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| Motivation

® Nucleon structure (leading twist)

® Structure functions from first

principles

® Understanding the behaviour
in the high- and low-x regions
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® Sca.

Hig

her twist effects

® (O° cuts of global QCD analyses

® Twist-4 contributions

® Kinematic effects
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ing and Power corrections/ ® New physics searches

® Weak charge of the
proton
® y— W/Z interference




' Motivation

® 'Technical 1ssues

® Operator mixing/renormalisation issues in OPE approach in LQCD

twist-2 ( 2Q 2) twist-4
cy(a
(0 = ex@ Q@) + == 5@+
% O
1/a* divergence mixing

® 4-point functions are costly; harder to tackle

® Feynman-Hellmann (FH) approach needs 2-point functions only
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I L Q C D landscap e Krzysztof Cichy @ LATTICE’21 plenary, arXiv:2110.07440

results © physical pion mass

| . Quasi-distributions
results extrapolated to physical pion mass

results @ non-physical pion mass \ Pion GPD j
_ _ Chen et.al., NPB952(2020)114940
(Nucleon twist-2 PDF ) (Nucleon twist-3 PDF] (Nucleon GPDs ( APDF )
[unpolarized ]A/ i ETMC/Temple ETMC ETMC/Beijing [T/Ieson DA] (Pion/Kaon PDFJ
PRD102(2020)111501(R) PRL125(2020)262001 PRD102(2020)014508
ETMC. PRL121(2018)112001 [ helicity j 2107.02574 Lin, 2008.12474 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)112001 tra”SVGFS'WJ [Nudeon singlet PDFJ R.Zhang et.al., PRD102(2020)094519 Lin et.al., PRD103(2021)014516
LPC. PRD101(2020)034020 ELTP'\;"CbELRl[;?l?; %%‘—3512‘5%‘;’4 ETMC. PRD98(2018)091503(R) ETMC. PRL126(2021)102003 LPC, 201100222
BNL/MSU. PRD102(2020)074504 ’ ETMC, PRD99(2019)114504 ETMC. 2106.16065
ETMC, PRD103(2021)094512 BNL/MSU. PRD102(2020)074504 . : :
’ LP3, arXiv:1810.05043 R.Zhang et.al.. 2005.01124
Li ot al. 2011 14971 ETMC, PRD103(2021)094512 Zhang et.al., 2005.
( Pseudo-distributions J ( Current-current J ( Auxiliary light quark } [Auxiliary heavy quar ( OPE without OPE } Hadronic tensor J
/ \ Flgion PDF | i i
(Nucleon PDFJ . isi1uc. pRO100(2010)114512 Pion PDF ) ( Pion DA ) ( Pion DA ) (Nucleon F | (Nucleon W1, )
HadStruc, PRD96(2017)094503 BNL, PRD102(2020)094513 . .
HadStruc. JHEP12(20191081 9 HadStruc. PRDIO(2019)074507  Regensburg, EPJC78(2018)217  Taiwan/MIT, arXiv:1810.104  QCDSF. PRL118(2017)242001 QCD, PRD101(2020)114503
HadStruc, PRL125(2020)232003 [Gluon PDFJ HadStruc, PRD102(2020)054508 Regensburg, PRD98(2018)094507 Taiwan/I\/IIT, arXiv:2009.0 3 QCDSF, PRD102(2020)114505

ETMC, PRD103(2021)034510
HadStruc, arXiv:2105.13313
HadStruc, arXiv:2107.05199

MSULat, IJMPA36(2021)13
MSULat, 2104.06372
HadStruc, 2107.08960

® QCDSF/UKQCD Collaboration

® Extended to nucleon F, and F;
® Study of higher-twist
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| Forward Compton Amplitude

T/’”/(p’ Q) — le4zequ ss’ <p’ S,‘ ‘7{JM(Z)J1/(O)} ‘pa S> y Spin an. IOSS’ — %538’ \ﬂ= Q2
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2
the _—
pens®’ Compton Structure Functions (SF)

2
J.(q) Ju(q)
~ 21Im S -
N(p) - N(p) -
DIS Cross Section ~ Hadronic Tensor Forward Compton Amplitude ~ Compton Tensor
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! 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

=7 (@, 0% -
1 2
Fo(x,
F (0, 0%) = 4602[ dx 2% C) .
0 1 —x’w?—ie
2 1
F(w,0%) + F,(0,0°) = My dxF,(x, Q%)
o T 0?7 ), S Compton Amplitude in

the unphysical region

E;O:jL(a)a Qz) 1 F X 2
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' Nucleon Structure Functions

® Mellin moments | @ = 2pQ -2q = x~!
o0 1
Fi@,.0% = ) 20" M*(Q?) | where M{P(Q?) = J dxx*"'F\(x,0%) ,ana M (0% =0
~ 0
o0 1 4M2
F (0,08 = Y 40P MP(0?), where M>P(Q?) = J dx X 2F, ;(x,0%) , ana  MD(Q?) = 0 M2 (0?
0
® y=v=3and p3=q;=0 = 7 (o, Qz) = 133(p, q)
Q0w

®p=v=0andp=g=q=0 = F@.0)=T(p.9)+Ts(r.9)] 7
N
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' FH Theorem at 1st order

in Quantum Mechanics:

oF oH H,: perturbed Hamiltonian of the system
- — <¢ yl ‘ _/1 ‘ ¢ /1> E,: energy eigenvalue of the perturbed system
oA

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
‘@ 1 E,1 — SpectI'OSCOpy, 2-pt function Applications:
- . ® 5 - terms
oA 2F J) (0/6010) — determine 3-pt o B factore
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I Compton Amplitude from FHT at 22d 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) = Jd4zei“'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
’ — 1A 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
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| Lattice Details

G0y

QCDSF/UKQCD, 483x96, 2+1 flavor (u/d+s)

p = 5.65, NP-improved Clover action
Phys. Rev. D 79, 094507 (2009), arXiv:0901.3302 [hep-lat]

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

mﬂL =6.9 LaT 0.068 fm

96 a
6.5 fm

/ | 483 a3 |

Unmodified 3.3 fm3
QCD background

FH implementation at the valence quark level
® Valence u/d quark props with modified action, S(1)

® Local EM current insertion, J,(x) = Z,g(x)y,q(x)

® 4 Distinct field strengths, 4 = [£0.0125, £ 0.0235]
® 5 different current momenta in the range, 1.5 < 0? <7 GeV?
® 0(10°) measurements for each pair of Q% and A

® Access to a range of w 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
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| Compton Structure Functions

| 483x96, 2+1 flavour
2 a = 0.068 fm
e m_~ 420 MeV
0L Q% =4.9GeV?
n
dd |
0.25}
ud 0.00
—0.255—
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| Moments | Fit details

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

individually for u- and d-quark

Cr czobs 2
My(Q?) ~ % (0, 1) _y (Fi = F"())

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

erq 2\ 2naq4() N2
(0,0?) = sz M%)
F{Uw, 0%) -
2 V7 _ 2n | A 0(1) L) | (N2
= 4w lM + M ] . where
T AM?
® Enforce monotonic decreasing of moments
for u and d only, not necessarily true for u —d
M%) 2 M(Q%) > - 2 M )(0Y) > -+ 20

2
12/15 Mzn(Qz) ~ U (O’ MZn—Z(Qz)) l Gi errors via bootstrap analysis



I Moments | Scaling and Power Corrections

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

0.6
| Exp. 323 x 64 48% x 96 ® Global PDF-fit cuts ~ 10 GeV?
0.5 % I M@ & MP@Q? I MP(Q? ® Need Q% > 10 GeV? data to reliably
| § F M@ §FMPQ I MPQ? extract partonic moments
0.4}
: — MY 4L @02 .
B % ; +60C ® Power corrections below ~ 3 GeV? ?
%O’S ® Modelling via
2l )2y — As2) 2)1 N2
2002 . 0M2 (Q)_M2 +C2 /O
0.1} g
<} 0.0 . . >
P ower COI‘II'eCtl()IlS | | Scaltlmg ¢ Exp.Mz(l): W. Melnitchouk, R. Ent, and C. Keppel, Phys. Rept. 406, 127 (2005),
0 ' ' ' o ' ' ' 4 ' ' ' 6 ' ' ' < ' arXiv:hep-ph/0501217.

9 % Exp Mz(z): C. S. Armstrong, R. Ent, C. E. Keppel, S. Liuti, G. Niculescu, and I.
13/ 15 Q2 [G'eV ] Niculescu, Phys. Rev. D 63, 094008 (2001), arXiv:hep-ph/0104055.



| Moments | F,

® Unique ability to study the moments of F;!
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Possible for the first time
in a lattice QCD simulation!

® Direct: Fit to data points
® Determines upper bounds

® Indirect: 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].



X103

- 32 x 64  48% x 96
401 T 0 Exp. ¢ Direct t Direct
l I I I l I l l ar : ¢ Indirect 4 Indirect
:, 30t
d F %%20_— l ~~~~~~~~~~~~~~~~ I -------------------------------
® A versatile approach! F,, I, and I'p | i -
10 0 B
® Systematic investigation of power corrections, |
. . e T S T
higher-twist effects and scaling is within 1reaJch\A Q?[GeV?)
0.6
o . . . | Ezxzp. 32° x 64 48° x 96
® Overcomes the operator mixing/renormalisation issues ;| ;F 50y B M@ 5 MQ?)
| 5 Fv?Qy iY@ 1M (@)
0.41
?“;0.3:-
® Can be extended to: =
= 0.2
® mixed currents, interference terms .
® spin-dependent structure functions 0.0, .
0 2 4 6 8

® GPDs: A. Hannaford-Gunn et al. Phys. Rev. D 105, 014502
arXiv:2110.11532
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