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In the SM, W exchange between L-handed fermions = “V-A” currents & universality relations
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Cabibbo-Kobayashi-Maskawa

Cabibbo universality (CKM unitarity)

~0..95 ~0.05 ~I.5x10-

4 )
Vad|” + Vi + MQ =1

\ _/

6Vud/Vud ~ 0.03% 6VUS/Vus ~ 0.2% SVus/Vup ~ 5%

Vud and Vs are the most accurately known
elements of the CKM matrix =

|st row provides the most stringent test of
P &
universality & sensitivity to new physics



* In the SM, W exchange between L-handed fermions = “V-A” currents & universality relations
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GF V5 ~ 1/v2 V;; |/\?
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New physics can spoil universality: |V,4|* + |Vis|® + |Gkl = O (U_>

Current precision = probe effective scale A ~ |0 TeV

Compelling but challenging!
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 Overview: paths to Vu4 &Vus and current puzzles

e A closer look:

e Status and prospects for selected channels

* Radiative corrections to neutron and nuclear decays in EFT



Paths to Vud & Vis: status and puzzles



Hadron decays

Lepton decays

1 — 1lev

V n— pev

ud T — uv || T — hysv
Nucl. 0* =0* |Nucl. mirror decays

Vie | K—=alv A—pev,. | K—=uv | 7— hgv

i)




Extract V,:=sinBc =A and V.,4=cosBc =1 - A2/2

with sub-percent precision from decays involving hadrons
(currently OA/A ~ 0.2-0.5%)

' = G%, X H/;-j|2 X |Mhad‘2 X (1 -+ AR) X Fkin




Extract V,:=sinBc =A and V.,4=cosBc =1 - A2/2

with sub-percent precision from decays involving hadrons
(currently OA/A ~ 0.2-0.5%)

' = G%, X “/:ij|2 X |Mhad‘2 X (1 -+ AR) X Fkin

Lifetimes,  Muon I Q-values, form

BRs decay factors, ... —
phase space

Experimental input



Extract V,:=sinBc =A and V.,4=cosBc =1 - A2/2

with sub-percent precision from decays involving hadrons
(currently OA/A ~ 0.2-0.5%)

' = G%, X ‘Vjij|2 X |Mhad‘2 X (1 —~+ AR) X Fkin

Theory input

Hadronic / nuclear matrix elements of the weak V-A current,
including small corrections such as those induced by

electromagnetic radiative corrections [(Q/TT)~ 2.X 10-3]



Hadron decays

Lepton decays

1 — 1lev

V n— pev

ud T — uv || T — hygv
Nucl. 0* =20* |Nucl. mirror decays

Vs K—=malv A — pev,... K — uv T — hSV

Hadronic matrix elements: ‘Vector - Axial’ quark current

Berhends-Sirlin
Ademollo-Gatto

Traditionally “Golden modes™:

<f |Vu [i> known in SU(2) [SU(3)] limit

&
corrections are 2nd order in
SU(2) [SU(3)] breaking.

Computed in lattice QCD for K =11

\'

vV, A

f

Need experimental input on

<f |Ali> /7 <f |V |i>

For neutron and hyperons,
Lattice QCD catching up but

not as precise as experiment

A

\

v, A

N

<0 | Ay |M>
(decay constants)
from Lattice QCD
[~0.2%]

Use combination of
data and theory

(pQCD + lattice QCD)



Hadron decays

Lepton decays

-+ 0
—> n— pev
Vud & ey P T — uv || T — hygv
Nucl. 0* =0* |Nucl. mirror decays
Vs K—=malv A — pev,... K — uv T — hSV

Mesons and neutron:

Electroweak radiative corrections

well developed Effective Field
Theory (EFT) framework, with
non-perturbative input from lattice
QCD and / or dispersive methods
— systematically improvable

For leptonic meson decays:
full lattice QCD+QED available

Recent activity to assess nuclear
structure uncertainties:

- Dispersive approach
- Chiral EFT

For exclusive channels, difficult
to estimate the hadronic
structure-dependent effects.

Lattice QCD+QED?



[References given in following slides]

Convert Vydto Vysvia unitarity

T — m’ev
Hyperons

T inclusive

T exclusive
n— pev

0" —=0"
K—=r1lv

K—=uv /7m— uv

[——0—=]
- T ——f -
[—c—]
} =i _
(==
O.2I15I IO.2I2OI o IO.2IZ5I o IO.2I3OI o IO.2I35I IO.2I4O

Vs

Fractional
uncertainty

5.3%
1.2% +?
0.8% + ?

0.8% + ?
0.8% (1.7%) (PDG)

0.6% + ?
0.24%
0.21%

Largest
uncertainty

EXP

EXP + TH
EXP + TH

EXP + TH
EXP

TH
EXP + TH
TH



[References given in following slides]

Convert Vydto Vysvia unitarity

T — m’ev
Hyperons

T inclusive

T exclusive
n— pev

0" —=0"
K—=r1lv

K—=uv /7m— uv

[——0—=]
- T ——f -
[—c—]
} =i _
(==
O.2I15I o IO.2I2OI o IO.2IZ5I o IO.2I3OI o IO.2I35I IO.2I4O

Vs

Tension among the most precise determinations
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Fractional
uncertainty

5.3%
1.2% +?
0.8% + ?

0.8% + ?
0.8% (1.7%) (PDG)

0.6% + ?
0.24%
0.21%

Largest
uncertainty

EXP

EXP + TH
EXP + TH

EXP + TH
EXP

TH
EXP + TH
TH



VC-Crivellin-Hoferichter-Moulson 2208.11707
[and references therein]
0.228 -

 Ackm = IVudl2 + IVusl2 + IVwl2-1

Bands don’t intersect in the same region
| on the unitarity circle
0.226;

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

V”S 0.224
0.222" 5
I -
V)
Neutron (0.043%) Er
: 0+ — 0+(0.031%) ~
o220 . . . . . . .
0.960 0.965

0970 0975
Vud

|0



VC-Crivellin-Hoferichter-Moulson 2208.11707

[and references therein]
0.2281 * Bands don’t intersect in the same region
| Ackm = [Vudl® + 1Vusl® + 1Vupl2 - 1 on the unitarity circle
0.226-— | e ~30 effect in global fit (Ackm= —1.48(53) X 10-3)
| For the enthusiasts
Vus 0204 | J e Until ~2018, bands did intersect in the same region |
| i on the unitarity circle (< 20)
K- mn
{ ® Main changes since then:
0.222" S " e Vs from KI3 decreased (<V> increased with ",
8 smaller uncertainty, 2+1+1 lattice QCD)  wmiLc qoliat
Neutron (0.043%) Gy |
| 0+ - 0+(0.031%) — | | |
02200«
0.960 0.965 0.970

* V.4 decreased (radiative corrections in
10975

| nuclear & neutron increased with smaller
vV uncertainty, dispersive)

Seng et al., 1807.10197
|10



VC-Crivellin-Hoferichter-Moulson 2208.11707
[and references therein]

0.228 -
" Ackm = IVudl2 + IVsl2 + 1V pl2 - 1

0.226}

Next

e (Closer look at selected channels

Vs 0.224|

* Emphasis on recent developments in
radiative corrections

0.222:

Neutron (0.043%)
0+ = 0+(0.031%)

0228960 0965 0970
Vud

0975

|0



A closer look at selected channels

Hadron decays Lepton decays

& 0
JT —JU eV n — pev
Via |- P T — uv | T — hysv

Nucl. 0* =#0* |Nucl. mirror decays

Ve | K—=xlv A—pev,. | K—=uv || 77— hgv




2
G2 |Vua|?*m2, | f1(0)]
6473

L(rt = 7eTu(y)) = (1 + RCx)Ix,

2
1 (M[2(+ — MI%O)QCD 1 I O (mu — md)2

e Vector form factor O =1-me 2 Aqep

 Radiative corrections RC, = 0.0342(10) | (ChPT) —>  RC; =0.0332(1)yw(3)mo

Box diagram in m—
Lattice QCD Feng, Gorchtein, Jin, Ma, Seng,

2003.09798
Experiment needs order-of-

V(gﬁ) = 0.97386 (281)5r (9),. (14)rc (28) 1. [283]iotal maghitude improvement in

U
, * precision to be competitive —
dom;)nBa;c(e:) byo 8 PIONEER @ PS|
BR = |. x10- Uncertainty in T® mass!
[PIBETA , hep-ex/ 0312030] "M Hoferichter] 2203.01908

VC-Neufeld-Pichl 2002

Theory in good shape
(cleanest channel)

0.3% total error on V4

12



A=gnlgv

G4 | Vya|*m?

bn = 273

WEIGHTED AVERAGE
878.4+0.5 (Error scaled by 1.8)

¢

2

X

T GONZALEZ 21 CNTR 3.7
-------- EZHOV 18 CNTR 0.0
............ PATTIE 18 CNTR 0.9
—+— - - - - SEREBROV 18 CNTR 11.0
SR ARZUMANOV 15 CNTR 2.2

| STEYERL 12 CNTR 3.9
| -+ - - PICHLMAIER 10 CNTR 1.6
——\ SEREBROV 05 CNTR 0.0
23.3
(Confidence Level = 0.0015)
| |

874 876 878 880 882 884 886 888

neutron mean life (s)

L —

© (143X - fo- (1+Af) - (1+Ag),

Experimental input: PDG averages include large scale factor, particularly for ga /gv

WEIGHTED AVERAGE
-1.2754+0.0013 (Error scaled by 2.7)

¢

I HASSAN
_'_ ....... BECK
_I. ............. MAERKISCH
............. BROWN
__’_ ............ MUND
| .- - SCHUMANN
I MOSTOVOl
— LIAUD
—+— - YEROZLIM...

-1.29 -1.28 -1.27 -1.26 -1.25 -1.24

Radiative corrections: radiative corrections in the Sirlin framework with dispersive input

21
20
19
18
13
08
01
97
97
86

|3

SPEC
SPEC
SPEC
UCNA
SPEC
CNTR
CNTR
TPC

CNTR
SPEC

—L— - - BOPP
// (Confidence Level < 0.0001)
|

Sirlin 1967-1978-1982
Seng et al. 1807.10197,
Czarnecki et al, 1907.06737,
Shiells et al. 2012.01580
Hayen 2010.07262 ,
Gorchtein-Seng 2106.09185

2
)¢

7.5
3.4
0.8
0.2

5.5
17.7

35.1



2 2,9
GFH;;;:?J me (1 _I_ 3)\2) ) fO . (1 _|_ Af) . (1 —|— A}%)7 Sirlin 1967-1978-1982

A=galgv I'n Seng et al. 1807.10197,
Czarnecki et al, 1907.06737,
Shiells et al. 2012.01580
Hayen 2010.07262 ,

Gorchtein-Seng 2106.09185

* Radiative corrections: radiative corrections in the Sirlin framework with dispersive input

 Experimental input: PDG averages include large scale factor, particularly for ga /gy

Single most precise VPP = 0.97441(3) A, (13) 2, (82)1(28)s, [88]total
measm;le?c.entsl of lifetime Need improvements in lifetime
and A imply very and ga /gv.
competitive V! n,best Within reachgin r%ext 5 years
Maerkish et al, Gonzalez et al, V’LLd, — 097413(3)Af (13)AR (35))\ <20)Tn [43] total
1812.04666 2106.10375

VC, Crivellin, Hoferichter. Moulson 2208.11707
and references therein
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 ‘End-to-end’ EFT approach for neutron decay, motivated by widely separated scales

VC, W. Dekens, E. Mereghetti, O.Tomalak, 2306. 03138

NAgsm >> My >> AX >>Q ~kr~mp >>me ~ Jext

Standard Model

Fermi theory +

QCD + QED

Chiral

Perturbation

Theory




VC, W. Dekens, E. Mereghetti, O.Tomalak, 2306. 03138

 ‘End-to-end’ EFT approach for neutron decay, motivated by widely separated scales

NAgsm >> My >> AX >>Q ~kr~mp >>me ~ Jext

E
G _
LFermi = Fvud Cﬁ(:u) gfya(l — 75)”6 ?_Wa(l — ’75)d T ..
V2
Mw.z Co(l) ~ | + # (/) In(Mu/) + ...
Known to LL~ (a In(Mw/l)» and NLL ~ a (as In(Mw/p)), a (a In(Mw/jL))n
My
(~GeV)
kF, mTr
Jext, Me Gr, Gra, Graey



VC, W. Dekens, E. Mereghetti, O.Tomalak, 2306. 03138

 ‘End-to-end’ EFT approach for neutron decay, motivated by widely separated scales

d u

v (4]
V
//\e\

-l

NAgsm >> My >> AX >>Q ~kr~mp >>me ~ Jext

\V/

a\

V
n p

Gr, Gra, Graey

Lﬂ — _ﬂGFvud é’)/,uPLVe N (gVU,u _ QQAS/,L) T_I_N + ...




VC, W. Dekens, E. Mereghetti, O.Tomalak, 2306. 03138

 ‘End-to-end’ EFT approach for neutron decay, motivated by widely separated scales

Gr, Gra, Graey

NAgsm >> My >> AX >>Q ~kr~mp >>me ~ Jext

\V’/ -y
&Y gv(ﬂx) B U(Nxv Ax) 1+ Lgaq -
TN - X

57/ — —\/§GFvud é’YuPLVe N (gVU,uJ — QQAS/,L) TN —+

Pt oy e ——

Matching LEFT — ChPT at NLL approximation

U(Ay, pw) Co(pw)

T —
e———— 0% This work \

Il IIII 1 IIII L IIII L IIII L IIII L IIII L IIII L IIII L IIII 1 IIII
10° 10* 10° 102 10*" 10° 10' 102 103 10° 10°
Q2 (GeV?)

Non-perturbative
contribution proportional to

the Y-W ‘box

[Seng et al. 1807.10197,
2308.16755]

. W

NLL RGEs in Fermi theory




VC, W. Dekens, E. Mereghetti, O.Tomalak, 2306. 03138

 ‘End-to-end’ EFT approach for neutron decay, motivated by widely separated scales

NAgsm >> My >> AX >>Q ~kr~mp >>me ~ Jext

Ly = —V2GpVua ey Prve N (gyv, —2945,) TN + ...

E d u
WV
MW'Z S eeeee———— Matching LEFT — ChPT at NLL approximation
V \V/ _ . N (A ) _
/A\ NY gv (tx) = Ulpey; Ay) |1+ Uppag WX k| U(Ay, pw) Co(pw)
Ay — ————
(~GeV) - (" NLL RGE in ChPT ) NLL RGEs in Fermi theory

v NLL ~ a (a In(Ay/me))n Non-perturbative
KF, My i - \Y contribution proportional to
Lt A \A the YW “box

ext, Me Gr, Gra, Grae
9 ? ? X [Seng et al. 1807.10197, A A

\/w/ \v/ \% \)?F/ 2308.16755]
\_ W,




VC, W. Dekens, E. Mereghetti, O.Tomalak, 2306. 03138

 ‘End-to-end’ EFT approach for neutron decay, motivated by widely separated scales

NAgsm >> My >> AX >>Q ~kr~mp >>me ~ Jext

O(a, a%2) matrix element in the low-energy EFT

o AA N

No large logs but enhanced contributions ~ (Tia/[3), which we
re-sum via the non-relativistic Fermi function ansatz

2 7.‘.2042

2 1 2
na L ra +... — 14+ ma+
m—0 3

FNR(ﬁ): 3 . _%Ta%l+7‘|—3£2
— €

+ ...

Enhanced terms are related to IR divergences in the loops,
RG-based re-summation leads to (for me — 0)

Jext, Me Gr, Gra, Graey

7.‘.2052

T Griend-Cao-Hill-
exXp [?] m—_>0>1‘|‘7704‘|‘ 9 . Plestid 2501.17916



A=gnlgv

VC, W. Dekens, E. Mereghetti,

O. Tomalak, 2306. 03138

Griend-Cao-Hill-Plestid
2501.17916

Griend-Cao-Hill-
Plestid 2501.17916

Af — 3-573(5)a><recoil % — Af — 3-584(5)a><recoil %

AR = 4.044(24) Had(8)aa2 (Tae2 (5) uy 2T iotal 70

|7

-0.0247%

(Compared to pre-EFT analysis)

+0.061%



_ G%|Vud\2m5

r, S(14+3X) - fo- (1+Af) - (1+Ag),

v

VIEPY = 0.97424(2)a, (13) a,,(82)1(28),, [88]kotal

A=galgv 93

VP = 0.97396(2)a, (13) A, (35)1(20), [42]otal

Overall shift of -0.0175% inVu4 (neutron) compared to pre-EFT literature —

larger than hadronic-structure uncertainty and relevant for target precision of 0.02%

|7



Point-like nucleus /

‘outer corrections’
(£, (Ee)mx)

He

+
-
3]

Correction terms (%)
+ +
o 5

+
o
o

=
(3]

10

15 20 25
Z of daughter

|18

30

35

\ Single nucleon

'V-W box’

Hardy-Towner, PRC 2020



3090

3080}

3070

ft (s)

3050

3040

3030

3090}

7t (s)

3070}

3060

Hardy-Towner, PRC 2020

3060

3080

0c  2Mg ¥cl “2ScOMn  2Ga (b)
o B/mal FTK PV %co “Rb |
268 34Ar38Cq

}{ *] ihLEE{ }

10 20 30 40

Z of daughter

, 2084.432(3) s
|VUCZ‘ B / vV
Ft (146, + dns — 0o AR)

/@

l

u

Vi 70" = 0.97367(11)exp(13) av (27) x5 [32]scota

Lots of activity

New analysis of nuclear weak form factors and phase space f

New approaches towards structure dependent corrections Oc,Ns

Controlled uncertainties will be achieved for a range of A=10, 14, ...

19

Gorchtein, Seng 2311.00044

and references therein



VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti, 2405.18469, 2405.18464

Chiral EFT (NN, NNN, ...) with dynamical leptons and photons

-
L2 = —\/26*G Vg €10V X

Hard photons leave behind local multi-nucleon
electroweak operators (as in the one-nucleon case)

\ NTTTN (egp1 NN +€eg

vy NTT2N)

J

Soft, potential, and ultra-soft photons contribute to multi-nucleon amplitudes

Soft: (9% 1q[)~ Q ~ kr
Potential: (q%,|q|) ~ (Q¥mn, Q)
Ultrasoft (q% |q|) ~ Q%/mn << kr

20




VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti, 2405.18469, 2405.18464

e Chiral EFT (NN, NNN,...) with dynamical leptons and photons

8 )
L2 = /262G pV,y ervovL X
 Hard photons leave behind local multi-nucleon FVud CLOVL
electroweak operators (as in the one-nucleon case
peratrs | ) NI N (26N NTN + e2gdY N1 N)

\_ J

* ‘Integrate out' soft & potential photons (and 1Ts) — obtain EW n-body transition operators (‘potentials’)

% |
e’ Ee, e’ 2 NN o 1
VE ~ q4’ Vmag ~ qu2 Vcontact ~ € gV1,V2 ~ € AXFE HEW D) ﬂGFVud erYoVr X Z Cn, Vn

Gragn Gragy ex= QI Gragy
21



VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti, 2405.18469, 2405.18464

e Chiral EFT (NN, NNN,...) with dynamical leptons and photons

a )
. . L = —V2e°GpVyg érvovr X
* Hard photons leave behind local multi-nucleon
electroweak operators (as in the one-nucleon case)
N'TTN (e*gp1 NN +€e°gyy N'T°N)
\— _
* ‘Integrate out' soft & potential photons (and 1Ts) — obtain EW n-body transition operators (‘potentials’)
%
Currently unknown LECs
2 2 1
e” Fe L€ 2 NN 2 _
VE ~ q4 Vmag qu2 Vcontact € gvl,VQ € AXFE HEW D ﬂGFVud er,YolVr, X Z Cn, Vn
n

Gragn Gragy ex= QI Gragy
21



VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti, 2405.18469, 2405.18464

Chiral EFT (NN, NNN, ...) with dynamical leptons and photons

8 )
L2 = /262G pV,y ervovL X
Hard photons leave behind local multi-nucleon FVud CLOVL
electroweak operators (as in the one-nucleon case
( ) NN (@ NN+ gl NN

‘Integrate out' soft & potential photons (and 1Us) — obtain EW n-body transition operators (‘potentials’)

Ultrasoft photons: Z-dependent running of effective couplings
between mn and me & matrix elements at 4 ~ me

Courtesy of
W. Dekens

22



e 40O —I4N: Ons contributions in rough agreement with corresponding terms in Hardy-Towner 2020

VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti, 2405.18469, 2405.18464

V’UJd‘MO = 0.97411(10)exp(12) 1, (22) 4, (12) 5. (43)9§N 195 ]tot Vid' 11 = 0.97405[37] ot (31) from s

P
/ ~
Largest uncertainty from unknown LECs.
Assumes g\, = 1/(4myFy7)

Residual scale dependence
due to missing terms of

O(a2Z) in the Fermi function

23



e 40O —I4N: Ons contributions in rough agreement with corresponding terms in Hardy-Towner 2020

VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti, 2405.18469, 2405.18464

Vud\MO = 0.97411(10) exp(12) 4, (22),(12) 5. (43) 3 [55 ot Vad |1ap = 0.97405[37]io—— (31) from Bns

v
P
/ H
Largest uncertainty from unknown LECs.
Assumes g\, = 1/(4myFy7)

Residual scale dependence
due to missing terms of

O(a2Z) in the Fermi function

King-Carlson-Flores-Gandolfi-Mereghetti-Pastore-
Piarulli-Wiringa, arXiv:2509.07310

e 10C —I0B:

0.05f
0.00 s

—0.05f

0.02% spread from
Vud ‘ 100 — O°97355(66)6Xp(12)gv (17)“(9)50 (38)9‘1jN use of different

—0.10f

C(r) (fm~1)

. . . * *
< —0.15} ok mag GT, mag GT,
chiral Hamiltonians X, > * magGTp | magGTp
—0.20} . * (b) A mag GT,n /' mag GT,n
oy ﬁ?ﬁ ¢ 10x T 10x T
| Xk 10 x LS 10 x LS
0305 1 2 3 4 5 6 7 8

r (fm)

Empty and filled symbols correspond
to two different chiral interactions

23



40O — 4N: ons contributions in rough agreement with corresponding terms in Hardy-Towner 2020

VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti, 2405.18469, 2405.18464

Vud\MO = 0.97411(10)exp (12) 41 (22),,(12) 5. (43),, o [55] ¢t Vad |1ap = 0.97405[37]io—— (31) from Bns

/
/ 7~
Residual scale dependence

Largest uncertainty from unknown LECs.
Assumes g\, = 1/(4myFy7)

due to missing terms of
O(a2Z) in the Fermi function

King-Carlson-Flores-Gandolfi-Mereghetti-Pastore-
Piarulli-Wiringa, arXiv:2509.07310

1I0C — I0B-
0.05f
0.00 =
0.02% spread from - -o.osf
Vud ‘ 100 — 0’97355(66)6Xp(12)gv (17),“(9)50 (38)9NN use of different & -o10f
v chiral Hamiltonians =% *ﬁﬁ i** * magGTp  + magGTp
O —o0.20} gt (b) A rlnoag (i-_Tn A rlnoaz (i_T,n
~0.25} KAk
Vud 10C — O 97318(66)exp(9)Ag (24)5NS (9)50 0.3 i**** i § 4 g 10 x |_sé 710>< LS |
~ r (fm)
NCSM Gennari, Drissi, Gorchtein,
Vud‘lo(j —= 0. 97317(66)exp(9)Ag (16)5Ns (9)50 Na""atli;’;’sz';i}.::'go';:;" Lett. Empty and filled symbols correspond

to two different chiral interactions

Reasonable agreement with HT & dispersive + NCSM
23



ft (s)

7t (s)

3090

3070

3060}

3050 F

3040F

3030

3090

3080

3070}

3060

Hardy-Towner, PRC 2020

VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti, 2405.18469, 2405.18464

| (aj

3080F

10C 22|\/|g 34C| 428C50|\/|n 62Ga
140 26mA|

38mK 46V 54CO

2°8i 3Ar¥Ca

{ : t*} {{}t} ty . E

(b)

74Rb

10

20

Z of daughter

30

40

«—

EFT has identified new method to compute structure-
dependent corrections and (temporarily) increased the
uncertainty. But in the long run it will allow for robust
uncertainty quantification

LECs can be obtained by

e Fitting data (along with V4 and possibly BSM effective
couplings) once NME calculations for several
isotopes become available

 Theory: dispersive analysis, Lattice QCD
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C7G%Spw | Vis|* M2

L iesmtns) = FER(0) P e (1 + 2AFY + 207

19273

FIAG2023 f+(0)

* Lattice calculations of <m|V|K> @ 0.2%: ff”(O) = 0.9698( 1 7)|

FLAG average for Ne=2+1+1

FNAL/MILC 18
ETM 16
FNAL/MILC 13E

Ne=2+1+1

FLAG average for N, =2+1

PACS 22
PACS 19
JLQCD 17

i RBC/UKQCD 15A
RBC/UKQCD 13

| FNAL/MILC 121
JLQCD 12
JLQCD 11

Cirigliano et al. ’08 Seng et al. ’21 =+ RBC/UKQCD 10

_'L* T

* New radiative corrections based on current algebra + lattice QCD + 0
ChPT. Consistent with old ChPT, with reduced uncertainties

Ne=2+1

I]
| ¥m

L+ RBC/UKQCD 07
AEM(KO ) [%] 0.50 +£0.11 0.580 = 0.016 : FLAG average for Ny=2
AEM(K*,5) [%] 0.05+0.12 0.105 = 0.023

N¢=2
nt m

| @ — Kastner 08
o i Cirigliano 05
{ Jamin 04

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

AEM(K*,5) [%] 0.70 + 0.11 0.770 +0.019

AEM(KO ) [%] 0.01 £0.12 0.025 + 0.027

non-lattice
[ )

} O i Bijnens 03
@ = Leutwyler 84

0.95 0.97 0.99 1.01
NEW: Seng et al, 1910.13209, 2103.00975. 2103.4843. 2107.14708.
2203.05217. Ma et al. 2102.12048
OLD: VC, Giannotti, Neufeld 0807.4607
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* Lattice calculations of <m|V|K> @ 0.2%: ff”(O) = 0.9698( 1 7)|

C7G%Spw | Vis|* M2

L iesmtns) = FER(0) P e (1 + 2AFY + 207

19273

|[Vis| £+(0)

0.21 0.215

New radiative corrections based on current algebra + lattice QCD +
ChPT. Consistent with old ChPT, with reduced uncertainties

Experimental input has received only small updates since 2010

Flavianet WG, 1005.2323 Moulson 1704.04104

K,e3
K, u3
Ke3
Ku3

K*e3

e

Ve = 0.22330(35) exp(39) 1. (8)rer18[53]total

Potential issue: definition of ‘isosymmetric QCD’ in lattice (f+(0)) vs calculations of AEM. B
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Vus fK

Vud fw

Uk pv(y) Mirt

1/2 1 —

m;,/mzs

L s pw(y) Mkt 1

Lattice QCD calculations of Fx/Fr are at the 0.2% level

First calculations of radiative and isospin-breaking corrections in LQCD.

Compatible with ChPT, factor of ~2 more precise

— mi/m%(i

ChPT:
VC-Neufeld, 1102.0563

LQCDI:

Di Carlo et al.,

1904.08731

LQCD2:

Boyle et al.,

2211.12865

ARCHB = —1.12(21)%

ARC—I—IB _

~1.26(14)%

ARC—|—IB _

—0.86(40)%
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ARC—I—IB

Ne=24+14+1

Ne=24+1

Ne=2

FLAG2023

)

f=/fre

FLAG average for N,=2+1+1

ETM 21
CalLat 20
FNAL/MILC 17

ETM 14E
FNAL/MILC 14A
ETM 13F

(stat. err. onl?/
ETM 10E (stat. err. only)

FLAG average for N, =2+1

QCDSF/UKQCD 16
BMW 1

RBC/UKQCD 14B

RBC/UKQCD 12
Laiho 11

FLAG average for N¢=2

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

™ 09
QCDSF/UKQCD 07




K

Vud fw

Uk pv(y) Mirt

1/2 1 —

m;,/mzs

L) M 1

e |attice QCD calculations of Fx/Fr are at the 0.2% level

* First calculations of radiative and isospin-breaking corrections in LQCD.

Compatible with ChPT, factor of ~2 more precise

— mz/m%(i

ARC—I—IB

Ne=24+14+1

Ne=24+1

Ne=2

FLAG2023

)

i /e

FLAG average for N,=2+1+1

ETM 21
CalLat 20
FNAL/MILC 17

ETM 14E
FNAL/MILC 14A
ETM 13F

(stat. err. onl?/
ETM 10E (stat. err. only)

FLAG average for N, =2+1

QCDSF/UKQCD 16
BMW 1

RBC/UKQCD 14B

RBC/UKQCD 12
Laiho 11

FLAG average for N¢=2

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

™ 09
QCDSF/UKQCD 07

ChPT: LQCDI: Di Carlo et al., LQCD2: Boyle et al.,
VC-Neufeld, 1102.0563 1904.0873 | 2211.12865
ARCHB — 1.12(21)% ARCHB — 1.26(14)% ARCHB — 0.86(40)%
Potential issue:
Ku2 BR dominated by one Vs
measurement (KLOE) V — 0'23108(23)6Xp(42)FK/F7T (16)RC+IB [51]1301:&1
ud | Ky /700

Kus/Ky2 BR measurement at 0.2-0.5%
would have significant impact (NA62)
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* Inclusive (= XV): need integrated spectral functions
(exp) + theory (pQCD (OPE) — Lattice QCD) | o | Vi Ko N, = 24141

0.2233 £ 0.0005

Lo Vis Ky N = 24141
0.2250 + 0.0005

—o—| CKM unitarity & V&V,

M. Di Carlo’s talk at 0.2272 + 0.0011

CKM 2025 H—e—H T — X.v [OPE-1]
Iso-symmetric Lattice QCD 0.2184 £ 0.0018 £ 0.0010
Evangelista et al. 2023 . o . T — X,v [OPE-2]
Alexandrou et al 2024 I I 0.2219 + 0.0022
—e—1 T — XV [latt-disp]
* Exclusive (t—=Kv / 7—7vV): need partial widths, 02240 +0.0018
—e—} T — XV [latt-incl]
decay constants (LQCD) & radiative corrections 0.2189 +0.0018 + 0.0007
H—e—H T > Kv/t—>nv
0.2229 + 0.0016 + 0.0010
Theory prospects: —o— T oKy
0.2224 + 0.0016 + 0.0008
: : |) Radiative corrections are a bottleneck for p—c— © exclusive average
Experimental prospects: () exclusive modes: 0.2225 + 0.0015 + 0.0008
Belle-ll and possibly | | o —o— e o oo
tau-charm factory & FCC-ee (2) lattice QCD provides first-principles AP B B
inclusive determination 0.22 0.225 Fm
(in the future also including IB) Vil 2023
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e Neutron decay: aim for 0T, ~ 0.Is [UCNz7+] and 0Oga/ga~ 0.01% [PERC] to get OVuq ~1.5 104

* Experiment:

 Pion beta decay BR: 6x to |0x at PIONEER phases I, [ll [~10 years]
* New Ku3/Ky2 BR measurement @0.2% at NA62 will shed light on KI3 vs KI2 tension

e 7 decays: Belle-ll will reduce experimental uncertainties by > 2x

* Theory:
* Radiative corrections in lattice QCD+QED or hybrid: K —=711lV, 1" = T11%*V, n 2 pev, 7—Kv, 7T inclusive

* Nuclear decays: EFT for radiative corrections coupled to first-principles nuclear calculations for Ons, Oc
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The Cabibbo angle is the cornerstone of the CKM matrix and the

Cabibbo universality test is a precision tool to explore what may lie beyond the Standard Model

 Current tensions in Cabibbo universality test could point to new physics at A ~ few TeV

l

For a detailed analysis in the SM-EFT see
VC, W. Dekens, J. De Vries, E. Mereghetti, T. Tong, 2311.00021

e However, further scrutiny is needed

* Experiment:neutron, K, T, T

* Theory: lattice QCD+QED for neutron, K, 1, 7; EFT+ “ab-initio’ methods for nuclei

Expect decisive improvements in the 5-10 year frame
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Cabibbo universality
and
physics beyond the Standard Model
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Wk, H*,
leptoquarks,
Vector-Like quarks,

E << A l eF ~ gr . (V/A)2 Z’, SUSY,...

el Mopy al'd; + &) Mug) al'd

=L RS.PT

BSM effects parameterized by 10(ud) +10(us) effective couplings at E ~ GeV
They map into vertex corrections and 4-Fermion interactions above the EVV scale
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Wk, H*,
' leptoquarks,

Vector-Like quarks,
Z’, SUSY,...

el Mopy al'd; + &) Mug) al'd

=L RS.PT

Ackm tension confirmed: points to specific new physics
Ackm tension removed: strong constraints, complementary to traditional ‘precision electroweak observables’
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0228+

‘Vudlz2 — |Vud|2 (1 + Z Cz'aea) 0.226:-

— 5 5 Z S 0.224.
/ ! a | 0.222
/ | N |
Channel-dependent Elements of the Known BSM effective -
CKM elements unitary CKM matrix  coefficients coupligs 028960  0.965 0970  0.975
extracted in the Vid

‘SM-like analysis’

Find set of €’s so that V.4 and Vs bands meet on the unitarity circle
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0228
| €ER
Vaal} = Vaal* (14D G ‘
ud|; — ud ia€a 0.226
- _ ()
— 9 5 a3 0.224,
|Vuslj = |Vus|" [ 1+ § :Cjaea |
/ ! a | 0.222
/ | | N\ | ES)
Channel-dependent Elements of the Known BSM effective -
CKM elements unitary CKM matrix  coefficients coupligs 0229960 0.965 0970 0975
extracted in the V.
‘SM-like analysis’
Find set of €’s so that V.4 and Vs bands meet on the unitarity circle
Alioli et al 1703.04751 : ‘ C
1911.07821
VC-Crivellin-Hoferichter- CKM elements from vector (axial) channels are shifted by |+cr (I-€Rr).

Moulson 2208.11707
VC, W. Dekens, J. De Vries, E.

s S
Mereghetti, T. Tong, 2311.00021 Vus/Vud , Vud and Vs shift in correlated way, can resolve all tensions!

For other BSM explanations, see A. Crivellin
33 2207.02507 and references therein



VC-Crivellin-Hoferichter-Moulson 2208.11707

— A(Cl';(M — |Vu€l’2 + ’Vu[§£3|2 — 1
0.0000 | = —1.76(56) x 10~
| Al = Vil +Vige/m= =1
-0.0005 | = —0.98(58) x 1073
= - Abien = V™™ P+ V5= -1
! _ —2
v ~0.0010| = —1.64(63) x 10
-0.0015| : _ -3
| | er = —0.69(27) x 10
- (27) Ar ~ 5-10TeV

-0.010 -0.005 0.000 0.005  0.01 A€g

Aep = eg) — €p

~3.9(1.6) x 107°

* Preferred ranges are not in conflict with other constraints from [3 decays, nor from K — (T)=2

* Does the R-handed current explanation survive after taking into account high energy data?

VC, Hayen, deVries, Mereghetti, Walker-Loud, 2202.10439
34 VC, W. Dekens, J. De Vries, E. Mereghetti, T. Tong, 2311.00021



For a detailed analysis in the SM-EFT see
VC, W. Dekens, J. De Vries, E. Mereghetti, T. Tong, 2311.00021

4 ~
Quua = i(H'D,H)(u,y"d,)

e cr originates from SU(2)xU(1) invariant vertex corrections

* cr only weakly constrained by LHC processes

pp 2> ev + X
Same shape as the CNER S ) Current LHC
SMW exchange — ud >W\ results allow for
weak sensitivity i ~V to €r ~ 5%
VC, Graesser, Gonzalez-Alonso 1210.4553 S. Alioli, VC, W. Dekens, ]. de Vries, E. Mereghetti 1703.04751
W
- H H
* ©r can be generated at tree level by W -WRr mixing l .
. [ I
in LRSM or by exchange of vector-like quarks™* '
——————————
dr QL QL Ur

35 **Belfatto-Berezhiani 2103.05549. ... **Belfatto-Trifinopoulos 2302.14097
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VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti, 2405.18469, 2405.18464

e EFT-based decay rate formula reorganizes ‘traditional’ corrections using EFT principles

Ultra-soft Hard, soft, potential Ultra-soft

Point-like nucleus, O(a/mt)
[Sirlin function]

L GElVaadlme [ tav) 4] < -
F T log2 C )| X [1+ 0% ()] (1 + dns

_— *%* See also. K. Borah, R.

Hard and (ultra) soft Hard, soft, potential Hill, R. Plestid, 2309.07343,
2309.15929, 2402.13307

* Need for improvement
* Two currently unknown LECs contributing to Ons to O(Gragy)
* Two- and three- body potentials to O(Gra(€y)%): may be relevant at 0.01%, needed to check EFT convergence

* Non-logarithmic terms of O(a2Z) in the Fermi function (finite parts of two-loop diagrams)
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r G (Mg —Mp)> (1 —38) |V P FZ2(0)|*(1 + Arc) | 1+3 g (0) 1 My — M
p— B — b —_ 1S 1 RC o o o 5 — B b
6073 B=b () Mg + M,
 Use SU(3) limit for vector form factor f1(0) . S}}(’j) in f1(0): quark model, I/N., ChPT — LQCD
* Extract gi/f1 from data * Negative shift of few percent with uncertainty ~1%
Cabibbo-Swallow-Winston. hep-ph/0307298 2+1, DWEF, 2 lattice spacings
1.01—

Decay Rate g1/ f1 Vs : ZN

Process (nsec™) T - Guadagnoli et al

A—pe T 3.161(58) 0.718(15) 0.2224 + 0.0034 0.991- i ///’U heo-ph/0606181.

) : —_ P
S~ —ne v 6.88(24) —0.340(17) 0.2282 4 0.0049 5 0.98[: g
= s '
== — Ae v 3.44(19) 0.25(5) 0.2367 + 0.0099 S 0.97} IS % & Sasaki 1708.04008
=0 & Ste v 0.876(71) 1.32(+.22/ —.18)  0.209 + 0.027 0.96 _"// — . Continuum and physical m,
,’ O 24’ data (corrected)
Combined B - 0.95F" B O 32° data (corrected)
: € physical point
Vus @ %-level in best channels. CNcY] M N S E—
, , , 0 0.1 0.2 0.3 0.4
No theoretical uncertainty included M2 [GeV?]
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G 5 21| £B—b (|2 _ 8113_)17(0) : _

- _ _ — e Mp — M,

I = 073 (MB Mb) (1 36)|Vus| | 1 (O)‘ (1‘|‘ARC) 143 fg_}b(o) + S = N

* Use SU(3) limit for vector form factor f1(0) . S}}(’j) in f1(0): quark model, I/N., ChPT — LQCD

* Extract gi/f1 from data * Negative shift of few percent with uncertainty ~1%
Cabibbo-Swallow-Winston. hep-ph/0307298 2+1, DWEF, 2 lattice spacings

1.01— ,

| ERN ) 1

Competitive extraction of Vs will require improved theory input (LQCD) and experimental progress (LHCb?)

=) : — I///
YT —ne U 6.88(24) —0.340(17) 0.2282 £ 0.0049 g 0.98F: =

(@)) .

= : s <= Sasaki 1708.04008
== — Ae T 3.44(19) 0.25(5) 0.2367 4 0.0099 S 0.97} Ji? % .
=0 - Stew 0.876(71)  1.32(+.22/ —.18)  0.209 + 0.027 0.96 _"// — . Continuum and physical m,

,’ O 24’ data (corrected)
Combined — — 0.2250 £+ 0.0027 095k~ o O 327 data (corrected)
: € physical point
Vus @ %-level in best channels. 094 L]
No theoretical uncertainty included | M2 [GeV? | |
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