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Important paper: Cirigliano, Crivellin, Hoferichter &
Moulson, Scrutinizing CKM unitarity with a new

COntentS measurement of the K,3/K,, branching fraction (2022).

Part 1: the anomaly

> Relevant observables

> Development of the CKM anomaly

Part 2: the solution (hopefully...)
> SMEFT & LEFT 4 Right-handed currents

> Results from various NP models

Pseudoscalar currents
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As included in: Cirigliano, Dekens, De Vries, Fuyuto, %4’5}1 sterile neutrino

Mereghetti & Ruiz, Leptonic anomalous magnetic
moments in vVSMEFT (2021).




Part 1: the anomaly



CKM anomaly

SM prediction

Vaal® + [Vis|® + [Vawl® = 1

What do we see?

- SM prediction

v

N

p
N

- Experimental constraints

- Best-fit from experimental

constraints (

10)

An anomaly with 2 aspects (both 30):

1. Best-fit vs unitarity
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2. Meson sector

Cirigliano et al. (2022)
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How do we obtain these constraints?
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B decays 2 |V 4] G020 Hoyn G, |

(w T ‘Vu8| Von|* = " )

S

Sy oY &

Sy S

Hardy & Towner (2020),
Seng et al. (2018), Seng 0.228
et al. (2019), Czarnecki
et al. (2019), Seng et al 0.226
(2020), Hayen (2021)

Cirigliano et al. (2022)

0.222

|‘/uh‘ =1

0 22(5)960 0.965 0.970 0.975

Superallowed nuclear B decays (0% - 07)
« (07|V — A|07): only V survives = no g, uncertainty
* But: nuclear uncertainties

V9 =% = 0.97367[32]cotal

Neutron 3 decay
* No nuclear uncertainties
* But: g4/gy and neutron lifetime uncertainties

Uncorrelated (to
good approximation)

Vgl = 0.97413[43]i0tal

Note: I did not calculate these myself.

Heleen Mulder, 5-5-2023




Cirigliano et al. (2022)

0228 ———F— —F —————

T — lv
K —> lv 0.226

S 0224

/ H/U_S V‘Vud |

0'22(9.960 0.965 0.970 0.975

[v.d

I+ My result (only for | = u):

Vs |

|Vud| Kuz/my»

orm , K~ > 1" v = 0.23110[56]otal

From where?

d, s Vi

[k, % fx and Iy, o fr:

> biggest source of uncertainty: fx/f;

obtain |Vis|/[Vual: FLAG Review 2021 & ref. therein

Also: 1sospin-breaking corrections, experiment.
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1904.08731v2, D1 Carlo et al. (2019)




|Vud‘2

K;; decays =2 |V, |

2 1 Vi )?

=1

Vi
_ [~
Ve -
s u %WO
u u
Vi
_ [~
Ve -
S u @,ﬂ'-'_
d d

or K* - nllty,

orK° - ity

Cirigliano et al. (2022)

0.228 ——Mm8M ™ —————————
0.226
f 0.224

0.222

0'22(9.960 0.965 0.970 0.975
[v.d

5 relevant decays:
K837 [,;,I-S’ (KS)837 (KL)837 (KL)MS

Combine in y? analysis = my result:

V<2 = 0.22275[54]0tal

Inputs introducing uncertainties:
* Form factor parameters (mostly f,(0))
FLAG Review 2021 & ref. therein
* (Corrections: short-distance EW,
radiative, 1sospin-breaking
Seng et al., 2203.05217v2 (2022) &
2107.14708 (2021)

 Experimental parameters
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[%Ls|

Once upon a time in 2010... no anomaly!

i el 2010 Vi (07 0) Upper plot taken from Antonelli, Cirigliano et al. (2010).
V (Kls)
0.226 -
fit= | e witn What do we see?
] unitarity 1. |Vyl shifted downwards KM
0.224 N ] 2. |Vysl/|Vyq| became more narrow anomaly
. % L What changed?
0972 0974 0976 1. Ty, = V|2 (1 @.’ Form factor parameters

o 1ncreased

Corrections (mostly) increased

0 22L—:

'- l—‘Klz _ |Vus| fK
' ' ' Correctlons increased
| ] Tk Increased, uncertaint
f y
L _ T
o ?/ \\ _- decreased

0.960 0.965 0.970 0.975 0.880
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Part 2: the solution
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SMEFT

- Standard Model Effective Field Theory

nq
Lomert = Lsm+ ) Y
d>5 i=1

* Degrees of freedom: same as SM

- Symmetries: same as SM
- EFT expansion in small § ~ Mgy, /A

Wilson Coefficients

O\, A4—d

(/
where A 1s the NP scale.

Local, gauge-invariant

operators of dimension
d, built out of SM fields.
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A tower of EFT's

Typical
energy

A
? TeV

Mgw ~v~My 7zt
100 GeV

AX ~ MN
1 GeV

100 MeV - eV

A

[’SMEFT RG ﬂOW

RG 1l
Lygrr o

Lattice QCD,
chiral EFT

EFT operators

LHC physics

Integrate out
heavy SM fields

B + D physics

Non-perturbative
QCD regimes

Our observables:
K,m, B decays
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Low-energy EFT: “LEFT”

- EFT for E < Mgw ~v ~ My, 75, = Integrate out W & Z bosons, Higgs and top

- Effect on SM term relevant for K, & 8 decays (dj € {d,s}):

G _
—\/_% ud; V(1 —ys)vp ay, (1 —ys)d; +h.c
- General Ligpr for K,m & 8 decays:
Gp N\ - _
———= Vg, ¥ (1 + eij) 0y, (1 — v5)ve - uy* (1 — 75)d,
\/Q
i Can translate to
€ (1 —s)ve - ay" (14 75)d; SMEFT basis, e.g.:
by 7 e : 2
4 U= 14 Vi, = [Ciualy,
i

ep L1 —y5)vp - Uysd;

(d = 6 operator)

€T EO‘M,(l — ’)/5)I/g . ’FLO‘”V(l — 75)dj + h.c.
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0228 —m8 ——————
[0 i
Model 0: the SM

0.224

Mus|

1.Don’t impose unitarity

0222/

o220 . ..
0.960 0.965 0.070

Fit parameters are |V 4| and |V .].

Plot the 2D 1o ellipse Ju
0.228 —
R [
2. Impose unitarity P S r——
Fit parameter 1s |V, ¢]. Z 0204

\

Plot the 1D 1o range 0995 F

Heleen Mulder, 5-5-2023

0.220
0.960




L* = ly*(1 —ys)v,

Model 1: RH currents

er & 61(;»5) quantify RH currents in the non-strange & strange sector.

Simple effect: overall factor in decay rates!

' > (1 + €Y for V currents: K;3 and 8 decays
Vudj (LH TL)/,u(l — Vs)dj + EI(QJ)L” Tl,)/“(l + ys)dj) ( R )

RH (V+A)
Run y? analysis:

s) § 7
- Impose unitarity = 3 fit parameters: |V |, ex & €p ﬂ% @,\

- Linearize all decay rates in € to ensure EFT consistency
~ What does this mean?

m x?1d.o.f. = 6.5458/5 eg = —0.00076[27] -
MW ~ —
e = —0.0059[17] o€

V.| = 0.22408[37]

- (1 — elgj)) for A currents: K;, and m;, decays
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MWRN 5 - 10 TeV
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Model 2: PS currents

L* = ly*(1 —ys)v,

L=1(1-ys5)v

ep & el(f) quantify PS currents in the non-strange & strange sector.

Again simply an overall factor in the decay rates: not all of them though...

X7 ) = 2> 1lforV ts: K d B deca
Vud (Lu uy, (1 —ys)d; + E,(JJ)L uyde) or V currents: K3 and 8 VS

- Impose unitarity 2 2 fit parameters: |V ;| & Aep

Run y? analysis:

- Linearize all decay rates in € to ensure EFT consistency

v2/d.o.f. = 19.0267/6
Aep = —0.0074[34]

V| = 0.22308[30]

- (1 — e,(])) for A currents: K;, and m;, decays

The x? is only sensitive
to the difference

Aep = elgs)
because only the K5/,
term 1s impacted & we

Iinearize 1n all €’s.

_EP’
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Model 3: a 4th sterile neutri

- Add d.o.f. to the SM: right-handed neutrino vy
- My model: Loy + LHy,vg + vEMgvy where L = (v, e,)7
- Rotate to mass basis: v; = U;;v; where now i € {1,2,3,4}

C__> my,3 = 0 and my 1s free (within the scope of this project...)

- Size of m, w.r.t Q-values of decays determine kinematic accessibility of v,:

é‘.‘

KeE :ﬁ

B Tz pt Tez Kus ‘ K2 Keo 553'

=

\U |l l | l | l| l| | | | | . :

0 100 200 300 400 500 600 700 800 900 . . MeV) Eﬁ
7 5 4 3 Regime 2 Regime 1: v, inaccessible V¥ decays

- Effect of tuning m,? Different effect on K;5 and K}, /m;5, or on [ = e or u final states?



Cirigliano, Dekens, De Vries, Fuyuto, Mereghetti & Ruiz, Leptonic
anomalous magnetic moments in vSMEFT (2021).

odel 3: a 4th sterile neutrino

Regime 1: the simplest
- E.g.m,~1GeV

All decay rates modified by overall factor: e.g. K* — n°e*v,, BRI BET

Ve = Ueiv; 50 T(Kg3) ~ X4 IM (M) |Ugi|? ~ IM(0) > (1 — [Ueal?) ]

F(KJ5) ~ )
|Vus|2(1 + |U/,L4| )
But: this changes |Vyq|? + |Vs|? from 1 (SM) to > 1 = makes CKM arTomaly worse

S—

Also, T ~ Gf and G from pu — ev,v,: Gé”) = G}O)(1 - % |Upsl? — % |Uu4|2)

Result: fit sets |U,,| and |UM4| to O
KeB
H Teo K3 ‘ K2 K>

IJ,J/ | l I J/I J,I | | | I l

-1

100 200 300 400 500 600 700 800 900 1000 m; MeV)

5 4 3 Regime 2 Regime 1: v, inaccessible ¥V decays

™
o]
S
a5
10
e
o
)
=
=
=
g
5
D
—
E




Model 3: a 4th sterile neutri

What happens in the lower regimes? Suppose m, accessible in KJ;:
[(Ke3) ~ Xiz1 GEIM(m)|?|Ugi|* ~ IM(0) > (L=AHZ1%) + IM (M) [ |Ueal?
A+ |Ua|
So: other terms besides those that increase |V, 4| and |V ,].
Speculation: the lower m,, the more of these other terms...

- bigger chance of alleviating the CKM anomaly at lower m,?

]

S

K.. s

L T2 @ Mez K3 Kz Keo g
(! | | L g
il | | | | | | | | | | i E
0 100 200 300 400 500 600 700 800 900 1000 ,,,, (viev) I

-1

5 3 Regime 2 Regime 1: v, inaccessible ¥V decays




Compare y?/d.o.f. in the 3 NP models

°r
|
_ | | SM
< 3l 1 @ SM + PS currents (AeP)
o - i
o B SM + v4 (md~1 GeV)
™ i 7
=5l 1 W@ SM + RH currents
1L
N

total K+13 KLIZ KSe3 K+p2 (0+->0+ neutron nuisance

T+ 2
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Compare (K7),; i1n the 3 NP models

255x10" 1% 26x10" 1% 265x10718 27x10718 275x10° 1% 28x10718

RH currents o
PS currents (AeP) iy
v I:H’I4~1 GE.‘U::I ——— g
o
J ;
A |5 k-
1 ] ] ] ! 1 1 Iu:L 1 . ] ! ] ﬁ

255x10~ 18 26x10718 265x10718 27x10718 275x10718 2.8x10718
[ for K+e3 (GeV)




Compare K, /m,, in the 3 NP models

1.28 1.30 1.32 1.34 1.36

RH currents I -

PS currents (AeP)

vd (md~1 GeV) i z 5

=

g

o <

= <

L 1 1 1 1 1 1 1 1 1 1 mE 1 1 1 1 1 m
1.28 1.30 1.32 1.34 1.36

K+ L2/ TT+L2



Compare |V 4|

1n the 3 NP models

0.971 0.972 0.973 0.974 0975
RH currents by
PS currents (AeP) e
vd (md~1 GeV) e

+
= C
A o
] 4
s 2| 3

0.971 0.972 0.973 0.974 0.975

Vud
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In closing

Interesting to play around with NP & CKM anomaly.
RH model helps the anomaly, PS & Regime 1 v, don’t.

Thoughts:
( e What full NP models could
@ generate these low-E effects?
To-do:
. Work out licht e How do these models relate to <
Ors out Aghter the rest of the SM & other &
sterile neutrino :
. anomalies? 2
Fegimes ) e What other NP models could ?

be interesting?




Thank you for listening!
Any questions?
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Cirigliano et al. (2022).

Determination of |V 4]
+ Full result from superallowed nuclear B decays (0* - 07):
Vo, 7% = 0.97367(11exp(13) a2 27 [32] ot

- Full result from neutron § decay:

Ve PPE = 0.97441(3) 1(13)4, (82)2(28)x, [88]ioa

ud
, b nt
Vi = 0.97413(3) (13) 4, (35)2(20)r, [43] 0t ’
+ Vad
. Other possibilities: 1L .
- Hadronic t decays w 2
- Pion decay: t* — [Tv; orn® - [ty ; v g
=
<

Both of these currently have larger uncertainty than f decays.




Determination of |V |

- Full result from K;3 decays (Cirigliano et al. (2022)):
Vi = 0.2233035)exp(39) 1, (81353 ota

- Other possibilities:
- Hadronic t decays

- Hyperon decays A — p e v (as for neutron £ decay: both V and A currents
contribute)

These are currently not competitive with kaon decays.

- Also: full result from K;, /m;, decay ratio (Cirigliano et al. (2022)):
Vs

Vud Ky /7

=0.23 108(23)exp(42)FK/FH(16)IB [5 1 ]total

%)
N
=
Q
Ye)
Ye)
oo
5}
=
=
p=1
=
)
o}
—
5}
am




Parameter values for P;, decays

Parameter Decay / Particle | 2010 value [5] 2023 value

[/ [fx K/m 1.193 £ 0.006 1.1978 £ 0.0022 |6]

d0pm + 08 K/7 -0.0070 + 0.0018 -0.0127 4+ 0.0021 [8] (eq. 2 & 3)
B.R. K, 0.6347 £+ 0.0018 0.6356 + 0.0011 |2]

T K (1.2384 4+ 0.015) x 107® s (1.2380 £ 0.0020) x 10~% s [2]
Partial I' 7,9 (38.408 £ 0.007) x 10° s=!  (38.408 4 0.007) x 10° s~ [2]

Table 7: Values of the decay constant ratio, corrections and branching ratios + lifetimes (for K,2) and
partial decay rates (for m,2) as used in the 2010 and 2023 analyses. Note: [5] only lists an overall
correction to the K /m ratio, while [8] lists an overall correction for the K and 7 decay rates separately. |
have calculated the correction to the ratio from the values listed in eq. (2) and (3) of [8] using standard
error propagation. The reason I put the partial decay rate for 7,2 is that [5] only lists that. I calculated
the partial decay rate for 2023 from the B.R. and 7 in [2], again using standard error propagation.
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Plots of |V<|f+(0): 2010 vs today

0.213 0.214 0.215 0.216 0.217
I i | ' I i I B I

K_e3 1 | B
K u3 .
Ks e3 .

K" e3 .

K" u3 .

1 " | L | L 1 1 |
0.213 0.214 0.215 0.216 0.217

Fig. 9. Comparison of values for |Vus|f+(0) for all channels.
Our average is indicated by the yellow band.

2010 (Antonell1 et al.)

0.211 0.212 0.213 0.214 0.215 0.216 0.217 0.218

K e3 PR S——

Ky L3 ——y
Kge3 -

K e3 .

K™ u3 b .

0211 0212 0213 0.214 0.215 0.216 0.217 0.218
Wus|f+{0)

Today
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Parameter values for K;; decays (1)

2
Form factors: f;(q?) = f,(0) (1 + 4 %) (wherei=+,0)

T

Parameter | 2010 value [5| 2023 value
f+(0) 0.959(5) (eq. (17)) 0.9698(17) (|6])
PV For K*: 2.566 x 1072 For K¥*: (2.959+0.025) x 1072 (]2])
For K and Kg: 2.566 x 102 For K (and Kg): (2.8240.04) x 1072 (|2])
Ao For K*: 1.29754 x 1072 For K*: (1.76+0.25) x 1072 (|2])
For Kp and Kg: 1.37131 x 1072 For Kr (and Kg): (1.3840.18) x 102 (]2])

Parameter Decay / Particle | 2010 value [5] 2023 value [2] -

B. R. K3 (5.078 + 0.031) % (5.07 £+ 0.04) % S
K (3.359 + 0.032) % (3.352 + 0.033) % o
(Kg)es (7.05 4 0.08) x 104 (7.04 &+ 0.08) x 104 3
(K1)es (40.56 + 0.09) % (40.55 £ 0.11) % -
(K1) s (27.04 + 0.10) % (27.04 + 0.07) % =

T K= (1.2384 + 0.0015) x 10~%s  (1.2380 + 0.0020) x 1078 s -
Kg (0.8959 4 0.0006) x 10~% s  (0.8954 4 0.0004) x 10~ s
Kr (5.116 + 0.021) x 10~% s (5.116 + 0.021) x 10~% s




Parameter values for K;; decays (2)

Parameter Decay | 2010 value [5| 2023 value

SEw all 1.0232(3) 1.0232(3) [3]

SEM K (1 +£2.5) x 1073 (2.1 £ 0.5) x 1073 4 [3]
K (0.16 £ 2.5) x 1073 (0.5 £ 0.5) x 1073 [3]
(Ks)es | (9.9 +22) x 1073 (11.6 + 0.3) x 1073 [3]
(Kr)es | (999 +2.2) x 1073 (11.6 + 0.3) x 1073 [3]
(Kp)us | (14 +£2.2) x 1072 (154 + 0.4) x 107° [3]

OB K 0.058 + 0.008 0.0457 + 0.0020 [7] °
K 0.058 + 0.008 0.0457 + 0.0020 [7]
(Ks)es | O 0
(Kr)es | O 0
(Kz)us | O 0
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Correlation matrices for K;; decays
From [3]: dmm = (55&6 K o o )T

(1 0050 0.069 —0.043 )
1 —0.049 0.079
1 0.088

\ 1)

From [7]: K% = (BR(K+€) BR(K ") PK+>

Corr(dgnm) =

T T
K™ = ( BR(Kpe) BR(Kun) Tk, )

1 0.8959847 0.01425396 1 —0.2149932 —0.2676291
Corr(KT?P) = 1 0.01376368 Corr(K;%) = 1 —0.08759115

1 1
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References for parameter values
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https://arxiv.org/pdf/1005.2323v2.pdf
https://arxiv.org/abs/2208.11707

SMEFT operators

Yukawa
Oyl | HiHeSH L,
O iy | HIHuSH )
O 1rr | HTHd5HY g,

Vertex Dipole
Oudrs | ilyau s HID,H Oh s | eSouwH W,
0805 | ifroia,l HY i D, H Ol lir | 5o, H By,
Omelrs i{??(fﬁﬁngT ﬁﬁ_H [OiG] 17 -u.fcrﬁ_yTaﬁTq; Gy
Onglis | w6, H D H Ol iy | ubou Hiaiq, Wi,
[Og’;]” 'f-(}j(fiﬁﬁ,QJHTUimH [O-ZB]U -u.frap,yﬁiqj B §
Omalry | iuGo,agHI DL H Oiglts | dioumT*Hlqs Gy, 3
(Opalrs id§o,d5HT HZH [OIM’ l1s | d§ouHiolqy I--'I--’Tf;y %
Ofudlrs | iu§o,d5HID,H Oslrs | d5oHqs By, %
am

Table 4.2:  Two-fermion D=6 operators in the Warsaw basis. The flavor indices are
denoted by I..J. For complex operators (Op,q and all Yukawa and dipole operators) the
corresponding complex conjugate operator is implicitly included.




A(Cil){M as 1n Cirigliano et al. (2022)

Definition:

Acknm = Vfd|2 + Vi o1,

A = Vi + Vi -1,

ASI)(M = Vﬁz/”"z’Kﬂz + ij3|2 _1,

RH currents: PS currents: Aep = E;S) — e g
AL = 26 + 2Aeg VA, AL =0,
Acwm = 26k — 20V, A2 = 2AepV2, ;
Ackw = 26r + 206x(2 = V). AS) = 2Aep(1 - V2),




Sketch of the y“ analysis

* 5 terms from 5 K;; decay rates

* 1term from K, /m,, ratio

« 2 terms for |Vyq4| from 0% — 0% and
neutron [ decay

* 10 terms for the nuisance parameters

Structure:

- Assume (Gaussian errors

- For K;5: include correlations Outlook:
between 65y, BR. & T ‘nelude more
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Model 2: PS currents

L* = ly*(1 —ys)v,

L=1(1-ys)y,

ep & EI(,S) quantify PS currents in the non-strange & strange sector.

Again simply an overall factor in the decay rates: not all of them though...

Vud (Lu Ty, (1 —ys)d; + El(aj)LTt)/5dj) = 1 for V currents: K;3 and 3 decays

- Impose unitarity 2 2 fit parameters: |V ;| & Aep

Run y? analysis:

- Linearize all decay rates in € to ensure EFT consistency

v2/d.o.f. = 19.0267/6
Aep = —0.0074[34]

V| = 0.22308[30]

- (1 — e,(])) for A currents: K;, and m;, decays

The x? is only sensitive
to the difference

Aep = EI(JS)
because only the K5/,
term 1s impacted & we

linearize 1n all €’s.

_EP’

Outlook: back to €p
& e, add

observables to y*
to constrain them?

Heleen Mulder, 5-5-2023
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