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Overview

The 42nd International Symposium on Lattice Field Theory (Lattice 2025) will be held at the Tata
Logistical Information Institute of Fundamental Research (TIFR), Mumbai, India, November 2-8, 2025. This annual conference

Arrival information for
foreign nationals

brings together scientists from around the world who specialize in the numerical evaluation of quantum
field theories. The conference primarily focuses on the latest theoretical and algorithm developments in

Lattice Gauge Theory, particularly in Quantum Chromodynamics (QCD). Given the pivotal role of high-

Travel Information performance computing in these

on software hardware

Venue innovations, and algorithmic developments have always been an integral part of the conference. The
conference now also encompasses areas such as machine architectures, Al/ML applications in physics,

Timetable and algorithm development for quantum computing

Poster Session

Welcome Dinner The main conference venue will be the Homi Bhabha Auditorium, TIFR.

Banquet

Conference website: https://indico.global/e/lattice2025

Code of Conduct
Important Dates
Starts Nov 2, 2025, 4:00 PM
‘Accommodation Ends Nov 8, 2025, 2:30 PM
T Asia/Kolkata
Instructions for Hotel
Booking

Registration

The conference website (slides of the talks are available
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TIFR Mumbai

Homi Bhabha Auditorium

Tata Institute of Fundamental Research,
1, Homi Bhabha Road,

Navy Nagar, Colaba,
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Overview of the conference
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The conference website (slides of the talks are available): https://indico.global/e/lattice2025
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Overview of the conference

Topics:

o Plenary session - 29 talks
o Algorithms and Artificial Intelligence — 31 talks
e Hadronic and Nuclear Spectrum and Interactions - 35 talks
e Hadronic contribution to the magnetic moment of muon - 14 talks
e QCD at Non-zero Temperature and Density - 32 talks
@ Quantum Computing and Quantum Information - 17 talks
e Quark and Lepton Flavor Physics - 22 talks
o Software Development and Machines - 7 talks

e Standard Model Parameters - 7 talks

e Structure of Hadrons and Nuclei - 19 talks
@ Theoretical Developments & Applications Beyond the Standard Model - 38 talks
e Vacuum Structure and Confinement - 12 talks

301 participants / 287 contributions (incl. 1 online talk)

Artem Roenko & Viktor B a (JINR BLTP) Lattice 2025

27 November 2025



Overview of the conference

e 2025: 301 participants
Previous Lattice Conferences o 2024: 496 participants
« 41=: Liverpool, UK, July 28-Aug. 3, 2024 | Website e 2023: 441 participants (incl. 85 online)
« 40=: Fermilab, USA, July 31-Aug. 4, 2023 | Websjte . ° 2022: 403 participants
« 39 Bonn, Germany, Aug. 8-13, 2022 | Proceedings | Website
« 38 Boston, MIT, USA, July 26-30, 2021 | Proceedings | Website e 2021: 875 participants (ONLINE)
o 37 Wuhan, (?hina, June 17-22, 2019 | Proceedirng | Websit.e e 2019: 355 participants
o 36m: East Lansing, MI, July 22-28, 2018 | Proceedings | Website
« 35#: Granada, Spain, June 19-24, 2017 | Proceedings | Website e 2018: 342 participants
o 34n: Southampton, UK, July 24-31, 2016 | Proceedings e 2017: 420 participants

o 33w Kobe, Japan, July 14-18, 2015 | Proceedings
o 32n: New York City, NY, USA, June 23-28, 2014

« 31 Mainz, Germany, July 29-August 3, 2013 Noticeable part of the community didn’t attned:
« 30=: Cairns, Australia, June 24-29, 2012 . . .

« 29w Lake Tahoe, California, USA, July 11-16, 2011 | Proceedings | Website o unusual time (November, studying in

+ 28u: Villasimius, Sardinia, Italy, June 14-19, 2010 universities are in full swing);

e 27w: Beijing, China, July 26-31, 2009

o 26w Williamsburg, Virginia, USA, July 14-19, 2008

« 25#: Regensburg, Germany, July 30 - August 4, 2007

o difficulties in obtaining a visa (stamped
visa was required; there were no in-person

o 24w Tucson, Arizona, USA, July 23-28, 2006 part1c1pants from Chlna)




Hadronic contribution to magnetic moment of muon

Muon g-2: hadronic contributions with Lattice QCD

I Aida X. El-Khadra
University of Illinois Urbana-Champaign

42"° INTERNATIONAL SYMPOSIUM
ON LATTICE FIELD THEORY

Tata Institute of Fundamental Research

Mumbai, India
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Hadronic contribution to magnetic moment of muon

Outline

€ Introduction
€ Muon g-2 Theory Initiative
@ lattice HVP

¢ introduction and set-u

. . . P ¢ “The anomalous magnetic moment of the muon in the SM:
¢ Windows: intermediate (W) an update”
and short-distance (SD) [T. Aliberti et al, arXiv:2505.21476, Phys. Repts. 1143 (2025) 0-157]
¢ long-distance (LD) window ¢ "The anomalous magnetic moment of the muon in the SM":

L [T. Aoyama et al, arXiv:2006.04822, Phys. Repts. 887 (2020) 1-166.]
¢ QED contributions

¢ consolidated HVP average

¢ ongoing work/new results m Muon g-2 Tl workshop @ Orsay (8-12 Sep 2025)
¢ HLbL
€ Summary and Outlook
¢ Appendix
I A. El-Khadra Lattice 2025, TIFR, 3-8 Nov 2025 2
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Hadronic

contribution to magnetic moment of muon

Anomalous magnetic moment

The magnetic moment of charged leptons (e, i, 7): /i = g%s

Dirac (leading order): g =2 = (—ie) a(p' 1" u(p)

" 1

Quantum effects (loops):

A

p “ - g:2(1+%)

All SM particles ;
contribute < (o i " 2 ighq, 2 |
= (i a) [ F) + R | ulp)
N

VW

Note: F1(0) =1and g =2+ 2F5(0)

w92 Fz(O)‘ = % +0(a®) + ... = 0.00116...
:

Anomalous magnetic moment: 5

I A. El-Khadra Lattice 2025, TIFR, 3-8 Nov 2025

Artem Roenkc

https://indico.global/event/14504/contributions/137039/



https://indico.global/event/14504/contributions/137039/

Hadronic contribution to magnetic moment of muon

Motivation: Fermilab muon g-2 experiment

@ The Fermilab experiment has released their final measurement results:
¢ 07 Apr 2021: Run 1 data [B. Abi et al, Phys. Rev. Lett. 124, 141801 (2021)]
¥ 10 Aug 2023: Run 2/3 data [D. Aguillard et al, Phys.Rev.Lett. 131 (2023) 16, 161802]
€ 03 Jun 2025: Run 4/5/6 data [D. Aguillard et al, Phys.Rev.Lett. 135 (2025) 10, 101802 ]

From Simon Corrodi @ Scientific Seminar, 03 Jun 2025

L L LA L L B B R B L B B |
BNL E821 + & +

Run-1 o

Run-2/3 —o—t

Run-4/5/6 +—o—+

Run-1-6 +——+ - -

Exp. average w Martin Hoferichter talk
| S TSN T NN TN TN TN TR [N T SN SR SR [N ST ST SR S |
9.5 20.0 20.5

21.0 215
a,- 10° — 1165900

ag* = 1165920715 (145) x 107!
124 parts per billion!

I A. El-Khadra Lattice 2025, TIFR, 3-8 Nov 2025 4
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Hadronic contribution to magnetic moment of muon

Muon g-2: SM contributions

[aﬂ = a,(QED) + a,(EW) + au(hadronic)j
QED +... (5loops) 116584718.8(2) x 10~!! 2 ppb
EW +... (2 |00p3) 154.4 (4) x 10~ 3 ppb

\ Hadronic
HVP +... (NNLO) 7045 (61) x 10" 523 ppb |corrections
[0.9%]
HLbL 115.5(9.9) x 107" 84 ppb
NLO,
+... (NLO) [8.6%]
I A. El-Khadra Lattice 2025, TIFR, 3-8 Nov 2025 5
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Hadronic contribution to magnetic moment of muon

Muon g-2: SM contributions

[aﬂ = a,(QED) + a,(EW) + au(hadronic)j

Hadronic
corrections

contribution error2 116584718.8 (2) x 10! 2 ppb
HilbL
® QED
Ew 1 3 ppb
HVP 154.4(4)x 10~
@ HLbL HvP
HVP +... (NNLO) 7045 (61) x 107" 523 ppb\
[0.9%]
—11
HLbL + (NLO) 115.5(9.9) x 10 84 ppb

[8.6%]

X A Eikhadra
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ution to magnetic moment of muon

Muon g-2: hadronic corrections

credit:
Samantha Koch, Fermilab

v Hadronic contributions are obtained by integrating over all possible virtual photon momenta,
integral is weighted towards low g2
v Cannot use perturbation theory to reliably compute the hadronic bubbles
w Two-point & four-point functions:
HVP: (017(j,j,}10) HLbL: (01 T(,,7,0,) 10)

Two independent approaches
1. Dispersive, data-driven | w Martin Hoferichter |
2. Lattice QCD

I A. El-Khadra Lattice 2025, TIFR, 3-8 Nov 2025 6
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Hadronic contribution to magnetic moment of muon

|

C‘ Muon g-2 Theory Initiative

Steering Committee ‘

¢ Maximize the impact of the Fermilab and J-PARC experiments
= quantify and reduce the theoretical uncertainties on the SM

«

«©

«

«

Gilberto Colangelo (Bern)

Achim Denig (Mainz)

Aida El-Khadra (UIUC) chair

Martin Hoferichter (Bern)

Christoph Lehner (Regensburg University)
co-chair

Laurent Lellouch (Marseille)
Tsutomu Mibe (KEK)

J-PARC Muon g-2/EDM experiment
Lee Roberts (Boston)

Fermilab g-2 experiment

Thomas Teubner (Liverpool)
Hartmut Wittig (Mainz)

prediction
¢ assess reliability of uncertainty estimates
¢ summarize the theory status: White Papers
¢ organize workshops to bring the different communities together:
- First plenary workshop near Fermilab: 3-6 June 2017

+ Seventh plenary workshop hosted by KEK/KMI (Japan):
9-13 Sep 2024

- Eight plenary workshop hosted by 1JCLab (Orsay, France):
8-12 Sep 2025

+ Ninth plenary workshop to be hosted by UConn (US):
3-7Aug 2026 (right after Lattice 2026 @UMD)

https://muon-gm2-theory.illinois.edu

X A Eikhadra

Lattice 2025, TIFR, 3-8 Nov 2025 7

https://indico.global/event/14504/contributions/137039/

m Roenko & Viktor B uta (JINR BLTP)

November


https://indico.global/event/14504/contributions/137039/

Hadronic contribution to magnetic moment of muon

Experiment vs SM theory
SM [ uve QED |, ,Weak , , HLbL
a, ‘1 a -+ [a# +ay +ay }
N 1 e —
WP20 CMD-2 e
BNLg-2 ————— BaBar | ee—p—
KLOE - s s
BESII - e
FNAL g-2 +———@—+ SND20 ——
CMD-3 e
A N ’
<‘ 420 v> Lattice HVP Avg. 1
WP25 ¢ |
—— ——+ e FNAL-23
Standard Model Experiment FNAL2L ;
Average BNL-06 o
17.5 18.0 18.5 19.0 195 200 205 210 21510 —30 -20 -10 10 20
9 101 % (@M — ag®)
a,x10 -1165900
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Hadronic contribution to magnetic moment of muon

Experiment vs SM theory
SM _I nvp QED Weak HLbL
aH N a, "+ [uﬂ +a, +a, }
© 2025
SNDOG fe————
HVP from: CMD-2 -1
L‘Mzo T T T T AI T T T BaBar
BMW20 =0 4 not yet in WP20 (lat) KLOE h=——o
ETM1819 +—@— BESIIT ="}
Mainz/CLS19 SND20 e
FHM19 —— S
PACS19 P CMD-3 ——y
RBC/UKQCD18 T ——o—+—
BMW17 °
RBC/UKQCD H BMW/DMZ-24 —o—
data/lattice 2l ; RBC/UKQCD-24+18
?%“9 O § Mainz/CLS-24 S
4 __not used in WP20 g BMW-20 —e¢
DHMZ19 —-— 5 e
KNT19 - g A 2A T NN
i 3 Avg. 2B ——
WP20 —_-— Ave 3
Avg. 3
1 1 1 I 1 | L l 1 1
-60 -50 -40 -30 -20 -10 0 10 20 30 Avg. 4 —_—
(aSM-uexP) X 1010 Wp25
O
=30 —20 —10 0 10 20 30
X A Eikhadra Latti 10 (a3 - a™) 9
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Hadronic contribution to magnetic moment of muon

Lattice HVP: Introduction e

ol

[B. Lautrup, A. Peterman, E. de Rafael, Phys. Rep 1972;

. . a\?2 .
Leading order HVP contribution: | aji "0 = (;) /dqu(qz) H(qz)‘ E. de Rafac, Phys. Let. B 1994; T. Blum, PRL 2002

e Calculate a;WP'LO in Lattice QCD .
Start with correlation function of EM currents: C(t) = 3 Z(jFM(m,t)jFM(O, 0)) 3™ =D a5 s t) vty (e, t)

4 4 f=ud,s,c,...

. . . o0 5 4 t
Fourier transform yields T1(Q?) = 47\'2/0 dt C(t) [f,z o sin? (%)} L[:XEirg'g;kg;ﬂmx%ﬂ]

so that a},{VP'Lo

representation (TMR):
aflVELO — (%)2 '/000 dQ?w(Q?) T(Q?) = 4a? '/OOC dt C(t) '/000 dQ*w(Q?) [tz - %sin2 (%)]

alVPLO — 42 / dt@ﬁ/(t)
0

I A. El-Khadra Lattice 2025, TIFR, 3-8 Nov 2025 10
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Hadronic contribution to magnetic moment of muon

| s, Lattice HVP: Introduction

Calculate a:wp in Lattice QCD: oHVP.LO _ HVP,LO + oHVP.LO
i - w,f ,disc

sospin Breaking
disconnected

 Separate into connected for each quark flavor + disconnected contributions
(gluon and sea-quark background not shown in diagrams)
Note: almost always m,, = my,

«

light-quark connected contribution:

S=ud s, c b Z ’\/@’\/ at™*LO(ud) ~90% of total
f

s,c,b-quark contributions
uﬁ"“""“(y, ¢, b) ~8%, 2%, 0.05% of total

«

disconnected contribution:

a™VPLO 2% of total
1 disc

D D

¢ need to add QED and strong isospin breaking Isospinbreaking (QED + m, # ma) corrections:

(~ m, —my,) corrections: @ + 6a/1VP10 ~1% of total
+ cee

a:l\'p.LO — II)II-IVP‘LO(L[d) +HFVP'LO(S) +a}l]’[VP.LO(C) +H:I‘XE’;LO+§H:[VP,LO

I A. El-Khadra Lattice 2025, TIFR, 3-8 Nov 2025 m
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Hadronic contribution to magnetic moment of muon

Lattice HVP: challenges ‘;H

AN

Calculate a:wp in Lattice QCD: GHVP.LO _ 2 :aHVP,LO 4 gHVP.LO A
i - w,f ,disc
f

sospin Breaking

a‘l‘-lVP,]_O = UEVP'LO(LICI) + a:l\zP.LO(S) +a‘l]‘[VP.LO(C.) + “:%&LO + éa‘l‘-lVP.LO -disconnected

= a:[VPLO needed with < 0.5 % precision ¢ light-quark connected contribution:
¢ subpercent statistical precision: at™*LO(ud) ~90% of total
exponentially growing noise-to-signal in C(f) as t — co ¢ s,¢,b-quark contributions
affects light-quark contributions aVP (s, ¢, b) ~8%, 2%, 0.05% of total

¢ sizable finite volume effects . o
disconnected contribution:

a™VPLO 2% of total
) . - 1 disc
@ control discretization effects

¢ sensitivity to scale setting uncertainty

¢ quark-disconnected diagrams: control noise Isospinbreaking (QED + my # m4) corrections:

¢ include isospin-breaking effects safVPtO ~1% of total
Separation of a}pr‘w into a;‘vp"“o(ud) and (‘}a‘lfvp"“o is

scheme dependent.

I A. El-Khadra Lattice 2025, TIFR, 3-8 Nov 2025 12
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Hadronic contribution to magnetic moment of muon

Lattice HVP: finite volume (FV) effects  HE-

N
Vi <

W expected size (based on ChPT) ~ 3% on typical lattice volumes with M, L 2 4
w |arge volume studies are needed to quantify FV effects for sub-percent precision
w EFT and EFT-inspired approaches:
© NNLO ChPT [Bijnens + Relefors, arXiv:1710.04479; Aubin et al, 2019,2020, 2022,....]
® relativistic pion EFT [Hansen & Patella, arXiv:2004.03935]
¢ spectral representation using F,(k) + Gounaris-Sakurai parameterization (MLLGS)
[Meyer 2011; Francis et al 2013; Lellouch & Lischer, 2001]
use Lischer and Lellouch-Liischer equations to obtain FV E,, A, and compute C(t, ) — C(t, L)
Chiral Model: ChPT + p [Jegerlehner & Szafron, arXiv:1101.2872; HPQCD, arXiv:1601.03071]
* For staggered fermions: modify FV EFTs to account for splittings between pions with different
“tastes”
v¢ large-volume studies by PACS, BMW (2020, 2024), RBC/UKQCD, Mainz

I A. El-Khadra Lattice 2025, TIFR, 3-8 Nov 2025 13
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Hadronic contribution to magnetic moment of muon

T
I
INES
I
N

Lattice HVP: scale setting

oafVP’Lo is dimensionless, but depends on dimensionful parameters (m,, m,, etc...),

which are expressed in terms of the lattice scale A:

HVP,LO _ HVP,LO (ar a7 1/ e
a, =a, (My, My, Mg, ...) M=
euncertainty in a};WP’LO due to the error in the scale determination, AA:

[Della Morte et al, arXiv:1705.01775, JHEP 2017]

HVP, LO dﬂﬂw' o AA daﬁ‘"" Lo AA AgHVP.LO AA
AdVP 0 = |4 (A4 |, P A, AT e
u dA A *am, A HVP,LO _A

m need to determine lattice scale to high precision (< 0.2%)
¢ Scale setting quantities currently used in lattice QCD calculations:
- fylor fx) —dependon V,, (V)
radiative QED corrections ~2%
- Q baryon mass — QED corrections are small (~0.1%)

Lattice 2025, TIFR, 3-8 Nov 2025
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Hadronic contribution to magnetic moment of muon

Windows in Euclidean time

VRO (%)2 /nm dti(t) C(t)

¢ Use windows in Euclidean time to consider the different time regions separately
[T. Blum et al, arXiv:1801.07224, 2018 PRL] S. Kuberski @ Lattice 2023

25— r T T T

fo=0.4fm,7, = 1.0fm

Short Distance (SD)  t:0 —
Intermediate (W) tity—> 1
Long Distance (LD) t:f) >

— W |
— W
— W) A

]"%}ﬁ |
%@mmﬂﬁmmml

15 20 25 30 35 40 45
t [fm]

¢ disentangle systematics/statistics from long distance/FV and discretization effects
¢ intermediate window: easy to compute in lattice QCD; compare to disperse approach
¢ Internal cross check: compute each window separately (in continuum, infinite volume limits,...) and

combine: . GED + “XV + abD

I A. El-Khadra Lattice 2025, TIFR, 3-8 Nov 2025 16
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Hadronic contribution to magnetic moment of muon

Outline

¢ Windows: intermediate (W)
and short-distance (SD)

I A. El-Khadra Lattice 2025, TIFR, 3-8 Nov 2025 17
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Hadronic contribution to magnetic moment of muon

» Lattice HVP: W (intermediate) window

BMW 20
[Sz. Borsanyi et al, arXiv:2002.12347, 2021 Nature]
214
28
212 £9
52
210 <z
= N
+ * Sromproveme. g
e
=8 =
o
®
iy @
Oug, @
\ LR

/‘Aubin etal -19

[C. Aubin et al, arXiv:1905.09307, PRD]

Nov 16-20, 2020

0.000 0.005 0.010 0.015 0.020

a%[fm?]

RBC/UKQCD-18
[T. Blum et al, arXiv:1801.07224, 2018 PRL]

X A Eikhadra

Agreement to:

§ compute the 3 window observables proposed by RBC/UKQCD
¢ first goal: intermediate window observable
¢ compute individual flavor contributions + IB-breaking effects

L

Lattice 2025, TIFR, 3-8 Nov 2025

The hadronic vacuum polarization from lattice QCD at high precision

Virtual Muon g-2 Theory Initiative workshop (16-18 Nov 2020)

a

https://indico.global/event/14504/contributions/137039/
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Hadronic

contribution to magnetic moment of muon

Mainz 2022

avinlt o 1010

w0

200

105

10
185 - "

180

002 001 006 008
]

FNAL/HPQCD/MII

[A. Bazavov et al, arXiv:Z

X A Eikhadra

[M. Cé et al, arXiv:2206.06582, PRD]

ETM 2022

[C. Alexandrou et al, arXiv:2206.15084, PRD]

: . Lattice HVP: W (intermediate) window

INEEN
NS
INE SN
T
INEEN

ol

RBC/UKQCD 2023

[T. Blum et al, arXiv:2301.08696, PRD]

T T T T T
FNAL/HPQCD/MILC-24 I
BMW/DMZ-24 o+
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T
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Hadronic contribution to magnetic moment of muon

T

Lattice HVP: short-distance window (SD)

Log-enhanced discretization effects in the short distance region
[N. Husung et al, arXiv:1912.08498, EPJC; T. Harris et al, 2111.07948; N. Husung, 2206.03536, EPJC; ...]

® [L. Chimirri et al, arXiv:2211.15750]
proposal to alleviate by splitting Euclidean time integral and supplementing shortest distance
region with continuum perturbation theory:

o(?) Ay < 1
1 Ayg > 1 ’

/0 th(t):/O dr [1-x (D] F(t) + a;w) F@ x(t)~{

[ —;
continuum limit of lattice results

continuum PT
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Hadronic contribution to magnetic moment of muon

: INEEN
A\ H . . . T
y Lattice HVP: short-distance window (SD) £
/ N e
Log-enhanced discretization effects in short-distance region
ETM 2022 [C. Alexandrou et al, arXiv:2206.15084, PRD] RBC/UKQCD 2023 [T. Blum et al, arXiv:2301.08696, PRD]
% - - . ; T
v " a,%PPA%P (¢ 2)x 10™° (massless)
“ v M a,w(tp,to,A)x 10" (massive) =
3 5 v 70 - a,w(tp.tD‘A) x 10'° (massive minus massless) < |
2 sl e . 60 | (@,5PP9%(1 ) +a, V(11,0 x 101 |
= : e a
Xowl i ¥ ] 50 |- =
< "l v § -
D H 40 | b 4
2Nt a
S ; x
of i s o * 1
s - 20 | R
L I T R R T BT or + 1
@ [fm?] 0 + . . . N
0.1 0 0.1 02 03 04 05
lp/fm
e subtraction of leading-order log-enhanced disc. " . .
o stability of pert. subtraction wrt to t | using cont.
effects P
pQCD
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Hadronic contribution to magnetic moment of muon

: INEEN
. . . T
Lattice HVP: short-distance window (SD) &3
Log-enhanced discretization effects in short-distance region
¢ Mainz ¢ BMW/DMZ ¢ FNAL/HPQCD/MILC
[S. Kuberski et al, arXiv:2401.11895, [A. Boccaletti et al, arXiv:2407.10913] [A. Bazavov et al, arXiv:2411.09656, PRD]
JHEP]
Q[GeV]
% 8070 60 50 L0 . ; ; ; ; ; ; oS nesq.
15k : . ¥ —3 5 .\\
- e
- i 4
v comected -
A i comectea
® g uncorrected ey al
., umcorrected
L | | | | -
00000 00025 00060 00075 00100 00135 00150 0.0175  local @ onedink N
_ L e 0005 0.01 0015 0.02 0.025
.00 0.05 0.10 0.15 0.20 025 2 (e 2
1/Q[GevT!] a? [fm?]
o . * Z(})rrect‘ed:‘rem(;fve log-enhanced ® log-enhancement absent in local
* Stgb'hty with pert. subtraction at iscretization effects at tree-level current; present and measurable in
Q to remove log-enhanced . [,Zi;\,,,z(ﬂ)]a PR (M) one-link current
discretization effects T fwr™ 2 * compare with pQCD and check
stability in SD region
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contribution to magnetic moment of muon

¢ Mainz

JHEP]

o

Q)

.00

X A Eikhadra

* stability with p

AN . Lattice HVP: short-distance window (SD)

Log-enhanced discretization effects in short-distance region

[A. Bazavov et al, arXiv:2411.09656, PRD]

discretization ¢

Lattice 2025, TIFR, 3-8 Nov 2025

¢ BMW/DMZ ¢ FNAL/HPQCD/MILC
[S. Kuberski et al, arXiv:2401.11895, [A. Boccaletti et al, arXiv:2407.10913;
T T T T T T T T T T T T T T T
FNAL/HPQCD/MILC-24 -
SL-24 1
BMW/DMZ-24 o
Mainz/CLS-24 I_H
RBC/UKQCD-23 [ e |
e |BTM22 o
XQCD-22 f fo+ _
ETNI_QI\ I }I “ | | I I} | :
L 1 1 1 I L L Il L
Qltoremove 460" 4G5 47.0 47.5 48.0 485 49.0 495 50.0
loloa/s;D(ud)

nelink

T e
01 0015 0.02 0.025
a2 [fm’)

nent absent in local
:nt and measurable in

nt
pQCD and check
' region
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Hadronic contribution to magnetic moment of muon

Outline

¢ long-distance (LD) window
¢ QED contributions
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Hadronic contribution to magnetic moment of muon

: : . i
Lattice HVP: long-distance tail o
QOZéXRﬁW%OﬁWQ®> [M. Lynch @ Lattice 2024]

(FNAL/HPQCD/MILC)

* Use improved statistical estimators

X 230105270
[DeGrand + Schaefer, hep-1at/0401011, L. Giusti et al, hep-1at/0402002; J. Foley et al, S " x Xxx
hep-lat/0505023; T. Blum, et al, arXiv:1208.4349; ...] N} % X7 ¢ X
— X a0.09 fm
=
Low mode improvement: Sof x X !
7. = X
Chw(®) = 2, T SPVT2sV T}, SR (@) = M7 @ )mily) E XK”%,
i g i g g - LK Sityggate]
0 10 20 30 10
[ t — - t/a
ow-mode pmp?ga O'N L significant improvement /
My =300 3o tntn, in statistical errors at —
A [ mtid (nmod2=0) large Euclidean times. S xS L
" m—iX\, (nmod2=1) I X2
g X X X @ 0.09 fin
Low-mode-improved random wall estimator §IU x X
= X
Chanl(t) = Chw(t) — Cll;w,m,(t) +CrL(t) = X X
0
Exact low-mode contribution 0 10 :U 0 w0
CIL(t) = ¥, T {M; 'TM; T fa
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Hadronic contribution to magnetic moment of muon

INEEN
. . . . T
Lattice HVP: long-distance tail o
1 . .
0 = 5 Y UP 0 55(0,0)
e
o Start with spectral decomposition: C(f) = Z |A, |2e Bt
n=0
+ bounding method: 900
[Borsanyi et al, PRL 2018, Blum et al, PRL 2018] 800 =
fort>1.:0 < C(z) e 5 < C(r) < C(z) e B 500
_ g 600 e
. : 5
E, : effective mass of C(1) at 7, = 500
E,: ground state = 7z g 400
< 300 N
replace G(t > 1,) with upper and lower 200 N
bound R C. Aubin et al,
ouna, vary . oo} . arXiv:1905.09307]
GO - 5 10 15 20 25 30 35 40 45
T/a
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Hadronic contribution to magnetic moment of muon

Vi <

0 = 5 Y UP 0 55(0,0)

S
o Start with spectral decomposition: C(f) = z |A, |ze’E“’

+ obtain low-lying finite-volume spectrum (E,, A,) in dedicated study using additional operators that couple

to two-pion states

+ use to reconstruct C(t > t,)

+ can be used to improve

bounding method:
N

) — C(t) — Z AZe kit

n=0
use Ey, in upper bound
+ yields big reduction in

stat. errors (compared with

bounding method)

X A Eikhadra

a, integrand x 10'°

n=0

Lattice HVP: long-distance tail (again)

T

150

100

0

s
o
mew
acer
et
-
Ko
o)
o

J. Mckeon @ Lattice 2024

[Bruno et al, RBC/UKQCD,
arXiv:1910.11745]
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Lattice HVP: LD window Eiﬂ: 3

|Fa|| 2024: RBC/UKQCD, Mainz, FNAL/HPQCD/MILC — all from blind analyses

FNAL/HPQCD/MILC

RBC/UKQCD Mainz/CLS .
[T. Blum et al, arXiv:2410.20590, PRL] D. Djukanovic., arXiv:2411.07969, JHEP] (A Bazavov et al, arXiv:2412.18491, PRL]
820 T T T T T T
mfzmﬁﬁ44ﬁ\ I " ]
810 | '“'F,Lf:m;phys | T T T
g w0l | FNAL/HPQCD/MILC-24| ——8——]
)
D 790 ———
q 1 Mainz/CLS-24 e
& 780 | sol © Tl m Aw, Au, Au (M) -
770 | RBC/UKQCD-24 H—a—H ﬁ » orelink o Arv. Au.(CM)
! ) ) . R 0005 001 0015 002 002
ool A 2 o2
0 0.0020.0040.006 0.008 0.01 0.0121 400 410 420 o [fo’]
a?/1m? 10 afP (ud)
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INEEN
. T
Light-quark connected (ud) H
s
Long Distance (LD)
Fall 2024:
FNAL/HPQCD/MILC-24| —+—o—
RBC/UKQCD, Mainz, FNAL/HPQCD/MILC
— all from blind analyses
T2 e
Qe N S —| RBC/UKQCD-24
. Gt - A 100 110 120
160 w0 15 1(1{:'.[,’;“"11;,‘1 DO 1035 500 100 a0 ) ~ 88 % of total HVP
T T T T
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iEEEN
Lattice HVP: IB contributions SEet
QED corrections: Strong Isospin breaking (SIB) corrections
O @)
@ <> & <9> > 00 <> 00
s @T (a) M o ()R (&) Ra

(RBC/UKQCD 18 [T. Blum et al, arXiv:1801.0722, PRL]

e 00 QO Ho| [rowocs,

(©) T4 (2) D3 () D3
ETMC 19 [D.Gi
bei g Many QED + SIB effects are

<] o ) o full: V'S, S, M
> <> 00 OO0 WSS computed by several different groups
BMW20 [s2t m sea-sea and sea-valence QED effects:

wor 0Dy ™ o1 ol W all i
u>' -all diag only BMW 20 t
OO OO tRI1=-15Mm long-distance QED:
<> OO Mainz/CLS 24 ~0.3%, still a challenge
(m) D2 () D2y SD, W, LD full:
_J
FNAL/HPQCD/MIEE 28R Bazavov et al, arXiv:2411.09856, PRD]™
SD: all QED (pQCD); SD, W: M, O, RSIB
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Hadronic contribution to magnetic moment of muon

Outline

$
$

¢ construction of the consolidated HVP average
¢ ongoing work/new results
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1T
. T
Lattice HVP: results for W Eet
light (ud) strange (s) charm (c)
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T T
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RBC/UKQCD-23/18 H—=—H
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B35 Bz 3% 3

10 a}Y (is0)

iso: isospin symmetric
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X A Eikhadra

Lattice HVP: results for W
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corrections

Lattice 2025, TIFR, 3-8 Nov 2025

5,3

Total

T T T T
FNAL/HPQCD/MILC-24 |—oF—|

BMW /DMZ-24 HeH
RBC/UKQCD-23/18  H—=—H

ETM-22 ——o——
Mainz/CLS-22 ——
BMW-20 —to+—] “;5
1 1 L B 1 1
230 232 234 236 238 240
10" )"

34

https://indico.global/event/14504/contributions/137039/

Viktor B

November



https://indico.global/event/14504/contributions/137039/

Hadronic

contribution to magnetic moment of muon

<. Lattice HVP: consolidated averages T‘;
light strange charm disc B Total
i raco e —e] ewaLyurgconaicas - |

B
10050

+ strange, charm, disc, IB

‘a ¥
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s N ‘
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<. Lattice HVP: consolidated averages T‘;
light strange charm disc 1B Total
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Lattice HVP: total comparisons

X A Eikhadra

1010 ””l\‘r.m

B iso Total
T T 7 T T T T - ! : -
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e
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3 |
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% Hadronic Light-by-light: lattice 55“: 3

A —a

Lattice QCD+QED: Three independent and complete direct calculations of al”‘“‘

985 5 of 999 9d99

+ Mainz grou
[E. Chao et al, arXiv:2104.02632]
+ QCD + QED (infinite volume & continuum) analytic

+ RBC/UKQCD
[T. Blum et al, arXiv:1610.04603, 2016 PRL; arXiv:1911.08123, 2020 PRL]

+ QCD + QED (finite volume) stochastic

CLS (2+1 Wilson-clover) ensembles

DWF ensembles at/near phys mass,
m, ~ 200 —430 MeV, a = 0.05 - 0.1 fm, m,L > 4

a~0.08—-02fm, L ~45-93fm

Both groups are continuing to improve their calculations, adding more statistics, lattice spacings, physical mass ensemble (Mainz)
second result from RBC/UKQCD [T. Blum et al, arXiv:2304.04423] using QCD + QED (inf.): aft* = 124.7(11.5) (9.9) x 107"!
consistent with previous calculations

BMW 24 [Z. Fodor et al, arXiv:2411.11719]: Mainz approach, modified for staggered fermions

.+

+

I A. El-Khadra Lattice 2025, TIFR, 3-8 Nov 2025
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Hadronic contribution to magnetic moment of muon

Hadronic Light-by-Light: Summary

aiM < amve | [qamp +ax&'eak+a’ll-‘[LbL]‘

Dispersive approach:

220 (phenomenclogy —
R0 (et o) [Colangelo at al, 2014; Pauk & Vanderhaegen 2014; ...;
HSz24 —e—i "
. Hoferichter et al, 2024]
WP25 (phenomenology) ——i X
RBO/UKQOD-19 . + model independent
Maing/CLS-21422 —— + significantly more complicated than for HVP
REC/UKQCD 25 — + provides a framework for data-driven evaluations
W2 - + can also use lattice results as inputs
W25 (latico) —e—i )
+ ongoing work on tensors
wr2o —— .
) o ) + now ~ 10% uncertainty
west 422.6% 10 ——i ‘
* T Ml attice QCD+QED:
+ Independent calculations by three groups (RBC/UKQCD, Mainz, BMW)
+ consistent with each other and with previous calculations
+ ongoing LQCD calculations of 7, i1, ' transition form factors to
determine pseudo scalar pole contributions
[Mainz, ETMC, BMW, RBC/UKQCD]
I A. El-Khadra Lattice 2025, TIFR, 3-8 Nov 2025 50
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Summary and Outlook

| < HLbL: consolidated lattice + dispersive average, now known with < 10 % precision
< HVP: consolidated lattice average with 0.9% precision, basis for WP25 SM prediction
P88 wongoing work:  m < 0.5 % precision
" ¢ improved calculations of QED contributions, esp. at long distances;
| - ¢ better precision for light-quark contribution at long-distances;
S ¢ study of scale setting and scheme dependence m Christoph Lehner talk
X v ongoing work for data-driven HVP m Martin Hoferichter talk
%&. v Comparison between data-driven and lattice HVP: profound insights possible
¢ if they agree: consolidated average for improved SM prediction & i
¢ if they disagree: detailed comparisons to identify region/source
w including 7 decay data in data-driven approach:
(i requires nonperturbative evaluation of IB correction: interplay between lattice and dispersive et
calculation = Martin Hoferichter talk 2

w MUonE @ CERN: determine HVP from e~u™ scattering at space-like momenta

https //indico. global/event/14504/contr1but ions/ 137039/
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HVP for the muon magnetic moment (BMW /DM?Z)

Hadronic Vacuum Polarisation

for the muon magnetic moment
from the BMW and DMZ collaborations

Finn M. Stokes

Ramsay Fellow
Centre for the Subatomic Structure of Matter
The University of Adelaide
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HVP for the muon magnetic moment (BMW/DMZ)

Muon magnetic moment

T T T
Expt. "25Hd]

RBC/UKQCD "24} = |
Mainz/CLS 24 ——@——
BMWc¢ 20 p—m——
BMWec¢ 25—

—eo— —a—
White Paper 20 White Paper 25
1 1

| | | 1
180 190 200 210 220 230
a, % 10" — 1659000
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HVP for the muon magnetic moment (BMW/DMZ)

Improving precision

m Until 2020, uncertainty T T T
larger than data-driven

m Lattice results mostly
consistent with both
data-driven and experiment

m Sub-percent lattice
determination [2002.12347]:
First lattice calculation with
errors comparable to

data-driven determinations ,\w new
m New BMW result [2407.10913]: We 20 . physics
More precise than data-driven 650 700 750
determinations 1010 af;O—HVP
m Tensions in “intermediate
window” already in 2020
Finn M. Stokes BMW/DMZ HVP for Muon Magnetic Moment Lattice 2025 2/19
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HVP for the muon magnetic moment (BMW/DMZ)

Improving precision

m Until 2020, uncertainty T T T
larger than data-driven

m Lattice results mostly
consistent with both
data-driven and experiment

BMW '20 HEH

m Sub-percent lattice
determination [2002.12347]:
First lattice calculation with
errors comparable to
data-driven determinations

, 0 new|

m New BMW result [2407.10913]: We 20 . %ys‘cf
More precise than data-driven 650 700 750
deter.mlna.lncir.m . 1010 % aﬁO—HVP

m Tensions in “intermediate
window” already in 2020

BMW 24 |

Finn M. Stokes BMW/DMZ HVP for Muon Magnetic Moment Lattice 2025 2/19

https://indico.global/event/14504/contributions/137038/

Artem Roenko & Viktor Braguta (JINR BLTP) att 5 27 November


https://indico.global/event/14504/contributions/137038/

HVP for the muon magnetic moment (BMW/DMZ)

Improving precision

m Until 2020, uncertainty T T T
larger than data-driven

m Lattice results mostly
consistent with both
data-driven and experiment

BMW '20 i

m Sub-percent lattice
determination [2002.12347]:
First lattice calculation with
errors comparable to
data-driven determinations

m New BMW result [2407.10913]: sM20 e |
More precise than data-driven 295 230 235

determinations 10 LO—HVP
10" x a 1.01-10

BMW 24 HEH

m Tensions in “intermediate
window” already in 2020

Finn M. Stokes BMW/DMZ HVP for Muon Magnetic Moment Lattice 2025 2/19
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BMWec 17
10 s BMWe 20
s BMWc 24

Finite Statistical Physical Continuum Isospin
T&L point limit breaking

m Five major sources of uncertainty in our

m Dominant error from finite-size effects

m Addressed in 2020 using dedicated large-volume simulations
m Updated in 2024

® Added finer lattice spacing (a = 0.0483 fm)
m Broke continuum limit into pieces with different systematics
m Hybrid approach to controlling long-distance uncertainties

m Systematic uncertainties now a similar size to statistical

Finn M. Stokes BMW/DMZ HVP for Muon Magnetic Moment Lattice 2025 3/19
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for the muon magnetic moment (BM

Simulation parameters

m Tree-level Symanzik action
m 2+ 1+ 1 staggered fermions 3.7000 0.1315 48 x 64 904

m Stout smearing: 37500 0.1191 56x96 2072
4 sweeps atp =0.125 3.7753 0.1116 56 x 84 1907
mL~6fm T~9fm 3.8400 0.0952 64x96 3139
m M, & Mk around physical pt. 3.9200 0.0787 80 x 128 4296
4.0126 0.0640 96 x 144 6980

Prysical paint 41479 0.0483 128 x 192 4439

Ensembles for dynamical QED:

' (r ] 37000 0.1315 24x48 716

}, 74 i 48 x 64 300

0.98 s ¢ 4 3.7753 0.1116 28 x 56 887
090 062 01)1‘1011/115)0[1‘1;2/1 ::3' T03 107 106 3.8400 0.0952 32 x 64 4253

phys.

Laico 025410
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HVP for the muon magnetic moment (BMW/DMZ)

Scale setting: M,

. . m 2020 result used mass of Omega
30 ® 3" excitation baryon to set scale
|
asl 1* excitation | M to isolate ground state
2 [ ® ground state m Wuppertal smearing and GPoF
or Eﬁ Hfapio Hifapit | Hiipro Hivper  Hispez  Hiipis
% Hifopet Moo | Mg Hipie  Mipis Mg
< Mo MTpa | M HE MR A%
=, Bt Milpea | M Hita Hits Hita
Mo Hilipis Hio His Hia His
20 TR R Hrsf]rpw Hrsfrpm Hxsfs HISiA Hlsfs Hrsfe
_Lﬂ
Lsr 7  m Extracted states consistent with
16 ! ! expected resonances
0.5 1.0 1.5
t/fn m Try three different operators to test for

taste-breaking effects

Finn M. Stokes BMW/DMZ HVP for Muon Magnetic Moment Lattice 2025 7/19
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HVP for the muon magnetic moment (B

Blinding the analysis

m Analysis was
performed fully

m All g, contributions
multiplied by
unknown blinding
factor

m Blinding factor only
revealed when
analysis was
completely finalised
and manuscript
almost complete

Finn M. Stokes BMW/DMZ HVP for Muon Magnetic Moment Lattice 2025 8/19
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HVP for the muon magnetic moment (BMW/DMZ)

Euclidean-time windows

m Different challenges affect ~_
different time ranges i
m Idea: breakintegralup £ |/
into [RBC '18] s
m Modify integration kernel ~ ~ . — Mot
to focus specific regions Py
m Can also modify kernel for — wl A T temm
w A\ " oaam
m Intermediate window 1\ N "o
selects _ /
m This is where a0 ]
discrepancies between /
data-driven inputs are |
evident SN — |
! ' t[fm] ’ '
Finn M. Stokes BMW/DMZ HVP for Muon Magnetic Moment Lattice 2025 9/19

Artem Roenko & Viktor Braguta (JINR BLTP)


https://indico.global/event/14504/contributions/137038/

HVP for the muon magnetic moment (BMW/DMZ)

Euclidean-time windows

m Different challenges affect T~ ~wam
different time ranges o \\ iomm
m Idea: break integral up : \\ Ny
into [RBC ’18] z \
m Modify integration kernel L AN
to focus specific regions \\
m Can also modify kernel for
g
m Intermediate window o — i N
selects - ‘ SN
;o |
m This is where e -7 \
discrepancies between o
data-driven inputs are J‘
evident -
" - ‘/?l“vk‘\\ "
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HVP for the muon magnetic moment (BMW/DMZ)

Euclidean-time windows

m Different challenges affect T T T

different time ranges BMW 24 i
m Idea: break integral up
into [RBC ’18]
BaBar ia®al
m Modify integration kernel
to focus specific regions
m Can also modify kernel for CMD-3 e
m Intermediate window KLOE HcoH
selects
m This is where
Tau HO-H
discrepancies between A A |
data-driven inputs are 298 9232 236
evident a
1,04—10
Finn M. Stokes BMW/DMZ HVP for Muon Magnetic Moment Lattice 2025 9/19
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P for the muon magn moment (BM

m Below 0.4fm

m Important
discretisation effects

m Try different momentum
discretisation:
g =2sin(ag/2)/ a

m New test of agreement

Short-distance window

HH
o+

tion Theo

L
02

4 /fm

between

]
below 0.3 fm

m Perturbation-theory-
motivated fit form
justified

BMWe 24
SL 24

FHM 24

Mainz/CLS 24

RBC/UKQCD '23

ETM 22

Finn M. Stokes

Artem Roenko & Viktor Braguta (JINR BLTP)

BMW/DMZ HVP for Muon Magnetic Moment

Lattice 2025
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HVP for the muon magnetic moment (BMW/DMZ)

Intermediate window
m 0.4fmto 1.0fm

m Protected from g
short-range s
discretisation errors 0

. 1077

m Free from long-distance D L

no'se and fl n Ite S'Ze 0.000 0.005 0.010 0.015 0.00 0.01 0.02 0.03
- @ /fm? wilxs
effects R N

m Many lattice groups T2 Vet | | Pt ot &

68.3% RBC/UKQCD 23 [
have 95.4% ETM 22 -
k HsH

] to [BETel

. . L =
data-driven estimates e e
\ 20

m The first place this Beton 33 Fod

tension was clearly BYAR S Wb L)
bse rved 205 ..:::) 207 “:“A‘U 205 210

o

Finn M. Stokes BMW/DMZ HVP for Muon Magnetic Moment Lattice 2025 11/19
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HVP for the muon magnetic moment (BMW/DMZ)

tail: beyond 2.8 fm

m Dominated by low
energy part of
spectrum
K(s) that weights
integral

m p peak strongly
suppressed

Artem Roenko & Viktor Braguta (JINR BLTP)

m Consider long-distance 10%

m Very sensitive to finite
volume, and statistics

m Seen from the kernel

Very-long-distance tail

10°

M)ZL
2

am
3

102
10!

10°

K(s) x 101(

107!

e LU R RLLL L R IR L

(e}

Lattice 2025

12/19
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HVP for the muon magnetic moment (BMW/DMZ)

Hybrid approach

m |dea: Use data-driven result
instead of lattice in tail

m Proposed in RBC '18

m What about problems with
data-driven inputs?

m Thanks to p suppression, all
experiments agree, and also
agree with lattice

m Gives 4% of final value, but
significant reduction in error

m May be best way to match final
experimental precision

Artem Roenko & Viktor Braguta (JINR BLTP)

BaBar o

CMD-3 o

KLOE }|——e—

Tau ——

Our Result e+

27 28
Q2800
Finn M. Stokes BMW/DMZ HVP for Muon Magnetic Moment Lattice 2025 13/19
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HVP for the muon magnetic moment (BMW/DMZ)

Hybrid approach

m |dea: Use data-driven result T T T T

instead of lattice in tail Lattice H———o—
m Proposed in RBC '18
m What about problems with BaBar lof

data-driven inputs?

m Thanks to p suppression, all
experiments agree, and also
agree with lattice

m Gives 4% of final value, but KLOE  |—e—
significant reduction in error

CMD-3 lo

m May be best way to match final Tau HH
experimental precision ! ! ! !
17 18 19 20
Qy,28-35
Finn M. Stokes BMW/DMZ HVP for Muon Magnetic Moment Lattice 2025 13/19
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HVP for the muon magnetic moment (BMW/DMZ)

Tail uncertainty

m We include additional T T
uncertainties associated with: BaBar o

m Ordering of averaging and
integration

m Other experiments with less CMD-3 e
coverage

m Effect of CMD3 on the
average KLOE }——0o—

m Difference between KLOE
and BaBar on the rho peak

[ | on full result Tau -

Our Result e+

27 28
Q2800
Finn M. Stokes BMW/DMZ HVP for Muon Magnetic Moment Lattice 2025 14/19
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P for the muon magn moment (BM

Long'distance WindOW (Preliminary)
m Above 1.0fm

: : : : —
m New result, add Dt | R 1
together: B - M ® SmHO q
®  NNLO SXPT
m Lattice calculations - 1F W A o 1
for all contributions " S T - 1
0 .| -
to1.0 - 2.8fm B T TN e
m Data-driven tail for @ [ A
2.8fm to infinity i . i i . ‘ i
m Lattice results T et
corrected with SRHO o
taste-breaking model
with uncertainty from
NNLO SXPT
m Uncertainty dominated
by and 360 .’K(‘iZ 7('3I .’K(I'){'» 7;-& J(ITD ’1‘:"2 374
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HVP for the muon magnetic moment (BMW/DMZ)

Change from 2020

T m Useful to quantify the
(dis)agreement between our
2020 result, and 2024

m The major changes that have
been made are

Finer lattice spacing

Division into sub-windows

Higher-order fits

Data-driven tail (removes

finite-volume from 2020)

m Put together, estimate these

T
Expt. 25

BMWec 20—
BMWec "25HH

1 1 1 . .
180 200 290 give a difference of
a, x 101 — 1659000 m Hence, the calculations differ
by
Finn M. Stokes BMW/DMZ HVP for Muon Magnetic Moment Lattice 2025 16/19
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for the muon magnetic moment (BM

Scale setting: f;

m To cross-check our
analysis, implemented
a

m Based on the pion
decay constant, f; ;

m Requires radiative oo o0 oo oot o 1 B

a? [/ fm? Ags/ f2

corrections to leptonic .
pion decays .
[A. Cotellucci, Fri 5:20pm]

m Enters through w, from
gradient flow

m Compare two forms of
gradient flow i )

. . 172. 725 173, 735 174.
m Analysis once again ’ ' ol ‘ !

®  Wilon flow |
B Zeuthen flow | 107

Finn M. Stokes BMW/DMZ HVP for Muon Magnetic Moment Lattice 2025 17/19
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P for the muon magn

Unblinding

BMWe24 (f) l I l l I—l—I—ll—l I b
BMWce24 (Mq) - =+ B
FLAGU[ | ' ' —a— R
ETM21 (f,) F T T T T T T ]
ETM20 (f:) =
BMWc20 (Mq) - H—a—-H b
CalLat20 (Mq) - | B
MILC15 (fx) k # | b
HPQCDI13 (f:) ) ) II—I—I| . . b
0.169 0.170 0.171 0.172 0.173 0.174
wp / fm
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HVP for the muon magnetic moment (BMW/DMZ)

Conclusion

T, T
Expt. "25Hd]

BMWc 25}—m—

—eo— —a—
White Paper 20 White Paper 25
1 1

| | | 1
180 190 200 210 220 230
a, % 10" — 1659000
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HVP for the muon magnetic moment (RBC/UKQCD)

RBC/UKQCD HVP status and overview

Christoph Lehner, Uni Regensburg

November 3, 2025, Lattice 2025 in Mumbai
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HVP for the muon magnetic moment (RBC/UKQCD)
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HVP for the muon magnetic moment (RBC/UKQCD)

Main building blocks of our HVP program so far:

PR 16 2002 ot PUYSICAL REVIEW LETTERS e AYSICAL REVIES LETTERS 131, 022008 018y

PHYSICAL REVIEW LETTERS 134, 201901 2025)

_—

Next steps towards matching experimental precision:
«Update of 1=0 channel (3 pion reconstruction in progress)

«High-precision QED corrections beyond electroquenched

«New finer ensemble at physical pion mass (1281, FTHMC)

https://indico.global/event/14504/contributions/138066/
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HVP for the muon magnetic moment (RBC/UKQCD)

em Roen

Long-distance reconstruction of QED corrections to the hadronic vacuum polarization
for the muon g-2

Lehner,'* J. Parrino,' and A. Vélklein!

! Fakultit fiir Physik, Universitit Regensburg, Uy i e 31, 93040 . Germany
(Dated: September 1, 2025)

The long-distance contribution of QED corrections to the hadronic vacuum polarization is par-
ticularly challenging to compute in lattice QCD+QED. Currently, it is one of the limiting factors
towards matching the precision of the recent result by the Fermilab E989 experiment for the muon
g-2. In this work, we present a method for obtaining high-precision results for this contribution
by reconstructing exclusive finite-volume state contributions. We find relations between the pion-
photon contributions of individual diagrams and demonstrate the reconstruction method with lattice
QCD+QED data at a single lattice spacing of @~ ~ 1.73 GeV and m & 275 MeV.

PACS numbers: 12.38.Ge

arXiv:2508.21685
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HVP for the muon magnetic moment (RBC

Summary and Outlook:

- Developed a method for long-distance reconstruction of QED corrections

«Aim for complete update of 2018 result with errors significantly below 1% in 2026

«Will continue to match experimental precision of 1/4%, 1281 ensemble will be crucial for this
«Next talk: Julian Parrino will give more details of QED sampling strategy and status

«Related effort: isospin breaking corrections to tau decays; paper in final proof reading stage

«Intermediate result to be published soon on scheme-dependence of LD window

https://indico.global/event/14504/contributions/138066/
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Exascale computing

42"° INTERNATIONAL SYMPOSIUM
€© ON LATTICE FIELD THEORY

I Tata Institute of Fundamental Research
Mumbai, India

02-08 November, 2025

o™ E L e L bedi | KT

MACHINES AND EXASCALE COMPUTING IN LQCD

A review of current hardware trends in HPC

LATTICE 2025, MUMBAI — 06/11/2025 — S. KRIEG

UJ JULICH

Forschungszentrum

Member of the Helmholtz Association
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Exascale computing

A BIT OF HISTORY
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Exascale computing

SIMULATIONS OF LATTICE QCD

A history of counting cycles

* Immense costs of LQCD calculations drove the development of HPC systems
* Lattice QCD researchers joined hardware vendors to develop hardware suitable for
“the cause”
* Initially, only quenched calculations were possible
- fermion determinant ignored — unquantifiable systematics
* Still, a complete quenched spectrum calculation took 20 years and the fastest
supercomputers of their time

* Status 1983: my =1000(150) MeV, m, =800(150) MeV, m, =1300(150) MeV
(incl. SU(2), discrete approx. etc.)

l) JULICH

Member of the Helmholtz Association 06/11/2025 3 Forschungszentrum

https://indico.global/event/14504/contributions/137954/
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Exascale computing

SIMULATIONS OF LATTICE QCD
A history of counting cycles
10°
107
£
3 10°
&
b+
o108
A8 G acriaps
1ot :‘(‘j:z‘]‘g;‘):sr‘uvnp.«x
APE C(;]lmﬂ.:m 2
('umuﬂ.rm 1
107!
1980 1990 2000 2010 2020
Year
@) JULICH
Member of the Helmholtz Association 06/11/2025 4 Forschungszentrum
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Exascale computing

m [GeV]

Member of the Helmholtz Association

1.8

1.6

14

1.2

1.0

0.8

0.6

0.4

SIMULATIONS OF LATTICE QCD

10 years of progress: early (quenched) calculations

0O GF11 infinite volume K-input

K Nucl. Phys. B430 (1994) 179
o
06/11/2025 5

9

JULICH

Forschungszentrum
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scale computing

A history of counting cycles
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Artem Roenko & Viktor Br
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scale computing

m [GeV]

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

Member of the Helmholtz Association

SIMULATIONS OF LATTICE QCD

20 years of progress: end of the quenched era

P 51 =*
A— ¢
¢ s N
oo N g0
K* o %;u ¢
e ié‘
0 GF11 infinite volume K —input
® CP-PACS K—input
O CP-PACS ¢—input
06/11/2025 7

* Continuum limit
* m; = 300 MeV
* Systematics are ~ 10%

Phys. Rev. Lett. 84 (2000) 238

UJ JULICH

Forschungszentrum

https://indico.global/event/14504/contributions/137954/

ta (JINR BLTP)

27 Novembe:



https://indico.global/event/14504/contributions/137954/

Exascale computing

SIMULATIONS OF LATTICE QCD

The Berlin Wall

Ny=2+1 Algorithmic changes were needed for physical
simulations. Hardware performance was not
enough

— Optimized integrators

— Multigrid solvers

— Hasenbusch mass preconditioning

— Multiple integration step-sizes

100 configs
with a' =2 GeV

Tiops years

osf 21m

0.0
0.0 02 0.4 08 08 1.0

mafmp
Figure 3. Cost of N;=2+1 QCD at a~'=2 GeV
for 100 independent configurations.

Nucl. Phys. B (PS) 106-107 (2002) 195

UJ JULICH

Member of the Helmholtz Association 06/11/2025 8 Forschungszentrum
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Exascale computing

A history of counting cycles

107

107

SIMULATIONS OF LATTICE QCD
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Exascale computing

Artem Roenkc

SIMULATIONS OF LATTICE QCD

Era of unquenched simulations

LI L B B I L L

20

T4/(m28x)

#
v by v b b v 1

0 0.01 0.02 0.03 0.04
Nature 443 (2006) 675 1/(T3V)

Member of the Helmholtz Association 06/11/2025 10

Mass (Gev)

3.8

3.6

3.4

3.2

Phys. Rev. D 75 (2007) 054502

-{ Xel
o

P(15) ooq

(1) ---

UJ JULICH

Forschungszentrum
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Exascale computing

A history of counting cycles
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Exascale computing

SIMULATIONS OF LATTICE QCD

30 years of progress: dynamical simulations, physical point, and spectrum
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Exascale computing

A history of counting cycles
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Exascale computing

New milestone: physical point with chiral fermions, dynamical QCD+QED
Domain wall QCD with physical quark masses
10
A — exper:iment
e 8 —— e QCD+QED| +
() prediction

32Ifine -
321D S 6 o i

Unitary extrapolation A i

2 QCD+QED  ——

- s 4 7

A0 3 < ;
F @ i i oL AN i

{@ @ —4 (A
CG
80 oL : |
om0 7005 [ (08 Tom
my (GeV) Science 347 (2015) 1452

Phys. Rev. D 93 (2016) 074505 .
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Exascale computing

The end of specialized hardware and rise of GPUs
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Exascale computing

SIMULATIONS OF LATTICE QCD

Precision physics and the arrival of Al
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Nature 593 (2021) 51
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SIMULATIONS OF LATTICE QCD

The present: Exascale computing
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Exascale computing

THE PRESENT
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Exascale computing

MOORE’S LAW...

50 Years of Microprocessor Trend Data
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Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2021 by K. Rupp
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THE LIST (JUNE ‘25)
Performance Development
10 EFlop/s
= Accelerator/Co-Processor Performance Share
1 EFlopls aanstt
- @ NVIDIA A100
100 PFi -
v @ NVIDIA H100 SXM5 80GB
10 PFiopis NVIDIA H100
8 1 PFiopis @ NVIDIA Tesla V100
H @ NVIDIA A100 SXM4 40 GB
g 100TRoes @ Nvidia H100 SXMS5 94Gb
& 10TFiopis @ AMD Instinct MI250X
R @ NVIDIA GH200 Superchip
15.5% 13.5% @ NVIDIA H100 8068
100 GFlopts @ AMD Instinct MI300A
10 GFlopls @ Others
1 GFlopls
100 MFlopls
1990 1995 2000 2005 2010 2015 2020 2025 2030
Lists
e Sum s #1 = #500 . c
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Exascale computing

ENERGY EFFICIENCY OF VARIOUS ARCHITECTURES

High-Performance Linpack Benchmark

e TOP500 El Capitan #1 IOJED! #25
W Embedded & Desktop Frontier #20° JUPITER Booster #4
— GPU OAurora #3
g Vector Englne Supercomputer Fugaku #70 @
= | o xes oY OAOBA-S #93
g 1 o ARM Apple M4B
ple
2 RISCV Sunway TaihuLight #210 " © Q050 M4 Max
o ® Sunway RISC F ."s © e
z spherry P's  agh PAI-BSystem #4790
g °
£ n on®
b = = 4
3 10° s =
o OSiFive P550
2 o OThunder #378
w 0
BRaspberry Pi Zero 2 OLLNL CTS-1 Quartz #455
10 10° 10t 102 10°

FP64 Compute Power [GFlops / Core]

Sources: top500.org (2025-06) | github.
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Exascale computing

SIMULATIONS OF LATTICE QCD

From custom hardware to “regular” users

Density Functional Theory

* LQCD runs on most HPC centers in the world

* Optimized codes for different classes of target
hardware to improve performance B F10

128%

Climate

Lattice QD

* Consumer of 10+% of public supercomputer cvcles

..
=
JUWELS
=

~165 Projects

|

[Perlmutter@NERSC 2025]

[JUWELS@JSC 2022] ‘ .
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Exascale computing

PRE-EXASCALE SYSTEMS
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Exascale computing

« 158,976 nodes

ARM AG64FX « 1x Fujitsu ARM AB4FX

* HBM2 32 GiB, 1024 GB/s

Fugaku @ RIKEN - #7 + Tofu Interconnect D (28 Gbps x 2 lane x 10 port)

* 7,630,848 total cores
* 442.0 PFlop/s on HPL benchmark (#7 on Top500)
« 16.0 PFIop/s on HPCG benchmark (#2 on Top500)

Strong scaling of
Wilson Clover,
Staggered and

Domain Wall
operators on
Fu-:uﬁﬁﬁigi Fugaku with
Bridge++2.0.
EWHMI
EEERE"EEEEE
et
Yoshifumi Nakamura. Software development and Aoyama et. al. Bridge++2.0: Benchmark
performance of Fugaku and Results on supercomputer Fugaku. PoS v
ARM architectures. PoS LATTICE2021 023 2022 LATTICE2022 284 2023 ‘J JULICH
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Exascale computing

* 2,978 GPU nodes

AMD MX250 « 4x AMD MI250X

* 64-core AMD EPYC 7A53 "Trento" CPU
LUMI-G @ CSC -#9 * 512 GiB CPU memory

* Infinity Fabric Interconnect

* 2,566,080 total accelerator cores

* 379.7 PFlop/s on HPL benchmark (#9 on Top500)
* 4.6 PFlop/s on HPCG benchmark (#5 on Top500)

LUMI-G strong scaling (112° - 224)

I — 1-° Strong scaling on
| W5 5 I | LUMI-G with tmLQCD
i | +QUDA. Extend

e 3 Twisted Mass Collab.
sl glEsh---- Lot Status of the ETMC
sl 2 e o ensemble generation

effort. LATTICE24

UJ JULICH
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Exascale computing

NVIDIA A100

Perlmutter @ NERSC - #25

10!

— PCieGt
-
Nvlinks3

Member of the Helmholtz Association 06/11/2025

* 1792 GPU nodes
* 4x NVIDIA A100 40 GB (256 nodes with 80 GB)
* 1xAMD EPYC 7763
¢ 256 GB DDR4 DRAM
* 4x HPE Slingshot 11

* 774,144 total accelerator cores

* 79.2 PFlop/s on HPL benchmark (#25 on Top500)
« 1.9 PFlop/s on HPCG benchmark (#9 on Top500)

TFLOP/s o Dslash-FP32 TFLOP/s

—— Ideal scaling

—6— Dslash-FP32
Ideal scaling

102

HISQ Dirac operator scaling on Perlmutter in
SIMULATeQCD. HotQCD Collab. Computer Physics

Communications 300 (2024) 109164 March 2024 ‘ ’

28
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Exascale computing

* 936 GPU nodes
* 4x NVIDIA A100 40 GB
NVIDIA A1 00 « AMD EPYC 7402 with 2 sockets and 24 cores per socket

JUWELS Booster @ JSC - #43 * 512GB DDR4 DRAM
* 4x Mellanox HDR200 InfiniBand ConnectX 6
* 404,352 total accelerator cores

* 44.1 PFlop/s on HPL benchmark (#43 on Top500)
* 1.3 PFlop/s on HPCG benchmark (#12 on Top500)

© Benchmark dwf, Ls = 16, JUWELS Booster 1o Test dwf mixedeg prec, L, = 16, JUWELS Booster
Perfectscaling - Strong (64 x 32°)
50 e —— Weak
_ s
s
W0 7 G-
. - g6 G
« s F P
£% Al —— |& —
E _z o i
) L —
B 2
o :

124 8 o 16w n 3 2 2
Grus GPUs

Scaling of Domain Wall fermions on
JUWELS with Grid. PUNCH4NFDI.

UJ JULICH
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Exascale computing

EXASCALE SYSTEMS
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Exascale computing

EL CAPITAN

LLNL, USA

Near Node
Local Storage

8 Ga/sdirection

MI300A
2 64 G8/s/direction

MI300A

Member of the Helmholtz Association

50GB/s/direction

25 GB/s/direction

CPU: AMD EPYC “Genoa”
GPU: AMD Instinct MI300A (4 per node)
APU (CPU GPU bundle) 128 GB HBM3 each
Performance peak: 1.74 Eflops (29.6 MW)
Deployment: 2024
#1 in TOP500
— piech )
— PeGtESMO16)

e 2006 Slingshot

06/11/2025 32

UJ JULICH
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Exascale computing

UBaHbkoBCKas MAC
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Mockesi»
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Exascale computing

FRONTIER

ORNL, USA

CPU: AMD EPYC “Trento”, 512 GB

GPU: AMD MI250 (4 per node, 128 GB each)
Performance peak: 1.35 Eflops (24.6 MW)
Deployment: 2022

#2 in TOP500

Member of the Helmholtz Association 06/11/2025

QCD Constraints on Isospin-Dense Matter and the
Nuclear Equation of State Phys. Reu. Lett. 134, 011903 - Published 6 January,

Infinity
fabric

To Slingshot
PCle-G4
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> computing

AN INCREASINGLY DIVERSE LANDSCAPE

JUPITER@JSC (Germany, EU)

CPU: ARM Grace (GH200)

SR GPu: H100 (GH200)
Performance peak: 0.79 Eflops

Deployment: 2025

#4 in TOP500

LUMI@CSC (Finland, EU)
CPU: AMD EPYC

GPU: AMD MI250
Performance peak: 0.38 Eflops
Deployment: 2023

#9 in TOP500

Fugaku @ Riken (Japan)
CPU: ARM

GPU: none

Performance Peak: 0.44 Eflops
Deployment: 2021

#7 in TOP500

Leonardo@CINECA (ltaly, EU)
CPU: Intel Xeon

GPU: Nvidia A100
Performance peak: 0.17 Eflops
Deployment: 2022

#10 in TOP500

ALPS@CSCS (Switzerland)

. CPU: ARM Grace (GH200)
GPU: H100 (GH200)
Performance peak: 0.43 Eflops
Deployment: 2024

#8 in TOP500

November 2022: 5/10 top systems use Nvidia GPUs, 3/10 no GPUs, 2/10 AMD GPUs, 0/10 Intel GPUs
November 2021: 7/10 top systems used Nvidia GPUs, 3/10 no GPUs, 0/10 AMD or Intel GPUs

https://indico.global/event/14504/contributions/137954/
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Exascale computing

THE FUTURE
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Exascale computing

®US & GERMANY @ NORWAY @ CHINA
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Exascale computing

HARDWARE TRENDS - Al RULES

Al-Focused Projects

* Project Stargate, USA (OpenAl, Oracle, Softbank)

- $100 billion investment in Al supercomputers

* 5 Al Gigafactories + 19 Al Factories, EU
- €20 billion for large datacenters as part of €200 billion fund

* Mission, Vision (LANL), Solstice, Equinox (ANL), Lux (ORNL)
- Upcoming DOE Al-specific systems

@) JULICH
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ascale

computing

HARDWARE TRENDS See talk by Mathias Wagner Tue 17:40

LQCD performance on NVIDIA

12,000 [N B200 day 1
? Wilson Dslash, single precision Code from 2008 runs unchanged* I B200 256-bit la/st
o Il B200 Tune L /shared carve out
(optimized for Blackwell - 100 [ B200 FFMAZ
corrected for lack of parallelism) M B200 alt 12F
W B200 prefetch
9,000 I B200 index opt
75
6,000
5 50
H
3,000
25
0 0
Tesla Fermi Kepler Maxwell P100 V100 A100 H100 B200 Half Single Double
2008 2010 2012 2014 2016 2017 2020 2023 2025
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Exascale computing

HARDWARE TRENDS

.. and usage consequences

* Performance portability

- Leverage libraries that can easily handle multiple
architectures well without changes to algorithms
(e.g. Kokkos)
* Task scheduling / job bundling

- Increase the average size of nodes and improve
workflows to play nicely with the schedulers on very
large machines. Either in code or with external tools
like Flux.

- Maximize node utilization, don't leave CPUs idling

* Better data management workflows

- With exascale computing comes exascale data

Node hours

10t

chroma_laph (CPU)
quda_laph
quda laph with batching

>on

-1 . R . . L
Frontera EI Capitan Frontier Perimutter Jupiter

Alps
Clusters ariv:2510.26313

— Hopefully upcoming ILDG extensions to new file formats and new data objects (propagators etc...)

Member of the Helmholtz Association 06/11/2025
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Exascale computing

Artem Roenkc

QUANTUM COMPUTING

A very broad landscape

Several computing paradigms Several hardware technologies

Analog Quantum Computer

Neutral Atoms

Quantum Dots.

A very active field of research for lattice gauge theories.

- See plenaries after the break & ask the panel!

UJ JULICH
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Exascale computing

SUMMARY

* Pressure by needs of Al applications changes the vendor roadmaps

* Mixed precision is nothing new

* Bootstrapping from low precision shown to work (even integers)

* Energy efficiency will be a concern for scientific HPC applications
(can’t afford a backyard nuclear power plant)

* A window for “specialized” hardware may open again

*  What this means for software is yet unclear

Member of the Helmholtz Association 06/11/2025 70
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ML in lattice SU(3) YM

Machine learning for lattice gauge theories

with a focus on 4d SU(3)
Urs Wenger
University of Bern
w
CNN
—\. . :lmvERsnM

(output)

L-Bilin

gauge inv. output

42nd International Lattice Conference, 6 November 2025 - TIFR Mumbai, India
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ML in lattice SU(3) YM

Why machine learning in lattice gauge theories?

In lattice gauge theories we typically have:

¢

B p with gauge coupling /3 = 5
8

and expectation values for observables:

with a characteristic length scale £ in units of the lattice spacing «:

= dimensionless

<
a
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ML in lattice SU(3) YM

Why machine learning in lattice gauge theories?

¢
2

The lattice spacing « is determined by the gauge coupling: f =

<———— continuum limit (2nd order phase transition £/a — o0)

N N
d 5 ¢
\
a @ a”
8 < g < g"
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ML in lattice SU(3) YM

Why machine learning in lattice gauge theories?

¢
2

The lattice spacing « is determined by the gauge coupling: f =

<———— continuum limit (2nd order phase transition £/a — o0)

N N
d 5 ¢
\
a @ a”

critical slowing down

i 2
(topological freezing) - large lattice artefacts?
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ML in lattice SU(3) YM

Why machine learning in lattice gauge theories?
In lattice gauge theories we typically have:
ith li 2N
/3 p with gauge coupling /3 = =
and expectation values for observables:
0 0
= improve observables using ML:
* improve signal-to-noise ratio: Lawrence (plenary talk 2024) [2502.02670]
control variates, surrogate variables,
contour deformations Detmold, Kanwar, Lin, Shanahan, Wagman [2410.03602]
* operator insertions
(Feynman—HeIIman) Abbott, Boyda, Fu, Hackett, Kanwar, Romero-Lépes, Shanahan [poster]
* optimize wave functions Mayer-Steudte [Tue, 14:50], Romiti [2510.26904]

https://indico.global/event/14504/contributions/138395/
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ML in lattice SU(3) YM

ML approaches to avoid critical slowing down

A. Generative ML models = generate uncorrelated samples at fine lattice spacings

Map a normal distribution to a target distribution

| ﬂf\f L

reversible normalising flow
bt II. backward diffusion process

lll. Stochastic normalising flows: m

= non-equilibrium Markov Chain Monte Carlo (NE-MCMC), Jarzynski’s equality

ot
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ML in lattice SU(3) YM

ML approaches to avoid critical slowing down

B. Renormalization group transformation (RGT) relates fine to coarse lattices:

““RaT % ““RaT % ““RaT % “RaT %
N N
g 5 <
\

= generate uncorrelated coarse lattices with small lattice artefacts

https://indico.global/event/14504/contributions/138395/

Artem Roenko & Viktor Braguta (JINR BLTP) Lattice 202! 27 November 2025


https://indico.global/event/14504/contributions/138395/

ML in lattice SU(3) YM

Approach A.l:
Normalizing flows

= covered by G. Kanwar, plenary talk 2023 [2401.01297]
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ML in lattice SU(3) YM

A.l Normalising flows

ML
Learn discrete or continuous flows /\ \\
from prior distribution: \_

q(U) = q(A V) V)
= requires invertible Jacobians \/
-1
= achieved through coupling layers: JU)) = r(U)| det a{)(g) ’

fE8ne o8
with g; equivariant and easily invertible

= self-learning through D = j@U log g(U) — log p(U
Kullback-Leibler divergence: rel11p) flog4(th er(©)]

https://indico.global/event/14504/contributions/138395/
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ML in lattice SU(3) YM

A.l Normalising flows

ML
Learn discrete or continuous flows /\ \\
from prior distribution: \_
qU") = q(fLU)) ()

= for SU(N) gauge theories pioneered by the MIT group:
Albergo, Boyda, Cranmer, Hackett, Kanwar, Racaniére, Jimenez Rezende, Shanahan
PRL 125 (2020) 121601 [2003.06413], PRD 103 (2021) 074504 [2008.05456]

= extension to 4d:
+ Abbott, Botev, Matthews, Razani, Romero-Lépez, Urban [2305.02402, 2502.00263]

https://indico.global/event/14504/contributions/138395/
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ML in lattice SU(3) YM

A.l Normalising flows

ML
Learn discrete or continuous flows /\ \\
from prior distribution: \_
qU") = q(fLU)) ()

= for SU(N) gauge theories pioneered by the MIT group:
Albergo, Boyda, Cranmer, Hackett, Kanwar, Racaniére, Jimenez Rezende, Shanahan
PRL 125 (2020) 121601 [2003.06413], PRD 103 (2021) 074504 [2008.05456]

= extension to 4d:
+ Abbott, Botev, Matthews, Razani, Romero-Lépez, Urban [2305.02402, 2502.00263]

= scaling to 4d, SU(V), large volumes and fine lattice spacings is challenging,
progress has slowed down

https://indico.global/event/14504/contributions/138395/
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ML in lattice SU(3) YM

A.ll Diffusion models L
Adding noise through a stochastic /\

differential equation:

forward process backward process

d¢p
T =i6.0+gm

A
",'«"\‘VJ»\,““” A
o Yl
f \ { mﬂ.ﬁw
A J )
N W AT
ny N /
P N Pty .M(“K’ \! 4’” W e
/ py' ’,})“‘M Sty \ LR \«C»{vr J A
V) o WA | My A Wiy
Y\._‘) . m\ /»\ - J,,‘w\wg AV A N. . Wh‘. M *:4 [
e, N WL
\w! Wiy W 1 "‘.A‘/ \,r‘\, \ p
Po e e/ W o
A\ Al
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ML in lattice SU(3) YM

A.ll Diffusion models L
Adding noise through a stochastic /\

differential equation:

forward process backward process

di d
=00 B s an

drift term f(¢p, 1) = 0
= variance expanding scheme

= backward process becomes a
variant of stochastic quantisation

Aarts, W. Wang, L. Wang, Zhu, Zhou [2502.05504] .
= so far only U(1) in 2d

El-Khadra, Komaniji, Marinkovic, Vega [2510.26081]

but see Vega [Fri, 14:30] for extension to SU(V)

https://indico.global/event/14504/contributions/138395/
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ML in lattice SU(3) YM

A.lll Stochastic normalising flows

» Mitigate topological freezing by adding a defect with open b.c.

https://indico.global/event/14504/contributions/138395/
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ML in lattice SU(3) YM

A.lll Stochastic normalising flows

» Mitigate topological freezing by adding a defect with open b.c.

* Instead of expensive parallel tempering:
= use non-equilibrium MCMC

Bonanno, Nada, Vadacchino [2402.06561, 2411.00620] .
B eqMC
e O O O  Oue, |
* *
* L 4 * *
* * * *
oo e RS RS
‘e ‘e ‘e ‘e et = (e7V),
* * * *
* * * * —
¢ . ¢ . (0), = (0e™"9);
* * <* <*
o6 OQueaQueaQQueeaOunn

[Jarzynski; cond-may9610209]

Tibetween Tibetween Tibetween Tbetween
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ML in lattice SU(3) YM

A.lll Stochastic normalising flows

» Mitigate topological freezing by adding a defect with open b.c.

* Improve NE-MCMC using stochastic normalising flows:

Bulgarelli, Cellini, Nada PRD 111 (2025) 074517 [2412.00200]
+ Bonanno, Panfalone, Vadacchino, Verzichelli [2510.25704] 4
ML
V™ I g
- BN

= speedup by factor ~ 3
= scales to f = 6.4, (L/a)* = 30*

1 Py 2 P, Py . X
Uy — go(Uy) — Uy — gp(U) — ... = Uy=U Cellini [Mon, 16:40]

https://indico.global/event/14504/contributions/138395/
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Approach B:
Inverse RGT

in collaboration with Kieran Holland (University of Pacific), Andreas Ipp and David Miller (TU Wien)
Phys. Rev. D110 (2024) 7, 074502; arXiv:2401.06481 [hep-lat], arXiv:2504.15870 [hep-lat]
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ML in lattice SU(3) YM

Renormalization group transformation

Introduce (real space) renormalization group transformation (RGT):
exp {—FAV]} = J@chp {-BA[U1+T(U,V]}

The effective action /’A’[ V] is described by infinitely many couplings {c/}:

N
5 ¢
N
a a a”

RGT ] RGT RGT ) RGT

https://indico.global/event/14504/contributions/138395/
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ML in lattice SU(3) YM

Renormalization group transformation

The effective action SA[ V] is described by infinitely many couplings {c, }:

) i
face Cla = oo

e 7]\

= fixed point of RGT iterations (when &/a — oo): {c/7} ~_RGT _~ (cf

https://indico.global/event/14504/contributions/138395/
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ML in lattice SU(3) YM

Renormalization group transformation
The effective action A[ V] is described by infinitely many couplings {c, }:

quantum perfect:

surface © = no lattice artefacts
/RT
1
p
= fixed point of RGT iterations (when £/a — o). {cl”) ~RCT_~ {cIPy

Artem Roenko & Viktor Braguta (JINR BLTP) 27 November 2025
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ML in lattice SU(3) YM

Renormalization group transformation

The effective action SA[ V] is described by infinitely many couplings {c, }:
exp {-pATV]} = [f Uexp {-B(A[U] + T[U, V])}

Two practical problems:

« how to parametrize RT, i.e., which set {¢,}?

1+ how to determine {¢;'} or {cf7}?
B

For f — oo (on critical surface) the RGT becomes a classical saddle point problem:

AP[V] = min {AP[U] + T[U, V]}
{U}

Hasenfratz, Niedermayer [Nucl. Phys. B414 (1994) 785, hep-1at/9308004]

https://indico.global/event/14504/contributions/138395/
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Renormalization group transformation

The effective action SA[ V] is described by infinitely many couplings {c, }:
exp {-pATV]} = [f Uexp {-B(A[U] + T[U, V])}

Two practical problems:

« how to parametrize RT, i.e., which set {¢,}?

1+ how to determine {¢;'} or {cf7}?
B

For f — oo (on critical surface) the RGT becomes a classical saddle point problem:

AP[V] = min {AP[U] + T[U, V]}
{U}

Hasenfratz, Niedermayer [Nucl. Phys. B414 (1994) 785, hep-1at/9308004]

https://indico.global/event/14504/contributions/138395/
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ML in lattice SU(3) YM

Classically perfect FP actions

The classical FP action A defines an action for all /3:

Hasenfratz, Niedermayer

K ritical ey [NPB 414 (1994) 785, hep-lat/9308004]
face &

\//f

fixed _—~— — FP action
pom% S
/ {cr.cp. ..}

Artem Roenko & Viktor Braguta (JINR BLTP) attice 202°F 27 November 2025
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ML in lattice SU(3) YM

Classically perfect FP actions

The FP action values for coarse configurations defined through an inception procedure:
Hasenfratz, Niedermayer

K ritical ey [NPB 414 (1994) 785, hep-lat/9308004]
face &

e

/ {cr.cp. ..} classically perfect:
= no lattice artefacts
on classical configurations

1

B

AP[V] = min {AP[U] + T[U, V]} = min (AU + T[U, U] + T[U, V]} =
(U} (v.uy

https://indico.global/event/14504/contributions/138395/
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ML in lattice SU(3) YM

Classically perfect FP actions

Classically perfect properties:

« There are no lattice artefacts on classical -« For large 3, A" [V] is very close to AT[V]:
configurations:

al a=o00

\//f

fixed _~— FP action

poln( ]

SATPIV] 0 o SAPIU] _
oV oU

= A™[V] has scale invariant instanton

. {eren ...}
solutions

https://indico.global/event/14504/contributions/138395/
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ML in lattice SU(3) YM

Classically perfect FP actions

Classically perfect properties:

« There are no lattice artefacts on classical -« For large 3, A" [V] is very close to AT[V]:
configurations:

SAPP[V] SATPU] = lattice artefacts expected to be
S 0o = U - 0 substantially reduced:
1 2 2n —
= A™[V] has scale invariant instanton M’ 0ga™ n=12..
solutions

+ New property: gradient flow with A”™[V] is classically perfect

= no lattice artefacts introduced through gradient flow

https://indico.global/event/14504/contributions/138395/
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Machine learning the FP action

https://indico.global/event/14504/contributions/138395/
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ML in lattice SU(3) YM

Machine learning the FP action

ML architecture: Lattice gauge equivariant Convolutional Neural Network (L-CNN)

u
gauge links \V
(input) predictions

(output)

(a)

Favoni, Ipp, Miller, Schuh
PRL 128 (2022) 3, [2012.12901]
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ML in lattice SU(3) YM

Machine learning the FP action: L-CNN

Architecture search:

= fa s
£ 3.00 4 3.00 3.00
2.00 2.00 .I. Ll 2.00
1.00 4 D 1.00 4 1.00 4
: = e - 1P Tt ad .
0.00 T T T T 000 77T T T T 00— T
1 2 3 14 48 12116 24 28 32 60 64 80 96 12 3 4 5 6 7
0254 = 0.25 = 0.25 4=

0.20 o 0.20 4 U 0.20 o Q

e

derivative error

0.10 4 0.10 4 0.10 4

E

6 7

1 2 3 1 4 8 1216 24 28 32 60 64 80 96 1 2 3
number of layers " channels T kernel size

= 3 L-Bilin layers, output channels {12,24,24}, kernel sizes {2,2,1} with 443k parameters
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ML in lattice SU(3) YM

The FP action in action

https://indico.global/event/14504/contributions/138395/
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Scaling of heavy-quark static potential

\

ro(V(r) = Vo))

riro

= no lattice artefacts visible up to at least a ~ 0.15 fm
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ML in lattice SU(3) YM

Deconfinement phase transition

Critical temperature 7, from L, = 2: = large L /L, easily reachable

Finite-size scaling of the critical coupling for Ly =2

2.009 @ Bc=2.00842(*33) from x["**

2.008 &

2.006

i
¥

0.000 0.005 0.010 0015 0.020 0.025 0.030 0.035 0.040
(Le/Le)?
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ML in lattice SU(3) YM

Scaling of gradient-flow scales

Physical reference scales defined through *(E)| _ = x,

gy | =x

11—
dt t=w?
yielding dimensionless ratios 7./w? or 1,/1, as scaling quantities vs. a*ltys:

=t,

alfm]
0.04 0.06 0.08 0.10 0.12 0.14
1.775
T FP
150 I Witson (plaguette) =
T wilson (clover)
Symanzik (plaquette) .
1.7254 ¥ Symanzik (clover) = NOte . .
similar improvement with Zeuthen flow
_ 1700 [Ramos & Sint, Eur.Phys.J.C 76 (2016) 1, 15, 1508.05552 [hep-lat]]
& 1675 but only up to @ < 0.08 fm.
-
1.650 e =
1.625 ¢ -
A © IS
1.600

00 01 02 03 04 05 06 07 08 09
a%lto3
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ML in lattice SU(3) YM

Scaling of gradient-flow scales
i ) ) d
Physical reference scales defined through “(E) | _, = x, ﬁ{rw» =x
o dt t=w2
; 2 _ .
p-function at g&, = 15.79:
alfm]
0.04 0.06 0.08 0.10 0.12 0.14
R N
e Blg?=15.79) ==
(x1/50) T
4
e
tos/tos —a—a e
o FP
# Wilson (plaquette) -
> toaltos{ ¥+ Wilson (clover) ——
; Symanzik (plaquette) M
'ﬁ‘ 4 Symanzik (clover)
~ —
514 tos/wgs —_—
2
2 Fe 2 ——
13 1 Wilson (plaquette) foalia i
P wilson (clover) -
Symanzik (plaguette) N toslis —
Symanzik (clover)
12 =
00 01 02 03 04 05 06 07 08 09 -8 -6 -4 -2 2 4
ates Deviation from average (x103)
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Conclusions: ML for LGT

¢ Scaling ML approaches to 4d SU(N) on large volumes is challenging:
= many new ideas are available!

* ML also enables old ideas:

R Ne NS =2

Quantum perfect actions...

Artem Roenko & Viktor Braguta (JINR BLTP)

27 November 2025
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Quantum simulations of lattice field theories

Quantum simulation of lattice gauge theories -
Analogue methods and quantum complexities

Lattice 25@TIFR,
Mumbai, 6.11.25

Marcello Dalmonte
>ynamite
ICTP, Trieste

The Abdus Salam PAS@UBHS

O International Centre
PAS&@uanSZ (CTP) for Theoreticai Physics

HEP Reviews: U. J. Wiese, Ann. Phys. 525, 777 (2013); Preskill, arXiv.1811.10085 (2018).
“Pedagogical”: MD and S. Montangero, Cont. Rev. Phys. 2016 / 1602.03776.
More advanced ones: Rep. Prog. Phys. 79, 014401 (2016); 1910.00257; 1911.000083.
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Quantum simulations of lattice field theories

“Nature isn't classical, dammit, and if you want to make a simulation of
nature, you'd better make it quantum mechanical, and by golly it's a
wonderful problem, because it doesn't look so easy.”

R. P. Feynman, Int. J. Theor. Phys. (1982).

zero. But, we are going to be even more
ridiculous later and consider bits writ-
ten on one atom instead of the present
10" atoms. Such nonsense is very en-
tertaining to professors like me. I hope
you will find it interesting and enter-

R. P. Feynman,
Optics letters 1985

https://indico.global/event/14504/contributions/137186/
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Quantum simulations of lattice field theories

Interest in gauge theories - from QCD,
to condensed matter and quantum info @
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uantum simulations of lattice field theories

Why are gauge theories interesting from a quantum
simulation viewpoint?

From the HEP side, a tautological question given the audience :)
Fundamental description of nature, extremely well tested
Despite outstanding achievements (spectrum, quark gluon plasma,
BSM physics, and so many more), some aspects remain
computationally challenging for classical approaches

Troyer and Wiese, PRL 2005

From condensed matter / quantum information:
Topological matter (“quantum spin liquids”)
Topological quantum memories

S. Sachdev “Quantum states of matter”
Moessner and Moore, “Topoloogical matter”

https://indico.global/event/14504/contributions/137186/
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Quantum simulations of lattice field theories

Why is dynamics so hard?

dimH o eN!

Wave function based methods

Stochastic methods: complex (e.g.: tensor networks, Pauli
action problem! computing): quantum resources
explode (see later)
1S
/ DQDG Sent x V
Exponential roadblocks

https://indico.global/event/14504/contributions/137186/
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of lattice field theories

And equilibrium challenges

300 T T T
200 electron doping hole doping
78 Quark-gluon plasma T .
5 150 200k 1
2 L swangemetal
g < A 4
2 10 g rlg s % g
H = N ER £
g7 Hadron phase 1or 2 3 £
2 50 g BT =
25 T 2 superconductor
: VAR L .
250 500 750 1000 1250 1500 1750 2000 02 o1 01 02 o.
Baryon chemical potential [MeV] doping
Wikimedia

UniFrankfurt website

Again, same technical roadblocks (sampling and lots of
quantum resources)
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Quantum simulations of lattice field theories

Real time dynamics / finite
density regimes of strongly
coupled theories

Quantinuum 24

Alice-LHC

Noisy intermediate scale
quantum (NISQ) devices

https://indico.global/event/14504/contributions/137186/
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uantum simulations of lattice field theories

Digitial and analogue quantum
simulation, and quantum hardware

@Palaiseau
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Quantum simulations of lattice field theories

Quantum digital and analog computation

Digital quantum simulators

Basic idea: Trotterize a time-evolution

Analog quantum simulators

Basic idea: Emulation - Build a Hamiltonian /

Lagrangian / Liouvillian using the following:
e—iHAL, /h —iHAt/h

U(t) = (,szL/h _

S. Lloyd, Science (1996)

Synthetic systems
Spins Bosons Fermions .
1 ‘ Platforms: ions,
-3_ \ w0 8T, superconductors,
—— ’W‘ ' photo
t See Zohreh’s
[e4 Ca40 qu
O- bT w Rainer tal k ‘
Platforms: cold atoms, ions, Rydbergs, Yes, you can
molecules, superconductors, ... Quantum have one.
Annealers °

Cirac and Zoller, NatPhys. 2012; Georgescu et al., RMP2014
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Analog quantum simulators Digital quantum simulators

Basic idea: Emulation - Build a Hamiltonian / Ba™ TN T v TP —
Lagrangian / Liouvillian using the following: 2 s -

fems

" e
Wind tunnel
Platfortiis. coia awriis, s, nyuveys,

molecules, superconductors, ... Quantum
Annealers

Yes, you can
have one.

Cirac and Zoller, NatPhys. 2012; Georgescu et al., RMP2014
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Quantum simulations of lattice field theories

Analog quantum simulators in a nutshel

H=H,+Hy+ ...

a) (exact) mapping to microscopic degrees of
freedom

b) probing tools, protocols (e.g., state preparation)

c) ‘understanding’ of errors

NB: Hamiltonian formulation is
needed (see Indrakshi’s talk)

Artem Roenko & Viktor Braguta (JINR BLTP)
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uantum simulations of lattice field theories

Analog simulation: challenges

Typical challenges for quantum simulators:
initial state preparation
probing
engineer the desired dynamics
validate / control

probing

N i\
same as SM quantum simulators N - -
novel HEP challenges! |W|nd tunnel

https://indico.global/event/14504/contributions/137186/

Artem Roenko & Viktor Braguta (JINR BLTP)

27 November 2025
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Quantum simulations of lattice field theories

Challenge

Why is it so hard to quantum
simulate gauge fields in
analogue machines?

https://indico.global/event/14504/contributions/137186/

Artem Roenko & Viktor Braguta (JINR BLTP) Lattice 2025 27 November 2025
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uantum simulations of lattice field theories

Gauge invariant Hilbert space

Hamiltonian formulation of gauge theories: gauge
invariance is encoded at the Hilbert space level

H Physical
Gauss law(s):
HU'n, 7_lj:) G2 ¥phys) =0
Unphysical
HU’]’L Gz‘qjunphys> 7é 0

Various formulations available - see Zohreh’s talk

https://indico.global/event/14504/contributions/137186/

Artem Roenko & Viktor Braguta (JINR BLTP) i 27 November 2025
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uantum simulations of lattice field theories

Brief summary of strategies

Work in the ‘full’ Hilbert space:
energy penalties
dissipative penalties
exploit ‘fundamental’ symmetries
other forms of dynamical constraints

Typically used in e.g. quantum magnets

https://indico.global/event/14504/contributions/137186/

Artem Roenko & Viktor Braguta (JINR BLTP) i 27 November 2025
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Quantum simulations of lattice field theories

Brief summary of strategies

Work in the ‘“full’ Hilbert space:
energy penalties
dissipative penalties
exploit ‘fundamental’ symmetries
oth arms of dynamical constraints

H=H +H+A) G2

A>f

Effective H, ~
dynamics at low 2 —

energy is gauge
invariant! - <:

Typically used in e.g. quantum magnets
https://indico.global/event/14504/contributions/137186/

Lattice 27 November 2025

Artem Roenko & Viktor Braguta (JINR BLTP)
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uantum simulations of lattice field theories

State of the art: (1+1)-d, Abelian

Multiple experiments with up to 100 degrees of freedom

“Exact” gauge invariance possible via matter or gauge integration in

Rydberg systems

Th: Surace et al., PRX 2020. Formalisms: see Indrakshi’s talk!

Federica
Surace
05 10
Puise duration (us) &2
. P B
L34
Bernien et al., Nature

See also works at Caltech, Wuhan, Palaiseau, Tsinghua

2017 (Lukin’s group);

https://indico.global/event/14504/contributions/137186/

27 November 2025

Artem Roenko & Viktor Braguta (JINR BLTP)
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Quantum simulations of lattice field theories

State of the art: 2+1-d, Abelian

2+1D theories
Higgs+Z2 gauge structure

A

Vi Exp: Semeghini et al., Science
) 374, 1242 (2021) [Lukin’s group];

&% Numerics: Verresen et al., PRX '21

N Gauge structure: Tarabunga et al.,

AN PRL ‘22

See also recent works on dynamics:
Gonzalez-Cuadra et al., Nature 2025 (atoms)
Cobos et al., arXiv:2507.08088 (cQED)
Cochran et al., Nature 2025 (cQED)

https://indico.global/event/14504/contributions/137186/

Artem Roenko & Viktor Braguta (JINR BLTP)
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uantum simulations of lattice field theories

Do we really need these machines?
Quantum resources and many-body

https://indico.global/event/14504/contributions/137186/

Artem Roenko & Viktor Braguta (JINR BLTP) i 27 November 2025
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Quantum simulations of lattice field theories

Why is dynamics so hard?

Ny

dimH x e

Stochastic methods: complex Wave function based methods

What is the bottleneck of error :::I:es
corrected quantum machines =
quantum computers?
Is it understood in gauge theories?

Exponential roadblocks

https://indico.global/event/14504/contributions/137186/

Artem Roenko & Viktor Braguta (JINR BLTP) Lattice 2025 27 November 2025
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Quantum simulations of lattice field theories

How does a quantum computer work?

(i) Problem of (i) Quantum (iii) Physical
interest algorithm gates

=i .
glll-ﬁll!.llg

U()l) —_—

Most popular (surface code, etc.): Clifford + T

CNOT Hadamard Phase T gate
1 0 00
0100 L(11)<10> 1 0
000 1 V2l -1 0 i 0 ein/4
0010

Bravyi and Kitaev, 2005

https://indico.global/event/14504/contributions/137186/

Artem Roenko & Viktor Braguta (JINR BLTP) Lattice 25 27 November 2025
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Quantum simulations of lattice field theories

What is really hard for quantum computers?

Most popular (surface code, etc.): Clifford + T

CNOT Hadamard Phase T gate
1 0 0 0
0100 L(11><10> 1 0
00 01 V21 -1 0 1 0 em/4
0010
] !
“Easy” ) )
Y Hard
Easy fault tolerant implementation Z:ugr:;ferance is very
No quantum advantage - efficient classical N P p . |
computation eeded for universa

quantum computing

Gottesman’s phd thesis; Bravyi and Kitaev, 2005; Howard et al., Nature 2014

https://indico.global/event/14504/contributions/137186/

Artem Roenko & Viktor Braguta (JINR BLTP)
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Quantum simulations of lattice field theories

What is really hard for quantum computers?

Most popular (surface code, etc.): Clifford + T

CNOT Hadamard Phase T gate
1000 : 1 0
1 /1 1 1
ooo | mC i Gl 10e )
0010 The amount of T-gates -
magic - is the dominant cost
“Easy” of quantum computing

Hard

Fault tolerance is very
expensive

Needed for universal
quantum computing

Easy fault tolerant implementation
No quantum advantage - efficient classical
computation

Gottesman’s phd thesis; Bravyi and Kitaev, 2005; Howard et al., Nature 2014

https://indico.global/event/14504/contributions/137186/

Artem Roenko & Viktor Braguta (JINR BLTP) att 5 27 November 2
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Quantum simulations of lattice field theories

A few examples

“Easy” state “Hard” state

00) + [11) (10) +€e/[1)) ® |0)
V2 V2

0) ——— 0)
0) {H—&- 0) ———

Must have one T-gate,

Only Clifford, no magic finite magic

https://indico.global/event/14504/contributions/137186/

Artem Roenko & Viktor Braguta (JINR BLTP) Lattice 2025 27 November 2025
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Quantum simulations of lattice field theories

First studies in LGTs: upper bounds

Pioneering work on magic and LGTs
(Upper bounds)

‘ Schwinger bosons
A 0Tror. ONewt. | Qubits
100 0.01  90% [ 2626 8.19713 x
100 0.001  90% | 2704
100 0.01  90% 2704
100 0.001  90% 2808
1000 0.01  90% 18904
1000 0.001  90% 19008
1000 0.0l  90% 9% | 19008
1000 0.001  90% 9% 19086

9%
9%
9%
9%
9%
9%

2D SU(2), state preparation QCD: ~10430

Davoudi, Shaw, Stryker, Quantum 2024

https://indico.global/event/14504/contributions/137186/

tem Roenko & Viktor Braguta (JINR BLTP)

27 November
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Quantum simulations of lattice field theories

Real time dynamics in quantum simulators is already
challenging the best available classical algorithms,
also for gauge theories

Open questions remain (scalable implementations,
error estimate, probing)

In parallel, the age of (developing) error correction
motivates a combined view of many-body systems -
entanglement and magic

> Very little is known on state complexity in quantum
HEP! Tons to explore
See recent works by Robin, Savage on magic in nuclear physics!

https://indico.global/event/14504/contributions/137186/

Artem Roenko & Viktor Braguta (JINR BLTP)
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Quantum simulations of lattice field theories

For this route to succeed, key challenges that only
lattice community can help solve

New Hamiltonian formulations that are adapt to
hardware (“co-design”)? (See Indrakshi’s talk)

> Complexity of gauge theories from the lens of

quantum information: entanglement and magic
See recent works by Robin, Savage on magic in nuclear physics!

Push boundaries of classical computational methods
for real-time dynamics (and connections to CM)

Learn new physics (e.g., out of equilibrium)
See 2509.03586 for a recent review

Mindset: focus on learning from eachother. True
applications to QCD will come much later, but likely a lot
of new physics learned in the meanwhile!

https://indico.global/event/14504/contributions/137186/

Artem Roenko & Viktor Braguta (JINR BLTP) Lattice 2025

27 November 2025
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Hadron spectroscopy and interactions

Jeremy R. Green
Deutsches Elektronen-Synchrotron DESY

42nd International Symposium on Lattice Field Theory
TIFR, Mumbai, India
November 2-8, 2025



Hadron spectroscopy in 2012 (1)

* H H B B

n_g H OH BB
2400
N ' 1 Calculations by different
2200 E . .
F - 1 collaborations using
S 1 different actions.
i %— Some include m,; — mi™*
= t b de 1 and a — 0 extrapolations.
LT
+_ Lo 4 Open symbols: inputs.
v i E
L = 1
600 - e E
F e 1
400 E
bl L]

I
™ p K g N oy © ¢ N A T E A y z Q
A. S. Kronfeld, Twenty-first Century Lattice Gauge Theory: Results from the QCD Lagrangian,
Ann. Rev. Nucl. Part. Sci. 62, 265-284 (2012) [1203.1204]
(B mesons shifted by —4 GeV.)

Jeremy R. Green | DESY | Lattice 2025 | Page 2



wr (I=1)
- K (l=1/2)
135 1 Protopopescu
f  Estabrooks

90

45 =

—150]

— 1

=200 J
Eun /MeV

480 660 840

1020

—I'/MeV

I p (this work)

[} K *(this work)
p (PDG value)
K* (PDG value)

One ensemble
with physical
quark masses.

P. Boyle et al., 2406.19193,
2406.19194

Calculations at physical pion mass. Also ETMC M. Fischer, 2006.13805 and CLQCD z. Wang, 2502.03700.

Precision 77 physics?
Parallel talks:

» I =2 nm with staggered fermions. A. Dean M. Valois, Tue 15:30

> K for rare decay B — K*£*£7. Felix Erben, Fri 16:40

> Spectral reconstruction above elastic region. Gabriele Morandi, Tue 15:10

Jeremy R. Green | DESY | Lattice 2025 | Page 19



= 0 bbid lattice QCD prediction of deeply bound state

b action method
—_— RHQ spec local Vujmilovic *25
B —— NRQCD spec wall—+box Tripathy *25
B ® NRQCD  spec wall—box Colquhoun *24
O NRQCD  spec {local,bilocal} Alexandrou *24
s B — NRQCD potential Aoki 23
—_— coupled-channel
—— NRQCD  spec wall—local ~ Hudspith ’23
——0O—— NRQCD spec local Mohanta ’20
] static potential Bicudo ’15
s [ s— coupled-channel Bicudo 16
r T T T T
0 50 100 150 200
binding energy (MeV)

open symbols: single lattice spacing or single pion mass

Consensus: deeply bound state. Can we make a precise prediction?
Note: left-hand cut starts 1 MeV below threshold. Can’t use finite-volume quantization!
bbus bound state also predicted.

Jeremy R. Green | DESY | Lattice 2025 | Page 29



Electromagnetic form factors of T,

L.Op
0.8p

1. Vujmilovic et al., 2510.17549; Ivan Vujmilovic, Wed 10:50 g[)_ﬁ-

Smaller charge radius than Bor B*. (&
\

0.4f
‘ Ty 0.2r
205 bb
ad
\ 0.0, , , , 1
13 0 0.5 L0 L5 2.0
Q* (GeV?)
S ‘ .
< Magnetic moment is produced by b quarks.

Favours diquark-antidiquark structure:
oui_g_v_%_ﬁ—ﬁ s-wave binding of [bb] 1* diquark with [ad] 0* antidiquark.

Jeremy R. Green | DESY | Lattice 2025 | Page 31




t cLs

Consensus is emerging: no NN bound state at heavy m,. ' + OpenLan

; 4 MDWFHISQ
Amy Nicholson, next talk 3 t

. - 220
Need to compare scattering observables at similar m,. & , J
. . . . T 10 B
Caution: lattice artifacts might be significant! s M 4 { !
JRG, 2502.15546; BaSc collaboration (in preparation) 0 0000 0005 0010 0015 0020
a® (fm?)

Parallel talks:

> Lanczos applied to NN at m,; =800 MeV Robert Perry, Fri 15:10

> Nuclear binding with varying pion mass Debsubhra Chakraborty, Fri 15:30

> central, tensor, and spin-orbit NN forces with free LapH Takuya Sugiura, Fri 15:50
» H dibaryon and AA-NE-X% at m,, = 280 MeV Davide Laudicina, Fri 14:50
>

NA-NZ potentials at physical m  Koichi Murase, Fri 14:30

Jeremy R. Green | DESY | Lattice 2025 | Page 35



Three-particle scattering
amplitudes from lattice QCD

@ Steve Sharpe ﬁ'
University of Washington LY/



Three PGBs at maximal isospin

.:?%;3 3z%, 3K', #txtKt, KtKtzt

® Benchmark system, with simple repulsive dynamics
* First calculation at physical quark masses
® Study JP=0",1"2", including subchannels with # = 0,1,2
® Compare to expectations from ChPT

® Use CLS ensembles (O(a) improved Wilson) + GEVP
(L/a)* x (T/a) M MeV] MgMeV] Ny, ML

[Blanton, SRS, et al.,

N203 48% % 128 340 440 771 541 PRL 2020 & JHEP 2021]
[Draper, SRS, et al.,
N200 48° x 128 280 460 1712 442 I/jHEP 2023]
D200 643 x 128 200 480 2000 420
|E250 96° % 192 130 500 505 | 4.05 New work
a ~ 0.063 fm

S.Sharpe, 'Scattering amplitudes from LQCD,” CSU, 10/14/25 20/43



Comparison with ChPT

M?|Amplitude|* JP=0"

rrrrr NLO ChPT Equilateral kinematic configuration

oo e B = 3/ 48

LQCD

10 15 2
(E — Eip) /My

Observe expected breakdown of ChPT as M or p, increase

S. Sharpe, ""Scattering amplitudes from LQCD,” CSU, 10/14/25 25 /43



Natural candidate for QC3?

w(1300)  rour) -1 [PDGlive]
(1300) MASS M 1300 £100 Mev ~
71300) WIDTH M 200 to 600 Mev v

(1300) DECAY MODES
Scale Factor/
Mode

Fraction (T'; /T) Conf. Level PiMeV/c)
T P seen 04w
o (rw)s seen o
Ty 7y

[11 Our estimate, See the Particle Listings for details,

Pro: s-wave decay to 37 implies strong 3-particle coupling

Con: Lies well above the inelastic threshold for QC3
o M((1300)) = 10M, > SM,
® QC3 will apply for heavier than physical quark masses

S.Sharpe, *'Scattering amplitudes from LQCD,” CSU, 10/14/25 27/43

10



Pole positions

¢ Solve IVU (=infinite-volume unitarity) form of integral equations

¢ Find resonance pole for M, = 305 MeV!

e Extrapolate to physical masses using EFT-inspired form

007 | =(1300)
0.5 : \
My = 305MeV
=-1.04
[
3
5 -1.54 Mphys.
-2.04
|| fit‘extrapolation 1\ /
~ AIC N1/ ]
05 ~ PDG =
4 & 8 10

Rey/3/M,

Elastic region

S. Sharpe, "“Scattering amplitudes from LQCD,” CSU, 10/14/25

30/43

11



Emergent Photons vs Confinement:
roles of Vortices and Monopoles

Mendel Nguyen (Durham University)

Based on work with T. Sulejmanpasic and M. Unsal, Phys. Rev. Lett. 134, 141902 (2025), arXiv:2401.04800

12



Understanding confinement

Mechanisms: what configurations dominate in the path integral?
Magnetic monopoles—condensation results in “dual” (magnetic) superconductivity

Center vortices

13



Reintroduce monopoles

1
== N Ay 2mm, P g DM (M, = Se,,,0m,)
0 plags links

Dual action describes U(1) gauge field coupled to monopoles and heavy charges (of
mass ~ p).

Coulomb phase persists for finite sufficiently large .

14



Phase diagram

N =234 Z)theory

Y

Coulomb

Confined

BF
(Higgsed)

N >5 Zj theory

2y
/4
Coulomb
BF
“onfined (Higgsed)

v

v

15



Nambu-Gotd string

Nambu-Goto (NG) string model:

SNG = O‘J;: dzf\/g

The Polyakov loop correlator at large distance is dominated by:

/ T
G(R) ~ Ko(EoR), Eg=oN, 1—W
t

Nt = 1/T

16



EST corrections beyond Nambu-Goto

To obtain the correct EST describing the gauge theory, it is essential to go
beyond the NG approximation...

SesT = fdzf[d +71R+ ’YzICQ + 73]C4 + .. ]

@ R is topological invariant
e /C%is proportional to EoM — can be eliminated

Low-energy universality of the EST = First correction BNG can
[O. Aharony, Z. Komargodski, 1906.08098] only appear at the order 1/N/

S-matrix approach==First two correction (1/N/ and 1/N? terms) are
[J.E. Mir6 controlled by the same parameter, next parameter
et al, 1906.08098] appears at 1/N}! order.

17



Effective string theory predictions for closed strings in (2+1)D

Why closed? Avoids extra contributions
due to endpoints.

Eq(Ny) = oNp + -

s
Eq(Np) = oNg — ——+ -+ [Luscher '81] -
6N;
T [Luscher, Weisz, Aharony, \
Eg(Ne) = oN, |1 ——=++ Mayer, Gorbenko, Gliozzi, string
30Ny M
/' Meineri, etc]
Nambu-Goto =0 + (12l
6., 7 2m8y3 327687105 54> 0
Eo(Ny) = 0Ny, [1— T - 327 757 _ G4 ’mq _ B +r—1fgﬁg ) B2,
30N} 22503N] 67504 N oo N} . oL
o 95 2 4% = g8
[Elias Miro et al ’19] 1

18



SU(3) numerical results

[M. Caselle, N. Magnoli, A. Nada, M. Panero, D. Panfalone and L. Verzichelli,

JHEP 08 (2024) 198, 2407.10678]

2.00 -
L75
150 0.4

125 B
~ 2 0.2 ¥
5
> \@&‘RU 82 0.84 0.86 0.88 0.90 0.92 0.94

-2 100

075

— BNG N

osol Nambu-Goto

§ s=2:311

$ s=2082

051 § g=3318

3 = 3633
0.00

0 0.5 0.6 0.7 0.8 0.9 10

I N

Combined best fits of the SU(3) data including all terms up to 1/N!!
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Finite density lattice QCD as an inverse problem
(aka analytical continuation from imaginary to real chemical potential via Cauchy integral formula)

Francesco Di Renzo (University of Parma and INFN)

Lattice 2025
Tata Institute of Fundamental research, Mumbai, 03/11/2025

In collaboration with P. Dimopoulos, M. Aliberti and D. Gavriel (Parma)
(and Bielefeld Parma Collaboration)

UNIVERSITA NN
DI PARMA

20



Withyour favourite QUADRATURE method ... you can go numeric!

De facto, you would like to think of Legendre quadrature

27 i0 i0 n 0 i0
f(Re)Re 1 f(Re':) Re™r

= 1 di~— y —
f(z0) 27 Jo Re'l — 2z ZWZuk Re'lr — zq

k=1
n
RPLek . .
Y= 5o Zuk L —— S, i=12,...0n
Ax=Db SOLVE for the fy, !

Not the end of the story ... Obviously, it is a good (CHEAP) idea to also remember Cauchy formula for derivatives

| e . )
£ (2 :7_% _JE) g [T (R exp(if) R exp(if)
2mi Jo (2 — 20)" 21 Jy (R expif — zo)"H!

df

21



IT WORKS! results are very much consistent

As a(n independent) eross-check, we compare the derivatives we compute
with results from the literature (HotQCD)

& Our results ( N- =6) HotQCD ( N- =6—8)

0.1096 (2) (4) 0.1087 (4)

0.0862 (12) (17) 0.0844 (41)

0.0018 (44) (37) -0.0410(342) [7]
-0.185 (16) (10) -0.71(92) [

-0.149 (21) (46)

differ.def.




Quarkonium in Non—-zero Isospin Chemical

Potential Environment

AtT~0

Seyong Kim
Sejong University

Work in progress with B. Brandt (Bielefeld U.) and G. Endrodi (Eotvos U.)

23



hadron gas
confined,

x-SB

Motivation

quark-gluon
plasma

~

\

deconfined,
x-symmetric

color
superconductor

o

few times nuclear U
matter density

]
=
-
v
2
s
]
g
E
]
=

Lattice QCD
RHIC-BES

Gritical
ipoint?

Compact Stars

L0 .0 R" o
Quark-Gluon »
Plasma, %2 a~ ®
v ° e

\Color Super-

stars  conductor

aryon dehsity n/ .
ne=0.16 fm'
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!‘lﬁp PuBLsiED ron SISSA by &) Srvor

PusLIsED: July 6, 2025

Equation of state and speed of sound of
isospin-asymmetric QCD on the lattice

Lattice ensemble

J

No. of config. |

0.000

0.0000

102

0.048

0.0010
0.0018
0.0036

198

B.B. Brandt,” F. Cuteri’ and G. Endrbdi’

“Fakultdt fir Physik, Universitit Biclefeld,
Universititsstraie 25, 33615 Bielefeld, Germany

“Institut fir Theoretische Physik, Goethe-Universitit Prankfurt am Mai,
Maz-von-Laue-Str. 1, 60438 Frankfurt am Main, Germany
E-mail: a o de,
endrodiphysik.uni-bielefeld.de

ABSTRACT: We determine the QD equation of state at nonzero temperature in the pres-
ence of an isospin asymmetry between the light quark chemical potentials on the lattice.

a=0.1535fm, m, = 135 MeV, %m” ~0.053a"
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0.0010
0.0018
0.0036

200
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0.0010
0.0018
0.0036
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0.066

0.0010
0.0018
0.0036
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0.080

0.0010
0.0018
0.0036
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0.092

0.0010
0.0018
0.0036
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0.106

0.0010
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1.010

1.005

1.000

0.995

n=0)

0.990

>

G(T;W)/G (T

Upsilon correlator ratio (j = 0.0036)

L

L e e e

GO u=0.043
-0 1 =0053
&2 n=0.059
A—A 11=0.066
<< 11=0.080
> 1=0.092
®-®1=0.106

oS

10

20 25 30 35 40 45
T

w
=)
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Spectral reconstruction and dimensional
reduction in high-temperature gauge theories

(to appear on ArXiv soon)

Pavel Buividovich!  Ben Hind!

'Department of Mathematical Sciences
University of Liverpool, UK

Lattice 2025 Conference, November 2025

UNIVERSITY OF

LIVERPOOL

27



Real-time correlators and spectral functions

» We live in real (Minkowski) time and are interested in
real-time correlators: (3 = T71)

Gg (t) = i0(t) Z1 7y (e*ﬁﬂ {@, eth@efthJ) (1)
» ... and spectral functions
S(W): llﬂl GR(W), GR(W) :/dte*fwt GR(I') (2)
T

» Central objects in linear response theory, give access to
transport coefficients and excitation spectra

» Continuous functions of t (or w), contain infinite amount of
information

28



Imaginary-time correlators

» Conventional Lattice QCD simulations: Euclidean correlators

G(r)=Tr (@efTﬂ@ef(ﬁfT)H) (3)

» N./2 ~ O(10) independent data points for G (1) in
conventional lattice QCD simulations, very limited information

P Green-Kubo relations - challenging to invert numerically:

2 cosh (w (T —
G(r) = /0 dw :iﬁh ((Wﬂ/g)/z)) S5 (w) (4)

» Numerical inversion of Green-Kubo relations (Backus-Gilbert,
MaxEnt): limited frequency resclution Aw ~ 7 T

AN
YA

29



Spectral reconstruction at high temperatures
» At high T, gauge fields almost independent of T - higher
Matsubara modes suppressed as ~ exp (f (27k)* T A (wk))

» Effectively 3D, quasi-classical gauge fields [Appelquist,
Pisarski'81]

» Fermionic correlators

G (1) = {(g0q)(0) (§0q) (7)) (5)

still exhibit nontrivial dependence on 7

» Quantum fermions in the background of static
(T-independent) gauge fields

» Solved in terms of Dirac Hamiltonian h (,ﬂj)

D= (aT — i — h W) (6)

30



Euclidean correlators in static gauge fields: analytic
expressions

e 7h ef(ﬁf"r)h Q
GS(T)_<<TT (O1+e—ﬁmol+e—ﬁm .

—T€m 7(67’1’)6,, Q
_ 2 e e
- <<Z|Om"| 1+eﬂ€mﬂl+e55nﬂ>> . g
m,n A(%),Q2

» Fermionic Green's functions in terms of Hamiltonian (reiated work

for WD fermions: Nagata, Nakamura, ArXiv:1009.2149, Alexandru,Wenger ArXiv:1009.2197)
» Explicit analytic control of 7 dependence term-by-term

> Q is the global center element (Polyakov loop phase)

31



Spectral function gv;q, FASTSUM Gen2, T/T,. = 1.90

— Backus-Gilbert
15¢ — Fourier :
-
2 10r 1
z
w
5, -
0 T T T T T
0 2 4 6 8

» Finite-mq threshold + transport peak broadening
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Understanding dimensional reduction in finite

temperature QCD from spatial string tension and
its consequences

Sayantan Sharma

The Institute of Mathematical Sciences

November 5, 2025

LATTICE 2025, Tata Institute of Fundamental Research, Mumbai
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Dimensional reduction from the Luscher term

© The pseudo-potential can thus be parametrized as,

Vi(r,T) = A+os-1— o
.

o At distances r < (7'T) ! perturbative gluon exchange dominates.

o At intermediate distances (7T) ! <1 < (g?T/7) ! the
non-perturbative Liischer term dominantly contributes as o /r.

Lischer at el, Nucl. Phys. B 173 (1980) 365, Nucl. Phys. B 180 (1981) 317.
0.4

N-=8R12i16} Ny =0

o Coefficient is a universal i} 3

constant 02y A, . s
T o T T

ap = (D - Q)Q 0%4 N.-8810 4 N =241

%% . =z

. 02 {i t 1{ 024
@ Clearly shows onset of dim. T e
reduction at T > 750 MeV. 0 >
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Understanding the Temperature dependence of

14

1.2

0.8

0.6

0.4

07 N0
065 [gg Ni=2+1
52
oosfFE 0.566(15) F
055 — s
T/ Tc 0.559(9
| o5 Loc Y]
3 4 5 68 7 .
[ ]
H \'/cTs/gQT = 0.566(15
Vo, (GeV) L]
L L} —
o EQCD
- N8 = -
8-0.467 GeV T/ Tc N‘t=10 Py
1 2 3 4 5 6

The scales 7T and gT starts to separate out!

Consistent with earlier results by M. Cheng et. al., Phys. Rev. D 78 (2008) 034506

), EQCD
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Meson spectrum and low-energy constants in

large-N QCD

CLAaUDIO BONANNO ifk e
INsTITUTO DE FisicA TEORICA (IFT) :
UAM/CSIC MADRID ot - WO €] i,
P< claudio.bonanno@csic.es CSIC

42"° INTERNATIONAL SYMPOSIUM
ON LATTICE FIELD THEORY

Tata Institute of Fundamental Research
Mumbai, India, 02-08 November, 2025

Based on:

Non-perturbative determination of meson masses and low-energy
constants in large-N QCD
CB, M. Garcia Pérez, A. Gonzalez-Arroyo, K.-1. Ishikawa, M. Okawa

to appear in JHEP (2025) [arXiv:2508.05446]
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Introduction: large- N volume inc

't Hooft large-NV limit of QCD:
N — oo with fixed 't Hooft coupling A = ¢? N and N; (N;/N — 0).
Theoretical framework with fundamental phenomenological implications.

Standard approach: extrapolation towards N = oo from N < O(10).
Our approach: large-N volume independence.

Large-N equivalence of space-time and color degrees of freedom
[Eguchi-Kawai PRL 48 (1982) 1063]

Vie=N2V — N 5 coisa thermodynamic limit, since Vg — oo.

This idea suggests the possibility of studying SU(~) Yang-Mills theory on
a one-point lattice. Reducing V' = 1 allowed us to reach N = 841.

Our setup: one-point lattice with twisted boundary conditions to avoid
center symmetry breaking = Twisted Eguchi-Kawai (TEK) model

[A. Gonzilez-Arroyo & M. Okawa PRD 27 (1983) 2397; JHEP 07 (2010) 043]
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Example: the p meson

Meson masses extracted for 5 lattice spacings, 0.05 fm < @ < 0.10 fm, and
4-7 pion masses with m,f ~ 5-12. Joint fit (no chiral logs at large N):

1 m2
——my(a, my) = co + crar/o + et

Nz

4.0
35 .
' . Points
—————— 1
------- —=my(a,my) — cra\/o
gt Vo p( 3 ﬂ) 1 \/_
b =0.370
. e Curve (shaded area)
aya=10 m2
d Resul —I
8 [l:llljj (]Au\lﬂll: 230 CO + CQ o
0 1 2 3 4 5 6 7
m2/o

Old TEK result (cross point): Npax = 361. Now: Ny, = 841.
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Meson state tow

miP = 138.04 MeV [ppay \/E‘pllys = 445 MeV [Bulava et al. 2403.00754]
8 3500
[ SU(eo), mz=10
% SU(sc), my = mes 3000
6 & Experiment (PDG)
2500
) [~
g x 2000 %
é 4 £33 9 ® =)
= ; e s = 1500 =
: e o ¢
9 ==r 1000
==
1 500
0 0
™ p ap ay b w* r m** P

This comparison gives an idea of the magnitude of higher-order corrections in 1/N



N ~ 2.65 (from experimental masses) [Anisovich PRD 62 (2000) 051502]
a

o

o ~ /4w ~ 3.55 (large-N Polyakov effective model) [Dubin et al. PLB 323 (1994) 41]
o

£r . 365(21) (TEK, n-chan.)

a

% ~ 3.95(24) (TEK, p-chan.)
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L, from pion correlator

Direct determination of Fy/ VN agrees with combination of By and ¥, /N
Old TEK result (cross point): Npax = 361. Now: Npax = 841.

0.22
0.20 .
AT
—0.18 . o-5Y
= Z
g i —-"_?'r -
£ 0.16 g
= Y
0.4 o’ L b=033 b=0370
g ¥ oafo=0 aya =0
" %’} BIESMO7] o ‘72 p ST
b= 0365 Old Result
oo =10 ® JHEP 04 (2021) 230
0.10
0 1 2 3 1 5
m?fo
Fr(mg) =F; |14+ f—4m2 + O(md) é ~ O(N®) (NLO LEC)
T 1672F2 " K N ’ ’
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mﬁComputingNggmgrrg‘t:?gﬁﬁ
Lattice QCD at finite T and density

On selected topics

Heng-Tong Ding(T =3i&)
Central China Normal University

The 42nd Interr
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Chiral crossover transition at the physical point in Nf=2+1 QCD
“onsistent results among HISQ , MDWF & Overlap

Mébius domain-wall fermions

Mobius domain-wall fermions

Nt=8 lattices Nt=12 & 16 lattices
189 o o Xl 14 ol V) Ge V2
™l T 7 wsowns R £ 2GeV) GeV?
12 & HSQ:Ne=16 12
= Cont i [ R
" o wowr:n. =8 ' wNIN TR
. 0s
. y 06
e .
£ o o - 04
q o i
2 ¥ v 02
T e R
P T R 0 0 10 1m0 w20 20 0
T{MeV]
Kar Yu Zhang et al., [JLQCD]
nker; Sayantan Sharma, Sipaz Sharma,

Tristan Ueding,
Phys. Rev. D 111 (2025) 3, 034507

Issaku Kanamori
Wed 11:30 AM

0.011

0.010

0.009

0.008

0.007

X X (W)

0.006

0.005

Overlap fermions
Ne=8
—— NiNe=3
—— NNe=4
—— NNe=5
135 140 145 150 155 160 165 170
TMev]
Andrey Kotov
Mon 3:10 PM
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Topological susceptibilities at physical point

Nf=2+1, Nt=8
Mobius Domain wall fermions

HISQ continum

o0
X eV i
5

T (MeV)
155 160 165 170 175 180 185 190 195 200

R. V. Gavai, M. E. Jaensch, O. Kaczmarek et al.,
Phys. Rev. D 111 (2025) 3, 034507

10

Nf=2+1, Nt=10,12& 16
Mobius Domain wall fermions

(opological susceptibitty) ai physical point [MeV]

T'=0 baseline

u
N, 6
Nr=16 (L=48) At
Nr=16 (L=64)
150 20 00 400

temperature Mev]

Issaku Kanamori
Wed 11:30 AM

Nf=2+1+1, Wilson twisted mass fermions

Continuum limit

100 ur data, 30
. iGA it
50 A, -2
47=01Contona et al. 20161
2
20
H
EERY)
=
s
2
13 260 0 500 660

300 a0
T [Mev]

A. Yu. Kotov, M.P. Lombard
JHEP 09 (2025) 045, arX

A. Trunin
502.15407
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AMy_4[MeV]

Screening mass in Nf=2 QCD with MDWF toward chiral limit

a ~0.075 fm, am=0.001 (other 3 quark masses) smaller (larger) than the physical quark mass

SU(2)1, x SU(2) Symmetry

Grey band: T, ~ 165(3) MeV at the physical point estimated from chiral suscepibility

pe

AMps_s[MeV]

2000
1500
1000
500
0
—500

L
8
8

—1500
—2000

U(1)4 Symmetry

am = 0.0025 |
am = 0.00375 |
am = 0.005

150

200 250 300
TMeV]

=
Z 50

U(1)4 Symmetry

2000 v T

1500
1000

—500
—1000
—1500
—2000

150

m = 0.00375

am = 0.005

200 250 300
T[MeV]

[JLQCD] arXiv:2401.06459

Vertical blue line: Chiral phase transition 7, ~ 153 MeV: from chiral extrapolation to vanishing quark mass

Y. Aoki, H. Fukaya, S. Hashimoto et al.[ JLQCD], Phys. Rev. D 111(2

AtT 2 190 MeV ~ 1.2T. differences in screening masses with am=0.001 are absent

25) 114506
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Fate of Axial U1 anomaly: dependences on I\Gc and M

O(a) improved Wilson fermion

Nf=2+1, anisotropic lattice (¢ = 7),
323X N;; N, € [80,24] for
T € [160,534] MeV with M,=378(1)MeV

Gp®) = )

Optimal Domain Wall fermions

Nf=2+141: 323 X N; N, €[16,2] for T € [192,1540] MeV at physical point
Nf=2+1+141:40° X N,; N, € [20,2] for T € [325,3252] MeV with M,~700 MeV

16,1 = G |

Uy R@= SUR), X SUQR)g :KaGT) =
! Gpy(®) + Gy(1) - " Cy(cT) + CoGT)
0004
of e womev ammev < wmoMey ud
B ol0MeV  ® 267MeV b 400 MeV 7 n .
o SMeV ¢ swMev B GuiMev o003 | | zT=1
o 200 Mev o
= 4 0002 1 = ——o—— N=2+1+141 (this work)
& . NF2+1+1 (Ref. [5))
o \\"‘h owr|
o4 %\ .,
0000 | e e .
-og o w = o To 00 05 10 15 20 25 30 35

Ryan Bignell
Wed 10:50 AM

0,000

|C1T) = Gy |
CpT) + CyT)

Uy(1): KppcT) =

! “2T=1

NE2+1144 (this work)
e NF24141 (R [5)

00 05 10 15 20 25 30 35
TiGeV)

Ting-Wai Chiu, Symmetry 17 (2025) 5, 700

This work: Ting-Wai Chiu, Symmetry 17 (2023) 5, 700; [5]: Ting-Wai Chiu, Phys.Rev.D 110 (2024) 1, 014502

10
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Upper bound for T<EF at Critical End Point (CEP)

Chiral crossover
transition T at pg=0
and Mr=140 MeV

Mr—0, O(4 . .
) ¢Continuum and chiral extrapolated

Chiral phase transition T at ps=0

Lattjice

tri-critical point TLO(/"B — 0) — 1321—2 MeV

—— 2nd order, O(4)

HTD et al [HotQCD], PRL 123 (2019) 062002
See consistent results using Wilson fermions from
Kotov etal,, PLB 823 (2021) 136749

—— 2nd order, Z(2)

1st order

crossover

¢Chiral curvature line on Nt=8 lattices
Toug) = (1 = 0.015(1) Ap) TXO)

HTD et al.[HotQCD], PRD 109 {2024) 114516

Il Updated upper bound with x,(Nt=8)
TP < T(jip = 2) ~ 125 MeV

21
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Updates on the CEP search in Lattice QCD

Contour of constant entropy
strangeness neutrality
& corrections to the linear yZ dep.

W Trassilof Line 200202521
W finite volume trassition Line 241006216
Froczsont Andronic ot i 171009423
Freezsont sstmas Lysn)
STAR

CP excluded

CP allowed

0 100 200 300 400

ity [MeV]

500

=
8
s

No CEP at yz < 450 MeV at the 20 level

Borsanyi et al. [Wuppertal-Budapest],
arXiv:2502.10267

60

40

20

Lee-Yang edge singularity
on 16° x 8 lattices

1M (py) (VE0)
55863
e ;nn oy Analyses are done based on
= Xrea- - .
—— HRG@Im!=n . extrapolations from LQCD
—— nHRG@Im=n simulations at 7' 2 120 — 130 MeV
.. Recall: Previous Predictions

. T (Mev] TCEP v 83 — 120 MeV

0 50 100 150 200

TCEP < 103 MeV
with 84% probability or
CEP does not exit

Adam et al., [Wuppertal-Budapest]
arXivi2507.13254

23
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Pions in external magnetic fields in the vacuum
in the continuum limit with physical pion mass

E M, [MeV] “F e 10008 5. [MeV] -
- >
140 0o
] L
o ) 800F -
¥
i £ iy
120 ‘a 0 TRy m 0 600f
i BlGV] ---- LLL
10r §  cont.extr. B contextr.
$ a=0112fm [} 400 § a=0112fm
wof X 084 fin ¥ Z a-0084fm
¥ a=0067fm [} 2001, ¥ a=0067fm
gof ¥ a=0056fm [ ] L X =006 fm
L N L I 12 00 02 04 06 08 10 12
B [GeV?) B [GeV?]

¢ Mass of neutral pion: Monotonic decrease as eB increases
¢ Energy of charged pion: non-monotonic behavior in B, not observed in quenched QCD

HTD & Dan Zhang, work in progress
See similar results with larger than physical pion mass at one single lattice cutoff:
HTD, 8. -D. Wang and Y. Zhang, PRD 126 (2021) 082001

. Tomiya, >
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QCD Magnetometer: Lattice v.s. EXP

Baryon-electric charge correlation over electric charge fluctuations

0 1

2 3

4 5 6

7 8eB/M?

2.50

2.25 XP7/x3(eB, Tpc(eB))

2000 XTT/XZ(0, Tcl0))

1.75
1.50
1.25
1.00

== R0, ,/0G0)

cont. est. == Ritfle(o}h, o)
—HRG
== R(gyw,,/Tf)

+ R§YZe(0%#b, f03m0)

RGN

0.75
0.50
0.25

roxy/0C
£7n0CD

D i/0CD)
D w313, /0CD)|

Arpith Kumar
TFri 2:50 PM
T T T T T T T T
16 ALICE [Hset2~ = Kp-04<p, <16 Govic E
155 PoPOEL =502 TeV, <08 Uncertaintis: sat. (oars),sys. (baxes) E
[SSet1— 1, K (): 02 (0.4) <p, <2.0GeVic
14

£ TheFIST CE (QBS): Ty = 155 MeV, 7.
A vidy

o

0.02 0.0/

6 0.10 0.14

000 002 004 006 008 010 012 0.14

Central collision

HTD,
Phys.Rev.D 111 (20

in-Biao Gu

eB [GeV?]

'

Peripheral collision

rpith Kumar, Sheng-Tai Li,

. Phys. Rev.Lett. 1

(2024) 20, 201903

I L I
20 a0 60 80

Centrality (%) Centrality (%)

ALICE Collaboration, 7HEP 08 (2025) 210

Similar trend observed in EXP
Better probe: double ratio of;(ﬁQ/;(IQlS
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102 \
g

-

109

B =0 GeV?; 1606.07494
€B=0.5 GeV?; This work

B =0 GeV?; 1606.07494
€B=0.8 GeV?; This work
L L L L L L L L L L
120 140 160 180 200 120 140 160 180
T MeV

200
T MeV

B.B. Brandt , G. Endrédi , J.J. Hernandez Hernandez and G. Marko, JHEP 12(2024)028

First LQCD results of Topological susceptibility in external magnetic fields

AteB = 0.8 GeV?Z:

Enhanced anomaly at 7' < 130 MeV
but suppressed at higher T

Axial inverse magnetic catalysis?

Yuanyuan Wang, Shinya Matsuzaki,
Phys. Rev. D 105 (2022) 074015
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Chiral magnetic effect (CME)

Indicator of vanishing ‘Global’ CME
CME conductivity coefficient in uniform magnetic field

0.05
0.04 -
Cont. limit
W 2 xo
Comg 003 T o xs
T 20 w10
Caot T 369 x12
002 T o’ xa
X w2t
0.01
0.00 -%———}I B e -
0 100 200 300 400

T [MeV]

{J3) = Comp s eB + O(ud, B%)

B. Brand et al,, JHEP 09 (2024) 092

Localized CME in equilibrium QCD
CME correlator in non-uniform magnetic field
10-3

T =155 MeV

14
eB (GeV?)

-2 . 0.1
. 0.2
-3¢ -1 aev? - 0.3
G(a1) - Caop (GeV?) 0.4

T T T T T

-2 -1 0 1 2

B. Brandt et al., Phys. Rev. D 112 (2025) 034508
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I N F N Centro Nazionale di Ricerca in HPC,
- Big Data and Quantum Computing

Non-perturbative QCD
thermodynamics with N=3 up to the
electroweak scale

MICHELE PEPE
INFN Sez Milano - Bicocca
Milan (I taly)

Based on
M. Bresciani, M. Dalla Brida, SX€/TEE and M. Pepe
Phys. Rev. Lett. 134 (2025) 20, 201904
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The numerical study

* QCD on the lattice with Ny = 3 quarks in the chiral limit T T (GeV)
Ty | 164.6(5.6)
* 9 values of the temperature in the range 3 — 165 GeV T, 82.3(2.8)
Ty | 51.4(1.7)
* large spatial volumes to have finite volume effects Ty 32.8(1.0)
under control (checked explicitly): ¢° ~ 1; LT ~ 10 — 25 Ty | 20.63(63)
Ts | 12.77(37)
Te 8.03(22)
* shifted boundary conditions ¢ = (1,0,0) T, 4.91(13)
Tg | 3.040(78)

* reduced lattice artifacts: O(a) - improved Wilson fermions

* continuum limit extrapolation: Ly/a = 4,6,8,10; L/a = 144
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The QCD Equation of State

= §*(T):5-loopMS gauge coupling at yn = 277

1 9 27
1

PT)  8 A

M. Baikov et al. PRL 118, (2017) 082002

Agpg = 341MeV

MS

M. Bruno et al. PRL 119 (2017) 10, 102001

it is a function of T; simpler to compare with Perturbation Theory

* phenomenological approach: fit %, §*
linear fit works well and . t data
compatible with SB limit 2050
20.25
= enforcing exact SB limit 3
= 20,00
s(T)  32x2 iy’ ayt N
= [-w»w (T’,) s (#) ] 19.75 *\)\
1950
sg = —5.1(9); 85 =5(5)
) 1925 160 GeV 10 GeV 3 GeV
in PT: sz = —8.438 | i }
0.0 05 1.0 15 20
§2

but PT is very poorly/slowly convergent...
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The QCD Equation of State: PT or not PT?
e s(T)/T°: fit unknown contributions with the data

= fay LEARN S(T) 1 dp(T)
e |2 (o) e T T ar
=
b data v = b data |
it §° + data 221 | Ny = 3QCD it g% 77 + data
?“\H
L 18 L 18
16 16
H 100 GeV 2Gev 500 MeV: H 00GeV  2Gev 500 MoV 1
N U ‘ - UUEE SN L
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 0.0 0.5 1.0 1.5 20 25 3.0 3.5
it @
* higher order effects, including non-perturbative contributions, are necessary
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Towards a determination of Thermal Static Potential at

Finite Density from Lattice QCD

Jishnu Goswami with
Dibyendu Bala and Olaf Kaczmarek

Bielefeld University

GOETHE 53 TECHNISCHE

p UNIVERSITAT
UNTVERSITAT CRC-TR2n DARMSTADT
FRANKFURT AM MAIN Strong-interaction matter

under extreme conditions

DFG UNIVERSITAT
BIELEFELD
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Methodology, Takeaways and outlook mc’-ﬁ

» Method : static free energy, F/T = F, + Fz(,u/T)2 from Taylor
expanded Wilson line correlator at 7 = N, = 16,m; = m/27.

» Result: /5(r, T) < 0, for pp and py channels. pp — probes
response to net baryon density and Ho = probes electric
charge imbalance.

» They weight quark flavors differently, so comparing both
isolates how flavor charges influence screening. In both cases,
increased density —» signature of more screening.

» QOutlook : Towards LO + NLO thermal static potential.
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Free energy NLO co-effici ReTRN

NLO coefficient (O(ud), ptg = ps = 0)

NLO coefficient (O(p), s =5 =

Preliminary

0002 .
0000 & % & 0.001
o002 0000
-0001
oot 5 0.002
B N 0.003
Prelimina B
~0.008 y -0.004
—0.0101F T =04 -0.003
@ Tial=06 “0
=0.01 B
00 25 5.0 00 25

NLO coefficient (O(pid), tig = is = 0)

75 100 125 150 175 200
r

T= 153 MeV

NLO caefficient (O(4z3). s = jis = 0)

50 75 100 125 150 175 200

r

o 0.002
§ Tiai-n2
0.001 0.001 T Tt a0
0.000 0.000
—0.001 -0.001
— [
0.002 & -0.002
~0.003 -0.003
—0.004 ~0.004
~0.005 ~0.005
—0.006 -0.006
25 50 75 100 125 150 175 200 00 25 50 75 100 125 150 175 200
r r

T'=171 MeV

We thank F. Karsch for
useful comments and
suggestions !

First Signature of
screening at finite
chemical
potential with
physical quark
masses from

static free energy
1
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LO + NLO potential at finite temperature

T =153 MeV
1.0
t tiai=04
0. s -
Preliminary be®
0.6 o " °
.
0.4 . -
0.2 °
.
0.0
0.0 0.2 04 06 08 10 12 14
rlfm]
1.0
| i wlat=02
.e| Preliminary —
la ot ..
0.6 .
e
0.4 -
02l T =171 MeV
0.0
0.0 0.2 0.4 0.6 0.8 1.0 12 14
rlfm]

mc.—;%

Dibyendu Bala, Saumen Datta, Phys. Rev. D
101, 034507 (2020)

T =153 MeV
0.000001 » « = » 4
o
~0.00005 ti } % l
5 T —0.00010 } }
Vi, p) = Vy(r) + V;(riﬁi) ke

o001z Preliminary

—0.00020
First Sl‘gnatur-e Of S 62 os us 08 1o 1z 14
screening at finite it -
chemical potential
with physical quark ~ coceoecee. 1
masses from s'tatlc 000005 £y
thermal potential !! } } f
LO part needs g { [
proper ~0.00015 |
renormalisation. onooze)  PrEliminary l

—0.00025
00 02 04 06 08 10 12 14
r(fm]
T =171 MeV
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