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Motivation: The Standard Model of Particle Physics

Standard Model of Elementary Particles o Three interactions

three generations of matter interactions / force carriers o Electromagnetism (Quantum
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Motivation: The Standard Model of Particle Physics

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
! 1 1 @ Best theory to describe nature
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Motivation: Frontiers in physics

Energy frontier

Intensity frontier
m LHCb experiment
X _“\) Run: 101412 Event: 8681643

Date: 8 Sep 2011 Time: 16:04:18

@ High expectations with the LHC

@ Intensity frontier becoming increasingly
important
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Motivation: Calculations in QFTs

€
e’ ~ °<€m

@ If the coupling @ << 1, expand your observable
f=fotafi+a?fat+a’fs+...

@ Each one of the f; can be represented as a process (Feynman diagram)
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Motivation: The running of the coupling constants

10-1 102 100 108 1011 104
p (GeV)

@ Coupling “constants” not constant
The strength of the interactions depends on the scale
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Motivation: The strong interaction and QCD

Q %‘ @ Quarks interact to build hadrons

e Baryons: three quarks
o Mesons: quark-antiquark pair
@ Two amazing properties

o Confinement: can't see free
quarks at low energies

o Asymptotic freedom: at high
energies the strong interaction is
weak
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Motivation: Confinement and Asymptotic freedom

Confinement

Asymptotic freedom
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Motivation: Perturbation theory
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Motivation: Perturbation theory
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What is the lattice?
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The lattice: The path integral

A particle moving from A to B probes all possible trajectories

Each trajectory has an associated phase e*%

Classical trajectories interfere constructively and usually prevail

Other trajectories interfere destructively and do not contribute
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The lattice: The path integral

@ A discrete spacetime allows to explore all possible trajectories
e The lattice spacing a is just a regulator in a QFT (cutoff ~ 1)
e Wick rotation transform phases into positive weights ¢ — e~

Statistical mechanics Lattice QFT
Zg=Y_ e PEE) Z = [ DUe P5)
lz—yl
(o(z)o(y)) xe ¢ (O(@)0(y)) o e™le=vlm
Each {c} is a possible Each {U} is a path
configuration of the system in the path integral
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The lattice: The path integral

—— Target

—— Generation Bad
—— Generation Right

@ Discretize spacetime + Finite volume = Finite number of dof

o Perform the path integral sum in a computer
e Montecarlo + Importance sampling
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LQCD to QCD

@ QCD discretized action (Symanzik
program)

@ Systematically improvable

v

SQCDZSO+CLS1+G2SQ+... @

v

@ Control over the systematic errors ﬁ
L—

@ Several extrapolations taken at the L
same time
e Continuum limit a — 0

o Chiral (inter)extrapolation
mLQCD _, ;,Phys
o Light quarks used to be
expensive
o Heavy quark extrapolation
mII;QCD N mlb:‘hys
@ The b quark hits the regulator
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Some results
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Lattice QCD results: QCD Spectrum
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@ Hadron masses come from QCD, not from constituent quarks!
° p+ =uud, my,~2MeV, mq=5MeV, m, =1 GeV
o Even with massless quarks, the proton is massive
e Mass generation in hadrons is a non-perturbative effect of QCD
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Lattice QCD results: QCD Spectrum

2000
f +0a
1500 P
: —— = Z’
S T z $ A
> ]
= 1000 e N
= ] =
500_' K —— experiment
] == width
| o input
el ¢ QCD
0
BMW 2008
o Lattice QCD can reproduce the spectrum of known hadrons up to a few
percent
@ Starting to consider QED effects (difference between n° and p*)
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Lattice QCD results: HVP

Weak HLbL
a3
+... +... +... +...

@ Muon a,, considered a possible venue to find new physics
@ QED and EW contributions computed perturbatively
@ Missing ingredient: Hadronic Vacuum Polarization (HVP) effects
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Lattice QCD results:
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Theory Initiative 2025

o Latest LQCD results agree with experiment
@ Statement on the precision of the Standard Model
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Lattice QCD results: Flavor Physics

Tensions inclusive vs exclusive CKM Tensions in LFU ratios
FIAG2024
~ 04 —T—TT — T T —TTT —TT
4.5 ;% ; HLAV ' ' 68% CL olon(ours E
B—)D*[V 05 __ Belle® BaBar __
B-DIv inclusive “F qu% .
. 4l Bow osE \[2 (0 >
S |-~ 8 -~
e = b
X & \ sk LHCH Cba>
=
5 C ]
i 3.5 r +HFLAVSMP731\C\WH Belle!l® _ ]
021 RED)] 522 L0005 R(D) =0358+ 0,024, —
[ Fu an FLAG24 (Nf=2+1 for R(D*)) E(:D‘o) 3:72 2812001l ]
- §§ J*uzgzuowsx L . POO) = 27% \ ]
02 0.3 04 05
R(D)
3 ol
Bs—~D{v

36 38 40 42 44
[Vep| x 103
Lattice can help with both
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Lattice QCD results: Flavor Physics

@ Vekw is an input of the SM

@ Semileptonic decays allow for clean
exclusive extractions

Mp — MD€1€2

o Efficient enough in experiments
e Hadronic effects under control

dr
T = K(w) | (w)]* [Vera|*

@ Decay amplitude F(w) comes from
LQCD

0.0014

Fermilab/MILCx|Vy|
JLQCDx |V,
HPQCD x|V,

Belle untagged

Babar
Fermilab/MILCx|Vy|

JLQCDx |V
HPQCDx|V5|
Belle untagged e~

0.0012 Belle untagged ft

- b b

BaBar synthetic

0.0010

0.0006

0.0004

0.0002

10 11 12 13 14 15

w
Fermilab-MILC 2022, JLQCD 2024, HPQCD 2024, Belle 2019, BaBar 2019
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Lattice QCD results: Flavor Physics

0.36
@ If the form factors are known, HFLAV Average
integrate to extract I' JLQCD
0.341 4+ Fermilab/MILC
—§~ HPQCD
) - T = atpendensy
D(Mp — Mpisht ghishty
030

@ The CKM matrix element cancels
out in LFU ratios 0281
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@ Pure first principles determination -

to compare with experiment 0275 0300 0325 0350 0375 0400 0425 0.450
R(D)
Fermilab-MILC 2022, JLQCD 2024, HPQCD 2024, HFLAV 2025
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Lattice QCD results: Quark masses

Confinement prevents us from
measuring directly m,

In LQCD we input bare masses,
unphysical
After renormalization (choose your

R
scheme), m;

o QCD spectrum must match our
result

Bare mass depends on the fermion
regularization

e We know how to connect my in

the lattice to mf;

T
u,d, s, c sea

Fermilab/MILC/TUMQCD 18
Gambino et al. 17

ETM 16
HPQCD 14 (NRQCD b)
HPQCD 14 (all HISQ)

u,d, s sea

Maezawa and Petreczky 16
HPQCD 13 (Y splittings)
HPQCD 10 (moments)

\
A

nonlattice

Mateu et al. 17
Ayala et al. 16
Beneke et al. 16
Kiyo et al. 15
Dehnadi et al. 15
Penin et al. 14
Narison et al. 11
Bodenstein et al. 11b
Chetyrkin et al. 09
Boughezal et al. 06
Brambilla et al. 01
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The cost
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The lattice is expensive

Medicine

i 0.2%
Biology Chemi;try

Computer Condensed Matter

Optics
2%

Science

High Energy
Physics

JUWELS Booster
~1,900,000 EFLOP,

Soft Matter/
Biophysics

Astrophysics

2%

Geoscience

LQCD major user of HPC resources
@ Usage of top HPC facilities ranges

from ~ 5% to ~ 40%

Some Key Performance Parameters

in HPC designs are based on LQCD

Early access, close work with
industry

o NDAs, especialized teams, etc

@ Run on any architecture

o CPUs vectorized
e GPUs since they were out
o ARM low-power clusters

Very high performant codes (e.g.
QUDA)
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The lattice outside LQCD
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Other applications: Nuclear Physics
@ /_\:inite Volume
Spectrum
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Bulava et al. 2026
@ Nucleon potentials

@ Spectrum of bound states (still difficult)
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Other applications: Condensed
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@ Ab-initio simulation of QED or gauged Z,, in crystals
@ Energy gaps, insulator-semimetal transitions, etc
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Other applications: Axion searches

@ Assuming a postinflationary breaking of the Peccei-Quinn symmetry

@ Estimate of m,, structure formation, power spectrum...
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Other applications: Quantum gravity

, 47

A

Scalar field on hypercubic lattice Dynamical lattice built from same hypercubes

@ Assume the quantum version of Einstein theory is renormalizable, dynamical
triangulations

@ Loop Quantum Gravity is quite amenable for lattice simulations
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Other applications: SUSY
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@ Simulate SUSY theories
@ Spectrum of different particles

Deconfinement —
3 ns
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o Lattice Gauge Theories are an essential tool to explore the Standard Model
o Best way to explore non-perturbative theories like QCD
e Opens the door to perform high-precision particle physics
LQCD simulations are critical for the Intensity Frontier
o LQCD uses significant resources
o Pushes the limits of HPC facilities
o Helps to develop new simulation algorithms
@ These developments find applications in other areas of physics

o Nuclear physics
o Condensed matter
o Other BSM: Axions, SUSY, QG...

LQCD is one of the most important fronts of Particle Physics research
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Thank you for your attention

Alejandro Vaquero (Universidad de Zaragoza & CAPA



Backup slides

Backup Slides

Alejandro Vaquero iversidad de Zaragoza & CAPA Lattice and HPC April 10", 2026



Lattice QCD results: Flavor Physics

H H H yHEY Gurinvous SPecTRUM
@ We can compute inclusive rates in ’50;:,«5 /—\ — —
LQCD Q(_g\ (
B — X v
@ Extract spectral function p(E) from
correlators |
|
{of CLEO | BESIN |8 CLEO+BESII | This work
o p(E) discrete in the lattice :” o :*
o Smeared p(F), well defined CL e o e
o Order of limits, important! A e s
e First a — 0, then smearing — 0 e T e e

ETMC 2025
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