Flavour on the lattice  Avress Juner
R @southampton



https://nextgentriggers.web.cern.ch

S/(S+B) weighted events / GeV

Testing the Standard Model

Understand and predict and confirm old physics model-independently
(QCD parameters, hadron spectrum, decay, scattering, ...)

Search for new physics
» direct searches — ‘bump in the spectrum’
» indirect searches — overconstrain SM

19.7 fb' (8 TeV) + 5.1 fb (7 TeV
x10% ( ) ( ) 0.7T————T1————

//I 1 1 I , 1 I 1 I // 1 T 1
a5k CMS S/(S+B) weighted sum - Today S -
E H — YY é Data B I \ ~~~~~~~~~~ ///
3p o 0.6  European Strategy s
C —— S+B fits (weighted sum) i for Particle Physics S
o5k -=-==- B component 3
0.5F
2 2 -\\\ ________________
15F 0.4 e Y A
11 2 S U R £
E 0 =1.1470% s P
0.5 m,=124.70 = 0.34 GeV 03F .
oL T b
200} 0.9 UL
o7, AN ., ¢ 4 L 8gH TN
0 0.1 o
-100 -
[ . ) N | R 1 R SR . . )
110 115 120 125 130 135 140 145 150 0.0
—0.2 0.0 0.2 04 0.6 0.8 1.0
m,, (GeV) ~



Testing the Standard Model

» Understand and predict and confirm old physics model-independently
(QCD parameters, hadron spectrum, decay, scattering, ...)

 Search for new physics
» direct searches — ‘bump in the spectrum’
» indirect searches — overconstrain SM

19.7 b (8 TeV) + 5.1 fb™ (7 TeV)

Requires
* Improving precision+accuracy

x10% 0.7 . o, o
sl CMS R _ » discover new opportunities
32? ¢ Data 06__

—— S+B fits (weighted sum)
-=-==- B component

» develop new techniques

0.5 -

F @ o=11450% ==
05 i, =124.70 + 0.34 GeV 0.3
[ -

S/(S+B) weighted events / GeV

200
100 -

0

-100 [ i
110 115 120 125 130 135 140 145 150 OQ —

m,, (GeV)




Testing the Standard Model

» Understand and predict and confirm old physics model-independently
(QCD parameters, hadron spectrum, decay, scattering, ...)

 Search for new physics
» direct searches — ‘bump in the spectrum’
» indirect searches — overconstrain SM

19.7 b (8 TeV) + 5.1 fb™ (7 TeV)

Requires
* Improving precision+accuracy

x10% 0.7 . o, o
sl CMS R _ » discover new opportunities
32? ¢ Data 06__

—— S+B fits (weighted sum)
-=-==- B component

» develop new techniques

0.5 -

F @ o=11450% ==
05 i, =124.70 + 0.34 GeV 0.3
[ -

» experiment + theory

I'=Weak + EM + QCD
PT PT  PT+nonPT

S/(S+B) weighted events / GeV

200
100 -

0

-100 [ i
110 115 120 125 130 135 140 145 150 OQ —

m,, (GeV)




Flavour-Experimental landscape

LHCb (~300 fb-2)
(also ATLAS,CMS) Runs 5-6 Upg. Il

BESIII
STCF commissioning ~2033, then running
KOTO KOTO I construction KOTO Il Phase I & I
NA62

PIONEER

FCC-ee —
' ' ' I
2025 2050



Flavour-Experimental landscape

examples for physics
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Flavour-Experimental landscape

examples for physics

B — KYup, inclusive B decays,
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Relevance for European Strategy

Submissions for flavour for the Update of the European Strategy for Particle Physics
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Matrix-element classification

Weak gauge bosons so heavy that we can replace them by point-interaction described by an Effective
Hamiltonian H,; — compute their expectation values in QCD(+QED)

1st order EW:
<P/‘Heff‘P>

e.g.
. tree-level leptonic and semileptonic decay
e short-distance contributions to 2nd-order

processes (rare decays, mixing, ...)

Minkowski <> Euclidean

“1”"s and signs
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Weak gauge bosons so heavy that we can replace them by point-interaction described by an Effective
Hamiltonian H,; — compute their expectation values in QCD(+QED)
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Matrix-element classification

Weak gauge bosons so heavy that we can replace them by point-interaction described by an Effective
Hamiltonian H,; — compute their expectation values in QCD(+QED)

Minkowski <> Euclidean

st order EW: €.g. (0|A |K)
(P'| Hyt | P) . tree-level leptonic and se 8
 short-distance contributi (7| V,|B) “1”"s and signs
processes (rare decays, mi (B| O*B=2| B)

1st order EW: e.g. “i"s and signs
<P,P”‘Heff‘P> - hadronic decay | 7). O; 5] | B) AND
ond order EW- » long-distance effects in rar - ’AB . depending on kinematics:
(P'| TIH.; H.o|1P) | meson mixing (B|T[O™"=07"']| B) Liischer or spgctral

’ ’ reconstruction




Part | — 1st order EW

(decay constants, form factors, LECs, .
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Phys.Rev.D 113 (2026) 1, 014508

Lattice-QCD results increasingly

hitting 1%-error barrier.
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Precision quantities discussed
iIn FLAG24

’ FLAG

Flavour Lattice Averaging Group
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http:/flag.unibe.ch
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Lattice-QCD results increasingly
hitting 1%-error barrier.

“Edinburgh consensus”

QCD isoQCD
M+ | 135.0 MeV | 135.0 MeV
Mg+ | 491.6 MeV | 494.6 MeV

Mo | 497.6 MeV | 494.6 MeV
Mp+ | 1967 MeV | 1967 MeV
Mpo | 5367 MeV | 5367 MeV
St 130.5 MeV | 130.5 MeV
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Quark Masses and decay constants

Talk by Fernando Perez Panadero
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Kaon semileptonic decay K — n£v,

determination of LECs and |V |
Talk by Takeshi Yamazaki

PACS collaboration based on [PRD 101 (2020), PRD 106 (2022), PoS (L ATTICE2024)] 0.9801 @ Nooe1s1 conserved 'f((;) Preliminary - " Preliminary  ,my I.FNLUM.M
: & Moo | ' Ni=2+1+1 —A— ETM 16
. ]\Gf =7 + 1 & 2 + 1 + 1, WI|SOﬂ M};hys, a 004, 006, 008, L~ 10fm 0.975—(|;1D N=2+1 conserved % - l_:_l'_"‘ EFN.AUMIL((T;M. -
|| & N=2+1a=0 limit | N This work (preliminary
° I . — 0) E‘O 0.970} N DT R - N N a8 .I:is WST7(pre'imi"ary)
PDG |npUt. T, K o b _ % f:::g—— # ol szvf —24+18& N=2+1 S Egz%fgms
+ NLO yPT fits R 2eleim e -
| B2 U AETM09
- IB corrections NLO ChPT smaller than stat. error T ﬁ el < Daveon tas 0
. sea-charm effects smaller than stat. error N ‘a;[)f-ig; o005 o008 o35 oim ok otn k0
FNAL/MILC Collaboration Talk by Ramén Mers
(Material from Ramon Merino) a Yy kamon Mierino
» FNAL/MILC HISQ N; =2 + 1 + 1 ensembles | oo . ; K = ]Z.fyf form factor
- multiple PQ light and strange masses: | —c =000 m . ; 3 :" |
0.130 O PS I |
¢ [ ¥
my; = (1/20, ..., 1/5)mP™s, m = (1/10, ...,3/5)mP™* B A
: - el o X o 5 I
» fit ansatz with terms NLO PQSChPT, NNLO PQChPT, jmo “w & F \ ¢ i 2. e Sy
. : 8;3 : a ~ 0.15 tm : —f— New ensembles
analytic terms O(aga®, a,a*m, m?) | & et o q <o [ A (o ssirapoar
¢ - > (0.1.0 : I o~ 0.06 fm: —4- 2018 Result uncertainty '
e —> FO, BO, L4, LS, 2L6 - L4, 2L8 - L5 + PQCh PT-ConSt. 0.110 ¢ ecay COnSta nt ata : Eg?é : B o~ 0.04 fm : (Central value shifted for complamson)
0.2 0.3 0.4 0.5 0.6 0.7 phys 0.1 n 0.2
(1, +my,) /mbhs my/mg

- also updated f,(0) analysis correlated with LECs


https://inspirehep.net/literature/1773462
https://inspirehep.net/literature/2176495
https://inspirehep.net/literature/2857258
https://indico.global/event/16565/contributions/161716/
https://indico.global/event/16565/contributions/161695/

Kaon semileptonic decay K — n£v,

determination of LECs and |V |
Talk by Takeshi Yama_zaki

PACS collaboration based on iero1012020) R0 106 (2022), Pos (LaTTICE2028)] ossof]8 e, T

f ((I)) | Prelliminéry - Preliminary — y-m+ W FNALMILC 19
. 13 | - Nzt —a— 1o
. ]\Gﬂ =7 + 1 & 2 + 1 + 1, WI|SOn M};hys, a 004, 006, 008, L~ 10fm 0.975—3 N=2+1 conserved % - I_l_._‘"*__l'_*" ::"'.AUM"'((:”. -
|| O N=2+1 a=0 limit | N his work (preliminary
I . 0 =0 og70 - W 4 I g N H-@H .I:S:;T7(pre'iminary)
o PDG |npUt. T o K o _ % f:::;—- # cl Ofo =24+1& N=2+1 H——+— Egsmfg?":s
« NLO yPT fits s ' ——a— Baviind
. IB corrections NLO ChPT smaller than stat. error =T | am not aware of a fully developed or executed
. sea-charm effects smaller than stat. error L strategy for the inclusion of IB/QED corrections
for this quantity (and any semileptonic decay
FNAL/MILC Collaboration S with charged leptons final states).
(Material from Ramon Merino) d y kamon ierino See [Christ et al., arXiv:2402.08915]
. FNAL/MILC HISQ N; =2 + 1 + 1 ensembles e . K — nfv, form factor?
. multiple PQ light and strange masses: -0 . . U | ¥ [
0.130 O o } < ! I B :
my; = (1/20, ..., 1/5)m™*, m = (1/10, ..., 3/5)m"" = ee S b g ;
: : E 'S p R S0 I I
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e = Fy, By, Ly, Ls, 2L, — Ly, 2Lg — Ls + PQChPT-const. ol degay constantdata 7. | | Zihhni & EHRRE e
) 3 0.4 - my)(}.;lfhw 0.6 0.7 Ay . /. )

- also updated f,(0) analysis correlated with LECs
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A1(g?)

D, semlleptomc

determlnatlon

D —> ¢fl/f [Fan et al.arXiv: 2510.14478]

0.71

0.6

0.71

0.67

0.87

0.6

0.87

0.67

0.4r

- seven N, =2+ 1 CLQCD Wilson Clover ensembles
a = 0.052 — 0.105tm, M = 210 — 320MeV t pt. src.@0  wall src.@-1,
C
« Measured by BaBar, CLEO, BESII| S
» scalar-function analysis [Tuo et al. PRD 105 (2022)] $(x)
only connected contributions -
« ground-state fits (various src-sink seps. up to 1.6 — 2.0 fm)
(long time-range, but maybe an ES analysis would still be
helpful to ensure GS correctly identified)
| V.| determination
a~ 0.078, Mﬂ ~ 300 MeV B G b s 721"y G b ; Unitarity ‘ 0.97349 + 0.00016  Phys. Rev. D 110, 030001 (2024)
(i) V (¢2) at F32P30. (ii) Ao (%) at F32P30. L2 orrhos A°‘7°' ]
. ] T (;%::: HFLAV 0.9701 * 0.0081 arXiv:2411.18639
. 0.75¢} I '
IIIIIIIIII ] 050l IIIIIIII} 1.0f ! 0.64}
Lo o5l I =1 ] ool " 062} PDG ’ 0.975 * 0.006 Phys. Rev. D 110, 030001 (2024)
= 1 =
* o St a1 1 08— 6z oo 0z 04 06 05 I 64 =62 0o 02 04 06 08
B - - U N | A G BESIII 0.9623 + 0.0046 Ph
L wes AT | ool 1w ) 9623 % 0, ys. Rev. D 110, 112006 (2024)
] o ‘ < ol - i ] T l Lol e Lol == lobana & rFaara0
B o He 0501 R N l a8 e & ¢ o HPQCD e—  1.017 + 0.064 Phys. Rev. D 90, 074506 (2014)
T 1ARr=3 - 0.25F T J|Aip=3 gl ¢ C323 ¢ HaEe3 00 L NN 4 T
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https://arxiv.org/pdf/2510.14478
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.054518

+ Ny=2+1+1FNAL/M
» two projects in parallel:

« physica

b HISQ on finest ensemble ® i
(size of discretisation effects: for B, — D, on
a = 0.03, 0.04fm ensembles 6(a

» b and ¢ Fermilab action (less advanced, working
on large number of channels simultaneously =

determinationof |V . |, |V,

Talks by Nicholas Cassar
and Akhil Chauhan

LC HISQ, a = 0.03 — 0.09fm

~ 1 —20)

min)

® 1000 confs x src

1/61

(B - Dtv,B; > Dfv,B — D*¢v, B, > D¥¢tv, "o & ®
B — ﬁ'fl/, B — Kfl/, BS —> Kfl/) 0.06 0.'09a(fm) 0i2 0l
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D, semileptonics

, rare decay
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+ Ny=2+1+1FNAL/M
» two projects in parallel:

. physical b HISQ on finest ensemble
(size of discretisation effects: for B, — D, on
a = 0.03, 0.04fm ensembles 6(a ~ 1 —20)

min)

b and c Fermilab action (less advanced, working

on large number of channels simultaneously
(B— D¢v,B, » Dfv, B— D*¢/v, B, » D¥(v,
B — ntv, B - Kfv, B, - K£v)

. KEK/Osaka talk on B, — KZv by Junya Tokoro

LC HISQ, a = 0.03 — 0.09fm

£
g

Talks by Nicholas Cassar

d Akhil Chauh
B 2—0.09 .
200 |
. = 1000 configurations
£ “ ® ‘
g
10 O ®
4 @ e @
0 0.04 0.09
~ a [fm]

® 1000 confs x src

1/51
. 1/6-
1/101 o
ool @ @ O
0.06 0.09 0.12 0.15
a(fm)

« ALPHA talkon B, —» K¢Zvand B — zZ'v by Antonino D'’Anna
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, rare decay

D, semileptonics

determinationof |V . |, |V,
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D semileptonics

determination of |V . |, | V.

, rare decay

0 0 o

Talks by Nicholas Cassar |z ,;, | E
and Akhil Chauhan ’!’ ié‘ f/,

Q090
. N;=2+1+1FNAL/MILC HISQ, a = 0.03 — 0.09fm L A
 two projects in parallel:
. physical b HISQ on finest ensemble = F= T S M
(size of discretisation effects: for B, = D, on *? : :
a = 0.03,0.04fm ensembles §(a,;.)) ~ 1 — 20) “ o o] e, ., IN ’ 0
b and ¢ Fermilab action (less advanced, working ALY [Py 3131 bl
on large number of channels simultaneously .““M hl
(B— D¢v, B, — D{v, B — D*¢v, B, — Ditv, "o &
B — ntv, B — K¢v, B, — Ktv) IO | am eagerly looking forward to these new results

coming out.

Tensions amongst form factor computations for SL
. KEK/Osaka talk on B, — KZv by Junya Tokoro

D and B(S) decay discussed already in Tobi Tsang's
» ALPHA talk on B; - KZvand B — zn£'v by Antonino D'Anna Liverpool talk still persist and need to be resolved

urgently!
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Baryon transitions

A — pf U [Bacchio, Konstantinou PRL 135 (2025), Alexandrou et al. PRD 114 (2026) ]

.+ § — utransition = |V | (not yet competitive)

experimentally measured at BESIII and LHCb
single ensemble N;=2+1+1,a=0.08fm, Mghys
ES: summation method and ES-fits

Good agreement with experiment, with relatively large errors

Talk by Stefan Meinel

EZ — BEpp, B, — 2y [Farrell, Meinel PRD 111(2025)], [Farrell, Meinel PRD 113 (2026)]
+ Ny =2+ 1(DWF),a =0.002 — 0.01, M, > 230MeV, RHQ b dark
 ‘chiral-continuum-kinematic’ fit based on BGL-type z-expansion
e rare b — s transition complementary to

B - KOuy, B, — ¢uu, where tensions seen
» initial state polarised, plenty of Dirac structure,

angular observables

being analysed by LHCb, thus LQCD results are proper prediction

12

| T 1 | 1
2.50E _‘ B ﬁ %!
x & - =
£2.00F L e L 2263%  1.73% 64.22%  11.42% | |-
= 67.04% 32.96%
- 2 State Fit
Summation
84% 0.16%
B 1.84%  18.54% o
= 1T
D — - = T } T
1 ! 1 | | ! ! | ! 1 |_L _T - | !
-0.50 -0.25 0.00 0.25 0.50 0.6 0.8 1.0 1.2 1.4 0.6 0.8 1.0 1% 10% 100%
(tins — ts/2) [fm] ts [fm] tlow [fm] Fit prob.
T T [ [ I [ I [ T [
. i , X104 x10~4 | @
This Work —_— ThlS WOI‘k | | [ - | | E: - {
with mEPS, mEDG |- o DG i | | | :
Cabibbo et al. |- =5l with mpy==, Mp~" | o H o v
CKM Unitarity - b PDG + I—'—| - I = { ~ I i = {
T Xaar ] BESIII- —=— | - - |
K-n, - H
. ; LHCb}- : —— B
T= 1,y I
PDGave.| o QCD Sum Rules [ - | ]
I I | | | | | | | | | 1 | |
0.22 I(\)fi? 024 7.2 7.6 8.0 8.4 1.20 1.35 1.50 1.65 0.175 0.200
B(A-pev,) B(A-puv,) RHre
e R R3] 23] S Eatu

dB/d¢? [1077 GeV~Y
V [1]
Sl

10
¢* [GeV?]

= o Eutu

10
¢ [GeV?]

5 o =t

10
¢ [GeV?]
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Data representation:

We need better access to th. & exp. data for

reproducibility and data comprehension. Experiment

and theory should

« provide data in digital format (e.g. Zenodo, HEPdata)
together with code (e.g. fit functions with
parameters)

« central values + covariance matrix is not always
enough — we need histograms or resampling data
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s(6) =max[1, 1+ 2(6 - 3)/3]

Continuum limit: a
FLAG considering data-driven criterium
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i = 1@ = 0] )

GQ 1

— y=6
——- y=5(6)
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» not currently used as criterium but monitored

where possible
. error inflation s(0) = max[1,1 + 2(0 —

3)/3] in FLAG averages?

» required information hard/possible to extract

(complicated global fits, a, mg, kinematics, ...)

- Related idea: provide less complex analysis also for simple

See [Della Morte, Tsang EPJST 233 (2024)]
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Some remarks on Part |

We need to extend set of observables
for which we control QED/IB corrections

inclusive 7 decay Talk by Erik Baske

radiative decays Talk by Xin-Yu Tuo

systematics Talks by Davide Giusti,
Alessandro Cotellucci
David Albandea
6’/6 [Christ, Lundstrum arxiv:2606.26336]

a lot of activity in context of (g — 2)ﬂ
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Some remarks on Part |

We need to extend set of observables Excited-state effects in form-factor analysis
for which we control QED/IB corrections [Tiburzi PRD 91 (2015)], [Béar et al. EPJC 83 (2023), PRD 103 (2021),

PRD 101 (2020), PRD 100 (2019), PRD 99 (2019)]
- NME community has long recognised ES effects

inclusive 7 decay Talk by Erik Baske L . .
Y y as significant and challenging systematic effect

radiative decays Talk by Xin-Yu Tuo « EFT can provide excellent guidance
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Excited states in B = nf’v,

[Bar et al. EPJC 83 (2023)]. [D'’Anna et al. POS 2026 246]

preliminary results by Oliver Bar, Antoine Gérardin, Simon Kuberski, Rainer Sommer

Two analysis methods:

1. ratio with overlaps from 2pt-fit

(00, |7)(B| 0p|0)
HMyPT predicts large ES state contamination

Sh (t,t,;p) = — e EPh - NLO + ...

2. GEVP for 2pt determines ground-state EV v, (7, #)

eEBth/Z R (Z‘ )
— C/J(t?(tﬂ, Iy p)v(),j(tha o)
(i) (016, 7)

M (1 5 P) = o Eli o XD,

M (1 5 P) =

15


https://inspirehep.net/literature/2665702
http://PoS%20LATTICE2025%20(2026)

Excited states in B = nf’v,

[Bar et al. EPJC 83 (2023)]. [D'’Anna et al. POS 2026 246]

preliminary results by Oliver Bar, Antoine Gérardin, Simon Kuberski, Rainer Sommer

Two analysis methods:

1. ratio with overlaps from 2pt-fit

AE (p)CY(1,, 1; P)

(0] 0, | z)(B| Og|0)

eEBthe

E (p)t,

HMyPT predicts large ES state contamination

Sh (t,t,;p) = — e EPh - NLO + ...

2. GEVP for 2pt determines ground-state EV v, (7, #)

M (1 5 P) =

€

R(1,)

COX

vV 2o(tys to) 0|O_ |7y */

L s PV, j(tha o)

15

B 2pt GEVP {n single,m 2}-hadron interpolators

0.8 1

0.3 I I I N R R
2 4 6 8 10 12 14 16

t/a

i M, = 280MeV . ;giifzﬂh dron ES
H] a=0078fm | 081 " | § cevpas |
|| static b-quark -1 ¥ GEVP1-hadron ES

07l -
P R o e s e R T T Fe--
"""""" K} f{]‘i'}'lil"' 0.6"'"""""":'I'I'E'I'%"_
e RSN )
0.5 |

{3,0} 1

0.3
2 4 6 8 10 12 14 16 18 20

t/a

08

0.7 |

-
F == == === === F_* s - - I

* .
oooooooooo

0.3 [ I RN R S R
2 4 6 8 10 12 14 16

t/a


https://inspirehep.net/literature/2665702
http://PoS%20LATTICE2025%20(2026)

[Bar et al. EPJC 83 (2023)]. [D'’Anna et al. POS 2026 246]

Excited states in B = nf’v,

B 2pt GEVP {n single,m 2}-ha

dron interpolators

preliminary results by Oliver Bar, Antoine Gérardin, Simon Kuberski, Rainer Sommer oMoy free B'n
Two analysis methods: s | *ﬂ] a=0078fm | os| c| 3 SEVhZhadonES
: : : | | static b-quark ¥ GEVP 1-hadron ES i
1. ratio with overlaps from 2pt-fit - L ol :
4F COt 1 e S A SO P I pin il
. — ﬂ(p) H ( 7w "h p) EBth Eﬂ(p)tﬂ a;):/ 06 " FTT=3 I"} Li'}i ] %E 06F = T[T Es 'g'i'l"_ ij 060 "« "I°C "i"%%'}';'
ﬂﬂ(tﬂ, th? p) ~ ~ € € T LR R T e T I%H T R RRERrL T £ 3 P
016 12)(BlbsI0) —F D tvmnict R G
0.5 - 05 - 105
HMyPT predicts large ES state contamination 3,0} . {14} {2 4}
04 . 041" . 04
Mty 4 P) = Py (D) (1 + SRy (1) +.0) | T e T
5hj_(t7p th; p) — e—Eﬂ(p)th + NLO + ... " a St}g 12 14 16 "4 6 s 1(1/22 4161820 U2 4 6 St}g 12 14 16
2. GEVP for 2pt determines ground-state EV v, (7, #) Nl =0 Gy el =048 G
Ept, /2 | S S
e B R(1,)
M (L, 1, P) = CONt, t: )V, (t, 1) 07 essrrggnl] 25 |
UN T “ho 7w “ho 0,7\*h> *0
\//Io(th, i) 0O, =) # 0.6
= 05 = 2
f; 0.4 | :i 1.5t
= 03¢ @ = @ s 1
0.2 1, +1, t, t=0-
Ratio FH—— 0.5
0.1 GEVP Ratio +——
GEVP
T e ol
00 04 08 12 16 00 04 08 12 16
15 tp, [fm] tp [fm]


https://inspirehep.net/literature/2665702
http://PoS%20LATTICE2025%20(2026)

Excited states in B = nf’v,

[Bar et al. EPJC 83 (2023)]. [D'’Anna et al. POS 2026 246]

preliminary results by Oliver Bar, Antoine Gérardin, Simon Kuberski, Rainer Sommer

Two analysis methods:

1. ratio with overlaps from 2pt-fit
AE(p)CY(1,, 1 p)

(010,17)(B|0]0)
HMyPT predicts large ES state contamination

Sh (t,t,;p) = — e EPh - NLO + ...

2. GEVP for 2pt determines ground-state EV v, (7, #)

M (L. 1:D) e Ri(ty) CO(t . t,: D)V, (L. 1)
0 9p — ;N\ ’p v ,J ?
. VAot 1) 01Oz ) SR

multi-hadron interpolators required to see B*x states

M (1 5 P) = o Eli o XD,

€

large ES in i as predicted in HMyPT

removing the B*rx state reduces excited state

contamination substantially
enforcing naive 1st ES from 2pt in 3pt induces bias

B 2pt GEVP {n single,m 2}-ha

dron interpolators

"
M, = 280 MeV free Bz
i I -. | ¥ GEVP2-hadronES
0.8 + { a =0.078 fm 0.8 + T GEVPGS ! 0.8
|| static b-quark ¥ GEVP 1-hadron ES )
0.7 07 - - 0.7 g ;
- .
= [T i SN I 2 e B R I’I'{"}'f""
%—/0.6:_"!_!_!? f{]‘"}'ki"%\/oﬁ -t 'LI_%_'_:/O.G """""" 11'1‘%":"';
Lg ------------------ - Lg """"""""""" T3 % '{ Lg --------------- * 7Y
0.5 F 0.5 F . 0.5
{3,0} . 11,4} {2,4}
04 r. 04 - . 04 -
0.3 | | | | | | | 0.3 ||||||||| 0.3 | | | | | | |
2 4 6 & 10 12 14 16 2 4 6 & 10 12 14 16 18 20 2 4 6 & 10 12 14 16
t/a t/a t/a
N451 : |p| = 0.34 GeV N451 : |p| = 0.48 GeV
Oo8 T T T T T T 3 T T T T T T
0.7 +
0.6
2 B LEET e e o Lo
= 0.5 PR BT
c 04 c 15 F =
S =
= O T . =
@ = B |
0.2 1, +1, t, t=0-
Ratio e 0.5 B )
0.]. GEVP Ratlo e
GEVP
O ] ] | | | | | | O | | | | | | |
0.0 0.4 0.8 1.2 1.6 0.0 0.4 0.8 1.2 1.6
ty, [fm] th, [fm]


https://inspirehep.net/literature/2665702
http://PoS%20LATTICE2025%20(2026)

Excited states in B = nf’v,

[Bar et al. EPJC 83 (2023)]. [D'’Anna et al. POS 2026 246]

preliminary results by Oliver Bar, Antoine Gérardin, Simon Kuberski, Rainer Sommer

Two analysis methods:

1. ratio with overlaps from 2pt-fit
AE(p)CY(1,, 1 p)

(010,17)(B|0]0)
HMyPT predicts large ES state contamination

o Ll £ (P)1;

B 2pt GEVP {n single,m 2}-hadron interpolators

0.8 1

M_=280MeV
a =0.078 fm
| static b-quark

08 F °

0.7 |

0.5 |

0.4 .

- - - free B*r
¥ GEVP 2-hadron ES

2 GEVPGS
-1 % GEVP1-hadron ES

___..._______‘_&‘,.t_l__

08

> o * -
0000000000000000000000

Sh (t,t,;p) = — e EPh - NLO + ...

0.3 I I I N R R
2 4 6 8 10 12 14 16

t/a t/a
2. GEVP for 2pt determines ground-state EV v, (7, #) Nl =0 Gy
Eqt, /2 I
e B R(1,)
Mt 1 P) = COXt, t,; Py () 1) 0T
o VI 1) (010 ay w120
= 0.5 =
- multi-hadron interpolators required to see B*x states ES R
- large ES in h, as predicted in HMyPT % 0a) O = }\Cw ’ ‘00\
- removing the B*x state reduces excited state 0.2 it Vs ZOJ,&Q
contamination substantially 0.1 P:@\\\L GEi”n»@a(\‘\ (\6
« enforcing naive 1st ES from 2pt in 3pt induces bias P\’?Y\ 04 0.18[fl]1.; °
iy [Im


https://inspirehep.net/literature/2665702
http://PoS%20LATTICE2025%20(2026)
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/
https://indico.global/event/16565/contributions/161895/

- ‘ VCb ‘ pUZZIQ

FLAG2024

16



‘ VCI? ‘ pUZZIQ

€ of kaon mixing depends on |V, |

FLAG2024

4 5 ] Based on [FLAG24 arXiv:2411.04268] and [Brod et al., PRD 125, 171803 (2020)]
* 4 | T |
—— dependence of 6|ex| on 6|Vp| | !
X | [
1 B_)D lw 25 4 == &= 2.228(11) - 10732 experiment PDG24 | [
) B—)Dlv inC|US|Ve perturbative systematic 1.2% : :
1 nonperturbative systematic 1.5% I Q
_ parametric systematic 0.3% : :°o
4 7 20 - I I 1=
: l W 1 l S
e o L VAVAVAVAVAVEE T I 1S
l Im I c
I = 18
— 1< . ) - 1—
o\o 15 - I% u, A ' w,ct |§ I;ﬁ
— I~ 15 v
~ 1= 1< IS
3 5 W I e AVAVAVAVAVAV S, ! I f=
. Is} < W I~ 4
[ i | g I?
- 1= I_e I
10 18 IS I
1> = |
1 e é
| I I~
[ | I o
5 - [ 1_9
3 | K
| I =
l | 1°
} | I
| | |
0 r : - T

5|Vcb| [%]

16



‘ VCI? ‘ pUZZIQ

FLAG2024
- € of kaon mixing depends on |V, |
4 5 ] Based on [FLAG24 arXiv:2411.04268] and [Brod et al., PRD 125, 171803 (2020)]
* 4 | T |
. — dependence of 6|ek| on 6|V | : :
1 B_)D ZV 25 4 == &= 2.228(11) - 1073 experiment PDG24 | I
) B-D/lv inclusive perturbative systematic 1.2% : .
: nonperturbative systematic 1.5% I ~
4 1 parametric systematic 0.3% : :g
) i I I 1=
3y & ) N S E
— 1 ANANNNN s S 12
X ' 1= 19
— 15 P 1—
o X u, ot u. et O
= X154 13 A Y I B
Y = =
> 3.5 Iy R g VAVAVAVAVAY | £
- = Q £ W 1T
I 2 I~
01 13 3
1> |%
1 I
| 1=
[ I E’
i l 1o
3 > ! 13
| I =
} | |
| | |
0 ——-—-—-rr——_——r_—1—_0—0—"10m—_—_m—"—mm———_ |---I- --------------- rTr——-
36 38 40 42 44 100 101

5|Vcb| [%]

e V., crucial input to highly sensitive SM probes

e relevant question even on time scale of FCC-ee

e alsorelevant for b — uu, K; — v, AM, ., ...
16 ’



NEW: Inclusive decay in Lattice QCD’

« inclusive | V_, | results to date based on perturbation theory/OPE
» new ideas leading to first pheno-relevant lattice computations

Barata, Fredenhagen, CMP 138 (1991)], [Hashimoto PTEP 53-56 (2017)], [Hansent et al. PRD 99 (2019)], [Bailas et al. PTEP 43-50 (2020)], [Gambino and Hashimoto PRL 125 32001
(2020)], [Gambino et al. JHEP 07 (2022) 083], [Barone et al. JHEP 07 (2023) 145], [Barone et 3ZPRD 112 (2025) 1], [De Santis et al. PRD 112 (2025) 5], [De Santis et al. PRL 135 (2025) 12],
Tantalo, Patella, JHEP 01 (2025) 091], [Kellermann et al. arXiv:2604.22201], [De Santis arXiv:2607.01116]
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« inclusive | V_, | results to date based on perturbation theory/OPE
» new ideas leading to first pheno-relevant lattice computations
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Inclusive B, - X .CU,

ETMC [De Santis et al. arXiv:2607.01116]

+ Ny=2+1+1ETM, a ~ 0.05 - 0.08 fm, multiple L

» simulations for I'(M;, M;) with M; =2 — 4.33 GeV,
M, =0.72 — 1.6 GeV with constant M,/M,;

(constant phase space) followed by interpolation to

exact static result (OPE)
« substantial variance reduction (see r.h.s.) B
- Hansen-Lupo-Tantalo

0 7 14 21 28 0 7 14 21 28

a) keep AT fixed %r?d vary t
b) vary AT and keep B — j distances fixed

talk by Alessandro.De Santis
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Inclusive B, - X .CU,

Kernel azKég)(q, w) q* =0.26 GeV? ]
B2 cuEn N:9I wy =0 95 - il _._-:L__
. | ==-- CHEB N=9 wy = 0.9 ' =
CERN-KEK-Mainz-Soton-iin preparation Lof T CHED N 0
081 BG N=9 wy = 0.9wW,in “‘ 2.0 1 WD
. ]\9 = 2 + 1 DWF with physical RHQ b quark, 3%
e "\’{:‘\‘ = 15 il
‘ T 04 i O =
a~ 0.07—0.111fm, multiple L - >
. . 0.21 ' . ;i E \\‘} s H0 W omp. = 197GeV
« adopted variance reduction EE G | g o, -
0.0F--2-2-mmee e mcoocioooioieaand R S omp, = 39GeV
. : i : R 0.5 omps = 20GeV
« Chebyshev reconstruction e B Ser oo e
' W SEP - omp, = 65GeV
00 05 10 15 20 25 30 35 40 0.0 R e
aw

One idea they use:

» Leptonic kernel sometimes hard to reconstruct with low-order polynomial
— reconstruct only ES: X = (X — XGS) + Xg — reduced statistical noise and systematics

) ~ - talk by Ryan Kellermann
Chebyshev 3pt
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Lattice predictions for
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Summary B, - X v,

Lattice predictions for
differential decay rates

De Santis et al. arXiv:2607.01116]
My = 4.33 GeV
0 | X order SIC; D96
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« first-ever lattice results for inclusive

semileptonic D  and B, decay

» two independent analyses, largely different
approaches in agreement
 plenty of ideas for how to improve calculation
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Part || — 2nd order EW

(hadronic decay, long-distance effects, .
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[Bai et al. PRD 2024]
[Christ et al. arXiv:2606.263306]

Talks by Jonas Hildebrand
Masaaki Tomii

2nd order EW / finite-

Radiative meson decay

[Frezzotti et al. PRD 103 (2021)], [Giusti et al. PRD 107 (2023),
PRD 112 (2025)], Di Palma et al PRD 111 (2025)],

[JLQCD and UKQCD 2603.19960]
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QCD+QED for semileptonic decays
[Christ et al. arXiv:2402.08915]

volume techniques
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[Erben et al. arXiv:2603.17900],
[Leskovec et al. PRL 134 (2025)]
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long-distance effects In
rare leptonic decays

eg. K — ¢
[Chao et al. PRD 2024]

illustration LHCb
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rare hyperon decay
[Erben et al. JHEP 07 (2025)]

BT
long-distance contributions to

rare kaon decay
[Boyle et al. PRD 2023]

[Hodgson et al., arXiv:2501.18358]
[Di Palma et al. arXiv:2605.22742, arXiv:2605.22727]
[Tuo et al, PRD 105 (2022)], [Gagliardi et al. PRD 105 (2022)]

charming Penguin contributions to
rare semileptonic decay

eqg.B > K*¢C,D — nt’t

[Frezzotti et al. PRD 108 (2023), PRD 113 (2026)]
[AJ 2603.15487]
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Matrix-element classification

There is increasing activity on 2nd-order EW processes, often requiring development of exciting and new
techniques.

Minkowski <> Euclidean

st order EW: €.g. (0|A |K)
(P'| Hyt | P) - tree-level leptonic and semileptonic decay 8
 short-distance contributions to 2nd-order (7| V,|B) “1”"s and signs
processes (rare decays, mixing, ...) (B| O*B=2| B)

1st order EW: e.g. “i"s and signs
<P,P”‘Heff‘P> - hadronic decay (K|T[j.O; ]| B) AND
ond order EW-  long-distance effects in rare decays - ’AB . depending on kinematics:
(P'| TIH.; H.o|1P) | meson mixing (B|T[O™"=07"']| B) Liischer or spgctral

’ ’ reconstruction
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Material sent to me by Matthew Black

AAqp =Arp(D > KTK™) — Arp(D - n77n7) — LHCb

“Observation of CP violation in charm decays”
[LHCb PRL 122 (2019)]

» difficult due to contaminations by
higher-multiplicity final states

. simplify SU(3) symmetric point M, = My ~ 410MeV

wt. stabilised Wilson fermions (OpenlLat)
« D just above 4x threshold — suppressed

. concentrate on Cabibbo-favoured DT — Kz

(no penguin & flavour-singlet contributions)
» Luscher finite-volume technique
» despite simplifications still useful for pheno!

Talk by Max Hansen
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Challenge1: B — K*/ ¢~ final state unstable

to date treated in narrow-width approximation

Challenge 2: long-distance contributions

quark-loops (c¢in B » K¢ ¢~ ordd,ssinD — 1)
so far only computed in factorisation, disp.-rel., LCSR, ...
no 1st-principles prediction of strong phase
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long-standing uncertainty due to
narrow-width approximation in
hadronic form factors now being addressed

relevant for central NP searches at e.g. LHC
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spectral-reconstruction methods required conventional methods sufficient
Talk by Shoji Hashimoto 29
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harming penguins in B — K£7¢~

[Frezzotti et al. PRD 113 (2026)]

« paper contains comprehensive computational strategy for reconstruction of amplitude H
N;=2+1+1ETMC, OS valence with mPYS mPYS mPhYs — ;. 12, ensemble with a ~ 0.08 fm

z
. U o 4 1g-X / 3
amplitude 1,z(q) — sz x e T K(P) | T jgp ()0, ,(0)] | B(0))
« onset of resonances visible in studied channels
| " [ dE p{HE.q) o
reconstruction H; (q) - VI » gray band (bottom right) is resonance model|
[Bruno, Hansen JHEPO6(2021)] T L — ig — 1€ . : I : _
(Frozzotti ot al. PRD 108 (2023)] £ smearing limited by volume and resonance widths:
n 1/L < e <« A (A is scale over which HM varies a lot)
— Z 8,(Mp, €)e ™ <" CY S(an,q) taking € — 0 limit not currently possible.
v n=1 PR lnstead: A. reconstruct in tail region
8000 | | | | N=1W=AA-= | =03 | | | T " Moddla =0 | . :
1 1q| = 27/L ~ 250MeV vorworrel Za B sy Pt B. fit mgdel to lattice data and deduce
NooW=Ad= | %o s " o= 05 | physical resonance structure

'Eﬁ Model o = 0.5 ==

(t) x t'? [lattice units|
5
8

Also: Renormalisation poses challenges:

0 03 01 08 08 N 3 : 3.6 3.8 4 42 1.4 4.6 438 5 5.2 Talk by A—M oris S anOUdeS
t [fm] m [GeV]
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« Challenging € — 0 limit circumvented:

» |attice computation therefore feasible
IN narrow-resonance region
» requires modified experimental analysis
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Challenging € — 0 limit circumvented More general: Devise convenient observables

» lattice computation therefore feasible that can be computed more easily, are accessible

IN narrow-resonance region
« requires modified experimental analysis

to experiment, but still allow for determining SM
parameters and searches for NP!

31


https://arxiv.org/abs/2603.15487

[Chao, Christ, PRD 110 (2024)] I / I I

[Boyle et al. PRD 112 2026]

measured at BNL E871 B = 6.84(11) X 107 (2871 prL 84 20001

at 2nd order mediated by either 2Wor2W + 17
SD contributions known at NNLO 9?|SD = 0.79(12) X 1072 [Gorbahn & Haisch PRL 87 2006) Q '

— 3rd order GFa2 (W + 2y)-exchange crucial but nonperturbative

UE U
S m : () :: : :l'
l‘i S E
u
SOIPES
T LTS 0

| |

p— —

subtracted amplitude as
- function of integration range -
shows independence to long-

unresolved sign between SD and LD2y part — only lattice can resolve
exploratory calculation: N; = 2 + 1 DWF, 24° x 64,07 ~ 1GeV, M};’hys

(no GIM — renormalisation [Chao, Chist, Hu arXiv: arXiv:260714077])
amplitude ~ L*(u — v{T{J ,(u)J,(V)Z y(0)K(— 1) })
with exponentially growing (in time) terms

| I | | | |

s

oo

— explicit subtraction of 7V intermediate state

o

- —
-

distance

| w mel mg] %] iﬂ ﬂ“ qa E;

(zrry state kinematically not allowed in simulation (10% effect))

—

-
|
|

ReA™=! [107 MeV?

section titled “Using lattice QCD to compute analytically
continued Minkowski-space Green'’s functions” is
entertaining to read!

|
—
|

Talk by Norman Christ
.1 | 'l : | and
30 - S Ceran Hu

« = 1(
- anx =13

"

|
~



https://doi.org/10.1103/PhysRevLett.84.1389
https://inspirehep.net/literature/717293
https://arxiv.org/pdf/2607.14077%5D
https://doi.org/10.1103/PhysRevD.110.054514
https://inspirehep.net/literature/2966581
https://indico.global/event/16565/contributions/161735/
https://indico.global/event/16565/contributions/161758/

[Chao, Christ, PRD 110 (2024)] I / I I

[Boyle et al. PRD 112 2026]

measured at BNL E871 B = 6.84(11) X 107 (2871 prL 84 20001

at 2nd order mediated by either 2Wor2W + 17
SD contributions known at NNLO 9?|SD = 0.79(12) X 1072 [Gorbahn & Haisch PRL 87 2006) Q '

— 3rd order GFa2 (W + 2y)-exchange crucial but nonperturbative

UE U
S m : () :: : :l'
l‘i S E
u
SOIPES
T LTS 0

| |

p— —

subtracted amplitude as
- function of integration range -
shows independence to long-

unresolved sign between SD and LD2y part — only lattice can resolve
exploratory calculation: N; = 2 + 1 DWF, 24° x 64,07 ~ 1GeV, M};’hys

(no GIM — renormalisation [Chao, Chist, Hu arXiv: arXiv:260714077])
amplitude ~ L*(u — v{T{J ,(u)J,(V)Z y(0)K(— 1) })
with exponentially growing (in time) terms

| I | | | |

s

oo

— explicit subtraction of 7V intermediate state

o

- —
-

distance

| w mel mg] %] iﬂ ﬂ“ qa E;

(zrry state kinematically not allowed in simulation (10% effect))

—

-
|
|

ReA™=! [107 MeV?

section titled “Using lattice QCD to compute analytically
continued Minkowski-space Green'’s functions” is
entertaining to read!

|
—
|

Talk by Norman Christ
.1 | 'l : | and
30 - S Ceran Hu

« = 1(
- anx =13

"

|
~



https://doi.org/10.1103/PhysRevLett.84.1389
https://inspirehep.net/literature/717293
https://arxiv.org/pdf/2607.14077%5D
https://doi.org/10.1103/PhysRevD.110.054514
https://inspirehep.net/literature/2966581
https://indico.global/event/16565/contributions/161735/
https://indico.global/event/16565/contributions/161758/

K, = 00,0 (6,6 € {e7,u)

earlier work [Tuo et al, PRD 105 (2022)], [Gagliardi et al. PRD 105 (2022)] E '_‘
. N;=2+1+ 1M, physical u,d, s a ~ 0.05 — 0.08 fm, @ ©<,,

multiple L, including quark-disconnected L
. rarein SM ~ O(G%agm) . @2 ©<
« alternative CKM determination, test of LFU, NP " "

experimental constraint for £ # £’ (BNL E865, NAG2)
« HM K p) = Jdr i, jdyeikwo | TLi% O)%, ()] | K(P))

I l Ll j I l I I I I I ] I | l I l 1 I 1 I | l I I I I I I I I I I I I I I I | I 1 I 1 I I I I
'S 111 (g .
p— Hpt (EV’ k, p) —|— H ( k, p) a This work o KA o
o0 HEH  BNL E865 [16,17] —8— = ' H=H  NA62 Preliminary
: , . LJHV _ j77%
diagram b): £, < 0: HW (E},, K, 1) = " dt},CW (ty, Ey, K, 1) & ChPT O(p") [19 . . .
| I 1 l | I 1 I 1 I 1 1 I 1 I 1 l 1 I 1 l | I | l | l 1 I 1 I 1 I 1 I I l 1 I l 1 I 1 I |
— 0 6 7 8 9 10 11 2 2.5 3 3.5 408 1 12141618 2 22241.1 12 1.3 14 1.5 1.6
Brzk20.284(Ky26) x 108 BT:CE.’)ZO.284(K626) x 10° Br(K, Qﬂ) x 108 B’I‘( #Qﬂ) x 108

— standard methods

diagram c): 1, < 0 : 7z intermediate states — Talk by Francesco Sanfilippo

spectral reconstruction required

feasible off peak (1/L < €)
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Summary

Rich experimental landscape for at least 20 years, if not longer
» provides for plenty of motivation for lattice flavour physics

(in fact, experimentalists and phenomenologists are counting on us!)
» Now is a good time for getting involved and help determining

future experimental directions Workshop series to support flavour case
at FCC before 2028 decision making

Get in touch if interested!!!!
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» QED wall — further formal development required 2nd- and 3rd-order EW processes

- Edinburgh consensus being adopted » spectral-reconstruction methods are
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Summary

Rich experimental landscape for at least 20 years, if not longer
» provides for plenty of motivation for lattice flavour physics

(in fact, experimentalists and phenomenologists are counting on us!)
» Now is a good time for getting involved and help determining

future experimental directions Workshop series to support flavour case
at FCC before 2028 decision making

Get in touch if interested!!!!

Part l: PART II:

 plenty of activity on precision computations . a lot of activity and developments for

» QED wall — further formal development required 2nd- and 3rd-order EW processes

- Edinburgh consensus being adopted » spectral-reconstruction methods are

« ES in precision transition form factors needs a lot more a game changer — but loads of development
scrutiny for semileptonic decays still required

+ a number of tensions between theory and theory/experiment . challenging € — 0 can in principle be
found or persisting once haven't disappeared circumvented for some quantities

V.| is the new HVP!
There is more material that | couldn’t cover in the backup slides.

meson life times — D-meson mixing — LECs — radiative meson decays
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Further material



Talk by Xin-Yu Tuo

Radiative decays P — £ v,y

Recent work by Frezzotti et al. PRD 103 (2021)], [Giusti et al. PRD 107 (2023), PRD 112 (2025)], [Di Palma et al PRD 111 (2025)], [JLQCD and UKQCD 2603.19960]

Here: [Boyle PRD 114 (2026)]

« CKM determination and sensitive probe for potential BSM contributions via non-SM currents

. structure dependent contrib. relevant for real-photon emission and LQCD for QED correctionsto P — v,

- P =1, K, measured at PIBETA, KLOE, E36, ISTRA, OKA, E787 — tensions!
. NEW: at O(a?) collinear radiative corrections can be sizeable,

g

-~ /£+

> ~
Pt A Ve

/M p) [Boyle PRD 114 (2026); !

A

leading to enhancements ln(Mz/mz) and In(2E*

V>,INax
IR div. cancels between virtual-loop+real photon emission and emission of two real photons

dzRRC( yf) lattice aﬁacytlcal Y, ==y~ > photon energy
- p
diff. BR ~ A(X,, yp) - > (L - DA™ (x,, ¥,) -,
dx?’dyf fP’ FV’ FA 7l [Kuraev et al. P RD 69 (2004)] ¢ = M2 — lepton energy

H " (k,p) = — iJ' dtJd% Cr=ikx (0| T{J4 (x, DS (O} | P(p)) ~ Ry, Ry, Fy, Fy, fp

(conventional methods sufficient)
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https://journals.aps.org/prd/abstract/10.1103/qvwy-zmtp
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.053005
https://arxiv.org/abs/2302.01298
https://arxiv.org/abs/2505.11757
https://journals.aps.org/prd/abstract/10.1103/r55k-cnqg
https://arxiv.org/abs/2603.19960
https://journals.aps.org/prd/abstract/10.1103/qvwy-zmtp
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.69.114004
https://indico.global/event/16565/contributions/161048/

Radiative decays P™ — £y

[Boyle PRD 114 (2026)]

new results for F,, Fy,
.Z\q;f — :2!

1 DWF (RBC/UKQCD), a™

l'~1.7,2.4 GeV, MPM*

specifics of experimental treatment of collinear 2nd
photons (inclusive or energy cut) relevant!

treatment of inner-bremsstrahlung photons in K — ev,y

differs between KLOE and E36

(KLOE one electron with 20MeV cut in lab frame, E36 inclusive)
cut can have geometry dependence (detector geometry and response)

— assume angle-independent cut

This work
HH w. RC
e wo. RC
Rome-Southampton 21
- wo. RC
Experiments
HH PIBETA 08
65 70 75 80 85
RV /107%

This work

» ; inclusive RC
—a— RCw. EXY,
= wo. RC
Rome-Southampton 25
f—a— wo. RC
Rome-Southampton 21
} = i wo. RC
Experiments
—-— KLOE 10
—a— E36 23
12 14 16 18 20 22
l' R
R /10
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B(K —puvy)
Big(K—pvy)
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1

A Rome-Southampton 25

1 @©  This work

0.2 0.3 0.4 0.5
Lry

% 0.85 1

0.16 ,
48| . cont. lim.
64| " Rome-Southampton 21
= = ChPT O(p*) 0.14 4 * Rome-Southampton 25
. — = ChPT O(p*)
0.12 -
____________________ 04 .
T T T 008 T T T T T
0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
33'7 ZIZZ},
ISTRA phase space ISTRA phase space
18 B & 5 1.0 W_% &
&
. & = % ,_%_‘
& 0.81
£ | or-
A Rome-Southampton 25 K ISTRA
{4 @ This work i 061 @ This work
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Loy By
OKA phase space OKA phase space
e T,
& 1.004 & 2 }_é_'
é 0.95 }%_’ '_% - i1}
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0 This work
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https://journals.aps.org/prd/abstract/10.1103/qvwy-zmtp

Radiative decays P™ — £y

[Boyle PRD 114 (2026)] 0.16 0.16
48| . cont. lim.
. new results for F,, F, 014 —— awoon|| 014] B come Soutampton 2
- h o — = ChPT O(p*)
. Ny =2+ 1 DWF (RBC/UKQCD), a~' ~ 1.7,2.4 GeV, MP™* P
« specifics of experimental treatment of collinear 2nd 2 01
photons (inclusive or energy cut) relevant!
. ) 0.08 — - . — 0.08 4 . r . l
. treatment of inner-bremsstrahlung photons in K — ev,y 0000020300 100000 025 030 0T L0
. Y Y
differs between KLOE and E36
(KLOE one electron with 20MeV cut in lab frame, E36 inclusive) o [ETE N e
& - -
» cut can have geometry dependence (detector geometry and response) <z "3 % % 3 1
. :’«T 0.8 -
— assume angle-independent cut <1< o i
= A Rome-Southampton 25 K ISTRA
0044 T This work i 069 @  This work +

. w. RC Including collinear photons removes tension encountered before.

- wo. RC — Radiative corrections need to take into account experimental details!
| i o This is something we have to engage with. With increasing precision,
T PIBETA 08 details of experimental will be much more relevant for what precisely
o B @ theory needs to predict.

R\™ /10-8



https://journals.aps.org/prd/abstract/10.1103/qvwy-zmtp

Other radiative decays/transitions

[JLQCD and UKQCD 2603.19960]

« D, B, > Cvzy real radiative decays

» access to internal meson structure,

part of QED corrections in Dy, B, = €1y,
alternative route to CKM
. Nf = 2+ 1 DWF, a > 0.04fm, M_ > 280MeV

. computational strategy similar to #/K — v,y

~
A
8 -
—

S

e
vOO “OO “l\D \.N “P—‘ “'—‘ Vt

N = W WN

[CLQCD PRD 113 (2026)]

D** — D%y = gpurpe, D* = D% — gpup0, DEY = Dy = gpuep,

. Nf = 2 4+ 1 CLQCD Wilson Clover, a > 0.05fm

» strong couplings relevant in HMChPT
« experimentally measured

» tension in branching fraction?
B(D*" — Dy) = 0.30(T)his work % < 1°68(5)CLE01998 7o

Y

xxxxxxx

[BecCirevic et al. PRD 112 (2025), PLB 868 (2025), arxiv:2604.15256]

_ — O .
hc,b — ncabf—l_f ')(Cl — J/l/jf_l_f O ‘ 4O . Ok,

 study of internal structure of mesons and their dynamics
as heavy-heavy bound states

. ]\Gf =241+ 1ETMC, a > 0.06ftm, no disconnected

. Total decay rates agree with experiment for £ = e, u for

X1 decay, but 3o tension found for i, — n.e"e
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https://arxiv.org/abs/2603.19960
https://inspirehep.net/literature/3117650
https://inspirehep.net/literature/2914895
https://inspirehep.net/literature/2937151
https://arxiv.org/abs/2604.15256

[Suzuki et al. PRD 102 (2020)]

Meson life times

[Black et al. arXiv:2603.28516 arxiv:2603.28517]

» aiming at full error budget for D,

experimentally measured — lattice computation « procedure:
here life-time 7 = 1/1" within HQET expansion . cont. limit for bag parameters at fixed flow-time t
total rate  apply inverse matching matrix {(z, u)

(O, (O, O (1)) = T, OMS + O(t

mé mé n

where <@d> — <H‘ @d‘H>/2MH with AQ =( Ops. . extrap0|ate 77— ()
concentrate on dim-6 matrix elements:

O, = (Qr,(1 —7r5)q9)(gr*(l — ys)Q)

T, = (Qy,(1 —y)Tq)(gr"(1 — y5)T*Q) Talks by Andrea Shindler
0, = (01 = 9 T*9)(q(1 ~ y5)T*Q) Oliver Witzel

T, = (Q(1 — y5)T*q)(G(1 — y5)T*Q)

operators mix under renormalisation

« work in the limit where no mixing with lower-dim. ops
« consider only life-time ratios, where no eye-diagrams contribute

SIXN, =2+ 1 RBC/UKQCD DWF ensembles, a=' ~ 1.8,2.4,2.8 GeV

40

2.50 1

2.25 1

2.00 +

1.75 1

1.50 1

1.25 1

1.00 1

(done at various i and then RG-run to ref. scale y)

[Moretti et al. arXiv:2604.24841]

|

[
[

NNLO+Lattice+GF
NNLO+Sum Rules

good agreement
with experiment



https://inspirehep.net/literature/1800924
https://arxiv.org/pdf/2603.28516
https://arxiv.org/pdf/2603.28517
https://arxiv.org/pdf/2604.24841
https://indico.global/event/16565/contributions/
https://indico.global/event/16565/contributions/161789/

Meson life times

[Suzuki et al. PRD 102 (2020)]

[Black et al. arXiv:2603.28516 arxiv:2603.28517] . aiming at full error budget for Ds
« experimentally measured — lattice computation « procedure:
» here life-time 7 = 1/1 within HQET expansion . cont. limit for bag parameters at fixed flow-time t
+ total rate  apply inverse matching matrix {(z, u)
(O (O, 0,0) =Y ¢ (z, )OS () + O)
T,=T,+...+ 167 r6< 6>+r7< )y (0,(®) = 2, Gun® IO
m m4 o
0 Q (done at various i and then RG-run to ref. scale y)
where <@d> o <H‘ @d ‘ H>/2MH with AQ =0 OPS. . extrap0|ate 77— () [Moretti et al. arXiv:2604.24841]
» concentrate on dim-6 matrix elements: N { § ANLOsom me
0, = (Qr,(1 =r5)9)(gr'(1 —r5)Q) |
- 2,001 ggod agregment
Ty = (Qr,1 = )T 9)(gr'(1 — ys)T*Q) Talks by Andrea Shindler L5 l with experiment
0, = (Q(1 - y)T'q)(G(1 — 75T Q) Oliver Witzel o =
1, = (Q(l — }’5)TAQ)(Q(1 — Vs)TAQ) 1.00- —— ——

operators mix under renormalisation
« work in the limit where no mixing with lower-dim. ops . -
. consider only life-time ratios, where no eye-diagrams contribute would be nice to also have K'and B mixing

SIXN, =2+ 1 RBC/UKQCD DWF ensembles, a=' ~ 1.8,2.4,2.8 GeV

bag parameters where there are tensions
(see FLAG) (could it be renormalisation?)
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Dissecting exclusive |V,
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[JLQCD 23 PRD 109 (2024)]
[HPQCD 23 PRD 109 (2024)]
[FNAL/MILC 21 EPJC 82 (2022)]

= &
——
—5—

(@) w w

4 QN
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Related work: Fedele et al. PRD 108 (2023) 5, 5 , Flynn, AJ, Tsang JHEP 12 (2023), Martinelli et al. EPJC 85 (2025) 3, 242, PRD 111 (2025) 1, 013005, EPJC 84 (2024) 4, 400, PRD 106 (2022) 9,
093002, , EPJC 82 (2022) 12, , PRD 105 (2022) 3, 034503, PRD 104 (2021) 9, 094512, Di Carlo et al. PRD 104 (2021) 5, 054502 Ray, Nandi JHEP 01 (2024) 022, Gambino PLB 795 (2019)
386-390, Bigi PLB 769 (2017) 441-445, JHEP 11 (2017) 061, Bernlochner et al. PRD 100 (201941, 013005, [Bordone, AJ, Ollie Heald et al. arXiv:2606.23410]
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Dissecting exclusive |V,

A JLQep2z o LS T~
¥ HPQCD 23

# FNALMILC 21

—— combined fit

fit to JLQCD 23
- fit to HPQCD 23
—-— fit to FNALMILC 21

© “lattice form factors

101
4.01

0.4

0.3 1

[JLQCD 23 PRD 109 (2024)]
[HPQCD 23 PRD 109 (2024)]
[FNAL/MILC 21 EPJC 82 (2022)]

0.21

dl’/dcos(6,)/T
o o
'“ <

o
O

1.0

[Bordone, Ad, EPJC 85 (2025)]
also [Bordone, AJ, Ollie Heald, arXiv:2606.23410]

Phys.Rev.D 108 (2023) 1, 012002

Belle () Phys.Rev.D 108 (2023) 9, 9

cos(0,) Y

Related work: Fedele et al. PRD 108 (2023) 5, 5, Flynn, AJ, Tsang JHEP 12 (2023), Martinelli et al. EPJC 85 (2025) 3, 242, PRD 111 (2025) 1, 013005, EPJC 84 (2024) 4, 400, PRD 106 (2022) 9,
093002, , EPJC 82 (2022) 12, , PRD 105 (2022) 3, 034503, PRD 104 (2021) 9, 094512, Di Carlo et al. PRD 104 (2021) 5, 054502 Ray, Nandi JHEP 01 (2024) 022, Gambino PLB 795 (2019)
386-390, Bigi PLB 769 (2017) 441-445, JHEP 11 (2017) 061, Bernlochner et al. PRD 100 (201941, 013005, [Bordone, AJ, Ollie Heald et al. arXiv:2606.23410]
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Dissecting exclusive |V,

B HPQCD 23
#d FNALMILC 21

—— combined fit

P Combined experimental and lattice analysis:

| fit to JLQCD 23
101~ §¢ to HPQCD 23

“ lattice form factors = ¢

0.4

4.01

. ‘ Vcb ‘ computed from | V., | relative-error budget:
. |attice form factors Jes N
» normalised differential decay rate Bow

« B life time
» total branching fraction

0.3 1

35.1%

[JLQCD 23 PRD 109 (2024)]
[HPQCD 23 PRD 109 (2024)]
[FNAL/MILC 21 EPJC 82 (2022)]

0.21

S
o

’fwlat jlat / N

dl’/dcos(6,)/T

[Bordone, AJ, EPJC 85 (2025)]

also [Bordone, AJ, Ollie Heald, arXiv:2606.23410]

. | V., | puzzle persists with new lattice
Error on branching fraction

and eXperimeﬂta| data and lattice dc_)minate error budget
. a” COmpOnentS in the error budget can [Bordone, AJ, Ollie Heald, arXiv:2606.23410]
and will be improved

1.0

dl’'/d cos(6,)/T
dr'/d /T

Phys.Rev.D 108 (2023) 1, 012002

B ol 2 (e.g. above discussion of b — ¢ transitions)

cos(6,) Y

Belle () Phys.Rev.D 108 (2023) 9, 9

Related work: Fedele et al. PRD 108 (2023) 5, 5, Flynn, AJ, Tsang JHEP 12 (2023), Martinelli et al. EPJC 85 (2025) 3, 242, PRD 111 (2025) 1, 013005, EPJC 84 (2024) 4, 400, PRD 106 (2022) 9,

093002, , EPJC 82 (2022) 12, , PRD 105 (2022) 3, 034503, PRD 104 (2021) 9, 094512, Di Carlo et al. PRD 104 (2021) 5, 054502 Ray, Nandi JHEP 01 (2024) 022, Gambino PLB 795 (2019)
386-390, Bigi PLB 769 (2017) 441-445, JHEP 11 (2017) 061, Bernlochner et al. PRD 100 (201941, 013005, [Bordone, AJ, Ollie Heald et al. arXiv:2606.23410]
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Other B — D*{r

[Bordone, AJ, EPJC 85 (2025)]

» observables

o ! Belle 19 S
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Bobeth et al. EPJC 81 (2021)
Bordone et al. EPJC 80 (2020)
Rernlachner et al. PRD 106 (2022)

lat fit
=== lat+exp fit

lat fit
\ === lat+exp fit

ix Fedele et al. “lat+exp” PRD 108 (2023)
ix Fedele et al. “lat” PRD 108 (2023)

) (2024)

(2023), CKM 2018, PRL 133 (2023)

)8 (2023), PRL 131 (2023)

d 2024 (exp. average) HFLAV Moriond 24

ISV, EPJC 85 (2025)
nd R(D*) from HFLAV, F} from LHCb, MSV, EPJC 85 (2025)

EPJC 85 (2025)/unpublished

: JLQCD, HPQCD, FNAL/MILC, BJ EPJC 85 (2025)
: FNAL/MILC, BJ EPJC 85 (2025)

: HPQCD, BJ EPJC 85 (2025)

: JLQCD, BJ EPJC 85 (2025)

AL/MILC, HPQCD, JLQCD, MSV, EPJC 84 (2024)
AL/MILC, MSV, EPJC 84 (2024)

QCD, MSV, EPJC 84 (2024)

3CD, MSV, EPJC 84 (2024)

CD, HPQCD, FNAL/MILC, BJ EPJC 85 (2025)
L/MILC, BJ EPJC 85 (2025)

CD, BJ EPJC 85 (2025)

CD, BJ EPJC 85 (2025)
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[Bordone, AJ, EPJC 85 (2025)]
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U, observables

Bobeth et al. EPJC 81 (2021)

Bordone et al. EPJC 80 (2020)

Bernlochner et al. PRD 106 (2022)

dispersive matrix Fedele et al. “lat+exp” PRD 108 (2023)
dispersive matrix Fedele et al. “lat” PRD 108 (2023)
LHCb PRD 110 (2024)

Belle PRD 108 (2023), CKM 2018, PRL 133 (2023)

Belle IT PRD 108 (2023), PRL 131 (2023)

HFLAV Moriond 2024 (exp. average) HFLAV Moriond 24

C) exp./BGL, MSV, EPJC 85 (2025)
C) exp./BGL and R(D*) from HFLAV, F} from LHCb, MSV, EPJC 85 (2025)

C) exp/BI : BJ EPJC 85 (2025)/unpublished

B) exp+lat/BI : JLQCD, HPQCD, FNAL/MILC, BJ EPJC 85 (2025)
B) exp+lat/BI : FNAL/MILC, BJ EPJC 85 (2025)

B) exp+lat/BI : HPQCD, BJ EPJC 85 (2025)

B) exp+lat/BI : JLQCD, BJ EPJC 85 (2025)

A) lat/DM: FNAL/MILC, HPQCD, JLQCD, MSV, EPJC 84 (2024)
A) lat/DM: FNAL/MILC, MSV, EPJC 84 (2024)

A) lat/DM: HPQCD, MSV, EPJC 84 (2024)

A) lat/DM: JLQCD, MSV, EPJC 84 (2024)

A) lat/BI : JLQCD, HPQCD, FNAL/MILC, BJ EPJC 85 (2025)
A) lat/BI : FNAL/MILC, BJ EPJC 85 (2025)

A) lat/BI : HPQCD, BJ EPJC 85 (2025)

A) lat/BI : JLQCD, BJ EPJC 85 (2025)



er B - D*fD

[Bordone, AJ, EPJC 85 (2025)]

1 Belle 19
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£ Belle II 23
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» observables

Bobeth et al. EPJC 81 (2021)

Bordone et al. EPJC 80 (2020)

Bernlochner et al. PRD 106 (2022)

dispersive matrix Fedele et al. “lat+exp” PRD 108 (2023)
dispersive matrix Fedele et al. “lat” PRD 108 (2023)
LHCb PRD 110 (2024)

Belle PRD 108 (2023), CKM 2018, PRL 133 (2023)

Belle IT PRD 108 (2023), PRL 131 (2023)

HFLAV Moriond 2024 (exp. average) HFLAV Moriond 24

C) exp./BGL, MSV, EPJC 85 (2025)
C) exp./BGL and R(D*) from HFLAV, F} from LHCb, MSV, EPJC 85 (2025)

C) exp/BI : BJ EPJC 85 (2025)/unpublished

B) exp-+lat/BI : JLQCD, HPQCD, FNAL/MILC, BJ EPJC 85 (2025)
B) exp+lat/BI : FNAL/MILC, BJ EPJC 85 (2025)

B) exp+lat/BI : HPQCD, BJ EPJC 85 (2025)

B) exp+lat/BI : JLQCD, BJ EPJC 85 (2025)

A) lat/DM: FNAL/MILC, HPQCD, JLQCD, MSV, EPJC 84 (2024)
A) lat/DM: FNAL/MILC, MSV, EPJC 84 (2024)

A) lat/DM: HPQCD, MSV, EPJC 84 (2024)

A) lat/DM: JLQCD, MSV, EPJC 84 (2024)

A) lat/BI :
A) lat/BI :
A) lat/BI :
A) lat/BI :

JLQCD, HPQCD, FNAL/MILC, BJ EPJC 85 (2025)
FNAL/MILC, BJ EPJC 85 (2025)

HPQCD, BJ EPJC 85 (2025)

JLQCD, BJ EPJC 85 (2025)



Other B — D*¢U, observables

[Bordone, AJ, EPJC 85 (2025)]

o 1 Belle 19
= H Belle 23 . _ v B
S B Belle 11 23 a & 8
o A HFLAV 24 < I f
Belle 19, 23, A <
Belle II 23
5 =y s |8
e SRR e i
—H— HE & g I
i - i
A0 a0 O O o Q DN O Q a4 a9 ad oD QA o N H D O VAo D0 N
RT/p, D* Ropt (D*) YOS (& Fe F’T PT
( ) Re/ 1 D* FB L L

analysis reveals tensions amongst
|attice as well as amongst experimental

Bobeth et al. EPJC 81 (2021)

Bordone et al. EPJC 80 (2020)

Bernlochner et al. PRD 106 (2022)

dispersive matrix Fedele et al. “lat+exp” PRD 108 (2023)
dispersive matrix Fedele et al. “lat” PRD 108 (2023)
LHCb PRD 110 (2024)

Belle PRD 108 (2023), CKM 2018, PRL 133 (2023)

Belle IT PRD 108 (2023), PRL 131 (2023)

HFLAV Moriond 2024 (exp. average) HFLAV Moriond 24

C) exp./BGL, MSV, EPJC 85 (2025)
C) exp./BGL and R(D*) from HFLAV, F} from LHCb, MSV, EPJC 85 (2025)

C) exp/BI : BJ EPJC 85 (2025)/unpublished

B) exp+lat/BI : JLQCD, HPQCD, FNAL/MILC, BJ EPJC 85 (2025)
B) exp+lat/BI : FNAL/MILC, BJ EPJC 85 (2025)

B) exp+lat/BI : HPQCD, BJ EPJC 85 (2025)

B) exp+lat/BI : JLQCD, BJ EPJC 85 (2025)

A) lat/DM: FNAL/MILC, HPQCD, JLQCD, MSV, EPJC 84 (2024)
A) lat/DM: FNAL/MILC, MSV, EPJC 84 (2024)

A) lat/DM: HPQCD, MSV, EPJC 84 (2024)

A) lat/DM: JLQCD, MSV, EPJC 84 (2024)

A) lat/BI :
A) lat/BI :
A) lat/BI :
A) lat/BI :

JLQCD, HPQCD, FNAL/MILC, BJ EPJC 85 (2025)
FNAL/MILC, BJ EPJC 85 (2025)

HPQCD, BJ EPJC 85 (2025)

JLQCD, BJ EPJC 85 (2025)

data sets, but |V, | analysis not sensitive to tensions
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D-meson mixing — long-distance

Material sent to me by M. Di Carlo, F. Erben, M. T. Hansen and R. Hodgson
[Di Carlo et al. JHEP 07 (2025)]

First exploratory and preliminary results on a=! = 1.73 GeV
M_~ 275MeV, three volumes{20,24,32}°x64

Mpo 0 = = (D% Pl (01D, pp) + 5 [ d*o (D%, ppIT{a () Ha(0)}1D°, p)
short-distance long-distance
(AC = 2) (AC =1)

spectral reconstruction

1 4 0

dw  p(w)

p(w) = (D% pp| Hw(0) (21)*6(H — w)§*(P — pp) Hw(0) [ D°, pp)
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https://arxiv.org/pdf/2504.16189
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D-meson mixing — long-distance

negative-parity

] & ® C1m20 i C1M24 A C1M32
107> E €
1077 E \$;
| t11]
1070 4 I A4

] m

10710
0 5 10 15 20 25 30

T/a

signal-to-noise deteriorating — will
spectral reconstruction produce a signal?

positive parity

_1e—5

é cCi1m20 ¥ Cim24 A C1M32

0.0 - plfftissssanccccacccadsaccacacacaa

sign-change indicating non-positive-
definite spectral density (as expected)
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LECs

[Bonanno et al, PRD 113 (2026)]

N, =2+ 1 staggered, a ~ 0.08 — 0.15 fm,
varying M, > 260 MeV, fixed mP"*

[, scheme and scale-independent — strong-IB effects

B2

e.g. M2, — M? =l(m —m)28—l [1+ O(m))]
"I T 70 4 d u F2 7 [

currently least-well determine SU(2) LEC
axion mass, self-coupling and ax scattering — [;

Here: compute it from pion mass splitting

[de Divitiis et al. JHEP 04 (2012), Giusti et al. PRD 95 (2017),
Frezzotti et al. PRD 104 (2021)]

Extrapolations: SYMEFT-based cl, NNLO yPT
(but no SyPT ansatz)
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https://inspirehep.net/literature/3091714
https://doi.org/10.1007/JHEP04(2012)124
https://doi.org/10.1103/PhysRevD.95.114504
https://doi.org/10.1103/PhysRevD.104.074513

