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1. What is the Cabbibo angle
anomaly?



1.1 Test of the Standard Model: V. and CKM unitarity

« Extraction of the Cabibbo-Kobayashi-Maskawa matrix element V
» Fundamental parameter of the Standard Model

Description of the weak interactions:

L, = j% W (D Ve ¥ U, + ELy“veL + ﬁLy“vﬂL + fLy“vTL ) + h.c.
T

Unitary
matrix

» Check unitarity of the first row of the CKM matrix:
A=
V4

Negligible ~2x10-

u (B decays)
> W |Vud| =¢0s0, and |Vus| =sinf,

In the SM W exchange |:> V — A structure only

Leptons Quarks

:> Cabibbo Universality: |Vl + V|




1.2 Constraining New Physics

> BSM: sensitive to tree-level and loop effects of a large class of models

:> ‘Vud‘z +‘I/;ts i

Vi ~ SUSY, Z,
X charged
—— S _
| | Higgs,
 — leptoquark,

= > <

Gr ~ g2Vi/My2 ~1/v2 A2 N

c, M,
) BSM effects : |A~ 42—

1 <102%-107° — A~1-10 TeV
g A
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1.2 Constraining New Physics

» BSM: sensitive to tree-level and loop effects of a large class of models

CKM

:> ‘I/ud‘z-l-‘Vus i

3.

at low
energy

Gr ~ g2Vi/M,2 ~ 1 V2 1/A2

processes: helicity suppressed K,

Emilie Passemar

SUSY, Z',
charged
Higgs,
leptoquark,

Grossman, E.P., Schacht’20
> Look for new physics by comparing the extraction of V ( from different

helicity allowed K3, hadronic t decays



1.2 Cabibbo angle anomaly

Moulson &
E.P@CKM2021
“Bryman, Cirigliano, 1V, =0.97373(31)
02251 Crivellin, Inguglia’22 v, | =0.2231(6)
i v, NV, =0.2311(5)
0.225
[ Fit results, no constraint
0.224 -
V
us . 0.27%
0.223+ ( )
' ™
I (\12
0.222}
" (0.58%) £
0.221 §
[ 0+ — 0+ (0.030%) G 2 2 2
0220 . . . . .Ne.m:'.’on. (0705.0%.) — I . < . ‘V”d| +|V"s‘ +‘_% =1+ACKM
0.960 0.965 0.970 0.975 \
Negligible ~2x10-°
Vud

(B decays)



PathstoV and V

 From kaon, pion, baryon and nuclear decays

0+—0*
(Y
Ve KTy, | A>pev, | K- v
[y =

(Gg‘l))2 X |‘;J|‘2 X |A{had|2 X (1 + 51?.(7) X Fxin

4

/

Channel-dependent
effective CKM element

Hadronic matrix
element

‘S\

Radiative corrections

Recent progress on 1) Hadronic matrix elements from lattice QCD
2) Radiative corrections from dispersive methods + Lattice QCD

Emilie Passemar

Seng, Gorchtein, Patel, Ramsey-Musolf’18,’19
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2. Why this anomaly?




2.1 Changeson 'V _ and V_, since 2011

Flavianet Kaon WG: Antonelli et al’11

Moulson & E.P@CKM2021

5 0.228
> _ <V, (0" — 0%)
I vus (KI3)
0.226
. fit = < fit with
unitarity
0.224 )
K2
I \lusN wd v ¥ %
@_;
| ‘—2 |
0.972 0.974 0.976
\'}

Emilie Passemar

ud

Vs 1 68%CL ellipse
- Without scaling S = 2.6
0.226 - d
gV
— M« fit with
fit unitarity
0.224 -
Vus
c
3.
0.222 |- =
Vud g <
L I L L I I L
0.965 0.97 0975 V

ud

10



2.1 ChangesonV _ and V , since 2011

* Almost no change on the experimental side since 2011
Flavianet Kaon WG: Antonelli et al’11

T = (GY)2 x |Vi;|? X | Mnaa|? X (1 + 6re) X Fin

Channel-dependent Hadronic matrix

effective CKM element element Radiative corrections

Emilie Passemar 11



2.1 ChangesonV _ and V , since 2011

* Almost no change on the experimental side since 2011
Flavianet Kaon WG: Antonelli et al’11

L'y = (Ggf))2 X |Vij

? X | Myaa|* X (14 6pc) X Fiin

Channel-dependent adronic matrix Radinti .
effective CKM element element adiative corrections

« Changes in theoretical inputs:

— Impressive progress on hadronic matrix element computations from /attice QCD for
V, and VJ/V 4 extraction from Kaon decays

Emilie Passemar 12



2.1 Changeson 'V _ and V_, since 2011

* Almost no change on the experimental side since 2011
Flavianet Kaon WG: Antonelli et al’11

[k = (GP)? x |V,

? X | Myaa|* X (14 6pc) X Fiin

Channel-dependent Hadronic matrix — IR
: Radiative corrections
effective CKM element element -

« Changes in theoretical inputs:
— Impressive progress on hadronic matrix element computations from lattice QCD for
V, and VJ/V 4 extraction from Kaon decays

— Radiative corrections from dispersive methods for V4 extraction

Emilie Passemar 13



2.2 £ (0) from lattice QCD

« Recent progress on Lattice QCD for determining f,(0)

24141

N¢=

2+1

N¢

Ni=2

non-lattice

FIAG2021

f1(0)

FLAG average for Ny=2+1+1

FNAL/MILC 18
ETM 16
FNAL/MILC 13E

“Yoml WL

FLAG average for Ny=2+1

PACS 19

JLQCD 17
RBC/UKQCD 15A
RBC/UKQCD 13
FNAL/MILC 12!
JLQCD 12

JLQCD 11
RBC/UKQCD 10
RBC/UKQCD 07

FLAG average for Ny=2

ETM 10D (stat. err. only)
ETM 09A

Kastner 08

Cirigliano 05
Jamin 04

Bijnens 03
Leutwyler 84

0.95

2011: Vg = 0.2254(3) xp(1M)at 2 Vs = 0. 2231(4)p(4)

0.97

0.99 1.01

£(0) 5 = 0.9698(17)

0.18% uncertainty

to be compared to

£.(0)7451 = 0.9704(32)
S/
£,(0)3'2,,, = 0.959(50)

Uncertainty divided by ~2 w/
2016 and by 25 w/ 2011!

Lattice uncertainties
at the same level as exp.

—

-3.20 away from unitarity!

14



V./V ftomK,/ T,

1/2
Vs fx _ ( DoMas \ 7 L= my /mizs P S
Vial [ [z MK 5 OEM ~ 5050(2)

Recent progress on radiative corrections computed on lattice:
Di Carlo et al.’19

« Main input hadronic input: f/f__

* In2011: V/V g = 0.2312(4) ¢ (12)

* In2021: VIV 4 = 0. 2311(3)e4,(4) o the lattice error is reducing by a factor
of 3 compared to 2011! It is now of the same order as the experimental

uncertainty.
-1.80 away from unitarity

Emilie Passemar 15



2.2 f . /f_ from lattice QCD

Progress since 2018: =) new results from ET\M’21 and Callat’20
FIAG 2021 fies/frx

FLAG average orn—2+1+1 | Now Lattice collaborations
ETM2L include SU(2) IB corr.
Exm e For N=2+1+1, FLAG2021

FNAL/MILC 14A

MILE ﬁp(‘stat err. onIY fK+/fﬂ+ = 1'1932(21)
ETM 10E (stat. err. only)

Ne=24+1+1

FLAG average for Ny =2+1 .
QCQVSF/UKQCD 16 0.18% uncertalnty

RBC/OKSCD 13° Results have been stable
MILC 10 over the years

Nf=2+1

For average substract IB corr.

MILE 04 [IRAC 07 fK/f7r =1.1967(18)

FLAG average for Ns=
ETM 14D3(stat err. onIy)

é‘II:M 1(9)D état err. only) |n 2011 . fK/fn = 1.193(6)

QCDSF/UKQCD 07

Ne=2

1.14 1.18 1.22 1.26
e =) V,/Vy4=0.23108(29),,,(42)

exp lat



Changes on V and V_, since 2011

Flavianet Kaon WG: Antonelli et al’11

Moulson & E.P@CKM2021
>= 0.228 |- - . N Vas T 68%CL ellipse
Vg (07 —0%) | Without scaling S = 2.6
0.226 -
g
| vus (KI3)
0.226
— it with
fit > it with 0.224 I fit unitarity
unitarity
Vus
0.224 )
K2
- \lusN wa ™ % %
- 3 0.222 |- g
—.’:\: Vud - <
1 | 1 1 ‘ 1 I 1 1 I 1 L L 1 I 1 I 1
0.972 0.974 0.976 0.965 0.97 0975 V
Vud

Emilie Passemar
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2.3 |V_,|from 0*— 0" superallowed S decays

See Talk by Misha Gorshteyn
@CKM2021

Figure adapted

PDG 2020: from J. Hardy

PDG 2018:

2 2 A 2 2 2 sw
l Vud' o I Vusl o | Vubl - 0'9994(4)\/,‘(,(2)\/“3 I lel 2 | | o I Vubl =0.9985(3 )v,,,,(4)v,,,.
! le = (.97420( lS)R(V( l())_.;;, 1 e \f"'““,' = 0.97370( “))R(‘( 10) h
Vud 1 Vud l
9750 o750 - i
@ ] l K f '
9700 1 1 1 L 9700 1 1 1 !
nuclear neutron nuclear pion nuclear neutron nuclear pion
0t-» 0t mirrors o*—»o* mirrors
003 3 F - 3 F 003 F = = 1 F 3
T I I I
g 002 L B - o % 002 L . - = -
t 1 L. ol t ! . 11  1I1m=m-"""
§ 001 - - - § 001 l 1 B - -
| - o — J— s s | m—

'—@“\--
Experiment Radiative correction

Recent improvement on the theoretical RCs +Nuclear Structure Corrections
) Use of a data driven dispersive approach Seng et al.’18°19, Gorshteyn’18

- Nuclear correction Experiment - Radiative correction . Nuclear correction

Emilie Passemar 18



Changes on V and V_, since 2011

Flavianet Kaon WG: Antonelli et al’11

Moulson & E.P@CKM2021

[ 68%CL ellipse

V
S 0.228 us
> <V, (0" - 0%
0.226 -
| vus (KI3)
0.226 -
fit—= < fit with 0.224 |-
unitarity
0.224 |- )
K2
L \'UJ\' wa v ¥ %
: B 0.222 |
I a | I
0.972 0.974 0.976 0.965
Vv

Emilie Passemar

ud

|
- Without scaling S = 2.6 V4 shift
\\] wd

«fit with
unitarity

=l=

Vll )

0.97

L
[
|
L
— fuenun

=)
©
~

m-

~

ud
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3. Prospects with studying Tau
physics



31 PathstoV _jandV

 From kaon, pion, baryon and nuclear decays

d0 = V;ldd-*—I/;ss

U
0+%0+
\ Tt —> Ty, n—>pev, | T —ly
d
Vi K—o>Tlvy, | A>pev, | K-l
 From T decays (crossed channel)
V4 T—>TTV, T > TV, | T >hygV,
T —_-> hsv,t
VUS T —> KTCVT T—> KVT . .
(inclusive)

Emilie Passemar

e, U
g Vi g
> W
v

Hadron

21



3.2 Exclusive decays for V

* From T decays (crossed channel)

B "]1
Vig T—> TV, T — TV, [T = hysV,
N\
T—> hsv
Vs [T —Knv, T =Ky, (inclus.ive)T

2

T(z > Kv[y]) _(1-m/m?) 52 .,
T(esavly]) (1-m/m}) £ W,[

(1+6,,)

. Main input hadronic input: f,/f.. as for Kaon physics

From Tau physics: V/V 4= 0. 2289(18)exp(4)|at HFLAV'23 -2.10 away from unitarity

to be compared to V,,/V 4 = 0. 2311(3)¢yp(4)at =) Need important exp. improvement !

Emilie Passemar 22



3.3 Inclusive determination of V

With QCD on:

Use OPE:

us

RS . 1"(1" —>V1+hadr0ns) QCD SWitCh

V

ud

2

=RNS+0(aS) !

F(T‘ - vfe‘\_/e)

RS (mi)=N

SV \ (1+5 5;1)

R (m)=N

. EW]V\(1+6 +8%)

T

R

7,NS _

R

7,8

V

2

ud

V

us

2

2

R

7,8

T,NS _ 5

ud

2

T,th

SU(3) breaking quantity, strong
dependence in m, computed from
OPE (L+T) + phenomenology

OR_, =0.0238(33) Gamizetal’07, Maltman’11

HFLAV’23
R, =0.1615(28) = |V| =0.2184%£0.0018 )+ 0.0010,,

R, = 3.4650(84)

-3.70 away from unitarity!
V.| =0.97373(31)

A. Lusiani@Tau’23 23



Calculation of the QCD corrections

[

r—v,+had ~ Im -

e Calculation of R

m? 2
R.(m})=12xS,, _[ %[1-%) [[1+2’:2)Iml'l(l)(s+i8)+Iml'[(0)(s+i£)] Braaten, Narison, Pich’92
0 T T T

* Analyticity: 1 is analytic in the entire complex plane except for s real positive

=) Cauchy Theorem Tm(s)
SN s, s 2 S |q0 (0)
R (m?) 6msEW95|s|=m:m: (1 m:) [(uzm:)n (s)+1I (s)] m?
- (>
Re(s)
« We are now at sufficient energy to use OPE:

Ve= Y — T Pew (0,w)

D=0,2,4... (_S)D/2 dim0=D _
7 KT H: separation scale between
Wilson coefficients Operators short and long distances

Emilie Passemar 24



Operator Product Expansion

J 1 () JL separation scale
I1' )(S) = D2 Z C (s, ) <OD(/‘)> between short and
p=v24.. (=) dimoep y, X long distances
/ \
Wilson coefficients Operators

« D=0: Perturbative contributions

« D=2: Quark mass corrections

 D=4: Non perturbative physics operators, <%GG>, <mj;,.q,.>
- D=6: 4 quarks operators, <q_l.1"1q J.q_jl"zqi>

 D2>8: Neglected terms, supposed to be small...

3.
—> R,,V(s0)=EV”’

'S, (1+6‘°’+ > 55;’}) similar for R, ,(s,) and R_(s,)

D=24..

Emilie Passemar 25



Calculation of O R

T

_R R

T, V+A 7,8

v, v

us

51;.2): quark mass corrections, neglected for R (oc m

T ,theo

| N, S, T [60-57

D2>2

md) but not for R’ (oc ms)

known up to O(eg;) for both J=L and J=L+T

Chetyrkin, Gorishry, Kataev, Larin, Sugurladze; Baikov, Chetyrkin,Kuehn
Becchi, Narison, de Rafael; Bernreuther, Wetzel

5;.4) : fully included , e.g m;'/mf[1 <mj¢;iqi>/m:

5;.6) . estimated (VSA) to be of order or smaller than errors on D=4

D = 8 : Neglected terms, expected to be small...

—

SR, ~24

2 2
m; (mT)

2
m

T

Aay)

26




Results

2 _ RT,S
us - R
T,V+; - aRr,th
Vud
OR; iheo determined from OPE (L+T) + phenomenology

= |OR, = (0-1544:£0.0037)+(93:£3.4) m +(0.0034:£0.0028)

|
J=0 Gamiz, Jamin, Pich, Prades, Schwab 07, Maltman 11

Input : mg =) ms(2 GeV, M_S) =93.9+1.1 N=2+1+1 lattice average .

 Tau data: RT’S = 0.1615(28) and R, . =3.4650(84) HFLAV 23

* Vg |Vud| =0.97373(31)  Towner & Hardy 08

Emilie Passemar 27



3.4 V_.:summary

0.225

Vis Kig, N = 2+1+1

0.2233 + 0.0005

Vis Kip, N = 2+1+1

0.2250 + 0.0005

CKM unitarity & Vud &V,
0.2272 £ 0.0011

T — XV

0.2184 £ 0.0018 = 0.0010
T >Kv/1t—>nv

0.2229 + 0.0016 £ 0.0010
T —> Kv

0.2223 + 0.0015 + 0.0008
T exclusive average
0.2224 + 0.0017

T average

0.2208 £ 0.0014

A. Lusiani@Tau’23

‘ 2023 prelim \

28



3.5 Prospects : T strange Spectral functions

« Experimental measurements of the strange spectral functions not very precise

I T T I I T T T T T 1 I T T I L=

6| « TSV, ALEPH ? 35 + OPAL E
: > — Kr ' - - — (K) from PDG .
St m K2n | 3 F ) (Ka+Kn)™ 3
o == K3n + KM (MC) ; 25 | ;@ Kmmknm)
2 ! ' '|f47t (MC) ' 5 E - naive parton model
< b 1 K5 (MC) ! -
+ L L
i i 1.5 -
1
0.5
0 0.5 1 1.5 2 2.5 3 3.5
s (Gevd)
II:> New measurements are needed !
« Before B-factories « With B-factories new measurements :

Smaller T — Kbranching ratios ) smaller R_, =) smaller |V,

us

R? _=0.1686(47) — R’

=0.1615(28)

new

V

us

_=0.2214£0.0031,_, £0.0010, —) |V,

=0.2176+0.0019,_ +0.0010,,

new




3.5 Prospects: T strange BRs

« Very interesting quantity to extract V ¢: QCD part completely independent
from form factors or decay constants =) Use OPE

« Experimentally very challending since all Brs need to be measured

K%'y, (ex. K°) J.EREE A. Lusiani@Tau’23
K 27°v, (ex. K°) 0.3789 ’

K~ 3n%, (ex. K° ) 0.3715 I

K°hh htu, 0.3452 I

K 7, 0.2561 I Belle ||
K n 7 n, (ex. K° w,n) 0.2438 I 3
7 Ko, ( ) 0.2373 I |:> 50 ab™?
7 Knu, 0.2201 I and ~4.6 x 1010 T pairs
K v, 0.1646 I

K~ ww, 0.1573 EE— STCF?
K v, 0.1453 I

K m ntv, (ex. K° w) 0.1148 I

TI'_ROT)I/.,. 0.0254 =

K™ n’nu, 0.0198 m

K nv, 0.0137 m

K ¢v. (¢ — KTK™) 0.0136 H

K ¢v, (¢ — KIK?) 0.0094 &

K 2n 2n" v, (ex. K°) 0.0021 |

K 2n 2n 7’u, (ex. K®) 0.0010 |

T — non-strange 0.0855 I

Bunv 0.0044 1

theory 0.4863 I

30



4. New Physics Interpretations




4.1 Right-handed currents

Bernard, Oertel, E.P.,, Stern’08
1—&p1) (< . .
Ly = 6( \/5 PL) {NLVMNSVNLL + (1 + 5>ULVL’}/MDL + GURVR’}/“DR} W/j +hec.
S

e Seealso Antonellietal. 09
Alioli, Cirigliano, Dekens, de Vries, Mereghetti’17
TI. Kitahara@HC2NP 2019

32



4.1 Right-handed Currents

K :
V' = |sinfc + 53‘ , € Vector s quark
K :
Vis \ sin O — &,
— € Axial
Vid cosbc — €6
Vu% = |cos Oc + gns‘ .<— Vector no s quark

sin ¢ + €

Vector

AN
S| SS
SN VA
—
=

]

cos Oc + €pq

+ The SM is obtained in the limit €, =€, =0.

ns

+ Perfectfitto data [x2: py =0

* Not obvious how to define CKM unitarity test in this case
33



4.1 Right-handed Currents

o .
N
3
————r—r

Q

N

~
——r—r

o

N

N

—_
I

0+ — 0+(0.030%) ——
Neutron (0.050%)

28.960 0.965 0.970 0.975

Vud

Emilie Passemar
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4.1 Right-handed Currents

« Global fit to CC processes involving light quarks and all lepton families
* SM hypothesis (g, =¢,, =0) disfavored (p-value 0.3%)

SM limit: Cabibbo angle anomaly Anomaly removed by turning on the €r couplings
=s inclusivet ¢ . 2 T-s inclusivef L, -
-Kvit->nv kwsmvk Simplified scenario . °
Kosrivt €ns KsrtvE | e = —0.07% —e—
Kopvirspvy K-> UVIT-> vl = _06% ——i
Kopvr K- pvt —_————
B Neutront B Neutron| [ »
B Superallowed | B Superallowed| —e——i
Vis = 0.22450(67) .
Vs = 0.22432(36)
0.218 0.220 0.222 0.224 0.226 0.228 0218 0.220 0.222 0.224 0.226 0.228
VUS VUS

Cirigliano, Diaz-Calderon, Falkowski, Gonzalez-Alonso,
Rodriguez-Sanchez’21

Emilie Passemar 35



4.2 Other New Physics Models

4th quark b’

Belfatto, Beradze, Berezhiani’19
Gauge horizontal family symmetry

Turn on only vertex corrections to leptons Crivellin & Hoferichter’21
Shift the location of

the V_4,,c bands but 0225 From V. Cirigliano N
do not solve the -
tension between ratios o
0.224:-
And many more.... Vs 0.223_ (0.27%)
0.222
- c
[ 3.
0.221} S
[ =
i 0+ - 0+(0.030%) — 2
g INeutron (O.OSIO%) —F
0'228.960 0.965 0.970
Emilie Passemar

0.975
Vl.ld 36



4.2 Other New Physics Models

4th quark b’

Belfatto, Beradze, Berezhiani’19
Gauge horizontal family symmetry

y——
=) the V4 .s bands but

do not solve the
tension between ratios

Turn on only vertex corrections to leptons Crivellin & Hoferichter’21
Shift the location of

Connection with T—ev/ T—uv

_ ce _ _pp
re = 142 (e, — ey

% of
& !
(and other LFU probes)

And many more....

Emilie Passemar

aa
_2—l

a=ep |
-2 -1

2
€ea X103
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5. Conclusion and Outlook




Conclusion and Outlook

* Recent precision determinations of V. and V 4 enable unprecedented tests
of the SM and constraints on possible NP models

« Tensions in unitarity of 1t row of CKM matrix have reappeared!

* We need to work hard to understand where they come from:

— On experimental side:
For V  we have a unique opportunity measuring hadronic tau decays

from Belle [l and STCFs? especially for inclusive Tau decays
— From hyperon decays: Ex: A - pev, ?

— On theory side:

Calculate very precisely radiative corrections, isospin breaking effects
and matrix elements

Be sure the uncertainties are under control
— If these tensions are confirmed =) what do they tell us?

» Interesting time ahead of us!



6. Back-up




3.2 Theoretical Prospects for V

« Lattice Progress on hadronic matrix elements: decay constants,
FFs

« Full QCD+QED decay rate on the lattice,for Leptonic decays of
kaons and pions =—) Inclusion of EM and IB corrections :

* Perturbative treatment of QED on lattice established
« Formalism for K,, worked out

« Application of the method for semileptonic Kaon (K;;) and Baryon
decays

=—> Aim: Per mille level within 10 years

Emilie Passemar
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3.2 Exclusive decays for V

On Kaon side

NAG62 could measure several BRs: K /K, K — 3m, K ;'K —

Note that the high precision measurement of BR(K ;) (0.3%) comes only
from a single experiment: KLOE. It would be good to have another
measurement at the same level of accuracy

LHCDb : could measure BR(Kg — muv) at the < 1% level?
Ks — v measured by KLOE-II but not competitive

7s known to 0.04% (vs 0.41% for 7, 0.12% for z,)

V, from Tau decays at Belle /I

Belle 1l with 50 ab-' and ~4.6 x 10'° 7 pairs will improve V  extraction from
T decays

Inclusive measurement is an opportunity to have a complete independent
extraction of V,, =) not easy as you have to measure many channels

— |V | = 0.2184 40.0018 )+ 0.0011 To be competitive theory error
< P ™ will have to be improved as well

HFLAV'21

Emilie Passemar

Cirigliano et al’22
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V. . from Hyperon decays

V,, can be measured from Hyperon decays:

AN — pev, Possible measurement at BES//I, Super -Charm factory?

- Possibilities at L HCbH? Talk by Dettori@FPCP20
Channel R €L €D or(MeV/c?) op(MeV/c®) R = ratio of
KIS — pu 1 1.0 (1.0) 1.8 (1.8) ~ 3.0 ~ 8.0 .
KS = ntn~ 1 1.1 (0.30) 1 9 (0 91) ~ 2.5 ~ 7.0 pI’OdUCthH
KQ = %t~ 1 0.93 (0.93) 5 (1.5) ~ 35 ~ 45 _ .
K — yutp~ 1 0.85 (0.85) 4 (1.4) ~ 60 ~ 60 € = ratio of
RS — 1 0.37 (0.37) 1 (L.1) ~ 1.0 ~6.0 efficiencies
KY — ptu ~1 2.7 (2.7) x107? 0 014 (0.014) ~ 3.0 ~ 7.0
Kt —rtrtr™ ~ 2 9.0 (0.75) x10™2 41 (8.6) x10™? ~ 1.0 ~ 4.0
Kt —rtptp~ ~ 2 6.3 (2.3) x107%  0.030 (0.014) ~ 1.5 ~ 4.5

~0.13 0.28 (0.28) 0.64 (0.64) ~ 1.0 ~ 3.0

~ 0.45 0.41 (0.075) 1.3 (0.39) ~ 1.5 ~ 5.0

~ 0.45 0.32 (0.31) 0.88 (0.86) - -

~ 0.04 (5.7) x107? 0.27 (0.09) — -

~0.03 24 (4.9) x107? 0.21 (0.068) - -
=) ~0.03 0 41(0 05) 0. 94 (0.20) ~ 3.0 ~ 9.0
20— ~0.03 0 (0.48) 0 (1.3) ~ 5.0 ~ 10
Q" — An~ ~ 0.001 ( 7) x107° 0. 32 (0.10) ~ 7.0 ~ 20

- To be able to extract V ( one needs to compute form factors precisely
) Lattice effort from RBC/UKQCD

Emilie Passemar
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3.3 Prospects for |V _,|
See Talk by Misha Gorshteyn

@CKM2021
Figure adapted
PDG 2018: PDG 2020: from J. Hardy
2 2 2 _ 2 2 2
l Vud' o I Vusl o | Vubl - 0'9994(4)‘/.,(1(2)‘/“, I Vucl | .z | Vus' o I Vubl =0.9985(3 )v,,,,(4)v,,,.
9800~ le = 0‘()742()( IS)R('( 1())}{ | i \f"'““,. = ().()737()( l())R(‘( l(),) ,‘
Vud 1 Vud l
9750 b 9750 |- i
@ | K | '
9700 1 1 1 1 9700 1 1 ! !
nuclear neutron nuclear pion nuclear neutron nuclear pion
0*+-»0t mirrors ot-»ot mirrors
003 3 F 4 F 9 F 3 003 F = 4 F 1 F B
I e e = | {1t It IR
£ 002 L 4R E 2 I i | 002 4 B il 4 L 4
-2 R I I B |~ e E | | e [l
;é 001 = 4« F 1 M 1 . § 001 l a M 4 H 1 .
&- Jm - | oo — e, — | —
Experiment Radiative correction - Nuclear correction Experiment - Radiative correction . Nuclear correction

« From neutron decays : very impressive progress recently

« From pion B decay m* — mP%e*v : PIONEER experiment
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3.3 Prospects for |V_,|

PDG 2018:

IV 2+ 1V, * +] ,,,|2=0.9994(4)V @)y

9800
Vud

9750

9700

o
o
L*)

.002

Uncertainty

o
o
-

-

©

1

V., =0, 97420 18 1())

1

|

1

;&- =2
Experiment

Radiative correction

From neutron decays

nuclear neutron nuclear pion
ot-»ot mirrors
= |— = -
. =1

- Nuclear correction

us

See Talk by Misha Gorshteyn
@CKM2021

Figure adapted

PDG 2020: from J. Hardy
I ull + | le o I lbl = 0. 9985(3)\/ (4)V
il = (). ‘)7 370( l())p( ( 10)
Vud l
\
9750 -
Y. ; l’ l
9700 | 1 1
| neutron | i
W L A
0 LA 1 R O
.00z L = = -
é% ___________
§ 001 [+ l - x -
— —

Experiment - Radiative correction

From pion B decay m* — m%*v : PIONEER experiment
) (Phase-l) approved at PSI, physics starting in ~2029

. Nuclea;rection
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|V 4| from pion  decay: a* — mle*y

» Theoretically cleanest method to extract V 4 : corrections computed in SU(2)
ChPT Sirlin’78, Cirigliano et al.’03, Passera et al’11

* Present result: PIBETA Experiment (2004) — Uncertainty: 0.64%

B(z" — 7'e'v)=(1.036+0.004,, £0.004_ +0.003_,) x10" (+0.6%)

stat —

=) |V,|=0.9739(28),,,(1), | tobecomparedto |V, |=0.97373(31)

» Reduction of the theory error thanks to a new lattice calculation for RC Feng et al’20
* Next generation experiment PIONEER Phase Il and Ill measurement at 0.02%
level =) will be competitive with current 0* - 0* extraction

» Would be completely independent check! No nuclear correction and different RCs

compared to neutron decay

B(K — xlv) Czarnecki, Marciano, Sirlin’20

Bzt — 7'e'v) EW Rad. Corr. cancel

* Opportunity to extract V J/V 4 from

Improve precision on B(Tr* — m%e*v) by x3 =) V /V 4 < +0.2% 46



Pion decays and LFU tests

» Lepton Flavor Universality testin R = F(ﬂ - ev(;/))
O T(mo uv(y))
» Early insight into the V-A
structure of weak interactions (dominated by PIENU expt.)

: .. Currentfx t. Avg.
» Exceptional precision of the P 8

SM prediction using ChPT

R/, (SM) = 1.23524(015) x 107* L,
Cirigliano & Rosell’07
» World average
(mainly PIENU at TRIUMF): Goal Iof PIONEER » | |
R.,,(Bxp) = 1.23270(230) x 10~ BV U

8
15 times worse than theory! =) - =0.9990£0.0009 (£0.09%)
U

Goal of PIONEER: reduce unc. by a factor of 10 | =) by far most precise test of LFU



PIONEER (Phase-I)

PIONEER (Phase-l) approved at PSI, physics starting in ~2029

» Goal: matching the SM precision on R
) Test of New Physics at 7 PeV scale

elu

» Stopped TT* at high rate (300 kHz), focus on reduction of systematics.

» Detectors: highly-segmented LGAD active target,

positron tracker, LXe calorimeter

> Collection of 2x108 Tt*—>e*v,
events in three years.

» Key point: control of the
Tt*— e*v, signal tail in the

calorimeter to a 107 precision

PIONEER Phase II,llI:
V., from T+ — T0e*v,
decays to a 0.02% level

Emilie Passemar

Counts/(0.25 MeV)

=

=

=

=

-t
o R < Q2 <

—h

PIENU E_,, spectrum

%u—:e n—>ev
= : w‘
§ c e : |
- Normalisation i |
B : |
- \
Slgnal mu
S I
10 20 30 40 50 60 70 80 90 100

Energy in Nal + Csl (MeV)
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1.1 Test of the Standard Model: V. and CKM unitarity

« Extraction of the Cabibbo-Kobayashi-Maskawa matrix element V/
» Fundamental parameter of the Standard Model

Description of the weak interactions:

CKM

BW; (DY, 1y U, +8,y%, +ByV, +T,7%V, )+he

,f
/

Gauge
coupling

» Universality: Is G¢ from py decay equals to G, from 11, K, nuclear 3 decay?

?

Gi - (guge)Q/M{}V = G%KM = (gqgé)z (|Vud|2 + ’Vus|2)/M{/lV

Uj

e, U

Emilie Passematr



1.2 Constraining New Physics

« Extraction of the Cabibbo-Kobayashi-Maskawa matrix element V/
» Fundamental parameter of the Standard Model

Description of the weak interactions :

c,, ==wi(Dy,

EW \/E CKMyaUL + ELyaVeL + ﬁL'},aVﬂL + EL'}’aVTL) + h.c.

» Look for new physics
> In the Standard Model : W exchange =) only V-A structure

Y e,

Emilie Passemar



K(P) 7(p)

3

2.2 V. . from K13 (K— 1T1V1) (= (P - ) v

« Master formula for K — 1lv;; K = {K*,K%}, I={e,p} ’
_ 2 Gimf( K Kﬂ: AKI AKr

(K- nlv[y])=Br(K,)/t=C} ¥ Tagmr SenlV (0)‘ (124, +24, )

Average and work by Flavianet Kaon WG Antonelli et al’11 and then by
M. Moulson, see e.g. Moulson.@CKM2021

Theoretically
- Update on long-distance EM corrections for K., ~ Seng et al.’21

* Improvement on Isospin breaking evaluation due to more precise dominant
input: quark mass ratio fromn — 3n Colangelo et al.’18

* Progress from lattice QCD on the K — 11 FF

(7= (0] 57,u [K' @)= O (P+p), £ )+(P=-p), 7 )]

Emilie Passemar 51



K(P) 7(p)

3

2.2 V. . from K13 (K— 1T1V1) (= (P - ) v

« Master formula for K — 1lv;; K = {K*,K%}, I={e,p} ’
_ 2 Gimf( K Kﬂ: AKI AKr

(K- nlv[y])=Br(K,)/t=C} ¥ Tagmr SenlV (0)‘ (124, +24, )

Average and work by Flavianet Kaon WG Antonelli et al’11 and then by
M. Moulson, see e.g. Moulson.@CKM2021

Theoretically
- Update on long-distance EM corrections for K., ~ Seng et al.’21

* Improvement on Isospin breaking evaluation due to more precise dominant
input: quark mass ratio fromn — 3n Colangelo et al.’18

* Progress from lattice QCD on the K — 11 FF

(7= (0] 57,u [K' @)= O (P+p), £ )+(P=-p), 7 )]
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23 V _/V fromK,/ T,

1/2
Vis| [ UKo M I - mﬁ/mfzci 1 1
— 1 — 50EM — 5050(2)

Viud| fr L Mk 1 — mﬁ /m%<i 2 2

* Recent progress on radiative corrections computed on lattice:

First lattice calculation of EM corrections to P,, decays

- Ensembles from ETM Giusti et al.’18
* N;=2+1+1 Twisted-mass Wilson fermions

5SU(2) + 5EM — _0-01 22(1 6)
« Uncertainty from quenched QED included (0.0006)

Compare to ChPT result from Cirigliano, Neufeld ’11:
5SU(2) + Ogm = —0.0112(21)

Update, extended description, and systematics of Giusti et al.
Osu) + g = —0.0126(14) Di Carlo et al.’19



2.1 V _from K13 Matthew Moulson,
Chien Yeah Seng

Progress since 2018:
« First experimental measurement of BR of Kg — muv i {Xe] Ly

BR(Ks — muv) = (4.56 * 0.20) x10~4

PLB 804 (2020)

« Theoretically update on long-distance EM corrections:
v s . a . i
_MV = i &V _S:%V
~ ~ ~
£y E N n
~ ~ ~
~ ~ ~

Up to now computation at fixed order e2p? + model estimate for the LECs
Cirigliano et al. '08

New calculation of complete EW RC using hybrid current algebra and ChPT
(Sirlin’s representation) with resummation of largest terms to all chiral orders
— Reduced uncertainties at O(e?p*)

— Lattice evaluation of QCD contributions to yW box diagrams
Seng et al.’21
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2.1 V,_from K,

Matthew Moulson,
Chien Yeah Seng
Progress since 2018:
* First experimental measurement of BR of Kg — muv (X6l Ly

BR(Ks — muv) = (4.56 + 0.20) X104 PLB 804 (2020)

« Theoretically update on long-distance EM corrections:

_MV - &V _S:‘N_VXV
~ ~ ~
£ EN EN
~ ~ ~
~ ~ ~

Cirigliano et al. ’08 Seng et al. ’21

Only K.; at present AEM(KO ) [%] 0.50 + 0.11 0.580 + 0.016

For K,; modes
continue to use AEM(K*,3) [%] 0.05 +0.13 0.105 = 0.024

Cirigliano et al. ’08 P +0.081 -0.039
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2.1 V,_from K,

Matthew Moulson

Progress since 2018:

AS U2

Theoretical progress on isospin breaking correction

f+(O)K+7cO Strong isospin breaking
)= 7 (O) w— — 1 Quark mass differences, #-z° mixing in K*z° channel
_|_
72 2 A2 x4=0.252
— 3 _|_ Apt (1 4 @) 0% = s —m NLO in strong interaction
4 Q? 2 m mi—m2  O(e%p?) term epy™® ~ 1076

Cirigliano et al., ’02; Gasser & Leutwyler, 85

= +2.61(17)% Calculated using:

0 =221(7) Colangelo et al. 18, avg. from  — 3«
my/m =27.23(10)  FLAG 20, N, = 2+1+1 avg.
My = 494.2(3)

] Isospin-limit meson masses from FLAG 17

M, = 134.8(3)
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2.1 V _ from K,

Matthew Moulson

Previous to recent results for O, uncertainty on A5V was leading contributor
to uncertainty on ¥V, from K*decays

n - 3In
. yPT O(p*) (Gasser, Leutwyler'85)
. yPT O(p”) (Bijnens, Ghorbani'07)
b e dispersive (Anisovich et al."96)
e dispersive (Kambor et al."06)
boe dispersive (Kampf et al.'11)
3 « disp, single-channel (Albaladejo et al."17)
- disp, coupled-channel (Albaladejo et al."17)
- dispersive (Guo et al,, JPAC'1S'1T)
* dispersive (Colangelo et al."18)
knon mass splitting
Weinberg'77
- Kastner, Neufeld08
lattice, FLAG'19
} Cn\'j
—e— Ny=241
—e— Nyw24141
A 'S A A 'S A A o
20 21 22 23 24
Q E. Passemar, CD 2021

Reference value of Q from
dispersion relation analyses of
n — 3z Dalitz plots

Colangelo et al., 18

Lattice results for 0 somewhat
higher than analytical results

But, lattice results have finite
correction to LO expectation:

Q2 =_MK MK_MJI
M= v v2 a2
n ko K+

Low-energy theorem: Q has no
correction at NLO

o7



V_ . from Tau decays

o Vis Kas N, = 24141, 2021 update  -3.20
0.2231+ 0.0006
o Vs Ko N = 24141, PDG 2020 -2.70
0'2252;. 0.0005 M. Moulson, E. Passemar
—o— CKM unitarity &V &V, CKM202|
0.2277 + 0.0013
—e— T o XV _
0.2184 + 0.0021 3.70
—e— T o>Kv/tonv ]
0.2229+ 0.0019 2.1c
—e—i T — Ky
0.2219+ 0.0017 -2.60
——i 1 exclusive average
0.2222+ 0.0017 -2.50
——] T average
: : . 0:2207:0.0014 -3.50
0.22 0.225 0.23
V| L HFLAV
us [Preliminary]| [ 2021

« Belle Il with 50 ab-"and ~4.6 x 10"° T pairs will improve V  extraction

* Inclusive measurement is an opportunity to have a complete independent
measurement of V,; ==) not easy as you have to measure many
channels



V. _from Tau decays

1"(1:_ —>V_+ hadrons)
R =

T

=N

C

e 13: HFLAV 2021 7 branching fractions to strange final states.

F(’c‘ — Vre_;e)

Branching fraction HFLAV 2021 fit (%)

parton model prediction

K v, 0.6957 + 0.0096
K7, 0.4322 4 0.0148

i ’; i R R
K~27%, (ex.K°) 0.0634 4 0.0219 =_©N _ 7.8
K31, (ex.K°,n) 0.0465 + 0.0213 ¢ |V |2 7ah
K, 0.8375 + 0.0139 ud us
K r%, 0.3810 4 0.0129

-0
K 21%;, (ex.K°) 0.0234 + 0.0231 . .
A " SU(3) breaku?g quantity, strong
pa 90 oo dependence in mg computed from
K~ v, 0.0048 =+ 0.0012 OPE (L+T) + phenomenology
 Konu, 0.0094  0.0015 Gamiz et al’07,
K~ wus 0.0410 + 0.0092 OR,_, =0.0242(32) Maltman’11
K- o(KtK ), 0.0022 + 0.0008
K~ ¢(K2K?)v., 0.0015 = 0.0006 R
K-m~n%u, (ex.K°,w) 0.2924 -+ 0.0068 = G
K n ntnlu, (ex.K° w, . .

7 T vy (ex. KW, w,n) 0.0387 + 0.0142 .NS 6R
K 2r 2ntv, (ex.K°) 0.0001 = 0.0001 — 5, 0K
K 2r 27t 7%, (ex.K®) 0.0001 4 0.0001 2.90 away from unitarity!

X v,

2.9076 +0.0478

HFLAv21 == (V] =0.21840.0018 )+0.0011,



V from Neutrons
| ud |

» Master Formula:

ud

2

~ 5024.7s

1, (14347) (144,

/1

Lifetime A=g. /g,

n—>pt+e +v,

p(udu) Ve e
n(udd)

« Needs OMA =3 x 10~* and 8T, = 0.3 s to compete with 0* — 0* transitions.
» Theoretically, the radiative corrections are under control (same as for 0* — 0%)
 Recent progress :

— New Perkeo lll result: PERKEO Il result improves world-average of beta
asymmetry by factor 5! Half of it is due to the reduction of the scale factor

—

A =-0.11958(21), S=12 1,=-12757(5)

— Tension with aSPECT result;

Aave = —1.2754(13), S = 2.7
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|V_,| from Neutrons

» Master Formula:

ud

2

~ 5024.7s

1, (14347) (144,

/1

Lifetime A=g. /g,

n—>pt+e +v,

p(udu) S
n(udd)

« Needs OMA =3 x 10~* and 8T, = 0.3 s to compete with 0* — 0* transitions.
« Theoretically, the radiative corrections are under control (same as for 0* — 0%)
 Recent progress :

— New Perkeo lll result: PERKEO Il result improves world-average of beta
asymmetry by factor 5! Half of it is due to the reduction of the scale factor

=) | A=-0.11958(21), S =12 1, =—-1.2757(5)

0.22

_ +
— New result for Lifetime from UCNT Tpn = 877.75 + 0-28_0_16 S

—

improvement by a factor of 2.25 compared to previous result
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3.3 Example: Constraints on Heavy Neutral Leptons

‘ | Up,4 |2 limits vs myy, from production & decay searches ‘
| [arXiv:2201.07805] ' i B / |

10 i =1 10,3_ Michel / =3

electron |/

10F  pENU NA62 = 0 | peNv Z
S5 1~ I V\F\[J FA62 N
$ 107 e A < -
8 — 10 8 T.___ : M NA62 —
xW'lil{ . [ — "TNIT2K o

-------------- Seesaw Pomzzr-mmne
~~-::-‘-""“‘"-—------: 1w . -'-13’55?.‘.________-::‘---~----________-“:
“Electron coupling, . ~Muon coupling A
].0_12 10—12
10~ 10 1 102 10! 1
my [GeV] my [GeV]

« Strongest |Ue4|? limits below 400 MeV: K*, TT* > e*N from NA62 & PIENU.
* Also important limits on |U 4|? from £949, NA62 and PIENU.
 NA62/E949 limits are complementary to HNL decay searches at T2K.

* Next-generation K* and p+ experiments (NA62**, PIONEER) to improve by up
to factor 10, reaching the seesaw bound.
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Inclusive T-decays

[

r—v,+had ~ Im

* Quantity of interest :

Emilie Passemar

R

T

l"(’c_ -V _+ hadrons)

l"(z" - VTe_I_/e)

Braaten, Narison, Pich’92
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3.2 Calculation of the QCD corrections

_ Braaten, Narison, Pich’92
Calculation of R;:

rr—ng—-l-had N Im{

n? 2
—> R (m})=121S,, | ::2 [1- ,:z J l[1+2sz)lmﬂ(l) (s+ig)+Imm" (s+i£)]
07

T m’l’

J J J J
10 (5) = [V (T2 (5) + 57 1)) 4 Vs 2 (T2, () 4+ T2 4 (5))

,, o 0 a0 (2
Y, 4(0) = (¢ = *¢™) Wy (@) + "¢ TG}, (@)
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3.2 Calculation of the QCD corrections

Braaten, Narison, Pich’92
« Calculationof R;:

r—v,+had ~ Im I

=) Rz'(mzz')=127[SEW _[ ::; (1_ ’:2 ) [(

]

- Spectral functions: = sk o ALEPH
( ) 1 :— B ' = Perturbative QCD (massless)
ImH_d V/A< ) 2—?}1/&1( ) T 25 :_ ¢. == Parton model prediction
¢

ALEPH and OPAL at LEP measured
with precision not only the total BRs

but also the energy distribution of the
hadronic system

:> mix of non-perturbative and
perturbative effects

Emilie Passemar
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Measurements

l"('t' —>V_+ hadrons)

° R =

T

=2

I‘(r‘ - vfe‘\_/e)

« Decomposition as a function of observed and separated final states:

RT = RT,V + RT,A + R’L’,S

R,, => |t DV +h

(even number of pions)

R, , => 1 5v +h,,

(odd number of pions)

RT,S ::> T_ - Vr +hV+A

,5=1

Emilie Passemar

ST L B B B A R
95 - E& « T -V v_(ALEPH) E
Tr I 1 T —Vv_(OPAL)
C 1
2 _
- ;
L 45F 1y .
> B
1 - Bof |
b3 ]
N # § il ﬂ" L“ i ]
S ,.,,ugggagﬁfiﬂjiiﬂiilﬂwllliilllulq,[. ]
A =
0 : L1 1 | L1 | | 1 [ | - | 11 1 |- 1 |:
05 1 15 2 25 3 35
s (Gev?)
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Measurements

I‘(T' —>V_+ hadrons)

° R =

-9
T L]

I‘(r‘ - vfe‘\_/e)

« Decomposition as a function of observed and separated final states:

14 ——

Rr — R’[’V + Rr,A + Rr,S L QCD prediction AI_IEOEQI_
e Parton model - - ]

L « T AV, ]

- 1F m 2n, 2t

RT,V :> T 9 VT + hv’s:o . ””n J - (57.[)— 1
. —~ 08 [ ! - -

(even number of pions) | @ - , gy (KKebarmy™

R ~ T 06 :— ﬁe‘ﬂeq“ : -
ra = T DV +h 0ab oY L .
(odd number of pions) f -

RZ',S T % Vz‘ + hV+A’s:1 0 Ly PN TN T T T Y T T O O Y 1 AN M O
0 0.5 1 1.5 2 25 3 3.5

S (Gevz)

67
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Measurements

I‘(T' —>V_+ hadrons)
. R =

T

I‘(r‘ - er_\_/e)

.

Rr = RT,V + Rz',A + Rr,S

R, = 7 Vv +h

(even number of pions)

R, = ¢ >V, +h,

(odd number of pions)

v,s=0

0

Decomposition as a function of observed and separated final states:

Rr,s > T o v.+h,,

,5=1

Emilie Passemar

vV, + a,)5(8)

T

L B L T
e T -8V, ALEPH -
— Kn .
m K2n

== K3n + Km (MC)

1 K4n (MC)

1 K5 (MC)




3.2 Calculation of the QCD corrections

_ Braaten, Narison, Pich’92
 Calculation of R;:

T dys ] r 1

[

r—v,+had ~ Im

April 2012
a(Q) v Tdecays (N’LO)
m’ 2 ® Lattice QCD (NNLO)
f ds N N , . 04| a DIS jets (NLO)
R,(mf)=127z'SEW I —|1-— ||| 1+2— Iml'I(l)(s+t£)+Iml'I(°)(s+18) © Heavy Quarkonia (NLO)
o M, m, m, o gc ‘]CtS‘& shapes (res. NNLO)
e Z pole fit (N3LO)
N pp — jets (NLO)
03+
* We are in the non-perturbative region: Perturbative
we do not know how to compute! 02}
« Trick: use the analytical properties of I1! 0.1}
A —-QCD 0.5(Mz) =0.1184 + 0.0007

/l 10 Q[GeV] 100

Non-Perturbative
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3.2 Calculation of the QCD corrections

e Calculation of R

[

r—v;+had

~ Im-

2
mT

R (m})=127S,, |

0

m

. m

T T

2
d—i[b%) [[HZsz)Iml'l(l)(s+i8)+ImH(0)(s+i£)] Braaten, Narison, Pich’92
m

* Analyticity: 1 is analytic in the entire complex plane except for s real positive
) Cauchy Theorem

2
. ds S s
Rf(m:) = 6lﬂSEW§s=mZW(1_?) |:(1+2W

T T

Jrv ot

« We are now at sufficient energy to use OPE:

= Y —ur ¥ Vs

D/2
p=024..(—5) / dimO=D »

(0,(w))

Emilie Passemar

7/
Wilson coefficients

Kv

Operators

'Tm(s)

m

Re(s)

H: separation scale between
short and long distances
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3.3 Operator Product Expansion

1 J
1) (s) = o 2 s (0,w)
p=02,4..(=5)"" gimo=p y, X
/ \
Wilson coefficients Operators

« D=0: Perturbative contributions

e D=2: Quark mass corrections

AL separation scale
between short and
long distances

 D=4: Non perturbative physics operators, <%GG>, <m,-tI,-CI,->

- D=6: 4 quarks operators, <q_l.1"1qjq_jl"2qi>

 D2>8: Neglected terms, supposed to be small...

3.
—> R,,V(s0)=EV”’

D=24..

Emilie Passemar

'S, (1+6‘°’+ > 55;’}) similar for R, ,(s,) and R_(s,)

71



Perturbative Part

_ Braaten, Narison, Pich’92
 Calculation of R

R, (m})=N.S,, (1+6,+5,,)

T

« Electroweak corrections: S, =1.0201(3) Marciano &Sirlin’88, Braaten & Li’'90, Erler’04

* Perturbative part (D=0): o (m.)

0,=a+520a’ +26a’+127 a’ +..=20%|  Baikov, Chetyrkin, Kiihn'08

Emilie Passemar 72



Non-perturbative part

Braaten, Narison, Pich’92

Calculation of R

R (m})=N,S,, (1+6,+6,,)

T

 Electroweak corrections: S, =1.0201(3) Marciano &Sirlin’88, Braaten & Li'90, Erler'04

* Perturbative part (D=0): a,(m)

0,=a_+520a+26 > +127 a} +..=20%|  Baikov, Chetyrkin, Kihn'08

- D=2: quark mass corrections, neglected for R" (oc mu,md) but not for R’ (oc ms)

D =4: Non perturbative part, not known, fitted from the data
) Use of weighted distributions

Ex: In the non-strange sector: |8, =—0.0064(13)| Davier et al.’14

Emilie Passemar 73



Non-Perturbative part

Le Diberder&Pich’92
e D =4: Non perturbative part, not known, fitted from the data
=) Use of weighted distributions
Exploit shape of the spectral functions So S k S " dR (s.)
to obtain additional experimental Rfﬂ(so)=fds 1- rUAT0
information 0 So )\ So ds )
3 W B ; Zhang’Taul4
o b oo, AEPH E ALEPH |
' ', — QCD prediction | S e — R0 ]
A parton model ] S T
0 : Z
? é 10'3: -
+ —B: ]
z

Emilie Passemar
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Mass® (GeV/cz)2
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3.4 Determination of & ¢

* |R

T

I‘(T‘ —>V_+ hadrons) N

1“(1" — vre‘\_/e) ‘

+ Use OPE: (R (m?)=N,S,, [V, [ (1+8,+82)

RS (m?)=N, SVl (1+6,+6%)

« Extraction of the strong coupling constant :

R[N v0(e) = a

measured calculated

Emilie Passemar

Hadrons
— ~~
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3.3 Determination of V__

Hadrons

* |R

T

I‘(T‘ —>V_+ hadrons)

1“(1" — vre‘\_/e)

=N

C

Use OPE: |R™(m?)=N

s
From the measurement of R° =)

SVl (1+6,+5%)

Rf(m:)=NC

SEW’VMS‘2(1+6P +6%)

Emilie Passemar
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3.3 Determination of V__

I‘(’L“ —>V_+ hadrons)

[ ] R =

T

1"(1'_ — Vre_\_/e)

=N

C

Hadrons

Use OPE: Rfs(mj) =N_S,,

\nd‘2(1+6p+6;i)

Rf(mj) =N, SEW‘VM‘Z(H(SP +6;§,)

s
From the measurement of R° =)

R

Useinstead : |6R =

7,NS _

R

7,8

T

4

2

ud

2
V

us

=) SU(3) breaking quantity: the flavour independent piece:

0, ~20% cancels!

Emilie Passemar
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3.3 Determination of V__

* |R

T

I"(’L'_ —>V_+ hadrons)

1“(1" — vre‘\_/e)

=N

C

Use OPE: (R (m?)=N,S,, V.| (1+6,+5)

Hadrons

Rf(m:)=NC

SEW‘VMS‘2(1+6P +6%)

— RT,NS _ RT,S
T 2 2
V V
ud us

Emilie Passemar
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Calculation of O R

T

_R R

T, V+A 7,8

v, v

us

51;.2): quark mass corrections, neglected for R (oc m

T ,theo

| N, S, T [60-57

D2>2

md) but not for R’ (oc ms)

known up to O(eg;) for both J=L and J=L+T

Chetyrkin, Gorishry, Kataev, Larin, Sugurladze; Baikov, Chetyrkin,Kuehn
Becchi, Narison, de Rafael; Bernreuther, Wetzel

5;.4) : fully included , e.g m;'/mf[1 <mj¢;iqi>/m:

5;.6) . estimated (VSA) to be of order or smaller than errors on D=4

D = 8 : Neglected terms, expected to be small...

—

SR, ~24

2 2
m; (mT)

2
m

T

Aay)
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Results

2 RT,S

Rr
’V+; _5R7,th
V

ud

us

OR determined from OPE (L+T) + phenomenology

T1,theo

= |OR, = (0-1544:£0.0037)+(93:£3.4) m +(0.0034:£0.0028)

|
J=0 Gamiz, Jamin, Pich, Prades, Schwab 07, Maltman 11

Input : mg =) ms(l GeV, M_S) =93.9+1.1 N=2+1+1 lattice average e

» Tau data: R_; =0.1646(23) and R_,  =3.4721(77) HFLAV’16
’ ’ + BaBar@ICHEP18

* Vg |Via|=0.97425(22)  Towner & Hardy 08
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