
5.   CKM first row unitarity 

See Talks on Tuesday afternoon RF2 session 



Cabibbo Anomaly 
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•  Recent discrepancy with CKM unitarity:  
 

 

 

Vus from kaon decays – M. Moulson, E. Passemar – CKM 2021 – University of Melbourne, 22-26 Nov 2021

Vus and CKM unitarity: All data

36

Fit results, no constraint

Vud = 0.97365(30)
Vus = 0.22414(37)
χ2/ndf = 6.6/1 (1.0%)
ΔCKM = −0.0018(6)

−2.7σ

|Vud| = 0.97373(31)
|Vus| = 0.2231(6)

|Vus|/|Vud| = 0.2311(5)

Nf = 2+1+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|
f+(0) = 0.9698(17),  fK/fπ = 1.1967(18)
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Experimental determination of Vus from kaon decays – M. Moulson (Frascati) – CKM 2014, Vienna, 8 September 2014"

K(P) π(p) 

ℓ"

ν 

Kℓ3 form factors"

17!

Ke3 decays: Only vector form factor:"

t = (P − p)2 

Hadronic matrix element:!

For Vus, need integral over phase space of squared matrix element:"
Parameterize form factors and fit distributions in t (or related variables)"

Kµ3 decays: Also need scalar form factor:!

Vus from Kl3 (K → πlνl) 

•  Master formula for K → πlνl: K = {K+,K0}, l={e,µ} 

 
Average and work by Flavianet Kaon WG  Antonelli et al’11  and then by  
M. Moulson, see e.g. Moulson.@CKM2021 
 
 
 
 

Experimental results on BRs, lifetime and FFs from: 
KLOE, KTeV, NA48, ISTRA          
•  New results on K+ BRs from KLOE-2 and ISTRA+ 
•  New results on K+ FFs by NA48/2 and OKA 

•  Since 2018: First experimental measurement of BR of KS → πµν 
      BR(KS → πµν) = (4.56 ± 0.20) ×10−4 
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Γ K →π lν γ⎡⎣ ⎤⎦( ) = Br(Kl 3 ) / τ = CK

2 GF
2 mK

5

192π 3 SEW
K Vus

2
f+

K 0π −

(0)
2

IKl 1 + 2ΔEM
Kl + 2ΔSU(2)

Kπ( )

KLOE-2
PLB 804 (2020)
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17!

Ke3 decays: Only vector form factor:"

t = (P − p)2 

Hadronic matrix element:!

For Vus, need integral over phase space of squared matrix element:"
Parameterize form factors and fit distributions in t (or related variables)"

Kµ3 decays: Also need scalar form factor:!

Vus from Kl3 (K → πlνl) 

•  Master formula for K → πlνl: K = {K+,K0}, l={e,µ} 

 
Average and work by Flavianet Kaon WG  Antonelli et al’11  and then by  
M. Moulson, see e.g. Moulson.@CKM2021 
 
 
 

Theoretically 
•  Update on long-distance EM corrections for Ke3 

 
•  Improvement on Isospin breaking evaluation due to more precise dominant 

input: quark mass ratio from η → 3π  

•  Progress from lattice QCD on the K → π FF 
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Γ K →π lν γ⎡⎣ ⎤⎦( ) = Br(Kl 3 ) / τ = CK

2 GF
2 mK

5

192π 3 SEW
K Vus

2
f+

K 0π −

(0)
2

IKl 1 + 2ΔEM
Kl + 2ΔSU(2)

Kπ( )

Seng et al.’21 

Colangelo et al.’18 

2.5  Kπ form factors 2.1  Vus from Kl3 decays 

•  Master formula for K → πlνl: K = {K+,K0}, l={e,µ} 

•  f+(0) : vector form factor at zero momentum transfer: 
 
Hadronic matrix element:  
 
 
 
 
f+(0) key hadronic quantity: In SU(3)V  limit (mu=md=ms), CVC         f+(0) = 1  
Need to compute corrections in second order in SU(3) breaking  

               see later 
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Emilie Passemar 

Sirlin’82 
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π − ( p)  sγ µu K 0(P) = f+

K 0π −

(0) P + p( )µ f+
K 0π −

(t) + P − p( )µ f−
K 0π −

(t)⎡
⎣

⎤
⎦

23 Emilie Passemar 
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1.1   Introduction: f+(0)Vus from Kl3 - 2011 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

WG1 Summary, CKM 2018, Sep 21st, 2018

|Vus| from Kaon Decays — 2016

�24

1.1   Introduction: 2.6  |Vus| f+(0) from world data: 2010 

38 
Average: |Vus| f+(0) = 0.2163(5)      χ2/ndf = 0.77/4 (94%)

% err BR τ Δ Int

KLe3 0.2163(6) 0.26 0.09 0.20 0.11 0.06

KLµ3 0.2166(6) 0.29 0.15 0.18 0.11 0.08

KSe3 0.2155(13) 0.61 0.60 0.03 0.11 0.06

K±e3 0.2160(11) 0.52 0.31 0.09 0.40 0.06

K±µ3 0.2158(14) 0.63 0.47 0.08 0.39 0.08

Approx. contrib. to % err from:|Vus| f+(0) 

M.Moulson, E.P.@CKM2021 
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1.1   Introduction: f+(0)Vus from Kl3 - now 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Vus from kaon decays – M. Moulson, E. Passemar – CKM 2021 – University of Melbourne, 22-26 Nov 2021

|Vus| f+(0) from world data: Update

26

% err BR τ Δ Int

KLe3 0.2162(5) 0.23 0.09 0.20 0.02 0.05

KLµ3 0.2167(6) 0.29 0.15 0.18 0.11 0.07

KSe3 0.2154(13) 0.60 0.60 0.02 0.02 0.05

KSµ3 0.2126(47) 2.2 2.2 0.02 0.11 0.07

K±e3 0.2167(7) 0.32 0.27 0.06 0.17 0.05

K±µ3 0.2167(11) 0.50 0.45 0.06 0.21 0.07

Approx. contrib. to % err from:|Vus| f+(0)

Average: |Vus| f+(0) = 0.21635(38)      χ2/ndf = 2.14/5 (83%)

M.Moulson, E.P.@CKM2021 



 
f+(0) from lattice QCD 

•  Recent progress on Lattice QCD for determining f+(0) 
 
 

 

2011: Vus = 0.2254(5) exp(11)lat    à  Vus = 0. 2231(4)exp(4)lat    

  
f+ (0)N f =2+1+1

FLAG 21 = 0.9698(17)

0.18% uncertainty 

to be compared to  

  
f+ (0)N f =2+1+1

FLAG16 = 0.9704(32)

Uncertainty divided by ~2 w/ 
2016 and by 25 w/ 2011!  

  
f+ (0)N f =2+1

2010 = 0.959(50)

Lattice uncertainties  
at the same level as exp.  

-3.2σ	away	from	unitarity!	 



 
Vus/Vud from Kl2/πl2

 
 
 

 
 
•  Recent progress on radiative corrections computed on lattice: 

 
 
•  Main input hadronic input: fK/fπ

•  In 2011: Vus/Vud = 0.2312(4) exp(12)lat  

•  In 2021: Vus/Vud = 0. 2311(3)exp(4)lat the lattice error is reducing by a factor 
of 3 compared to 2011! It is now of the same order as the experimental 
uncertainty.  

 
 

 

Di Carlo et al.’19  

-1.8σ	away	from	unitarity	 



Progress since 2018:             new results from ETM’21 and CalLat’20 

 

 

 
 

 
 

 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

 Vus/Vud from Kl2/πl2 

Now Lattice collaborations  
include SU(2) IB corr.  
For Nf=2+1+1, FLAG2021 
 
 
 
 
Results have been stable  
over the years 
 
For average substract IB corr. 

  fK + f
π + = 1.1932(21)

0.18% uncertainty 

  fK fπ = 1.1967(18)

Vus/Vud = 0. 23108(29)exp(42)lat  

In 2011:   fK fπ = 1.193(6)



Experimental Prospects for Vus 

On Kaon side 
•  NA62 could measure several BRs: Kµ3/Kµ2, K → 3π, Kµ2

/K → ππ 

•  Note that the high precision measurement of BR(Kµ2) (0.3%) comes only 
from a single experiment: KLOE. It would be good to have another 
measurement at the same level of accuracy 

•  LHCb : could measure BR(KS → πµν) at the < 1% level?   
KS → πµν measured by KLOE-II but not competitive 
τS known to 0.04% (vs 0.41% for τL, 0.12% for τ±) 

 

•  Vus from Tau decays at Belle II: WP soon on ArXiv  
 

 

 
 

 

https://www.slac.stanford.edu/~mpeskin/Snowmass2021/
BelleIIPhysicsforSnowmass.pdf 
 

Belle II with 50 ab-1 and ~4.6 x 1010 τ pairs will improve Vus extraction from 
τ decays 
Inclusive measurement is an opportunity to have a complete independent 
extraction of Vus            not easy as you have to measure many channels 
 
 
 

  Vus = 0.2184 ± 0.0018exp ± 0.0011th
To be competitive theory error  
will have to be improved as well 

HFLAV’21		
	



Vus from Hyperon decays 

Vus can be measured from Hyperon decays: 
•  Λ      peνe Possible measurement at BESIII, Super τ-Charm factory? 

•  Possibilities at LHCb? 

 
 
 

 
 
•  To be able to extract Vus one needs to compute form factors precisely  
               Lattice effort from RBC/UKQCD 

 
 

 

Università
di CagliariA glimpse into LHCb possibilities

• Dedicated paper with some of us + theorists to explore future possibilities

• Approximate simulations (validated on published ones) to get sensitivities

• Countless channels to be probed

Channel R ✏
L

✏
D

�
L

(MeV/c2) �
D

(MeV/c2)
K0

S ! µ+µ� 1 1.0 (1.0) 1.8 (1.8) ⇠ 3.0 ⇠ 8.0
K0

S ! ⇡+⇡� 1 1.1 (0.30) 1.9 (0.91) ⇠ 2.5 ⇠ 7.0
K0

S ! ⇡0µ+µ� 1 0.93 (0.93) 1.5 (1.5) ⇠ 35 ⇠ 45
K0

S ! �µ+µ� 1 0.85 (0.85) 1.4 (1.4) ⇠ 60 ⇠ 60
K0

S ! µ+µ�µ+µ� 1 0.37 (0.37) 1.1 (1.1) ⇠ 1.0 ⇠ 6.0
K0

L ! µ+µ� ⇠ 1 2.7 (2.7) ⇥10�3 0.014 (0.014) ⇠ 3.0 ⇠ 7.0
K+ ! ⇡+⇡+⇡� ⇠ 2 9.0 (0.75) ⇥10�3 41 (8.6) ⇥10�3 ⇠ 1.0 ⇠ 4.0
K+ ! ⇡+µ+µ� ⇠ 2 6.3 (2.3) ⇥10�3 0.030 (0.014) ⇠ 1.5 ⇠ 4.5
⌃+ ! pµ+µ� ⇠ 0.13 0.28 (0.28) 0.64 (0.64) ⇠ 1.0 ⇠ 3.0
⇤ ! p⇡� ⇠ 0.45 0.41 (0.075) 1.3 (0.39) ⇠ 1.5 ⇠ 5.0
⇤ ! pµ�⌫̄

µ

⇠ 0.45 0.32 (0.31) 0.88 (0.86) � �
⌅� ! ⇤µ�⌫̄

µ

⇠ 0.04 39 (5.7) ⇥10�3 0.27 (0.09) � �
⌅� ! ⌃0µ�⌫̄

µ

⇠ 0.03 24 (4.9) ⇥10�3 0.21 (0.068) � �
⌅� ! p⇡�⇡� ⇠ 0.03 0.41(0.05) 0.94 (0.20) ⇠ 3.0 ⇠ 9.0
⌅0 ! p⇡� ⇠ 0.03 1.0 (0.48) 2.0 (1.3) ⇠ 5.0 ⇠ 10
⌦� ! ⇤⇡� ⇠ 0.001 95 (6.7) ⇥10�3 0.32 (0.10) ⇠ 7.0 ⇠ 20

Channel R ✏
L

✏
D

�
L

(MeV/c2) �
D

(MeV/c2)
K0

S ! ⇡+⇡�e+e� 1 1.0 (0.18) 2.83 (1.1) ⇠ 2.0 ⇠ 10
K0

S ! µ+µ�e+e� 1 1.18 (0.48) 2.93 (1.4) ⇠ 2.0 ⇠ 11
K+ ! ⇡+e�e+ ⇠ 2 0.04 (0.01) 0.17 (0.06) ⇠ 3.0 ⇠ 13
⌃+ ! pe+e� ⇠ 0.13 1.76 (0.56) 3.2 (1.3) ⇠ 3.5 ⇠ 11
⇤ ! p⇡�e+e� ⇠ 0.45 < 2.2⇥ 10�4 ⇠ 17 (< 2.2) ⇥10�4 � �
Channel R ✏

L

✏
D

�
L

(MeV/c2) �
D

(MeV/c2)
K0

S

! µ+e� 1 1.0 (0.84) 1.5 (1.3) ⇠ 3.0 ⇠ 8.0
K0

L

! µ+e� 1 3.1 (2.6) ⇥10�3 13 (11) ⇥10�3 ⇠ 3.0 ⇠ 7.0
K+ ! ⇡+µ+e� ⇠ 2 3.1 (1.1) ⇥10�3 16 (8.5)⇥10�3 ⇠ 2.0 ⇠ 8.0

R = ratio of
production
✏ = ratio of
e�ciencies

F. Dettori Strange-hadrons results from LHCb FPCP2020 20/23

A
lves

et
al.

JH
E
P
05(2019)048

Talk by Dettori@FPCP20 



Theoretical Prospects for Vus 

•  Lattice Progress on hadronic matrix elements: decay constants, 
FFs 

•  Full QCD+QED decay rate on the lattice,for  Leptonic decays of 
kaons and pions          Inclusion of EM and IB corrections : 
•  Perturbative treatment of QED on lattice established    
•  Formalism for Kl2 worked out                      

 

•  Application of the method for semileptonic Kaon (Kl3) and Baryon 
decays

 
 
 
 

 

 
 

 

Aim: Per mille level within 10 years
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1.1   Introduction: |Vud|from 0+→ 0+ superallowed βdecays  

 

 

 

         Use of a data driven dispersive approach 
 
 

     
 
 

     
 

 
 

 

See Talk by Misha Gorshteyn 
@CKM2021 

Figure adapted  
from J. Hardy 
 

Recent improvement on the theoretical RCs +Nuclear Structure Corrections  

Seng et al.’18’18, Gorshteyn’18 
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1.1   Introduction: |Vud| from Neutrons 

WG1 Summary, CKM 2018, Sep 21st, 2018

|Vud| from Neutrons

�9

Only two free parameters in the standard model: 
Decay asymmetry λ = gA/gV 
Lifetime τn 

Needs δλ/λ ≈ 3 × 10–4 and δτn ≈ 0.3 s                                                 
to compete with 0+ ➞ 0+ transitions. 

Recent developments:  
UCNA final result confirms newer gA/gV. 
 Perkeo III preliminary result                                                               
confirms newer gA/gV. 
Progress in LQCD on gA/gV. 

 UCNτ lifetime confirms bottle value.

Alexander Saunders

20 September 2018
CKM Workshop

Neutron Decay Parameters

• Semi-leptonic decay
– Lifetime ~880 s
– Endpoint energy 782 keV

• Just two free parameters in SM
– CKM mixing matrix element
– Ratio of weak coupling constants
– Uncertainty comes from radiative 

corrections

eepn ν++→ −

VA gg=λ
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Vud

2
= 5024.7s
τ n 1 + 3λ 2( ) 1 + ΔR( )

 λ = gA gV
Lifetime 

•  Master Formula: 

 
 
 
 

•  Needs δλ/λ ≈ 3 × 10–4 and δτn ≈ 0.3 s to compete with 0+ ➞ 0+ transitions. 
•  Theoretically, the radiative corrections are under control (same as for 0+ ➞ 0+) 
•  Recent progress : 

–  New Perkeo III result: PERKEO III result improves world-average of beta 
asymmetry by factor 5! Half of it is due to the reduction of the scale factor 

–  Tension with aSPECT result:  
             

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Breakthrough result in neutron lifetime

UCNτ halves the error on neutron lifetime: 𝜏𝑛 = 877.75 33 s
Bottle measurements (magnetic and material) mostly consistent: 𝜏𝑛 = 878.5 5 s, 𝑆 = 1.9
Tension with beam measurement remains: improved BL-2 measurement ongoing

Ratio of axial-vector and vector coupling

PERKEO III result improves world-average of beta asymmetry by factor 5,
𝐴 = −0.11958 21 , 𝑆 = 1.2 𝜆𝐴 = −1.2757(5)

Tension in particular with aSPECT result on electron-neutrino correlation: 
𝜆avg = −1.2754 13 , 𝑆 = 2.7

Matrix element Vud from neutrons competitive!

Beta asymmetry: 𝑉𝑢𝑑 = 0.97408 11 𝑅𝐶 28 𝜏 32 𝜆 = 0.97408(44)
All data: 𝑉𝑢𝑑 = 0.97427 11 𝑅𝐶 28 𝜏 82 𝜆 = 0.97427(88)

Nuclear decays 𝑉𝑢𝑑 = 0.97373(31)

20Bastian Märkisch (TUM) |  CKM 2021 | 23.11.2021

Neutron and Vud Summary and Outlook

Hardy & Towner, Phys. Rev. C 102, 045501 (2020)

Improved experiments running or under construction, 
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|Vud| from Neutrons

�9

Only two free parameters in the standard model: 
Decay asymmetry λ = gA/gV 
Lifetime τn 

Needs δλ/λ ≈ 3 × 10–4 and δτn ≈ 0.3 s                                                 
to compete with 0+ ➞ 0+ transitions. 

Recent developments:  
UCNA final result confirms newer gA/gV. 
 Perkeo III preliminary result                                                               
confirms newer gA/gV. 
Progress in LQCD on gA/gV. 

 UCNτ lifetime confirms bottle value.

Alexander Saunders

20 September 2018
CKM Workshop
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•  Master Formula: 

 
 
 
 

•  Needs δλ/λ ≈ 3 × 10–4 and δτn ≈ 0.3 s to compete with 0+ ➞ 0+ transitions. 
•  Theoretically, the radiative corrections are under control (same as for 0+ ➞ 0+) 
•  Recent progress : 

–  New Perkeo III result: PERKEO III result improves world-average of beta 
asymmetry by factor 5! Half of it is due to the reduction of the scale factor 

–  New result for Lifetime from UCNτ  
               improvement by a factor of 2.25 compared to previous result 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Breakthrough result in neutron lifetime

UCNτ halves the error on neutron lifetime: 𝜏𝑛 = 877.75 33 s
Bottle measurements (magnetic and material) mostly consistent: 𝜏𝑛 = 878.5 5 s, 𝑆 = 1.9
Tension with beam measurement remains: improved BL-2 measurement ongoing

Ratio of axial-vector and vector coupling

PERKEO III result improves world-average of beta asymmetry by factor 5,
𝐴 = −0.11958 21 , 𝑆 = 1.2 𝜆𝐴 = −1.2757(5)

Tension in particular with aSPECT result on electron-neutrino correlation: 
𝜆avg = −1.2754 13 , 𝑆 = 2.7

Matrix element Vud from neutrons competitive!

Beta asymmetry: 𝑉𝑢𝑑 = 0.97408 11 𝑅𝐶 28 𝜏 32 𝜆 = 0.97408(44)
All data: 𝑉𝑢𝑑 = 0.97427 11 𝑅𝐶 28 𝜏 82 𝜆 = 0.97427(88)

Nuclear decays 𝑉𝑢𝑑 = 0.97373(31)

20Bastian Märkisch (TUM) |  CKM 2021 | 23.11.2021

Neutron and Vud Summary and Outlook

Hardy & Towner, Phys. Rev. C 102, 045501 (2020)

Improved experiments running or under construction, 
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1.1   Introduction: Measurement of  neutron lifetime 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Effect Previous Reported Value (s) New Reported Value (s) Notes
𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 877.5 ± 0.7 877.58 ± 0.28 Uncorrected Value!

UCN Event Definition 0 ± 0.04 0 ± 0.13 Single photon analysis vs. 
Coincidence analysis

Normalization Weighting -- 0 ± 0.06 Previously unable to estimate

Depolarization 0 + 0.07 0 + 0.07
Uncleaned UCN 0 + 0.07 0 + 0.11

Heated UCN 0 + 0.24 0 + 0.08
Phase Space Evolution 0 ± 0.10 -- Now included in stat. uncertainty

Al Block -- 0.06 ± 0.05 Accidentally dropped into trap…

Residual Gas Scattering 0.16 ± 0.03 0.11 ± 0.06
Sys. Total 𝟎𝟎.𝟏𝟏𝟏𝟏−𝟎𝟎.𝟐𝟐+𝟎𝟎.𝟒𝟒 𝟎𝟎.𝟏𝟏𝟏𝟏−𝟎𝟎.𝟏𝟏𝟏𝟏+𝟎𝟎.𝟐𝟐𝟐𝟐

TOTAL 𝟖𝟖𝟏𝟏𝟏𝟏.𝟏𝟏± 𝟎𝟎.𝟏𝟏−𝟎𝟎.𝟐𝟐+𝟎𝟎.𝟒𝟒 𝟖𝟖𝟏𝟏𝟏𝟏.𝟏𝟏𝟕𝟕 ± 𝟎𝟎.𝟐𝟐𝟖𝟖−𝟎𝟎.𝟏𝟏𝟏𝟏+𝟎𝟎.𝟐𝟐𝟐𝟐

New Result: 𝜏𝜏𝑛𝑛 = 877.75 ± 0.28−0.16+0.22 s 

19
F. M. Gonzalez et al. Phys. Rev. Lett. 127 162501 (October 13, 2021)

Chen-Yu Liu 
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1.1   Introduction: Measurement of  gA 

 

 

 
 
 
 

     
 

     
 

 
 

 

Bastian Märkisch (TUM) |  CKM 2021 | 23.11.2021

Correlations in Neutron Decay
Determination of 𝜆 = 𝑔A/𝑔V from neutron decay via angular 
correlations;  (typically) beta asymmetry A, or electron-neutrino 
correlation a:

Electron peσe

Proton pp

Neutrino pν

Neutron Spin J

A

B

C

-

O. Naviliat-Cuncic and M. Gonzalez-Alonso, Ann. Phys. 525, 
8–9, 600–619 (2013)
Dubbers and Schmidt, Rev. Mod. Phys (2012)

Typically, specialised instruments / setups required for different observables.
More on neutron beta decay:

𝐴 = −2
𝜆2 + 𝜆
1 + 3𝜆²

𝑎 =
1 − 𝜆²
1 + 3𝜆²

9

a

Falkowski, et al., J. High Energ. Phys. 2021, 126 (2021)
Dubbers & BM,  Ann. Rev. Nucl. Part. Sci. 71, 139-163 (2021)

Bastian Märkisch@CKM2021  

See also results from aCORN at NIST and aSPECT at Grenoble   
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1.1   Introduction: |Vud| from Neutrons 

•  Using UCNτ result for τn   and PERKEOIII result for gA 

 

  Agreement with unitarity      
 
•  But Beam and Bottle  

experiment for τn give  
different results 

•  There are tension on gA  
results before and after 2002 
 

Prospects:  
•  UCNτ + (immediate future):  

elevator loading, reaching  
δt = 0.1 s  

     UCNτ 2 (future): superconducting coils (conceptual design), reaching δt=0.01 s 
•  Nab at the SNS is currently commissioning 

            goal  δλ/λ ~ 0.03% 

 
 
 
 

•  Needs δλ/λ ≈ 3 × 10–4 and δτn ≈ 0.3 s to compete with 0+ ➞ 0+ transitions. 
•  Theoretically, the radiative corrections are under control (same as for 0+ ➞ 0+) 
•  Recent progress : 

–  New Perkeo III result: PERKEO III result improves world-average of beta 
asymmetry by factor 5! Half of it is due to the reduction of the scale factor 

–  New result for Lifetime from UCNτ  
               improvement by a factor of 2.25 compared to previous result 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

See Talk by Chen Yu Liu 
@CKM2021 

With new UCNtau lifetime result (+ Perkeo III), the 
extracted Vud agrees with the CKM unitarity.

28

𝜏𝜏𝑛𝑛 = 877.75 ± 0.28−0.16+0.22

We report a measurement of τn with 0.34 s (0.039%) uncertainty, improving upon our past results by a factor of 
2.25 using two blinded datasets from 2017 and 2018. The new result incorporates improved experimental and 
analysis techniques over our previous result [Science 360, 627 (2018)]. 
This is the first neutron lifetime measurement precise enough to confront SM theoretical uncertainties. 



•  Theoretically cleanest method to extract Vud : corrections computed in SU(2) 
ChPT 

•  Present result: PIBETA Experiment (2004)  

 
•  Reduction of the theory error thanks to a new lattice calculation for RC 

 
•  Next generation experiment PIONEER Phase II and III measurement at 0.02% 

level          will be competitive with current 0+ à 0+ extraction 

•  Would be completely independent check! No nuclear correction and different RCs 
compared to neutron decay 

•  Opportunity to extract Vus/Vud from 
 
Improve precision on B(π+ → π0e+ν) by x3           Vus/Vud < ±0.2% 

 

CKM Unitarity: Vud, Vus/Vud
Tested in super-allowed β and K decays at precision O(10-4) 
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4

→  Uncertainty: 0.64%  

  Vud = 0.9739(28)exp(1)th

Czarnecki, Marciano, Sirlin’20 

Feng et al’20 

|Vud| from pion β decay: π+ → π0e+ν  

to be compared to  
  Vud = 0.97373(31)

CKM Unitarity: Vud, Vus/Vud
Tested in super-allowed β and K decays at precision O(10-4) 
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4

EW Rad. Corr. cancel 

Sirlin’78, Cirigliano et al.’03, Passera et al’11  
 



6.   Physics Opportunities in studying rare η and 
η’ decays  

See Talks in Wednesday morning RF2 session 
And WP ArXiv: 2203.07651 [hep-ex] 



Experimental program in η and η’ decays   
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Upcoming experiments: 
Jefferson Eta Factory (JEF) at Jefferson Lab – Hall D (approved) 
 
 
 

Rare Eta Decays TO Probe new physics (REDTOP) 

 
 
 

Previous experiments: 

New h and h’ factories on the horizon
Upcoming experiments
Jefferson Eta Factory (JEF) at Jefferson Lab – Hall D (approved)

Rare Eta Decays with a TPC for Optical Photons (REDTOP) possibly at Fermilab (proposed)
Phase I (untagged mode) 2x1013 1011

Phase II+ (tagged mode) 1x1013 1011

per 100 days

per year

From S. Tulin 

New h and h’ factories on the horizon
Upcoming experiments
Jefferson Eta Factory (JEF) at Jefferson Lab – Hall D (approved)

Rare Eta Decays with a TPC for Optical Photons (REDTOP) possibly at Fermilab (proposed)
Phase I (untagged mode) 2x1013 1011

Phase II+ (tagged mode) 1x1013 1011

per 100 days

per year

New h and h’ factories on the horizon
Upcoming experiments
Jefferson Eta Factory (JEF) at Jefferson Lab – Hall D (approved)

Rare Eta Decays with a TPC for Optical Photons (REDTOP) possibly at Fermilab (proposed)
Phase I (untagged mode) 2x1013 1011

Phase II+ (tagged mode) 1x1013 1011

per 100 days

per year
4 

4 

3 

3 
3 years 



 

Jefferson Eta Factory (JEF) experiment    γ   beam (10 GeV) on H target  
 

GlueX + upgraded forward calorimeter at Jefferson Lab (Hall D) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Rare Eta Decays TO Probe new  
physics (REDTOP)  
Proton beam (1-3 GeV) on nuclear  
target (Be/D)  
 

 
 

Jefferson Eta Factory (JEF) experiment
GlueX + upgraded forward calorimeter at Jefferson Lab (Hall D)

Rare Eta Decays with a TPC for Optical Photons (REDTOP)

g beam (10 GeV) on H target

proton beam (1-3 GeV) on nuclear target (Be/D)

See talks by Liping Gan and Anna Mazzacane (RF2 session)

Data taking expected in 2024 

2.7 m

2.
4 

m

C. Gatto - INFN  & NIU

1.5 m

1 
m

OTPC

Central Tracker
~  1m x 1.5 m
Thin LGAD
98% coverage

10x Be or Li targets
•0.33 mm thin
•Spaced 10 cm

ADRIANO2 
Calorimeter (tiles)

Scint. + heavy glass 
sandwich 
20 X 0 ( ~ 64 cm deep)
Triple-readout +PFA
96% coverage

µ-polarizer
Active version (from 
TREK exp.) - optional

Fiber tracker or ITS3 
for rejection of g-conversion 

and vertexing 

RICh
~  1m x 1.5 m
Lead-glass tiles
98% coverage



Physics Motivation 
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Rich physics program 
at h,h’ factories

Standard Model highlights
• Theory input for light-by-light 

scattering for (g-2)m
• Extraction of light quark masses
• QCD scalar dynamics 

Fundamental symmetry tests
• P,CP violation
• C,CP violation

[Kobzarev & Okun (1964), Prentki & 
Veltman (1965), Lee (1965), Lee & 
Wolfenstein (1965), Bernstein et al (1965)]

Dark sectors (MeV—GeV)
• Vector bosons
• Scalars
• Pseudoscalars (ALPs)

(Plus other channels that have 
not been searched for to date) Gan, Kubis, Passemar, ST

[arxiv:2007.00664]

Rich physics program 
at h,h’ factories

Standard Model highlights
• Theory input for light-by-light 

scattering for (g-2)m
• Extraction of light quark masses
• QCD scalar dynamics 

Fundamental symmetry tests
• P,CP violation
• C,CP violation

[Kobzarev & Okun (1964), Prentki & 
Veltman (1965), Lee (1965), Lee & 
Wolfenstein (1965), Bernstein et al (1965)]

Dark sectors (MeV—GeV)
• Vector bosons
• Scalars
• Pseudoscalars (ALPs)

(Plus other channels that have 
not been searched for to date) Gan, Kubis, Passemar, ST

[arxiv:2007.00664]

From S. Tulin 

Gan, Kubis, E.P., 
Tulin’21 
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1.1   Introduction: New Light Particles beyond the SM  

Dark photons and other hidden vector bosons 
 
 
 
 
 

•  Resonances in the dilepton invariant mass spectrum for 
 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

  η
(') → ℓ+ℓ−γ

Projected sensitivies for visibly-
decaying A′ from η, η′ decays at 
REDTOP for: 
•  Dashed: expected flux 1017 POT 
•  Solid: : expected flux 1018 POT 

 
Dark shaded band is preferred to 
explain (g − 2)µ anomaly, while other 
shaded regions are exclusions.  

F̄⌘�⇤�⇤
�

q2, 0
�

= F⌘�⇤�⇤
�

q2, 0
�

/F⌘��, discussed in Sect. 6.4, evaluated at q2 = m2
Z0 . In the general case, the terms become

a linear combination of form factors and the methods of Sect. 6.4 could be used to refine theoretical predictions beyond
VMD.

10.1.1. Dark photons
The dark photon is the benchmark model for gauge mediators accessible at low energies [47, 48, 662, 663] (see

[676–678] for recent reviews). We have a U(1)0 gauge boson A0 that couples to electric charge by kinetic mixing with
the photon [664, 665]. The kinetic mixing term is

Lkin.mix. = � "

2 cos ✓W
F0µ⌫B

µ⌫ , (10.4)

where F0µ⌫ (Bµ⌫) is the U(1)0 (hypercharge U(1)Y ) field strength tensor and ✓W is the weak mixing angle. Putting the
gauge Lagrangian in canonical form requires a redefinition of the neutral gauge fields. If mA0 is nonzero, this amounts
to a shift in the photon field Aµ ! Aµ + "A0µ, while the A0µ and Zµ fields are left unchanged (at leading order in
",m2

A0/m
2
Z ⌧ 1). Therefore, even if Standard Model fields carry no U(1)0 charges to begin with, they inherit couplings

to the dark photon of the form
Lint = �e" jµemA0µ . (10.5)

Since the kinetic mixing parameter " is constrained to be small, these couplings are far weaker than electromagnetism.
Dark photons are a feature of many dark sector models where dark matter is charged under a U(1)0 gauge sym-

metry [650, 651, 658, 679, 680]. Its many guises include inelastic [681], light (sub-GeV) [650], mirror [682],
asymmetric [654–656], and self-interacting [659] dark matter models, to name a few. Assuming that dark matter
is neutral under the Standard Model gauge group and vice-versa, the so-called “vector portal” of Eq. (10.4) is one
of the few renormalizable operators for interactions between the Standard Model and dark sector. The couplings
are suppressed by ", which may arise by integrating out heavy states charged under both U(1)0 and U(1)Y . This
framework came to prominence due to several astrophysical electron/positron excesses reported for indirect detection
searches [650, 651, 657, 658, 683]. Provided the A0 is in the MeV–GeV range, dark matter annihilation into dark pho-
tons can yield a flux of e+e� pairs when they decay (without an excess flux of antiprotons). Another motivation for
the A0 has been the apparent discrepancy for (g � 2)µ measurements compared to the Standard Model prediction [26].
The A0 provides one BSM explanation for reconciling this discrepancy, provided " ⇠ 10�2–10�3 [47, 660].

The branching ratio to produce one dark photon per ⌘ decay is

B(⌘! A0�) = 2"2B(⌘! ��) ���F̄⌘�⇤�⇤ (m2
A0 , 0)
�

�

�

2 ⇣1 � m2
A0/M

2
⌘

⌘3
. (10.6)

A similar formula can be written for the ⌘0. Branching ratios to two dark photons are suppressed, proportional to "4.
Experimental signatures fall into three classes, depending on how the A0 decays.

• Visible decays: The A0 decays into Standard Model particles via Eq. (10.5), predominantly A0 ! e+e�, µ+µ�,
or ⇡+⇡� in the MeV–GeV mass range.20 The primary strategy is bump-hunting in ⌘, ⌘0 ! `+`�� or ⇡+⇡�� [48].
The q2-dependence of these channels is already of interest for studies of transition form factors and the A0
would appear as a resonance at q2 = m2

A0 . For detectors with vertexing capability, another strategy is searching
for displaced `+`� decay vertices in the case that A0 decays nonpromptly (but not so long-lived that it escapes
the detector invisibly before decaying).

• Invisible decays: The A0 can decay into dark matter particles carrying U(1)0 charge if kinematically allowed.
Since this channel is unsuppressed by ", it is expected to dominate over visible decays unless forbidden kine-
matically. At ⌘, ⌘0 meson facilities, dark matter particles would likely be undetected, yielding a challenging
signature of ⌘, ⌘0 ! � + invisible. The upgraded t-REDTOP detector for REDTOP run-II (and beyond) will
be able to fully reconstruct the ⌘(0) production kinematics and will therefore be sensitive to missing-energy sig-
natures along these lines [102]. There are also constraints from mono-photon searches at B-factories [684], as
well as fixed target experiments able to detect possible scattering of dark matter final states [685, 686].

20Hadronic partial widths are calculated from the experimentally measured ratios �(e+e�!F )
�(e+e�!µ+µ�) , where F is a given hadronic final state [675].

85

See e.g. Fayet’07, 
Reece & Wan’09, 
Bjorken et al.’09, 
Batell et al.’09 
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1.1   Introduction: New Light Particles beyond the SM  

Dark photons and other hidden vector bosons 
 
•   Leptophobic vector bosons: B boson from gauged U(1)B symmetry  

 

    non-leptonic signatures, e.g., π0γ resonance in η → Bγ → π0γγ 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

“Vector Portal” to Dark Sector

7 

1.  Dark photon A’  
−
1
2
εFµνF

µν

' Kinetic mixing and U(1)’ 
2.  Leptophobic B’ 
    (dark ω, γB , or Z’):

1
3
gBqγ

µqBµ
 Gauged baryon symmetry U(1)B

 
 

 T.D. Lee and C.N. Yang, Phys.Rev.,98, 1501 (1955)

Most A’ searches look 
for A’→l+l-, relying on the 
leptonic coupling of new 
force

❏ Searching for a new boson with coupling to quarks 

❏ Vector portal to Dark Sector 

❏ Direct photoproduction search 

B boson 
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Ø  mB<mπ is strongly constrained by long-
range forces searches; the mB>50 GeV  
has been investigated by the collider 
experiments. 

Ø  GeV-scale domain is nearly untouched,            
a discovery opportunity!

 
PR,D89,114008 
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PR,D89,114008 

Gauged baryon symmetry U(1)B 

Lee and Yang’55 

•  mB<mπ is strongly constrained 
by long-range forces searches 

•  mB>50 GeV investigated by 
collider experiments. 

•  GeV-scale domain is nearly 
untouched:  
          a discovery opportunity! 
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JEF Experimental Reach for B  

11 

100 days’ beam

1.  Meson decay η→ Bγ →π0γγ 2. Photoproduction γp→Bp 
B 

B 

❏ Searching for a new boson with coupling to quarks 

❏ Vector portal to Dark Sector 

❏ Direct photoproduction search 

B boson 
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❏ Vector portal to Dark Sector 

❏ Direct photoproduction search 
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γ  

arXiv:1605.07161

PL, B221, 80 (1989)
PR,D89,114008 

Striking signature for B-boson in η→π0γγ 
!  B production:   A.E. Nelson, N. Tetradis, Phys. Lett., B221, 80 (1989) 

!  B decays: 

 
 

 

 
!                                               highly suppressed SM background  
 
 
 
 
 
 
 
  

7 

B→π0γ in 140-620 MeV mass range 

S. Tulin, Phys.Rev., D89, 
14008 (2014)  

Γ(η→ π 0γγ ) ~ 0.3eV

η→γB→γ+π0γ 
  
Search for a resonance   
peak of π0γ  for  
mB ~140-550 MeV 

From L. Gan 
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1.1   Introduction: New Light Particles beyond the SM  

Scalar particles 
 

•  η(′) decays          the strongest limits on a scalar S coupling to light quarks 
instead of heavy quarks 
–  For leptophobic scalar, signal channels are:  
η(′) → π0γγ or η(′) → 3π with S a γγ or 2π resonance.  

–  For more general models, S can be discovered as a dilepton resonance  
 

in                         channel motivated mainly for C and CP searches 
 
 

         Work remains to be done: 
•  Map out the more general parameter space for these decays 
•  Compute the transition form factors for η′ decays needed to access a 

wider range of mS 

Here only 2 examples of search for New light particles but much more can be 
done            4 portals can be studied with REDTOP   
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P and CP violation 
 

•  A large number of P,CP-violating η(′) decays indirectly excluded from 
extremely stringent neutron EDM bounds 
 
 
 
 

 
 
 
 
 

•  The only exception: investigation of the muon polarization asymmetries in 
η→µ+µ− : EDM constraints at 2 loop order 
 

 

 
 
               probe flavour-conserving CP-violation in the second generation 

              possible with REDTOP statistics 
 
 
 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Discrete symmetry tests and lepton flavor violation 
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Figure 38: Left: One-loop contribution to the neutron EDM, induced by a CP-violating ⌘ ! �⇤�⇤ TFF [denoted by the red vertex (⌦)]. The
photon–neutron coupling (black dot) involves the standard electromagnetic form factors. A similar crossed diagram is not shown explicitly. Right:
Two-loop contribution to the neutron EDM, induced by a CP-violating quark–lepton four-fermion operator [denoted by the red vertex (⌦)]. Neither
crossed diagrams nor counterterm contributions at one-loop and tree level required for renormalization are displayed explicitly.

The term in brackets has the same quantum numbers as the field strength tensor ⇢0
µ⌫ = @µ⇢

0
⌫ � @⌫⇢0

µ for the ⇢0 meson.
Through strong dynamics, any BSM operator generating Eq. (9.15) would certainly generate a lower-dimensional
interaction of the form

Le↵ =  ⌘Fµ⌫⇢0
µ⌫ . (9.16)

The coe�cient  can be estimated by dimensional analysis and is likely not much less than O(E⇥F2
⇡). Equation (9.16)

contributes to the neutron EDM at one-loop order, shown in Fig. 37. Qualitatively, this yields dn ⇠ g⇢NNg⌘NN/(4⇡)2,
where g⇢NN ⇠ 3 is the ⇢-meson–nucleon (vector) coupling [594]. It is not possible to be more precise since the
loop integral is logarithmically divergent, which would be cut o↵ around the QCD scale anyway. Nevertheless, this
yields an order-of-magnitude constraint at the level of E/M . 10�11, far beyond present sensitivities for the angular
asymmetry even allowing for the roughness of our estimates.14

Recently, Sánchez-Puertas [40, 41] proposed a new class of symmetry tests in ⌘ decays to dimuon final states:

⌘! µ+µ� , ⌘! µ+µ�� , ⌘! µ+µ�e+e� . (9.17)

CP-odd asymmetries in the first two channels involve the muon polarizations, which will be measurable at the planned
REDTOP experiment [70, 71], while for the last decay, the simplest CP-odd observable is the angular asymmetry
between the two dilepton planes (much like for ⌘! ⇡+⇡�e+e� discussed above). In contrast to electronic final states,
these decays avoid strong constraints from the electron EDM (and other CP-odd electon interactions, e.g., [574]);
also, electron polarizations will not be measured in the proposed REDTOP detector [70, 71].

The minimal framework to generate CP-odd asymmetries in decays (9.17) is to introduce CP violation in the
⌘–two-photon coupling. The usual ⌘ transition form factor (6.1) is generalized to
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1, q

2
2) +
⇥

q1 · q2 gµ⌫ � q2µq1⌫
⇤

FCP1
⌘�⇤�⇤ (q

2
1, q

2
2)

+
h

q2
1q2

2 gµ⌫ � q2
1 q2µq2⌫ � q2

2 q1µq1⌫ + q1 · q2 q1µq2⌫
i

FCP2
⌘�⇤�⇤ (q

2
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2) , (9.18)

to include new P- and CP-violating TFFs FCP1,2
⌘�⇤�⇤ that couple to scalar—instead of pseudoscalar—Lorentz structures

(the contribution of FCP2
⌘�⇤�⇤ vanishes as long as one of the photons is real). However, such new ⌘�⇤�⇤ interactions induce

contributions to the neutron EDM at the one-loop level via an ⌘� intermediate state, shown in Fig. 38 (left) (similar to
the bounds on ⌘(0) ! ⇡⇡ discussed above). To evaluate the loop integral, the q2

i -dependence of the CP-violating TFFs
is modeled in a simple way motivated by the high-energy asymptotics of scalar TFFs in QCD [595]. The resulting
indirect constraints on all dimuon asymmetries are several orders of magnitude stronger than projections for REDTOP
based on a proposed statistics of 2 ⇥ 1012 produced ⌘ mesons [40].

Alternatively, CP-violating dimuon asymmetries can also arise via CP-odd four-fermion operators between quarks
and leptons in the Standard Model E↵ective Field Theory framework [596, 597]. In the notation of Ref. [597], the

14The foregoing argument excludes CP-violating ⌘ ! ⇡+⇡��⇤ operators (as suggested in the literature) at an observable level, but strictly
speaking does not preclude the contribution of local e↵ective quark–lepton operators inducing CP-violating ⌘ ! ⇡+⇡�`+`� decays. We expect
significant constraints from EDM searches in paramagnetic atoms and molecules, which are sensitive to CP-odd electron–nucleon couplings [574].
The consequences of similar quark–dimuon operators, as discussed in the following, have not been discussed for this specific decay yet.
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Figure 38: Left: One-loop contribution to the neutron EDM, induced by a CP-violating ⌘ ! �⇤�⇤ TFF [denoted by the red vertex (⌦)]. The
photon–neutron coupling (black dot) involves the standard electromagnetic form factors. A similar crossed diagram is not shown explicitly. Right:
Two-loop contribution to the neutron EDM, induced by a CP-violating quark–lepton four-fermion operator [denoted by the red vertex (⌦)]. Neither
crossed diagrams nor counterterm contributions at one-loop and tree level required for renormalization are displayed explicitly.
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µ for the ⇢0 meson.
Through strong dynamics, any BSM operator generating Eq. (9.15) would certainly generate a lower-dimensional
interaction of the form

Le↵ =  ⌘Fµ⌫⇢0
µ⌫ . (9.16)

The coe�cient  can be estimated by dimensional analysis and is likely not much less than O(E⇥F2
⇡). Equation (9.16)

contributes to the neutron EDM at one-loop order, shown in Fig. 37. Qualitatively, this yields dn ⇠ g⇢NNg⌘NN/(4⇡)2,
where g⇢NN ⇠ 3 is the ⇢-meson–nucleon (vector) coupling [594]. It is not possible to be more precise since the
loop integral is logarithmically divergent, which would be cut o↵ around the QCD scale anyway. Nevertheless, this
yields an order-of-magnitude constraint at the level of E/M . 10�11, far beyond present sensitivities for the angular
asymmetry even allowing for the roughness of our estimates.14

Recently, Sánchez-Puertas [40, 41] proposed a new class of symmetry tests in ⌘ decays to dimuon final states:

⌘! µ+µ� , ⌘! µ+µ�� , ⌘! µ+µ�e+e� . (9.17)

CP-odd asymmetries in the first two channels involve the muon polarizations, which will be measurable at the planned
REDTOP experiment [70, 71], while for the last decay, the simplest CP-odd observable is the angular asymmetry
between the two dilepton planes (much like for ⌘! ⇡+⇡�e+e� discussed above). In contrast to electronic final states,
these decays avoid strong constraints from the electron EDM (and other CP-odd electon interactions, e.g., [574]);
also, electron polarizations will not be measured in the proposed REDTOP detector [70, 71].

The minimal framework to generate CP-odd asymmetries in decays (9.17) is to introduce CP violation in the
⌘–two-photon coupling. The usual ⌘ transition form factor (6.1) is generalized to
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⌘�⇤�⇤ that couple to scalar—instead of pseudoscalar—Lorentz structures

(the contribution of FCP2
⌘�⇤�⇤ vanishes as long as one of the photons is real). However, such new ⌘�⇤�⇤ interactions induce

contributions to the neutron EDM at the one-loop level via an ⌘� intermediate state, shown in Fig. 38 (left) (similar to
the bounds on ⌘(0) ! ⇡⇡ discussed above). To evaluate the loop integral, the q2

i -dependence of the CP-violating TFFs
is modeled in a simple way motivated by the high-energy asymptotics of scalar TFFs in QCD [595]. The resulting
indirect constraints on all dimuon asymmetries are several orders of magnitude stronger than projections for REDTOP
based on a proposed statistics of 2 ⇥ 1012 produced ⌘ mesons [40].

Alternatively, CP-violating dimuon asymmetries can also arise via CP-odd four-fermion operators between quarks
and leptons in the Standard Model E↵ective Field Theory framework [596, 597]. In the notation of Ref. [597], the

14The foregoing argument excludes CP-violating ⌘ ! ⇡+⇡��⇤ operators (as suggested in the literature) at an observable level, but strictly
speaking does not preclude the contribution of local e↵ective quark–lepton operators inducing CP-violating ⌘ ! ⇡+⇡�`+`� decays. We expect
significant constraints from EDM searches in paramagnetic atoms and molecules, which are sensitive to CP-odd electron–nucleon couplings [574].
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relevant operators are
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The important observation here is that neutron EDM contributions from Eq. (9.19) are comparatively suppressed
since they begin at two-loop order, shown in Fig. 38 (right) [40]. This is because the muon (pseudo)scalar bilinears
cannot couple to only one photon via a single lepton loop, as the Green’s functions h0|T {Vµ(x)S (P)(0)}|0i vanish in
QCD+QED as a result of C conservation. The resulting constraints were estimated to be

�

�

�Im c(1)2211
`equ

�

�

� < 0.002 ,
�

�

�Im c2211
`edq

�

�

� < 0.003 ,
�

�

�Im c2222
`edq

�

�

� < 0.04 , (9.20)

assuming no cancellations between terms [40]. Taking advantage of S U(2)L symmetry, a comparable limit
�

�

�Im c2222
`edq

�

�

� <
0.02 was determined from Ds ! µ⌫µ decays [41].

In light of these constraints, CP violation between strange quarks and muons—sourced by Im c2222
`edq —remains

an open possibility within REDTOP sensitivities that is not excluded by EDMs [40]. The most promising channel is
⌘! µ+µ�. From Eq. (9.19), the hadronic matrix elements of the pseudoscalar quark bilinears between ⌘ states and the
vacuum can be evaluated in terms of rather well-known meson decay constants, as well as quark and meson masses.
The e↵ective CP-odd interaction is represented as

L = �C ⌘ µ̄µ , C =
h

1.57
�

Im c(1)2211
`equ + Im c2211

`edq
� � 2.37 c2222

`edq

i

⇥ 10�6 , (9.21)

which interferes with the CP-even Standard Model amplitude discussed in Sect. 6.9. The actual CP-odd asymmetries
that are to be measured for this purpose rely on the polarized muon decays; most promising is a forward–backward
asymmetry of the electron/positron relative to their decaying parent muons’ line of flight (in the dimuon rest frame),
which turns out to be more sensitive than an asymmetry in the relative electron/positron azimuthal angles by about an
order of magnitude. While the planned REDTOP statistics suggest a sensitivity for the various coe�cients of O(1)
in the Dalitz decay or worse in the four-lepton final states, the sensitivities of O(10�2) in ⌘ ! µ+µ� imply that in
particular Im c2222

`edq might induce CP violation in this decay not yet excluded by EDMs and other constraints [40, 41].

9.2. C violation
The ⌘, ⌘0 mesons are C = +1 eigenstates and provide one of the few opportunities to test C conservation in

flavor-conserving strong and electromagnetic decays. C is violated for ⌘, ⌘0 decaying into an odd number of photons
(including o↵-shell photons) and any number of neutral pions. For the ⌘0, C-violating channels may include an ⌘
meson as well. Table 11 lists all channels that have been tested experimentally and no evidence of C violation has
been found so far. Other possibilities, such as ⌘0 ! ⌘�, ⌘0 ! 2⇡0�, or ⌘0 ! ⌘⇡0� to name a few, have not been
searched for.

Additionally, we discuss decays that are C,CP-violating only as single-photon processes at leading order in QED.
Some of these decays have been searched for experimentally, such as

⌘, ⌘0 ! ⇡0`+`� , ⌘0 ! ⌘`+`� , (9.22)

where ` = e, µ, while no experimental data exists for other channels such as

⌘, ⌘0 ! ⇡0⇡0`+`� , ⌘0 ! ⌘⇡0`+`� . (9.23)

These decays are also relevant for searches for new (C,CP-conserving) light particles. Decays in (9.22) can arise for
a new light scalar S , e.g., ⌘, ⌘0 ! ⇡0S ! ⇡0`+`� [49]. Alternatively, decays in (9.23) arise for a new light axion-like
pseudoscalar a, e.g., ⌘, ⌘0 ! 2⇡0a! 2⇡0`+`�. We discuss these models further in Sect. 10.

For the most part, these tests have been framed within the context of T -odd, P-even (TOPE) interactions (class II
in Table 10), which is equivalent to C violation by the CPT theorem. This idea was proposed in the 1960s, following
the discovery of CP violation [39], to be either a new electromagnetic-strength “semi-strong” force [34–36] or related
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REDTOP sensitivity studies:  

 
 
 
 
 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Discrete symmetry tests and lepton flavor violation 
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C and CP violation 
•  η(‘)→3γ : C, P-violating but CP-conserving.  

 
  
 
 
 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Discrete symmetry tests and lepton flavor violation 

16 

Experimental Improvement on η�3γ

u  SM contribution: 
    BR(η→3γ) <10-19 via P-violating
    weak interaction.

u  A new C- and T-violating, and 
    P-conserving interaction was 
    proposed by Bernstein, Feinberg
    and Lee  
     Phys. Rev.,139, B1650 (1965)

u   A calculation due to such new 
     physics by Tarasov suggests: 
     BR(η→3γ)< 10-2  

      Sov.J.Nucl.Phys.,5,445 (1967)

 

Proj. JEF

Improve BR upper limit by one 
order of magnitude to directly 
tighten the constraint on CVPC 
new physics

(100 days’ beam)

JEF could Improve the  
BR upper limit  
by one order of magnitude 
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C and CP violation 
 

More processes can be studied 
•  C- and CP-violating asymmetries in the η→π+π−π0 Dalitz-plot 
 
 
•  C- and CP-violating channels used to search for new light particles: 

 η(′) → π0l+l− and η(′) → 2π0l+l−   
 
 
 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Discrete symmetry tests and lepton flavor violation 

Gardner & Shi’20 
Kubis et al. 21 
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Lepton Flavour Violation 
 

•  In light of strong constraints on µ→e conversion on nuclei, further theoretical 
study is needed to motivate searching for η(′)→e±µ∓ 

•  But decays that violate charged lepton flavour by two units, η(′)→e±e±µ∓µ∓ are 
worth investigated since they are not similarly constrained 

 
Lepton Flavour Universality Violation 
•  η → γe+e-  vs  η → γµ+µ- 
 
 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Discrete symmetry tests and lepton flavor violation 



Emilie Passemar 32 

Time line 
•  The data collection for non rare decays has been in progress since fall 2016. 

A significant improvement on the light quark mass ratio will be achieved in the 
next 3-4 years by a combination of a new Primakoff measurement of the η 
radiative decay width and the improvements in the Dalitz distributions of 
η→3π for both charged and neutral channels.   

•  The second phase of JEF will run with an upgraded forward calorimeter: 
–  2018 - 2023, development of an upgraded forward calorimeter (FCAL-II) 

with a PWO crystal insert 
–  2024: first run with an upgraded FCAL-II for rare decays expected 

•  Within 100 days of beam time for the phase II, JEF will have sufficient 
precision to explore the role of scalar meson dynamics in chiral perturbation 
theory, to search for sub-GeV dark gauge bosons (vector, scalar, and axion-
like particles) by improving the existing bounds by two orders of magnitude 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

JEF program 
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•  Proposed REDTOP experiment at several laboratories: 
–  Fermilab 
–  CERN 

•  Projected η production rate at the level of 1.1×1014 (a factor of ten more 
forphase II) per year. 

•  Expected backgrounds in REDTOP about several orders of magnitude higher 
than in the JEF experiment compensated for by an enormous η yield. 

•  The recoil detection technique considered for phase II will help further 
reducing the backgrounds.  

•  The proposed muon polarimeter (and an optional photon polarimeter) for the 
REDTOP apparatus will offer additional capability to measure the longitudinal 
polarization of final-state muons (and possibly photons), which are not 
available in most other experiments, including JEF. 

 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

REDTOP program 

-  HIAF 
-  BNL 

-  GSI 
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•  In the foreseeable future, REDTOP will offer the most sensitive probes for the 
rare charged decay channels, while the JEF experiment will remain leading in 
the rare neutral decays because of lower backgrounds and higher 
experimental resolutions  
 

•  The JEF and REDTOP experiments are complementary to each other, 
promising a new exciting era for η(′) physics. 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

REDTOP program 



4.   Back-up 



Vus from Kl3 (K → πlνl) 

•  Master formula for K → πlνl: K = {K+,K0}, l={e,µ} 

 
Recent progress on theory side: 
•  Theoretically update on long-distance EM corrections for Ke3 

       ΔEM(K0
e3) = (0.50 ± 0.11) %            (0.580 ± 0.016) %

       ΔEM(K+
e3) = (0.50 ± 0.11) %            (0.105 ± 0.024) %

 
 
 

•  Improvement on Isospin breaking evaluation  
 

 better Q value determination from Lattice QCD or eta decays 
 

•  Progress from lattice QCD on the K → π FF 
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Γ K →π lν γ⎡⎣ ⎤⎦( ) = Br(Kl 3 ) / τ = CK

2 GF
2 mK

5

192π 3 SEW
K Vus

2
f+

K 0π −

(0)
2

IKl 1 + 2ΔEM
Kl + 2ΔSU(2)

Kπ( )

Seng et al.’21 

Colangelo et al.’18 

2.5  Kπ form factors 2.1  Vus from Kl3 decays 

•  Master formula for K → πlνl: K = {K+,K0}, l={e,µ} 

•  f+(0) : vector form factor at zero momentum transfer: 
 
Hadronic matrix element:  
 
 
 
 
f+(0) key hadronic quantity: In SU(3)V  limit (mu=md=ms), CVC         f+(0) = 1  
Need to compute corrections in second order in SU(3) breaking  

               see later 
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Γ K →π lν γ⎡⎣ ⎤⎦( ) = Br(Kl 3 )

τ
= CK

2 GF
2 mK

5

192π 3 SEW
K Vus

2
f+

K 0π −

(0)
2

IKl 1 + δEM
Kl + δ SU(2)

Kπ( )2
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Sirlin’82 

Experimental determination of Vus from kaon decays – M. Moulson (Frascati) – CKM 2014, Vienna, 8 September 2014"

K(P) π(p) 

ℓ"

ν 

Kℓ3 form factors"

17!

Ke3 decays: Only vector form factor:"

t = (P − p)2 

Hadronic matrix element:!

For Vus, need integral over phase space of squared matrix element:"
Parameterize form factors and fit distributions in t (or related variables)"

Kµ3 decays: Also need scalar form factor:!

  
π − ( p)  sγ µu K 0(P) = f+

K 0π −

(0) P + p( )µ f+
K 0π −

(t) + P − p( )µ f−
K 0π −

(t)⎡
⎣

⎤
⎦
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Experimental determination of Vus from kaon decays – M. Moulson (Frascati) – CKM 2014, Vienna, 8 September 2014"

K(P) π(p) 

ℓ"

ν 

Kℓ3 form factors"

17!

Ke3 decays: Only vector form factor:"

t = (P − p)2 

Hadronic matrix element:!

For Vus, need integral over phase space of squared matrix element:"
Parameterize form factors and fit distributions in t (or related variables)"

Kµ3 decays: Also need scalar form factor:!
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2.1  Vus from Kl3  

Progress since 2018: 
•  First experimental measurement of BR of KS → πµν 
      BR(KS → πµν) = (4.56 ± 0.20) ×10−4 
 

•  Theoretically update on long-distance EM corrections: 

Up to now computation at fixed order e2p2 + model estimate for the LECs 
 
 
New calculation of complete EW RC using hybrid current algebra and ChPT 
(Sirlin’s representation) with resummation of largest terms to all chiral orders 
–  Reduced uncertainties at O(e2p4) 
–  Lattice evaluation of QCD contributions to γW box diagrams 
 

 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

KLOE-2
PLB 804 (2020)

Matthew Moulson,  
Chien Yeah Seng 

34

Master formula:

Long-distance electromagnetic RC

Cirigliano et al., 2008 JHEP

Sirlin’s representation + ChPT + lattice QCD:
~10-4 error CYS, Galviz, Gorchtein and Meißner, 2021 PLB 

CYS, Galviz, Gorchtein and Meißner, 2103.04843 

ChPT calculations at O(e2p2) + model estimation
of the LECs: ~10-3 error 

Kaon semileptonic decays (K
l3
)

K

p

l+

n

V
us

Cirigliano et al. ’08  

Seng et al.’21 
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2.1  Vus from Kl3  

Progress since 2018: 
•  First experimental measurement of BR of KS → πµν 
      BR(KS → πµν) = (4.56 ± 0.20) ×10−4 
 
 
 

•  Theoretically update on long-distance EM corrections: 

 

 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

KLOE-2
PLB 804 (2020)

Matthew Moulson,  
Chien Yeah Seng 

34

Master formula:

Long-distance electromagnetic RC

Cirigliano et al., 2008 JHEP

Sirlin’s representation + ChPT + lattice QCD:
~10-4 error CYS, Galviz, Gorchtein and Meißner, 2021 PLB 

CYS, Galviz, Gorchtein and Meißner, 2103.04843 

ChPT calculations at O(e2p2) + model estimation
of the LECs: ~10-3 error 

Kaon semileptonic decays (K
l3
)

K

p

l+

n

V
us

Only Ke3 at present 
For Kµ3 modes 
continue to use 
Cirigliano et al. ’08

Cirigliano et al. ’08 Seng et al. ’21

ΔEM(K0e3) [%] 0.50 ± 0.11 0.580 ± 0.016
ΔEM(K+e3) [%] 0.05 ± 0.13 0.105 ± 0.024
ρ +0.081 −0.039
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2.1  Vus from Kl3  

Progress since 2018: 
•  Theoretical progress on isospin breaking correction  

 

 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Matthew Moulson 

Strong isospin breaking
Quark mass differences, η-π0 mixing in K+π0 channel

Test by evaluating Vus from K± and K0 data with no corrections:
Equality of Vus values would require ΔSU(2) = 2.86(34)%   

= +2.61(17)% Calculated using:

χp4 = 0.252
NLO in strong interaction
O(e2p2) term εEM

(4) ~ 10−6

Q = 22.1(7) Colangelo et al. ’18, avg. from η→ 3π

ms/m = 27.23(10) FLAG ’20, Nf = 2+1+1 avg.
MK = 494.2(3)
Mπ = 134.8(3)

^

Isospin-limit meson masses from FLAG ’17

Cirigliano et al., ’02; Gasser & Leutwyler, ’85



40 

1.1   Introduction: 2.1  Vus from Kl3  

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Lattice results for Q somewhat 
higher than analytical results
But, lattice results have finite 
correction to LO expectation:

Low-energy theorem: Q has no 
correction at NLO

Reference value of Q from 
dispersion relation analyses of 
η→ 3π Dalitz plots

Colangelo et al., ’18
Q = 22.1 � 0.7

Previous to recent results for Q, uncertainty on ΔSU(2) was leading contributor 
to uncertainty on Vus from K± decays

E. Passemar, CD 2021

Matthew Moulson 



Vus from Tau decays 

 
 
 
 
 
 
 
 
 
 
 
 
 

•  Belle II with 50 ab-1 and ~4.6 x 1010 τ pairs will improve Vus extraction 
•  Inclusive measurement is an opportunity to have a complete independent 

measurement of Vus            not easy as you have to measure many 
channels 

 

 
 

 

Tau physics Swagato Banerjee

Summary of |Vus| results

24

• |Vus| from kaon and tau falls short of CKM unitarity value by ~3σ 
• |Vus| from inclusive tau decays independent of Lattice errors used for kaons 
• New physics affecting 3rd generation only affects |Vus| from taus 
• Tau decays at Belle II offers unique and complementary insight

-3.7σ

-2.1σ

-2.6σ

-2.5σ

-3.5σ

-3.2σ

-2.7σ

 [Preliminary]

M. Moulson, E. Passemar
CKM2021

Cabibbo-angle anomaly



Vus from Tau decays 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 

 

Tau physics Swagato Banerjee

|Vus| from inclusive strange decays

22

fractions similarly to the kaon case, using the same lattice QCD estimates, in order to check the overall experimental
consistency.

In the following Sections 5.1 and 5.2 we update the CKM coefficient |V
us

| determinations that were shown in the
previous report using the 2015 determination of |V

ud

| [73] and the updated averages from HFAG 2016 and PDG
2015 for the other quantities.

5.1 |V
us

| from B(⌧ ! X
s

⌫)

The ⌧ hadronic partial width is the sum of the ⌧ partial widths to strange and to non-strange hadronic final states,
�

had

= �
s

+ �
VA

. The suffix “VA” traditionally denotes the sum of the ⌧ partial widths to non-strange final states,
which proceed through either vector or axial-vector currents.

Dividing any partial width �
x

by the electronic partial width, �
e

, we obtain partial width ratios R

x

(which are equal
to the respective branching fraction ratios B

x

/B
e

) for which R

had

= R

s

+ R

VA

. In terms of such ratios, |V
us

| is
measured as [72]

|V
us

|⌧s

=

s

R

s

/


R

VA

|V
ud

|2 � �R
theory

�
,

where �R
theory

can be determined in the context of low energy QCD theory, partly relying on experimental low energy
scattering data. The literature reports several calculations [72, 74, 75]. In this report we use Ref. [72], whose
estimated uncertainty size is in between the two other ones. We use the information in that paper and the PDG 2015
value for the s-quark mass m

s

= 95.00 ± 5.00 MeV [8] to calculate �R
theory

= 0.242 ± 0.032.

We proceed following the same procedure of the 2012 HFAG report [2], using the universality improved B

uni

e

=
(17.815 ± 0.023)% (see Section 4) to compute the R

x

ratios, and using the sum of the ⌧ branching fractions to
strange and non-strange hadronic final states to compute R

s

and R

VA

, respectively.

Using the ⌧ branching fraction fit results with their uncertainties and correlations (Section 2), we compute B

s

=
(2.909±0.048)% (see also Table 13) and B

VA

= B

hadrons

�B

s

= (61.85±0.10)%, where B

hadrons

is equal to �
hadrons

defined in section 4. PDG 2015 averages are used for non-⌧ quantities, including |V
ud

| = 0.97417 ± 0.00021, which
comes from Ref. [76] like for the previous HFAG report.

We obtain |V
us

|⌧s

= 0.2186 ± 0.0021, which is 3.1� lower than the unitarity CKM prediction |V
us

|
uni

= 0.22582 ±
0.00091, from (|V

us

|
uni

)2 = 1 � |V
ud

|2. The |V
us

|⌧s

uncertainty includes a systematic error contribution of 0.47%
from the theory uncertainty on �R

theory

. There is no significant change with respect to the previous HFAG report.

5.2 |V
us

| from B(⌧ ! K⌫)/B(⌧ ! ⇡⌫) and from B(⌧ ! K⌫)

We follow the same procedure of the HFAG 2012 report to compute |V
us

| from the ratio of branching fractions
B(⌧ ! K

�⌫⌧ )/B(⌧ ! ⇡�⌫⌧ ) = (6.438 ± 0.094) · 10�2 from the equation

B(⌧ ! K

�⌫⌧ )
B(⌧ ! ⇡�⌫⌧ )

=
f

2

K

|V
us

|2

f

2

⇡ |Vud

|2

�
1 � m

2

K

/m2

⌧

�
2

(1 � m

2

⇡/m
2

⌧ )
2

R⌧K/⌧⇡

We use f

K

/f⇡ = 1.1930 ± 0.0030 from the FLAG 2016 Lattice averages with N

f

= 2 + 1 + 1 [77].

The ratio of radiative corrections R⌧K/⌧⇡ is estimated as R⌧K/⌧⇡ = R(⌧�!K

�⌫/K�!µ�⌫) /R(⌧�!⇡�⌫/⇡�!µ�⌫)·
R(K�!µ�⌫ /⇡�!µ�⌫), where R(⌧�!K

�⌫/K�!µ�⌫) /R(⌧�!⇡�⌫/⇡�!µ�⌫) = [1 + (0.90 ± 0.22)%] / [1 +
(0.16 ± 0.12)%] [78] and R(K�!µ�⌫ /⇡�!µ�⌫) = 0.9930 ± 0.0035 [79, 80].

We compute |V
us

|⌧K/⇡ = 0.2231 ± 0.0018, 1.3� below the CKM unitarity prediction.

We determine |V
us

| from the branching fraction B(⌧� ! K

�⌫⌧ ) using

B(⌧� ! K

�⌫⌧ ) =
G

2

F

f

2

K

|V
us

|2m3

⌧ ⌧⌧
16⇡ �

h

✓
1 � m

2

K

m

2

⌧

◆
2

S

EW

.

We use f

K

= 155.6 ± 0.4 MeV from FLAG 2016 with N

f

= 2 + 1 + 1 [77] and the radiative correction S

EW

=
1.02010 ± 0.00030 [81]. We obtain |V

us

|⌧K

= 0.2223 ± 0.0016, which is 1.9� below the CKM unitarity prediction.
The physical constants have been taken from PDG 2015 (which uses CODATA 2014 [82]).

21

Bs = (2.908 ± 0.048)%

To get R, we normalize by
(Be)univ = (17.812 ± 0.022)%

The error on Be is improved using lepton 
universality & improved measurements 

of mass (mτ) and lifetime (ττ).

BVA =  Bhadrons - Bs = (61.83 ± 0.10)%

 [Preliminary]

⇒ |Vus| = (0.2184 ± 0.0021)

Dominant contribution to error on |Vus| 
comes from error on the measured Bs. 

δRtheory contributes to Δ|Vus| = 0.0011.

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) ≈ NC

parton	model	predic3on		

  
δ Rτ ≡

Rτ ,NS

Vud

2 −
Rτ ,S

Vus

2

SU(3) breaking quantity, strong 
dependence in ms computed from 
OPE (L+T) + phenomenology 
	
   δ Rτ ,th = 0.0242(32)

Gamiz	et	al’07,	
	Maltman’11		

Vus
2
=

Rτ ,S

Rτ ,NS

Vud
2 − δRτ ,th

  Vus = 0.2184 ± 0.0018exp ± 0.0011th

2.9σ	away	from	unitarity!	 

HFLAV’21		
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1.1   Introduction: |Vud|from 0+→ 0+ superallowed β decays 

 

Recent improvement on the theoretical RCs: 
•  Universal Radiative corrections have been  

reevaluated using Dispersion Relations: 
 allow to combine independent inputs 

       Experimental neutrino data +  
       lattice QCD + ChPT + Regge phenomenology 
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4

Single-nucleon radiative correction

Superallowed 0+ → 0+ :  

Experiment + nuclear corrections Single-nucleon radiative correction (RC)

Uncertainty halved but central value shifted!

Major source of theory uncertainty: “gW-box diagram”

Estimate by Marciano and Sirlin, state-of-the-art result
from 2006 to 2018:

Year 2018: new evaluation with dispersion relation (DR) :

CYS, Gorchtein, Patel and
Ramsey-Musolf, 2018 PRL

Confirmed later by independent studies: Czarnecki, Marciano and Sirlin, 2019 PRD
Hayen, 2020
Shiells, Blunden and Melnitchouk, 2020
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from 2006 to 2018:

Year 2018: new evaluation with dispersion relation (DR) :

CYS, Gorchtein, Patel and
Ramsey-Musolf, 2018 PRL

Confirmed later by independent studies: Czarnecki, Marciano and Sirlin, 2019 PRD
Hayen, 2020
Shiells, Blunden and Melnitchouk, 2020

Universal RC from dispersion relations

Generalized Compton tensor  
time-ordered product — complicated!

Commutator (Im part) - only on-shell  
hadronic states — related to data

∫ dxeiqx⟨Hf(p) | [Jμ
em(x), Jν,±

W (0)] |Hi(p)⟩∫ dxeiqx⟨Hf(p) |T{Jμ
em(x)Jν,±

W (0)} |Hi(p)⟩

ImTμν
γW = … +

iεμναβpαqβ

2(pq) FγW
3 (x, Q2)Interference  structure functionγW

□VA
γW = 3α

2π ∫
∞

0

dQ2

Q2
M2

W

M2
W + Q2 MγW(0)

3 (Q2)

Model-dependent part or RC: -boxγW

Box ~ 1st Nachtmann moment of  
Symmetry: only isoscalar photons contribute

FγW(0)
3

M3(n, Q2) = n + 1
n + 2 ∫

1

0

dxξn

x2
2x(n + 1) − nξ

n + 1 F3(x, Q2), ξ = 2x
1 + 1 + 4M2x2 /Q2

Nachtmann moments:

Physics of model dependence: virtual photon polarizes the nucleus;  
Long-range part of the box sensitive to hadronic polarizabilities; 
Polarizabilities are related to the excitation spectrum via a dispersion relation (sum rule)

RC to beta decay: overall setup

9

W

γ ,Zb =

ν

e

h 'h

W

W

γ , ,WZb =

ν

e

h 'h

Z

ν

e

h 'h

W W

ν

e

h 'h

Z

Contributions of these diagrams are either exactly known (by CA) or depend only on UV 
physics which can be computed perturbatively

Radiative Corrections: Modern Treatment

10

γ

ν

e

n p

W

( ) ( ) ν
νν

π
π

NW

W

m
qT

q

q
qm

mqd
c

),(
)2(

Re8Re
2

3
22

22

22

2

4

4
2

m.d
−−

−
=

Nm
qp

=ν

( ) ),(
2

})0()({
)2(

2
34

4

QT
m

qpi
nJxJTpe

qd

N
AWem

xiq ν
ν

ε
π

βα
µναβ

νµ =

The only piece that depends on physics at hadronic scale is the V*A term in the Wγ−box 
diagram:

Its contribution to Rec (“m.d”: model-dependent) is:

where the forward Compton amplitude is defined as:

q q

Radiative Corrections: Modern Treatment

W,Z-exchange:  
UV-sensitive, pQCD;  
model-independent

• Pioneering work by Sirlin (Phys.Rev. 164, 1767 (1967) , before the 

establishment of SM) was to separate RC into two pieces:

1. “Outer” correction: depends critically on the electron spectrum 

but not on the details of strong and weak interaction

2. “Inner” correction: depends on the details of strong and weak 

interaction but not so much on the electron spectrum

• The “outer” contributions are obtained by retaining only the IR-

singular pieces in the loop diagrams

• Bremsstrahlung diagrams are also needed to cancel IR divergence

Radiative Corrections:Pre-SM

5
Diagrams taken from Ando et al, PLB 595 (2004) 250
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Radiative Corrections:Pre-SM
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Outer (depend on e-energy):  
retain only IR divergent pieces 

Inner RC  — energy-independentΔV
R

When ! involved:  
sensitive to long range physics; 
model-dependent!

7

E/me not small, need to account for exactly.  
Coulomb distortion: resummation of (Z")n —> Dirac equation in the Coulomb field 
IR finite piece: can set me=0 —> if energy-dependent ~ ("/2#) x (E/Λhad) 

V x V correlator protected by CVC - no hadronic uncertainty 
Axial vector not conserved —> A x V correlator from !W box sensitive to hadron structure

ΔV
R = 2□A×V

γW + model independent

|Vud |2 = 5024.7 s
τn(1 + 3gA2)(1+ΔR)

|Vud |2 = 2984.43s
ℱt(1+ΔV

R)Superalloweds Neutron

Seng, Gorshteyn, Patel, Ramsey-
Musolf’18,  
Seng, Gorshteyn, Ramsey-Musolf’18, 
Gorshteyn’18 

See Talk by Misha Gorshteyn 
@CKM2021 
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1.1   Introduction: 1.2  |Vud|from 0+→ 0+ superallowed β decays 

 

Recent improvement on the theoretical RCs: 
•  Universal Radiative corrections have been  

reevaluated using Dispersion Relations: 
 allow to combine independent inputs 

       Experimental neutrino data +  
       lattice QCD + ChPT + Regge phenomenology 
 
•  Nuclear Structure Corrections: largest source  

of uncertainties in Vud extraction 
Corresponds to the fact of introducing nuclear  
corrections  

 
 
 
 
 
 
 
 

 

 

 
 
 

     
 
 

     
 

 
 

 

Nuclear Structure Modification

21

C-Y Seng, MG, M J Ramsey-Musolf, arXiv: 1812.03352

δNS = 2α
πNM ∫

1 GeV2

0
dQ2 ∫

νπ

νthr

dν
ν [ ν + 2q

(ν + q)2 (F(0) Nucl.
3 − F(0), B

3 ) + 2⟨E⟩
3

ν + 3q
(ν + q)3 F(−) Nucl.

3 ]

MG, arXiv: 1812.04229 from DR with energy dependence averaged over the spectrumδNS

Compare the effect on the average Ft value:

ℱt = 3072.1(7)s δℱt = − (3.5±1.0)s + (1.6±0.5)s
δℱt = − (1.8 ± 0.4)s + (0 ± 0)sHT value 2018:

New estimate:
Old estimate:

Two 2  corrections that cancel each other; 
The cancellation is delicate: the two terms are highly correlated  

Larger E-dep. term will correspond to a smaller negative E-indep. term and vv. 

Conservative uncertainty estimate: 100%

σ

ℱt = (3072 ± 2)s

Emphasize: until a complete dispersive  calculation exists this is only a hint!δNS

: nuclear structure leaks from inner into outer RC (“ -box inside-out”)Λnuc ∼ Q ∼ 10 MeV γW

See Talk by Misha Gorshteyn 
@CKM2021 
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1.1   Introduction: |Vud| from Neutrons 

 

 

 

 
 
 

     
 
 

     
 

 
 

 
WG1 Summary, CKM 2018, Sep 21st, 2018

|Vud| from Neutrons

�9

Only two free parameters in the standard model: 
Decay asymmetry λ = gA/gV 
Lifetime τn 

Needs δλ/λ ≈ 3 × 10–4 and δτn ≈ 0.3 s                                                 
to compete with 0+ ➞ 0+ transitions. 

Recent developments:  
UCNA final result confirms newer gA/gV. 
 Perkeo III preliminary result                                                               
confirms newer gA/gV. 
Progress in LQCD on gA/gV. 

 UCNτ lifetime confirms bottle value.

Alexander Saunders

20 September 2018
CKM Workshop

Neutron Decay Parameters

• Semi-leptonic decay
– Lifetime ~880 s
– Endpoint energy 782 keV

• Just two free parameters in SM
– CKM mixing matrix element
– Ratio of weak coupling constants
– Uncertainty comes from radiative 

corrections
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•  Only two free parameters in the standard model:  

–  Decay asymmetry:  

–  Lifetime: τn  

•  Master Formula: 

•  Recent progress : 
–  New Perkeo III result: PERKEO III result improves world-average of beta 

asymmetry by factor 5! Half of it is due to the reduction of the scale factor 

 

 

 
 
 

     
 
 

     
 

 
 

 

  
Vud

2
= 5024.7s
τ n 1 + 3λ 2( ) 1 + ΔR( )

 λ = gA gV

Breakthrough result in neutron lifetime

UCNτ halves the error on neutron lifetime: 𝜏𝑛 = 877.75 33 s
Bottle measurements (magnetic and material) mostly consistent: 𝜏𝑛 = 878.5 5 s, 𝑆 = 1.9
Tension with beam measurement remains: improved BL-2 measurement ongoing

Ratio of axial-vector and vector coupling

PERKEO III result improves world-average of beta asymmetry by factor 5,
𝐴 = −0.11958 21 , 𝑆 = 1.2 𝜆𝐴 = −1.2757(5)

Tension in particular with aSPECT result on electron-neutrino correlation: 
𝜆avg = −1.2754 13 , 𝑆 = 2.7

Matrix element Vud from neutrons competitive!

Beta asymmetry: 𝑉𝑢𝑑 = 0.97408 11 𝑅𝐶 28 𝜏 32 𝜆 = 0.97408(44)
All data: 𝑉𝑢𝑑 = 0.97427 11 𝑅𝐶 28 𝜏 82 𝜆 = 0.97427(88)

Nuclear decays 𝑉𝑢𝑑 = 0.97373(31)

20Bastian Märkisch (TUM) |  CKM 2021 | 23.11.2021

Neutron and Vud Summary and Outlook

Hardy & Towner, Phys. Rev. C 102, 045501 (2020)

Improved experiments running or under construction, 
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1.1   Introduction: |Vud| from Neutrons 
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•  Only two free parameters in the standard model:  

–  Decay asymmetry:  

–  Lifetime: τn  

•  Master Formula: 

•  Recent progress presented here: 

–  New result for Lifetime from UCNτ  
               improvement by a factor of 2.25 compared to previous result 
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1.1   Introduction: Measurement of  gA 
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Bastian Märkisch  
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1.1   Introduction: Measurement of  neutron lifetime 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Chen-Yu Liu 

WG1 Summary, CKM 2018, Sep 21st, 2018

|Vud| from Neutrons — Lifetime

�14

UCNτ results confirm trap results with independent systematics: 

20 September 2018
CKM Workshop

UCNτ results confirm material trap results 
with independent systematics

beam

trap
≈ 10 s, > 4 σ 

UCNtau results (2018)

16

1. 2015 commission data (RSI)
2. 2015-2016 data
3. 2016-2017 data (Science, 2018)

UCNtau 1, 2,  3.

With UCNtau, we have made a measurement of τ n for the first time with no extrapolation: 877.7 ± 0.7 (stat) +0.3/-0.1 (sys) s.   
This gives confidence in previous bottle lifetime experiments

UCNτ results confirm trap results with independent systematics  
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1.1   Introduction: Measurement of  neutron lifetime 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Effect Previous Reported Value (s) New Reported Value (s) Notes
𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 877.5 ± 0.7 877.58 ± 0.28 Uncorrected Value!

UCN Event Definition 0 ± 0.04 0 ± 0.13 Single photon analysis vs. 
Coincidence analysis

Normalization Weighting -- 0 ± 0.06 Previously unable to estimate

Depolarization 0 + 0.07 0 + 0.07
Uncleaned UCN 0 + 0.07 0 + 0.11

Heated UCN 0 + 0.24 0 + 0.08
Phase Space Evolution 0 ± 0.10 -- Now included in stat. uncertainty

Al Block -- 0.06 ± 0.05 Accidentally dropped into trap…

Residual Gas Scattering 0.16 ± 0.03 0.11 ± 0.06
Sys. Total 𝟎𝟎.𝟏𝟏𝟏𝟏−𝟎𝟎.𝟐𝟐+𝟎𝟎.𝟒𝟒 𝟎𝟎.𝟏𝟏𝟏𝟏−𝟎𝟎.𝟏𝟏𝟏𝟏+𝟎𝟎.𝟐𝟐𝟐𝟐

TOTAL 𝟖𝟖𝟏𝟏𝟏𝟏.𝟏𝟏± 𝟎𝟎.𝟏𝟏−𝟎𝟎.𝟐𝟐+𝟎𝟎.𝟒𝟒 𝟖𝟖𝟏𝟏𝟏𝟏.𝟏𝟏𝟕𝟕 ± 𝟎𝟎.𝟐𝟐𝟖𝟖−𝟎𝟎.𝟏𝟏𝟏𝟏+𝟎𝟎.𝟐𝟐𝟐𝟐

New Result: 𝜏𝜏𝑛𝑛 = 877.75 ± 0.28−0.16+0.22 s 

19
F. M. Gonzalez et al. Phys. Rev. Lett. 127 162501 (October 13, 2021)

Chen-Yu Liu 
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1.1   Introduction: 1.3  |Vud| from Neutrons 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

With new UCNtau lifetime result (+ Perkeo III), the 
extracted Vud agrees with the CKM unitarity.

28

𝜏𝜏𝑛𝑛 = 877.75 ± 0.28−0.16+0.22

We report a measurement of τn with 0.34 s (0.039%) uncertainty, improving upon our past results by a factor of 
2.25 using two blinded datasets from 2017 and 2018. The new result incorporates improved experimental and 
analysis techniques over our previous result [Science 360, 627 (2018)]. 
This is the first neutron lifetime measurement precise enough to confront SM theoretical uncertainties. 

Chen-Yu Liu 



2.3  Experimental facilities and role of JLab 12
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World competition in η decays  
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•  The ongoing JLab Eta Factory experiment will open a new avenue for  
precision measurements of various decays of η and η′ in one setting, with 
unprecedented low backgrounds in rare decays, particularly in neutral modes. 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

 JEF program 
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JEF program 

2 

Proposed JEF experiment 

Simultaneously measure η/ηꞌ decays:  η→π0γγ, η→3γ, and … 

2 
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central drift
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forward drift
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u  η/ηꞌ produced on LH2 target with 8.4-11.7 GeV tagged photon beam: 
      γ+p → η/ηꞌ+p 
u  Reduce non-coplanar backgrounds by detecting recoil protons 

with GlueX detector
u  Upgraded Forward Calorimeter with High resolution, high granularity 
     PWO insertion (FCAL-II)  to detect multi-photons from the η decays

FCAL-II
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•  The  ongoing JLab  Eta  Factory  experiment will  open  a  new  avenue  for  
precision measurements of various decays of η and η′ in one setting, with 
unprecedented low backgrounds in rare decays, particularly in neutral modes. 

 
•  Highly boosted η and η′ by a∼12 GeV photon beam will help reducing the 

experimental systematics, offering complementary cross checks on the 
results from A2, BESIII, KLOE-II, WASA-at-COSY, and future REDTOP 
experiments, where the produced mesons have relatively small kinetic 
energies in the lab frame.  

 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

JEF program 



2.6  η → 3π 

•  Isospin violating process         possibility to extract the quark mass ratio Q:   

 
 
 

•  M(s,t,u) determined through  
the dispersive analysis of  
the data but for N one has  
to rely on ChPT 

 
•  Analysis by JPAC Guo et al’15 using  
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Γη→3π ∝ A(s, t,u)

2

∫ ∝Q−4

2 2
2

2 2

ˆs

d u

m mQ
m m

−≡
−    

m ≡
md + mu

2
⎡

⎣
⎢

⎤

⎦
⎥

  
A(s, t,u) = N

Q2 M (s, t,u)

  Q = 21.4 ± 0.4

Example 1: Q

20 21 22 23 24

Q

χPT O(p4) (Gasser,Leutwyler)

η → 3π

χPT O(p6) (Bijnens,Ghorbani)

dispersive (Anisovich et al.)

dispersive (Kambor et al.)

dispersive (Kampf et al.)

dispersive (Colangelo et al. prel.)

JPAC

Weinberg ’77

kaon mass splitting

Kastner,Neufeld

lattice (FLAG 2015)

1

WASA@COSY  and  KLOE-2@DAϕNE   Q = 21.7 ± 0.4

In preparation 



2.6  η → 3π and light quark masses 
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 H. Leutwyler 



2.5  η → 3π and light quark masses 
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 H. Leutwyler 

51 

Experimental Measurements of !�3π  

Exp. 3π0 

Events 
(106) 

π+ π- π0 

Events 
(106) 

Total world data 
(include prel. WASA 

and prel. KLOE) 

6.5 6.0 

GlueX+PrimEx-η
+JEF 

20 19.6 

$  Existing data from the low energy 
    facilities are sensitive to the detection  
    threshold effects 
  
$  JEF at high energy has uniform detection  
      efficiency over Dalitz phase space 

$  JEF will offer large statistics and improved 
systematics 

KLOE 
JHEP 0805 (2008) 0066 

JEF 
x 

y 

From Liping Gan 
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•  Uncertainties in the quark mass ratio (rough attempt) 

 
 
 
 
           

 

 
 
 

 

      3. What is the physics impact  !→3π measurement? 
 

!   A clean probe for quark mass ratio: 
 

"  decays through isospin violation: 
"        is small  
"  Amplitude: 

! Uncertainties in quark mass ratio (E. Passemar, talk at AFCI workshop ) 

  

 
 

13 

Q2 =
ms
2 −
m2

md
2 −mu

2

αem

A = (mu −md )A1 +αemA2

Γη→3πDalitz  

m̂ =
mu +md

2

Can be investigated and reduced at JEF Preliminary 

 Colangelo, Lanz, Leutwyler,  
E.P., in preparation 


