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Lepton Universality
Electroweak SU(2)LxU(1)Y+ doublet Higgs Sector

Flavor Universal vs  Non-Universal
• e, 𝜇, 𝜏 𝜈𝑒 𝜈𝜇 𝜈𝜏
Universal  bare gauge boson couplings g1

0 & g2
0 for all 3 generations vs very different

Yukawa couplings in Higgs sector -> lepton masses hierarchy and large neutrino mixing  
EXPECT: neutrino osc. & 𝜏 phenomena                                              
Major playing fields for particle physics

Some ”New Physics” Examples (beyond SM Higgs doublet) that break universality (often solve g𝜇-2)
1) Heavy Lepton mixing eg. Vector like heavy leptons
2) Additional U(1 )L𝜏-L𝜇. Light or Heavy Z’ Boson, Dark Physics etc.
3) Additional Higgs doublets, singlets ?
4) Other?

Look for “new physics” in precision measurements (lepton g-2), universality violation, 
and neutrino osc., rare processes 𝜇 → e𝛾, 𝜇N → e𝑁, 𝜏 → 3𝜇 𝑒𝑡𝑐
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Popular Experimental Hints of New Physics

Anomalous Magnetic Moment  Δ𝑎𝜇 = 𝑎𝜇𝑒𝑥𝑝 − 𝑎𝜇𝑆𝑀= 251(41)(43 )x10-11  4.2𝜎!
Δ𝑎𝑒 (-2.4𝜎 or +1.6𝜎) depends on 𝛼 from	Cs	vs	Rb	
Δ𝑎𝜏 (is O(10-7) precision possible?

• CKM Unitarity Violation. |Vud|2 +|Vus|2+|Vub|2 =0.9985(5)?  3 sigma  
• |Vus|/|Vud| value? 0.2292(9) from Kl3 or 0.2313(4) from K𝜇2  2 sigma difference
• Semi-Leptonic B decays & Possible e, 𝜇, 𝜏 universality breakdown?
(Anticipating LHC, Belle II & proposed super tau-charm factory at high luminosity)

Determination of Fermi constant GF

MuLan Lifetime: 𝜏𝜇 = 2.1969811(22)x10-6 sec most precise lifetime measurement (ever)
determines Γ(𝜇 → 𝑒𝜈𝜈(𝛾))-1 -> GF called  G𝝁=1.1663787(6)x10-5GeV-2 spectacular
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Second best determination of GF

• First row unitarity |Vud|2 +|Vus|2+|Vub|2 =0.9985(5)? 
GCKM= 1.1655(3)x10-5GeV-2  smaller than G𝜇 by 3 sigma

Other definitions use 𝛼,𝑚𝑍,𝑚𝑊, 𝑠𝑖𝑛2𝜃𝑊 + 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛𝑠ℎ𝑖𝑝,
leptonic Z, W, 𝜏 partial decay widths etc. generally involve larger errors.
Comparison among various GF determinations constrains “new physics”. 
S, T and U, W*, Z’, heavy leptons etc.      
• W. Marciano PRD (1999)
Recent Update and Global fit to electroweak data (see figure)
A. Crivellin, M. Hoferichter and C. Manzari PRL (2021) 

4



Taken from: A. Crivellin, M. Hoferichter, and C. Manzari PRL 2021
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QED Corrections to Radiative Inclusive Muon Decay 
(First Full 3 loop Calculation: Fael, Schonwald, Steinhauser PRD 2021) 
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where α is the fine structure constant

α−1 = 137.03599959(40) (5)

The leading O(α) term in that expression has been known for 4 decades from the pioneering

work of Kinoshita and Sirlin [4] and Berman [5]. Coefficients of higher order #nmµ
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The -3.7 two loop term was very recently computed by van Ritbergen and Stuart [7]. Their

result also implies the next-to-leading logs in (4) via (6), leaving C as the only unknown

O(α3) contribution to R.C. Comparing (3) and (2), one finds

Gµ = 1.16637(1)× 10−5GeV−2 (7)
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Kinoshita & Sirlin 1959
one loop 

van Ritbergen & Stuart 2000
two loop

Fael, Schonwald, Steinhauser 2021
three loop corrections

𝛕𝛍 = 𝟐. 𝟏𝟗𝟔𝟗𝟖𝟏𝟏 𝟐𝟐 𝐱𝟏𝟎-6𝐬𝐞𝐜 -> G𝛍=1.1663787(6)x10-5GeV-2

most precise Fermi constant value by far

and theoretical simplicity. Labeling that definition by Gµ, it is related to τµ via [3]

τ−1
µ = Γ(µ → all) =

G2
µm

5
µ

192π3
f

(

m2
e

m2
µ

)

(1 +R.C.)

(

1 +
3

5

m2
µ

m2
W

)

f(x) = 1− 8x+ 8x3 − x4 − 12x2#nx (3)

In that expression, R.C. stands for radiative corrections and the 3
5m

2
µ/m

2
W term is a small

W boson propagator effect. The R.C. expression is somewhat arbitrary. Most quantum loop

corrections to muon decay are absorbed into the renormalized parameter Gµ. For historical

reasons and in the spirit of effective field theories, R.C. is defined to be the QED radiative

corrections to muon decay in the local V-A four fermion description of muon decay. That

separation is natural and practical, since those QED corrections are finite to all orders in

perturbation theory [3]. In fact, they have been fully computed through O(α2) and are given

by

R.C. =
α

2π

(

25

4
− π2

)

(

1 +
α

π

(

2

3
#n

mµ

me

− 3.7
)

+
(

α

π

)2 (4

9
#n2mµ

me

− 2.0#n
mµ

me

+ C
)

+ · · ·
)

(4)

where α is the fine structure constant

α−1 = 137.03599959(40) (5)

The leading O(α) term in that expression has been known for 4 decades from the pioneering

work of Kinoshita and Sirlin [4] and Berman [5]. Coefficients of higher order #nmµ

me
terms

are determined by the renormalization group requirement [6]

(

me
∂

∂me
+ β(α) ∂

∂α

)

R.C. = 0

β(α) = 2
3

α2

π
+ 1

2
α3

π2 + · · · (6)

The -3.7 two loop term was very recently computed by van Ritbergen and Stuart [7]. Their

result also implies the next-to-leading logs in (4) via (6), leaving C as the only unknown

O(α3) contribution to R.C. Comparing (3) and (2), one finds

Gµ = 1.16637(1)× 10−5GeV−2 (7)

2

6



Application to Γ τ → ℓνν 𝛾 ℓ = 𝑒, 𝜇 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 𝐼𝑛𝑐𝑙𝑢𝑠𝑖𝑣𝑒

• Use PDG averages as input
• m𝜏 = 1776.86(12)MeV 
• 𝜏𝜏 = 290.3(5)x10-15sec
• BR(𝜏 → 𝜇𝜈𝜈) = 0.1739(4) Radiative inclusive?
• BR(𝜏 → 𝑒𝜈𝜈) =  0.1782(4) 
Γ(τ → µνν 𝛾 )= 3.943(14)x10-13GeV?
Γ(τ → eνν 𝛾 )= 4.040(14)x10-13GeV?
G𝛕𝛍 =1.1681(20)x10-5GeV-2 more interesting G𝛕𝐞 =1.1677(20)x10-5GeV-2

Good agreement with G𝝁=1.1663787(6)x10-5GeV-2  at O(10-3) 
Aim for factor of 5 improvement in future 𝝉𝝉 & BR (Hard)!
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Lepton Mass effects on QED Radiative Corrections & Precision

• me = 0.5109989461(31)MeV  m𝜇 =105.6583745(24)MeV   m𝜏 = 1776.86(12)MeV
• Smaller Mass-> larger bremsstrahlung, detector requirements differ for e, 𝜇, 𝜏

Experimental cuts can induce fake violations of lepton universality 
Compare radiative inclusive safe quantities (eg lifetimes) or handle cut effects with care.

Bremsstrahlung mainly shifts charged particle spectrum to lower energy values
Integrating over entire spectrum free of mass singularities (KLN theorem)

Translate exp. measurements into radiative inclusive quantities
B decay anomalies need further study.  Possible subtle acceptance effects.
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Some other interesting universality tests in 𝜏, K and 𝜋 decays 
see detailed talks by  D. Hertzog,  G. Lopez-Castro, A. Lusiani

!(#→%& ' )
!(%→)& ' )

complements  !(%→*& ' )
!(%→)& ' )

= 1.2327(23)x10-4 (LOI for factor 10 improvement)

while  !(+→)& ' )
!(%→)& ' )

leads to  Vus
Vud

= 0.2313(4) differ by 1.25 sigma

Tau decays somewhat favor 1st row CKM uitarity violation|Vud|2 +|Vus|2+|Vub|2 =0.9985(5)? 
As well as smaller Kl3 determination of V𝑢𝑠≈ 0.2231(6)

Questions: K/𝜋 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛? , 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑣𝑒? Improvement possible &warranted?
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of the counterterms between 0.5 and 1.0GeV, giving
±0.52%3. Adding quadratically these two uncertainties
yields the errors of (12): ±0.56% and ±0.57% for the
pion and the kaon case, respectively.

Results – In Table II the di↵erent contributions to
�R⌧/P are summarized, leading to our final result:

�R⌧/⇡ = (0.18±0.57)%, �R⌧/K = (0.97±0.58)%, (14)

with dominant uncertainties coming from �⌧P
��
vSD

. These
results should be compared with the previous ones of
Ref. [3], �R⌧/⇡ = (0.16 ± 0.14)% and �R⌧/K = (0.90 ±
0.22)%. Although their central values agree remarkably,
in our understanding uncertainties were underestimated
in Ref. [3], since they have approximately the size which
would be expected in a purely Chiral Perturbation The-
ory computation. Besides, it is important to stress again
that the hadronization of the QCD currents used in that
work does not satisfy the high-energy behavior dictated
by QCD, violates unitarity, analyticity and the chiral
limit, and a cuto↵ (splitting long- and short-distance
regimes) is used to regulate the loop integrals.

Considering our results and the current experimental
information [6] in (1), it is found
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=0.9964±0.0028th±0.0025exp=0.9964± 0.0038,
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(15)

compatible with and at 1.8� of lepton universality, re-
spectively.

An interesting application is the unitarity test from the
ratio
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where, as a result of our calculation, � = (0.10± 0.80)%.
Using the FLAG 2+1+1 result for the meson decay con-
stants ratio FK/F⇡ = 1.1932 ± 0.0019 [19] and masses
and branching ratios from the PDG [6], one gets
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����=0.2288±0.0010th±0.0017exp=0.2288± 0.0020,
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3
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which is 2.1� away from unitarity, according to |Vud| =
0.97373± 0.00031 [20].
Alternatively, we can extract |Vus| directly from the

⌧ ! K⌫⌧ [�] decays,
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being �0K = �R⌧/K + �Kµ2 = (2.04 ± 0.62)%, where we
have used the value �Kµ2 = (1.07±0.21)% from Ref. [21].

Using
p
2FK = (155.7 ± 0.3) MeV [19] and masses and

branching ratios from the PDG [6], this yields

|Vus|=0.2221±0.0008th±0.0016exp=0.2221± 0.0018,
(19)

at 2.5� from unitarity, according to |Vud| = 0.97373 ±
0.00031 [20].
We can also bind the e↵ective couplings characterizing

non-standard interactions from the ⌧ ! P⌫⌧ [�] decays,
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beingD = d, s for P = ⇡,K, respectively. The subleading
correction �00P can be split into radiative and new physics
corrections, �00P = �0P + 2�⌧P = �R⌧/P + �Pµ2 + 2�⌧P ,
where �⌧P is given by4 [10]:

�⌧P = ✏⌧L � ✏eL � ✏⌧R � ✏eR � m2
P

M⌧ (mu +mD)
✏⌧P . (21)

By using �⇡µ2 = (1.76±0.21)% and �Kµ2 = (1.07±0.21)%
from Ref. [21], |Vud| = 0.97373±0.00031 [20], masses and
branching ratios from the PDG [6],

p
2F⇡ = (130.2 ±

0.8) MeV and
p
2FK = (155.7± 0.3) MeV from Ref. [19]

and our values of (14) and (17), we find

�⌧⇡ = �(0.08±0.73)·10�2, �⌧K = �(0.30±1.21)·10�2,
(22)

which update the results in Ref. [10] for u $ d and u $ s
transitions, respectively. These values are reported in
the MS-scheme and at a scale of µ = 2 GeV.

In conclusion, our final result for �R⌧/P is consistent
with the previous literature [3], but with much more
robust assumptions, yielding a reliable uncertainty.
Extracted ratios of lepton couplings are compatible with
lepton universality (pion case) and at 1.8� (kaon case)
and can also be used for testing CKM unitarity and
binding e↵ective non-standard interactions, as we have
illustrated.

4
�

⌧P
contains the tree-level new physics corrections that are not

absorbed in eVuD = (1 + ✏eL + ✏eR)VuD, directly incorporated by

taking VuD from nuclear � decays [10].

4

of the counterterms between 0.5 and 1.0GeV, giving
±0.52%3. Adding quadratically these two uncertainties
yields the errors of (12): ±0.56% and ±0.57% for the
pion and the kaon case, respectively.

Results – In Table II the di↵erent contributions to
�R⌧/P are summarized, leading to our final result:

�R⌧/⇡ = (0.18±0.57)%, �R⌧/K = (0.97±0.58)%, (14)

with dominant uncertainties coming from �⌧P
��
vSD

. These
results should be compared with the previous ones of
Ref. [3], �R⌧/⇡ = (0.16 ± 0.14)% and �R⌧/K = (0.90 ±
0.22)%. Although their central values agree remarkably,
in our understanding uncertainties were underestimated
in Ref. [3], since they have approximately the size which
would be expected in a purely Chiral Perturbation The-
ory computation. Besides, it is important to stress again
that the hadronization of the QCD currents used in that
work does not satisfy the high-energy behavior dictated
by QCD, violates unitarity, analyticity and the chiral
limit, and a cuto↵ (splitting long- and short-distance
regimes) is used to regulate the loop integrals.

Considering our results and the current experimental
information [6] in (1), it is found

����
g⌧
gµ

����
⇡

=0.9964±0.0028th±0.0025exp=0.9964± 0.0038,

����
g⌧
gµ

����
K

=0.9857±0.0028th±0.0072exp= 0.9857± 0.0078,

(15)

compatible with and at 1.8� of lepton universality, re-
spectively.

An interesting application is the unitarity test from the
ratio

�(⌧ ! K⌫⌧ [�])

�(⌧ ! ⇡⌫⌧ [�])
=

|Vus|2F 2
K

|Vud|2F 2
⇡

(1�m2
K/M2

⌧ )
2

(1�m2
⇡/M

2
⌧ )

2
(1+�) ,

(16)
where, as a result of our calculation, � = (0.10± 0.80)%.
Using the FLAG 2+1+1 result for the meson decay con-
stants ratio FK/F⇡ = 1.1932 ± 0.0019 [19] and masses
and branching ratios from the PDG [6], one gets

����
Vus

Vud

����=0.2288±0.0010th±0.0017exp=0.2288± 0.0020,

(17)

3
We follow a conservative estimate of the local counterterms in

(12). Seeing that the first resonances are included in the theoret-

ical framework for ⌧ decays, their counterterms are expected to

be smaller than in Pµ2. However, in the Pµ2 case the countert-

erms a↵ecting �Pµ

��
vSD

imply corrections of up to 0.35%, to be

compared to the ±0.52% we consider in �⌧P
��
vSD

.

which is 2.1� away from unitarity, according to |Vud| =
0.97373± 0.00031 [20].
Alternatively, we can extract |Vus| directly from the

⌧ ! K⌫⌧ [�] decays,

�(⌧ ! K⌫⌧ [�]) =
G2

FF
2
K |Vus|2

8⇡
M3

⌧

✓
1� m2

K

M2
⌧

◆2

(1+�0K),

(18)
being �0K = �R⌧/K + �Kµ2 = (2.04 ± 0.62)%, where we
have used the value �Kµ2 = (1.07±0.21)% from Ref. [21].

Using
p
2FK = (155.7 ± 0.3) MeV [19] and masses and

branching ratios from the PDG [6], this yields

|Vus|=0.2221±0.0008th±0.0016exp=0.2221± 0.0018,
(19)

at 2.5� from unitarity, according to |Vud| = 0.97373 ±
0.00031 [20].
We can also bind the e↵ective couplings characterizing

non-standard interactions from the ⌧ ! P⌫⌧ [�] decays,

�(⌧ ! P⌫⌧ [�]) =
G2

FF
2
P |eVuD|2

8⇡
M3

⌧

✓
1�m2

P

M2
⌧

◆2

(1+�00P ),

(20)
beingD = d, s for P = ⇡,K, respectively. The subleading
correction �00P can be split into radiative and new physics
corrections, �00P = �0P + 2�⌧P = �R⌧/P + �Pµ2 + 2�⌧P ,
where �⌧P is given by4 [10]:

�⌧P = ✏⌧L � ✏eL � ✏⌧R � ✏eR � m2
P

M⌧ (mu +mD)
✏⌧P . (21)

By using �⇡µ2 = (1.76±0.21)% and �Kµ2 = (1.07±0.21)%
from Ref. [21], |Vud| = 0.97373±0.00031 [20], masses and
branching ratios from the PDG [6],

p
2F⇡ = (130.2 ±

0.8) MeV and
p
2FK = (155.7± 0.3) MeV from Ref. [19]

and our values of (14) and (17), we find

�⌧⇡ = �(0.08±0.73)·10�2, �⌧K = �(0.30±1.21)·10�2,
(22)

which update the results in Ref. [10] for u $ d and u $ s
transitions, respectively. These values are reported in
the MS-scheme and at a scale of µ = 2 GeV.

In conclusion, our final result for �R⌧/P is consistent
with the previous literature [3], but with much more
robust assumptions, yielding a reliable uncertainty.
Extracted ratios of lepton couplings are compatible with
lepton universality (pion case) and at 1.8� (kaon case)
and can also be used for testing CKM unitarity and
binding e↵ective non-standard interactions, as we have
illustrated.

4
�

⌧P
contains the tree-level new physics corrections that are not

absorbed in eVuD = (1 + ✏eL + ✏eR)VuD, directly incorporated by

taking VuD from nuclear � decays [10].

9



Conclusions

• SM tested at precision level (better than O(10-3). Improvement?
• Time to find origin of flavor universality violation. Why 3 generations?
• Tau physics at LHC, Belle II & tau-charm factory.  (High Luminosity)
• Neutrino Oscillations potentially very important for further discovery
υτ should play a major role in future tau meetings

• Look for Rare FCNC Events eg 𝜏 → 3𝜇. Other rare reactions eg. 𝜇𝑁 → 𝑒𝑁
Expect: Tau Meetings to Remain Vibrant & Popular
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