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1. First-row CKM unitarity



Charged weak decays and CKM unitarity

Massive quarks ==> Generation mixing

(d) /Vud V. Vub\/d\
War=S| = Vi Vs Ve | S

Y
o
O:’

\b)f Vi Vs Vﬁ)\b/m

p[()l]S

Cabibbo-Kobayashi-Maskawa

Le

Three generations of quarks
and leptons




Weak interaction universality ==>
Unitarity of the measured CKM matrix
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Can be tested at 0.01% level! Probes new physics at the scale:
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Primary avenues to extract V_and V

V_.: Superallowed nuclear decays

0:(07) = ¢p(07) e ve

V .. Semileptonic kaon decays (K ,)

K — ml

V IV _.: K/r leptonic decays (Kuzmpz)

K/m— uy,



2. Kaon semileptonic decays (K) and the
long-distance RC
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K

Master formula:
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Master formula: v
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Theory inputs:

e Universal electroweak correction

* Krt form factor at zero momentum transfer
* Phase space factor
* [sospin-breaking correction
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Master formula: Vv
G2 |V |P M2 C? 0_— 0 _
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Universal electroweak correction:

Spw = 14+ = (1— As )111 2 +o(m5)
T T M, 72

f

= 1.0232(3)

encodes process-independent electroweak corrections
not included In GF Marciano and Sirlin, 1993 PRL
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Master formula: v

G| Vus|* M7 C3. 0
Ui == ggpm I s (1 + 0+ 5SU<2))

Kr form factor at t=0: (7~ (p)|J5 | K" (p)) = 2p* RD (0)

FIAG2023 f+(0)

FLAG average for Ny=2+1+1
FNAL/MILC 18

ETM 16

FNAL/MILC 13E

FLAG average for Ny=2+1

PACS 22
PACS 19

Np=2+141 : fi(0)=0.9698(17) + . S o i

RBC/UKQCD 13

Lattice QCD inputs:

Ne=2+1+1

:\,f — 2 + ]_ . f+ (0) — 09677(27) }FglgAgLémﬁcm

j\v‘f p— 2 . f_|_ (0) — 09560(57)(62) - — - FLAG average for N;=2

Ny=2

4 00— ETM 10D (stat. err. only)
—— ETM 09A
H—— Kastner 08
s —_— Cirigliana 05
< —— J min n0d
s ——&— = Binens 03
2 —&—i L utwyler 84 12

0.95 0.97 0.99 1.01



K
Master formula:
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KSE K

PR = 19273

‘(1 + g + 5U(2))

Phase-space factor: probes the t-dependence of the form factors

Fit to the K, Dalitz plot with dispersive parameterization:

Mode Update

KOES
K+33
K

3

K 13

0.15470(15)
0.15915(15)
0.10247(15)
0.10553(16)

M. Moulson,

in the 11"
International
Workshop on the
CKM Unitarity
Triangle, 2021
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Master formula: v

G| Vs P M3-C% 0_— 0
Uico = = ggpr —owwlf¥ Qlighe (1 + g )

ISB correction: Difference between the K*x? and Kz~ form factor

Depends on quark mass parameters:
me/m , Q* = (m? —m?)/(m3 —m?)

Lattice and phenomenology (n—3m) return somewhat different
results:

0SU(2) = 0.0457(20) FLAG 2021 (2023 update)

KT 0
(%U(g)

( K wﬂ)
lattice

) — 0'[}522(34) Colangelo, Lanz, Leutwyler 14
pheno and Passemar, 2018 EPJC
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K |
Master formula: v
GQF‘VHS ‘QA’I?(C (0) +‘

Long-distance electromagnetic radiative corrections (RC)

) /
Virtual W
corrections: /v
a7

Real

corrections: v

(/v
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“Long-distance” : W-propagator shrinks to a point (Fermi’s interaction)



3. Chiral Perturbation Theory
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Chiral perturbation theory (ChPT)

* Low-energy EFT of QCD

* Constructed from spontaneously-broken chiral symmetry
* DOFs: Pseudoscalar mesons, leptons, photon

e Chiral power-counting scheme ensure convergence

* NP QCD contained in the LECs

‘ L= ﬁleptr.:-n + ﬁ’;r + ﬁChPT

'Clepton — E{ [E(Ia + f.?lf’{ - f”f‘)f + ﬁfLIaU{L] Non_hadronlc
piece

C, = —1FuwF" — 5:(9- A)* + FMZA, A

EC]‘[FT — 1‘.:(2) —|—£{4} —|— .

2

Fg t t t 2 4 t
V' = L(puu(prut +xut +uxt), £ =z (gt qru

—
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LO Chiral Lagrangian 17



NLO Chiral Lagrangian:

4

Pure L7 = Li(DU(D*U)'y’ + Ly(D,U(D,U)t){DFU(D'U)Y)
mesonic +L3(DuU(DMU) DLU(D'U)Y + La(DuU(DFU) ) (xUT + Ux™)
+Ls (DU (DFUY (xUT + Ux™)) + Le(xUT + Uxt)?
+Ly (Ut — Uxt)’ + Le(UxtUx® + xUtxUt)
_ R iy 1wt o el . PR Gasser and Leutwyler,
_IL9<fWDf U(DU)" + f, (DFU)'D u>+L10<uf;wu IR ) NPB 1985

2.2 i
with £ = P@{%Kl(D”U(DyU)*)(f?RGR +q1q1) + Ko DFU(DuU)) (qrUg UY)
Ke{(D*U)'qrU){DyuUq U") + Ks(qrq(D*U)TDuU + qrqr D*U (D U)')
+Ke((DFU)* Dy Ug U grU + DFU(D,U) qrUqr UY)
+3K7 (XTU + U x) (qrar +qrar) + Ks(xTU + Ut x) (qrUq UT)

+Ko((xTU+ UTx)qrqr + (xUT + Ux")qrar)
+Kpo{ (XU + Uty)q Ut qrU + (xUt + Uxt)qrUq ut)

+Kn ((xTU — Ut x)q it qrU + (Ut — Uxt)qrUg ut)

+K12<(DyU)]L[V};qR, (]'R]u + DH U[VPIIL;I}L]U+> y b NPB 1005
recn,

+Ky3(VEqrUV 4 UYY 4+ Kio(VFqrV yqr + VF{?LV;H‘?L>} ;

WItN o = AR Xitmva (i (@, ) + Xl (wt [, €7]) - Knecht Neureld 18

_ - Rupertsberger and
|ept0ns +X3mgflfgL<Q‘ff Qf]'im> +h.€.} + é? Yo Xel(id +eA), Talgvera, EgPJC 2000
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One-loop and bremsstrahlung diagrams are calculated

Connection to the full EW theory:

Done through a specific combination of LECs:
XPvs = Xr _4KT,

= () + (),

S = 1 (x)
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Quantification of hadronic uncertainties:

* Uncertainties due to neglected terms at O(e?p?)
* Uncertainties due to unknown LECs at O(e?p?)

o (%)

0.99 £0.19.2,2 = 0.11LEC

0.10 £ 0.19.2,2 = 0.16LEC

1.40 = 0.19.2,4« £ 0.11LEC

0.016 = 0.19.2,4« £ 0.16LEC

Ananthanarayan and Moussallam, JHEP 2004
Descotes-Genon and Moussallam, EPJC 2005

Uncertainty ~10-3

“Natural limitations” of
ChPT precision

Cirigliano, Giannotti and Neufeld, JHEP 2008
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To overcome the natural limitations:

* New theory framework to resum the most important O(e?p")
contributions

* Appropriate lattice-QCD inputs to reduce uncertainties from
NP QCD

Direct lattice calculations of the full K, RC: ~10 years to reach 10 precision

Boyle et al., SnowMass 2021 Lol
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4. Sirlin’s representation
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“Sirlin’s representation” of the O(G_a) EWRC

 First constructed by Sirlin to deal with EWRC in superallowed

beta decays Sirlin, 1978 Rev.Mod.Phys

* Re-introduced to study EWRC in general semileptonic decays

CYS, Galviz and Meif3ner, 2020 JHEP
CYS, 2021 Patrticles

Foundations: Current Algebra (CA)

[ otz 1), JE (7. 1)| = Jhi(z.6)6®) (& — )
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Splitting the full photon propagator:

1 1 Mz, 1
= +
q% g7 —-M3 M —qg%q”
..,.:r__} b ..J_:r__{:‘.".'
i f H Vi
W
(~ v W i)

N'T o

EWRCs at g'~M,, at the lepton side are reabsorbed into
G_measured from muon decay
1 G%m;

T, 1927

F(x)(1+0dy) 24



Splitting the full photon propagator:

1 1 M, 1
- T 2 2 412
Mz, — g2 q

qf2 qu - EVI%V

¢ -
L1y ri bk

I~ Y<

/ “Weak” RC:
., |Dependsonq~M,
a7

“Modified Fermi’s interaction”: L = Lqcp + LgEp,. + Lys

M2 V2

2T

¥ .Ll?ll:.irz_r ; —
E‘:lf -1 {1 B 1 [11‘1 " + O(ﬂ's)] }‘HJN Eﬁ,,-_;,(l — "‘Ir'5)1/ + h.c.
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Virtual electromagnetic RC (EMRC)

f

v
(anl

YW-box

Lepton WF diagram

o hadronic form
renormalization

factors

) Y Pllfur GF _ C;F
e (2 +00)] it D

i f Real EMRC

v ~» | (Bremsstrahlung) .
(t v




Key quantity: “Generalized Compton tensor”

" (q':p" p) /d4I€?q b (DT T () T (0)} i (p

)

The “convection term”: Meister and Yennie, PR 1963

2@y )P p) | iZi2p = )M (P p)
(P +q')? — M3 (p—¢')2— M}

Tlonv (759, p) =

Simplest structure satisfying the exact EM Ward identity;
gives the IR-divergent structure

27




EMRC to the hadron form factors:

‘ SFN = 5P£” + 5P§‘ with current algebra

“Two-point function”: contains all the UV-dependence

d’-l / q!‘/\, M%\; qr,{ |
SF( —e? / — T
2 P P / [ B qz) q Mz M%V _ q;2 (qu _ M%)Z K

SF}(p',p)  “Three-point function”: insensitive to UV,
vanishes in the degenerate + forward limit

~ (FIT{Iw (2) Jem () Jem (0) }[7)
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LA/(

YW-box diagram:

_ b

d4qf MIZ/V 2gvAp?g _ gy/quv _ gvhq!y + g],wq

2

N

2m)* My —q%  [(pe —q')% — mj][q? — M3]
dfqu MIZ/V chvaA {/x
(270)4 M3, — 2 [(pe — q')> — m3]q"

Tyy .

Hv

WI/O epsilon
tensor

With epsilon
tensor
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Sirlin’s representation:
O(a) virtual EWRC to semileptonic decays

Exactly-known O(a) terms O(a") QED

A corrections

- =\ 1
2 2 2
m = —AFL {1+ 7 lln— ~ 3 T8 4 Jin g - 3+ %ﬁg} +%535D}
A
+ (oM, + ‘m'rw)im — SLORMLy + mnw ,
“Residual 3-pt function  From

integral” YW-box
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5. Electroweak RC to K,

31



suppressed in

decay rate by mj /M7

Kr charged weak form factors f

I

Frm(p.p) = (m(0)| (LK) = Vi, [fE7 ) (0 +0)u + 270 (0 — ),

Virtual corrections expressed as corrections to
form factors:

FET) = 27 ) + 6 f2 ™ (y, 2) pe

Contains IR-divergences canceled by bremsstrahlung

2F,

My

2L,
Mg

32



Calculation of of :

(A) “Residual integral” + the vector current contribution to ME;W

= 5 [ dq l 2pe 40
T ) @0 e - ) = mille® - M3 e - M
_(p — pl),uTl'“ -+ ?T"A — ifﬁluﬂ}lqé (TLW)"‘:}

+ 2}? Fpe fhs A

Contribution to f_is saturated by the “pole” terms” :

W

5X
22407770

W
1

i
2" gy TN

i
: = - s 1}
I\. I Li I.l. i

-

* Inputs: KIxr EM form factors and charged weak form factors,
well-measured in experiments
 Effectively re-summing the most important O(e?p") correctior;g



Calculation of df,

(B)Axial current contribution to 5fmgw

v e
- b
A 2 / diq My e (Tw)a ql&w y ;?‘q ‘;‘\\ /;q
» (2m)4 ﬂfﬁv —q"? [(pe — ¢')* m?h 2 % é % %>

Obtained from lattice + pQCD

Jem,
']ﬁm jem ]em ]Wf A @ JW 4
T— e > 02 = <fj> s

JJ:V, A

(A) (B) C (D)
) ) *}f'ﬂ?.
Jem WA (1 |
- &> 70 C} JWA
K%KBFWm<i;>JMﬂ P o
g (K™T) (K"
(a) (b) (c)

Feng, Gorchtein, Jin, Ma and CYS, 2020 PRL
Ma, Feng, Gorchtein, Jin and CYS, 2021 PRD 34



Calculation of &f, :

(c) of, contributed by the “3-pt function”

Seng, Galviz and Meil3ner, 2020 JHEP

Sfr3=0@fy+ {(5f+,3)$1p2 + @(€2P4)}

/./ \ --
| Y
IR-divergent Regular terms calculated
terms, resummed at fixed-order ChPT

by adding
form factors l

Reabsorbed into the tree-level form factors
and isospin-breaking corrections,
according to standard ChPT classification

Seng, Galviz, Gorchtein and Meil3ner,
2021 JHEP
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Calculation of of : suppressed in
decay rate by mj /M-

0f- = (0f—)ipmemn + (0f-)  + (5J:—hem

AN Y 7
Numerically
largest, exactly Numerically small,
calculable calculated
at fixed-order ChPT
Cirigliano et al., 2002 EPJC
! 2 2
((ifffoﬁ_)igf — _i [?D 11’1( . J.jr ?ng) -+ o2 In £ -+ 70,3 In £ + 70 4]
A ms 12
K+70\ e2p? x 7\1{2 7'112
(Of5 P = R [T+ 1 A(u, Mg, my) 2 ]
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Bremsstrahlung:

fIrtl:rne-rrls — ﬂﬁﬂ + m{ﬂ
*——X

T = Tl + { (TH — Tline) 2 + O(p*)}

N J
Convection Y
term contribution,  Regular terms calculated
exactly-known and gt fixed-order ChPT

contains full IR-
divergence
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CYS, Galviz, Gorchtein
and Meil3ner, 2021 PLB;
2021 JHEP

CYS, Galviz, Gorchtein
and Meil3ner, 2022 JHEP

Final Result: (in units of 103)

sKE ChPT
K% | 11.6(2)inel(1)1at (1)NF(2) ezpe 9.9(1.9) c2p2 (1.1)LEC
K*e|  21Qma(Wiat(@nr(Dezps | 1.0(1.9)02,4(1.6)ppc
KO [15.4(2) et (D1at (1)NF(2)LEC(2)2 1 | 14.0(1.9) 2,4 (1.1) L

KT

0.5(2)ine1(1)1at (4)NF(2)LEC(2) e2ps

0.2(1.9) c2s (1.6)pc

Sources of uncertainty:
* inel: inelastic states contributions to the residual integral

 lat: Lattice uncertainty in the yW-box diagram

* NF: Non-forward effects in the yW-box diagram
e e?p* Higher-order ChPT corrections

« LEC: Poorly-determined LECs in of

e Consistent with pure ChPT result
 Significant improvement of precision: 102 - 10+
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Master formula:

us
|+

PR = 19273

G| Vs P M3-C% 0_— 0
= B Spw [ (0)\2115{2 (1"'5EM‘|'5SU(2))

Averaging over all six channels:

Vas K7 (0)
Kre 0.21617(46)oxp (10) 1. (4) 550,
R W CYRETING N=2+1+1
e . ‘ exp I dgrr(2y V2w YINL [ 2( 3( .
K;,p, {']2|54(]( }{'])pr(lﬁ)f;((”a].:“ |V |K B U.221‘[]8(5,})1&['({}.})}((d)HO
. . Us|thgsy
K:,_,u. 0.21251(466)exp(16) 1, (4) 550 a 0.22356(62)1m(39) I{(S)TT{)
K H 0'21693(108)5’*1’(16)!1{(21)531_1(2)(6)513:\4
Average: Ke 0.21626(40) k (3) 1o N=2+1
Average: Kp 0.21654(18) k (3)Ho
Average: tot 0.216341(38) k (3)no

CYS,

Galviz, Gorchtein and Meil3ner, 2022 JHEP 39




6. “Cabibbo angle anomaly”
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Grouping everything...

o228 —
| 0*- 0 neutrdn
0.226
| K u2/71: o
20224, Ky
0.222!
' SM unitarity

020960 0965 0970  0.975

Cirigliano, Crivellin, Hoferichter and Moulson, 2023 PLB Vu d 41



Grouping everything...

0228——m ——— ——————
Superallowed + Kys: 0" 0|} | neutro
deficit 0.226/
- Ku2/ﬂ:u2
o224 Ko
0.222.
“Cabibbo angle anomaly” | SMu

020960 0965 0970  0.975

Cirigliano, Crivellin, Hoferichter and Moulson, 2023 PLB Vu d

nitarity
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Grouping everything...

0228+————— +—
Superallowed + K ,,2/7,2: | 0*— 0*[f | neutro
deficit 0-226}
| K,/m,
20224 "
0.222
“Cabibbo angle anomaly” SM

020960 0965 0970  0.975

Cirigliano, Crivellin, Hoferichter and Moulson, 2023 PLB Vu d

nitarity

43



Grouping everything...

0"- 0"

0228
Ko + Kpo/mp2: |
[2.60 |deficit 0.226/
| KuZ/TcuZ
20224, Kig
0.222|

“Cabibbo angle anomaly”

nheutro

SM

020960 0965 0970  0.975

Cirigliano, Crivellin, Hoferichter and Moulson, 2023 PLB Vu d

nitarity
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Grouping everything...

0228———
Global fit: | 0"~ 0"} | neutra
[2:80]deficit 0.226.
Ku2/ﬂ:u2
20224 Ko
0.222.
“Cabibbo angle anomaly” | slobal it SMy

020960 0965 0970  0.975

Cirigliano, Crivellin, Hoferichter and Moulson, 2023 PLB Vu d

nitarity
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Summary

e First-row CKM unitarity offers precision tests of SM; K . is the
primary avenue to extract V_.

« EMRC to the K, decay rate requires non-perturbative QCD. ChPT

calculation is limited by unknown higher-order contributions and
LECs.

* A reformulation using ChPT + current algebra allows inputs from
meson form factors + lattice QCD, results in a much-improved
determination of the K, RC, with central values consistent to pure

ChPT result

* These new calculations helped to sharpen the “Cabibbo angle
anomaly”, which points towards new physics.

Thanks for your attention!
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