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Right-handed currents

Pseudoscalar currents

4th sterile neutrino

Important paper: Cirigliano, Crivellin, Hoferichter & 
Moulson, Scrutinizing CKM unitarity with a new 
measurement of the 𝐾𝐾𝜇𝜇𝜇/𝐾𝐾𝜇𝜇2 branching fraction (2022).

As included in: Cirigliano, Dekens, De Vries, Fuyuto, 
Mereghetti & Ruiz, Leptonic anomalous magnetic
moments in νSMEFT (2021).



Part 1: the anomaly
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1. Best-fit vs unitarity

CKM anomaly
SM prediction: 

What do we see?

• SM prediction

• Experimental constraints

• Best-fit from experimental
constraints (1σ)

An anomaly with 2 aspects (both 3σ):

H
el

ee
n 

M
ul

de
r, 

5-
5-

20
23

5

Cirigliano et al. (2022)

2. Meson sector

How do we obtain these constraints?



Neutron β decay
• No nuclear uncertainties
• But: 𝑔𝑔𝐴𝐴/𝑔𝑔𝑉𝑉 and neutron lifetime uncertainties

𝑉𝑉udn = 0.97413 43 total

Superallowed nuclear β decays (0+ → 0+)
• 0+ 𝑉𝑉 − 𝐴𝐴 0+ : only V survives no 𝑔𝑔𝐴𝐴 uncertainty
• But: nuclear uncertainties

𝑉𝑉ud0
+→0+ = 0.97367 32 total

𝛽𝛽 decays 𝑉𝑉ud
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Uncorrelated (to 
good approximation)

Note: I did not calculate these myself.

𝜈𝜈𝑒𝑒

Cirigliano et al. (2022)Hardy & Towner (2020),
Seng et al. (2018), Seng
et al. (2019), Czarnecki
et al. (2019), Seng et al. 
(2020), Hayen (2021), 
Shiells et al. (2021)



Γ𝐾𝐾𝑙𝑙𝑙 ∝ 𝑉𝑉us and Γ𝜋𝜋𝑙𝑙𝑙 ∝ |𝑉𝑉ud|, so we 
obtain 𝑉𝑉us /|𝑉𝑉ud|:

𝐾𝐾𝑙𝑙2/𝜋𝜋𝑙𝑙2 𝑉𝑉us /|𝑉𝑉ud|
My result (only for 𝑙𝑙 = 𝜇𝜇):

|𝑉𝑉us|
|𝑉𝑉ud|

�
𝐾𝐾𝜇𝜇𝑙/𝜋𝜋𝜇𝜇𝑙

= 0.23110 56 total

Γ𝐾𝐾𝑙𝑙𝑙 ∝ 𝑓𝑓𝐾𝐾 and Γ𝜋𝜋𝑙𝑙𝑙 ∝ 𝑓𝑓𝜋𝜋:
 biggest source of uncertainty: 𝑓𝑓𝐾𝐾/𝑓𝑓𝜋𝜋

FLAG Review 2021 & ref. therein

Also: isospin-breaking corrections, experiment.

1904.08731v2, Di Carlo et al. (2019) H
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𝐾𝐾 → 𝑙𝑙𝜈𝜈
𝜋𝜋 → 𝑙𝑙𝜈𝜈

𝜋𝜋+, 𝐾𝐾+

d, s

𝑙𝑙+

𝜈𝜈𝑙𝑙

or 𝜋𝜋−,𝐾𝐾− → 𝑙𝑙− �𝜈𝜈𝑙𝑙
From where?

Cirigliano et al. (2022)



𝐾𝐾𝑙𝑙𝜇 decays  |𝑉𝑉us|
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𝑙𝑙−

𝜈𝜈𝑙𝑙

or 𝐾𝐾+ → 𝜋𝜋0𝑙𝑙+𝜈𝜈𝑙𝑙

𝑙𝑙−

𝜈𝜈𝑙𝑙

�𝐾𝐾0

𝑑𝑑 𝑑𝑑

𝜋𝜋+

or 𝐾𝐾0 → 𝜋𝜋−𝑙𝑙+𝜈𝜈𝑙𝑙

5 relevant decays: 
𝐾𝐾𝑒𝑒𝜇+ , 𝐾𝐾𝜇𝜇𝜇+ , 𝐾𝐾S 𝑒𝑒𝜇, 𝐾𝐾L 𝑒𝑒𝜇, 𝐾𝐾L 𝜇𝜇𝜇

Combine in 𝜒𝜒2 analysis  my result:

𝑉𝑉us
𝐾𝐾𝑙𝑙𝑙 = 0.22275 54 total

Inputs introducing uncertainties:
• Form factor parameters (mostly 𝑓𝑓+ 0 )

FLAG Review 2021 & ref. therein
• Corrections: short-distance EW, 

radiative, isospin-breaking
Seng et al., 2203.05217v2 (2022) & 
2107.14708 (2021)

• Experimental parameters

Cirigliano et al. (2022)



Once upon a time in 2010… no anomaly!
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Upper plot taken from Antonelli, Cirigliano et al. (2010).

What do we see?
1. Vus shifted downwards
2. Vus / Vud became more narrow

What changed?
1. ΓKl𝑙 = Vus 2 1 + δ …

2.
ΓKl𝑙
Γπl𝑙

= Vus 𝑙

Vud 𝑙
fK
fπ

1 + δ …

CKM 
anomaly

Today Corrections (mostly) increased

Form factor parameters 
increased

Corrections increased𝑓𝑓𝐾𝐾
𝑓𝑓𝜋𝜋

increased, uncertainty
decreased

2010



Part 2: the solution
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• Standard Model Effective Field Theory

 Degrees of freedom: same as SM
 Symmetries: same as SM
 EFT expansion in small 𝛿𝛿 ~ 𝑀𝑀𝐸𝐸𝐸𝐸/Λ

Wilson Coefficients

where Λ is the NP scale.

SMEFT
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Full theory
SM

Local, gauge-invariant 
operators of dimension
𝑑𝑑, built out of SM fields.



A tower of EFTs

H
el

ee
n 

M
ul

de
r, 

5-
5-

20
23

12

Typical
energy

? TeV

100 GeV

1 GeV

100 MeV - eV

Λ

MEW ~ 𝑣𝑣 ~ 𝑀𝑀𝐸𝐸,𝑍𝑍,𝐻𝐻,𝑡𝑡

Λ𝜒𝜒 ~ MN

?

RG flow

RG flow

Lattice QCD, 
chiral EFT

EFT operators

Integrate out 
heavy SM fields

Non-perturbative
QCD regimes

Our observables: 
𝐾𝐾,𝜋𝜋,𝛽𝛽 decays

LHC physics

B + D physics

ℒSMEFT

𝓛𝓛𝐋𝐋𝐋𝐋𝐋𝐋𝐋𝐋



Low-energy EFT: “LEFT”
• EFT for E < MEW ~ 𝑣𝑣 ~ 𝑀𝑀𝐸𝐸,𝑍𝑍,𝐻𝐻,𝑡𝑡  integrate out W & Z bosons, Higgs and top

• Effect on SM term relevant for 𝐾𝐾,𝜋𝜋 & 𝛽𝛽 decays (𝑑𝑑𝑗𝑗 ∈ {𝑑𝑑, 𝑠𝑠}):

−
𝐺𝐺𝐹𝐹

2
𝑉𝑉udj ̅𝑙𝑙𝛾𝛾𝜇𝜇 1 − 𝛾𝛾5 𝜈𝜈𝑙𝑙 �𝑢𝑢𝛾𝛾𝜇𝜇 1 − 𝛾𝛾5 𝑑𝑑𝑗𝑗 + h. c.

• General ℒLEFT for 𝐾𝐾,𝜋𝜋 & 𝛽𝛽 decays:
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LH (V-A)

ℒLEFT LH (V-A)

RH (V+A)

S

PS

T

Can translate to 
SMEFT basis, e.g.:

(𝑑𝑑 = 6 operator)



Model 0: the SM
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1.Don’t impose unitarity

Fit parameters are 𝑉𝑉ud and |𝑉𝑉us|.

Plot the 2D 1𝜎𝜎 ellipse

2. Impose unitarity

Fit parameter is |𝑉𝑉us|.

Plot the 1D 1𝜎𝜎 range

No unitarity

Unitarity



𝜖𝜖𝑅𝑅 & 𝜖𝜖𝑅𝑅
𝑠𝑠 quantify RH currents in the non-strange & strange sector. 

Simple effect: overall factor in decay rates!

Run 𝜒𝜒2 analysis:

• Impose unitarity 3 fit parameters: 𝑉𝑉us , 𝜖𝜖𝑅𝑅 & 𝜖𝜖𝑅𝑅
𝑠𝑠

• Linearize all decay rates in 𝜖𝜖 to ensure EFT consistency

𝜒𝜒2/d.o.f. = 6.5458/5

𝑉𝑉us = 0.22408[37]

Model 1: RH currents
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𝐿𝐿𝜇𝜇 ≡ ̅𝑙𝑙𝛾𝛾𝜇𝜇 1 − 𝛾𝛾5 𝜈𝜈𝑙𝑙

LH (V-A) RH (V+A)

 1 + 𝜖𝜖𝑅𝑅
(𝑗𝑗) for V currents: 𝐾𝐾𝑙𝑙𝜇 and 𝛽𝛽 decays

 1 − 𝜖𝜖𝑅𝑅
(𝑗𝑗) for A currents: 𝐾𝐾𝑙𝑙2 and π𝑙𝑙2 decays

𝑉𝑉udj 𝐿𝐿𝜇𝜇 �𝑢𝑢𝛾𝛾𝜇𝜇 1 − 𝛾𝛾5 𝑑𝑑𝑗𝑗 + 𝜖𝜖𝑅𝑅
(𝑗𝑗)𝐿𝐿𝜇𝜇 �𝑢𝑢𝛾𝛾𝜇𝜇 1 + 𝛾𝛾5 𝑑𝑑𝑗𝑗

𝜖𝜖𝑅𝑅 = −0.00076[27]

𝜖𝜖𝑅𝑅
(𝑠𝑠) = −0.0059[17]

Results

What does this mean?

𝑀𝑀𝐸𝐸𝑅𝑅 ~
𝑣𝑣2

𝜖𝜖
so these 𝜖𝜖 give 

𝑀𝑀𝐸𝐸𝑅𝑅~ 5 − 10 TeV



𝜖𝜖𝑃𝑃 & 𝜖𝜖𝑃𝑃
𝑠𝑠 quantify PS currents in the non-strange & strange sector. 

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

Run 𝜒𝜒2 analysis:

• Impose unitarity 2 fit parameters: 𝑉𝑉us & Δ𝜖𝜖𝑃𝑃

• Linearize all decay rates in 𝜖𝜖 to ensure EFT consistency

𝜒𝜒2/d.o.f. = 19.0267/6

𝑉𝑉us = 0.22308[30]

Model 2: PS currents
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𝐿𝐿𝜇𝜇 ≡ ̅𝑙𝑙𝛾𝛾𝜇𝜇 1 − 𝛾𝛾5 𝜈𝜈𝑙𝑙

LH (V-A)

 1 for V currents: Kl𝜇 and β decays

 1 − 𝜖𝜖𝑃𝑃
(𝑗𝑗) for A currents: 𝐾𝐾𝑙𝑙2 and π𝑙𝑙2 decays

𝑉𝑉udj 𝐿𝐿𝜇𝜇 �𝑢𝑢𝛾𝛾𝜇𝜇 1 − 𝛾𝛾5 𝑑𝑑𝑗𝑗 + 𝜖𝜖𝑃𝑃
(𝑗𝑗)𝐿𝐿�𝑢𝑢𝛾𝛾5𝑑𝑑𝑗𝑗

Δ𝜖𝜖𝑃𝑃 = −0.0074[34]Results

𝐿𝐿 ≡ ̅𝑙𝑙 1 − 𝛾𝛾5 𝜈𝜈𝑙𝑙

PS The 𝜒𝜒2 is only sensitive
to the difference

Δ𝜖𝜖𝑃𝑃 = 𝜖𝜖𝑃𝑃
(𝑠𝑠) − 𝜖𝜖𝑃𝑃,

because only the 𝐾𝐾𝜇𝜇2/𝜋𝜋𝜇𝜇2
term is impacted & we 
linearize in all 𝜖𝜖’s.



• Add d.o.f. to the SM: right-handed neutrino 𝜈𝜈𝑅𝑅

• My model: ℒ𝑆𝑆𝑆𝑆 + �𝐿𝐿 �𝐻𝐻𝑦𝑦𝜈𝜈𝜈𝜈𝑅𝑅 + 𝜈𝜈𝑅𝑅𝐶𝐶𝑀𝑀𝑅𝑅𝜈𝜈𝑅𝑅 where 𝐿𝐿 = 𝜈𝜈𝐿𝐿 , 𝑒𝑒𝐿𝐿 𝑇𝑇

• Rotate to mass basis: 𝜈𝜈𝑙𝑙 = 𝑈𝑈𝑙𝑙𝑙𝑙𝜈𝜈𝑙𝑙 where now 𝑖𝑖 ∈ {1,2,3,4}

• Size of 𝑚𝑚4 w.r.t Q-values of decays determine kinematic accessibility of 𝜈𝜈4:

• Effect of tuning 𝑚𝑚4? Different effect on 𝐾𝐾𝑙𝑙𝜇 and 𝐾𝐾𝑙𝑙2/𝜋𝜋𝑙𝑙2, or on 𝑙𝑙 = 𝑒𝑒 or 𝜇𝜇 final states?
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Model 3: a 4th sterile neutrino

Dirac mass term Majorana mass term

𝑚𝑚1,2,𝜇 ≈ 0 and 𝑚𝑚4 is free (within the scope of this project…)



Regime 1: the simplest

• E.g. 𝑚𝑚4 ~ 1 GeV

• All decay rates modified by overall factor: e.g. 𝐾𝐾+ → 𝜋𝜋0𝑒𝑒+𝜈𝜈𝑒𝑒, 

𝜈𝜈𝑒𝑒 = 𝑈𝑈𝑒𝑒𝑙𝑙𝜈𝜈𝑙𝑙 so Γ(𝐾𝐾𝑒𝑒𝜇+ ) ~∑𝑙𝑙=1𝜇 𝑀𝑀 𝑚𝑚𝑙𝑙
2 𝑈𝑈𝑒𝑒𝑙𝑙 2 ~ 𝑀𝑀 0 2(1 − 𝑈𝑈𝑒𝑒4 2)

• Also, Γ ~ 𝐺𝐺𝐹𝐹2 and 𝐺𝐺𝐹𝐹 from 𝜇𝜇 → e𝜈𝜈𝑒𝑒𝜈𝜈𝜇𝜇: 𝐺𝐺𝐹𝐹
(𝜇𝜇) = 𝐺𝐺𝐹𝐹

0 (1 − 1
2
𝑈𝑈𝑒𝑒4 2 − 1

2
𝑈𝑈𝜇𝜇4

2)

• But: this changes 𝑉𝑉ud 2 + 𝑉𝑉us 2 from 1 (SM) to > 1  makes CKM anomaly worse

• Result: fit sets |𝑈𝑈𝑒𝑒4| and 𝑈𝑈𝜇𝜇4 to 0
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Model 3: a 4th sterile neutrino

SM decay rate

Γ(𝐾𝐾𝑒𝑒𝜇+ ) ~
Vus 2(1 + 𝑈𝑈𝜇𝜇4

2)

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



What happens in the lower regimes? Suppose 𝑚𝑚4 accessible in 𝐾𝐾𝑒𝑒𝜇+ :

Γ(𝐾𝐾𝑒𝑒𝜇+ ) ~∑𝑙𝑙=14 𝐺𝐺𝐹𝐹2 𝑀𝑀 𝑚𝑚𝑙𝑙
2 𝑈𝑈𝑒𝑒𝑙𝑙 2 ~ 𝑀𝑀 0 2(1 − 𝑈𝑈𝑒𝑒4 2) + 𝑀𝑀 𝑚𝑚4

2 𝑈𝑈𝑒𝑒4 2

So: other terms besides those that increase 𝑉𝑉ud and 𝑉𝑉u𝑠𝑠 .

Speculation: the lower 𝑚𝑚4, the more of these other terms…

 bigger chance of alleviating the CKM anomaly at lower 𝑚𝑚4?

H
el

ee
n 

M
ul

de
r, 

5-
5-

20
23

19

Model 3: a 4th sterile neutrino

(1 + 𝑈𝑈𝜇𝜇4
2)



Compare 𝜒𝜒2/d.o.f. in the 3 NP models
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Compare 𝐾𝐾+
𝑒𝑒𝜇 in the 3 NP models
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Compare 𝐾𝐾𝜇𝜇2/𝜋𝜋𝜇𝜇2 in the 3 NP models
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Compare 𝑉𝑉ud in the 3 NP models
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In closing
Interesting to play around with NP & CKM anomaly.
RH model helps the anomaly, PS & Regime 1 𝜈𝜈4 don’t.
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To-do:
• Work out lighter

sterile neutrino 
regimes

Thoughts:
• What full NP models could
generate these low-E effects?

• How do these models relate to 
the rest of the SM & other 

anomalies?
• What other NP models could

be interesting?



Thank you for listening! 
Any questions?
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Backup slides
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Determination of 𝑉𝑉ud
• Full result from superallowed nuclear 𝛽𝛽 decays (0+ → 0+):

• Full result from neutron 𝛽𝛽 decay:

• Other possibilities:
 Hadronic τ decays
 Pion decay: 𝜋𝜋+ → 𝑙𝑙+𝜈𝜈𝑙𝑙 or 𝜋𝜋0 → 𝜋𝜋−𝑙𝑙+𝜈𝜈𝑙𝑙

Both of these currently have larger uncertainty than 𝛽𝛽 decays. 
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Cirigliano et al. (2022).



Determination of 𝑉𝑉us
• Full result from 𝐾𝐾𝑙𝑙𝜇 decays (Cirigliano et al. (2022)):

• Other possibilities:
 Hadronic τ decays
 Hyperon decays Λ → 𝑝𝑝 𝑒𝑒 �̅�𝜈 (as for neutron 𝛽𝛽 decay: both V and A currents

contribute)
These are currently not competitive with kaon decays. 

• Also: full result from 𝐾𝐾𝑙𝑙2/𝜋𝜋𝑙𝑙2 decay ratio (Cirigliano et al. (2022)):
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Parameter values for 𝑃𝑃𝑙𝑙2 decays
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Plots of 𝑉𝑉us 𝑓𝑓+ 0 : 2010 vs today
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Parameter values for 𝐾𝐾𝑙𝑙𝜇 decays (1)
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Form factors: 𝑓𝑓𝑙𝑙 𝑞𝑞2 = 𝑓𝑓+ 0 1 + 𝜆𝜆𝑙𝑙
𝑞𝑞2

𝑚𝑚𝜋𝜋
2 (where i = +, 0)



Parameter values for 𝐾𝐾𝑙𝑙𝜇 decays (2)
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Correlation matrices for 𝐾𝐾𝑙𝑙𝜇 decays
From [3]:

From [7]: 
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SMEFT operators
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Δ𝐶𝐶𝐾𝐾𝑆𝑆
𝑙𝑙 as in Cirigliano et al. (2022)

Definition:

RH currents: PS currents:
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Sketch of the 𝜒𝜒2 analysis
Structure:

𝜒𝜒2 = �
𝑙𝑙=1

8+10

𝜒𝜒𝑙𝑙2

• Assume Gaussian errors
• For 𝐾𝐾𝑙𝑙𝜇: include correlations
between 𝛿𝛿𝐸𝐸𝑆𝑆, B.R. & 𝜏𝜏
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• 5 terms from 5 𝐾𝐾𝑙𝑙𝜇 decay rates
• 1 term from 𝐾𝐾𝜇𝜇2/𝜋𝜋𝜇𝜇2 ratio
• 2 terms for |𝑉𝑉ud| from 0+ → 0+ and 

neutron 𝛽𝛽 decay
• 10 terms for the nuisance parameters

Outlook: 
include more 
correlations?



𝜖𝜖𝑃𝑃 & 𝜖𝜖𝑃𝑃
𝑠𝑠 quantify PS currents in the non-strange & strange sector. 

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

Run 𝜒𝜒2 analysis:

• Impose unitarity 2 fit parameters: 𝑉𝑉us & Δ𝜖𝜖𝑃𝑃

• Linearize all decay rates in 𝜖𝜖 to ensure EFT consistency

𝜒𝜒2/d.o.f. = 19.0267/6

𝑉𝑉us = 0.22308[30]

Model 2: PS currents
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𝐿𝐿𝜇𝜇 ≡ ̅𝑙𝑙𝛾𝛾𝜇𝜇 1 − 𝛾𝛾5 𝜈𝜈𝑙𝑙

LH (V-A)

 1 for V currents: Kl𝜇 and β decays

 1 − 𝜖𝜖𝑃𝑃
(𝑗𝑗) for A currents: 𝐾𝐾𝑙𝑙2 and π𝑙𝑙2 decays

𝑉𝑉udj 𝐿𝐿𝜇𝜇 �𝑢𝑢𝛾𝛾𝜇𝜇 1 − 𝛾𝛾5 𝑑𝑑𝑗𝑗 + 𝜖𝜖𝑃𝑃
(𝑗𝑗)𝐿𝐿�𝑢𝑢𝛾𝛾5𝑑𝑑𝑗𝑗

Δ𝜖𝜖𝑃𝑃 = −0.0074[34]Results

𝐿𝐿 ≡ ̅𝑙𝑙 1 − 𝛾𝛾5 𝜈𝜈𝑙𝑙

PS The 𝜒𝜒2 is only sensitive
to the difference

Δ𝜖𝜖𝑃𝑃 = 𝜖𝜖𝑃𝑃
(𝑠𝑠) − 𝜖𝜖𝑃𝑃,

because only the 𝐾𝐾𝜇𝜇2/𝜋𝜋𝜇𝜇2
term is impacted & we 
linearize in all 𝜖𝜖’s.

Outlook: back to 𝜖𝜖𝑃𝑃
& 𝜖𝜖𝑃𝑃

𝑠𝑠 , add
observables to 𝜒𝜒2

to constrain them?
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