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CKM Unitarity

. * %k >k
Global fits: Vuqub + VCchb + V;jd‘/;gb =0
UTFit Collaboration, arXiv:2212.03894 CKMfitter Group, arXiv:2405.08046

|V |V = 0.97345(20) |V |SMAter = 0.97351(6)



CKM Unitarity
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FLAG Collaboration, arXiv:2111.09849

2+1+1

——

N¢

our average for N,=2+1+1

FNAL/MILC 17
FNAL/MILC 14A
ETM 14E

ETM 13F
FNAL/MILC 13
FNAL/MILC 12B

Ne=2+1

fp
B (D, = p(@v) « f3 | Vil j

our average for N,=2+1

xQCD 20A
RBC/UKQCD 17
xQCD 14

HPQCD 12A
FNAL/MILC 11
PACS-CS 11
HPQCD 10A
HPQCD/UKQCD 07

FNAL/MILC 05 —A

<0|§7#'7’SC|D8> =1k, fp, .

Only input from lattice QCD I

Nf=2

Iar

—H

T—H

_‘

our average for Ny=2

Balasubramamian 19
Blossier 18

TWQCD 14

ALPHA 13B

ETM 13B

ETM 11A

ETM 09

6 180 200 220 240

230 250 270

Me




CKM Unitarity

Global fits: VudViy + VeaVy + ViaViy =0
UTFit Collaboration, arXiv:2212.03894 CKMfitter Group, arXiv:2405.08046
V.. |V = 0.97345(20) |V, | Mt = 0.97351(6)

Leptonic modes:

RB (Ds — /’t(T)V) chlz)s‘ Vcs ‘2 & <DS ~ ,UV) - <055 = 003) &
FLAG Collaboration, arXiv:2111.09849 9 (D s 7 ) — (5 .60 £0.25 ) e
Jp, = 249.9(0.5) MeV V.| =0.997 +0.018

Only input from lattice QCD

Cannot match the precision from global fits‘



CKM Unitarity

Global fits: VudViy + VeaVy + ViaViy =0
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Low-energy EFT

S
C 1
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Lot = —2V2GFVys [ (1+gv,) (@Lyuse) (Ey*ve) + gy, (€rvusr) (ELy*ve)

+ 95, (@rst) (Crve) + 95, (eLsr) (CrvL) + g7 (CrROWSL) (ZRU’“’VL)] +h.c.,



Low-energy EFT

C %
%4

Lot = —2V2GFV,, [ (1+gv,) (@Lyuse) (Ey*ve) + gy, (€rvusr) (ELy*ve)

+ 95, (@rst) (Crve) + 95, (eLsr) (CrvL) + g7 (CrROWSL) (ZRG’“’I/L)] +h.c.,

Basis of operators with well defined parity
transformations under QCD

Ova) = (€yu(75)s) (ZL'Y#VL)

95y = 95n £ 95, Gv(a)=9va £9V, 91 =971

10



Low-energy data
Lot = —2V2GpVes [ (1+gv,) (@Lyuse) (Ey*ve) + gy, (€rvusr) (ELy*ve)

+ 95, (@rsL) (Crve) + 95, (eLsr) (CrvL) + g7 (CrROWSL) (ZRU‘“’VL)] +h.c.,

Meson decays See also

) C. Bolognani et al., arXiv:2407.06145
/ D, — ev

B(Ds = eve) <83x107° Baryon decays

Belle Collaboration, arXiv:1307.6240
Dy = pev A — (A
— (A - pn)
B(Dy — devy) = (2.39+ 0.16) x 102 c pP7T) €V
D — K€I/ PDG Collaboration, 2020 BESIII Collaboration, arXiv:2207.14149

0 — —2
B (D — K eue) = (3.509 £ 0.016) x 10 Derived angular distribution from
| B (Dt — K°v,) = (8.86 £0.09) x 102 “experimental” FF

Info on binned distribution
K BESIII Collaboration, arXiv:2408.09087 J
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(Semi-) leptonic meson decays

CKM unitarity
Leptonic:
M3,

14 (mc + ms)

G2 chs2 2 2 2

87'(' M12)S

Experimental Lattice QCD
measurement <O|§’)’y’)’SC|DS> — ik#st

New physics?
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(Semi-) leptonic meson decays

Leptonic:

GElVes|*fD,

m2 \ 2 M3,
M 2 1 _ E S
8T D, ( Ml%s)

my (Me + my)

B(Ds; — lvy) =7p, 1 — gﬁ 1 gf;

Semileptonic:| Pseudoscalar in final state D — Kev,

dB
In the SM a? DG |Ves|®

N32(mB, mi, ¢%)

1927T3m3D f—% <K|é’\/u3|D> X f—f—af()
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(Semi-) leptonic meson decays

Leptonic:

GElVes|*fD,

m2 \ 2 M?
8T DM ( Ml%s)

my (Me + my)

B(Ds; — fvy) =Tp, 1 — gﬁ 4 gf;

Semileptonic:| Pseudoscalar in final state D — Kev,

dB A\3/2(m%), m2%, ¢?) B
dB _
In the presence of NP — X f+, fo, JT (K|couys|D) « fr

dg?
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Charmed hadron decays

(Semi-) leptonic meson decays

Leptonic:
Mp,

my (Me + my)

1-g%+9gp

G2 Vcs2 2 2 \ 2
B(Ds — fvy) =Tp, F| 87r| Ib. Mp,mj (1— e )

Semileptonic: Pseudoscalar in final state D — Keve ETMC, arXiv:1803.04807

FNAL/MILC, arXiv:2212.12648
HPQCD, arXiv:2207.12468

1.6

B ETMC Fo(@®) 1.4{ m=m ETMC
B ENAL/MILC QN folg?) B ENAL/MILC
| 4| === mPQCD 1.31 mmm HPQCD
1.2 1
| (Kleyus|D) o £y, fo 1] (Kleou,s|D) « fr
W ng
= £ 1.0
1.0- 0.9 1
0.8 1
0.8 1 0.7
r T T T T T T T O-6| T T T T T T T
. )0 0.75 1.00 1.25 1.50 1.75 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
ETMC, arXiv:1706.03017 2 o] 2 GoV]

FNAL/MILC, arXiv:2212.12648
HPQCD, arXiv:2207.12468 15



(Semi-) leptonic meson decays

Leptonic:

G lVes 21D my \° Mp
B(Dy — ) =1p, — - = Mp.m? (1— sz ) s

my (Me + my)

1-g%+ 95

Semileptonic: Pseudoscalar in final state D — K@I/e ETMC, arXiv:1803.04807
FNAL/MILC, arXiv:2212.12648

1.6 HPQCD, arXiv:2207.12468
W ETMC f+(a?)
FNAL/MILC QN folg?) FNAL/MILC
| 4| === mPQCD { = 1PQCD
19l <K|E’Yu8|D> o<f+af0 <K|60pVS|D> x fr
<
=

ETMC arXiv-170I60301l7 50 075 100 125 150 175 0.00 025 050 075 100 125 150 175

2 2
FNAL/MILC, arXiv:2212.12648 ¢ [GeV] q° [GeV]
HPQCD, arXiv:2204.09883 16




(Semi-) leptonic meson decays

Leptonic:

G%‘|VCS|2J% 2 m% ’ M12Ds
B(DS — EI/g) =TD, 87 MDSme (1 — Mlz)s)

my (Me + my)

1—g%+95

Semileptonic:| Vector in final state D, — ¢ev,

Already in the SM, many

more FF are necessary Relevant for NP

<Q|V/L|D~> x V <¢|Tuu|Ds> x11,T2,T3

<¢|AM|DS> x Ay,A2,4
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(Semi-) leptonic meson decays

Leptonic:
G2 |V, HPQCD, arXiv:1311.6669 i
B (D, — fv,) =Tp PlVe 16 il .
y 8 Al(qz)
14 | A2 T
. V(qz) S

: : Ao(q))
Semileptonic: 2 F " E@%}&E/ _
% I

Already in the SM, many 1
more FF are necessary 03¢

o

G B
(¢|V,u|Ds) x V 00 #%p %
04 F *Qp ! |
oal But only one single lattice
(@14,u|Ds) o Av, Az, Ao hQCD determination

0 | | |
-0.1 0 01 02 03 04 05 06 07 08 09

q* (GeV?)



Semileptonic baryon decays

A, — Aev,

<A‘VM‘AC> OCfLaf—l—afO <A‘AIL’AC> X 91,9+,90 <A|T,UV|AC> OChJ-7h+?h0?;I'J-777’+
S. Meinel, arXiv:1611.09696

Only lattice QCD determination
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Semileptonic 3-body decays

A, — Aev,

<A‘V,U,‘AC> OCfLaf—l—afO <A‘AIL’AC> X 91,9+,90 <A|T,UV|AC> O(hl7h+?h0?i:u-7i"+
S. Meinel, arXiv:1611.09696

Only lattice QCD determination

Any 3-body decay can be written as

d2B)\g
dg?d cos 6

One could measure up to 3 observables to
fully describe the decay distribution

= a™(q*) + b(g*) cos 0 + ¢*(q*) cos? 6

———
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Semileptonic 3-body decays

A, — Aev,

<A‘V,U,‘AC> OCfLaf—I—afO <A‘AIL’AC> X 91,9+,90 <A|T,UV|AC> O(hJ-?h-I-?hO?;LJ-?B-l-
S. Meinel, arXiv:1611.09696

Only lattice QCD determination

Any 3-body decay can be written as

d2B)\g
dg?d cos 6

One could measure up to 3 observables to
fully describe the decay distribution

For D ,, decays we only have measuredﬁ dB/ dqQ\

= a™(q*) + b(g*) cos 0 + ¢*(q*) cos? 6

——

Instead, the full decay rate distribution for the A . has been measured
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4-body decay rate

d4I‘)\g
dg?d cos 0d cos Opdop

—AM + A2 cosfp + | BM + B cosfy | cos + | OM + C cosOp | cos®
1 2 1 2 1 2

1
+ (D:,),‘e sin @ cos gb—i—Di“Z sin 6, sin qS) sin 6 + 5 (E;‘e sin 6 cos ¢ + Ei“ sin 6, sin gb) sin 20

BESIII measured full decay rate

BESIII Collaboration, arXiv:2207.14149
BESIII Collaboration, arXiv:2306.02624

The experimental collaboration provides only the fitted FF assuming SM
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4-body decay rate

d4I‘)\g
dg?d cos 0d cos Opdop

—AM + A2 cosfp + | BM + B cosfy | cos + | OM + C cosOp | cos®
1 2 1 2 1 2

1
+ (Dg“ sin @ cos ¢+foz sin 6, sin qb) sin 6 + 5 (E;‘e sin 6, cos ¢ + Ei“ sin 6, sin gb) sin 20

BESIII measured full decay rate

BESIII Collaboration, arXiv:2207.14149
BESIII Collaboration, arXiv:2306.02624

The experimental collaboration provides only the fitted FF assuming SM

D,and £, —» 0

Crucial to provide the full distribution of events and their Correlationsl
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A, — (A — piz) ev,
Extracted form factors

<A|VM|AC> O(fJ_af+af0 <A|AM|AC> X g1 ,9+,90

S. Meinel, arXiv:1611.09696
BESIII Collaboration, arXiv:2207.14149

D. Becirevic, F. Jaffredo, SRA & O. Sumensari, in preparation
1.6-
0 BESII 0 BESIII
4] ™= LQcD 3.01 mmm 1.QCD

02 04 06 08 10 12 0.2 0.4 0.6 0.8 1.0 1.2
o [GeV] o [GeV]

24



A, — (A — pﬂ) ev,
Extracted form factors

<A|VH|AC> O(.fJ_af—l—afO <A|AM|AC> X3gl,9+,90

S. Meinel, arXiv:1611.09696

BESIII Collaboration, arXiv:2207.14149 D. Becirevic, F. Jaffredo, SRA & O. Sumensari, in preparation
0.901 o BEsIN 0.907 s BESHI

s LQCD s LQCD
0.85- i 0.85- <

9+ (o)

0.65

0.60

0.55

02 04 06 08 10 12 02 04 06 08 10 12
o [GeV] o [GeV]
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Comparison of different observables

dZB)\g

dg?d cos 6

S. Meinel, arXiv:1611.09696
BESIII Collaboration, arXiv:2207.14149

dB/ dof [GeV' 1]

e
o O

o
o

N
ol

N
o

=
ol

| sMm |
BES Il [! O e!e]

110 2

02 04 06 08 10 12
o [GeV]

= 0 (¢?) + b (q?) cos § + c**(¢?) cos® @

w19t D. Becirevic, F. Jaffredo, SRA & O. Sumensari, in preparation

dA s/ dq2 [Ge\/’ 2]

| sMm
BES IlI [! H e!e]

02 04 06 08 10 12
o [GeV]
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Comparison of different observables

S. Meinel, arXiv:1611.09696
BESIII Collaboration, arXiv:2207.14149

O_
| 2-
— 1 41
>
§ 6
S | 8
af
S 110
1 12-
| 14-

D. Becirevic, F. Jaffredo, SRA & O. Sumensari, in preparation

dirXe

dg?d cos 0d cosOpdop

—AM + AX cosfp + | B + B3 cosfy | cosh + [ O + O cosfy | cos? 6
1 2 1 2 1 2

1
-+ (D;“ sin @ cos qb—!—Di“’ sin 6, sin gb) sin 6 + 5 (E;“ sin @ cos ¢ + Ei“ sin 6, sin qb) sin 20

Not accessible in 3-body decay rate

" 103
(Ve# 1(# pl)ee]
SM
BES Il
02 04 06 08 10 12
o [GeV]

27

Integrated quantities are
consistent with the SM



New Physics in ¢ — sev,

Low-energy data
Lot = —2V2GpVes [ (1+g%,) @Cryuse) (Luy*ve) + 9y, (CrYusr) (ELy*vL)

+ gféL (CrsL) (ZRVL) + ggR (CLSRr) (ZRVL) + g% (CrROLLSL) (ZRU‘“’VL)] + h.c.,

Include vector couplings

D. Becirevic, F. Jaffredo, SRA & O. Sumensari, in preparation

"10 ! 110

Bl A7 el, B A7 el

mm B(D # Ke!) 5. mm B(D # Ke!)
B(Ds# e!) B(Ds# e!)

w B(Ds# "e!) man B(Ds# "e!)

— dB(D # Ke!)/d | 1- dB (D # Ke!)/dq

—— (B (! . # ! e!)/dd? — 0B (! o # ! e!)/dd?

FNAL/MILC

o_
8,



New Physics in ¢ — sev,

Low-energy data

Log = —2V2GpV,s [ (1+g%,) (eryuse) (v ve) + gv,, (erYusr) (" vL)

+ g5, (@rse) (LrvL) + 95, (eLsr) (LrvL) + 97 (CrROuwSL) (ZRJ‘“’VL)] +h.c.,

Motivated by §; or R, leptoquarks

Anp — 2GeV

gs, = *4gr — gs, ~ £11.2g7

" 10 ¢
I.# lelg
B(D # Ke!)
B(D.# e!)
B(Ds# "e!)
— dB(D # Ke!)/d¢
— (B (! . # ! el)/dd?

110

D. Becirevic, F. Jaffredo, SRA & O. Sumensari, in preparation

N
-
a
| ]
« .
[ ]
. | -
N

L.# lelg

B(D # Ke!)
B(Ds# e!)
B(D.# "e!)

dB (D # Ke!)/dd?
dB(! . # !el)/ddf

Benefit from studying
‘binned distribution

S
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New Physics in ¢ — sev,

Low-energy data
Lot = —2V2GpVes [ (1+g%,) (eryuse) (v ve) + gv,, (erYusr) (" vL)

+ ggL (ersr) (Crvr) + ggR (eLsr) (Crvr) + g4 (CrOwSL) (ZRU‘“’VL)] +h.c.,

Motivated by §; or R, leptoquarks

Anp — 2GeV

v 10 1 vic, F. Jaffredo, SRA & O. Sumensari, in preparation

V) # el

. mm B(D# Kel)
s B(Ds# el)
B(Ds# "e!)

dB (D # Ke!)/dd?
dB(! . # !el)/ddf

wn B(Ds# e!)
B(Ds# "e!)
— dB(D # Kel)/dq?

—

Benefit from studying

&
L.
binned distribution 3! "
I :' [
" Yl(FNALMILC | &,
1 2 11 0 1 2 12 11 0 1 2

e " 10 B0 e "10 1t
Os, Os,



High-p; tails @ LHC
Log = —2V2GpV,.q [ (1 + q{L) (CLyu.SL) (ZL’y“uL) + gf}R (CRYuSR) ([Lfy“z/l,)
+ 95, (ersr) (Lrvr) + g5, (eLsr) (brve) + 97 (CrowwsL) (Ero™vL) ] +h.c.,

SMEFT operators

2 2 2 2
e _ Y C(3) L _ v C(l) e _ Y C 0 _ v C(3)
9v, AZNP lq 9s. 2A2NPchs lequ ISk 2A2NP ledg, 9T 2A2Np‘/cs lequ

Drell-Yan processes at colliders

J. Fuentes-Martin et al., arXiv:2003.12421

HighPT L. Allwicher et al., arXiv:2207.10714 .
9 L. Allwicher et al., arXiv:2207.10756 o(pp—= tv) o< [ fsf.0(5c = fv) + (s < ¢
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New Physics in ¢ — sev,
High-pT tails @ LHC
Lot = —2V2GFV,, [ (1+g%,) (eryuse) (v ve) + gy, (€rvusr) (Lo ve)
+ gfi;L (CrsL) (ZRVL) + ggR (CLSRr) (ZRVL) + grf} (ERG,“,.SL) (ZRG‘“’VL)] + h.c.,

Drell-Yan processes at colliders

J. Fuentes-Martin et al., arXiv:2003.12421

HighPT L. Allwicher et al., arXiv:2207.10714 .
g L. Allwicher et al., arXiv:2207.10756 o(pp— tv) o | fsfe6 (Sc = tv) + (s ¢ c)
PRE D. Becirevic, F. Jaffredo, SRA & O. Sumensari, in preparation ‘10 2

Pe#t Lele ! # el w
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New Physics in ¢ — sev,
High-p tails @ LHC
Lot = —2V2GFV,, [ (1+ g7, (eryuse) (Ly*ve) + 9v,, (erVusr) (" vL)
+ ggL (CrsL) (ZRVL) + ggR (CLSR) (ZRVL) + g4 (CrROLLSL) (ZRJ’“’VL)] + h.c.,

Drell-Yan processes at colliders

J. Fuentes-Martin et al., arXiv:2003.12421

HighPT L. Allwicher et al., arXiv:2207.10714 .
g L. Allwicher et al., arXiv:2207.10756 o(pp— tv) o< [ fsfeo (5c = tv) + (s & c)
“ 1g 2 0.100- D. Becirevic, F. Jaffredo, SRA & O. Sumensari, in preparation
; ‘L4 e W tc# tele
4- S B(D # Kel) 00751 mmm Dy decays
: mn B(Dsg# el) 0.050
B(Ds# "e!)
21 dB(D # Ke!)/dq 0.025
— dB (! . # ! e!)/dcf s 0,000
o < =
| 0.025
W, .
' 21 v 17 Bounds from high-pr beat
- . T
~ .-
+ ¢ 0+ calmost any LE bound
I - ~ n = > H L T T T T T T T T 1
" Yl[FNAUMILC ] W L S ‘ 7120 115 110 105 00 05 10 15 20
: . e " 10 2
12 11 0 1 2 %

e " 10 1
s, 33



* Indirect tests of NP need very high precision from both
experiment and

. results for relevant semileptonic decays is not
completely satisfactory

e The full qz-distributions of angular observables would be
very useful
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Indirect tests of NP need very high precision from both
experiment and

results for relevant semileptonic decays is not
completely satisfactory

The full qz-distributions of angular observables would be
very useful

High-p tails of Drell-Yan processes highly constrain any NP
In semileptonic ¢ — s transitions
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Indirect tests of NP need very high precision from both
experiment and

results for relevant semileptonic decays is not
completely satisfactory

The full qz-distributions of angular observables would be
very useful

High-p tails of Drell-Yan processes highly constrain any NP
In semileptonic ¢ — s transitions

If there is no NP in ¢ — s£v, we can then use all this data to

Important to understand iInputs in channels more
sensitive to NP, like B — D*fv

36



Back up slides



BESII|I

D, — tv

BESIII Collaboration,
arXiv:2407.11727

They study a plethora of decays
ete™ = w(cc) - DD

+ — >X<_|__>X<_ 4+ A —
ete” - D "D ", ANTA;

D — K¢{v D, — ¢tv A.— ACv

BESIII Collaboration, BESIII Collaboration, BESIII Collaboration,
arXiv:2408.09087 arXiv:2307.03024 arXiv:2207.14149

BESIII Collaboration,
arXiv:2306.02624

Measured the qz—dependence
of the branching fractions
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Back up slides

Comparison of branching fractions
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