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: xf(x,u2=10 GeV®) :

® Nucleon structure (leading twist) 0.8}

® Parton distribution functions from first principles 0.7)

® Understanding the behaviour in the high- and low-x 0.6

regions :
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| Motivation

® Scaling

® (- cuts of global QCD analyses

® Power corrections / Higher twist
effects

® 'larget mass corrections

® 'T'wist-4 contributions
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| Motivation | EW Box

® Leading theoretical uncertainty in: K— > — K
® Weak charge of the proton, Te q A
QW: (1 +AP+A€)(1 —4sin26’W(O)+Aé) P >—>— p

+ 0OV + O% + 07

® CKM matrix element extracted from

superallowed f decays,

v o 298443200
J‘{t(l @ X D}‘//A 5




| Motivation | EW Box

3a, r’ dQ* M:>
2 ), Q% M2+ Q?

K > > > K
1
2 yZ 2
JOdXCN(x’Q)FB (xaQ) fy q 1 Z

4
LI = v,

e S
First Nachtmann moment of F;

1
J dx Cy(x, 0% FO(x, 0?)
0

W r’ dQ®> My
AL 2 ), Q2 M+ Q2

O) — 72 _ vl
F3 _F3,p F3,n’

where Cy/(x, 0?) is a known coefficient



| Motivation | EW Box

® Box diagrams proportional to an integral over the K g > > K
whole O° range
YZIW (3) o
T [O o 1) () )

® Low-Q“ (non-perturbative) regime dominates the
integral
® [ 1s experimentally poorly determined in low 0~

® Lattice approach is ideal for a high-precision

determination of M, (0% Nachtmann moment

o |:|£W is 1deal to study isospin breaking since

O _ 72 _ vl
F3 _F3,p F3,n




| Motivation | Subtraction term

W.N. Cottingham, Annals Phys. 25, 424 (1963

yS. 25,
® . C. Collins, Nucl. Phys., B149:90-100, (197
‘ ‘ O‘t ‘t 1 I]. h am fO r mu l a o [Erratum: Nucl. Phys.B915,392(2017
g L A. Walker-Loud, C. E. Carlson, G. A. Miller, PRL108, 232301 (2012
A.W. Thomas, X.G. Wang, R.D. Young PRC91 (2015) 1, 015209

SMY = SM + SM™ 4 SME. + SMI" + 51

sub

W A(Q) \i g
V‘ ‘\ SM™> ~ 13;:;2 dQ*T7"(0,Q%) 3‘ 'i

EM self energy is related to
the spin-avg. forward Compton amplitude

® Subtraction term Tl(O,Qz)

2w? [ Im % (0, 0?
F (0,07 - = J da (@ &)
ToJ a)’(a)'z—a)z—ie)

® dominant uncertainty

Imw

® not accessible via experiments



| Highlights

Subtraction function

- continuum OPE (Hill & Paz)
- OPE + elastic

Np, = 32, a = 0.074[fm
Np, = 48, a = 0.068[fm
Np, = 48, a = 0.058]fm

Lowest odd moment of F;’Z(x, QZ)

--- Parton model
— GLS (N3LO)

¢ B =5.65 (a = 0.068 fm)
$ B =5.95 (a = 0.052 fm)




® Forward Compton Amplitude
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® F| subtraction function

® Parity-violating F;

® Summary & Outlook



Forward Compton Amplitude




' DIS and the Hadronic Tensor

Deep (Q? > M?) inelastic (W? > M?) scattering (DIS) dg ~ L]”UWLD J =v,2Z,and yZ (neutral) or W (charged)
leptonic tensor hadronic tensor
W, = — [ dzeir? "[Ju(2), J, (0
py T E <€ 1088’<p78 |[ M(Z)7 1/( )”p,8>

1
Pss’ — §5ss’

: ( | q,u q’/ @ Structure Functions
ury — | —Guv 5 f—
q
T (p'u 2 qﬂ) ( v > Cb/)

q P9
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| Forward Compton Amplitude

: - , . 1 =
T/’”/(p’ Q) — l/[d4zelqz ss’ <p’S ‘g{JM(Z)Jy(O)} ‘pa S> ,» SPINl AVE. Pgg/ — 5588’ L Q2

W/
o1t %%) ( P q ) ( P q
ga® Ao — _ _ _
e(;oﬂ‘?os 1C T g T + p q p[/
dme fads” - < . q 7 @ : 9 2
TensOt Compton Structure Functions (SF)
2
| theot @ — Ju(a) Ju(q)
opve
) ~oedm L-FH—I
N(p)
W, ~ Jd4x<p 1,0, 4,01 [ ) T, ~ d4x<p T{J,) J,(0)} | p)
Structure Functions: Fl,z(x, Q2) Compton Structure Functions: Jfl’z(p . q, Qz)
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' Nucleon Structure Functions

® we can write down a dispersion relation and connect Im @

Compton SFs to DIS SFs: _1
=X

‘6}1(609 Qz) — gl(oan)

2o [ a ZEEOD

1 2
T (a) Qz) — 4w | dx I 2(X’ Q ) Compton Amplitude is an
2\ — 1 — 202 analytic function in the
0 unphysical region |w,| < 1

Re w
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Feynman-Hellmann Theorem
on the Lattice
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' FH Theorem at 1st order

in Quantum Mechanics:

oF oH H,: perturbed Hamiltonian of the system
- — <¢/1 ‘ a /{1 ‘ ¢ ,1) E,: energy eigenvalue of the perturbed system

O/

® expectation value of the perturbed system is related to the shift in the energy eigenvalue

¢,: eigenfunction of the perturbed system

in Lattice QCD: energy shifts in the presence of a weak external field

e.g. local bilinear operator

S—>SA) =S +/1 d*x O(x) — GWrq® T, €{L7,75 )

real parameter

@ 1st order
oL y| | <() ‘ @ ‘ O> E, — spectroscopy, 2-pt function Applications:
— ® o - terms
o) ZE'/1 (0]610) — determine 3-pt ® Form factors

16



I Matrix elements

J N Sink

/
7

X/
/

Val Ve

/[ /
ey 4
e
/) /)
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////

V4 Vavi e

Source ™\

® 3-pt functions

1 energy gap to

/
[ ” > A E 4+ the lowest excitation

® Feynman—Hellmann

1
[ > ——
AE
oE
— N|J|N
7 o (N|J|N)
A—0

17



J

Source

=

] Compton amplitude

® 4-pt functions

AL

1>

| WA,

AE

(Cy(t, 7, 1))
(C(0))(Cy(T))

/
N/ VS

o (N |J(zg)J | N)

/

Source

dr. — (N|JJ|N)

£
S
=

® Feynman—Hellmann

S S S S

V/ b

S S S S

S S S S
S S S S S]]
S

[ > ——,
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@ quark propagators

/Q?\
<

p—

Connected

g4, AX [PRD90 (2014)]
NPR [PLB740 (2015)]
G, Gm [PRD96 (2017)]

F, ,(w, Q%) [PRL118 (2017), PRD102 (2020), PRD107 (2023)]

GPDs [PRD104 (2022), PRDXYZ (2024)]
2. — n [PRD108 (2023) 3, 034507]
g4, 21, gs [PRD108 (2023) 9,094511]

| QCDSF Applications of FH

» Can modify fermion action in 2 places:

e fermion determinant

N
N -~ -
Disconnected

(X,
NPR
As

(Requires new gauge configurations)

[PLB714 (2012)]
'PLB740 (2015)]

PRD92 (2015)]

19



Subtraction function

tC/jTrl(()an)




1 Forward Compton Amplitude

; 4_ 1q- / 1 o= 2p - q
Tup:q) =i |d'ze Ty (p.s'| T{I ()], (0)} p,s) . spin ave. pes = 50,0 i
qﬂq,,) 0 pP-q pP-q F(w, Q%)
= | 8.t 91(w,Q)+(p— q)(p— q
( g o )N ¢ Y] peg

Simplest kinematics to directly isolate &,

]3J3and q3=0,ﬁ=6

T33(0,q) = F (@ = 0,0%) = T,(0, 0% = 5,(0?)

21



 Calculation Details

Ny L°xT B K alfm| m,[(MeV| Zy

2+1 32°x64 550 0.120900 0.074 470  0.86
NPimproved Clover action 2 T 1 482 x 96 5.65 0.122005 0.068 410  0.87
PRD 79, 094507 (2009), arXiv:0901.3302 [hep-lat] 2+ 1 487 X 96 5.80 0.122810 0.008 430 0.88

QCDSF /UKQCD configurations
2+1 flavour (u/d+s)

® Local EM current insertion, J,(x) = Z,,g(x)y,q(x)
D oI el (valence only)

® 4 Distinct field strengths, 4 = [£0.0125, = 0.025]

® Up to O(10% measurements for each pair of Q% and A

® Connected diagrams only

--------------------------------------

. Unmodified
' QCD background 22



| Strategy | Energy shifts

Isolate the 2nd-order energy shift ® Extract energy shitts for each 4

0.006
{ X=0.0125
D £) ~ —Ey (P)? 0.005/ T x=o0.025
Gft (pa t) Aﬂ(p)e A fT_\:: 0.004.
OE, (p) 22 0°Ey (p) gg 008
E — F y u 4 O3 X 0.002 ¥
N,(P) = En(p) ™) 1 o2 (47) g oo/ JRIRRRRUARRRY
= 4= o2 L AR RS R R 11
= Ex(p) + AE(P) + AE;(p) —0.001 = 20
Ratio of perturbed to unperturbed ® Get the 2nd order derivative
2-pt functions x10~3 \
1.81 ¢ —(4 1. 0) 2n
2 _ G_(|_2,1)(p9 t)GSa)(pa t) @ 1.4- g:g’ (1)’ 83 3“%}’ P /”
Rﬂ(p’ t) —_— 2 Eﬂ« T e e
(G(Z)(p, l‘)) 4 0.6 i ,,,,,,,,
0.2-
>0 — ¢ - - - - - -
= A (p)e 2AEy,(p)t 0.000 0.005 0.010 0.015 0.020 0.025

A

23



0

1S, | unimproved

Q Ny =32 a=0.074[fm

Y Ny =48, a=0.068[f

Ny, = 48, a = 0.058[fm

® OPE expectation:

lim S,(Q°%) ~ 1/0°

Q°—co

® Did we confirm a fixed pole?

® Lattice artefacts maybe?

24



1S | lattice artefacts

® tree-level mass-dependent lattice operator product expansion (LOPE)

v

=Wy, S5Sw(p + Qrw + wrSwp — Qrw.

: : 0.0- —— AST (Imp. LOPE)
with the Wilson quark propagator, |~ AST (Orig. LOPE)
M(k) — iy, sin(ak,) . o s (e
Swik) = . , o
M(k)? + Zﬂ sin?(ak,) free fermion case:
_ _ —0.2- 2\ — A Sff
where M(k) = amy+ ) |1 - cos(ak,)|, 1FH 07 =
P —0.3-
® giving the correction massless =7
LOPE -
2 b 04
N dm,aZy,gg"" ZP lcos(aqp) — 1] 0.4 |
1 = . 9 0 0.0 0.1 0.2 03 0.4 0.5
Zp sin“(aq,) + M?*(my, q) .

25



I Sl | impr()ved

-==- continuum OPE (Hill & Paz)

i
At |
| -==- QOPE + elastic
\ O N; =232 a=0.074fm
~ \ .
S ~ Y Np =48, a=0.068[fm

Np, = 48, a = 0.058[fm

0.0 25 50 75 100 125 150
Q? [GeV?]

® 5,"P(Q?% = §"(Q%) + AS,

4m aZ‘Z/gg)are Zp [COS(Clqp) — 1]

AS, =
! Zp sin“(aq,,) + M*(my, q)

® gba® calculated on the same set of

ensembles

® Good agreement with OPE

26



® Possible to constrain the mid-Q? region

2.0

ISl | impa(}t

® Low- and high-Q? regions are known

- OPE + elastic

Ny, =32, a = 0.074]
Ny, = 48, a = 0.068]f
Ny = 48, a = 0.058]f

- continuum OPE (Hill & Paz)

fm

W.(0, Q%)

10

-10

B I 1 I 1 1 I I I 1 1 1 1 I I I I 1 _

R.]. Hill and G. Paz PRDY5, 094017 (2017)_

I i

I | I | 1 | | I | | | 1 I | | | | ]
0 0.5 1 1.5 2

Q? (GeV?)

27



Parity-violating &,
and
the y — Z/W boxes




=~ Forward Compton Amplitude

L.p-q) =1 Jd“z e py (. S| T OV} [Py s) . spin ave. poy = 560

paq,ﬁ

~F (w, Q%) + i etvl
p-q 2p - q

o Pudy Py :
F 4w, 0°) + F s(w, 0 )+—J"6(w Q)

QC;‘;3(609 QZ)

—8,F

L s

allowed terms <«— p q p q p q 0123 — 1

because parity
is violated

29



| Nucleon Structure Functions | F,

® for u # v and Pu=q, = 0, and f # 0, we isolate, Im o
| paqﬁ , @z x 1
Tﬂv(pa q) = j 1P F3(w, Q7)
2p - q

Re w
® we can write down dispersion relations

and connect Compton SFs to DIS SFs:

F3(X, Qz)

1 — x2p2 Compton Amplitude is an

analytic function in the
unphysical region |w,| < 1

F(w, 0?%) = 4dex

30



hﬁfw *Forward Compton Amplitude

® The 1st moment

1 L 2
F 3(w, 07)
R R
0 ),
w=0
allows for a test of the Gross-Llewellyn-Smith sum rule (a, = a(Q%)/ )

- A 1
M® 2=J dxFy(x,0) =2 1+ HT+@< )
@)= | - i, 0 ( Za <n>) o U\

Higher-twist

known coefis.

® Also allows for a determination of the EW box diagram

B 30[EMJ’°° do* M,

YW _ " M (3) 2
|:lVA T 0 Qz M2 QZ (Q )

31



! Calculation Details

QCDSF /UKQCD configurations mﬂ_ ~ 410 1\/[6\/7 ~SU(3) SYI111.
483 % 96, 2+1 flavour (u/d+s)
5.65 . . 6.9 0.068
= - L ~ ~/ f
p (5.95), NP-improved Clover action m_ [5.3] a [0.0SZ] m

PRD 79, 094507 (2009), arXiv:0901.3302 [hep-lat]

® Local EM and axial current insertion, J;Y [Al(x) = Ly A]Q(x)yﬂ[ys]q(x)
(valence only)

--------------------------------------

® 4 Distinct field strengths, 4 = [£0.0125, £ 0.025]

® Current momenta 0.1 < 0? < 10 GeV?

® Roughly 500 measurements

® Nucleon at rest: p = (0,0,0) thus w = 0, varying g

--------------------------------------

: Uninodified ® Connected 2-pt only, no disconnected since F; is non-singlet

' QCD background 14



| Energy shifts

® Ratio of perturbed 2-pt functions

,_|_,1q(p9 t) G

RI(p, 1) =

® Extract energy shifts for each |A]

G

)G

+/1‘1

—18_‘

@

A

¢ 0.0125
$ 0.025

PRELIMINARY

(p, q)

A

10 12 14 16 18 20 22 24 26

t/a

(2) ( t)
—19,—4\P _AAR
_ A/le N,(P) 1
/1‘1 +/1‘1(p 1)
.. OE}p)
® Get the 2nd order derivative
01,04,
=0
0.000 "____—"““'_"_"_'-_--_--_-._.._,________. ______________________________________________________________________
o — PRELIMINARY
—0.005] ANy
—0.010]
—0.015}
: q= (09 193) 277/[/ \l.,
- p=(0,0,0)27w/L X
0.000 0.006  0.010 0.015 _ 0.020 _ 0.025

A




| F, | unimproved

- & g035 a = 0.068 fm, V = 483 x 96
: E q053 m, ~ 420 MeV
]_.9' Qz ~ D GeVz

228

Fi(w, Q?)/w
Y %

ek
Ol

{
>
A P ()
(b
D _
: T
() L
a ) B
)
I )3 :
=

0.0 0.2 0.4 0.6 0.8 1.0
w =2p-q/Q°

34



| F, | unimproved

- & g035 a = 0.068 fm, V = 483 x 96

: E q053 m.,. ~ 420 MeV
' Q? ~ 5GeV?

t/
F (0, Q%) _ 0 0" Ex(p) "

0.4 0.6 0.8 1.0
w =2p-qlQ*

ek
N

Fi(w, Q?)/w
Y %

‘b
<y

offsetl

35



F3(@.0%) _ Q* PEy(p)

|Syst. 1: LPT improvement

_ .| & Raw PRELIMINARY
- | A LPT improved
), @ 8/116/12 7.2}
4=0 5 7.0l (0,3, 1)
. o = | (o3 ?B;A(O’l’?’) $0,1,8)
introduces discretisation error due to & 6.8 K(0,5,3)
broken rotational symmetry S -(0 1,7)
I 6.6} A0 3.5) - K(0,4,7)
3 | “A(0,7,1)
§¢06.4; 0.1 8)
o o H\ (0’3’ 5) ZS( y L9
® Replace the kinematic factor by 6ol ¢ A1)
. . T (0,5,3)
a lattice OPE motivated factor | ¢ #§(0,4,7)
6.0‘ !(Oa 79 1)
2 : D 8:
0> Zism q; + [Zi(l — COS ql-)] | =
—— ﬁ :
q> SIN ¢

q° [2m /L)

36



7.10¢

Fgu(w = 0, Qz)/w
% o o N N
Qo © © - ()
(@) | ) () ) (@) |

o
Q0
S

6.75}

PRELIMINARY

!
b

Cj’: (07193) 277/[’
P = (0,0,0) 27T/L ]

11

tmin/a

12

¢ la =24 fixed

10.20

10.15

10.05

15 16 17 O-V0

Weights

® Weights: w'/ =

| Syst. 2: Weighted averaging

® Red line (mean): 0 = wa@f
/

® Red band (total uncertainty):

551:&11:@2 — Z Wf(5@f)2
f
Ssys0? = ¥ wi(0f - BY:
f

50 = \/ SstatO” + OsysO’

Py (667)~>
Zf/ pf’(éﬁf,)_z

where p; is the one sided p-value ot
the ratio fits




a = 0.068,0.052 fm

F gZ ' First moment e dony

483x96, 2+1 flavour

2.50
| proton - Partonmodel $ 3 = 5.65 (a = 0.068 fm)

2.25:- —GLS (N3LO) ¢ 8 =5.95 (@ = 0.052 fm)

M2(Q?)

1.00¢

0.75"
Qz [GeVz] 38



a = 0.068,0.052 fm

F gZ ' First moment e dony

483x96, 2+1 flavour

2.50
| proton - Partonmodel $ 3 = 5.65 (a = 0.068 fm)

2.25:- —GLS (N3LO) ¢ 8 =5.95 (@ = 0.052 fm)

M2(Q?)

1.00} ~ percent precision for Q% > 1 GeV?

Qz [GeVz] 39



---Partonmodel ¢ B = 5.65 (a = 0.068 fm)
—GLS (N3LO) ¢ B=5.95 (a = 0.052 fm)

I Elastic Contrlbutlon

® Peak is mostly elastic 5] N\

® subtract elastic contribution:

Fi = — Gy(Q*)GA(QH)x6(1 — x)

® provides insights into higher twist contributions

u (b5p65)

$ b —a (b5p65) ---u (b5p95)
{ d (b5p65) 4 d (b5p95)

low-0?: 3-pt functions

high-0*: Feynman-Hellmann

= s .-
—————————————————————
4 6 8 0.0 0.5 1.0 1.5 2.0

—d (b5p65) ---d (b5p95)

low-0?: 3-pt functions

dipole parametrisation

0 2 4 6 R 0.0 0.5 1.0 1.5 2.0
Q? [GeV]’ Q?[GeV]? 40



| 777 | Higher-twist

483x96, 2+1 flavour

1.4 i ---Parton model ® Our results (a = 0.068 fm) @ Our results inel. (a = 0.068 fm)
. : — GLS sum rule (N3LO) & Our results (a = 0.052 fm) ¢ Our results inel. (a = 0.052 fm)
| c
! t O *
| any deviation from the pQCD line is
2 an indication for higher twist, A"!'/Q?
0.0

Q? [GeV?] .



a = 0.068,0.052 fm

F gZ | determining a, o

483x96, 2+1 flavour

1.4 i ---Parton model ® Our results (a = 0.068 fm) @ Our results inel. (a = 0.068 fm)
T — GLS sum rule (N3LO) & Our results (a = 0.052 fm) ¢ Our results inel. (a = 0.052 fm)

Fit to the Q% dependence of moments to extract «

4 ) i
MO©) =2 1+ Y aln (aS(f )) ' AQ

=1

0.0"

1 2 3 A 5 6
Q- [GeVz] "



|3‘7gW | EW box

® Electroweak box diagrams need

C.-Y. Seng, M. Gorchtein, H. H. Patel,
and M. J. Ramsey-Musolf, PRL 121, 241804 (2018)

Nachtmann moments —~ [ — This work
j}/W _ 3aEM J dQ MW I dx CN(X, QZ) F(O)()C, Q2) N(\j 006- /-\\
VA 3 Vo= \
271' 0 Q2 M%V + Q2 0 + L / \
- / \\ ;
1.8 Z ! |
: --- Parton model ol 0.04k , \\ "
1.6l Cornwall-Norton moments —GLS sum rule (N3LO) w/o HT g™ ‘ \
® Our results (a = 0.068 fm) A ‘\ "
1.4 o $ Our results (a = 0.052 fm) ) \
| N =~ \/
S 0.02f '
&
mg& % @E@ -l s @@
10° 10* 10% 102 10' Q10° 10' 102 108 10* 10°
Q2 GeV?)
form factors perturbation theory
G 3 10 input from LQCD required
Q? [GeV?] 0.01 < 0 <2 GeV? 43



a YW
® Electroweak box diagrams need Nachtmann moments

3 ©d0?* M; :
vyW __ EM 4 2N (0) 2

1
O) _ rvZ _ pyl _ 7 n74
where F3 — F3,p F3,n — . (F&W F3,dd)

® Short-term: Cy(x, 0?) can be approximated which allows a precise

approximation of Nachtmann moments from lowest 3 Cornwall-

Notron moments
® Mid/long-term: Working towards a direct calculation of the moments

of F gW to test isospin breaking effects
44



| Summary & Outlook

OF

M O(a)-improved results

- continuum OPE (Hill & Paz)
- OPE + elastic

Np, =32, a = 0.074[fm
Ny, = 48, a = 0.068[fm
Ni = 48, a = 0.058]fm

Q?* [GeV?]

4 Good agreement with OPE /pQCD ;%:
I Clear indication of higher-twist and .
non-perturbative effects
0 Working towards: i
O Full control over lattice artefacts, e.g. a, 2.50,
M_, V dependence %29 %

O Constraining the subtraction function

over a wide range of Q2

O Estimating EW box contribution and

---Partonmodel ¢ B = 5.65 (a = 0.068 fm)
—GLS (N3LO) ¢ B8 =5.95 (a = 0.052fm)

effects of isospin breaking
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I Compton amplitude via the FH relation at 2rd order

local EM current

J(2) = 2 €4(2)y,4(2)
S—->85UA) =S5+ ﬂjd4z (eiq'z + e_iq°z) Jﬂ(Z)

® Action modification

® unpolarised Compton Amplitude Ju(a)
r,(p,q) = Jd“zei“'Z(N(p) | T{J,(2)],(0)} [ N(p)) $-

® 2nd order derivatives of the 2-pt correlator, G/%Z)(p; ), in the presence of the external field

2~(2) (1. 2 2
0 Gﬂa ﬂgp, t) » — (a gjlgp) tA(p) 4 l;]; 12 (p)> e_EN(p)t from spectral decomposition
A=0 ~(P) from path integral

® equate the time-enhanced terms: Ly (p g )

e —————————
azENA (P) 1

0N |\,  2En(p) / d*2(e7 + )N ()T ()T ()N (P)) +a=-a

Compton amplitude is related to the second-order energy shift
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I Compton amplitude via the FH relation at 2rd order

® relevant contribution comes from the ordering where the currents are sandwiched

_ t
X(@0) J(z1) T(ya) X(0) . ,—Enp) [ dA e~ (Ex®P+ @ —Ex()A (; _ A)

q=2n/L(4,1,0) /6{

discrete set of states p=2n/L(-1,-1,0) \é)’
" e [lw] = 0.59 '
® under the condition |w| < 1, : “w| =Y ! ;
Ex(p +nq) 2 Ex(P), N\ i i By +12q)
so the intermediate states SZ 2.5( ! ’ '
Cannot g() Qn_Shell E 200:_ EX( . q) §NJT threshold § dispersion _it'elation
| : E'=/m} +(p +nqy
® oround state dominance is ; : ;
g din the large time limit | AP+
ensured 1n the large time limi o E\(p)" .
-1 0 1 2
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| Multi-exp fits (0% < 1 GeV?

Second order energy shitt: AEy (p) = % AE(p) + AE;(p) — AES~(p) — AE;*(p)| — Ey(p)

0.6
m‘vO.ll:-

0.2°

0.5}

0.3}

0,1,0)27/L
0,0,0) 27 /L
e T S
(0]
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
t/a
A2 @ ++
(2) —AE ™ (p)t
GHq’ ﬂq(p, ) —> Ae
7= (0,1,0) 27/L
|| 7= (0,0,0) 27 /L
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
t/a
e (2) —AE; " (p)t
G Aq(p, ) — Ae
19
_ QZF@__

4

10 12 14 16 18 20 22 24 26 28
t/a

6 8

AEeff

_0.1!

_0.1"

0.1}

0.0|

- ) ~AEf(p)1
SR G o _y(ps1) = Ase
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
t/a
i, Jo14
FESFE PR TR LN
____________________________________________________________________:___2___':'___% ______ §,__§ _______________________
: G ~AET*(p)1
o Gt agPr D) — Age
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
t/a
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I Future lattices

Currently thermalising/generating
> 64° % 96, a = (0.068,0.052) fm, m_ = (220,270) MeV (completed - early 2024)
> 80° x 114, a = 0.068 fm, m_ = 150 MeV (still thermalising) Compton

results so far

> 967 x 128, a = 0.052 fm, m_. = 140 MeV (thermalised + O(50) trajectories)
Using BQCD [EPJ] Web Conf. 175 (2018) 14011]
c00L ©® 323 x 64
® 483x96 °

on |8 647x96 L. @. ...........

» JUWELS (Jiilich, Germany) o g 22&32 -

: 2 300-
» CSD3 (Cambridge, UK) s _
=

» Tursa (Edinburgh, UK) 200 ]
O \
100

next in line

0.000 0.002 0.004 0.006
a(fm)? 51



