Lattice 2019 Highlights

Lattice 2019, Wuhan, June 2019

David Richards, (with help from Colin).
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Introduction

Divide discussion into:
 Hadron Structure
 Algorithms/machines
 Weak Matrix elements
* (Spectroscopy)

* (BSM)
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Muon g-2

» huge effort in the lattice community to calculate hadronic contributions from first principles

5 parallel talk i : '
— 15 parallel talks at Lattice 2019 Vera Gulpers (Edinburgh)

FI3QronIC VICULM FORNSITION

L Experiment vs. Theory Hadronic Vacuum Polarisation (HVP) from the R-ratio
» measured and calculated very precisely —> test of the Standard Model - current best theoretical estimate uses experimental data
» optical theorem 2
> experiment: polarized muons in a magnetic field [semet et a1, PhysRev. D73, 072003 (2006)]
_ QD &
a, = 11659209.1(5.4)(3.3) x 10— ==

» Standard Model Rrati R(s) — o(et e” — hadrons, s)

em  (11658471.895 +0.008) x 1010 | A || ® = e sy

—10 re

weak (15.36 4+ 0.10) x 10 9 [target <0.2% >'“CE

HVP (693.26 4 2.46) x 10~10 | current R-ratio | ~ 0.5% el hadrons

HVP(a?) (—9.84 £ 0.06) x 10—10 | current lattice | =2 —3% o (@M \? °°d R(s)K(s)

LbL (10.5 +2.6) x 1010 e — = ( 3r ) / e R

» Comparison of theory and experiment: 3.80 deviation

Aa, = a%" —a)" = 27.9(6.3)""(3.6)°™ x 1071°

required precision to match upcoming experiments AaZ"" <0.2% Aa'ﬁ' < 10%
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Hadronic Vacuum Polarisation

Hadronic Vacuum Polarisation (HVP) from the Lattice

> 1,,(Q) = [d*x €9 (7(x) i7(0))= (QuQu — 6,,Q%) N(Q?)

) — H
» electromagnetic current ] = %H'y,,u — %d'y“d — %§’ms + %E‘y,,c A.

» hadronic contribution to the anomalous magnetic moment of the muon
[ T. Blum, Phys Rev_Lett 01, 052001 (2003)]

a™? = ( )/szK(Qz)l‘l(Qz) with N(Q?) = 472 [N(Q?) — N(0)]

73

» subtracted HVP from vector correlator (semeder and Meyer, Eur Phys ). A47, 145 (2011))

C(t) = ZZ(J“’(x 0i0))  A(Q?) =41r2/dtC(t) [ws(g;)-l +%t2‘ a:‘:"’:/dtf(t)C(t)
0 0

k_O X

» flavour decomposition (isospin symmetric QCD)

5 1 4 :
C(t) = §C£(t) + 6CS(t) = 5C°(t) + C¥=(v) O ~O O"

Vera Gilpers (University of Edinburgh) June 21, 2019

) Thomas Jefferson National Accelerator Facili
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[C. Davies et al, arXiv:1902.04223]

[A. Gérardin et al, arXiv:1904.03120)

» study using ensembles with different volumes

450 T
aoo e “oar ]
"y —— ] -
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— FV effects about 1.7 x larger than NLO ChiPT
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Dominated by 2-pion at large t.

» ETMC [D. Giusti, et al, Phys. Rev. D 98, 114504 (2018)]

a ™ (ud) * 10"

GS and perturbative QCD for small t

650 | O =150 La=20 ® = 1.90, L/a =20 (FVE cor)
[| O g=1.90, /a2 B p=1.90, L/a =24 (FVE corr)
600 H © s=190L1a-32 ® =190, L/a= 32 (FVE cor)
A =190, L/a=40 A p=1.30,L/a =40 (FVE corr)
| O p=1551m-24 B = 1.95 L/a =24 (FVE cor)
550 F| © s=155L1a=32 @ £~ 1.95 L/a=32 (FVE comr)
O pe2.00,/aw48 @ £=2.10,/a =48 (FVE corr)
500 e
s 4 m =m*®”*
450 :— % ® = —
= 400 |- g% | 3
350 | é; % —:
300 F $ I
250'..l....l....l....l..:
0.2 03 04 05
M  (GeV)

Thomas Jefferson National Accelerator Facility

@&



.geffgon Lab

g-2 -1V

Thomas Jefferson National Accelerator Facility

H ic V. P,
Full HVP comparison
——t Jegerlehner 2017
R-ratio bed Teubner et al 2018
il Davier et al 2017
R-ratio & lattice a4 RBC / UKQCD 2018
e H RBC/UKQCD 2018
e BMW 2017
 lattice e CLS Mainz 2019
e FermiLab/HPQCD/MILC 2019
— ETMC 2019
o PACS 2019
“no new physics” —— .
650 700 750
al'P . 1010
Vera Gilpers (University of Edinburgh)

contribution to a:“"p

Isospin Breaking
isconnected

charm
strange

contribution to Aa"“"p ~ 2.5%

charm

disconnected

/ Isospin
strange Breaking

June 21,2019 21 /28
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Wilson Award

University of Connecticut / RIKEN BNL Research Center

Luchang Jin

QED + QCD

QED Box

QCD Box
2 S
u
> > 3, > 11,
2 y T
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HLbL: Hadronic Light by Light
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Wilson Award - |l

Pion mass splitting: M.+ — M_o (prelim) 19 / 22
AM2(a, Mx) = 2MxAMx = AM2(0, M) + c12° + (M2 — (MP5)?)
1600 171 R 9 MPhYS A pfphys
oMER A MPhys
1500 | 7 Extrapolation
481 139 MeV
1400 . 241D 142 MeV —=—
a 32ID 142 MeV H—+—
% 1300 | - 32IDF 144 MeV —u—
E 241D 340 MeV —e—
Nk
5 i AM2(0, MPMS) = 1.275(15) x 10° MeV
1100 |- n AML(0, MP¥) = 4.57(6) MeV
1000 | * -
= Both type 1 and type 2 diagrams included.
000 U | | | | | |
0 02 04 06 08 1 12 = 10 times more accurate than previous.
a?(GeV~?)
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Nucleon Structure - Charges

u—d

Ea

ITanmoy Bhattacharya I

FLAG average for New2 4141
18

alat
PNOME 16

Ne=2+1+1

o

N¢

FLAG average for New2 41
Mainz 18

RBCAUK:
LHPC 05

Ne=2

FLAG average for New2

SR

Expt

09 10 1.1 12 13 14

Nature 558 (2018) no. 7708, 91-94
Chang et al. [arXiv:1805.12130]

* IAndre Walker-Loud I

1 year on Titan (ORNL) + 2 years
on GPU machines at LLNL

1.35 - model average g7 (ex,a=0)
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ex = My [(4xF;)

€& = m, /(47 F})
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Flavor-separated
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Nucleon - Form Factors

1.0 r - : -
AS 30267(7513?% Etlﬁqs wort =] 30361(7513?% Etlﬂqs wort =
m this work) =+ m this work) =+
ETMC18(combined) +a~ ETMC18(combined) +a~
- ; PACS18A =+ 4L PACS18A =+ -
08 PACS18 rm PACS18 +m-
i 4 LHPC17 + LHPC17
7 Kelly — Kelly —
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2 06} 1 23;
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: ¥, :
04f ¥ @ﬁ 5 . 2}
[ |sovector 3 I [

0.0 0.2 0.4 \ 0.6 0.0 0.2 0.4 0.6
Q% [GeV?] Q? [GeV?]

Z-expansion parametrization?

Tanmoy Bhattacharya I
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Nucleon Charge Radius
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C. Bouchard, KO, DGR

Moment methods

Description of finite-volume contributions
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Axial-Vector Form Factor

_ = dp _
(NJALIN) =@ [GA"m - Gpm] vsu  (N|P|N) = aGprysu

T T e v a09m310 A
1.0 pheno: 1.026(21) GeV == a09m?220 ~c+
Fo¥ MiniBooNE: 1.35(17) GeV =suun a09m130 v+ 1
I dipole: 1.35(04) GeV == a09m130W =+ |
I al5m310 rv a06m310 +&- |
0.8 al2m310 = a06m310W 2
[ al2m220L ~&+ a06m?220 =+ 7
< [ al2m220 @+ a06m220W e+ ]
» - alpm220S &~ a06m135 =+
T 0.6 -
b) L
0.4 L
02 ? -
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Oliver Baer
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PACS plateau estimate data

for normalized form factor
independent of Zp

GE™(@, Q1) =

GR™(@%t)  15p ]
G}'I;I&t( 2 t) \ 1

Tanmoy Bhattacharya

Also new results

((Wilhelm ) for G¥,.

Nz contamination in Gp(Q2)

for 1= 1.3 fm
o5 T T T
\ ® PACS data ]
] ====pion pole dominance model
20

{‘ ® PACS data, N7 removed

ref’

osf S R

1)) S E
0.00 0.05

010 015 020 025

Q*[(GeV)?]
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Topic close to my heart

PDFs

....... many references to Karpie et al

Large-momentum effective theory

N

.gefie;gon Lab
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lim g(x, P% p) = q(x, u)? x

Pi>o0

|Yong Zhao |

Instead of taking Pz—« limit, one can
perform an expansion for large but finite Pz

d (x u \ M?2 A2
fl(x,PZ,ﬂ)=J|y—ylt \ =57 |90, +0 (— QCD)

27 y2p2
PZ xPZ

« Ji, PRL110 (2013);

= X. Xiong, X. Ji, J.-H. Zhang and Y.Z., PRD90 (2014);
* Y.-Q. Ma and J. Qiu, PRD98 (2018), PRL 120 (2018);
* T. lzubuchi, X. Ji, L. Jin, I. Stewart, and Y.Z., PRD98 (2018).

G(x, P%) and 9(x) have the same infrared physics (nonperturbative),
but different ultraviolet (UV) physics (perturbative);

Therefore, the matching coefficient C is perturbative, which
controls the logarithmic dependences on F=,

. @



PDFs - I

Recent strategies to reconstruct PDF from lattice
|Nikhil Karthik

Renormalizable and factorizable
Matrix Elements of hadron at large momentum Physically thick
Wilson-line

| would move i

Pseudo
PDF

Current-current
4pt functions

1 dy
/ . mcmaLanice(I/yv P, ﬂ')ft(y: I‘)

(perturbative matching)

PDF

f 1 (LB ) /‘l’)
Y.Q.Ma and J.W.Qiu, PRL120 (2018),022003 . X. Ji, PRL110 (2013), 262002

A Radyushkin, PRD98 (2017),034025 W. Detmold and C.J. D. Lin, PRD73 (2006) 014501 RS, Sufion ot al. PRD (20191, 074507
.v_ M. Braun and D. Muller, EPJ C55, 349 (2008) . - Sufien ct al, FRD (2019).

- Thomas Jefferson National Accelerator Facili
.geﬁgzon Lab ty 16




PDFs -l

¥(0) 1p(z) i
(H (tsink) @t H(0)) From lattice
’ correlator to
<H(tsink)HT(0)> PDF
tsink — 00 l
(2) “
%(0) "
h(z,P,) = (P}o—o P.)
Renormah’ze/ \
R h(z, P;)Reduced loffe time
z P, P M(ZPZ’Z )= h(z,0) distribution .
Fourier z to conjugate x Fourier zP; to conjugate x at Need to reaCh hlg h momen ta
at fixed P, fixed z2
Quasi-PDF  §(z, Py, PT) (z,2%) pseudo-PDF 0.9
@ ) 0.3 GeV Pion |
LGMR Light-ray OPE 0.8 ®II£ = 2.15 GeVa=0.06fm
Lattice cross-section e.g., 0.7 ¢ §]§§$
P. Jv(0) jA(ZWP 0.6 |
R T e A
g:* 0.5 >e@®@!> 1)(((\ $
= gqe ®ennlo5 ]
= 04 &
& 03 | eeéi = 0.86 GeV
0269969! = (.43 GeV b
0 GeV P
—Qee%eee.eee@
0 — e e—

2 4 6 8 101214161820

t/(l (BNL-SBU-U.Conn) T.lzubuchi et al, arXiv:1905.06349

: Thomas Jefferson National Accelerator Facili
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Does it make sense?
Check OPE relations directly

o o"

2 _ 2 2 2
aan\/i(lj,z )|, o =en(2’p )_81/” M(v,p?)|,_,
Reduced (renormalized) loffe time Wilson-coeff Light-cone loffe time
distribution distribution

0.35 r :
J. Karpie, K. Orginos, S. Zafeiropoulos, JHEP 1811 (2018) 178
0.3 - i ° ° ° - . * Lattice spacing divergences
oo @ © 1 0 2 X by Z-factor
e —— .—./\/l (1/5 Z ) : .
0.25 c1(22p?) ov v=0" e Diverging moments of
renormalized quasi/pseudo-PDFs.
0.2 |
o ay X by z — 0 divergence of Cn
C:’ asg
0.15 1 82 )
A M(v, z%) .
B ae2) 02 M o
0.1 ’?C_) 0] o o o ° ° E ®
0.05
O 1 J
0 5 10 15 20 25

) Thomas Jefferson National Accelerator Facili
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Solution of inverse problem

Paradigm Short distance scale
o, €2, P?) = Z/ L faler, 1)K (0, €2 22 P2, 12) + O(€ M)
/! A <

Calculated in perturbation

Calculated in T,
LQCD Parton Distribution  theory (“process dependent’)
function
(Model) dependence on how Fourier transform is truncated Model-independent neural-network approach
. | | UnDOIarizeq wcloon PDF J. Karpie, K. Orginos, A. Rothkopf, S. Zafeiropoulos, JHEP 1904 (2019) 057
standard (MMS) u—d

4+

EMTC studies:
Krzystof Cichy
Wednesday 9:40

2 o Pg = 107T/L

Antiquark quark

-1 -0.5 0 0.5 1
T ETMC, arXiv:1902.00587

ETMC, PRL. 121 (2018), 112001
LP3, arXiv:1803.04393

The conclusions on u-d asymmetry in nucleon sea is
dependent on method

.!eff gon Lab Thomas Jefferson National Accelerator Facility 19 @ gJSA



Pion PDF - |

@ Parameterize PDF via

r(a+b+2) ‘C. Shugert‘

(a+1)r(b+1)

f(x;a, b) = N(a, b)x(1 — x)?; N(a, b) = =

Quasi-PDF Results

4 .
) Fe P. = 1.29 GeV
3.5 =32 GeV (1.93.1.49) GeV
1[PE =129 GeV P. = 1.29 GeV] 3 (1.93,2.98) GeV «
0.8 PT = 2.98 GeV JAM —
o 254
a, 0.6 : ,
,‘.3 0.4 diistReccoall* 0 Saconadi ol 2
~ )
02 T
500 |
—0.2 0
)
0.4 . e
2 (fm) ”l
3
. A P. =1.29 GeV |
2.5 Zmax = l.l'l t:lll - : '-”: P: =1.72 GeV
2 zmax = 0.72 fm = 355 p=32GeV (1.93,1.49) GeV .
One 319\ (1.93.2.98) GeV ==
15 v JAM —
= 1 25¢
0.5 . LAND
ko
£
0 ) : 0 B 1.5
-15 -1 =05 0 0.5 | L5 - 5
T I 1
0.5
0,

' Thomas Jefferson National Accelerator Facili
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Pion PDF - I

= Cp(p22?) (=iv)"
M(v,2%) =
(I/,Z ) nz:% CO(/.LQZQ) nl

ant1(n) + O(2°Ngep)

e Fit to polynomial of degree m at fixed z%; 1 — Z_TQ + ...%’;cm
Co(p?2?)

° (})u-a = Elamy G |C. Shugert

@ Check if divergent logs from fit cancel

loffe-time moments

cs Vs 22 (x2)479 vs 22
$ v:a=006fm $ via=006fm
0.25 T vi:a=0.04fm 035 T v:ia=004fm
$ v:a=006m ¥ via=006fm
P v:a=0.04fm P v:a=004fm
0.301
0.20 1
0.25

Ji Srat iu AERAT

0051
T T T T T T T T T T T
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.05 0.10 0.15 0.20 0.25 0.30 0.35
zfm zfm

) Thomas Jefferson National Accelerator Facili
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Hadronic Tensor

Hadronic Tensor and Neutrino-Nucleon Scattering

Jian Liang, Terrence Draper, Keh-Fei Liu, Alexander Rothkopf and Yi-Bo Yang
(QCD collaboration)

Calculating hadronic tensor on the lattice

‘J.Liang‘

Jl(z) J0) |p.l>

W,= ;T[d‘:r" ‘<p.3

Lattice QCD: Euclidean field theory using the path-integral formalism: time dependent matrix elements are problematic.

] (p.s|J50) | n)(n|J(0)| p.s)(2x)Y6%g — p,, + P)

. _1 u d'p;

‘ [J,,(z)!.,(O)] s,s> =3 Z [H l(znm,-

wo— L [dze(v-wu-fp))‘[dsze'?f<p,s|r<z>|n><n|J<0>Ip,s>= =2
= " u v 4r .

()T _

1

v—(E,—E)

jd3gel?-3( p.s|Ti@) | n)(n|J,0)|p.s)

A simple change from Fourler transform to Laplace transform in the time direction leads to divergences when v — (E,— E,) > 0.

Practically, need to solve the Inverse problem of the Laplace transform Ww(p,q, 7)= IduWW( p.q.v)e "

several (O(10)) discrete data points

Thomas Jefferson National Accelerator Facili
.geftgon Lab v

¢ continuous function w.r.t.

lack of Information, an lll-posed problem
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Hadronic Tensor - ||

s
1.4
8 Relevant for DUNE?
E1.2
Q
'.’S_’ 1
liro.s d quark u quark
50.6 o2 08
go.‘ 0.20 0.5
0.2 Eoas £
g g £
-0 ' 0.10 0.3
& ¢ ¢ E, (GeV) 0.05 021
5 10 15 20 S 10 15 20
elastic form factors Parton distribution functions ¥ B
Incluslive hadronlic tensor! | |Incluslve hadronlic tensor!
J.A. Formaggio and G.P. Zeller, RMP84, 1307 (2012)
d quark u quark
1o 3.5
3,01
1.0
2.51
0.8
= 2.0
10.61 =
S 1.51
041 1.01
021 0.5
0,01 0.01
-2 0 2 4 —2 0 2 4
v (GeV) v (GeV)

' Thomas Jefferson National Accelerator Facili
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Scaling and higher twist...

Scaling and higher twist in the nucleon Compton

amplitude

Ross Young w :
University of Adelaide

Forward Compton amplitude

2) 2w ,
Ty ~ [ d'e et pIT,(2),0)p) Ty = 5 [

Im T} (', Q?)

w' (w2 —w”)

Tl(w,Q2)=Z4w23/ drx?~ 1Fl(fl' QQ)—ZJ:{")QJJCIQJ I(Q)
1=1

—4w2/d F11Q2

- 1— (wz)?

~ha  hy

etgr

d

4 B=5.4,323%x64
4 B=5.5,32°%x64
¢ B=5.65,48%x 96

j=1
0.5 2 (%)2 2 % 0.00
— Q=17 ~ 4.6 GeV =
& -0.02
> 0.4 t 8
O] g -0.04
03 % 5| -0.06
[ = [P
N 5| %, —0.08
< 5| % -0.10
3 0.2 gl 35V
3} g ' =0.12
5. 0.1 =l -0.14
&~ -~
- -0.16
0.0———— 0 2
0.2 0.4 0.6 0.8 1.0
i . Thomas Jefferson National Accelerator Facility
.geffe;gon Lab
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Physics programs and
status of EicC

Yutie Liang
Institute of Modern Physics, CAS, China
On behalf of the EicC Discussion Group

>
» 2interaction regions

pRing: figure 8

20GeV p + 3.5 GeV e, 1/5=16.7GeV
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High Lumi.: 2-4 x10% cm2s!
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Kate Clark

CHROMA HMC ON SUMMIT

KC, Balint Joo, Mathias Wagner, Evan Weinberg, Frank Winter, Boram Yoon

4500
From Titan running 2016 code to Summit 2000 4006 1. 1x O daster
. . 7% few on 8x fewer GPUs
running 2019 code we see >82x speedup in HMC 2500 ~82x gain
throughput 3
ghp ? 3000
Multiplicative speedup coming from machine 8 2500
and algorithm E 2000 1878
Highly optimized multigrid for gauge field § 1500 9;4
evolution * 1000
439 392
500
Mixed precision an important piece of the puzzle 0 . [ ]
* double — outer defect correction Titan (1024x  Summit(128x  Titan(512x  Summit (128x  Summit (128x
K20X) V100) K20X) V100, Nov2019) V100, March

* single — GCR solver
* half — preconditioner

e int2) — AdAatarminictic narallal FrAarcaninag

2019)
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LATTICE QCD WITH TENSOR CORES

KC, Chulwoo Jung, and Robert Mawhinney, Jiqun Tu

Modern GPU have high throughput tensor-core functionality

|G G Tesla V100

Coo| [Con | C0, FPé64: 7.5 TFLOPS
c.le, ¢ FP32: 15 TFLOPS

1 Tensor: 125 TFLOPS

D=

Cuso Cu, Cis,
FP16 or FP32

FP16 or FP32

[1 — k3 M} D}, My "M} DY, M) [1 — k2M5 ' Dy MyM; ' Dy M)
N’ e— e— " o\ ~ p,

fuse fuse fuse fuse

43 < nwipi
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Supercomputing in China

T Summit
Oak Ridge 1BM IBM Power System, usa
1 National Laboratory 2 fan x £ L
> rra
94| 1%
Lawrence Livermore 1BM IBM Power System, usAa 1,572,48 . .
o A e e M. Xiang-Fei
Sunway TaihuLight N 649.6 930| 154 -
National Supercomputing NRCPC NRCPC Sunway SW26010, China | 10,649, 2
g Center in Wuxi
Tianhe-2A
National University of ANUDT TH-VB-FEP, China 4,981,760 61.4] 18.
4 Defense Technology ol 4 12€ 2 2GHz, Matrix =
s
5
— Piz Daint
g | Swiss National Supercomputing Cray Cray XC50, Switzerland 387,872 212 2.
Centre (CSCS) E5 12C 2.6GHz, Aries, NVID P100
Trini
i Los Alamos NL / o o e usA 979,072 202 1.sal
SenckablL Intel Xeon Phi 7250 65C 1.4GHz, Aries _
National Institute of Advanced Al Bridging Cloud Infrastructure (ABCI)
Industrial Science and Fujitsu PRIMERGY CX2550 M4, Japan 391,680, 19, 1.65
o Xeon Gold 20C 2.4GHz, IB-EDR, NVIDIA V100
SuperMUC-NG J J
Leibniz Rechenzentrum Lenovo ThinkSystem SD530, Germany 305,856 1%
Xaon Platinum 8174 24C 3.1GHz, Intel Omni-Path|
Lassen
Lawrence Livermore oM IBM Power System, COUNTRIES / SYSTEM SHARE
Natlonal Laboratory P9 22C 3.1GHz, Mellanox EDR, NVIDIA Tosla V100|

.gef:f;Zon Lab
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Canada, 2%_ Others, 10%

Ireland, 3% |

Netherlands, 2% \\

Germany, 3%/

United Kingdom, :
3%

France, 4%

Japan, 6%
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Theoretical Developments,Quantum Computing...
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Tensor Networks

To use tensor network method, path
integral should be written in terms of

Z = /[d@] eXp[iS] tensor network representation
|S. Takedal|

_ / (6] [T Ho (b2, 60)Hi (62, 6 1)

Hld,#) = exp [ +5(6 — 6 - 1V(0) - V(@)

Hy(6,8) = exp |56~ 87~ 1V(6) - V(@) 1

How to make tensor

For two-variable function [ orthonormal basis ]
@

o (0)‘/(}‘ )=, iyt
Ho(¢.¢') =Y _ 1,7 (9) 0y, 77 (&)
k=0

Once the orthonormal basis and singular values are obtained,
tensor is formed as

oo
Tijit = \/050)051)0(0)051)/ (196\1,50)\11;1)(1)560)*@%1)*

k
—o0
\ j

The integral can be estimated by a recursion relation k

Thomas Jefferson National Accelerator Facility
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Tensor Networks - ||

Numerical Results: Magnetization
Doyt = 13,h = 1.0 x 1072

0_04 T T I T I I T I .
D e e
- = T'=6.65036875 .
*—% T'=6.65036250 I
0.03L 1 |S. Akiyama
o i
.
ﬁ 0.02 - —
2 _
2 4D Ising Model
= 001 _
O.waxxxxxxxxxxxx—x
1 | 1 | I 1 1 | 1 | 1 | 1 1
10 20 30 40
n
iteration number (N = 2") 19
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K. Jansen

Riemann (-function

e Feynman's trace formula

e Riemann’s {-function, (r(z)

X U0,7)A
<A> = l]mT_)oo+iO+ %{JU(T;})_}l - 1
CR(Z) = Zn:lﬁ » 2 € c

for a Hamiltonian H (T denoting time ordering) analytical continuation (through T-function)

U(0,T) = Texp (_% T H(T)dr) = well defined for z # 1

E.e.: choose z = —1 — find (g(—1) = —%

12

e allows to formally define trace

tr(U(0,T)) = / dz / dr / dQ(¢)eth2 @z +ik(@ar gy 1 p €)

tre(U(0,T)) = ((k(z,9))(2)
= /d:z:/d'r/dQ(E)eihQ(z’m’e)r2+ih1(I’z’g)r(ag(z)(I,z,'r, £))

Thomas Jefferson National Accelerator Facili
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Q qubits | min. eig. Hg | (¢q, Hoyq)

Variational quantum simulation 1 .392108816647 | .392108816647

start with some initial state [T, 2 229395425745 | .229395425968
" . 3 224258841712 | 224258841747

apply succesive gate operations = unitary operations e—*%? 4 593452200306 | 223452200445
examples for S: o, o,, 0, parametric CNOT 5 223336689755 | 223336690423

[U(6)) = e e 0 ghynye)

with R; := e~ %)% we obtain cost function

Running on the Rigetti hardware

e Practical example: compute ground state energy of

1-dimensional hydrogen atom on Rigetti's 8-qubit Agave chip

C:= <¢init (H;Ll Rj>THH?=1 R;

L/)init>

goal: minimize C over the angles ]
—» obtain minimal energy, i.e. ground state

in original paper:

— minimization on classical computer
— minimize over one angle at a time
— loop several times over the complete set of angle

Agave chip

e hardware performance

— select the qubit of the day
— found gate fidelity Fjg = 0.982 , readout fidelity Frp = 0.94
— ground state energy with 4.9% error
— more qubits: no significant result

Thomas Jefferson National Accelerator Facility

— performed variational quantum simulation
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Opening Talk!

Hadron Spectroscopy

Robert Edwards

.geffggon Lab

Many plenary on spectroscopy + NN

« \Wagman - hadron interactions

» Rusetsky - 3 particles on the lattice

« Gongyo - NN interactions (HALQCD)
* Francis - Tetraquarks

.!eff gon Lab Thomas Jefferson National Accelerator Facility 35 @ @JSA



Summary

« Can'’t go to everything, so a lot of topics | haven't
covered...

— Finite-temperature
— Weak matrix elements

— Spectroscopy and NN interactions - lot of plenary
talks....

— BSM
« Hadron Structure Parallel Session

« Lots of references to JLab, both for spectroscopy and
structure

— But others are adopting our methods.....

) Thomas Jefferson National Accelerator Facilit
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