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Introduction

Precise tests of CKM unitarity and internal consistency within SM description.

Indirect probe of NP.
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Good consistency but some tensions: Cabbibo anomaly, V.5 exc. vs
inc., ...

Experimental program: LHCb, Belle Il, BESIII, ATLAS/CMS, NA62,
KLOE-2, PIONEER
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Tests of first-row CKM unitarity |
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Leptonic decays of light mesons:

FIAG2023 frx/frx

24141

Nr=

FLAG average for N=2+1+1

MILC T3A
MILC 11 (stat. err. only)
ETM 10E (stat. err. only)

Ni=2+1
1

FLAG average for N=2+1
CDSF/UKQCD 16
Qe @
RBC/UKQCD 148
D12

RBC/UKQCH
Laiho 1T

ubin 08
RBC/UKQCD 08
HPQCD/URQCD 07
MILC 04

Ne=2

FLAG average for Ni—2

ETM 14D (stat. err. only)
ALPHA 13A
ETM 10D (stat. err. only)

ETM 0
QCDSF/UKQCD 07

Pure QCD including SU(2) IB corrections.

Nf=2+1+1
Tt _ 1 1934(19)
==

0.16% error

Reduction of errors in the last years thanks to physical light quark masses, improved

actions, NPR or no renormalization.
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Leptonic decays of light mesons: |V,,|/|V,4|

Following proposal in

DEY = 1Fu(y) Vsl Fas (1 + 5ZEM,K>
X
Drt = Fu(9) — [Vual® 24 (1 +5f51w,7r)

J%M includes structure dependent EM corrections
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Leptonic decays of light mesons: |V,,|/|V,4|

Following proposal in

l
T(K+ = 1Ty(v)) N [Vaus|? fox (1+5EM,K) L WVas| frex

= 0.27599(29)(24)
Dt ST~ Vel 72 (140l,,)  Vadl Frt

J%M includes structure dependent EM corrections, traditionally estimated
phenomenologically within ChPT,

* Experimental data
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Leptonic decays of light mesons: |V,,|/|V,4|

Following proposal in

l
T(K+ = 1Ty(v)) N [Vaus|? fox (1+5EM,K) L WVas| frex

= 0.27599(29)(24)
Dt ST~ Vel 72 (140l,,)  Vadl Frt

J%M includes structure dependent EM corrections, traditionally estimated
phenomenologically within ChPT,

* Experimental data

I

¥ Np=2+1+41 average for
+
v

|
|Vud|

= 0.23126(24) e (20) R (37) 1t = 0.23126(49)
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Leptonic decays of light mesons: |V,,|/|V,4|

Calculate leptonic decay rates including QCD and QED on the lattice See
M. Di Carlo talk

@ For Ky2/mu2, EM and SIB effects SSU(Q) + d s found to be very compatible
with ChPT estimates: -1.26(14)% vs -1.12(21)%. But smaller errors.

(Compatible result from - -0.86 (ti(1)> %)

[Vaol £
|Vud| f7r

= 0.27679(28)(20)

@ Together with the Ny =2+ 1+ 1 isospin-symmetric average ]}—K = 1.1978(22)

™

( from LQCD Ny =24 14 1 results except ):

Vs |
|Vud|

= 0.23108(23) eap(16)(42) 10zt = 0.23108(51)

How to define isospin-symmetric quantities? X = X**° + §gpp + dsu(2)
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Leptonic decays of light mesons: |V,|

Extraction of |V,s| need external input for |V,,q4l:

@ Most precise determination from superallowed /3 decays.
* Recent updates of universal single-nucleon radiative corrections (focused

on the yW-box diagrams):

*% : Use LQCD result for m axial yW-box
**  Also relevant for neutron decay

AY = 0.02467(27) — Shift central value

* New nuclear structure-dependent corrections
— Increase the errors.

[Vaa|?" 0" = 0.97367(11)cap (13) o 2 (27) s = 0.97367(32)
+
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Leptonic decays of light mesons: |V,|

Extraction of |V,s| need external input for |V,,q4l:

@ Most precise determination from superallowed /3 decays.
* Recent updates of universal single-nucleon radiative corrections (focused
on the yW-box diagrams):
*% : Use LQCD result for m axial yW-box

**  Also relevant for neutron decay

AY = 0.02467(27) — Shift central value

* New nuclear structure-dependent corrections
— Increase the errors.

[Vaa|?" 0" = 0.97367(11)cap (13) o 2 (27) s = 0.97367(32)
+

@ Neutron decays: Clean system, large exp. errors. From
[Vial5PCG = 0.97441(31) £ (13) AR (82) A (28) -, = 0.97441(88)

where f =phase-space factor, A\ = ga /gy, Tn,=neutron lifetime.
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Leptonic decays of light mesons: |V,|

Extraction of |V,s| need external input for |V,,q4l:

@ Most precise determination from superallowed /3 decays.

* Recent updates of universal single-nucleon radiative corrections (focused
on the yW-box diagrams):

*x% : Use LQCD result for 7w axial yW-box
** Also relevant for neutron decay

AY =0.02467(27) — Shift central value

* New nuclear structure-dependent corrections
— Increase the errors.

|Vud|°+—’0+0.97367(11)ezp(13)A5 (27)ns = 0.97367(32)
+

@ Neutron decays: New EFT evaluation of RC
Vaalg BEET "™ = 0.97430(2) 5 ;(13) 3 (82)1(28),, = 0.97430(88)

where f =phase-space factor, A = ga/gv, Tn=neutron lifetime.
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Leptonic decays of light mesons: |V,|

Extraction of |V,s| need external input for |V,,q4l:
@ Pion (8 decay 7t — 7% % v.: Experimental errors still large (PIONEER can improve)

[Via|™ = 0.9739(29)
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Leptonic decays of light mesons: |V,|

fr+ .
fat

Experimental average from and Ny =2+1+1 average for

| Vs |
|Vud|

= 0.23126(24) cp(20) R (37)1aer = 0.23126(49)
plus V.4 from superallowed 3 decays
Viua|® 70" = 0.97367(11)eap(13) A (27) vg = 0.97367(32
p \%4

give

|VuS|Kez/W2 = 0.22517(24) ¢2p(36) 10t (24) rc(6) ns = 0.22517(48)

* Error dominated by uncertainty in the ratio Vis/Vyq.
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Leptonic decays of light mesons: f,+ and fx+

FAG2023 = fix
_ FLAG average for Ny=2-+1+1
3 e
i o Np=241+1 .
4 BT . ek = 155.7(3) 0.19% error
il FLAG average for Ny=2+1
JLQCD 15C . .
SR - But many existing LQCD.calcula—
- B T tions use fr to set the lattice scale
L s RSCURaC Ton (implicitly rely on |V,4| and the
T HILE 094 o
0| MILC 09 — SM).
| Aubinos —
H RBC/UKQCD 08 F——+—{F—+— . .
[[® - HPQCDIUKQCD 07 . — use a different external input?
o~ FLAG average for Ny=2
L ETM 14D
ETM 09
120 125 130 150 155 160 MeV
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Leptonic decays of light mesons: f,+ and fx+

FAG2023 = fix
_ FLAG average for Ny=2-+1+1
T et
i o Np=2+1+1
: BT . ek = 155.7(3) 0.19% error
. FLAG average for Ny=2+1
JLQCD 15C . .
o ;gé;ﬁ;ﬁ;ggggg o E.'Ut many existing LQCD_caIcuIa—
- i) MiLC 10 tions use fr to set the lattice scale
& MILC 10 . o
L e — RRCOQEO 08— H -1t (implicitly rely on |Vyq| and the
—HH MILC 09A A
— ol e 09" —q SM).
K\H[’C%Qe —
L RBO/UKQCD 08 (1] . . -
e o — use a different external input?
~ FLAG average for Ny=2
L £TM 14D
ETM 09

120 125 130 150 155 160 MeV
Without relying on f; to set the scale:
* With fEEAGH2 = 155.7(7) MeV and |Vis e+ |PPG2! = 35.09(4) cap(4) re: MeV
[Vius| = 0.2254(10) 1044 (3) ep (3) RO
* With Vs fi| = 35.23(4) eap(2) R MeV L 2 =156.0(7) MeV

|Vus | = 0~2258(10)latt (S)CZp(l)RC
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K semileptonic decays: Direct |V,]

FIAG2023 f+(0)

FLAG average for N=2+1+1
ENALMILC 15

—24+141

FNAL/M\LC 13

Ny

FLAG average for Ny=2+1

PACS 22

PACS 19
JLQCD 17 0 FLAG21 — 0.9698(17
RBC/UKQCD 15A —_— .

FEC/oidco 15 S+ O) Ny 25 (17)
FNAL/MILC 121
JLQCD 12
jLQep 11
RBC/UKQCD 10

RBC/UKQCD 07 0.18% error
FLAG average for Ny=2

L
—0— ETM 10D (stat. err. only)
L ETM 09A

Ni=2+1
T

Ne=2

—@— Kastner 08
——— Cirigliano 05
Jamin 04
———i Bijnens 03
— i Leutwyler 84

0.95 0.97 0.99 1.01

non-lattice

O =
Ckigcry O Vs LA™ (O) ey (1+ 085 + 05772))

new = 1.0232(3) Universal SD EW correction. %! includes structure-dependent

EM corrections and the SIB 5§l“(2) is defined as a correction with respect to the K°

decay. Traditionally estimated phenomenologically within ChPT,
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K semileptonic decays: Direct |V,]

Uﬂ_f {m
Py [Vas PLFE™ (0)*nw (1 + Oy + 6§\U(2))

dsu(2) looks solid at current level of precision, ChPT estimate for g/ into
question (plus relevant source of error)
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K semileptonic decays: Direct |V

Uﬂ_f < {m
Py [Vas PLFE™ (0)*nw (1 + Oy + (%\U(Q))

dsu(2) looks solid at current level of precision, ChPT estimate for g/ into
question (plus relevant source of error)

* Calculation of 6255}“) based on Sirlin's representation of RC

, ChPT and new lattice QCD inputs for
YW — box diagrams
*%  Consistent with previous ChPT estimates but with smaller errors.

** New results for m and K box diagrams in
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K semileptonic decays: Direct |V

2| pKOn~ 2,2 Kl Km
Cksy | Vausl®If5 ™ (0)*ngw (1 + dgm + 5SU(2))
dsu(2) looks solid at current level of precision, ChPT estimate for g/ into
question (plus relevant source of error)
* . Ke(p) 2 B .

Calculation of 6,,,,"" based on Sirlin's representation of RC

, ChPT and new lattice QCD inputs for
YW — box diagrams

*%  Consistent with previous ChPT estimates but with smaller errors.

** New results for m and K box diagrams in
Using experimental average in (includes new RC above)
|f+(0)Vus| = 0'21656(35)exp+18

* New KLOE-2 result (Ks — mev)
And Ny=2+1+1 average for f1(0) = 0.9698(17)

[ [Vas P = 0.22330(35)cp (391011 (8) 115 = 0.22330(53) |
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Other determinations of |V,;/V,4| and |V,

(K — i/ Vs 2| FE7(0
e ( usided) o« |2 | 0( ) proposed by
D(rt — w0etu(y)) Vua| | f77™(0)
With fE7(0) = 0.9698(17), /7 ™ (0) ~ 1 and including new RC for K3 and
Te3
Vus = 0.22908(66) cp,r (41) K (40) ;x 0 (2), + (1) Rox = 0.22908(88)
Vud | K g /mes & i
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Other determinations of |V,;/V,4| and |V,

(K — i/ Vs 2| FE7(0
e ( usided) o« |2 | 0( ) proposed by
D(rt — w0etu(y)) Vua| | f77™(0)
With fE7(0) = 0.9698(17), /7 ™ (0) ~ 1 and including new RC for K3 and
Te3
Vus = 0.22908(66) cp,r (41) K (40) ;x 0 (2), + (1) Rox = 0.22908(88)
Vud | K g /mes & i

* Inclusive hadronic T decays: D > 4 condensates from the lattice
, replacing OPE expansion by lattice HVP functions and optimizing

weight functions . Updates T. lzubuchi talk at
CKM18 and K. Maltman talk at TAU18
K : New method based on reconstruction of smeared spectral densities

from Euclidean lattice correlators: talk by

* Hyperon decays: |Vus\}}‘3prG 99 = 0.2250(27)
** Preliminary work by on the calculation of form factors for

>~ — nf~ U presented at Lattice21, talk by R. Hodgson.
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First-row: Consistency CKM description

HH Kes + ,(0) Ne=2+1+1 FLAG21
& Kea/Mes + 1,(0) Ni=2+1+1 FLAG21
uds.c 2 2 Kea/Teo + fic/f: Ni=24+1+1 FLAG21 + ChPT RC
e Keo/Teo + fi/fn Moulson21 + RM123 RC
—o— Keo + f: Ni=2+1 FLAG21
i - s inclusive, HFLAV21
——a— T s inclusive, Boyle et al. 2018 with K, input
—a— T s inclusive, Hudspith2017 + dispersive input for Kt modes + K, » input
—o0— (T = Kev)/(t — 1iév) HFLAV21 + fie/fy: Ni=2+1+1 FLAG21
—0— Unitarity with [V,¢|=0.97367(31), |V,:|=3.82(20)-10°
L L L L

0.22 0.2225 0.225 0.22750.23

Circles: Use |V,4|% %" = 0.97367(32) to get |Vus|.

(r — K{tv)/(t — wlv) HFLAV21 includes new RC calculation by

- Internal tensions between leptonic and semileptonic determinations
of [Vus| (with V44| as external input): ~ 3o
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First-row: Consistency CKM description

e Kpp/11p + fie/ f: N=2+1+1 FLAG21 + ChPT RC
o Kpo/1y, + fi/f; Moulson21 + RM123 RC
—0—A Ke/Ts + £,(0) N=2+1+1 FLAG21
I L 4 | (t—= Kév)/ (t=1v) + fie /£ Ni=2+1+1 FLAG21
. | . | .
0.226 0.228 0.23 0.232

Elvira Gamiz Lattice QCD inputs for CKM matrix elements determinations



Tests of first-row CKM unitarity

Tensions with first-row unitarity at ~ 2 — 30 level

Ay = |Vvud‘2 + |vu,s‘2 + ‘Vub|2 =1

% 1/semil ot —ot
Vs and [V, |

0.23
02275 Neutron decays A, = 70'0021(2)‘/“5 (6)Vud ~ 30
""" * Veemil and [Vis|/|Va| Ke2 / 7e2
_ 0.225 %
= Ay = —0.01805)v,, Dv,./v,, ~ 30!
Correlated analysis: Theory and experiment
0.2225 =
(| Kp3/ K2 |exp could have large impact
)

+ 0+ e
* VO 0| and Vs |/|Via ez / mez
~ 20

0.22
Unitarity
Ay = —0.0013(7)v, , (2) v, /Via

0.978 0.98

0.974 0.976

0.2175
0.97 0.972
[V
T~ 2,50 with |Vis|/|Via| /™6 =0.23108(51)
Elvira Gamiz Lattice QCD inputs for CKM matrix elements determinations




Tests of second-row CKM unitarity |
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Leptonic decays of D and D, mesons

Errors at 0.33-0.20%, 0.14% for the ratio: physical light quark masses, improved

actions, NPR or no renormalization + small lattice spacings + same action for all flavors

Ne=2+14+1

Ne=2+1

-2

FAG2021  fp fo,
our average fort=2 141
FNALMILC 17
ENALMILC 144
£ 14
o £ 13F
ENALMILC 13
] FNALMILC 128
ey
HH
RBC/uKocDﬂ
Ha, mmmuc 1
o RGeD 10
HPOCDILKQCD 07
L, Fagicos
our average for =2
Balasubramamian 19
Blosser 16 e
Wach 14
APA 138
T 13
€M 1A
£ o a
180 200 220 240 230 250 270 M€

FTAG2021

fo/fo

24141

i

our average for Ne=2+1+1
ENAL/MILC 17

FNAL/MILC 14A

ETM 14E

ETM 13F
FNAL/MILC
FNAL/MILC

N=241
=

HPQCD/UK CD 07
FNAL/MILC 05

0

our average for Nr=2

1.10 1.15 1.20 1.25

* On-going work on Ny =2 + 1 CLS ensembles, see A.Conigli talk at Lattice 22
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Leptonic decays of D and D, meson

Errors at 0.33-0.20%, 0.14% for the ratio: physical light quark masses, improved

actions, NPR or no renormalization + small lattice spacings + same action for all flavors

Ne=2+14+1

Ne=2+1

-2

faG2021  fp fo, FIAG2021 fo./fo
our average for N=2+1+1 ~ our average for Ny=2+1+1
FnALMILC 17 3 ENAL/MILC 17
FIALILE 10a H ENAL/MILC T4A
o £ s ! e EfM 15F
FNALMILC 13 ENAL/MILC 13
] FNALIMILC 128 2, FNAL/MILC 128
S average for =271
=) £QCD 204 our average for Nr=2+1
Kacukaco 17 L CD 20A
014 RBE/UKQCD 18A
£paco 12a RBC/UKQCD 17
M w FNAGMILC 1L < B HPGCD 17A
o PAcs.cs 11 o 3 ENALMILC 11
ey HPQCD 10A i - PACS-CS 11
Feagmicas " o z HPGED/UKQCD 07
- o FNAUMILCO5
o average for W=z
Ba\asubra?nam\an 19 - Fom our average for Ny=2
Bloss WQCD 1
——
° |l R
Bith = —a— EmM a3
T o . pu .
180 200 220 240 230 250 270 M€ 1.10 1.15 1.20 1.25

Ny =2+ 1+ 1 averages:

With dominant SIB from

fp =212.0(0.7) MeV  fp, = 249.9(0.5) MeV  fp_/fp = 1.1783(0.0016)

fp+ = 212.6(0.7) MeV fp_ = 249.9(0.5) MeV fp, /fp+ = 1.1751(16)
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Leptonic D decays: Extraction of |V )|

T(DE) — € v(y)) o< npw (1 + drm) |Vcd(cs)|2f,23(+)

@ Experimental data: CLEO-c, Belle, Babar, and BESIII. averages
nEw |Vedlfp+ = 46.2(1.1) MeV new [Ves|fp+ = 245.4(2.4) MeV
(averages do not include recent results for D, — TV, )
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Leptonic D decays: Extraction of |V )|

F(D(t = (7)) « Ny (14 6Em) |Vcd(cs)|2f,23(+)

@ Experimental data: CLEO-c, Belle, Babar, and BESIII. averages
[Vedl fp+ = 45.8(1.1)(0.3) MeV |Vcs|fD:r = 243.2(2.4)(1.7) MeV
(averages do not include recent results for D, — TV, )
@ EW and EM corrections: Accounted for in the exp. rates. adds 1.4%
uncertainty to purely leptonic decay rate. Adding that to averages:

* Short-distance EW corrections ~1.8%
* Structure-dependent EM: Reduce ~1% p channels

* Long-distance EM: removed with PHOTOS.

Together with Ny =2 +1+1 averages (with dominant SIB corrections):

[Ved| = 0.2154(52)cap (14)(7) 10zt ‘ ‘ [Ves| = 0.973(10)eap(7)(2) 10t

* EW+EM corrections important source of error. First results for radiative decay
rates on the lattice:
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Semileptonic D decays: Extraction of |V, ;)|

dI'(D — Pty
(dq2) o< gy (14 0em) |Vcd(68)|2 X

[1F22(P)P + ha?, M3, M3, me)| 7 (6) ]
(with h((¢%, M3, M%,0) = 0)

* Neglecting contribution from |fPF (¢2)|2 in D — Ppuv could shift V.4 s by a
few percent .

Experimental data: CLEO-c, Belle, Babar, and BESIII. 2-3% errors for total
branching fractions (u and e)
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Semileptonic D decays: Extraction of |V, ;)|

dl'(D — Plv .
(d(]2) < Npw (14 05M) [Ved(es) | X
[F2P (@) + h(g®, M, MB,me)| 77 (¢7)] ]
(with h((q?, M2%, M?%,0) = 0)
* Neglecting contribution from |j"é7]‘p(qz)|2 in D — Puv could shift V4 .s by a
few percent .

Experimental data: CLEO-c, Belle, Babar, and BESIII. 2-3% errors for total
branching fractions (u and e)

EW and EM corrections: Should be accounted for in exp. rates.

* Short-distance EW corrections ~1.8%
* Structure-dependent EM: use RC K3 calculations to estimate uncertainty
~ 1% (Ved,es)r ~ 0.5% (Veq/Ves, LFU ratios).

* Long-distance EM: removed with PHOTOS.
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Semileptonic D decays: Extraction of |V, ;)|

dI'(D — Pty R
(d(]2) < Nhw (L4 0em) [Ved(es)|* %
(27 @) + (g, M, M, mo)| 15" ()]

(with h((¢%, M3, M3,0) = 0)
* Neglecting contribution from |fPF (¢2)|2 in D — Ppuv could shift V.4 s by a

few percent

Theoretically: New Ny =2+ 141 results in the last couple of
years — form factors errors reduced to ~ 0.5 — 1% (at ¢*> = 0)

*D— Klv: fo, f+

*D— K: f07f+7fT
* Dy — Klv, D — wlv: fo, f4
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Semileptonic D decays: HPQCD

D — K/{v form factors on Ny =2+ 141 MILC HISQ

ensembles.

* Relativistic (HISQ) description of all
flavors: very small discretization errors

* 5 lattice spacings a &~ 0.15 — 0.042 fm.

ms and m. close to physical, 3
ensembles with physical m;.

* NPR imposing Ward identities at ¢2,,,

(Mp - Mx)Zy (K[V°|D) s =
(me — ms)(K|S|D)

2
Imazx

* Modified z-expansion: chiral
interpolation, mass mistunings,
continuum extrapol. and ¢?
dependence.

* tbc: Four momenta for each
ensemble

Elvira Gamiz Lattice QCD inputs for CKM matrix elements determinations



Semileptonic D decays: HPQCD

D — K/{v form factors on Ny =2+ 141 MILC HISQ

ensembles.

* Relativistic (HISQ) description of all
flavors: very small discretization errors

* 5 lattice spacings a &~ 0.15 — 0.042 fm.
ms and m. close to physical, 3
ensembles with physical m;. Three methods to extract Vcs: differ in ex-
perimental data included
* NPR imposing Ward identities at ¢2,,,
(Mp — Mg)Zv (K|V°|D)g, =
(me —m.)(K|S|D)gs.., * fDK(0)

* Total branching fraction.

Modified z-expansion: chiral * g2 binned differential decay rates.
interpolation, mass mistunings,

continuum extrapol. and ¢?
dependence.

* tbc: Four momenta for each
ensemble

Elvira Gamiz Lattice QCD inputs for CKM matrix elements determinations



Semileptonic D decays: HPQCD

D(B) — K on Ny =2+1+1 MILC HISQ ensembles.

* Same data as HPQCD 2021.
* Includes fr(q?)

* Reanalysis include: Tensor-current
correlators (combined correlator
fits), heavier-than-charm data and
Ds — ns data.

* Results for fo +(g?) within 1o of
2021 results.

149 # Emcos

rl4
rL.3
rl1.2
rl.1
r1.o
r0.9
r0.8
F0.7

0.6

Plot from

05 10 15
q"[Ce\r’l]

ETMC'18: Ny = 2 + 1+ 1 twisted mass,
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Semileptonic decays of D mesons: FNAL/MILC

D — K(m)lv, Dy — K/v blinded analysis on
Ny =2+1+1 MILC HISQ ensembles.

* Relativistic (HISQ) description of all flavors: small discretization errors

* 4 |attice spacings a ~ 0.12 — 0.042 fm.
ms close to physical, several mp ~ 0.9m, — 2.2m., 3 ensembles with physical m;.

* NPR imposing Ward identities at all simulated ¢2

124 %, DK
* .
1.0 . ,
P * - . (m;, —m,)(L|S|H)
g 0.8 "(L|V'|H)
So6 . g (L|V|H)
# . (my, —m,)(L|S|H)~q"(L|V¥|H)
£ 04
= . R ) Bare
0.2 . * B Renormalized
- v
22" .
0.0 T %58 m-am g =g #
012 4 6 9 12 16 physical quark masses 0.12 fm ensemble

* Chiral interpolation + continuum extrapolation: hard pion/kaon (staggered)
SU(2) ChPT for fo ((S)) and f+ ((S) and (V*)).

* (BCL) z-expansion

* Momenta (pbc): 8 for each ensemble p = 27n/Nsa
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Semileptonic D decays: D, — K(m)lv

Form factor

Form factor

3.0

2.5

FNAL-MILC
L (Present work)

N ETMC 17
—
==

D—r
¢’ [GeV’]
1.5
L] T (ereont work)
. ETMC 17
1.3 HPQCD 21
124 — J+
AP D— K
1.04
0.9
0.8
0.7+ . . T
0.0 0.5 1.5

Elvira Gamiz

FNAL-MILC
(Present work)
ETMC 17

0.05 1
0.00 4
T T T T
0 1 2 3
¢’ [GeV?]
FNAL-MLIC
(Present work)
ETMC 17

HPQCD 21

T T T

T
0.0 0.5 1.5

1.0
¢* [GeV?]
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Semileptonic decays of D mesons: FNAL/MILC

Three methods to extract Vg s|: Joint experimental+LQCD
z-expansion fit, fP%(0), ¢* binned differential decay rates.

0.359
> H4  BABAR 2007, K ¢ W@ BESIII 2019, K *
#  CLEO 2009, K" 0.304 Vial2 % (LQCD only)
0.30 Wl CLEO 2009, K ~¢* Joint LQCD & expt. QL
e
@ BESIII 2017, K’ 025 @ I I ; % I
0.254 @ BESIII 2015, K¢ * 0.96- T
’ Vel x (LQCD only) I { .f
Joint LQCD & expt. _@dh

__0.20 I
&k 0944

. W - final states ® Binned

: 0.93- WEM ;' final states A Joint z-expansion
et and p M Endpoint
0.10 = final states
@il 0929 Preferred
7 extraction
| 0.054 0.91
By Fe
G008 U0k inner bands/bars: Without QED
T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
¢* [GeV?] ¢* [GeV?] errors.

[Ves| P E = 0.9589(23) exp(40)14:: (15) w (05) s1B[95]QED

Statistics is the dominant error in the LQCD FF calculation for all three channels.
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Semileptonic decays of D mesons: FNAL/MILC

Three methods to extract |V.q¢s|: Joint experimental+LQCD
z-expansion fit, f2%(0), ¢* binned differential decay rates.

0.0: 0.0:
Hd  BABAR 2015, 7 ¢ @ BESIII 2018, 7'~
s #  CLEO 2009, 7' 00175 @ BESIN 2018, 7 4
W CLEO 2009, 7 ¢ Vil < (LQCD only) | 02254
P
W# BESIII 2017, 7% Joint LQCD & expt. :I: t
00150+ @ BESIII 2015, 7~ ¢ 0:01505
Va1 > (LQCD only) [ 0.220
Joint LQCD & expt. 0.01254 .
0.0100 02555
gy B ' final states ® Binned
= W i final states Joint
0.0075-] J
: O-2107 -+ and i+ final states A Zespansion
Preferred B Endpoint
0.0050-] 0.0050-] ~ extraction
0.
0.0025 0.0025
0 o e inner bands/bars: Without QED
T T T T ! T T T T
0 1 2 3 0 1 2 3
7 [GeV?] o [GeV?] errors.

[Vea|P=™ = 0.2238(11) eap(15) 144 (04) w (02) s1 8122l 0 ED
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Semileptonic decays of D mesons: FNAL/MILC

Three methods to extract |V.q¢s|: Joint experimental+LQCD
z-expansion fit, f2%(0), ¢* binned differential decay rates.

0.0: 0.0:
Hd  BABAR 2015, 7 ¢ @ BESIII 2018, 7'~
s #  CLEO 2009, 7' 00175 @ BESIN 2018, 7 4
W CLEO 2009, 7 ¢ Vil < (LQCD only) | 02254
P
W# BESIII 2017, 7% Joint LQCD & expt. :I: t
00150+ @ BESIII 2015, 7~ ¢ 0:01505
Va1 > (LQCD only) [ 0.220
Joint LQCD & expt. 0.01254 .
0.0100 02555
gy B ' final states ® Binned
= W i final states Joint
0.0075-] J
: O-2107 -+ and i+ final states A Zespansion
Preferred B Endpoint
0.0050-] 0.0050-] ~ extraction
0.
0.0025 0.0025
0 o e inner bands/bars: Without QED
T T T T ! T T T T
0 1 2 3 0 1 2 3
7 [GeV?] o [GeV?] errors.

[Vea|P=™ = 0.2238(11) eap(15) 144 (04) w (02) s1 8122l 0 ED

[Veg|Ps K = 0.258(15)exp (01);44£[03]@ep First determination, based on :

* D — mand Ds — K FF agree at < 2% level throughout the kinematic range.
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Alternative ways of extracting |V )|

@ In progress Dy — m(K):

® A. — Aty Ny =2+ 1 form factors calculated by
. Combined with new

|Ves| = 0.937(24)14¢¢(7) 7, (14)5

* Need to reduce LQCD error.

e B, — B?S) Ny =2+1+1 calculation of form
factors over complete phys. ¢® range. Measurable at LHCb.

@ =, — ElTuy: First calculation of form factors with LQCD
gives
[Ves| = 0.834(74) 144t (127)cap together with data

[Ves| = 0.883(88)141:(167) cap together with
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Second row unitarity

[Veal [Ves|
b FNAL/MILC 23 b
[ —
- D,— Kév o
i HPQCD 21 : * Exper. inputs for leptonic and
+ .
I. Dgy:
a@ - ETM 17 (¢*=0, ] semil. 2(s)
Z [ - global fit) —— *k except in
= = Leptonic average HEH semileptonic
I | HPQCD 10,11 —A—] and (global fit)

T - Leptonic average HH k% —
it new = 1.009(2)
I HPQCD 13 (Ds—® ¢ v)

% .
2 Meinel 16 (A-—A ¢ v) Grey bands: Fiu X
© (for visual guidance)
'B —eo—i v scattering
& (4 °
a L I | | |
02 0225 025 ®  Leptonic 0,9 1 1,1

A Semileptonic

* Large improvement in semileptonic |V, cq|, but large QED uncertainties.

* Overall good consistency.
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Second row unitarity

Second row unitarity is fulfilled within ~ 1o.

1.02
newfp|Vea| = 46.2(1.0)(0.3) MeV
newfp, |Ves| = 245.4(2.4)(1.7) MeV
1.00 ]leU,‘ | (24)(1.7)
0.98 4emmce |
56
0.96
- Semileptonic: FNAL-MILC
(Present work)
i Leptonic: FNAL-MILC 2018
0947 ™ L HF1AV 2021
= Vel + Vel + Vo P =1
0.92 T T T T T
0.200 0.205 0.210 0.215 0.220 0.225 0.230

[Veal

* dotted line: Unitarity with
[Vep|Bsdsre: = (40.8 £ 1.4)1073

* Inner blue ellipse:
No QED errors.

A(‘ = ‘Vcd‘Q + ‘VcS‘Q + ‘Vcb‘Q -1

For example, using correlated semileptonic results in FNAL/MILC 2212.12648:

Ac = —0.0286(44) cp (78) 10 (28) pw [194] o mp = —0.029(22)

Elvira Gamiz
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First and second row: consistency checks

[issis,. sz Semileptonic FNAL/MILC 22
F—— Leptonic FLAG21 + HFLAV21
—=e— Leptonic FNAL/MILC18 + HFLAV21

HH Kos/m13
HH Kua/Voq™”
L Koo/11g2
ro- CKM Unitarity Global Fit (PDG21)
—A— (t— K)/(t-11lv)

Unitarity

1 1 1 1
0.215 0.22 0.225 0.23 0.235

* Agreement-tension between leptonic and semileptonic determination
at the 20 level.

(Results for |Vys/Vyal are translated to |V,.q/Ves| assuming unitarity and correcting

up to O(\*) using parameters from a global unitarity fit ( ).)
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First and second row: First-column unitarity

Ag = [Vial? + [Veal® + [Vaal* — 1

* Using and

V9, =% = 0.97367(32), and
Vig = 8.67(23) - 10~ from a global
unitarity fit

and |Ve.q| from leptonic decays

Ag = —0.0054(6)v.,, (23)v,, (0)v,,
= 0.0054(24)

or |Veq| from semileptonic decays

A4 = —0.00018(6)v,,, (13)v,, (0)v,,

S
SIS

— —0.0018(14)
0.95 0.96 0.97 0.98 0.99
[Ves! Dominant error: Vcs(fmil' QED,
Grey lines: |Vea|xes, |VCS‘VD+~>D+ Vcl‘eip' experimental (to be improved by
ud to ~ 1.1%

(assumming unitarity and including corrections at O(A*))
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Third row: Consistency tests |
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B-meson mixing: |V,qs)|
In the Standard Model and beyond, short-distance contributions to the

mixing can be described via a Hfff;zz.

W

L — b

5 3
In general: HeAfl;:2 = Z C;0; + Z 6‘151
i= i=1

SM:
BSM:
= (F* v “) (f L") O = (F F
_ 1= (f*Lq*) (f° Ra”)
= (F*La") (7" L) Os = (7 Le°) (F° Ra®)

037( Lqﬁ) (fBLqD‘) N
O1,2,3 = O1,2,3 with the replacement L(R) — R(L)

@ Recent and on-going lattice calculations of K, D, and B mixing
matrix elements for all five operators — constraints on BSM physics
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B — B mixing

For the mass differences, in the Standard Model
* g > 8 >
AMy ‘thth|2 ff%’q ng), where gfgq B(Blz(u)M%q = (B%10}|B) (1)

~(1
13,85 AM, Vil

and the SU(3)-breaking ratio £ = — o<
f%ngd) AMy |Vis|?

raG2021 fg,\/ Bg, s,V Bs, FAG2021 & Bg,/Bsg,
T I
T - FLAG average for Ne=2+1+ g < HH FLAG average for Ne=2+1+1  |—lll—
| I
= ™ HPQCD 19A | 2 o HPQCD 19A |
FLAG average for Ni=2+1
[ FLAG average for Ny=2+1 [
RBC/UKQCD 18A
_ |- FNAL/MILC 16 | _ . FNAL/MILC 16 -
:‘ RBC/UKQCD 14A .ﬁ RBC/UKQCD 14A
z H——  FNAUMILC11 A o E H—O—— FNAUMILC 12
[ HPQCD 09 | o RBC/UKQCD 10C
HPQCD 06A H o HPacp 09 "
[ . FLAG average for N=2
. | FLAG average N:=2 [
Z‘. ] [+ ETM 138
el ETM 138 Lo z O EM12a128
180 220 260 220 260 300 MeV 11 12 13 0.9 1.0 11

1)

B need to be understood.
d(s)

* Some tensions for f3 B
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B — B mixing

* Work in progress:
Both matrix elements and ratios with DWF and
NPR.

Room for improvement in lattice calculations: statistics, matching, heavy
quarks (relativistic and with a contolled extrapolation to my), ...

* 1% error for the bag parameters achievable in the next few years.
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B— mixing: Vg,

Bl 3
[Via] X10 [Vis| X 10 [Via/ V|
T T T
Nr=2+1+1 HH Ni=2+1+1 8 | HPQCD 19 A Mq HH Ni=2+1+1
N .. RBC/UKQCD 18 A M, -
[ Ne=2+1 FNAL/MILC 16 A M, HH  N=2+1
FNAL/MILC,16 —_——
—a— —a— B- KL(/n)uI’u'1
[ e T —A— | HQETSR19AM, |[ w
e A PDG 22 v
—h —A— PDG 22 (tree) —A—
Unitarity From |Vip|aver/| Veblexe T
I I I I L From |Vup|aver/|Vebline S
7 8 9 35 40 0.18 0.2 0.22 0.24

Full/tree CKM unitarity from PDG22 using all inputs/only tree-level observables.

*  B-mixing results dominated by LQCD errors: ,

* B — K(m)utu~ results from

** New experimental data available from and
** New : B — K form factors with fully relativistic description.
Imply very low values of |Vis|. J. Harrison talk
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Conclusions and outlook

Quantity error(%) Latt. improvement Experiments
[Vaal - RC, fr, nucleon charges
[Vus|sem 0.184+0.16+0.04 correlated analyses, NA62,
[Vasliep 0.440.1340.04 Fr (without fr), KLOE-2
[Vus/Vudl ~ 0.24£0.140.1 QCD+QED
|Vaus|+ inclus. hadronic decays Belle 11
[Vedliep 03+£24+07 FF calculations BESIII,
Vedlceze 0.7£05+1.0 with other formulations, Belle II
|Vesliep 0.24+1.0+£0.7 QCD+QED
[Ves|lsem | 0.4£0.254+1.0
[Ves|ae 2.6+1.7 improve FF calculations BESIII
|Vid|B—mix 2.54+0.25 £17 Reduce error in LHCb, Belle Il
[Vis|B—mix 2.1+0.0+£17 bag parameters

Error: LQCD+ Exper.£ IB/RC/EW
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