Hadron Structure in Lattice QCD
Status and Challenges

Hartmut Wittig
CERN and PRISMA* Cluster of Excellence, Johannes Gutenberg-Universitat Mainz

A Virtual Tribute to Quark Confinement and the Hadron Spectrum
2—6 August 2021

jouannes GUTENBERG
UNIVERSITAT MAINZ

JG|U

# v @ PRiSMA?

Helmholtz-Institut Mainz




Nucleon structure observables and BSM physics searches

Scattering experiments probe interactions of ¢, p, /s, DM particles with nuclear targets

— precise knowledge of nucleon / nuclear matrix elements of currents, quark bilinears

DUNE — neutrino oscillation experiment: (anti-)neutrino beam onto C, O, Ar targets

Sanford Underground
Research Facility

Fermilab

______________
-

. - = < —
= =

_—

T R T
A S ok T Sl A
it

JiEst

Neutrino-nucleus cross section dominates uncertainty
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Is there a proton radius puzzle?

Discrepant measurements of 7 in muonic / electronic hydrogen and ep scattering

CODATA'06 (2008)
Bernauer (2010)
Pohl (2010)

Zhan (2011)
CODATA'10 (2012)
Antognini (2013)
Beyer (2017)
Fleurbaey (2018)
Sick (2018)
Mihovilovi¢ (2019)
Alar¢on (2019)
Bezignov (2019)
Xiong (2019)
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Muonic hydrogen:

[Antognini et al., 2013]

rg = 0.84087 = 0.00039 tm

CODATA:

rg = 0.8414 £ 0.0019 fm

rg = 0.8775 £ 0.0051 fm

Signal for new physics or poorly understood systematic effects?

— calls for ab initio calculation of the proton radius from QCD

[CODATA 2018]

[CODATA 2012]
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Weak charge of the proton and the running of sin? Ovw

Running of electroweak mixing angle at low energies constrains BSM physics models

0.245 RGE Running
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[D. Becker et al., 1802.04759]

U [GeV]

[J. Erler, 2105.00217]

P2@MESA: parity-violating ep scattering Hadronic contributions

Arg = = = (O - F(Q%), F(Q%) = Fem(Q%) + FA(Q®) + Fur(Q%)

Q* ~ 4E;E; sin*(0;/2)
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This talk

Methodology: The noise problem and excited states

Nucleon charges and pion-nucleon o-term

Electromagnetic form factors

Related talks at this conference:
~ Krzysztof Cichy, Mon 15:50 ~
Boram Yoon, Wed 17:30 |

Axial and strange form factors

Summary and Outlook
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Nucleon form factors

Dirac and Pauli form factors:

(NP ) [T O)| N(p. ) = u(p’, ) | v, F1(Q7) O'uvzi;Fz(Qz) u(p, s)
| | |
Ge(Q?) = FI(Q) - —2—Fy(Q%).  Gm(Q) = F1(Q%) + F2(Q%)
(amn)

Axial and induced pseudoscalar form factors:

Cr Gp(O) | u(p, 5)

(N, s)

AuO)| N(p, 5)) = u(p’, s') | vuysGa(Q) — iys

2mN

Charge radii, magnhetic moment, axial charge:

Ge(0%) = (1- 1(r2)Q* +O(0)), Gm(Q%) = (1 - L(r3,)0* + O(0%)

Ga(Q%) = ga (1 - £(r})0* + O(Q%)
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Challenges for lattice QCD

Quark-disconnected diagrams Vi, Ay Q%VWAM

e |arge inherent statistical noise

. . .. O7 ,S t 7 —’/7 S/
e contribute to isoscalar quantities p ) P
and sigma-terms 0.7, t o s
e .
e contribute exclusively to strange ‘ t_)s

form factors R
“Noise problem” wo ¥ Nucleon 2pt function
e exponentially decreasing signal-to-noise ratio in baryonic ' :
correlators
e calculations of baryonic three-point functions limited to R
source-sink separations 7, < 1.7 fm O O O A T T e 1 . 8 4
= potential bias from unsuppressed excited-state SN U D R
] ] sooll & N6(a=0050fm)| . . Lo
contributions § F6@=003fm)|
0.0 OI.2 OI.4 OI.6 OI.8 1|.O 1|.2 1|.4
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Excitation spectrum

Nucleon charges from ratios of three- and two-point functions: A=(E{—-Ey), I =A, S, T, ...

Rr(t, tS) = = 2r + Co1 €_At + C10 €_A(ts_t) + C11 €_Ats + ...
CZ(p = 0; 7y)
Dense spectrum of Nz, Nzr, ... states: ChPT analyses of excited-state contamination:
0.10,
- mid /2. _ |
1800M ey (Q% ;= 21m)
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1600k * . T I
—~ .,
> g I s .
§ 1400¢ 0.007s
= s & "8 ¢ = o "= ’ et
1200 - : . et ™ °
~0.05 .
1000} - [ em FFs
303540 45 50 55 60 %00 005 010 015 020 02
' Q?/(GeV)?
[Hansen & Meyer, 1610.03843] [O. Bér, 1705.02806, 1802.10442,1812.09191, 1906.03652, 1912.05873]
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Fighting the noise problem

_Af “A(t,—1 _At, “Sensitivity” to excited-state effects:
Rr(t,ts)zgr+601€ + C109€ ( )+611€ + ..., . | |
S m, = 135 MeV
IS My = 200 MeV
] . I 4 L Mr = 250 MeVi— 7/
Multi-state fits q | mm =300 Mev—
Include sub-leading terms in R(7, 1), j S R G
(or individual two- and three-point functions) [ R s
g .

with or without priors for the excitation spectrum

exp(A/2(t

“Summation Method”

Excited-state contributions more strongly suppressed 0 0.2 0-4_ 0.6 038 1

to—a
SF(tS) = Z Rr(t, ts) — KF T (ts o CZ) 8r T (ts o d) e_AtS dF T e_AtS fF T ...
=0

Variational approach
Compute correlator matrices; solve GEVP; optimise projection on ground state
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Multi-state fits

Nucleon interpolating operators may have small overlap onto multi-particle states: Nz, Nz, ...

Energy gaps from nucleon two-functions do not capture Nz states: AP > (Ey, — Ey)

[Jang et al., 1905.06470] [Balietal., 1911.13150]
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Violations of PCAC relation (Goldberger-Treiman) as indicator of excited-state contamination

O G0 = 2 Gp(QP)
0ts O p

Needs further investigation — dedicated calculation using multi-hadron interpolators

QUAZ(X) =2m Pa(x) & 2My GA(Qz)
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Summed operator insertions
Variants: Fixed sink (“summation method”) versus fixed operator (“Feynman-Hellman”)
Sr(ty)=Kr+(,—a)gr + (ty—a)e ®dr +e™ fr + ...

“Summed-subtracted” ratio: Extend source-sink separations into region with
off 1 sensitivity to sub-leading terms:
gr (ts) — t_ (SF(ts + CZ) _ SF(ts))
S

[He et al. (Callat), 2104.05226] s IK Ottnad @ Lattice 2021
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Faster convergence to ground state Improved statistical precision
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FLAG Report

2019 edition (“FLAG 4”) contains section on nucleon matrix elements  [Aokietal.,, 1902.08191]

Quantities include

e |sovector axial, scalar and tensor charges: gji_d, gg_d, gbfd

- ds uds _ud
e Flavour-diagonal charges: g, “’, g¢“’, g7’

" om2

e Sigmaterms: o, = m,(N|gq|N) = m, gg o.n = M, {N|iau+ dd|N) =~ m

Control over systematics assessed according to quality criteria:

e Chiral extrapolation e Continuum extrapolation e Excited states

e Finite-volume effects e Renormalisation

FLAG 5: @ Three or more source-sink separations 7, at least two of which must be above 1.0 fm.

[ ] [ ] [ ] .
AAVERY U J U J U @ \_J 9 9 V'V @ @, L vV U U ONUAVAY o U

B Otherwise

Form factors and non-forward matrix elements, not (yet) included
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Isovector charges: preliminary FLAG 5 update

u—d u—d u—d
EA 8s 8T
— — FLAG 2019 for N, =2+1+1
_ —l— FLAG 2019 for N¢ =2+1 +1 n = FLAG 2019 for N =241 +1 HEH F=24+1+
+ ] CalLat 19 — HiH ETMC 19
— - ETMC 19 j\l‘ — ETMC 19 — E E“BME %2
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yd — RBC/UKQCD 19
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—— NME 21 O , i - LHPC 19

- LHPC 19 RB(.:/UKQCD 2 ct —+H+H— JLQCD 18

_ _ Hl Mainz 19 O LHPC 12
o Mainz 19 T | I _ |
] : PACS 18 ~ i . LHPC 19 Z"" L] . RBC/UKQCD 10D
iy - T JLQCD 18 = H ] LHPC 12 I — ETM 15D
I = LHPC 12A s oY RQCD 14
H— 1+ RBC/UKQCD 09B IL ] ETM 17 _
H—{H—H RBC/UKQCD 08B Z u RQCD 14 2 °  Radici 15
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-'5_ L>) E : @ | Goldstein 14
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[blue: new results since FLAG 4; grey: FLAG 4 averages; solid green: basis for FLAG 4 average]

Many new results since FLAG 4 — confirmation of previous global estimates

e Axial charge: percent-level precision reached — agreement with experimental values

e Scalar and tensor charges: consistent picture; larger errors for gl
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Pion-nucleon sigma-term

Two different methods:

B FLAG 2019 for N¢=2+1+1

BMW 20

— - ETM 19
¢ ETM 14A

Ne=2+1+1
4

—l- FLAG 2019 for N¢=2+1

T
am%. — PNDME 21
— — +QCD 18

o.N = My {N|iu+ dd|N) ~ m

“direct” <

—H JLQCD 18
—l— YQCD 15A
H BMW 15
H—<H-
—

Feynman-Hellman K

241

—— Shanahan 12
< Shanahan 12

QCDSF 11

BMW 11A

Martin Camalich 10
i PACS-CS 09

GJZ'N — (397 T 36) MeV I—D.—| :;ACGD210619 for Ne =2

ETM 16A
4+— QCDSF 12
4 : JLQCD 08B

N =

FLAG 4 average for Ny = 241

N
Al

Nf =2

| Lutz 18
HEH Ren 17
: 1 : ETM 17A

—— Ren 16

—— Ren 14

2 Lutz 14
H—&—H Alvarez-Ruso 13
— Alvarez-Ruso 13

2.50 tension with result from Nr-scattering:

o,y = (598 £5)MeV  [Ruiz de Elvira et al., 1706.01465]

Ren 12
K & H Young 09
——— Procura 06

—@— Ruiz de Elvira 17
@ Hoferichter 15
—@— Chen 12
—@— Chen 12
—@— Alarcon 11

10 20 30 40 50 60 70 MeV

Bias from excited-state contributions?

aN scatt. FH+mixed latt.

— talk by Boram Yoon
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Form factor calculations

Form factors obtained for a discrete set of O*-values, at a given value of 7, and non-zero lattice
spacing

e Describe the OQ*-dependence: dipole fits or z-expansion  [Hill & Paz, PRD 82 (2010) 113005]

G 2y _ EM 02k 2y — Veew + 0 = View
on(Q) = ), 4@ A0 = e

— Fits yield electric, magnetic and axial charge radii, magnetic moment, axial charge

e Extrapolate to the physical point: continuum and infinite-volume limits, physical

e Systematic error estimate by performing variations in the procedures and applying cuts to the data

e Alternative: Direct fits to the dependence of form factors on O and m_, supplemented by terms

describing the a-dependence and finite-volume corrections
[Bauer et al., PRC 86 (2012) 065206; Capitani et al., 1504.04628, Djukanovic et al., 2102.07460]
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Electromagnetic form factors o
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S 0.25 - $ 23
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Isovector electric and magnetic charge radii & magnetic moment

uH (CREMA Collab. )\ f ep scattering (Al Collab.)

""""""""" Comparison with experiment:
Mainz/CL5 21 | ¢ @ e combine proton and neutron
NME 91 N o o charge radii
2 \u—d 2 2
r = \r — \r
PACS 19 @ ! H@H I —@— < E> < E>p < E)Il
exp _ _
ETMC 19 o - o (rE) 0.1161(22) fm?
PNDME 18 @~ -~ 2 3 e Tension of 2.70 between Al
and Mainz/CLS 21
LHPC 17 —@— @~
0.4 06 0.8 1.0 0.5 1.0 3.5 4.0 45 5.0 5.5
(rig) "~ [fm?] (ryp) "~ [fm] T
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|Isoscalar form factors

Requires the calculation of quark-disconnected diagrams:

— stochastic sources, hierarchical probing, “one-end trick”, frequency splitting
[Dinter et al., 1202.1480; Stathopoulos et al., 1302.4018; Giusti et al., 1903.10447]

X!, phys (E250)

Lattice results at physical m_ versus experimental data:

—— dipole fit
¢ summation data
- - - z expansion { A1l ep scattering?
3.0p ¥  Experiment |
2.5} ® Ne=2+1+1 .
‘4@7-/1u, E;:LO- |
© x @ _
;m 1.5 B x ¢ X~ '.. |
1.0 B % = é..
*3 +
0.5} ét -
0.0 e
3.0 i © Zexpansion —— dipole fit
N ?!3:;. i Experiment 3.5 7 O su?nmation data
2.5¢ ;; - Q Ne=2+1+1 - { A1l ep scattering?
~ | =4 3.0 |
‘o 2.0}
—cg 2.5 i'!ﬁ\
< 1.5¢ > “e® .
w > v’ v ~.~ Ng | * N
1.01 ¥%¥’*Q~§!?~-__ } ] %322.0 N
0.5} §‘§‘§§- 151
0.0 ' ' ' ' 1.0 1
0.0 0.2 0.4 0.6 0.8 1.0
Q? [GeV?] 51 [M. Salg @ Lattice 2021] ?
[Alexandrou et al., 1812.10311] 000102 03 04 05 08
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|Isoscalar form factors

uH (CREMA Collab.) f- ep scattering (Al Collab.)
Mainz/CLS 21 (prelim.) —O— —O— —O0—
Mainz/CLS 214+PDG @ @~ —@—
ETMC 20 —(—
ETMC 19 —()— —(— A
PACS 19 —O— : ® ) —O—
0.70 0.80 0.90 0.6 08 1.0 20 25 3.0 3.5
(ris)p [fm] \/ (rin)p [fm] p

Higher precision required to discriminate between scenarios
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Axial form factor and charge radius

Results in the continuum limit: electroproduction \ f U scattering
H—O—+ Mainz/CLS 21 (prelim)
S NME 21
D PACS 19
Treatment of excited o ETMC 19
states has significant
, , RQCD 19
impact on (ry)
8 - > LHPC 19
a, 6 -
O *— PNDME 17
518
X —@—+H— Mainz/CLS 17
Y000 004 008 012 016 020 0.2 0.4 0.6

Q* [GeV?]

(ri ) [fm?]
[Bali et al. (RQCD), 1911.13150]
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Strange form factors

Measured by SAMPLE, HAPPEX, GO, A4
experiments, e.g.

5 (Q* = 0.22GeV?) = 0.050 + 0.038 + 0.019

Dipole (cut 0.5 GeV?) ' Dipole (cut 0.5 GeV?) | i/I(Qz — 0.22 G@Vz) — _0.14 i 0.11 i 0.11

~0-985 0.2 0.4 _O:Z'GXpanS::; 1.0 _3'Oofi) 0.2 0.4 _ ‘O:Zexpans';’; 1.0
Q% [GeV?] Q% [GeV?]
[Alexandrou et al. (ETMC), 2106.13468] [Baunack et al. (A4 Collab.), PRL 102 (2009) 151803]
ETMC 20 @ ——t O
Mainz/CLS 19  +—@— @ O Lattice QCD exceeds
xQCD 17 H—@—+ —@— experimental precision
LHPC 15  +—+@+— O H@H
20.01 -0.005 0.04-0.02 0.0 -0.08 -0.04 0.0
<T%>s [me] <T1%4>S [me] Hs
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Summary

Lattice QCD calculations of nucleon matrix elements have made substantial progress
Systematic effects such as excited state contamination must be explored further
Percent-level precision achieved for nucleon isovector axial charge

Lattice calculations “favour” small values for the proton radius, but precision must be
further increased

Strange form factors and magnetic moment obtained with high precision

Thank you!
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