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* [ntroduction: beta decays in the SM and beyond

e Input on Vyq, Vi, and the “Cabibbo angle anomaly”

 BSM implications: EFT framework and connection to Z pole & LHC

e Conclusions and outlook



* In the SM, mediated by W exchange between L-handed fermions =

Vi * “V-A” imprint in decay
— distributions
e Universality relations

at low Lepton universality
energy - ~N
Grle/|GFl =
[GEB)]ij~ g2ViilMw2 ~ G0 Vi ~1/v2 V;;
Vaal? + Vi + D = 1
\ J

Cabibbo universality



* In the SM, mediated by W exchange between L-handed fermions =

Vi * “V-A” imprint in decay
— distributions
e Universality relations

at low Lepton universality
energy - N
[GF]c/[GF]y —
[GEB)]ij~ g2ViilMw2 ~ G0 Vi ~1/v2 V;;
Vaal? + Vi + D = 1
N J

Cabibbo universality

[ GrB) & ([GEPB)]ua2 + [GFP)]us?) 2= G is a loop-level precision EW testj
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* In the SM, mediated by W exchange between L-handed fermions =

!
]

> - - - < +

at low

energy

[GEB)]ij~ g2ViilMw2 ~ G0 Vi ~1/v2 V;; OGEB) ~ |/\2
Fractional error on
( ) | beta decay observables
/

* BSM effects scale as (V/A)2, so A~v /\/Oth+exp

® Ow+exp~0.01% = probe effective scale A ~ 20 TeV
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Vud, Yus, and the
Cabibbo Angle Anomaly



ExtractV.s=CosBc and V.s=SinB¢ from various decays

L = (G)? x |Vig|* x [ Myaa|* x (1+ 8pc) X Fiin

Channel-dependent Hadronic matrix Radiative corrections:
effective CKM element element (a/m)~ 2.X 103




Vud

0" —=0"

n — pev

(™ — J'EOeV) (Mirror transitions)

T — [V

T — hN5V

us

K—=mxlv

(A — pe;,...)

K — uv

T — hgv

Ve

Input from many experiments and many theory papers.
All covered in greater detail in other talks at this workshop.
Here | will present a brief overview
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r N =
* ¥ n — pev
V 4 O+e00 P T — Qv T — hygv
(7t~ — 1 eV)||(Mirror transitions)
Vus K—=malv (A —> pe;,...) K — uv T —> hSV
- J

Traditionally “Golden modes” (mediated by theV current):
normalization known in SU(2) [SU(3)] limit,

corrections are 2nd order in SU(2) [SU(3)] breaking Berhends-Sirlin

Ademollo-Gatto



3 N =
* ¥ n — pev
V 4 O+%OO P T — Qv T — hygv
(t™ — 7 eVv)| |(Mirror transitions)
Vus K—=malv (A —> pe;,...) K — uv T —> hSV
- J

* Nuclear 0* = 0* decays:

2084.432(3) s
ft (1—|—Ag—|—5}%—|—5NS—5C)

‘Vud|2 —



4 0* 0* ) R ;
—> n €
Ve || , P T — Qv T — hygv
(7t~ — 1 eV)||(Mirror transitions)
Vis K—=nalv (A—=pev,.) | K—=uv T — hgv
- J
14 e
- Special thanks to M. Hoferichter
* Nuclear 0* =0+ decays: Do+ 4514 y
Ref. Ap
o P ___ Marciano, Sirlin 2006 0.02361(38)
‘V d|2 _ 2984'432(3) S Seng, Gorchtein, Patel, Ramsey-Musolf 2018 0.02467(22)
U ft (1 n Ag n 5}% 4 5NS B 50) Czarnecki, Marciano, Sirlin 2019 0.02426(32)
Seng, Feng, Gorchtein, Jin 2020 0.02477(24)
Hayen 2020 0.02474(31)
Shiells, Blunden, Melnitchouk 2021 0.02472(18)

VC-Crivellin-Hoferichter-Moulson 2208.11707  (0.02467(27)
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Combined value (taking into account common input):
largest uncertainty from the “Regge region”



0" —>0" — pev
—> n €
Ve || , P T — Qv T — hygv
(7t~ — 1 eV)||(Mirror transitions)
Vis K—=nalv (A—=pev,.) | K—=uv T — hgv
- J
14 e
- Special thanks to M. Hoferichter
* Nuclear 0* =0* decays: Do+ 51
Ref. Af
. P Marciano, Sirlin 2006 0.02361(38)
‘V d|2 _ 2984'432(3) S Seng, Gorchtein, Patel, Ramsey-Musolf 2018 0.02467(22)
U ft (1 n A% n 5}% 4 5NS B 50) Czarnecki, Marciano, Sirlin 2019 0.02426(32)
Seng, Feng, Gorchtein, Jin 2020 0.02477(24)
Hayen 2020 0.02474(31)
Shiells, Blunden, Melnitchouk 2021 0.02472(18)

Vb(l); - = 097367(1 l)eXp(l 3)A§ (27)NS [32]tota]| VC-Crivellin-Hoferichter-Moulson 2208.11707 0 02467(27)

Hardy-Towner, PRC 2020 Combined value (taking into account common input):

Seng et al. 1812.03352 largest uncertainty from the “Regge region”
Gorchtein 1812.04229



3 N =
* ¥ n — pev
V 4 O+e00 P T — Qv T — hygv
(7t~ — 1 eV)||(Mirror transitions)
Vus K—=malv (A —> pe;,...) K — uv T —> hSV
- J

* Pion beta decay:

. . . e Feng, Gorchtein, Jin, Ma, Sen
* Theory in great shape: calculation of radiative ¢ 2003.091793 s

corrections with input on Y-W box from lattice QCD

* Experiment needs order-of-magnitude improvement in FPIONEER
precision to be competitive & PIONEER @ PSI '

Special thanks to M. Hoferichter

V:C;Iattice = 0.97386(281)gRr(9)-.. (1 4)Ag£ (28)/7re [283]iotal

|0



+ + ) ~,
V 4 O+e00 T pey T — Qv T — hygv
(7t~ — 1 eV)||(Mirror transitions)
Vis K—=malv (A %pe;,...) K — uv T — h5V
- J
e KI3 decays:

Seng et al, 1910.13209,

. « o . 9 e 2103.00975. 2103.4843.
New analysis of radiative corrections based on Sirlin’s 5107 14708, 2204 05917

formalism + lattice. Compatible with older ChPT Ma et al. 2102.12048

. . . VC, Gi tti, Neufeld 0807.4607
analysis, but order-of-magnitude smaller uncertainty e, e
FLAG 21, Aoki et al.,

Lattice calculations of <m|V|K> (f+(0)) keep improving (0.2%) 2111.09849
. : : Flavianet WG, 1005.2323
Expt. input has received small updates since 2010 e 1704 04100

VA = 0.22330(35)exp(39) £, (8)18[53 totat




0" —=0" g n— pev A
V 4 ) , P T — Qv T — hygv
(™ — st ev) |(Mirror transitions)
Vis K—=mlv K — uv T — hgv

A — pev,...
(A pe)

BothV and A currents contribute: need experimental input on <A>

* Neutron decay:

Vaal” 7 (1+30%) (14 Ag) = 5099.3(3)s

T

Dispersive Y-V box
calculations + other
tweaks:

Ap = 0.03983(27)



0" —=0" g n— pev A
V 4 ) , P T — Qv T — hygv
(™ — st ev) |(Mirror transitions)
Vis K—=mlv K — uv T — hgv

A — pev,...
(A pe)

BothV and A currents contribute: need experimental input on <A>

* Neutron decay:

Vaal® 7 (14 3¢%) (1 + Ag) = 5099.3(3)s

VI], PDG

ud

= 0.97441(3) £(13),(82)2(28)-, [ 88 Jiotai

S

n, best
(Vud

Dispersive Y-V box
calculations + other
tweaks:

Ap = 0.03983(27)

Most precise

= 0.97413(3) £(13)a,(35)4(20)s, [43 1ot |+« Measurements imply

A= ga/9v

very competitive OVd!

Maerkish et al,  Gonzalez et al,
1812.04666 2106.10375



0" —0° (n—pev
V 4 ) , P T — Qv T — hygv
(™ — st ev) |(Mirror transitions)
Vis K—=malv (A — pea,..j K — uv T — hSV
-

BothV and A currents contribute: need experimental input on <A>

* Mirror transitions: Vuqd uncertainty is >3 greater than the one in 0*—0*
Falkowski et al. 2110.13797

* Hyperon decays: currently lower expt. and theoretical precision



=07 n— pev 4 )
V 4 O+ 0 , P T — Qv T — hygv
(™ — st ev) |(Mirror transitions)
Vis K—=nalv (A—pev,..) || K—=uv T — hgv
\§ Y
'
A current transitions: need Fx and Fr
Lattice QCD calculations of Fx/Fr are at the 0.2% level FLAG 21, Aoki et al.,
2111.09849
First calculation of radiative and isospin-breaking
Di Carlo et al., VC-Neufeld,

corrections in Lattice QCD is compatible with ChPT, 19040873 1 1102.0563

factor of ~2 more precise
Flavianet WG, 1005.2323

Expt. input hasn’t changed since 2010 Moulson 1704.04104

VM S

ud | Kep /7

| 4



— 4 )
+ + —s v
V 4 O+e00 T pe T — Qv T — hygv
(™ — st ev) |(Mirror transitions)
Vs K—=malv (A %pe;,...) K — uv T — h5V
- J

Information from both inclusive and exclusive modes

Use OPE to calculate inclusive BRs: very different theory “systematics”

Currently larger uncertainties on Vs compared to K decays —
not included in following discussion (see talks on Friday)

Gamiz et al. hep-ph/0212230, hep-ph/0408044,

See HFLAG WG (1909.12524) for complete reference list and status



0.228 -

VC-Crivellin-Hoferichter-Moulson 2208.11707

0.226 "
Vs 0.224:

0.222"

0.22(97 |

Ackv = IVudl2 + [V ysl2 - 1

0+ — 0*(0.031%)
Neutron (0.043%)

Ayrepun

0965 0970 0.975

Vud

Two ‘anomalies’:

* ~30 effect in global fit
(Ackm= —1.48(53) X 10-3)

e ~30 problem in meson
sector (KI2 vs KI3)



0.228,
0.226:-
Vus 0.224:-
0.222:-

0.22 A
(9.960 0.965 0.970 0.975

VC-Crivellin-Hoferichter-Moulson 2208.11707

Ackv = IVudl2 + [V ysl2 - 1

Ayrepun

0+ — 0*(0.031%)
Neutron (0.043%)

Vud

e Two ‘anomalies’:

e ~30 effect in global fit
(Ackm= —1.48(53) x10-3)

e ~30 problem in meson
sector (KI2 vs KiI3)

* Three versions of Ackm:

Ackn = Vil +VieP -1
= —1.76(56) x 107"
Al = Vaal® + [VE#™7P =1
= —0.98(58) x 10*
Afku = Vo™ P 4 Vi —1

= —1.64(63) x 1072




e Neutron decay: aim for 0T, ~ 0.ls and Oga/gs~ 0.01% (da/a,dA/A ~
0.05%) to match current error on Ar and get OVuq ~1.5 10+

* Pion beta decay: 3x to 10x at PPIONEER phases I, lll [I0+ years]



Neutron decay: aim for 0T, ~ 0.ls and Oga/gs~ 0.01% (da/a,dA/A ~
5 104

0.05%) to match current error on Ar and get OVuq ~

Pion beta decay: 3x to 10x at PIONEER phases I, Il |

O+ years]

New K.3/Ku2 BR measurement at NA62 will shed light on KI3 vs KI2 tension

e KI2 database dominated by KLOE (2007)

* Global fit to kaon data not so great (p-value ~1%)

Special thanks to M. Hoferichter

current fit KNS/KNQ BRatOS% K,LLS/K,LLZ BRat02%
central +20 —20 central +20 —20
Vus 0.23108(51)  0.23108(50)  0.23085(51)  0.23133(51)  0.23108(49)  0.23071(51)  0.23147(52)
Vud 'Kgo /7 g2
v, &3 0.22330(53)  0.22337(51)  0.22360(52)  0.22309(54)  0.22342(49)  0.22386(52)  0.22287(52)
2a0) —1.64(63) —1.57(60) —1.18(62) —2.02(63) —1.53(59) —0.83(62) —2.33(62)
CKM _2.60 _2.60 —1.90 _3.90 _2.60 1.4 _3.80

Tension ‘resolved’

Tension ‘confirmed’ or strengthened, pointing towards BSM
|7

VC-Crivellin-Hoferichter-Moulson 2208.11707



* Refined systematics in f+(0) and Fx/Fr lattice QCD calculations

e Radiative corrections in lattice QCD

e K —puv/tt 2 uv: more than one lattice collaboration
e K —=T1TlVv and 1Tt = T10e*V:

* More than one lattice collaboration

* Beyond y-W box
* Neutron decay: Y-W box and beyond

e All decays: think hard about ‘isospin’ scheme dependence

* Nuclear decays: EFT framework + ab-initio calculations for Ons, Oc

|18



BSM implications (I)



(> TeV)

Vew, Mw [

(~GeV)

kF. m'rr

To connect UV physics to beta decays, use EFT

> < ; BSM dynamics

iy

/i\ SM-EFT operators

SU(3)c x SU(2)w x U(l)y symmetry
No B, L, CP, flavor

>< /s\ LEFT operators

SU(3)c x U(l)em symmetry

e

——onaeare

9 atwe

Many body QM




* New physics effects are encoded in ten quark-level couplings

Sk
) L
(> TeV)
/L

SU(3)e x SU(2)w x U(1)y symmetry

~GeV)

4
l:

Chiral EFT (N,m,...)

ke Mo Y
%

* Quark-level version of Lee-Yang effective Lagrangian

21



VC, Gonzalez-Alonso, Jenkins 0908.1754, NPB VC, Graesser, Gonzalez-Alonso 1210.4553, JHEP

Leptonic interactions

G(O) ) )
Egt()J =——= (1 T 653“)) eV’ (1 — v5)Ve * V(1 — ¥5) 1 +

22



VC, Gonzalez-Alonso, Jenkins 0908.1754, NPB

VC, Graesser, Gonzalez-Alonso 1210.4553, JHEP

Leptonic interactions

G(O) ) )
Ly =——"L (1 + 65;“)) e’ (1 = v5)Ve - (L = p5)p + .
V2
Semi-leptonic interactions
Oy, i i
Log = ——F 4 [ (5ab + ecib) €aVu(l —75)vp - uy*(1 — 75)d
V2
+ ey eayu(l — ) - " (1 + 75)d
+ E%b éa(l — ’}’5)1/(, - ud [Si ~(V//\)2j
— 6‘1’3” a1l — v5)vp - uysd
+ & 40, (1 —y5)1p - uc™ (1 — 75)d ] + h.c.




VC, Gonzalez-Alonso, Jenkins 0908.1754, NPB VC, Graesser, Gonzalez-Alonso 1210.4553, JHEP

Leptonic interactions

G(O) ) )
L = /5 (1 + e )) e’ (1 = v5)Ve - (L = p5)p + .
G Vaa 1 — 6%4)) Semi-leptonic interactions
V2
G(O)", : ) ) )
Lo = — Ii/i“d X { (5ab + eLb) €aVu(l —75)vp - uy*(1 — 75)d

+ ey eayu(l — ) - " (1 + 75)d

+ E%b a(l — ’}’5)1/(, - ud [Si ~(V//\)2j

— €p €l —5)vp - uysd

+ & 40, (1 —y5)1p - uc™ (1 — 75)d ] + h.c.




VC, Gonzalez-Alonso, Jenkins 0908.1754, NPB VC, Graesser, Gonzalez-Alonso 1210.4553, JHEP

Leptonic interactions

G(O) ) )
L = /5 (1 + e )) e’ (1 = v5)Ve - (L = p5)p + .
G(“)Vud 1 _ eg‘)) Semi-leptonic interactions
G( )‘L_ - i ) )
Lo = /2 { (5 > + be) €aVu(l — )0 - uy(1 — 5)d

+ ey eayu(l — ) - " (1 + 75)d

+ E%b a(l — ’}’5)1/(, - ud [Si ~(V//\)2j
— 6(}171) a,(]- — 75)Vb . ﬁf)/sd For global analysis of

beta decays in this
framework see:

. Falkowski, Gonzalez-
+ G%b eaapu(l — ’)’5)I/b . 'U,O'”'V(]_ — ")’5)d ] -+ h.c. Alonso, Naviliat-Cuncic,
2010.13797




Vaal;

2 § :
‘Vudl (1 + Cz'afa)
o
712 2 § :
‘Vus‘j — ‘vus‘ (1 + Cjaea
/ X °‘ \
Channel-dependent, Elements of the Known BSM effective
extracted CKM elements unitary CKM matrix coefficients coupligs

Find set of €’s so that Vud4 and Vs bands meet on the unitarity circle

23



e General case

|Vud|g+—)0+ — |‘/'vud|2 (1 - 2 GL + €Ep — G(II,J)) + cO+(Z) Gge)
|V“d|n—>pev = |Vud|2 (1 + 2(ef +€er— Egt)) + cSe‘ff + CTer_‘,ie)
|Vu8|%{e3 = |Vus|2 1+2(€, ee(s) (s) — e%‘)))

Vel Vaud|” (1 +2(e° +ep—€; )))

[/ S S B S
Vil = Waol? (127 — ) — ) 220 )
Vil = Wal? (1420~ en - ) 22 27
£s) : shifts the slope of the scalar form factor, £7(): suppressed
at levels well below EXP and TH uncertainties by Miept/mk

24



e Right-handed currents (in the ‘ud’ and ‘us' sectors)

|V'U»d |g+ —0+

Vadl:

n—pev

0.228
0.226;

. .
S i
N 0.224-
0.222"

0.226)-'

Grossman-Passemar-Schacht

1911.07821 JHEP
Alioli et al 1703.04751, JHEP

,,,,,,,, €r |
ER — ES)
(s)
R
960 0965 0970 0.975
Vud

* CKM elements from vector (axial) channels are shifted by |+&r (I-£R).
Vus/Vud , Vud and Vs shift in correlated way, can resolve all tensions!

25



1
VC-Crivellin-Hoferichter-Moulson 2208.11707 AE:B(M = 2€p + 2A6RV3S,

O'OOOO; Agl)(M = 26R — 2AERV3S,
~0.0005 | Acin = 2€r + 2Aer(2 = V)
@: I
-0.0010
—0.0015; eg = —0.69(27) x 107>
_0.010 -0.005 0000 0005  0.01 Aeg = —3.9(1.6) x 107
Aeg = € — e Ar ~5-10TeV  2.50 effect

26



VC-Crivellin-Hoferichter-Moulson 2208.11707

0.0000 |
~0.0005 |

- _
W

-0.0010

-0.0015

Acpn = 2€r + 20V

= 2ep — 2ARV?

us?

us?

AR = 2eg + 2Aeg(2 - V2)

\4

<
]

(s) _

A€g = €, — €

* Preferred ranges are not
in conflict with other
constraints from [3 decays

VC, Hayen, deVries, Mereghetti, Walker-Loud,
2202.10439

-0.010 -0.005 0.000 0.005

—0.69(27) x 1073
Aeg = —3.9(1.6) x 1077

AR ~ 5-10TeV 2.50 effect

0.01
\ExP
)\QCD =1+ 5RC — 2€R
er = —0.2(1.2)%

26
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1
VC-Crivellin-Hoferichter-Moulson 2208.11707 AE:B(M = 2€p + 2A6RV3S,

0.0000 ¢ 2
- AEZI)(M = 26R — 2AERV3S,
-0.0005 | Agl)(M = 2eg + 2A€x(2 — V)
5 i
-0.0010
: v
-0.0015 | erp = —0.69(27) X 1073
_0.010 -0005 0000 0005  0.01 Aer = —3.9(1.6) X 10~
Aeg = € — e AR ~5-10TeV  2.50 effect
* ... nor with high energy data, at least at the EFT level (see later)

For other BSM explanations, see A. Crivellin
2207.02507 and references therein
[and talks at this workshop]
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BSM implications (ll):
connection to high energy



® Need to know high-scale origin of the various €q

;\ BSMdynamics
> AN At the weak scale

o T Match SM-EFT and
>‘< /%\ SU(3)e x SU(2I)Y symmetry . / S M - E FT’
Vew, Mw

‘ X /i\ LEFT operators

SU(3)e x U(l)em symmetry

(~GeV)

<« —>

Y
G O
kr. mn Y
(=—)

® Model-independent statements possible in “heavy BSM” scenarios:
Mgesm > TeV — new physics looks point-like at LHC scales

VC, Gonzalez-Alonso, Jenkins 0908.1754
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® Need to know high-scale origin of the various €q

;\ BSMdynamics
> AN At the weak scale

(> TeV) Match SM-EFT and

T e 4 Emmme | SMEFT

Vew, Mw
>( /i\ LEFT operators
\

SU(3)e x U(l)em symmetry

(~GeV)

Y
G O
kr. mn Y

(=—)

® Model-independent statements possible in “heavy BSM” scenarios:
Mgesm > TeV — new physics looks point-like at LHC scales

VC, Gonzalez-Alonso, Jenkins 0908.1754
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® Need to know high-scale origin of the various €q

eLr originate from SU(2)xU(I)
invariant vertex corrections

VC, Gonzalez-Alonso, Jenkins 0908.1754
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Need to know high-scale origin of the various €q

4 PN N
. . 3 — . I =~ 1
eLr originate from SU(2)xU(I) QEHBI = (H'i D, H) (3" ")
invariant vertex corrections .
auge
invariance
Ui
/ aL dL j
\ 3 (and similar operator for
‘< = leptonic vertex corrections)
Ve

Building blocks

i Vz i Uz _ <P+)
() =) B

VC, Gonzalez-Alonso, Jenkins 0908.1754

29



Need to know high-scale origin of the various €q

eLr originate from SU(2)xU(I)
invariant vertex corrections

Building blocks

(1) a=(a) B

A

O
T
Q —
I

Gauge
invariance

-
4 )
- J

E.g. from WL -WR mixing in Left-Right
symmetric models or VL quarks

VC, Gonzalez-Alonso, Jenkins 0908.1754
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® Need to know high-scale origin of the various €q

eLr originate from SU(2)xU(1) €spT and one contribution to

invariant vertex corrections gL arise from SU(2)xU(l) invariant
4-fermion operators

U; U;
dj W J e
Ve
Ve
: A [ Owe = (le)(dq)+h.c.
QHud — i(ﬁTDﬂH)(ﬂp’y“dT) Olq = (l_ae)eab(cjbu)-{-h.c.
S _ 7 v ab/ —
Q4 = (H'DLH)(gr"v"q) O, = (lao"e)e *(Gp0,u) + h.c.
3) _ = - _
H = (H'iD | H)(,m'v"1,) Ol(;’) = lvy,0%l gv"o%q
N
_ y S Oll = l’}/ﬂl l’}/ [

30



U;

) 3 Ogde = (Ze)(ﬁq)+h.c.

1%

' T O = (lLe)e®™(qyu) + hec.

O, = (lao™ €)e™ (Gyo ) + h.c.

Ol(s) = l_’}/'u()'al gy oq
Oll — l_’y’ul l_’}/'u’l

31



‘< ) " Ogde = (Eg)(ﬁq)+h.c.

Quud = i(H'D,H)(apyy"d,) T O = (le)e®™(gsu) + hec.
QY = (H'DLH) G v e) O, = (l.o"e)e”(G@ouu) + h.c.
m = (H'DIH)Gr 1) O = Ty,0°l gy'o"q

Oy = byl Iy"l

. Y, -

Constrained by pp @ ev+Xand pp = e*te” +X at the LHC
OE amas —'mﬂex)) Iil‘ll’)vata' o
10°E- Vs=13Tev, 361" —W'(4Te
LHC: pp > ev + X W evselecton W (5Tev) HTop auark €a ~10-3-10+4
10° 1706.06786

Events

y D1z
< 10 [1Diboson
u £ VC, Graesser, Gonzalez-Alonso
d u L 1210.4553
L Alioli-Dekens-Girard-Mereghetti
G 102 1804.07407
u_ W Gupta et al. 1806.09006
I v 10 ‘ Boughezal-Mereghetti-Petriello
- 2106.05337

mr = \/QE%E%(l — cos Adey)

Updates underway

200 300 1000 2000

m1{GeV)



A di‘_% Ogde = (Ze)(zq)-l-h.c.

Olq = (l—ae)eab(cjbu)-l—h.c.

O, = (lao™ €)e™ (Gyo ) + h.c.

Ol(s) = [%Ual gy oq
Oll — l_’)/’ul l_’}/'u’l

S. Alioli, VC, W. Dekens, ]. de Vries, E. Mereghetti 1703.04751

LHC run 2 projection (MwH = 1.0 £ 0.1) would lead to €.r ~ 3-4%

32



U;
N | 2 -
que
‘r_—-e’

t
Oy,

Oy

0(3) _ Z_’YMO'CLZ q—,y,uo_aq

= (Ze)(zq) + h.c.
= (l.€)e"(gpu) + h.c.
(lao™ €)e™ (Gyo ) + h.c.

kK
lq

Oll — l_’y’ul l_’}/'u’l

Constrained by Z-pole (and Ohad). Included™®* in ‘precision EWV’ fits
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Crivellin et al. 2008.01113
Crivellin et al. 2102.02825

de Blas et al. 2204.04204,

Bagnaschi et al. 2204.05260,

Balkin et al. 2204.05992




d, i B — —
A ‘é Ogde = (fe)(dq) + h.c.

O = (lue)e®(Gsu) + hec.
O, = (lao™ €)e™ (Gyo ) + h.c.

kK

Ol(s) = l_fyuaal gy oq
Oll — l_’}/’ul l_’}/'ul

Constrained by Z-pole (and Ohad). Included™®* in ‘precision EWV’ fits

* These operators control Ackm in the

imi 5 VC, Gonzalez-Klonso, Jenkins
MFV limit (U(3)> flavor symmetry) porhlone
s 5 (3) ) Crivellin et al. 2008.01113
Acky = v [C A — 2 Clq } Crivellin et al. 2102.02825
. . de Blas et al. 2204.04204,
o 3 3 2 Bagnaschi et al. 2204.05260,
Ca =2 [C e — O + Cll} y Balkin et al. 2204.05992
\_

* Ackm should be included in global EWV fits to SMEFT couplings
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VC, Dekens, deVries, Mereghetti, Tong 2204.08440

* Explanations of Mwanomaly in SMEFT (beyond oblique corrections)

are in tension with Ackm in MFV limit deBlas et al 2204.04204,
Bagnaschi et al 2204.05260, ...
5m%v 5 SwCuw (3)
5 =V 50— QCHWB—I——CHD—I-—(2C Cll)
MFV
[ AR e =12 [Ca 200
e - = 5 O EWPO CKM = A
Z
= 2 0 EWPO+Ackym Cr =2 {0(36)] 0(3) T C’u}
& o = \_ J
Il ==
AT —o—i > AEWES _ 0012 4 0.005),
CKM —
20 0 20 40 60 80 100
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CY (Tev?)

VC, Dekens, deVries, Mereghetti, Tong 2204.08440

Explanations of Mw anomaly in SMEFT (beyond oblique corrections)
are in tension with Ackm in MFV limit deBlas et al 2204.04204,
Bagnaschi et al 2204.05260, ...
om? SwC
2W — 2 2w w2 QCHWB+—CHD—|——<2C(3) Cll)]
miy S — C& 28 Cw
0.3 '
[ MFV
0.2 (- 2 (3) A
I o ACKM:U {CA 20 }
o
- 5
H Ca =2 |Cf) — il + Gl
- = _J
0C0F I
B '; e Decouple by turning on Ciq@®):
_0_2/ _3 but constraints from Drell- Yan
: | at the LHC are catching up and
PRI 0 will test this scenario
-0.4 -0.2 0.0 0.2
C, (TeV?)
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Bagnaschi et al 2204.05260

0.05K7\ " my, 2020 w/ LHCb
\ Diboson & Higgs
TS Z-pole
my, 2022 w/ LHCb
Ackm
Combined 2022: 2 parameter fit

£ Combined 2022: 5 parameter fit
—0.05F, AN ]+ sMm

.........................................

i HEE DN

Ackmis at the same level of
the strongest constraints:
it contributes to
removing flat directions
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* The Cabibbo angle anomaly is one of few low-energy “cracks” in the SM,
probing new physics up to A~ 20 TeV — big deal if confirmed!

Therefore, it deserves both experimental and theoretical scrutiny / improvement
* Experiment: neutron, K, Tt

* Theory [my point of view]: (i) radiative correction with lattice QCD for
neutron, K, T, (ii) EFT+ and ab-initio methods for nuclei

Most likely BSM explanations are “vertex corrections” in the EFT language

Even now, precision on Ackm warrants its inclusion in precision EVV fits
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