Future prospects from Lattice QCD

[for flavour]

OPEN SYMPOSIUM
European Strategy ™Rty
for Particle Physics

2026 UPDATE

/;7_ -a . e“: : jlgm{x L " i" . {.-l:."l ‘:1 o
e LB o W

L s (TR LS I e 1
23‘27JUNE 2025 | I.NFN L - = -r.-._--v__nlu,.sutlf M 3 mm ,, e i . ifil

23.06.2025

Andreas Juttner

@southampton



The role of lattice QCD in flavour physics
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Flavour involves EW, EM and QCD physics

e vast range of energy scales
« EW gauge bosons — O(100)GeV
« photons, quarks, gluons [mesons, baryons] — few to hundreds of MeV
where QCD nonperturbative

But SM helps us a bit:

e current and future precision requirements allow to replace
weak gauge bosons by point-interaction described by an
Effective Hamiltonian Hy,

Chad ] B | hed Dg g e

£ o | Hulhad 290 Require model-independent tool to predict
nonperturbative QCD(+QED) contributions

in the Standard Model




An example — leptonic decay

e.g tree level leptonic B decay:
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SM tests:
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e A) over-constraining of SM params: experiment (lhs) + theory prediction (rhs) = CKM

» B) SM prediction tested by experiment (e.g. rare decays such as dI'(B — K*£¢)/dq?)
same principle for many other processes (rare ang tree decays, mixing, ...)
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 Discrete spacetime (lattice spacing a) as UV regulator -

e Finite volume of length L as IR regulator




|_attice QCD

Regulate quantum field theory:
e Finite volume of length L as IR regulator
e Discrete spacetime (lattice spacing a) as UV regulator

Compute hadronic matrix elements as expectation values of Euclidean lattice path integral:
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| attice QCD

e Finite volume of length L as IR regulator
e Discrete spacetime (lattice spacing a) as UV regulator

Compute hadronic matrix elements as expectation values of Euclidean lattice path integral:
n — |y 1 a a v 1, -
<O|O‘O> — % fD[U7 77b7 w]Oe Slat[anaw] £QCD:—Z WF +;¢f(w Dﬂ—mf)wf

Fix free QCD parameters:
+gauge coupling g = as=g/4n
+quark masses mr=u,d,s,c,b,t

One measured input per QCD parameter from PDG:
e.g. My, f, My, M, , Mg,

Continuum/infinite-volume limits need to be taken.
Lattice QCD predictive from first principles,

i.e. no model assumptions, incorporating u, d, s, ¢
. vacuum polarisation effects




What's state-of-the-art of lattice for pheno?

Quantity Sec. || Nf=2+1+1 | Refs. Ny =2+1 | Refs. Ny =2 Refs.
fp[MeV] 71 | 212.0(7) [20, 43] 210.4(1.5) | [28, 59-61]
fp.[MeV] 7.1 || 249. 9(5) 20, 43] 247.7(1.2) | [28, 29, 60-62]
3 ‘ 1.174(7) [28, 59-61]
0.666(29) | [64]
0.747(19) | [66] STCF
20, 36, 67, 68] || 192.0(4.3) | [60, 6
6, 67, 68] || 228.4(3.7) | [60, 6 LHCDb
6, 67, 68] || 1.201(16) | [60,
AN BESI
77 @) | [, Bellell
[77] 1.30(10) 71,
[77] 1.35(6) 71, terra Z
[77] 1.206(17) | [71,
Bg,/Bg, 8.2 | 1. 008(25) [77] 1.032(38) | [71, 79 1.007(21) | [73]
Quantity Sec. Ny=2+1land Ny =2+1+1 Refs.

OxN [MeV]
os[MeV]
<$ ) u—d

(T) Au—Ad
(T)su—sd

10.4.1
10.4.1
10.4.1
10.4.4
10.4.4
10.5.1
10.5.1
10.5.1

0.784(28)(10)
—0.204(11)(10)
—0.0027(16)
60.9(6.5)
41.0(8.8)
0.158(32)
0.213(27)
0.195(25)

Quantity Sec. Ny=2+1+1 | Refs. Ne=2+1 Refs. Ny =2 Refs.
myd[MeV] 4.1.1 || 3.427(51) [7-9] 3.387(39) [10-16]
m[MeV] 4.1.1 || 93.46(58) [7-9, 17, 18] 92.4(1.0) [11-15, 19]
[7, 8, 20, 21] 27.42(12)
[9, 23] 2.27(9) _
9, 23 167(9) input to theory
(23, 25] 0.485(19)
[7-9, 18, 26, 27] || 0.991(6) [15, 28-32] ||
9, 34-37] 4.171(20) :
(38, 39] 0.9677(27) -
[20, 42-45] 1.1916(34) NA62/ KOTO( ")
130.2(8) [10, 12, 46, 47]
[21, 42, 43, 45] | 155.7(7) [10, 12, 46, 47]
1.50(4)(14) x 1078
—8.34(1.03) x 10713
[52] 0.7533(91)
: [52] 0.488(15) e :
0. 79(6) [52] 0.757(27) [55, 56, 58] 0.78(4)(2)
By 0.78(2)(4) [52] 0.903(14) [55, 56, 58] 0.76(2)(2) [57]
Bs 0.49(3)(3) [52] 0.691(14) [55, 56, 58] 0.58(2)(2) [57]
Quantity |[Sec. Ny =2+1+1 | Refs. Nf=2+1 Refs.
g4 10.3.1 || 1.263(10) 88-91] || 1.265(20) 92-96]
ged 10.3.1 || 1.085(114) 90] 1.083(69) 93-97]
gf_,ﬂ_d 10.3.1 || 0.981(21) 90, 98] 0.993(15) 93-96

100]
100]
100]
26, 101]
107]
98, 109
109]

98, 109

nucleon structure

nEDM

42.2(2.4) 102-106]
44.9(6.4) 102-108]
0.153(13) 96, 110, 111]
0.200(13) 96, 110]
0.206(17) 96, 110]

[15, 18, 80-87]

iInput to theory

Decay form factor || fit Sec. |Fig. Tab. Refs.
Np = 24141
D — KEU I+ fo lat 7.2 18 30 (63, 65, 123]
32 (63, 65, 123]
46 [134]
47 (135]
[135]
53 [135, 144-148

STCF
LHCb
BESIII

Bellell

FLAG

Flavour Lattice Averaging Group
http:/flag.unibe.ch

FLAG 24 arXiv:2411.04268

FLAG tries to answer:
“What is currently the best
lattice value for a particular

quantity?”

iIn a way that is readily
accessible to those who are not
expert in lattice methods.


https://arxiv.org/abs/2411.04268
http://flag.unibe.ch

relative precision [%0]

N

Precision quantities discussed FLa(s
iIn FLAG?24 nttps/fiag unibe.ch

Exploiting future experimental facilities in full
sets a high bar for future (5, 10, 20 years)
lattice simulations in terms of

® software/computing/algorithm

® precision

® set of calculated observables



http://flag.unibe.ch

Relevance for European Strategy

Flavour and nonperturbative physics in the European Strategy submissions

pions:

e T > LU

e 77 = 7Vety

° ‘ Vud‘
[115] PIONEER

kaons:
e K — K mixing
e K (rare) L/SL decays
(K - n¢(w), K — 7€)
* rare hyperon decay
o K; — K interference,

o | Vil

[55] Kaon community
[81] LHCb Upgrade II
[155] KOTO(-1l)

charm:
e D — D mixing
e D (rare) decays

(D — ntt, D — hh(?, ...

e D hadronic decays

® ‘Vcd‘alvcsl

[81] LHCb Upgrade i

[188] LEP3

[196] FCC

[205] Belle-ll/Super KEK B

[223] ATLAS, Belle-Il, CMS, LHCDb
[231] STCF

nEDM:
N Lw(n(p) | 0¥ |y*(on(p))

l

[158] EDM community

bottom:

B_u, d.s.c (rare) L/SL decays

(B - Kfv, B — D**¢p,

B((;) —utu=, B - K% -, ..)
A, Sl/radiative decays

(A, — pCu, Ag — Ay)

B(S) - B(S) miXing

hadronic decays
inclusive/exclusive

‘Vub"‘Vcb‘

[81] LHCb Upgrade li

[188] LEP3

[196] FCC

[205] Belle-ll/Super KEK B

[223] ATLAS, Belle-Il, CMS, LHCDb

L: leptonic
SL: semileptonic


https://indico.cern.ch/event/1439855/contributions/6461569/
https://indico.cern.ch/event/1439855/contributions/6461518/
https://indico.cern.ch/event/1439855/contributions/6461459/
https://indico.cern.ch/event/1439855/contributions/6461491/
https://indico.cern.ch/event/1439855/contributions/6461570/
https://indico.cern.ch/event/1439855/contributions/6461491/
https://indico.cern.ch/event/1439855/contributions/6461601/
https://indico.cern.ch/event/1439855/contributions/6461584/
https://indico.cern.ch/event/1439855/contributions/6461621/
https://indico.cern.ch/event/1439855/contributions/6461613/
https://indico.cern.ch/event/1439855/contributions/6461647/
https://indico.cern.ch/event/1439855/contributions/6461491/
https://indico.cern.ch/event/1439855/contributions/6461601/
https://indico.cern.ch/event/1439855/contributions/6461584/
https://indico.cern.ch/event/1439855/contributions/6461621/
https://indico.cern.ch/event/1439855/contributions/6461613/

Example: CKM ME determination

lattice computes hadronic matrix element
(decay constant, form factor, mixing-matrix elements)

combined analysis of state-of-the-art lattice results & experiment allow for
O( % )-precision determination of CKM ME

precision over-shadowed by tension between inclusive and exclusive
determinations — needs to be understood and resolved (e.g. |V, |, | V., |)

lattice now working on this (next slide)
future experimental projections

e PIONEER 6|V ;| ~ 0.05% [115]

e STCFS{|V, |.|V.4l.|V..|} ~O(107) [231]
o ATLAS/Belle-Il/CMS/LHCb 6|V, ;| ~1.2%,6|V.,| ~ 1 % [223]

Lattice input for CKM with 1%-goal will be possible on
experimental time scales.

Going beyond requires theoretical and algorithmic
developments, which is happening now.

Exclusive determinations
of |V, | and |V, |
based on lattice simulations

FLAG2024
4.5
: B-D™{v
] B-DJv inclusive
| B-Ttv
4-. ] /
| : ;

-------------------


https://indico.cern.ch/event/1439855/contributions/6461518/
https://indico.cern.ch/event/1439855/contributions/6461647/
https://indico.cern.ch/event/1439855/contributions/6461613/

FCAG2024 FLAG 24 summary of
| |V, |,|V.,| exclusive

. O
4_5f showing tension with inclusive te n S I O n
TR [ ch

B-DJv inclusive

Inclusive decay B — X, £V,

e tension with exclusive persisting and real bottle-neck for pheno
e existing determinations OPE based

* new ideas allow for lattice computations: Hansen et al, (2017) PRD 96 094513 (2017)
Hashimoto PTEP 53-56 (2017)

e first result for B, — X £ inclusive diff. decay rate Bailas et al. PTEP 43-50 (2020)
S C Gambino and Hashimoto PRL 125 32001 (2020)

------------------- [Barone et al. JHEP 07 (2023) 145] Gombino ot 2. LHEP 07 (2022, 03
Barone et al. JHEP 07 (2023) 145
3 — =P 07 (2023)
Vep| % 10 o for D, = X¢U first CKM result| V. | = 0.951(35) Barone et ol arXv:2604.03358
[De Santis et al. arXiv:2504.06064] De Santis et al. arXiv:2504.06064
Based on [FLAG24 arXiv:2411.04268] and [Brod et al., PRD 125, 171803 (2020)]
—I dependence of 6|ex| on 6|V p| i i
o5 | == £x=2.228(11) - 1073 experiment PDG24 | 1 B
perturbative systematic 3.0% : \/?X, q?naX=5.86O GeV?
nonperturbative systematic 3.5% I I~
parametric systematic 2.8% : :% 407
201 ESPP2026, preliminary | ig 351
I oO G
I I c
I 13 301 . .
<] IE 'S . Progress in lattice QCD could
— I 19 = 257 - - . .
& < E o) be decisive in resolving
o | g %
| = 3 T . .
0103 ¥ 15 incl. diff. decay rate the |V, land |V, | puzzles,
1 Iz 10- — . .
: :9 B, — X (0 strengthening crucial SM tests.
54 | :;g 5
I
Inclusive-exclusive puzzle for |V, | 01 |
limits SM prediction of €, ! : g ’ ’

6|Vep| [%] 9


https://arxiv.org/abs/2305.14092
http://arxiv.org/abs/2504.06064
https://arxiv.org/abs/1704.08993
https://arxiv.org/abs/1703.01881
https://arxiv.org/abs/2001.11779
https://arxiv.org/abs/2005.13730
https://inspirehep.net/literature/2056824
https://arxiv.org/abs/2305.14092
https://arxiv.org/abs/2504.03358
https://arxiv.org/abs/2504.06063
https://arxiv.org/abs/2504.06064

Going below %-level precision

e Strong isospin breaking (sIB) e QED

Numbers from FLAG 24

m, — my
m, =2148)MeV  m,=4705MeV ——< ~ 0(1%)

_ A
MS(2GeV) QCD

e Combined QCD+QED/siB treatment needed

« Already known how to include QED/sIB for hadron spectra, (g — Z)ﬂ and some leptonic decays

e Further theory/algorithmic development is required for extending to more complicated

guantities (SL decay, scattering, ...), but there are no known show-stoppers

[Duncan et al. PRL 76 1996, Hayakawa, Uno Prog.Th.Ph 120 2008, Endres et al. PRL 117 2016, Lucini et al. JHEP 02 2016, ...], [BMWc Science
347 2015, Lubicz et al. PRD 95 2017, Davoudi, Savage, PRD 90 2014, Endres et al. PRL 117 2016, Lucini et al. JHEP 02 2016, Davoudi et al. PRD
99 2019, J. Bijnens et al. PRD 100, 014508 (2019), Hansen PRL 123 (2019) 172001], [RM123+SOTON, PRD120 (2018), PRDD100 (2019)],

[Carrasco et al. PRD 91 2016]

e continuum and infinite-volume limits, signal-to-noise (from MC integration)
e algorithmic research (classical MC as well as new directions Al/ML)

* ties into scaling and performance on novel compute architecture There are dedicated efforts under
[Finkrenrath, arXiv:2402.11704]

way to tackle these issues
(e.g. within NGT@CERN)

10


https://inspirehep.net/literature/1971260
https://inspirehep.net/literature/2634599
http://www.apple.com/uk

illustration arXiv:2404.02297

W

€x, €' /€, AM
[Bai et al. PRD 2024]

Inclusive semileptonic ) and D, decay

[Barone et al. JHEP (2023)], [Barone et al. arXiv:2504.03358],
[De Santis et al. arXiv:2504.06063], [De Santis et al. arXiv:2504.06064]

Examples for

new and exploratory directions

in lattice QCD for flavour

pH(kT)

long-distance effects in
rare leptonic decays

e g K — ff illustration LHCb
[Chao et al. PRD 2024] %?Q

20

s At
=1

rare hyperon decay
[Erben et al. arXiv:2504.07727]

%\\ ’”],-‘ b BB b—suu R, (e/p) b—s1t b—svv
3 K 34— 24 ! ’ | bocpv R,. (e/p) b—crtv =
| _ b—d Ry (e/p) b—dtt | b>dvv . - a.v-—,- . et
o - T 3‘1 - lq b—dy By By b—u ﬁt’l Rbu(e/t) b—ur1v k t.))-'“ ' i
QCD+QED for semileptonic decays : N C long-distance contributions to
Christ et al. arXiv:2402.08915 2. = cou DD | cospv | Ry(e/
[ ] 01, Y T | Rl rare kaon decay
[Boyle et al. PRD 2023]
N
» ll‘+
long-distance contributions to S VNPVl
- Y
charm mixing 5005 ¢
[Di Carlo, Erben, Hansen arXiv:2504.16189)] short/long—distance contributions to

W= d, s, b

c W

11

radiative decays

U, /\_/\/_\/\/ C 'U,: > =C
g 0 0550
E’\/\?\/’i - —< < - e'g' BS _> //t//t}/’ DS _) fyfy
u c 455 U

mage arXiv:1701.05016 [Frezzotti et al. PRD 2024], [Frezzotti et al. PRD 2024]



https://inspirehep.net/literature/2034230
https://arxiv.org/pdf/1701.05916
https://arxiv.org/abs/2504.16189
https://inspirehep.net/literature/2758357
https://inspirehep.net/literature/2910459
https://arxiv.org/abs/2305.14092
https://arxiv.org/abs/2504.03358
https://arxiv.org/abs/2504.06063
https://arxiv.org/abs/2504.06064
https://inspirehep.net/literature/2693461
https://lhcb-outreach.web.cern.ch/2024/06/07/observation-of-the-rare-%CF%83%E2%86%92p%CE%BC%CE%BC-decay/
https://arxiv.org/pdf/2306.05904
https://inspirehep.net/literature/2755393
https://arxiv.org/abs/2406.07447

credits: Frontier
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Lattice community submission [29], [168]:
* Access to Tier-0/1 computing resources

* Access to large-scale data storage (processing and data curation)
e Support for training and career-perspectives for
research-software engineers (RSE)
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https://indico.cern.ch/event/1439855/contributions/6461426/
https://indico.cern.ch/event/1439855/contributions/6461573/

Summary

The physics in many of the flavour submissions rely on first-principles predictions of
hadronic matrix elements — lattice QCD(+QED)

Lattice QCD(+QED) will be playing an increasingly prominent role in flavour physics

e inthe HL-LHC/Belle-lI/BESIIl era and beyond

e at the precision frontier (e.g. leptonic, semileptonic tree decays)

e in terms of the computation of a increasing set of long-distance contributions and
rare processes

Current and future experimental landscape provides excellent incentives for lattice QCD
to further develop. The lattice community has demonstrated to be creative and able to deliver, in

particular if clear expectations and objectives exist (see (g — 2) )

In order to deliver, the lattice community will require support on ([29] and [168]):
e access to state-of-the-art high-performance computing resources

* increasingly also storage and data curation

e support for hardware-specific software development

13


https://indico.cern.ch/event/1439855/contributions/6461426/
https://indico.cern.ch/event/1439855/contributions/6461573/

