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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




' Lattice QCD landscape

results @ physical pion mass Coe :
PhY PIo . QuaS|—d|str|but|ons
results extrapolated to physical pion mass
results @ non-physical pion mass Pion GPD ]
Nucleon GP MSU/NTU/UR, NPB952(2020)114940

(Nucleon twist-2 PDF | (Nucleon twist-3 PDF) __  ~———"——— A PDF |
Cunpolarized T/ ETMC/Temple ETMC, PRD105(2022)034501 ETMC/PKU [ Meson DA ) [Pion/Kaon PDF]
P PRD102(2020)111501(R), MSU, PRL127(2021)182001 PRD102(2020)014508

ETMC. PRL121(2018)112001 [ helicity J PRD104(2021)114510 ETMC/BNL/ANL, arXiv:2209.05373 LP3, PRD95(2017)094514 LP3, PRD100(2019)034505

ETMC, PRD99(2019)114504 LP3, NPB939(2019)429 BNL, PRD100(2019)034516
LP3. arXiv:1803.04393 ETMC. PRL121{(2018)3112001 transvers'tYJ [Nucleon singlet PDF MSU/NTU, PRD102(2020)094519 MSU/NTU/BNU, PRD103(2021)014516

ETMC. PRD99(2019)114504

LPC. PRD101(2020034020 BTV o (otoadaees ETMC. PRD98(20181091503(R) ETMC. PRL126(2021)102003 LPC, PRL127(2021)062002 CCNU/BNL/ANL, PRL128(2022)142003

BNL/MSU. PRD102(2020)074504 -P3. ETMC. PRD99(2019)114504 BNL/ANL, arXiv:2206.04084  BNL/ANL, arXiv:2208.02297

/ (2020) , ETMC, PRD104(2021)054503
ETMC. PRD103(2021)004512  BILL/MBY, FRDIS S920 1074504 =7 b3 “arxiv:1810.05043 MSU/LANL, PRD104(2021)094511
MSU/NTU, 2011.14971 | 103(2021)094512 LPC, arXiv:2208.08008 |

Vs

Pseudo-distributions } Current-current J [ Auxiliary light quark J [Auxiliary heavy q OPE without OPE J \ Hadronic tensor J

Pt Ry )
(Nucleon PDF) (_Pion PDF_

.

HadStruc. PRD100(2019)114512 [ Pion Ig

cleon Wllj

Hljditsrtuc. PFHDSF?S?;Q(;?32$3 BNL, PRD102(2020)094513 Taiwan/MIT, arX#s10.12194 \

d ruc o .

- Pion DA T MIT, PRP5(2022)034506 xQCD, PRIR101(2020)114503

HadStruc, PRL125(2020)232003 [ Gluon PDF ] © VPDF ] [ ) Taiwan/ (2022) (Nucleon GPD (2020)

ETMC, PRD103(2021)034510  MSU. 1JMPA36(2021)13 lon UR, EPJC78(2018)217 QCDSF, PRD105(2022)014502

HadStruc, JHEP11(2021)024 MSU. PLB823(2021)136778 HadStruc, PRD99(2019)074507 UR, PRD98(2018)094507 [ ] [ ]

HadStruc, JHEP11(2021)148 HadStruc, PRD104(2021)094516 HadStruc, PRD102(2020)054508 Nucleon £ Nucleon Fs, F,

HadStruc, PRD105(2022)034507 MSU, arXiv:2112.03124 QCDSF. PRL118(2017)242001 QCDSF, arXiv:2209.04141

HadStruc, arXiv:2207.08733 QCDSF, PRD102(2020)114505

Hadronic Tensor EW:

Nucleon 7‘2‘(: P-X Ma et al., arXiv:2308.16755 [hep-lat] ® QCDSF'UKQCD'CSSM Collaboration

. W
Kaon [1): P-X Ma et al., PRD103, 114503 (2021)

Pion & Kaon 7"/‘2}: J-S Yoo et al., arXiv:2305.03198 |hep-lat]

® Study of power corrections




® Forward Compton Amplitude

® Feynman-Hellmann Theorem on the Lattice

Moments of the Nucleon Structure Functions

® Unpolarised | Fy, F», F;
® Higher twist
Polarised | g, g,

® Parity-violating | F;



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




| 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)

10



' Nucleon Structure Functions

® we can write down dispersion relations and connect Im o

Compton SFs to DIS SFs: _1
=X

| 2
F (0, 0%) = 2602[ dx—zx 11, 07

o 1 —x2w?—ie Re w

! FZ(xa QZ)

I 2\ —
sz(a)’ Q ) - 460[ dx 1 — 202 — jc Compton Amplitude is an
0 analytic function in the

unphysical region |w,| < 1

11



| Shape of the Compton Amplitude

~ Structure functions (leading twist)

0.4- Compton Amplitudes

NNPDF3.1 NNLO

100 sets
0? =9 GeV?
(DIS region)
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1 Shape of the Compton Amplitude

Structure functions Compton Amplitudes
0.40; 1.0
| 2 = 2.0GeV? —P P 2 = 2.0GeV?
0.35] ¢ y . — ¢ y p
| 0.8} -
0.30¢ '
~ 05| P S |
%)0.25' &\0'6_ -
5 0.20} Q: | —//fl
L{T 0.15¢ = 0.4
0.10} n A F : L F :
0.051 0, B 0 1 —x’w?
0.007575 0.2 0.4 0.6 0.8 0.07970 0.2 0.4 0.6 0.8 1.0

X
High-W: M. Arneodo et al. [NMC],

PLB364, 107-115 (1995), [hep-ph/9509406]
Low-W: M.E. Christy and P.E. Bosted,
PRCS81, 055213 (2010), [0712.3731]

dispersion relation
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Feynman-Hellmann Theorem
on the Lattice

% W 2V - 7 - = P
’ . N . - -« " . . 5
By " “ 1 B o _'..v_ >, - Vg
.- - .- B - ) q
A V. Gy BENG .‘.__ '&.
. - -8 B g
RS Lo il .‘.s
a' -
ol ~<J
- [ 3
s

Y i K e )
D - N >
, < sy
- \)




' 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

15



I Matrix elements

J N Sink

/
7

X/
/

Val Ve
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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
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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
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@ quark propagators

T

N~

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)]

2. — n [PRD108 (2023) 3, 034507]
g4, g1, 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)]

18



Moments of the Nucleon
Structure Functions

F 1




| Forward Compton Amplitude

; 4_ 1q- / 1 o= 2p - q
Tluy(p9 q)=i|dze"p.(p,s ‘9{Jﬂ(Z)Jy(O)} |p,s) , spin avg. pey = 5535' 02
qﬂq,,) 0 pP-q pP-q F(w, Q%)
= | 8.t 97'1(60,Q)+(p— q)(p— q
( g o ") \Y ¢ ) peg

Simplest kinematics to directly isolate &,

JyJyand p;=q;=0

T33(p9 Q) — L6}1(609 Qz)

20



' Simulation Details

QCDSF /UKQCD configurations 470
3
(j; i Sé)a 2+1 flavour (u/d+s) m]l' ~ [4zol Mev? NSU(S) Sym‘
p = (222) , NP-improved Clover action
PRD 79, 094507 (2009), arXiv:0901.3302 [hep-lat] m I ~ 5.6 (0 = 0.074 fm
: : : : : : & 6.9 0.068

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

® Local EM current insertion, J,(X) = Z,qg(x)y,q(x)
(valence only)

® 4 Distinct field strengths, 4 = [£0.0125, £ 0.023]

B T ® Up to @(104) measurements for each pair of Q2 and A
; ; ; ; : Unplod1f1ed

: QCD background 21



| 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

22



2.0

1.5-

1.0-

0.5

0? = 4.66 GeV?

3

g =(4,1,0) 2 /L

0.12 0.24 0.35 0.47 0.59 0.71 0.82 0.94

oy

fixed q varying p — range of w values

a = 0.074 fm
m,, ~ 470 MeV

323x64, 2+1 flavour

uu

dd

2p - q
£= 1/x = 0

23



' Nucleon Structure Functions

® using the Tavlor expansion — xw)*" 2 _2p-q _
g y P ' T o) nz;( ) [0==07 =%

1 2 00 1
__ 2x Fi(x,
F (0w, 0% = 2w2J dxM = 2 20" 2[ dx x*"F,(x, 0?)

N 1 — x?w? o
Mg)(Qz) = Moments
® Enforce monotonic decreasing of moments
M0 2 MM(QD) 2 MP(QY) 2 -+ 2 MPQ) 2 -+ 2 0

® Bayesian approach by MCMC method

Uniform M(l)(Qz) (O Mz(:l) 2(Q2))

priors:

low moments insensitive to truncation order 24



I Moments

a = 0.074 fm

m,_ ~ 470 MeV

323x64, 2+1 flavour
different Q2
/—J&\
Isovector moments ® @@?=2714 1 Q®=548
¢ Q*=3.56 B Q2=17.13
uu — dd T 0% — 4.66
1 2 3 4
n - >

" high

er moments

25



a=0.074fm

| Power corrections e

0.8¢ {>

0.7k Power corrections Scaling

—
. 0.6F .
-« Lowest isovector (4 — d) moment

= 0.5¢ of nucleon structure function F;

0.4

uu—dd

)

o\

2

= :

0.1

— M)+ C,,/0°
O. | |

1 2 3 4 5 6 7 8 9

Q° | GeV?| g



F 5
and

the longitudinal structure
function




0.05F
0.00[

—0.05¢

483x96, 2+1 flavour
a = 0.068 fm
m_~ 420 MeV

0’ ~ 4.9 GeV?

3

—dd
F, I fgd/w

| 1:Oa)=2p-q/Q2 28



| # 5 | Moments

® Dispersion relation for F;
2
SM2
QZ
® Parametrise I, in terms of moments of F; and F;

MP(Q%) > MY(Q%) > M{P(Q?) > -+ > 0

! FL(xa QZ)

1
F (o, 0?) = J dxF,(x, 0°) + 2602[ dx

0 0o 1 — x2w? — i€

M\Y(Q*) > MV(0*) > MV(Q%) = -+ >0

® Fit two independent amplitudes
o0
(o7 1
Fili(w,0%) =2 ) MQ%) o™
n=1

Q 2
M3

Fi,0%)
0, 1 +

T 0

> Z 4" le(i) + Mz(i)] (0?), where 7=
(0
n=0

29



| Moments | proton F,

® Unique ability to study the Q? dependence of the moments!

0.30[
0.28} |}
0.26}

0.24}

0.18}
0.16}

0.14}

Exp. 32°% x 64 483 X 96

¥ MP(Q*) & MY (@Q) B MY Q)

e ) (2)/0)2

w M2+ CO0

~1 2 3 4 5 6 T
Q? [GeV?]

® Global PDF-fit cuts ~ 1 — 10 GeV?
® Need 0% > 10 GeV? data to reliably
extract partonic moments

® Power corrections below ~ 3 GeV? ?
® Modelling via

N2y — a1(2) (2)71N?2
o MP(QY) =M?+CP?/0

} Exp Mz(z): C. S. Armstrong, R. Ent, C. E. Keppel, S. Liuti, G.

Niculescu, and I. Niculescu, Phys. Rev. D 63, 094008 (2001),
arXiv:hep-ph/0104055.

Power corrections Scaling

>

30



| Moments | proton F;

® Unique ability to study the moments of F;!

x10~°
| 325 X 64 48° x 96
4071 g Exp. ¥ Direct t Direct
$ twist-2 4 twist-2
30¢
Qo
S
S,SC% 20
| A
10}
O T | | |
0 2 4 6

Q? [GeV?]

Possible for the first time
in a lattice QCD simulation!

® Direct: Fit to data points
® Determines upper bounds

® Twist-2: Use the moments of F5:

@) MZ(L),QCD(QZ) — % S(QZ) M2(2)(Q2)

® Better precision, good agreement
with exp. behaviour

ﬁ Exp Nachtmann MZ(L): P. Monaghan, A. Accardi, M. E. Christy, C. E.

Keppel, W. Melnitchouk, and L. Zhu, Phys. Rev. Lett. 110, 152002
(2013), arXiv:1209.4542 [nucl-ex].

31



| Moments | proton

un MG
(L) (2) — prior
/\ MO ™~ M2 — posterior
2 N
I | I 42 iu*
clean signa
\ +. | N |
J .\ 1 . 1 1
0.0 0.2 0.4 0.6 0.8 1.0
un MY
(L) — prior
M2 — posterior

almost teasing out a signal

0.4 0.6 0.8 1.0

32



Polarised structure functions

g, and g,




| Polarised Structure Functions

. q - 54 -
TP g, 8) = i P —=— | 5, 1(w, Q%) + (Sﬂ - Pﬂ) &0, 0%)
P-4 P-4
® Similar to the unpolarised case, we can ® g,(x) is twist-3, holds information on
extract g, and g, quark-gluon correlations
® via an OPE analysis: the first moment of ® Wandzura-Wilczek decomposition

g1(x) 1s related to axial current matrix

gz(X, Qz) — = gl(xa Q

1
°) + J g1y, 09 dy + g,(x, 0%)

elements

: ® The Buckhardt — Cottingham sum rule
(0% = J g""x, Q%) dx = (Au — Ad) Cy(a,(0?) i >

0 -

=84 J' gz(X, Qz) dx =0
> 0
where, C,(a,(Q%) = 1 %) O(a;)
T

34



3.0

I
O

gl (wv Qz)/w
)

. Bjorken sum rule:

12, | Work in progress

483x96, 2+1 flavour

Muu dd(QZ) — 1. 019_0 O/
6 (17 =17 = g,(1 — a (@7 - O(a?) = 1.092(30)

P.L. Anthony, et al. (E155 Collaborat

ion), Phys. Lett. B 493 (2000) 19

+0.057

i

a = 0.068 fm
m_ ~ 420 MeV
2 uu uu ()2 +0.054 Q2 ~ 4.9 G@Vz
;%dd M (Q*) = 0.8227 5= ‘
! uu — dd
M(@?) = ~0197 8%

e
-

o |HEH

o b 2o |

0.0}

0.06 0.12 0.18 0.24 0.29 0.35 0.41 047 0.53 0.59 0.65 0.71 0.76 0.82 0.88 0.94

W

35



52(""7 Qz)/w

Igz | W()I'k iIl prOgreSS a = 0.068 fm
0.5

483x96, 2+1 flavour

m_ ~ 420 MeV

(i 0% ~|4.9 GeV?
- § dd
04_ i wu — dd
0.3}
0.2} |
0.1} =
1 | ::__'»“g_,_‘
00 —o— o 6 B 5% P 3
—0.1¢} § |
—0.2}
T 0.06 012 018 024 029 035 041 0.47 053 059 0.65 0.71 0.76 0.82 0.88 0.94

W

36



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




=~ Forward Compton Amplitude

L.p-q) =1 Jd“z e py (. "1 T I IOV} P, ) spin ave. pow = 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

38



| 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

39



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 )

40



E/N\?

—20_‘
—21_‘
—22_‘

—23_‘

® Ratio of perturbed to unperturbed 2-pt functions

(2) (2)
G+/1q +/1q(p’ t) G—/lq —ﬂq(p’ t) —4AE, (p)t
RU(p,t) = — A Tl
A (2) / /
_|_/1q _/161(]79 )G q_|_/1q(pa )
® Extract energy shifts for each [4| ® Get the 2nd order derivative
102
L 3 0.00 ——————— §=(0,3,5)2n/L [
" Rt § omia ; fesas
¢ 0.025 —0.25] —
A-o.soi—
S |
] gg—o.%;-
O (H' H %" < —1.002‘
o % % 4 4 - repeat for each p
—1.507¢ "
0 6 8 10 12 14 0.0 0.5 1.0 1.5 2.0 2.5
t/a A % 102

i Strategy | Energy shifts

41



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

| E q053 m,. ~ 420 MeV
1.9' QZ ~ 5Gevz

o

Fi(w, Q?)/w
Y %

ek
Ol

1
p
D 0
_— . |
O
D y
ar»
P
| .
-

. . . . PRELIMINARY
0.0 0.2 0.4 0.6 0.8 1.0
w =2p-q/Q°

42



\F
3
¢ q035 a = 0.068 fm, V = 483 x 96

| } qg053 m, ~ 420 MeV
Q? ~ 5 GeV?*

t/
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Fi(w, Q%) /w

e
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o
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IV ;
=

3 Black points: 4 &,
E t=3,q9=(0,3,5) ~ 500 measurements /

t i=3, 4= (0,5,3)

I\z =2,4d=(5,3,0) ~ 1600 measurements

- M. Batelaan, kuc, et al.,
- PRD 107 (2023) 5 054503

'~ [2209.04141]
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| %, | First moment . - 410N
3 483x96, 2+1 Havour
5 50 up quark
z - i i
2,951 ~ percent precision for Q- > 1 GeV e ovidence for
' discretisation effects
D OO b
s 1.75] —
Ok o ¢ &
2 1.50 S/ =
1.25 --- Parton model
| — NNLO corrected
1.00 _@ ¢ Our results (a = 0.068 fm)
0 75: ¢ Our results (a = 0.052 fm)
0 1 2 3 A 5 6 7 ] 9 10

a = 0.068,0.052 fm
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2.90

2.25}

1.00¢}
:% Q-
0.75¢ . . . .

0 1 2 3 4 5 6 7 8 9 10

| # 5 | First moment

m_ ~ 410 MeV

up quark

a = 0.068,0.052 fm

483x96, 2+1 flavour

~ percent precision for Q% > 1 GeV?

reduced

discretisation effects

9 LO;;3(609 QZ)

_ 12345, 4
I3 =16 "My,

0> o

where (0 = Z sin” g, +

--- Parton model
— NNLO corrected

92

¢ Our results (& = 0.068 fm)
$ Our results (a = 0.052 fm)

here replace,

g sin(g)
0 Za-esa

motlvated by leadmg order lattlce perturbatlon theory

Q* [GeV7]
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® must subtract elastic contribution

® provides insights into higher twist contributions

low-0?: 3-pt functions
high-0*: Feynman-Hellmann

low-0?: 3-pt functions

dipole parametrisation

| GLS sum rule

® GLS sum rule is the inelastic part only

4
o

--- Parton model
—NNLO corrected

¢ Our results (a = 0.068 fm)
$ Our results (a = 0.052 fm)

¢ u (b5pb5) 1w (b5p95)
{ d (b5p65) 4 d

3 4 5 6 7 8 9 10

Q?* [GeV?]

N
N
~
~
~
~
Ny
N~
NN

—u (b5p65) ---u (b5p95)

FD = — Gy(0G,(0Hx8(1 — x)

0.5 1.0 1.5 2.0

—d (b5p65) ---d (b5p95)

. 2.0
Q>3 [GeV] 45



2.97

2.0}

1.5

| . | First moment elastic subtracted

any deviation from the

pQCD line is an

indication for higher twist § Our resu

--- Parton model
— NNLO corrected

¢ Our results (a = 0.068 fm)
ts elastic subtracted (@ = 0.068 fm)
¢ Our results (a = 0.052 fm)
¢ Our results elastic subtracted (a = 0.052 fm)

3
Q’ [GeV?]

4 5
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EW box

® Electroweak box diagram contribution

7 3

M2

3O‘EM * dQ*
21

0 M2—M Q%)

QZ

--- Parton model

—NNLO corrected

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

~— This work
- —— MS

O
o
o)

o
o
=

. v A
;; e -

M, (1,0%) 7 (1 + Q% M, )

¢ Our results (@ = 0.068 fm)
¢ Our results (a = 0.052 fm)

Q? [GeV?]

4

Q2 (GeV?)




(1) = — M2
A 2z )y, Q0 M3+ Q2
2.50:
2.25;- b
2.00 --------------- @zlzg --------------------------------------------------------------------------------------------
[ @
=317 % e P 8 44
= 1.50}
1.25; --- Parton model
— NNLO corrected
1.00¢ % ¢ Our results (a = 0.068 fm)
0.75;_ | | $ Our re?ults (@ = 0.052 fm)
0 1 3 4 5
Q? [GeV?]

7 3

3oy [ do* M,

EW box

® Electroweak box diagram contribution

C.-Y. Seng, M. Gorchtein, H. H. Patel,

and M. J. Ramsey-Musolf, PRL 121, 241804 (2018)
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— This work
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/ v\
/ v\
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' Vo
\
\
\
\
\/
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10°

10 10° 102 10" 10° 10' 102 10°® 10* 10°
Q2 (GeV?)

perturbation theory
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1| F; | EW box

® Electroweak box diagram contribution

(1) = — M2
A 2z )y, Q0 M3+ Q2
2.50:
2.25;- b
2.00 --------------- @zlzg --------------------------------------------------------------------------------------------
[ @
=317 % e P 8 44
= 1.50}
1.25; --- Parton model
— NNLO corrected
1.00¢ % ¢ Our results (a = 0.068 fm)
0.75;_ | | $ Our re?ults (@ = 0.052 fm)
0 1 3 4 5
Q? [GeV?]

3oy [ do* M,

C.-Y. Seng, M. Gorchtein, H. H. Patel,

and M. J. Ramsey-Musolf, PRL 121, 241804 (2018)
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1 7

EW box

® Electroweak box diagram contribution

SaEM * dO?

MZ

1)) = ——————M(Q?)
VA I 0 Qz M2 QZ
2.50:
2.25;- o
2.00 --------------- @ﬁzg """"""""""""""""""""""""""""""""""""""""""""""""""""""""""
631'75? Tom P P8 —— § & &
= 1.50}
1.25; --- Parton model
—NNLO corrected
1.00} ¢ Our results (@ = 0.068 fm)
% $ Our results (a = 0.052 fm)
0.75¢ . . .
0 1 2 3 4 5
Q* [GeV?]

C.-Y. Seng, M. Gorchtein, H. H. Patel,

and M. J. Ramsey-Musolf, PRL 121, 241804 (2018)
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Q3 (GeV?)

weak form factors perturbation theory

input from LQCD required
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EW box

® Electroweak box diagram contribution

SaEM * dO?

M2

1)) = — " _MO(0?
A~ 2m ), QF ME + Q2
2.50:
2.257 b
2.00 --------------- @zlzg --------------------------------------------------------------------------------------------
_ 5 175} ¢ §
= 1.50]
1.25; --- Parton model
: — NNLO corrected
1'002_ % ¢ Our results (& = 0.068 fm)
0075:_ $ Our results (a = 0.052 fm)
0

Q? [GeV7]

4 5

C.-Y. Seng, M. Gorchtein, H. H. Patel,

and M. J. Ramsey-Musolf, PRL 121, 241804 (2018)
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1 F2 | EW box

® Electroweak box diagram contribution

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

0.08 .
3y o0 sz M2 — | — This work
= =T MO F | M
VA I~ [ A
27 0 Q 2 M 2+ Q 2 ‘G 0.06 [ \
M| Iy
2.50 N oy
g ~ L \ /
| < 0.04 / \
2.25¢ b G ‘ \‘ ’I
] — | I
| o @ S \
23 s 0.02} '
= 1.50
1.25; --- Parton model
i —_— | lIII | IIII 1 IlII | lIlI | lIlI | llll | llll 1 llll | llll | llll
| NNLD comrected 10° 10* 10° 102 107 \10° 10' 102 108 10° 10°
1-0():' % ¢ Our results (& = 0.068 fm) 5
0 752_ $ Our results (a = 0.052 fm) Q (GeV )
0 1 2 3 4 5 weak form factors perturbation theory

Q? [GeV7]

: : : input from LQCD required
motivates large volumes with finer lattice spacings mput from LGQ A 47



| 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- @

Q O
1001

next in line

0.000 0.002 0.004 0.006
a%(fm)? 48



| Summary

® Compton in unphysical

region is spacelike

® can be studied on
the lattice
® Versatile method:

F 1.2.3,L and 81,2

0.30 [
L\ Exp. 323 x 64 483 x 96

* P (Q?) & MP(Q?) K MP(Q?)

0.28}

0.26}

® First look at the O dependence of leading moments

® Emerging signal for longitudinal structure function

--- Parton model
— NNLO corrected

¢ Our results (a = 0.068 fm)
¢ Our results elastic subtracted (a = 0.068 fm)
_ 1.0l % ¢ Our results (a = 0.052 fm)

[ ¢ Our results elastic subtracted (a = 0.052 fm)
20 1 2 3 4 5
Q? [GeV?]

® radiative corrections: potential to offer new constraints on yZ/W box

Outlook:

® Control discretisation effects (larger V/f, PT)

® High-precision EW box estimates

® Polarised structure functions (coming soon)

® Ultimately, integrate Compton results into
phenom. analyses
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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

Gy (p31) A, (p) PEy,(P)\ g
’ — tA 4 e N(p)t from spectral decomposition
o |, ( YE (P) =57 )
L) = Lo [t ) (N () T ()7 (0)}HIN ()
A=0 from path integral
® equate the time-enhanced terms: TM " (p,q)
ﬁ—
2
0 EN A (p) 1

2% A=0 B 26N (P) /d4z(6iq.2 * e—iq.z)<N(p)‘j(z)j(o)‘N(P» +(@— -9

Compton amplitude is related to the second-order energy shift




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=2x/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() On_Shell E 200:_ EX( . q) §N7T 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




