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' Introduction

F,=0,A —0,A,+1i9s|A,, A

ay(Q?)

® Renormalisable non-Abelian SU(3) gauge field theory

® Asymptotically free theory, perturbative methods
applicable at Q > Ayp

® Confinement leads to hadrons: nonperturbative realm
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' Introduction

Deep (Q? > M?) inelastic (W? > M?) scattering

® Inclusive process, ZX\X)(X |

; k k' © ® Crucial for understanding the

hadron structure

q ® Theoretical formulation relies on

Parton Distribution Functions

/////\ (PDFs)




' Introduction

® Operator Product Expansion

— Hard scale: (OPE) and the Factorisation
; Perturbatively
\ lenlable theorem are key concepts
d C O(M?/Q?
0 X , ®q+ OM10Q7)
Soft scale: q j x
,’, \‘\Non-perturbative hard scale PDF
/ ' PDFs factorisation coeft.

, theorem

OPE: O0? > M?, the leading twist term

dominates the cross section

-
~~ ‘-’
- - e e W™



1 | llllllll | Illlllll | R

I Iﬂt TO dUCt iOIl - NNPDF3.0 (NNLO) PDG 2020 -

0.9F -
: xf(x,u2=10 GeV?) :

® Nucleon structure (leading twist) 0.8}

® Structure functions from first principles 0.7}

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

regions :
0.5 -
® In the parton model
B 0.4 -
Frx(g+g) :
~ 0.3 —
F7% 7 i
;. x(g—g) - :
W— 7, = 0.1 —
F'"xu+d+5s+c...
| | I|||||| | L 1 11111 -
_ ot
W— _
F3 xu—d—S+c... 10™° 1072 107" 1



| Introduction

® Scaling

® (- cuts of global QCD analyses

® Power corrections / Higher twist
effects

® 'larget mass corrections

® 'T'wist-4 contributions
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Two key equations:

| Lattice QCD

[

T'— 00
\_

i (O2(1)01(0)), = > (0/0a|h) (01 0)e =5+

h.

y
| Hadron d.o.f)

T [ D[WleEMO0[0(7, )]0\ [9(7,0)]
\<02(t)01(0)> — fD[\I/:e_SE[\Ij]=4

[Quark—gluon d.o.f.

@ Discretise the space-time continuum

@ “Measure” quantities by computers

@ Path integral has infinite dimensions

@ Use tools of the stat. physics: Importance Sampling

[ D[¥]e

—SEg[Y] (9'

(0) =

/Dl

Ule—Sel¥

lim Z O\U,,]

N — o0

® Take the continuum limit, a = 0, V — oo, m!" — m]l;hys-

ab initio
non-perturbative method

t
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Nucleon GP MSU/NTU/UR, NPB952(2020)114940
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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
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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 |

(

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

.

A Baars )
[ Pion PDF
(Nucleon PDF / (" Pion 4
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® QCDSF-UKQCD-CSSM Collaboration
® Extended to nucleon f5, and g, &

® Study of power corrections



® Forward Compton Amplitude &

the Nucleon Structure Functions

Application of the Feynman-Hellmann Theorem

Moments of the Nucleon Structure Functions

® Outlook: Polarised, parity violating ...
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«*“Forward Compton Amplitude




' DIS and the Hadronic Tensor

Deep (Q2 > M2) inelastic (W2 > Mz) scattering (DIS) dg ~ L]”UWLD j=v,Z, and yZ (neutral) or W (charged)
leptonic tensor hadronic tensor
W, = — [ dzeir? "[Ju(2), J, (0
py T E <€ 1088’<p73 |[ M(Z)7 1/( )”p73>

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

: 4_ _ig- / 1 &: 2p - q
TP q) = i | d%2 5,0 (p.s' | T U0 |pes) . spin aves puur = Lo, .

feﬂt% o o
S ‘)Oos'ﬁ‘o“ N g, T q”qy +\ P, — £ — £
decoxg?df oni® g qz H q2 q'u py qz
o
TensOt Compton Structure Functions (SF)

JM(Q) Jﬂ(q)
~ 21Im S -
N(p) - N(p) -

DIS Cross Section ~ Hadronic Tensor Forward Compton Amplitude ~ Compton Tensor



! Nucleon Structure Functions

® we can write down dispersion relations and connect Im o
Compton SFs to DIS SFs: _1

=X
1 )
F (w,0% — F,(0,0%) = 20> J o 2 Fx 07)

0 1 — x2w?2 — e

= F (@, 0)

' Fx 0% Aasas-
3‘72(a),Q2):4a)[ dx 22,2 )
0o 1 —xw°—ic
SMZ (!

F 10,0 + F1(0.0%) = [ dxF(x, 0°)

Re w

g 0 Compton Amplitude is an
=7, (0, 0% 1 F,(x. 0%) analytic function in the
+2a)2[ dx ——— . unphysical region |wy| <1
o 1 —x‘w?—ie



! Nucleon Structure Functions

® using the Taylor expansion, [ Gy = Z (xw)*"=2 = 2p - q _

n=1 Q2
00 1
F11@,0) = 3 20" M), where M{)(Q?) = 2J dx X F(x,0%) Lana M{P(Q%) =0
n=0 0

AM?

00 1
F (@, 0% = ) 40 'MP(Q?), where MZ(Q?) = L dx x*"F, ;(x, Q%) , and  M;"(Q%) = QZN M?(0?)
n=1
® u=v=3and p;=¢;=0 — 3‘71(@,Q2)=T33(P,Q)
FH(w, Q%) 0>
O pu=v=0and p,=¢g;=¢,=0 = 2 - — [Too(p,q)+T33(p,q)] i
N

2
‘O}L(a)a Qz) — = L677;1(609 Qz) + (2 | 2MN) 92(0)’ Qz)

2 w(Q?




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¢ '
o P g
NQ) 0.25' &\0'6_ -
5 0.20} S _//fl
<, 0.15} = 0.4
010/ L D Emw@od [ Bmod
5 0.2 2 — 4J' dx—2"
0.05/ W 0o 1- X2w? — ie
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




Feynman-Hellmann Theorem

/

% W 2v -, 7 E = o
A . . - -« " . . )
0 3 e P . 5 2 .
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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

oA

® 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
‘@ 1 E,1 — SpectI'OSCOpy, 2-pt function Applications:
— ® o - terms

o) ZE'/1 (0]610) — determine 3-pt ® Form factors



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




Moments of the Nucleon
Structure Functions




| Simulation Details

QCDSF /UKQCD configurations
<323 X 64

483 96>7 2+1 flavor (u/d+s)
X

f = <§Zg>, NP-improved Clover action

Phys. Rev. D 79, 094507 (2009), arXiv:0901.3302 [hep-lat]

470
m_~ 420 MeV, ~SU(3) sym.

i~ |30 _[0074]

=~ |69 0.068

Unmodified
QCD background

® FH implementation at the valence quark level
® Valence u/d quark props with modified action, S(4)
® Local EM current insertion, J (x) = Z,q(x)y,q(x)

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

® Several current momenta in the range, 1.5 < 0? <7 GeV?

® Up to O0(10%) measurements for each pair of Q% and A

® Access to a range of @ = 2p - g/Q? values for several (p, g) pairs
® An inversion for each g and A, varying p is relatively cheap

® Connected 2-pt correlators calculated only, no disconnected




0.006
0.005]
0.004]
0.003]
0.002]
0.001] .

A =0.0125
A =0.025

e e

RS (p,t+1)
RS (p,t)

—0.001"——

® Get the 2nd order der

X103

20

(4,1, 0) 2w /L
(1, 0, 0) 27/ L

-~
-
-
-~
-
>
-
-
-
-
-
-
-
-
-
-
-
-
f’
-

0.2

0.000 0.005 0.010 0.015

0.020

0.025

| Strategy | Energy shifts

® Extract energy shifts for each A Ratio of perturbed to unperturbed

2-pt functions

G ). DG (p, 1)

R,(p,1) = >
(G2(p, 1))
>0 A,(p) o 2AEN, ()

Isolates 2nd-order energy shift by construct

considering,

GP(p: 1) ~ Ay(p)e P

oLy (p)

En(P) = EN(p) + 4 Y

= Ex(p) + AEN(P) + AEN(P)

A=0

N A dzENﬁ(p)

+ O(4%)




a = 0.074 fm

I 91 C()mpt()n amplitude e~ 40MeY

323x64, 2+1 flavour

¢ uu 0? = 4.66 GeV?

2.0- y
}  dd __ | NI

1.5 |
o S /
\3: 1.0- | /L
== 0.5 T | — | dd
& , i
0.0 4+ =—
]
—0.5 4 q =(4,1,0) 27 /L
0.12 0.24 0.35 0.47 0.59 0.71 0.82 0.94

oy

fixed q varying p — range of o values



a=0.074fm Remember:

®
~ .q) = °°_ 2n (;? 2
| Moments | Fit R e e

I33(p, q) = F (o, Qz)

Sample the moments from Uniform priors

individually for u- and d-quark

~ % (0, 1)

MM

MD(Q?) ~

(D
( MZn 2

. A 2 _ 2 (o 2\ 2 4(1 2 43401 2
- % o q=(@1L0)2IL QP = 466GeV | F (0, 0% = 4w M( (0?) + w M( (0?)
| [ - /
5 e + oM Q) + - )
~ 1.0 |
3 1
SO - /L ® Enforce monotonic decreasing of moments
S : for u and d only, not necessarily true for u —d
0.0, T -
M@ > M(QY) 2 - 2 MP(QY) > -+ 20
—0.95] i g =(4,1,0) 27 /L
0.12 0.24 0.35 0.47 0.59 0.71 0.82 0.94 We truncate at n = 6
“ No dependence to truncation order for 3 <n < 10
® Bayesian approach by MCMC method — least-squares fluctuates,

tricky to impose monotonic deceasing and positivity bound

Multivariate Likelihood function, exp(—y?/2)

X~ = Z [ﬁl,i — g{fbs(a)i)] Ci ! [gu — ﬁ?bs(mj):
©) i o

covariance matrix




a = 0.074 fm
m_ ~ 470 MeV
323x64, 2+1 flavour

Isovector moments ® @*=271 Lk Q*=548

& Q?=3.56 B Q2=17.13
u—d $ Q2=466
1 2 3 4
n

lowest moment




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?|



| #,; Compton amplitude

S FM Y Fu/w § Fuw 483x96, 2+1 flavour
ol a = 0.068 fm
| m_~ 420 MeV
0L - 0° ~ 4.9 GeV?
3 FY T
1
o
().05;-
0.00
—0.052-




| Moments | proton F,

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

0.30
W 3 3
0 agl | Eap. 32> 64 48 x96 | @ Global PDF-fit cuts ~ 1 — 10 GeV*
281 L (2) [ 2 A (02 AP (02 ,
a ¥MT(Q) & MT(QY) MR | @ Need 02 > 10 GeV? data to reliably
0.261 S M@ L @02 :
| ‘ My” + G710 extract partonic moments
0.24}
%0 22 ® Power corrections below ~ 3 GeV? ?
= 0.20 ® Modelling via
Z 2 2\ — 2 2 2
0.18} ‘Mz( )(Q)—Mz()+cz( 10
0.16}
0.14}
—1 2 3 4 5 6 1
< Q° [GeVQ] >
° o Exp M?: C.S. Armstron ,R. Ent, C. E. Keppel, S. Liuti, G. Niculescu, and I.
Power CorreCtlonS Scallng i NicI:)ulegcu,Phys.ReV.D6g3,094008 (2001),I;I;Xivzhep—ph/0104055.



| 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].



Outlook

® C(Confronting F, with pheno.
&




| F, moments vs.

0.30
- 483 x 96

A M3
QM)

32° x 64
§ 110
5 M

Batelaan, kuc, et al.,
PRD107 (2023) 5, 054503 |

0.25

JAM
Bl p (trunc)
B n (trunc)

Blp — n (trunc)

\

private comm.

— M), PDF(LT+HT+TMC)+R+Elastic
—— M3?), PDF(LT+HT+TMC)+R+Elastic
— M) _,., PDF(LT+HT+TMC)+R+Elastic
~=- M4, PDF (LT), trunc. Wy = 2 GeV
==~ M3?, PDF (LT), trunc. Wey; = 2 GeV

- M2 PDF (LT), trunc. Wey = 2 GeV

2,p—n?

0.00

N.L. Hall et al.,
PRD&3 (2013) 1, 013011



Outlook

® Polarised g, g
o




| 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

x) 1s related to axial current matrix :
81) g(x, 0% = — g,(x,0%) + J g1y, 09 dy + g,(x, 0%)

elements
: ® The Buckhardt — Cottingham sum rule
(0% = J 81(u_d)(xa Q%) dx = (Au — Ad) Cy(a(Q?)) i >
: = J 2,(x, 0 dx =0
0

a,(0°)

JU

where, C;(a,(0?)) = 1 O(a?)




3.0

I
O

gl (wv Qz)/w
O

0.0|

483x96, 2+1 flavour

| Polarised Structure Functions e

e
-

m_ ~ 420 MeV
3 ) o v
3 dd M(Q?) = 0.8221) 0% 0~ ~ 4.9 Ge
: E uu — dd
M(Q?) = ~019708)
Bjorken sum rule: M dd(Qz) = 1. ()191_8 8‘57)
6 (F 1T ) = g,(1 — a(Q)/x — O(a?)) = 1.092(30)~ i %
B m i 5 % % =
® g % ® 5 % ‘% % {E -

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



52(""7 Qz)/w

0.5

0.4

—0.1}

—0.2}

483x96, 2+1 flavour

I Polarised Structure Functions -

0.3}
0.2}

0.1}

0.0{

m, ~ 420 MeV
$ 0’ ~14.9 GeV?
T dd
0 uu — dd
0 ‘/
B g o — e =
§ T s —
1l
0.06 0.12 0.18 0.24 0.29 0.35 0.41 0.47 0.53 0.59 0.6 0.71 0.76 0.82 0.88 0.94

W




Outlook

® parity-violating unpolarised F;




' Motivation

® Leading theoretical uncertainty in: K— > — K
® Weak charge of the proton, Te q A
QW: (1 +AP+A€)(1 —4Sin2(9W(O)—|—Aé) P >—>— p

/
+ 0Oy + 0%+ 07,

® CKM matrix element extracted from

superallowed neutron f decays,

2 2 097148Q0)
ud! T
1 W
K. Shiells, P.G. Blunden, W. Melnitc( e o o ) + 2 D}‘//A

PRD104, 033003 (2021) [2012.01580]




' Motivation

3O‘EMJ‘OO dQ> Mg r

_ 3O‘EM"OO dQ* My, [1
o Q7 My+0Q* ],

A0, 0°)




' Motivation

® Box diagrams proportional to an integral over K—> g > K
2
the whole Q“ range VS, L 7
mi ocj o M) () p
0

® Low-Q“ (non-perturbative) regime dominates the

integral

® [ 1s experimentally poorly determined in low 0*

® Lattice approach is ideal for a high-precision
determination ot MI(S)(Qz)




hfv“%Forward Compton Amplitude

L.p-q) =1 Jd“z e py (. "1 T I IOV} P, ) spin ave. pow = 560

paq,ﬁ

— _gﬂy‘%?; - tc97;2(609 QZ) T igﬂyaﬁ 93(60, QZ)
P-q 2p - q
—F (0,0) + ——F (0, 0) + ——F (@, 0?)
allowed terms «— p q p q p q

because parity
is violated

2

j Ju(q)
N(p) -

DIS Cross Section ~ Hadronic Tens Forward Compton Amplitude ~ Compton Tensor

J.(q)
~ 21Im 2p L
( LN@ -Ui )

0123 — 1
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| Summary

® A versatile approach: F,, F,, F;, F;, and g, and g,

® Systematic investigation of power corrections,
higher-twist effects and scaling is within reach

® Exploratory calculation of (@, Q%)

® A good chance to study the discretisation errors



| Summary

® In the long run:

® Make contact with phenomenology: incorporate lattice
Compton amplitude in global QCD fits

® High-precision box-diagram estimates

® Recover the x-dependence of PDEFs
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| MOmentS ' F'it details e o

m_~ 420 MeV
Fl(w, Q%) = ZM;}(Q%Z"
F i (w, Q%)
2 V7 _ 2n | A (1) L) | (N2
® 1+ m)2 Z o len + M, ](Q ) thl;e
n=0 - —
4M3,
® Enforce monotonic decreasmg of moments
for uu and dd only, |ud \ < 4uu*dd
My(Q%) 2 My(Q) 2 -+ 2 Mp,(Q7) 2 -+ 20

g ' ° ' We truncate at n = 6
No dependence to truncation order for 3 <n < 10

® Bayesian approach by MCMC method

Sample the moments from Uniform priors

Normal Likelihood function, exp(—y?/2)
individually for u- and d-quark

Cr G obs 2
My(Q?) ~ % (0, 1) _y (F; = FP(w))
M2n(Q2) ~ U (OaMZn—Z(Qz))

, Gl-z stat. errors via
! a bootstrap analysis



1 Nucleon Structure Functions | F;

® for u # v and Pu=q, = 0, and f # 0, we isolate, Im o
| paqﬂ 2 @Z x_l
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()C, Qz)

1 — x2p2 Compton Amplitude is an

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

F(w, 0?%) = 4dex



| Nucleon Structure Functions | F;

2p-q _ _
&= Qz _'xl

® using the Taylor expansion, ooy _ Z )
=1

Fiw,0)=4 ) o™ 'MD (0%
n=1,2,...

Mellin moments

1
2(2) 1(Q2) — J dx x*" F(x, 0%, for n=12,3,...
0



I Compton amplitude via the FH relation at 2rd order

® Action modification

® unpolarised Compton Amplitude Ju @ J)@)
, S—->54)=5+ 41 COS J v
T,.(p.q) = Jd“ze TN T (T, (2I7(O0)} | N(p)) T 4= 1 J ¢ coslg - 2)J, @)
® 2nd order mixed derivatives of the 2-pt correlator, G(z)(p 1), A
in the presence of the external field T /IZJ' Sln(q Y ) J (Z)
62 (2)( +rs t 2 azE local V, A currents
G/I (p, ) — 0 A/I(p) tA( p) Nﬁ(p) e_EN(P)f from spectral decomposition @ =2,Y eq)y,q()
YR 91,01, 91,01, u ()= 2y 2y €A
4=0 J)2) =27, X 42),r59()
62 Gf) (p; t) _ EN(]?) / - from path integral
= —YiA d*ze4% (N(P) 1, (IO IN(P) ) = (@ = =) + ...
YT Z ()= Ev) ” (P |1 0)|NAp) ) — (g q)
A=0

® equate the time-enhanced terms:
L,.(p:g)

Ud“z e'd” <Ns(p) | J,(2)J,(0) \st(p)> - (g = q)]

FENp) | i

ook |  2EN(p)

Compton amplitude is related to the second-order energy shift




| Simulation Details | F;

QCDSF /UKQCD configurations
48° x 96, 2+1 flavor (u/d+s)

p = 5.65 Symanzik improved gauge
NP-improved Clover action @ Valence u/d quark props with modified action, S(1)

Phys. Rev. D 79, 094507 (2009), arXiv:0901.3302 [hep-lat]

m_~ 420 MeV, SU(3) sym.

® FH implementation at the valence quark level

® Local V, A current insertions, J/Y Al(x) = Ly A]Z](x)yﬂ[}/s]q(x)
mL~69  a=0.068fm
_ ® 4 Distinct field strengths, 4 = [£0.0125, = 0.025]

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

® Presently, 1 current momenta Q% ~ 5 GeV?

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

® Roughly 500 measurements

® Access to a range of @ = 2p - g/Q? values for several (p, g) pairs

® An inversion for each g and A, varying p is relatively cheap

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

/ o ® Connected 2-pt correlators calculated only, no disconnected
Unmodified QCD background




| Moments | Fit details | F;

i q035 a = 0.068fm, V = 482 x 96 ,
. '_ E q053 'm,27T ~ 420 MzeV /4 g o
1.9 Q2% ~ 5GeV :/ 3( aQ ) 4 27— 2M(3) (Qz)

= 2n—1
‘ @ 1,2,... .

22
” 1 ® Enforce monotonic decreasmg of moments
{» for uu and dd only, |ud | < 4uu*dd

PRELIMINARY

0.0 0.2 0.4 0.6 0.8 1.0 Ml(Qz) > M3(Q2) > e 2 Mzn_1(Q2) > .20

We truncate at n = 6

F3'(w, Q%) /w
N 00

ek
@

® Bayesian approach by MCMC method

Sample the moments from Uniform priors Maximise the multivariate Likelihood function, exp(—y?/2)
individually for u- and d-quark ;
2 [CT’ o~0bs ] o~0bs
M (Q2) ~ | N (() 5) | positive half, long tail X = Z ‘743,1' (a)) [JB 3 (a)])
1 ? uninformative prior -

P! ij
M, 1(Q%) ~ U (0, My,_1(Q?)) bounded from above

by the previous moment i, ] runs through all the w values of all flavour contributions



