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Standard Model parameters and indirect
searches of New Physics

SM parameters: CKM matrix elements, quark masses, as, . . .
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indirect searches of New Physics
» comparison between experiment and SM prediction [ LHCb, BESIII, Belle-Il, .. .]

» precision/rare processes: allowed/suppressed/forbidden in the SM

precision in lattice QCD ~~ SM parameters



charm physics on the lattice

precision in leptonic and semileptonic decays of D) mesons and charm quark mass
e statistical precision

e continuum limit extrapolation relativistic heavy quarks on the lattice
MECT 2 1.5GeV

lattice artefacts:
a=0.12fm ~ oM ~0.9 [similar for momentum]
a=0.04fm ~ aMB® ~0.3

logarithmic corrections, critical slowing down
e scale sefting
e excited-state contamination
e non-perturbative renormalization

e EM and strong isospin breaking corrections



CKM matrix & lattice QCD
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CKM process lattice QCD precision (%)
| Vis| K — tv fx ~ 0.3
K — mtv KT (P = 0) ~0.2
[Vis|/ 1Vl K — pv/m — pv fu/fr ~ 0.2
|Vegl D— tv fo ~0.3
D — wev ffj{](O) ~ 0.8
[Ves!| Dy — v o, ~ 0.2
D — Kev 2%(0) ~ 0.4
Vol B— v fa ~ 0.7
fa, /s ~ 0.4
B — wev 57 () ~ 4.0
Ve | B — D) gy Fay ) ~ 1.1
ViVigt + VgV ek By ~1.2
K— nn — 30.0
VieVig! Amg BQ/?BG R ~ 1.3
Amg Bg, ~ 4.3

» charm quark masses
» consider most precise observables: single stable mesons [FLAG 24, 2411.04268]



D-meson leptonic decays

up to QED corrections [talk by Giuseppe Gagliardi]
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> experiment: BESIII [~ 2%], CLEO, BaBar, Belle

> lattice: fp and fp,

(0| A" By () = Pk o,

» determination: |Veq| and |Ves|



decay constants: fp
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Ne=2+1+1: fp=212.0(0.7) MeV [0.3%] ,
f D
Np=2+1: fp=210.4(1.5)MeV [0.7%] ,

fp = 208.4(1.5) MeV [0.7%] ,

[RQCD/ALPHA 24, S.
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Np = 2+ 1 + 1stretching factor: \/XQ /dof ~ 1.2 [fp]

fpg = 249.9(0.5) MeV [0.2%] ,
fpg = 247.7(1.2) MeV [0.5%] ,

fpg = 246.8(1.3) MeV [0.5%] ,

'Ds/TD =
'ps/TD =

os/fD =

1.1783(16)[0.14%]
1.1740(70)[0.60%]
1.1842(36)[0.30%)

Kuberski et al., 2405.04506]



fr and st

[RQCD/ALPHA 24, S. Kuberski et al., 2405.04506]
» N =2+ 1CLS ensembles open BC and periodic BC (1000-20000 MDUs)
» 49 ensembles, 6 lattice spacings (a ~ 0.1 — 0.04 fm) and physical pion mass
» 3 chiral frajectories: TTM = const., ms & const., my = ms

» continuum extrapolation using fo-rescaled quantities
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charm quark mass tuning

[ROCD/ALPHA 24, 2405.04506]
» two charm masses per ensemble

» interpolation using Mp = %mD + %mDs + checks with 7™

250

fp, in MeV

I 245

210

fp in MeV

[ 205

» point-to-all propagators with Gaussian smearing on APE-smoothed links
» decay constant: non-perturbative renormalization and improvement



contfinuum-limit and chiral extrapolation

[RQCD/ALPHA 24, 2405.04506]
» chiral fit inspired by SUR) xPT. fp, fp,
» |atftice spacing dependence includes a® terms
» AIC-based model averaging
x?/dof = 0.92
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» finite volume effects negligible once cuts are applied m,L < 3.5 and/or L < 2.3fm



confinuum-limit: comparison

lattice spacing dependence
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error budget

fo = 208.4(1.5)MeV [0.7%],  fn, = 246.8(1.3)MeV [0.5%],

Relative contributions to the squared total errors:

[ROCD/ALPHA 24, 2405.04506]

fo, /> = 1.1842(0.0036)[0.30%)]

fo, fo  fo,/fo

Scale setting 53.5%  55.1% 27.8%

Systematic error 22.3%  24.8% 39.0%
Statistical error

Gauge ensembles 20.5% 18.3% 32.0%

Renormalisation and improvement 3.6% 1.8% 0.8%

Physical meson masses 0.1% 0.0% 0.4%

> foy with [0.6%] from = baryon mass

[RQCD22, 2211.03744]



scale setting: f and wy FLAG 24

[FLAG 24, 2411.04268]
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Ne=1+1+141+QED: wg = 0.17236(070) fm [0.4%]
wg = 0.17245(051) fm [0.3%]
[BMW, 2407.10913]

Np=2+1+1: /fg =0.14292(104) fm [0.7%] , wg = 0.17256(103) fm [0.6%]

Np=2+1: /[l =0.14474(057) fm [0.4%] , wg = 0.17355(092) fm [0.5%]



semileptonic H — L/v decays

gt = k" — pt; rest frame of H
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new = | + (ageo/7) In(Mz/ )| u=m, = 1.009(2): short-distance electroweak corrections to Gr

dem: long-distance and structure-dependent electromagnetic corrections
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p! =p" — (p-v)v*: component of the [-momentum orthogonal to v



D rlv and D — Kiv: f.(q?=0) FLAG 24

[FLAG 24, 2411.04268]
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2212.12648]

[FNAL/MILC 22,

D — Ktv and D — 7lv fo(d?)

= 1000 configurations
a=0.12 fm

MILC ensembles:
1/5 '
B 2=0.088 fm
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N =2+ 1+ 1HISQ + one-loop Symanzik improved gauge action
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D — ity f+70(q2)

Error budget (percent) [FNAL/MILC 22, 2212.12648]
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Source 7. (0) ACTEC)

Statistics £ 0.21 1.46 0.01

Statistics f 0.70 0.39 0.40

Ctm. wo 0.31 0.09 0.15

XEFT £ 0.12 0.46 0.01

XEFT fy 0.24 0.13 0.13

Discr. 0.08 0.73 0.00

Discr. fo 0.05 0.02 0.07

fPPe 0.16 0.10 0.13

Total error 0.87 1.84 0.48




D — nly

chiral-continuum fit
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hard-pion xPT: factorization of chiral logs with respect fo energy dependence is violated at three loops
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D — Kbv

chiral-continuum fit [FNAL/MILC 22, 2212.12648]
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D — Ktv: f,0(q%)

lattice data covers the full physical kinematic range

z-expansion with Bourrely, Caprini, Lellouch (BCL) parameterization

VE=F - T h

2
2(q°, o) =
VE-—@+Vh -1
te=(mp+mg)?, t_=(mp—mk)?. o=t —/F(fs —F_)
Z(ty, fo) = =1, 2(fo,T) =0, 2z(—o0, %) = +1
NESTREE 7 -
+ = — (= —
1= qz/mDS* n=0 " N*
2 1 =
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kinematical constraint £, (0) = f(0) also implemented

inputs: mp = 1.87265GeV , Mp» = 2.1122GeV, Mpx () = 2.317GeV, myg = 0.495644GeV

N =N=4

D — m: no subthreshold , mE 2 Mp+ Mg [D* included as pole in FNAL/MILC 22 unitarity bounds?]



D — Kév and D — 7wlv: f,o(G%)

continuum limit and physical point results, before and after fitting to z-expansion

1.2
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[FNAL/MILC 22, 2212.12648]

D—m

RXX fy: z-expansion
BXA f,: z-expansion
[0 fo: chiral-ctm fit
[0 f, : chiral-ctm fit




D — Ktv and D — wlv f,o(q?)

[FLAG 24, 2411.04268] [FNAL/MILC 22, 2212.12648]
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form factor parametrizations: f, o and f,

Bs — K [RBC/UKQCD 23, 2303.11280]
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D — nly

[ETMC 17, 1706.03017]

D — 7 before and after subtracting hypercubic lattice artefacts
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D — nly

ground-state extraction: f, (p)  3-state fits in 2-pt functions [FNAL/MILC 22, 2212.12648]
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D — nly

ground-state extraction: fy(p)

Ro(t,T,P) = 2/ MyE, (

mp — my

3-state fits in 2-pt functions

[FNAL/MILC 22,
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2212.12648]
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excited state effects from HMyPT

[0. Bir, A. Broll, R. Sommer, 2306.02703]
B — wlv: B*m excited states denser spectrum as L increases
My — mP™s and L — oo ~» use of Heavy Meson xPT
HMxPT: LO LECs: f, g = Og*px
Interpolating B-meson fields: QCD: G, (x)FQ(x) ~» HMxPT: § [By + iB1Bomw + .. ]

smeared interpolating field with rum < 7=: B1 — B (fem) B1 = 0.14(4)Gev ™!

M (tyy by En) = 1L (Ex) X (1 4+ DDy (hy Ex) +...)

1+ BiEx -
Ahy (hiEn(P)) = =327 t?E Eg;;ge Em (P}

Ahy (tv, Ex) L@”
+—+t

— Lo

NLO, local interpol.

02 m:% M,L=4

-03 = Enj~ 260MeV

08 10 12 14 16 18 20 figure taken from Oliver Bar

part of spectrum which contributes in 2-pt functions is suppressed in 3-pt functions



D — Kév and D — 7wlv: f,o(G%)
[FNAL/MILC 22, 2212.12648]

strong isospin breaking corrections: valence sea: O ((md — mu)2

i f neutral ; ccharged
systematic errorin 1 — £2%G" /17

in definition of phys. point, initial and final hadron masses: neutral — charged

LI}
fo

0s] D7 1 pok ] bk

0.0 4 4

~0.54 4 g

SIB error [%]

-1.04 1 R

—-1.54 4 4

¢ [GeV?] ¢* [GeV?] ¢* [GeV?]
phase-space suppression at large lod
QED:
experimental decay rate: PHOTOS Monte-Carlo applied for radiative corrections
eg D - n ety
long-distance corrections unknown for D — K¢v and D — wlv
assign ogm = +1% based on K — wlv

[Cirigliano et al., 1107.6001; Chien-Yeah Seng et al., 2203.05217]



D — Ktv: |V FLAG 24

[FLAG 24, 2411.04268]

; FIAG2024

Fit LQCD only (£ =¢)
Fit LQCD only (£ = p)
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|Vedl aNd | Ve s v v FLAG 24

- our estimate for Ny=2+1+1
;‘*‘ D=ty
z ™ DslKev Y
—A—1 D=KEy
= our estimate for Ne=2+1 |
% - Du—=tv. L 3
z —A— D-nlK£v (g?=0) A
A=Aty —h—H
é —— neutrino scattering
é ° CKM unitarity (]
0.20 0.24 0.28 0.92 1.00 1.08
exp: BESIIl, CLEO, Belle, Babar error: (lab)(exp)
Neg=2+141: |Vggl =0.2161(07)(52) [0.3%][2.6%] , |Ves| = 0.974(2)(11) [0.2%][1.1%] , [D(s) — Lv]
Np=2+1: |Vggl =0.2178(16)(52) [0.7%][2.4%] , |Ves| = 0.983(5)(11) [0.5%][1.1%] , [D(s) — Lv]
error: (lat+exp)(QED:1%) or (lah)(exp)(QED:1%)
Np=2+4+1+41: |Vggl =0.2245(33)(22) [1.5%], |Ves| = 0.9592(50)(96) [0.56%], [D — w(K)ev]
Np=2+41: [Vggl =0.2121(92)(29)(21) [4.3%][1.4%] , |Ves| = 0.9580(250)(50)(100) [2.6%][0.5%] , [D — = (K)ev]
Np=24+1+1: |Vog| =0.2229(64) [2.9%] , |Ves| = 0.9667(096) [1.0%] , [combined]
Ne=2+1: |Vggl =0.2165(49) [2.3%] , [Ves| = 0.9730(140) [1.4%] , [combined]

stretching factors: \/XQ/dof ~ 1.9 [Vog: Np=2+1+1and 1.3 [Ves, Np=2+1]

Ds — K from FNAL/MILC 22 + BESIII [errors: (exp)>(lab)]



|Vcd| and |Vcs| FLAG 24

62024 |Vl Vsl
- I our estimate for Ne=2+1+1 jgf
T
& - D=ty L1
= ™ DrlKev ki
A DKy
tm our estimate for Ne=2+1 |
& - Dty L
E —d D-aiKév (q2=0) —4—
A=Aty H—h—H
] —e— neutrino scattering
: ° CKM unitarity °
0.20 0.24 0.28 0.92 1.00 1.08

CKM second row unitarity

Ne=2+1+4+1 |[Veal® + Ve + |[Ven|* — 1= —0.01(2)
Ne=2+1 |Vea|® + |Ves]* + [Ven|? — 1 = 0.00(3)



quark masses: m: and m¢/m;

Ne=24+141

Ni=2+1

FIAG2024

me(Me)

b

AELEE"

-

FLAG average for Ny=2-+1+1

ETM 21A
HPQCD 20A

HPQCD 18
FNAL/MILC/TUMQCD 18
HPQCD 14A

ETM 14A

ETM 14

ks

FLAG average for Ny=2+1

ALPHA 23
ALPHA 21
Petreczky 19
Maezawa 16
JLQco 16
1QcD 14
HPQCD 10
HPQCD 08B

{} éiri[HH []

PDG

125 130 135

1.40

GeV

Np=2+1+1: Mc(Mc) = 1.280(13) GeV [1.1%] ,

Np=2+1: Mc(Mc) = 1.278(6) GeV [0.5%] ,

FLAG 24

[FLAG 24, 2411.04268]
FIAG2024 m¢/ms
- FLAG average for Ne=2-+1+1
T
g —a— e 21a
Z L FNAL/MILC/TUMQCD 18
Hill| HPQCD 14A
EM1s
- FLAG average for Ni=2+1
T
i —o| Maezawa 16
:
xQCD 14
- HPQCD 09A
11.0 115 12.0 125

stretching factor: \/x2 /dof ~ 2.0 [mc] and 1.4 [mc /ms]

MECL = 1.528(15)m(21)5 GeV [1.7%] , me/ms = 11.766(30)[0.3%]

MROL = 1.526(7)m(21)p GeV [1.4%] , me/ms = 11.820(160)[1.4%]

Anp=a = 297(12)MeV



mixed action: Wtm on CLS

» lattice action:

» gauge action: LUscher-Weisz gauge action (t1Sym)

[ALPHA 23, 2309.14154]

P sea fermion action: Ny =2+ 1Wilson fermions with non-perturbative csw

> Wilson twisted mass (Wtm) fermions at maximal twist

» open boundary conditions in time

» chiral frajectory

renormalised chiral trajectory

4

» lattice spacings:

150
100
350

% 300

250

200

150

385 37

= i (M2 +M2)

[Bruno,

Lo + ok

a~ 0.085, 0.075, 0.063, 0.050, 0.038 fm

3.46 3.4

phys

N30
1500 0

J501 N30z
o O
1303

B300

D200

E250

Hio  Hiol
o o
Hi02

H105

0.000

0.002

0001
a2[fm?)

0.006 0.008

to(2mi®-m?) a mgh
. o
o Z 9o
g & 8 B

o
o
&

Mg =diag (mqy,; Mg q> Mas)

frMg = mgq, + Mgy + Mg, = const.
Korzec, Schaefer,

const = @b™*

1608.08900]

L L L L

L
0.02 0.

.04 0.06 0.08 0.1
tomyZ amR

0.12



valence quarks: Wilson twisted mass

[ALPHA, hep-lat/0101001; Frezzotti and Rossi hep-lat/0306014, Pena et al., hep-1lat/0405028]
» valence action
SW :
Dwm = Dy + m £ iysp

» maximal twist o= 73 :

m = Mg ~  mi =0

= {ll‘uda Hs, Hc}

flavours: i=1,2 — (u, d); i=3,4 — (s, ")
» properties:
» absence of O (au) lattice artefacts in physical quantities at maximal twist

P> SW term: same renormalization in sea and valence, valence flavour breaking
cutoff effects

> acts as an infrared cutoff

» mixed action: match sea & valence quark masses (at maximal twist)



continuum-limit scaling

frk = 2 (3fx + fc)

0.320 { + + + Wilson twisted mass
0.315 e’
&
g
L0.310 + B=3.40 +
+ B=3.46
0.305{ + B=3.55 *
B=3.70 “i
4+ B=3.85 Wilson
0.300 ’

0.00 0.01 0.02 0.03 0.04
32/8t0

symmetric point: my = ms, My = Mg = 420 MeV



charm sector: ground-state extraction

> setup: mixed action with Wilson twisted mass (Wtm) valence quarks
on CLS Ny = 2 + 1 ensembles

Wtm charm quark is partially quenched: three masses around physical value

»  meson masses and matrix elements extracted from a GEVP

(1) fo(t+7)

C(t) =
O =1e¢+r)  at+20)
T =3a
C(M)Va(t, trer) = An(t, Tret) CFre) V(T frer)
0.650 106
n=0 > et = 0
0.625 n=1 1.05 tret = 50
> F ot =t/2
0.600 1.04
= B>
0.575 £ 103 N
= S N 1005 B8
E = " B
S 0.550 C By 1.000 o
£ 101 B -
0525 3 »»%i»w 30 40
1.00 aaass
0.500
0.99
0475
0.98
0 10 20 30 40 50 60 0 10 20 30 40 50
t/a t/a

a=0.050fm; My =190MeV; Myl =4.1



charm sector: ground-state extraction

meson masses and matrix elements extracted from a GEVP

yyyyyy

: ‘%1 ) SrEaT } RN

%"“"@*‘WW g W |
m} gl [ [ [ 111

- iy & > & & & &
& ¢ & ¥ € «
Models [tuin/a, tmax/al

a=0.050fm; Mgz =190MeV; Mzl =4.1
1100 configurations, Npgise = 6




charm sector: ground-state extraction

meson masses: mp, Mp,. mgff““')

1.020 7

1.0154

5

eff
a,mH 1‘ //1m,H
§

20 40 ﬁ(]

t/a

signal/noise :
(Mpe + mzx) — 2mp ~ —610MeV
(Mne + mgg) — 2mDs ~ —260 MeV

(Mne +mMye) —2mypy. =0

80

*
*
*
Py
*
%

1.001 7

1.000 4

0.999 -

|

D. o 0 60 80
0 20 10 80 0 2 10 60 80
t/a t/a
a=0.080fm: My = 190MeV; Mgy L =4.1

1100 configurations,

Nnoise = 6




matching charm quark mass

» consider two matching conditions

¢l(-;) = \/%m;./() 2 ¢S)715°QCD

(1)~ i50QCD _ 2 isoQcD |, 1 isoQCD
my” =mg =_-mp + 3Mp,
3 3
(2) ~ ,(conn.,isoQCD)
my’ = my”

[includes 100% uncertainty from absence of quark-disconnected contributions]

» chiral-continuum behaviour of D(5) meson masses

() (0 o
V8lmp, (a, b2, ¢/) = Po + P12 + p2gy) + € ar
o

T a=0077fm T a=0077fm
s 3 a=0065fm . . I =065 fm
F o005 fm E 005 fm

VEioMp
—A—
—h—

——
-

(2) ~ . (conn.,isoQCD)
My =My,



matching charm quark mass

» consider fwo matching conditions o) = /Blom(D) = p{-1o8cd
m(l) 2 piso9CD _ gmiSGQCD T lmiSOQCD
H B = 3> 3Mb,
mS‘(Z) ~ m(nc:nn.,isoQCD)

(includes 100% uncertainty from absence of quark-disconnected contributions)

» chiral-continuum behaviour of D5 meson masses

) ; lou
V8hmp, (a, ¢2, ¢£4I)) =po+Pig2 + qub,(.;) +o 3
o

4 ~0.065 fm
=005 fm i

B
&

0087 fm B 0039 m
m B a~0077 m 40

=™ B a=0085m

P0G & o~005m

355 355 @ ~0.087 fm B a~0.039 fm
B a~0077im

(2) ~ . (conn.,isoQCD)
myy"= My,



charm quark mass

RGI quark mass

et = % 2, (Gh, 1naa) pe
non-perturbative running [Schrédinger Functional] [ALPHA, 1802.05243]
Y = 0.9148(88) [1%]
from fihaa = 233(8) MeV fo pp ~ O(My)
continuum factor: applies to Wilson and Wtm regularizations
» mass dependence b2 = 8fgM,;, ¢S) = \/STOM,(J)

VBLME® (0, ¢2, ¢) = o + P12 + P38,
» discretization effects

2

o
cm(a, g2, ou) = 8070(0] + Cogy + C307y) + W(CA + Csiy + Codly)



charm quark mass

lattice spacing dependence

3.404

3.254

14

(2
83 = VRiam,
G)g) = /Btomp

0.01

0.04

(2) ~ y(conn.,isoQCD)
mH = mnc

(1) ~ 4is0QCD
my 7m%



charm quark mass

lattice spacing dependence

)
o2 = VBiom,
o _

ol T =Sty

[ 001 005

a?/8ty

Wilson twisted mass; SF scheme

Wilson; RGI mass

[J. Heitger, F. Jorwig & S. Kuberski, 2101.02694]



charm quark mass

mass dependence

%0065 fm
0~005 fm o
¥
¢
o
%
w”d’
o
o 0 ~0.087 fm
o @ 00077 im
o a B a=0.039 fm
0
[ Py
(1) ~ +iS0QCD (2) ~ - (conn.,isoQCD)
my,) = me my = my,.



charm quark mass [ preliminary |

lattice spacing dependence::

4

cr2
Cu.(a, P2, Pn) = (Cw + Cagpa + Cagly) + () (

ca+ Csdpy + Cod’;.y)

Systematics

" B Model average

a - Stat. fy-cont. limit
- Scale setting
Model av.

MES (N = 3) = 1.486(5)(3)(15) GeV [1%]

previous results [ALPHA 23, 2309.14154]

MROUN, = 3) = 1.485(8)(3)(14) GeV [1%]
MEE (N = 4) = 1.546(8)3)(14)(A)AB)trunc. [17]1GeV [1.0%]

MECL (N, = 4) = 1.526(7)m(21)7[221 GeV [1.4%]  [FLAG24]



systematic effects: model averaging

» generdlised least square

xz(a@) = [y — f(a)] K" [y — H(a)]

K = C covariance matrix; K = Ksyst
» Akaike Information Criterion

AIC = X2 + 2Npar
» Takeuchi Information Criterion [Frison, 2302.06550]
TIC = X2K — Z(Xi)
{X2): Bruno & sommer, 2209.14188]
» model m: apply weight W,

1 M
W, o exp (—ETIC,,,> with Z Wn =1

m=1

> fK=C = (XE) = Naot = N2 — Npar
if data cuts: New' = Njot — New = (X2 = Nt — Npar
112
W, o< exp 5 [Xc + 2Npar + QNcut} m

[Jay & Neil, 2008.01069]
» model average (MA)



conclusions: precision charm physics

lattice
e statistical precision
e contfinuum limit extrapolation
e scale sefting
e excited-state contamination
e non-perturbative renormalization

e EM and strong isospin breaking corrections

contact with experimental efforts



