\V/ //4/4///;»
\\\\\\L*;/////,

2 \\\\\\ f //,/////
\\\\\\\‘w M,,,//////.,
\\\\\\M ”/.//////

, \\\\Hﬂ ”H/..,//,,

. g ¢ ¢ F F I L4 % K ‘
© © ¥ « N & © o v

©c ©o © o S S o o

0.8

0.6

0.4

0.2

-0.2

06 04

-0.8
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Recall: 3-point functions

Compute 3-point correlators on the lattice

GBI

Sink

S S S S S )
VAV EEEN

y e

Large Euclidean time for ground-state dominance

'3 source-sink separations to

— ﬂ : == ‘

tsep = 14
tsep — 18
tsep — 22

Ground State Contribution |
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(DI form factor m_~ 410 GeV

£ =35.95 (a ~ 0.052 fm)

» O, : isotropic force distribution

» Dipole fits to lattice results

Negative form factors
— attractive forces

¢ Up Quark
o5l ¢ Down Quark

I , . 0.00 0.25 0.50 0.75 1.00 1.25 1.50
p,s)y =u(p,s) | PTA"YT®(t) + MPTio ™" ®y(t) —t (GeV?)

(P, &' |y TigGT ey

1 - '
—+ MP+AZiU+A(I)3(t) U(p, 8)7




Discretisation effects

Extract form factors at 3 lattice spacings,

a ~ 0.74,0.68,0.52 fm
m_ ~ 410 GeV

—0.4

_015 = §§ §% 57 0 O g=C .
B SR e = 3 3 -
LT : { . |

0.2 #g i
—0.3 ﬁ #,
' u d

B=550 ¢ &

: p = 5.65 ¥ 3
—osf B=595 F I

OOO 0.25 0.50 0.75 1.00 1.25 1.50
—t (GeV?)
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Global fit

Model a dependence in magnitude and slope

(I)Z(O) + b;a

(I)z'(ta CL)
~0.1
—~0.2
~0.3
—0.4 T | | ‘_
-0.5 1 A Al | Ll f
—0.67 /} - B = 5.50 ¢ o
oL B = 5.65 ¥ 3
~0.7}] L B =5.95 4 i
0.00 0.25 050 0.75 1.00 1.25 1.50

—t (GeV?)

O3(t)

0.4/

—QI’

0.3 |
0.2}
0.1/ |

0.0! |

H—t— 4
H=

—t (GeVZ)
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Force densities

(b) = — F<b2>+bj€ji5i 4 £ 00
q ) 1 52 p)

oy

| d . o
F' (b) = — 2\/§P+ﬁ®1(b2) + 1/ 2mye S, (b?)

2\/§€ij X

Ny

. d .
0" -2b'b/
db?

d2

(db)?

] D,(b?)
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Unpolarised

———————— S — == === == ———

Quark dengities |

Force densities

F' (b) = —2¢/2P"

Force densities 2Pr

—

3+ \/2myeSID,(b?)

2\/§€ij X

Ny

. d .
0" -2b'b/
db?

d2

(db)?

] D,(b?)

_ _

ourier transform to impact parameter space |
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Force densities

Unpolarised

Force densities |

F' (b) = —2¢/2P"

Force Density (GeV/fm?)
—
=

— = = —= = = — _— = e

2D Fourier transform to impact parameter space |

o
-
[N

NN N NNV Vi F 7 AT 7
QAN NN NN\ Viy A A 25&-\
NN N . “ .
-~ W N - - S
0.2_\\\ //’__ ZO:
7~ i T - >j
E -
— - B 1Z
q\j O O:—-: """" = h---——___:__:—- 1 5 2
N | : =
E 3 F - a
L, B~ - —
R s~ - 058
—-0.4 -~ - g X ©

P N N X X

—0.5 0.5




—_— _ _ . B _ _ _ _ _ _

2D Fourier transform to impact parameter space |

Force densities ek

Transversely polarised
densities sensitive to
Impact parameter

» distorted distributions

' o
i

b) = — | £,
Q()_E 1(b7)

Force densities

2

| d . o
F' (b) = — 2\/§P+ﬁ¢l(b2) + 1/ 2mye S, (b?)




_— _ = — —_____ - -

2D Fourier transform to impact parameter space |

Force densities S

Transversely polarised
densities sensitive to
Impact parameter

—
-
e

» distorted distributions

e

Force Density (GeV/fm?)
—
=

1] 2
C](b)=5 F,(b7)

Force densities |

| d . o
F' (b) = — 2\/§P+ﬁ®l(b2) + 1/ 2mye S, (b?)

Quark Density (1/fm?)

o

NO




| ocal forces

Dividing out the quark densities

Force densities = “quark density” x “torce”

F ~ (pF)

e S SV ¥ A

ey ¥ ~

NN N

N
Y
......

.......
icEEaE
LRI
......
......

i
AP
MR

N
NI
P

e

e

IERANY JANMQINRN, vinEED

. - -
B X X Y

PEUENENIRENT N, X

Ly » A

‘A e

WAWEL .

2.5,

E
202

s
1.5
-
1.0

)
0.5 =
O

C:g 101 O.4i

» Motivates modelling the local forces as: = 5
2 0.2~

- g [

<pF> 2 HE (o=

N — 3
A 10°8 0.2~
VORI

p O 7

S —-0.4

9 _

—0.

Ul N v

0.5
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ocal forces spin independent @, N <l/_/7’+F +bW>

(pyty)

| Strong forces at |
| intermediate distances J

= —_—— ————— —— — —————

3.0 | R —
' Does this resemble the static |
25 | Quark potential anyone? |
i
LI_' L
> 2.0
O I
S
@ 1.5 i
L
1.0 Fi (0% /®(Q%)
| —— Dipole/Dipole
0.5 —— Tripole/Dipole
—— Quadrupole/Dipole
0.0
00 01 02 03 04 05 B




Local forces spin dependent @,

‘i
)

|

DU -
~Short distance behaviour quite sensitive to mode

Fs(by, by = 0) [GeV/fm]

- Asymptotic

trend?

at smaller O

0 !!!!l!!!!l!!!!l!!!!l!!!!'!

- —— Dipole/Dipole
40'_ —— Tripole/Dipole _
| —— Quadrupole/Dipole -
| Gaussian/Dipole |
30 | Fi1(Q7)/D5(Q7)
20
10 ¢
0 -
0.0 0.0 0.1 0.2

Sketch magnitude of force along b, (fixed by, = 0)

0.3 0.4

by [fm]

0.5
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Summary and outlook

+:\. Quark
E — F1/XF
i —— FalX
i —— F3/XF , N
. A a=0082 | Gluon K ONCNNON N
¢ a=0.074
? " a=0.068
I ¢ a=0.059
: ¢ a=0.052
: X a=0.074 Sum
¥ Extrap 0
—0.75 ~0.50 ~0.25 0.00 0.25 0.50 0.0 0.2 0.4 0.6 0.8 10 1.2
T ——— f e i — (x)Ms
~ Precision results for | — _ — J —
| | ‘ .
| hadronic structure | Feynman Hellmann offers Competmve altemahve | TWISt 3 matrix elements

=“ ~to n-point functions for some observables

observables now | Bttt

Lbecomlng pOSS|bIe

. offer new opportunities
to probe interaction |
|LEolynamlcs of partons

= - ==

s00L ©® 323 x 64 © 2 M
® 483x96 °® P'S
. ® 643x96 . ’
FUture lmprOvementS: ensembles 4007 1 803x 112 "tttttrrrr reeseadsessenees N Re=sssszans -:- .
) . 963 x 128 , o O &
with near-physical quark masses S oo . $ A
g ¢ [] + 4
and 4 S m_L = . .
200
=
100+
0°000 0.002 0.004 0.006

a’(fm)?
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Im paCt on phenOmenOIOgy Following Bhattacharya et al., PRD, 2012

Experimental rates sensitive to product of

(Tensor and scalar charges: g,/g¢) X (new-physics effective couplings: €;/€g)

Current and projected experimental limits with g,/g¢ (this work) With g, = g¢ =1 (no error)
0.04 0.04
mm |b,-b|<1073 mm |b,-b|]<1073
m bgs=-(2.2+4.3)1073 ww |b]<1073
wm |b|<1073 e bgy=-(2.2+4.3)1073
0.02 - 0.02 -

Y
0.00 «)  0.00
~0.02 ~0.02 -
~0.04 . . 004 | |
~0.0010 ~0.0005 0.0000 0.0005 0.0010 25 0010 00005 0.0000 0.0005 000
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Lambda dependence

0.0001{ — ~
¢ U quark gT
4 dquark
LL]
flc 0.0000-
—0.0001 | |
—0.0001 0.0000 0.0001
A
Spin-dependent:
0E1(A 0E* (A
D| 0 EDO
oA |, oA |,

E(A) = E(0) £ Ag + O(1%)

al E

m_~ 265MeV, a = 0.068 fm, V = 483 x 96

0.0006- g q
0.0004-
0.0002:
¢ uquark
0.0000- 4 dquark
0.00000 0.00005 0.00010
A
Spin-independent:
0E(A) J
oA 5
A=0

E(A) = E0) + g + O(2%)
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Global fits

Want result
> in continuum and infinite volume limits

» at physical quark masses

Global fit

2 v2
oy — om; = mﬂX 2Xﬂ
> Include O(a) or O(a?) terms in X (singlet) and slope parameters g
1 - . -
Xpr=X5 (1+ clg[fL(mﬂ) 2f;(m_)]) + cya c35m12 e.g. D =1—=2(F + bja)dom; + dlémlz
» Free parameter to encode leading finite-volume correction on singlet:
2
o= e b [functional form from chiral EFT,
B X. | \/mL see Beane & Savage PRD (2004) ]

» Work to O(émlz) in flavour expansion
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Results - Hyperon charges

Not in FLAG, but recent results by RQCD [PRD108(2023) ]

This work RQCD
gr = 0.805(15) g% = (.798(26)
g7 = — 0.1952(75) g% = —0.1872(72)
gy = 0.876(28) g~ = 0.875(49)

Y v

g= = —0.206(21)
¢Z =2.80(25)
g = 1.59(12)

| g% =—0.267(18)
some tenS —» v gg — 3 08 (33)
ge =2.57(16)
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Momentum fractions extra

In quenched QCD with heavy quark masses reveals for both 7 and N (x), ~ 0.5 - 0.6, (x), ~0.4—-0.5
Currently generating dynamical ensembles with:

> n, =2 NP Clover fermions with m, ~ 600 MeV

» 3 values each of /Iq and /lg

» Z matrix more complicated:

R lat

(%) g Zgg Zgq Zgq Zigq Zgq (T)g FNS _ 7 _ 7
()" 0 Zo— 2y 0 0 0 (x)con gq — “a T “b
<:L‘>§0n — 0 0 N/ 0 <x>§on

(x) é Zoy  Zy Z Zo T (x) § Z,, =20 +nZ,
(@)q"” Zqg 2 2 Zy  Za (%)
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(slide from T.Howson, Cairns, Australia, 2022)

TROUBLE WITH THE GLUE

We can write out the gluon 3-point function from the EMT,

(Ao Ti,, |As) = Do p(p) X Gauge Dependent Terms, Will Mix

-~

(2p,,,p,,5m — PuPpOur — PrPuOpp) — PpPuOur + P (OpuOur + 0urpn) + 0y (Pppr — 1)2(5,)T)> D:s(p)

Will want to extract the gauge independent term, vanish all other terms.
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