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Lepton Universality

• lepton couplings to gauge bosons in the SM are all the 
same


• very well tested, PDB averages:

B(W+ ! µ+⌫)

B(W+ ! e+⌫)
= 0.991± 0.018

B(W+ ! ⌧+⌫)

B(W+ ! e+⌫)
= 1.043± 0.024

B(W+ ! ⌧+⌫)

B(W+ ! µ+⌫)
= 1.070± 0.026

B(Z ! µ+µ�)

B(Z ! e+e�)
= 1.0009± 0.0028

B(Z ! ⌧+⌧�)

B(Z ! e+e�)
= 1.0019± 0.0032

W Z

l l

l𝜈

.9977 (SM)



first surprise in b → c 𝜏 𝜈

• apparently the 𝜏 has a stronger coupling


• at tree level, several possible other couplings


–new W gauge boson with non-universal couplings


– leptoquark - need very specific flavour structure


–charged Higgs, seems a natural explanation but the simple 
models do not work

W W’L,R, H
X



Nothing seen in other meson decay

B(K+ ! ⇡0µ+⌫)

B(K+ ! ⇡0e+⌫)

B(K+ ! e+⌫)

B(K+ ! µ+⌫)

B(⇡+ ! e+⌫(�))

B(⇡+ ! µ+⌫(�))

Exp. (PDB) SM
0.6608±0.0029 0.6631±0.0042 

(Cirigliano et al)

2.488±0.009(10-5) 2.477±0.001 (10-5 )
(Cirigliano et al)

1.2327±0.0023(10-4) 1.2352±0.0005(10-4) 
(Marciano, Sirlin)

• no simple models


• need to arrange the flavour structure to single out 
third family: b, 𝜏



proposal

• add a new light neutrino


• needs to be sterile with respect to SM to satisfy light 
neutrino counts


• needs to mostly appear with a tau lepton to satisfy 
observed patterns of LF universality


• one such neutrino already appears in models that 
single out the third generation 

Phys.Rev. D66 (2002) 013004, 
Phys.Rev. D68 (2003) 033011 
Xiao-Gang He, G. V.



Model: SU(3)cxSU(2)LxSU(2)RxU(1)B-L

• the third generation has an additional SU(2)R 


• fermion content


• one additional light neutrino compared to SM 

– light to address anomalies

–can have other heavy neutrinos but these will not 
play a role here.

Q1,2
L : (3, 2, 1)(1/3) , U1,2

R : (3, 1, 1)(4/3) , D1,2
R : (3, 1, 1)(�2/3) ,

L1,2
L : (1, 2, 1)(�1) , E1,2

R : (1, 1, 1)(�2) .

Q3
L : (3, 2, 1)(1/3) , Q3

R : (3, 1, 2)(1/3) ,

L3
L : (1, 2, 1)(�1) , L3

R : (1, 1, 2)(�1) .

νR3



Model: SU(3)cxSU(2)LxSU(2)RxU(1)B-L

• scalar content: 

–HR (1,1,2)(-1) breaks SU(2)R, 


–HL (1,2,1)(-1) or 𝜙 (1,2,2)(0) breaks SU(2) to SM 


–both HL and 𝜙 needed to give all fermions mass


–additional scalars with (small) vevs to generate 
neutrino masses


• it is possible to have a scalar sector that gives 
an acceptable neutrino mass spectrum and mixing 


• W and W’ mix
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transform as (3, 2, 1)(1/3), (3, 1, 1)(4/3) and (3, 1, 1)(−2/3), and 
the leptons L1,2

L , E1,2
R transform as (1, 2, 1)(−1) and (1, 1, 1)(−2). 

The third generation, on the other hand, has transformation 
properties under the gauge group given by Q 3

L (3, 2, 1)(1/3), 
Q 3

R (3, 1, 2)(1/3), L3
L (1, 2, 1)(−1) and L3

R (1, 1, 2)(−1). In this way 
SU (2)R acts only on the third generation and singles it out pro-
viding the source of lepton universality violation to explain the 
anomalies mentioned above. The model is detailed in Refs. [48,49], 
but here we provide its salient ingredients.

To separate the symmetry breaking scales of SU (2)L and 
SU (2)R , we introduce the two Higgs multiplets H L (1, 2, 1)(−1)

and H R (1, 1, 2)(−1) with respective vevs v L and v R . An addi-
tional bi-doublet φ (1, 2, 2)(0) scalar with vevs v1,2 is needed to 
provide mass to the fermions. Since both v1 and v2 are required to 
be non-zero for fermion mass generation, the W L and W R gauge 
bosons of S(2)L and SU (2)R will mix with each other. In terms of 
the mass eigenstates W and W ′ , the mixing can be parametrized 
as

W L = cos ξW W − sin ξW W ′ ,

W R = sin ξW W + cos ξW W ′ . (5)

In the mass eigenstate basis the quark-gauge-boson interactions 
are given by,

LW = − gL√
2

Ū Lγ
µV K M D L(cos ξW W +

µ − sin ξW W ′ +
µ )

− gR√
2

Ū Rγ µV R D R(sin ξW W +
µ + cos ξW W ′ +

µ ) + h. c., (6)

where U = (u, c, t), D = (d, s, b), V K M is the Kobayashi–
Maskawa mixing matrix and V R ≡ (V Rij) = (V u∗

Rti V d
Rbj) with V u,d

Ri j
the unitary matrices which rotate the right handed quarks uRi and 
dRi from the weak eigenstate basis to the mass eigenstate basis.

The model has a different neutrino spectrum than the SM: 
three left-handed neutrinos νLi and one right-handed neutrino 
νR3 . Additional scalars %L (1, 3, 1)(2) and %R (1, 1, 3)(2) with vevs 
v L,R

% are needed to generate neutrino masses. In order for the pos-
sibly enhanced SU (2)R interaction with the third generation to 
explain the B decay anomalies, we need the right-handed neu-
trino to be light, which requires v L,R

% to be small. In this model, 
the neutrinos will receive Majorana masses from the vevs of %L,R

and Dirac masses from φ. The mass eigenstates (νm
L , (νm

R3
)c) are 

related by a unitary transformation to the weak eigenstates as
(

νL

νc
R3

)
=

(
U L U RL

U LR U R

)(
νm

L
(νm

R3
)c

)
. (7)

In our model U L = (U Lij), U RL = (U RLi3) and U LR = (U LR3i) and 
U R = (U R33) are 3 ×3, 3 ×1, 1 ×3 and 1 ×1 matrices, respectively.

Writing the rotation of charged lepton weak eigenstates ℓL,R

into mass eigenstates ℓm
L,R as ℓL,R = V ℓ

L,Rℓm
L,R , the lepton interac-

tion with W and W ′ becomes

LW = − gL√
2
(ν̄Lγ

µU ℓ†ℓL + ν̄c
R3γ

µU ℓ∗
RLj3ℓL j)(cos ξW W +

µ

− sin ξW W ′ +
µ ) − gR√

2
(ν̄c

Liγ
µU ℓ

LRi jℓR j + ν̄R3γ
µU ℓ

R3 jℓR j)

× (sin ξW W +
µ + cos ξW W ′ +

µ ) + h. c., (8)

where

U ℓ† = U †
L V ℓ

L , U ℓ∗
RLj3 = (U∗

RLi3 V ℓ
Li j) ,

U ℓ
LRi j = U LR3i V ℓ

R3 j , U ℓ
R3 j = U R33 V ℓ

R3 j . (9)

U ℓ is approximately the PMNS matrix. From Eqs. (6) and (8) we 
see that a large gR/gL will enhance the third generation interac-
tions with W ′ .

The final neutrino flavor is not identified in B meson de-
cays so it must be summed. For the processes involving left- and 
right-handed charged leptons, neglecting neutrino masses com-
pared with the charged lepton masses, the final decay rates into 
a charged lepton ℓ j , when summed over the different neutrino fi-
nal states, are proportional to

For ℓL j :
∑

i

|U ℓ
i j|2 + |U ℓ

RLj3|2 =
∑

i

|U∗
Lli V ℓ

Llj|2 + |U∗
RLl3 V ℓ

Llj|2

= (
∑

i

|U∗
Lli |2 + |U∗

RLl3|2)|V ℓ
Llj|2 =

∑

l

|V ℓ
Llj|2 = 1 ,

For ℓR j :
∑

i

|U ℓ
LRi j|2 + |U ℓ

R3 j|2

=
∑

i

|U LR3i V ℓ
R3 j|2 + |U R33 V ℓ

R3 j|2

= (
∑

i

|U LR3i |2 + |U R33|2)|V ℓ
R3 j|2 = |V ℓ

R3 j|2 . (10)

To obtain these results we used the unitarity of U : 
∑

i |U∗
Lℓi|2 +

|U∗
RLℓ3|2 = 1, 

∑
i |U LR3i|2 + |U R33|2 = 1 and the unitarity of V ℓ

L,R .

3. ! and d!/dq2 predictions

The starting point for our calculations is the differential decay 
rate d'/dq2 with q2 = (pB − pD(⋆) )2 for the SM. We use the no-
tation, parameterization and values of Ref. [2] for all the relevant 
form factors. This will be sufficient for a comparison to the experi-
mentally determined shape of this distribution as well as the total 
decay rate. Of course, d'/dq2 is obtained after integrating over 
angles and summing over polarizations. Other observables, such 
as angular correlations, can also be used to discriminate between 
the SM and new physics scenarios as well, but we will not con-
sider that possibility in this paper as they have not been measured 
yet.

In the type of model we consider, in addition to the SM dia-
gram, there is a W ′ mediated diagram as well as interference be-
tween these two. When all the neutrino masses can be neglected, 
there is no interference between the left and right-handed lep-
ton currents and this allows us to write simple formulas for both 
d'/dq2 and the decay rate ' in terms of the corresponding SM 
results and the following two combinations of constants:

F bc
dir =

(

1 +
(

gR MW

gL MW ′

)4 |V ℓ
R3ℓ|2|V Rcb|2

|V cb|2

)

F bc
mix = ξW

gR

gL

Re
(

V ⋆
cb V Rcb

)

|V cb|2

(

1 −
(

MW

MW ′

)2
)

×
(

1 +
(

gR MW

gL MW ′

)2

|V ℓ
R3ℓ|2

)

. (11)

The first term arises from the separate W and W ′ contributions, 
whereas the second term is induced by W −W ′ mixing. The super-
script bc is used to denote the b → c quark transition and is useful 
in order to generalize the notation to other cases. Our results for 
the different modes are then:



charged weak interaction
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transform as (3, 2, 1)(1/3), (3, 1, 1)(4/3) and (3, 1, 1)(−2/3), and 
the leptons L1,2

L , E1,2
R transform as (1, 2, 1)(−1) and (1, 1, 1)(−2). 

The third generation, on the other hand, has transformation 
properties under the gauge group given by Q 3

L (3, 2, 1)(1/3), 
Q 3

R (3, 1, 2)(1/3), L3
L (1, 2, 1)(−1) and L3

R (1, 1, 2)(−1). In this way 
SU (2)R acts only on the third generation and singles it out pro-
viding the source of lepton universality violation to explain the 
anomalies mentioned above. The model is detailed in Refs. [48,49], 
but here we provide its salient ingredients.

To separate the symmetry breaking scales of SU (2)L and 
SU (2)R , we introduce the two Higgs multiplets H L (1, 2, 1)(−1)

and H R (1, 1, 2)(−1) with respective vevs v L and v R . An addi-
tional bi-doublet φ (1, 2, 2)(0) scalar with vevs v1,2 is needed to 
provide mass to the fermions. Since both v1 and v2 are required to 
be non-zero for fermion mass generation, the W L and W R gauge 
bosons of S(2)L and SU (2)R will mix with each other. In terms of 
the mass eigenstates W and W ′ , the mixing can be parametrized 
as

W L = cos ξW W − sin ξW W ′ ,

W R = sin ξW W + cos ξW W ′ . (5)

In the mass eigenstate basis the quark-gauge-boson interactions 
are given by,

LW = − gL√
2

Ū Lγ
µV K M D L(cos ξW W +

µ − sin ξW W ′ +
µ )

− gR√
2

Ū Rγ µV R D R(sin ξW W +
µ + cos ξW W ′ +

µ ) + h. c., (6)

where U = (u, c, t), D = (d, s, b), V K M is the Kobayashi–
Maskawa mixing matrix and V R ≡ (V Rij) = (V u∗

Rti V d
Rbj) with V u,d

Ri j
the unitary matrices which rotate the right handed quarks uRi and 
dRi from the weak eigenstate basis to the mass eigenstate basis.

The model has a different neutrino spectrum than the SM: 
three left-handed neutrinos νLi and one right-handed neutrino 
νR3 . Additional scalars %L (1, 3, 1)(2) and %R (1, 1, 3)(2) with vevs 
v L,R

% are needed to generate neutrino masses. In order for the pos-
sibly enhanced SU (2)R interaction with the third generation to 
explain the B decay anomalies, we need the right-handed neu-
trino to be light, which requires v L,R

% to be small. In this model, 
the neutrinos will receive Majorana masses from the vevs of %L,R

and Dirac masses from φ. The mass eigenstates (νm
L , (νm

R3
)c) are 

related by a unitary transformation to the weak eigenstates as
(

νL

νc
R3

)
=

(
U L U RL

U LR U R

)(
νm

L
(νm

R3
)c

)
. (7)

In our model U L = (U Lij), U RL = (U RLi3) and U LR = (U LR3i) and 
U R = (U R33) are 3 ×3, 3 ×1, 1 ×3 and 1 ×1 matrices, respectively.

Writing the rotation of charged lepton weak eigenstates ℓL,R

into mass eigenstates ℓm
L,R as ℓL,R = V ℓ

L,Rℓm
L,R , the lepton interac-

tion with W and W ′ becomes

LW = − gL√
2
(ν̄Lγ

µU ℓ†ℓL + ν̄c
R3γ

µU ℓ∗
RLj3ℓL j)(cos ξW W +

µ

− sin ξW W ′ +
µ ) − gR√

2
(ν̄c

Liγ
µU ℓ

LRi jℓR j + ν̄R3γ
µU ℓ

R3 jℓR j)

× (sin ξW W +
µ + cos ξW W ′ +

µ ) + h. c., (8)

where

U ℓ† = U †
L V ℓ

L , U ℓ∗
RLj3 = (U∗

RLi3 V ℓ
Li j) ,

U ℓ
LRi j = U LR3i V ℓ

R3 j , U ℓ
R3 j = U R33 V ℓ

R3 j . (9)

U ℓ is approximately the PMNS matrix. From Eqs. (6) and (8) we 
see that a large gR/gL will enhance the third generation interac-
tions with W ′ .

The final neutrino flavor is not identified in B meson de-
cays so it must be summed. For the processes involving left- and 
right-handed charged leptons, neglecting neutrino masses com-
pared with the charged lepton masses, the final decay rates into 
a charged lepton ℓ j , when summed over the different neutrino fi-
nal states, are proportional to

For ℓL j :
∑

i

|U ℓ
i j|2 + |U ℓ

RLj3|2 =
∑

i

|U∗
Lli V ℓ

Llj|2 + |U∗
RLl3 V ℓ

Llj|2

= (
∑

i

|U∗
Lli |2 + |U∗

RLl3|2)|V ℓ
Llj|2 =

∑

l

|V ℓ
Llj|2 = 1 ,

For ℓR j :
∑

i

|U ℓ
LRi j|2 + |U ℓ

R3 j|2

=
∑

i

|U LR3i V ℓ
R3 j|2 + |U R33 V ℓ

R3 j|2

= (
∑

i

|U LR3i |2 + |U R33|2)|V ℓ
R3 j|2 = |V ℓ

R3 j|2 . (10)

To obtain these results we used the unitarity of U : 
∑

i |U∗
Lℓi|2 +

|U∗
RLℓ3|2 = 1, 

∑
i |U LR3i|2 + |U R33|2 = 1 and the unitarity of V ℓ

L,R .

3. ! and d!/dq2 predictions

The starting point for our calculations is the differential decay 
rate d'/dq2 with q2 = (pB − pD(⋆) )2 for the SM. We use the no-
tation, parameterization and values of Ref. [2] for all the relevant 
form factors. This will be sufficient for a comparison to the experi-
mentally determined shape of this distribution as well as the total 
decay rate. Of course, d'/dq2 is obtained after integrating over 
angles and summing over polarizations. Other observables, such 
as angular correlations, can also be used to discriminate between 
the SM and new physics scenarios as well, but we will not con-
sider that possibility in this paper as they have not been measured 
yet.

In the type of model we consider, in addition to the SM dia-
gram, there is a W ′ mediated diagram as well as interference be-
tween these two. When all the neutrino masses can be neglected, 
there is no interference between the left and right-handed lep-
ton currents and this allows us to write simple formulas for both 
d'/dq2 and the decay rate ' in terms of the corresponding SM 
results and the following two combinations of constants:

F bc
dir =

(

1 +
(

gR MW

gL MW ′

)4 |V ℓ
R3ℓ|2|V Rcb|2

|V cb|2

)

F bc
mix = ξW

gR

gL

Re
(

V ⋆
cb V Rcb

)

|V cb|2

(

1 −
(

MW

MW ′

)2
)

×
(

1 +
(

gR MW

gL MW ′

)2

|V ℓ
R3ℓ|2

)

. (11)

The first term arises from the separate W and W ′ contributions, 
whereas the second term is induced by W −W ′ mixing. The super-
script bc is used to denote the b → c quark transition and is useful 
in order to generalize the notation to other cases. Our results for 
the different modes are then:
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transform as (3, 2, 1)(1/3), (3, 1, 1)(4/3) and (3, 1, 1)(−2/3), and 
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R transform as (1, 2, 1)(−1) and (1, 1, 1)(−2). 

The third generation, on the other hand, has transformation 
properties under the gauge group given by Q 3

L (3, 2, 1)(1/3), 
Q 3
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R (1, 1, 2)(−1). In this way 
SU (2)R acts only on the third generation and singles it out pro-
viding the source of lepton universality violation to explain the 
anomalies mentioned above. The model is detailed in Refs. [48,49], 
but here we provide its salient ingredients.

To separate the symmetry breaking scales of SU (2)L and 
SU (2)R , we introduce the two Higgs multiplets H L (1, 2, 1)(−1)

and H R (1, 1, 2)(−1) with respective vevs v L and v R . An addi-
tional bi-doublet φ (1, 2, 2)(0) scalar with vevs v1,2 is needed to 
provide mass to the fermions. Since both v1 and v2 are required to 
be non-zero for fermion mass generation, the W L and W R gauge 
bosons of S(2)L and SU (2)R will mix with each other. In terms of 
the mass eigenstates W and W ′ , the mixing can be parametrized 
as

W L = cos ξW W − sin ξW W ′ ,

W R = sin ξW W + cos ξW W ′ . (5)

In the mass eigenstate basis the quark-gauge-boson interactions 
are given by,

LW = − gL√
2

Ū Lγ
µV K M D L(cos ξW W +

µ − sin ξW W ′ +
µ )

− gR√
2

Ū Rγ µV R D R(sin ξW W +
µ + cos ξW W ′ +

µ ) + h. c., (6)

where U = (u, c, t), D = (d, s, b), V K M is the Kobayashi–
Maskawa mixing matrix and V R ≡ (V Rij) = (V u∗

Rti V d
Rbj) with V u,d

Ri j
the unitary matrices which rotate the right handed quarks uRi and 
dRi from the weak eigenstate basis to the mass eigenstate basis.

The model has a different neutrino spectrum than the SM: 
three left-handed neutrinos νLi and one right-handed neutrino 
νR3 . Additional scalars %L (1, 3, 1)(2) and %R (1, 1, 3)(2) with vevs 
v L,R

% are needed to generate neutrino masses. In order for the pos-
sibly enhanced SU (2)R interaction with the third generation to 
explain the B decay anomalies, we need the right-handed neu-
trino to be light, which requires v L,R

% to be small. In this model, 
the neutrinos will receive Majorana masses from the vevs of %L,R

and Dirac masses from φ. The mass eigenstates (νm
L , (νm

R3
)c) are 

related by a unitary transformation to the weak eigenstates as
(

νL

νc
R3

)
=

(
U L U RL

U LR U R

)(
νm

L
(νm

R3
)c

)
. (7)

In our model U L = (U Lij), U RL = (U RLi3) and U LR = (U LR3i) and 
U R = (U R33) are 3 ×3, 3 ×1, 1 ×3 and 1 ×1 matrices, respectively.
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L,R as ℓL,R = V ℓ

L,Rℓm
L,R , the lepton interac-

tion with W and W ′ becomes
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where

U ℓ† = U †
L V ℓ

L , U ℓ∗
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RLi3 V ℓ
Li j) ,

U ℓ
LRi j = U LR3i V ℓ

R3 j , U ℓ
R3 j = U R33 V ℓ

R3 j . (9)

U ℓ is approximately the PMNS matrix. From Eqs. (6) and (8) we 
see that a large gR/gL will enhance the third generation interac-
tions with W ′ .

The final neutrino flavor is not identified in B meson de-
cays so it must be summed. For the processes involving left- and 
right-handed charged leptons, neglecting neutrino masses com-
pared with the charged lepton masses, the final decay rates into 
a charged lepton ℓ j , when summed over the different neutrino fi-
nal states, are proportional to

For ℓL j :
∑

i

|U ℓ
i j|2 + |U ℓ

RLj3|2 =
∑
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|U∗
Lli V ℓ

Llj|2 + |U∗
RLl3 V ℓ
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∑
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|U∗
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∑
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|V ℓ
Llj|2 = 1 ,
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∑
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|U ℓ
LRi j|2 + |U ℓ

R3 j|2

=
∑
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|U LR3i V ℓ
R3 j|2 + |U R33 V ℓ

R3 j|2

= (
∑

i

|U LR3i |2 + |U R33|2)|V ℓ
R3 j|2 = |V ℓ

R3 j|2 . (10)

To obtain these results we used the unitarity of U : 
∑

i |U∗
Lℓi|2 +

|U∗
RLℓ3|2 = 1, 

∑
i |U LR3i|2 + |U R33|2 = 1 and the unitarity of V ℓ

L,R .

3. ! and d!/dq2 predictions

The starting point for our calculations is the differential decay 
rate d'/dq2 with q2 = (pB − pD(⋆) )2 for the SM. We use the no-
tation, parameterization and values of Ref. [2] for all the relevant 
form factors. This will be sufficient for a comparison to the experi-
mentally determined shape of this distribution as well as the total 
decay rate. Of course, d'/dq2 is obtained after integrating over 
angles and summing over polarizations. Other observables, such 
as angular correlations, can also be used to discriminate between 
the SM and new physics scenarios as well, but we will not con-
sider that possibility in this paper as they have not been measured 
yet.

In the type of model we consider, in addition to the SM dia-
gram, there is a W ′ mediated diagram as well as interference be-
tween these two. When all the neutrino masses can be neglected, 
there is no interference between the left and right-handed lep-
ton currents and this allows us to write simple formulas for both 
d'/dq2 and the decay rate ' in terms of the corresponding SM 
results and the following two combinations of constants:

F bc
dir =

(

1 +
(

gR MW

gL MW ′

)4 |V ℓ
R3ℓ|2|V Rcb|2

|V cb|2

)

F bc
mix = ξW

gR

gL

Re
(

V ⋆
cb V Rcb

)

|V cb|2

(

1 −
(

MW

MW ′

)2
)

×
(

1 +
(

gR MW

gL MW ′

)2

|V ℓ
R3ℓ|2

)

. (11)

The first term arises from the separate W and W ′ contributions, 
whereas the second term is induced by W −W ′ mixing. The super-
script bc is used to denote the b → c quark transition and is useful 
in order to generalize the notation to other cases. Our results for 
the different modes are then:
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Fig. 2. Differential decay distribution d!/dq2 in the SM and the fit with the NP contributions as in Eq. (23) for B → D⋆τν (left panel). Normalized distributions compared to 
the BaBar data [2] (right panel). Note how the model prediction for the shape of the distribution (red) is indistinguishable from the SM (blue) in the right panel because the 
mixing contribution is very small. (The red curve on the left panel is above the blue curve. In the right panel the red and blues curves are almost indistinguishable.)

Fig. 3. Differential decay distribution d!/dq2 in the SM and the best fit with the 
NP contributions as in Eq. (23) for Bc → J/ψτν . (The curve for the fit is above the 
curve for the SM.)

where the normalized distributions are compared with the BaBar 
data. The SM and our model are a good fit to the data and they 
are almost indistinguishable. This is due to the dominance of the 
F bc

dir term over the mixing contribution.
Including the latest result, R( J/ψ), does not change the fit sig-

nificantly due to its large uncertainty. The prediction for this quan-
tity, R( J/ψ) = 0.34, is thus on the low side of the central value by 
about 1.5 standard deviations. The differential distribution d!/dq2

in this case is also very similar to the SM one, as seen in Fig. 3, 
and would not serve to distinguish this model.

The rate !(B−
c → τ−ν) is predicted from Eq. (12) to be about 

20% larger than its SM value, which is well within the bound from 
the Bc lifetime discussed in Ref. [50].

4. Discussion

We now examine the parameter values of Eq. (23) in the con-
text of the model with RH currents as shown in Eq. (11). The 
anomalies suggest that only the τ lepton is affected as the experi-
ment sees no difference between muons and electrons. The model 
must then single out only the third family for enhancement with 
|V ℓ

R3τ | ∼1. Now V Rcb ≡V u⋆
Rtc V d

Rbb and V d
Rbb ∼1 and V u⋆

Rtc is of the 
same order as V cb , as discussed in our global analysis of the model 
in Ref. [51]. This requires gR/gL MW /MW ′ ∼0.7 to reproduce the 
first result of Eq. (11). Requiring the model to be perturbative im-
plies that gR/gL ! 10. If we take this ratio to be in the range 

(5–10) we find in turn that MW ′ is in the range 574–1150 GeV, 
well within the direct reach of LHC.

The second combination of parameters, F bc
mix, requires that we 

re-examine bounds on W −W ′ mixing, in particular the combi-
nation ξef f = ξW gR/gL . This combination is constrained by b →
sγ [52,48,53] and we applied this constraint to our model in 
Ref. [26]. We can update that result using the most recent HFLAV 
collaboration average: B(b → Xsγ ) = (3.32 ± 0.15) ×10−4 [8] com-
bined with the NNLL SM calculation B(b → Xsγ ) = (3.15 ± 0.23) ×
10−4 [54]. Assuming that the new physics interferes construc-
tively with the SM, at the 3σ level the allowed range becomes 
−1.4 × 10−3 ! ξef f ! 1.8 × 10−3.

This range severely restricts the possible size of F bc
mix. For ex-

ample, if we use F bc
dir = 1.28 in Eq. (11) in combination with the 

above constraint on ξef f , we find

−2.1 × 10−3 ! F bc
mix ! 2.7 × 10−3, (24)

and it is not possible to reach the value F bc
mix = 0.04 in the 

fit, Eq. (11). Under these conditions the three observables R(D), 
R(D⋆), and R( J/ψ) become approximately proportional to the SM 
results,

R(D)

R(D)S M
≈ R(D⋆)

R(D⋆)S M
≈ R( J/ψ)

R( J/ψ)S M
. (25)

It is interesting to notice that this universal enhancement of the 
three asymmetries reproduces what is found in models with an 
additional SU (2)L symmetry [35,36].

We illustrate the situation in Fig. 4 which takes into account 
these constraints. The very narrow width of the model prediction 
range is due to the tight constraint on mixing and comparison with 
data implies that the model needs a W ′ mass very close to 1 TeV 
to successfully explain these anomalies.

The best direct limits on such a W ′ come from 19.7 fb−1 of 
CMS data at 

√
s = 8 TeV [55]. The first result presented in that 

paper excludes an SSM W ′1 with mass below 2.7 TeV. Since the 
production couplings for W ′ are model dependent it is more use-
ful to quantify the constraint as σ × B(W ′ → τν) ! 3 fb. In the 
SSM model considered by CMS B(W ′ → τν) ≈ 8.5% for W ′ masses 
of order a TeV, where decay into top–bottom is allowed. In the 

1 For SSM it is assumed that the W ′ is a heavy copy of the SM W , with its same 
couplings to fermions.

• q2 distributions do not differentiate the models


• fit R(D), R(D*) 


• predict R(J/𝜓) = 0.34 vs LHCb
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We consider the recent LHCb result for Bc → J/ψτν in conjunction with the existing anomalies in 
R(D) and R(D⋆) within the framework of a right-handed current with enhanced couplings to the third 
generation. The model predicts a linear relation between the observables and their SM values in terms 
of two combinations of parameters. The strong constraints from b → sγ on W − W ′ mixing effectively 
remove one of the combinations of parameters resulting in an approximate proportionality between all 
three observables and their SM values. To accommodate the current averages for R(D) and R(D⋆), the W ′

mass should be near 1 TeV, and possibly accessible to direct searches at the LHC. In this scenario we find 
that R( J/ψ) is enhanced by about 20% with respect to its SM value and about 1.5σ below the central 
value of the LHCb measurement. The predicted d'/dq2 distribution for B → D(D⋆)τν is in agreement 
with the measurement and the model satisfies the constraint from the Bc lifetime.
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1. Introduction

A series of measurements of semileptonic b → cτν modes have 
shown hints of deviations from the standard model (SM) for sev-
eral years. The mode B → Dτν has been measured by both BaBar 
[1,2] and Belle [3]; and the mode B → D⋆τν has been measured 
by BaBar [1,2], Belle [3–5] and LHCb [6,7]. The average of these 
measurements performed by the HFLAV [8] collaboration is

R(D) = B(B̄ → Dτ − ν̄τ )

B(B̄ → Dℓ− ν̄ℓ)
= 0.407 ± 0.039 ± 0.024

R(D⋆) = B(B̄ → D⋆τ − ν̄τ )

B(B̄ → D⋆ℓ− ν̄ℓ)
= 0.304 ± 0.013 ± 0.007 . (1)

The current SM predictions for these quantities are from the 
lattice for R(D) [9,10] and from models for R(D⋆) [11] and are 
given by

R(D) = 0.299 ± 0.011

R(D⋆) = 0.252 ± 0.003 . (2)

* Corresponding authors.
E-mail addresses: hexg@phys.ntu.edu.tw (X.-G. He), 

german.valencia@monash.edu (G. Valencia).

Very recently, the corresponding measurement for the mode 
B+

c → J/ψτ+ντ has been reported by LHCb [12]

R( J/ψ) = B(B+
c → J/ψτ+ντ )

B(B+
c → J/ψµ+νµ)

= 0.71 ± 0.17 ± 0.18 . (3)

Different models for the form factors produce a SM result in the 
range 0.25 to 0.28 [13–16] which is about 2σ lower. For definite-
ness, we will use as SM value the most recent result [17]

R( J/ψ) = 0.283 ± 0.048 . (4)

Not surprisingly, these anomalies have generated a large num-
ber of possible new physics explanations including additional 
Higgs doublets, gauge bosons and leptoquarks [18–47].

In Ref. [26] we have studied R(D) and R(D⋆) in the context of 
a right-handed W ′ with enhanced couplings to the third genera-
tion [48,49]. Here, we revisit this possibility motivated by the new 
measurement of R( J/ψ), and to address additional constraints 
from the d'/dq2 distributions [34] and the B±

c lifetime [50].

2. Charged current interactions

The gauge group of our model is SU (3)C × SU (2)L × SU (2)R ×
U (1)B− L , but the three generations of fermions are chosen to 
transform differently to achieve non-universality. In the weak in-
teraction basis, the first two generations of quarks Q 1,2

L , U 1,2
R , D1,2

R

https://doi.org/10.1016/j.physletb.2018.01.073
0370-2693/© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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Fig. 4. R(D) vs R(D⋆). 1σ (solid curve) and 2σ (dashed curve) allowed regions from 
the HFLAV collaboration [8] shown in red, the SM central values of Eq. (2) as the 
blue point and the predictions of this model as the black region. The tick marks 
along the model prediction indicate the required W ′ mass in TeV. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the 
web version of this article.)

non-universal model discussed here, this branching fraction ap-
proaches 25% when gR >> gL and W ′ couples almost exclusively 
to the third generation. At the same time the production cross-
section at LHC for our W ′ would be very suppressed due to its 
negligible couplings to the light fermions. Roughly then,

σ × B(W ′ → τν)

∼
(
σ × B(W ′ → τν)

)
S M

25%
8.5%

(∣∣∣∣
gR

gL

V Rud

V ud

∣∣∣∣
2

or ξ2
W

)

. (26)

For the first term in the last bracket, corresponding to a direct 
coupling of the W ′ to the light quarks, we have: V Rud = V u⋆

Rtu V d
Rbd; 

V d
Rbd ! 2.5 × 10−4 from Bd mixing [56]; and fitting the existing 

body of FCNC constraints implies that V u⋆
Rtu ∼10−3 [51]. For the 

second term in the bracket we already saw that ξW is at most 
10−3 in this scenario and we conclude that the corresponding σ ×
B(W ′ → τν) in our model is more than 6 orders of magnitude 
smaller than that of an SSM W ′ and the CMS data does not place 
any significant constraint.

The CMS paper also quantifies their result using a type of non-
universal W ′ that also singles out the third generation dubbed 
‘NUGIM’ [57,58]. In this case the CMS data excludes a W ′ with 
mass below 2.0–2.7 TeV. Comparing the relevant figure of merit, 
σ × B(W ′ → τν), of this model to ours we see that B(W ′ → τν)

can be quite similar but

σ (pp → W ′)this model ∼σ (pp → W ′)NUGIM

∣∣∣∣
V Rud

(sE/cE)

∣∣∣∣
2

. (27)

Whereas V Rud can (and in fact is constrained to be) very small, 
the parameter sE/cE of NUGIM is of order one (for this reason the 
W −W ′ mixing in the NUGIM model is not important in σ (pp →
W ′)). The net result is that the CMS limits do not directly apply to 
our model. A separate study is needed for an accurate comparison 
of our model to LHC results, taking into account production from 
heavier quarks.

As mentioned before, our model relies on the existence of an 
additional light neutrino to explain these anomalies and this can 
have other observable consequences. In Ref. [26] we have already 
seen that there are no significant constraints from the invisible Z
width. At the same time the model can provide an enhancement

to the rare K → πνν modes [59] where new results are expected 
from NA62 and KOTO.

The existence of a light right-handed neutrino contributes to 
the effective neutrino number 'Nef f which is also constrained by 
cosmological considerations and this may affect the viability of our 
model. There is some uncertainty as to the value of this constraint, 
but commonly used numbers are, for example [60],

'Nef f <

{
0.28 for H0 = 68.7+0.6

−0.7 km/s/Mpc

0.77 for H0 = 71.3+1.9
−2.2 km/s/Mpc .

(28)

As we saw above, our model requires

(
gR MW

gL MW ′

)4 |V ℓ
R3τ |2|V Rcb|2

|V cb|2
∼0.3 (29)

to explain the R D(∗) anomalies and this is only slightly weaker than 
the usual weak interaction. At the same time, the exchange of a 
W ′ can bring the new νR into thermal equilibrium with the SM 
particles through scattering of right-handed neutrinos with tauons 
at a rate proportional to (gR MW /gL MW ′ )4|V ℓ

R3τ |4 relative to the 
usual weak interaction. In fact, with V Rcb/V cb ∼1 this would re-
sult in 'Nef f ∼1 bringing into question the viability of our model. 
The mixing induced interaction, proportional to ξW , is smaller and 
does not lead to large contributions to 'Nef f .

However, the aforementioned scattering of right-handed neu-
trinos with tauons is only effective for temperatures T R above 
Tτ ∼mτ . At the time of big bang nucleosynthesis (BBN), the tem-
perature is about T B BN ∼1 MeV, implying that 'Nef f is sup-
pressed by a factor

r =
(

g∗(T B BN)

g∗(T R)

)4/3

(30)

where g∗(T ) is the effective number of relativistic degrees of free-
dom at temperature T and g∗(T B BN ) = 10.75. In addition, g∗(T R)
is larger than g∗(T Q C D) ∼58 since the QCD phase transition tem-
perature T Q C D is of order a few hundred MeV [61]. All this implies 
that the contribution to 'Nef f from our additional neutrino is less 
than 0.1 and safely within the BBN constraint.

Similarly, τ decay processes into νR plus other SM particles 
are also suppressed by the same factor r, but one might worry 
about additional processes without this suppression. For example, 
νR scattering off an electron or a muon. However, these are pro-
portional to the additional mixing parameters |V ℓ

R3e(µ)|4 and can 
be made sufficiently small by lowering V ℓ

R3e(µ) .
Another potentially worrisome process is the exchange of a Z ′

in the scattering of a νR off an electron or SM neutrino νL . In this 
case the interaction strength is proportional to (g2

Y /M2
Z ′ )

2 [49], 
and when compared to Z exchange induced νL scattering off an 
electron or νL , it is suppressed by a factor of (M Z /M Z ′ )4. The con-
straint on 'Nef f becomes in this case a lower bound on the Z ′

mass, M Z ′ " 200 GeV.
In conclusion we find that new right handed currents affect the 

semi-tauonic B decay anomalies in a way that is consistent with 
current bounds, including those on the effective number of neu-
trino species from BBN. A confirmation of a high value for R( J/ψ)

would exclude them as a viable explanation and would also ex-
clude new left-handed currents. The most promising way to rule 
out this explanation of the anomalies is the exclusion of a W ′ in 
the τ -channel at LHC in the mass range 1–1.4 TeV. The suppression 
of our W ′ couplings to light fermions significantly complicates this 
comparison.
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Fig. 2. Differential decay distribution d!/dq2 in the SM and the fit with the NP contributions as in Eq. (23) for B → D⋆τν (left panel). Normalized distributions compared to 
the BaBar data [2] (right panel). Note how the model prediction for the shape of the distribution (red) is indistinguishable from the SM (blue) in the right panel because the 
mixing contribution is very small. (The red curve on the left panel is above the blue curve. In the right panel the red and blues curves are almost indistinguishable.)

Fig. 3. Differential decay distribution d!/dq2 in the SM and the best fit with the 
NP contributions as in Eq. (23) for Bc → J/ψτν . (The curve for the fit is above the 
curve for the SM.)

where the normalized distributions are compared with the BaBar 
data. The SM and our model are a good fit to the data and they 
are almost indistinguishable. This is due to the dominance of the 
F bc

dir term over the mixing contribution.
Including the latest result, R( J/ψ), does not change the fit sig-

nificantly due to its large uncertainty. The prediction for this quan-
tity, R( J/ψ) = 0.34, is thus on the low side of the central value by 
about 1.5 standard deviations. The differential distribution d!/dq2

in this case is also very similar to the SM one, as seen in Fig. 3, 
and would not serve to distinguish this model.

The rate !(B−
c → τ−ν) is predicted from Eq. (12) to be about 

20% larger than its SM value, which is well within the bound from 
the Bc lifetime discussed in Ref. [50].

4. Discussion

We now examine the parameter values of Eq. (23) in the con-
text of the model with RH currents as shown in Eq. (11). The 
anomalies suggest that only the τ lepton is affected as the experi-
ment sees no difference between muons and electrons. The model 
must then single out only the third family for enhancement with 
|V ℓ

R3τ | ∼1. Now V Rcb ≡V u⋆
Rtc V d

Rbb and V d
Rbb ∼1 and V u⋆

Rtc is of the 
same order as V cb , as discussed in our global analysis of the model 
in Ref. [51]. This requires gR/gL MW /MW ′ ∼0.7 to reproduce the 
first result of Eq. (11). Requiring the model to be perturbative im-
plies that gR/gL ! 10. If we take this ratio to be in the range 

(5–10) we find in turn that MW ′ is in the range 574–1150 GeV, 
well within the direct reach of LHC.

The second combination of parameters, F bc
mix, requires that we 

re-examine bounds on W −W ′ mixing, in particular the combi-
nation ξef f = ξW gR/gL . This combination is constrained by b →
sγ [52,48,53] and we applied this constraint to our model in 
Ref. [26]. We can update that result using the most recent HFLAV 
collaboration average: B(b → Xsγ ) = (3.32 ± 0.15) ×10−4 [8] com-
bined with the NNLL SM calculation B(b → Xsγ ) = (3.15 ± 0.23) ×
10−4 [54]. Assuming that the new physics interferes construc-
tively with the SM, at the 3σ level the allowed range becomes 
−1.4 × 10−3 ! ξef f ! 1.8 × 10−3.

This range severely restricts the possible size of F bc
mix. For ex-

ample, if we use F bc
dir = 1.28 in Eq. (11) in combination with the 

above constraint on ξef f , we find

−2.1 × 10−3 ! F bc
mix ! 2.7 × 10−3, (24)

and it is not possible to reach the value F bc
mix = 0.04 in the 

fit, Eq. (11). Under these conditions the three observables R(D), 
R(D⋆), and R( J/ψ) become approximately proportional to the SM 
results,

R(D)

R(D)S M
≈ R(D⋆)

R(D⋆)S M
≈ R( J/ψ)

R( J/ψ)S M
. (25)

It is interesting to notice that this universal enhancement of the 
three asymmetries reproduces what is found in models with an 
additional SU (2)L symmetry [35,36].

We illustrate the situation in Fig. 4 which takes into account 
these constraints. The very narrow width of the model prediction 
range is due to the tight constraint on mixing and comparison with 
data implies that the model needs a W ′ mass very close to 1 TeV 
to successfully explain these anomalies.

The best direct limits on such a W ′ come from 19.7 fb−1 of 
CMS data at 

√
s = 8 TeV [55]. The first result presented in that 

paper excludes an SSM W ′1 with mass below 2.7 TeV. Since the 
production couplings for W ′ are model dependent it is more use-
ful to quantify the constraint as σ × B(W ′ → τν) ! 3 fb. In the 
SSM model considered by CMS B(W ′ → τν) ≈ 8.5% for W ′ masses 
of order a TeV, where decay into top–bottom is allowed. In the 

1 For SSM it is assumed that the W ′ is a heavy copy of the SM W , with its same 
couplings to fermions.

imposing b ￫ s 𝛾

also predict in this case
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Fig. 2. Differential decay distribution d!/dq2 in the SM and the fit with the NP contributions as in Eq. (23) for B → D⋆τν (left panel). Normalized distributions compared to 
the BaBar data [2] (right panel). Note how the model prediction for the shape of the distribution (red) is indistinguishable from the SM (blue) in the right panel because the 
mixing contribution is very small. (The red curve on the left panel is above the blue curve. In the right panel the red and blues curves are almost indistinguishable.)

Fig. 3. Differential decay distribution d!/dq2 in the SM and the best fit with the 
NP contributions as in Eq. (23) for Bc → J/ψτν . (The curve for the fit is above the 
curve for the SM.)

where the normalized distributions are compared with the BaBar 
data. The SM and our model are a good fit to the data and they 
are almost indistinguishable. This is due to the dominance of the 
F bc

dir term over the mixing contribution.
Including the latest result, R( J/ψ), does not change the fit sig-

nificantly due to its large uncertainty. The prediction for this quan-
tity, R( J/ψ) = 0.34, is thus on the low side of the central value by 
about 1.5 standard deviations. The differential distribution d!/dq2

in this case is also very similar to the SM one, as seen in Fig. 3, 
and would not serve to distinguish this model.

The rate !(B−
c → τ−ν) is predicted from Eq. (12) to be about 

20% larger than its SM value, which is well within the bound from 
the Bc lifetime discussed in Ref. [50].

4. Discussion

We now examine the parameter values of Eq. (23) in the con-
text of the model with RH currents as shown in Eq. (11). The 
anomalies suggest that only the τ lepton is affected as the experi-
ment sees no difference between muons and electrons. The model 
must then single out only the third family for enhancement with 
|V ℓ

R3τ | ∼1. Now V Rcb ≡V u⋆
Rtc V d

Rbb and V d
Rbb ∼1 and V u⋆

Rtc is of the 
same order as V cb , as discussed in our global analysis of the model 
in Ref. [51]. This requires gR/gL MW /MW ′ ∼0.7 to reproduce the 
first result of Eq. (11). Requiring the model to be perturbative im-
plies that gR/gL ! 10. If we take this ratio to be in the range 

(5–10) we find in turn that MW ′ is in the range 574–1150 GeV, 
well within the direct reach of LHC.

The second combination of parameters, F bc
mix, requires that we 

re-examine bounds on W −W ′ mixing, in particular the combi-
nation ξef f = ξW gR/gL . This combination is constrained by b →
sγ [52,48,53] and we applied this constraint to our model in 
Ref. [26]. We can update that result using the most recent HFLAV 
collaboration average: B(b → Xsγ ) = (3.32 ± 0.15) ×10−4 [8] com-
bined with the NNLL SM calculation B(b → Xsγ ) = (3.15 ± 0.23) ×
10−4 [54]. Assuming that the new physics interferes construc-
tively with the SM, at the 3σ level the allowed range becomes 
−1.4 × 10−3 ! ξef f ! 1.8 × 10−3.

This range severely restricts the possible size of F bc
mix. For ex-

ample, if we use F bc
dir = 1.28 in Eq. (11) in combination with the 

above constraint on ξef f , we find

−2.1 × 10−3 ! F bc
mix ! 2.7 × 10−3, (24)

and it is not possible to reach the value F bc
mix = 0.04 in the 

fit, Eq. (11). Under these conditions the three observables R(D), 
R(D⋆), and R( J/ψ) become approximately proportional to the SM 
results,

R(D)

R(D)S M
≈ R(D⋆)

R(D⋆)S M
≈ R( J/ψ)

R( J/ψ)S M
. (25)

It is interesting to notice that this universal enhancement of the 
three asymmetries reproduces what is found in models with an 
additional SU (2)L symmetry [35,36].

We illustrate the situation in Fig. 4 which takes into account 
these constraints. The very narrow width of the model prediction 
range is due to the tight constraint on mixing and comparison with 
data implies that the model needs a W ′ mass very close to 1 TeV 
to successfully explain these anomalies.

The best direct limits on such a W ′ come from 19.7 fb−1 of 
CMS data at 

√
s = 8 TeV [55]. The first result presented in that 

paper excludes an SSM W ′1 with mass below 2.7 TeV. Since the 
production couplings for W ′ are model dependent it is more use-
ful to quantify the constraint as σ × B(W ′ → τν) ! 3 fb. In the 
SSM model considered by CMS B(W ′ → τν) ≈ 8.5% for W ′ masses 
of order a TeV, where decay into top–bottom is allowed. In the 

1 For SSM it is assumed that the W ′ is a heavy copy of the SM W , with its same 
couplings to fermions.

HFLAV



The W’

• for the model to address these asymmetries it needs 
a W’ with mass near one TeV


• CMS, Phys. Lett. B 755 (2016) 196 search for W’ 
decaying to tau-lepton, 8TeV, 19.7 fb-1, 


•
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Fig. 4. R(D) vs R(D⋆). 1σ (solid curve) and 2σ (dashed curve) allowed regions from 
the HFLAV collaboration [8] shown in red, the SM central values of Eq. (2) as the 
blue point and the predictions of this model as the black region. The tick marks 
along the model prediction indicate the required W ′ mass in TeV. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the 
web version of this article.)

non-universal model discussed here, this branching fraction ap-
proaches 25% when gR >> gL and W ′ couples almost exclusively 
to the third generation. At the same time the production cross-
section at LHC for our W ′ would be very suppressed due to its 
negligible couplings to the light fermions. Roughly then,

σ × B(W ′ → τν)

∼
(
σ × B(W ′ → τν)

)
S M

25%
8.5%

(∣∣∣∣
gR

gL

V Rud

V ud

∣∣∣∣
2

or ξ2
W

)

. (26)

For the first term in the last bracket, corresponding to a direct 
coupling of the W ′ to the light quarks, we have: V Rud = V u⋆

Rtu V d
Rbd; 

V d
Rbd ! 2.5 × 10−4 from Bd mixing [56]; and fitting the existing 

body of FCNC constraints implies that V u⋆
Rtu ∼10−3 [51]. For the 

second term in the bracket we already saw that ξW is at most 
10−3 in this scenario and we conclude that the corresponding σ ×
B(W ′ → τν) in our model is more than 6 orders of magnitude 
smaller than that of an SSM W ′ and the CMS data does not place 
any significant constraint.

The CMS paper also quantifies their result using a type of non-
universal W ′ that also singles out the third generation dubbed 
‘NUGIM’ [57,58]. In this case the CMS data excludes a W ′ with 
mass below 2.0–2.7 TeV. Comparing the relevant figure of merit, 
σ × B(W ′ → τν), of this model to ours we see that B(W ′ → τν)

can be quite similar but

σ (pp → W ′)this model ∼σ (pp → W ′)NUGIM

∣∣∣∣
V Rud

(sE/cE)

∣∣∣∣
2

. (27)

Whereas V Rud can (and in fact is constrained to be) very small, 
the parameter sE/cE of NUGIM is of order one (for this reason the 
W −W ′ mixing in the NUGIM model is not important in σ (pp →
W ′)). The net result is that the CMS limits do not directly apply to 
our model. A separate study is needed for an accurate comparison 
of our model to LHC results, taking into account production from 
heavier quarks.

As mentioned before, our model relies on the existence of an 
additional light neutrino to explain these anomalies and this can 
have other observable consequences. In Ref. [26] we have already 
seen that there are no significant constraints from the invisible Z
width. At the same time the model can provide an enhancement

to the rare K → πνν modes [59] where new results are expected 
from NA62 and KOTO.

The existence of a light right-handed neutrino contributes to 
the effective neutrino number 'Nef f which is also constrained by 
cosmological considerations and this may affect the viability of our 
model. There is some uncertainty as to the value of this constraint, 
but commonly used numbers are, for example [60],

'Nef f <

{
0.28 for H0 = 68.7+0.6

−0.7 km/s/Mpc

0.77 for H0 = 71.3+1.9
−2.2 km/s/Mpc .

(28)

As we saw above, our model requires

(
gR MW

gL MW ′

)4 |V ℓ
R3τ |2|V Rcb|2

|V cb|2
∼0.3 (29)

to explain the R D(∗) anomalies and this is only slightly weaker than 
the usual weak interaction. At the same time, the exchange of a 
W ′ can bring the new νR into thermal equilibrium with the SM 
particles through scattering of right-handed neutrinos with tauons 
at a rate proportional to (gR MW /gL MW ′ )4|V ℓ

R3τ |4 relative to the 
usual weak interaction. In fact, with V Rcb/V cb ∼1 this would re-
sult in 'Nef f ∼1 bringing into question the viability of our model. 
The mixing induced interaction, proportional to ξW , is smaller and 
does not lead to large contributions to 'Nef f .

However, the aforementioned scattering of right-handed neu-
trinos with tauons is only effective for temperatures T R above 
Tτ ∼mτ . At the time of big bang nucleosynthesis (BBN), the tem-
perature is about T B BN ∼1 MeV, implying that 'Nef f is sup-
pressed by a factor

r =
(

g∗(T B BN)

g∗(T R)

)4/3

(30)

where g∗(T ) is the effective number of relativistic degrees of free-
dom at temperature T and g∗(T B BN ) = 10.75. In addition, g∗(T R)
is larger than g∗(T Q C D) ∼58 since the QCD phase transition tem-
perature T Q C D is of order a few hundred MeV [61]. All this implies 
that the contribution to 'Nef f from our additional neutrino is less 
than 0.1 and safely within the BBN constraint.

Similarly, τ decay processes into νR plus other SM particles 
are also suppressed by the same factor r, but one might worry 
about additional processes without this suppression. For example, 
νR scattering off an electron or a muon. However, these are pro-
portional to the additional mixing parameters |V ℓ

R3e(µ)|4 and can 
be made sufficiently small by lowering V ℓ

R3e(µ) .
Another potentially worrisome process is the exchange of a Z ′

in the scattering of a νR off an electron or SM neutrino νL . In this 
case the interaction strength is proportional to (g2

Y /M2
Z ′ )

2 [49], 
and when compared to Z exchange induced νL scattering off an 
electron or νL , it is suppressed by a factor of (M Z /M Z ′ )4. The con-
straint on 'Nef f becomes in this case a lower bound on the Z ′

mass, M Z ′ " 200 GeV.
In conclusion we find that new right handed currents affect the 

semi-tauonic B decay anomalies in a way that is consistent with 
current bounds, including those on the effective number of neu-
trino species from BBN. A confirmation of a high value for R( J/ψ)

would exclude them as a viable explanation and would also ex-
clude new left-handed currents. The most promising way to rule 
out this explanation of the anomalies is the exclusion of a W ′ in 
the τ -channel at LHC in the mass range 1–1.4 TeV. The suppression 
of our W ′ couplings to light fermions significantly complicates this 
comparison.

(10-6)2 (10-3)2



Number of light neutrinos

• there is one light right handed neutrino! why not seen 
at LEP?


• basically it has to couple through mixing with Z’


• from Z 𝜏𝜏 results at LEP we find

–and this makes 


• the limit on new invisible Z decay 

–LEP standard result n = 2.9840 ± 0.0082


• assumes Lepton universality and no new particles


–direct limit n = 3.00 ± 0.08


– implies there is 13.3 MeV error in this measurement so our 
right handed neutrino is unobservable by LEP

�(Z ! ⌫R3⌫̄R3) < 3⇥ 10�4 MeV
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number of light neutrinos: cosmology?

• it is known that 


• to explain the anomalies we use an interaction is not 
much weaker than weak


• The W’ can scatter with the new light neutrino and 
bring it to thermal eq. with SM particles that could 
give ΔNeff ∼ 1


• our model only lets them scatter with tau so the 
decoupling temperature is mτ whereas TBBN is of order 
1 MeV, so there is a suppression factor at least 0.1


• safe!
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Fig. 4. R(D) vs R(D⋆). 1σ (solid curve) and 2σ (dashed curve) allowed regions from 
the HFLAV collaboration [8] shown in red, the SM central values of Eq. (2) as the 
blue point and the predictions of this model as the black region. The tick marks 
along the model prediction indicate the required W ′ mass in TeV. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the 
web version of this article.)

non-universal model discussed here, this branching fraction ap-
proaches 25% when gR >> gL and W ′ couples almost exclusively 
to the third generation. At the same time the production cross-
section at LHC for our W ′ would be very suppressed due to its 
negligible couplings to the light fermions. Roughly then,

σ × B(W ′ → τν)

∼
(
σ × B(W ′ → τν)

)
S M

25%
8.5%

(∣∣∣∣
gR

gL

V Rud

V ud

∣∣∣∣
2

or ξ2
W

)

. (26)

For the first term in the last bracket, corresponding to a direct 
coupling of the W ′ to the light quarks, we have: V Rud = V u⋆

Rtu V d
Rbd; 

V d
Rbd ! 2.5 × 10−4 from Bd mixing [56]; and fitting the existing 

body of FCNC constraints implies that V u⋆
Rtu ∼10−3 [51]. For the 

second term in the bracket we already saw that ξW is at most 
10−3 in this scenario and we conclude that the corresponding σ ×
B(W ′ → τν) in our model is more than 6 orders of magnitude 
smaller than that of an SSM W ′ and the CMS data does not place 
any significant constraint.

The CMS paper also quantifies their result using a type of non-
universal W ′ that also singles out the third generation dubbed 
‘NUGIM’ [57,58]. In this case the CMS data excludes a W ′ with 
mass below 2.0–2.7 TeV. Comparing the relevant figure of merit, 
σ × B(W ′ → τν), of this model to ours we see that B(W ′ → τν)

can be quite similar but

σ (pp → W ′)this model ∼σ (pp → W ′)NUGIM

∣∣∣∣
V Rud

(sE/cE)

∣∣∣∣
2

. (27)

Whereas V Rud can (and in fact is constrained to be) very small, 
the parameter sE/cE of NUGIM is of order one (for this reason the 
W −W ′ mixing in the NUGIM model is not important in σ (pp →
W ′)). The net result is that the CMS limits do not directly apply to 
our model. A separate study is needed for an accurate comparison 
of our model to LHC results, taking into account production from 
heavier quarks.

As mentioned before, our model relies on the existence of an 
additional light neutrino to explain these anomalies and this can 
have other observable consequences. In Ref. [26] we have already 
seen that there are no significant constraints from the invisible Z
width. At the same time the model can provide an enhancement

to the rare K → πνν modes [59] where new results are expected 
from NA62 and KOTO.

The existence of a light right-handed neutrino contributes to 
the effective neutrino number 'Nef f which is also constrained by 
cosmological considerations and this may affect the viability of our 
model. There is some uncertainty as to the value of this constraint, 
but commonly used numbers are, for example [60],

'Nef f <

{
0.28 for H0 = 68.7+0.6

−0.7 km/s/Mpc

0.77 for H0 = 71.3+1.9
−2.2 km/s/Mpc .

(28)

As we saw above, our model requires

(
gR MW

gL MW ′

)4 |V ℓ
R3τ |2|V Rcb|2

|V cb|2
∼0.3 (29)

to explain the R D(∗) anomalies and this is only slightly weaker than 
the usual weak interaction. At the same time, the exchange of a 
W ′ can bring the new νR into thermal equilibrium with the SM 
particles through scattering of right-handed neutrinos with tauons 
at a rate proportional to (gR MW /gL MW ′ )4|V ℓ

R3τ |4 relative to the 
usual weak interaction. In fact, with V Rcb/V cb ∼1 this would re-
sult in 'Nef f ∼1 bringing into question the viability of our model. 
The mixing induced interaction, proportional to ξW , is smaller and 
does not lead to large contributions to 'Nef f .

However, the aforementioned scattering of right-handed neu-
trinos with tauons is only effective for temperatures T R above 
Tτ ∼mτ . At the time of big bang nucleosynthesis (BBN), the tem-
perature is about T B BN ∼1 MeV, implying that 'Nef f is sup-
pressed by a factor

r =
(

g∗(T B BN)

g∗(T R)

)4/3

(30)

where g∗(T ) is the effective number of relativistic degrees of free-
dom at temperature T and g∗(T B BN ) = 10.75. In addition, g∗(T R)
is larger than g∗(T Q C D) ∼58 since the QCD phase transition tem-
perature T Q C D is of order a few hundred MeV [61]. All this implies 
that the contribution to 'Nef f from our additional neutrino is less 
than 0.1 and safely within the BBN constraint.

Similarly, τ decay processes into νR plus other SM particles 
are also suppressed by the same factor r, but one might worry 
about additional processes without this suppression. For example, 
νR scattering off an electron or a muon. However, these are pro-
portional to the additional mixing parameters |V ℓ

R3e(µ)|4 and can 
be made sufficiently small by lowering V ℓ

R3e(µ) .
Another potentially worrisome process is the exchange of a Z ′

in the scattering of a νR off an electron or SM neutrino νL . In this 
case the interaction strength is proportional to (g2

Y /M2
Z ′ )

2 [49], 
and when compared to Z exchange induced νL scattering off an 
electron or νL , it is suppressed by a factor of (M Z /M Z ′ )4. The con-
straint on 'Nef f becomes in this case a lower bound on the Z ′

mass, M Z ′ " 200 GeV.
In conclusion we find that new right handed currents affect the 

semi-tauonic B decay anomalies in a way that is consistent with 
current bounds, including those on the effective number of neu-
trino species from BBN. A confirmation of a high value for R( J/ψ)

would exclude them as a viable explanation and would also ex-
clude new left-handed currents. The most promising way to rule 
out this explanation of the anomalies is the exclusion of a W ′ in 
the τ -channel at LHC in the mass range 1–1.4 TeV. The suppression 
of our W ′ couplings to light fermions significantly complicates this 
comparison.
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Fig. 4. R(D) vs R(D⋆). 1σ (solid curve) and 2σ (dashed curve) allowed regions from 
the HFLAV collaboration [8] shown in red, the SM central values of Eq. (2) as the 
blue point and the predictions of this model as the black region. The tick marks 
along the model prediction indicate the required W ′ mass in TeV. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the 
web version of this article.)

non-universal model discussed here, this branching fraction ap-
proaches 25% when gR >> gL and W ′ couples almost exclusively 
to the third generation. At the same time the production cross-
section at LHC for our W ′ would be very suppressed due to its 
negligible couplings to the light fermions. Roughly then,

σ × B(W ′ → τν)

∼
(
σ × B(W ′ → τν)

)
S M

25%
8.5%

(∣∣∣∣
gR

gL

V Rud

V ud

∣∣∣∣
2

or ξ2
W

)

. (26)

For the first term in the last bracket, corresponding to a direct 
coupling of the W ′ to the light quarks, we have: V Rud = V u⋆

Rtu V d
Rbd; 

V d
Rbd ! 2.5 × 10−4 from Bd mixing [56]; and fitting the existing 

body of FCNC constraints implies that V u⋆
Rtu ∼10−3 [51]. For the 

second term in the bracket we already saw that ξW is at most 
10−3 in this scenario and we conclude that the corresponding σ ×
B(W ′ → τν) in our model is more than 6 orders of magnitude 
smaller than that of an SSM W ′ and the CMS data does not place 
any significant constraint.

The CMS paper also quantifies their result using a type of non-
universal W ′ that also singles out the third generation dubbed 
‘NUGIM’ [57,58]. In this case the CMS data excludes a W ′ with 
mass below 2.0–2.7 TeV. Comparing the relevant figure of merit, 
σ × B(W ′ → τν), of this model to ours we see that B(W ′ → τν)

can be quite similar but

σ (pp → W ′)this model ∼σ (pp → W ′)NUGIM

∣∣∣∣
V Rud

(sE/cE)

∣∣∣∣
2

. (27)

Whereas V Rud can (and in fact is constrained to be) very small, 
the parameter sE/cE of NUGIM is of order one (for this reason the 
W −W ′ mixing in the NUGIM model is not important in σ (pp →
W ′)). The net result is that the CMS limits do not directly apply to 
our model. A separate study is needed for an accurate comparison 
of our model to LHC results, taking into account production from 
heavier quarks.

As mentioned before, our model relies on the existence of an 
additional light neutrino to explain these anomalies and this can 
have other observable consequences. In Ref. [26] we have already 
seen that there are no significant constraints from the invisible Z
width. At the same time the model can provide an enhancement

to the rare K → πνν modes [59] where new results are expected 
from NA62 and KOTO.

The existence of a light right-handed neutrino contributes to 
the effective neutrino number 'Nef f which is also constrained by 
cosmological considerations and this may affect the viability of our 
model. There is some uncertainty as to the value of this constraint, 
but commonly used numbers are, for example [60],

'Nef f <

{
0.28 for H0 = 68.7+0.6

−0.7 km/s/Mpc

0.77 for H0 = 71.3+1.9
−2.2 km/s/Mpc .

(28)

As we saw above, our model requires

(
gR MW

gL MW ′

)4 |V ℓ
R3τ |2|V Rcb|2

|V cb|2
∼0.3 (29)

to explain the R D(∗) anomalies and this is only slightly weaker than 
the usual weak interaction. At the same time, the exchange of a 
W ′ can bring the new νR into thermal equilibrium with the SM 
particles through scattering of right-handed neutrinos with tauons 
at a rate proportional to (gR MW /gL MW ′ )4|V ℓ

R3τ |4 relative to the 
usual weak interaction. In fact, with V Rcb/V cb ∼1 this would re-
sult in 'Nef f ∼1 bringing into question the viability of our model. 
The mixing induced interaction, proportional to ξW , is smaller and 
does not lead to large contributions to 'Nef f .

However, the aforementioned scattering of right-handed neu-
trinos with tauons is only effective for temperatures T R above 
Tτ ∼mτ . At the time of big bang nucleosynthesis (BBN), the tem-
perature is about T B BN ∼1 MeV, implying that 'Nef f is sup-
pressed by a factor

r =
(

g∗(T B BN)

g∗(T R)

)4/3

(30)

where g∗(T ) is the effective number of relativistic degrees of free-
dom at temperature T and g∗(T B BN ) = 10.75. In addition, g∗(T R)
is larger than g∗(T Q C D) ∼58 since the QCD phase transition tem-
perature T Q C D is of order a few hundred MeV [61]. All this implies 
that the contribution to 'Nef f from our additional neutrino is less 
than 0.1 and safely within the BBN constraint.

Similarly, τ decay processes into νR plus other SM particles 
are also suppressed by the same factor r, but one might worry 
about additional processes without this suppression. For example, 
νR scattering off an electron or a muon. However, these are pro-
portional to the additional mixing parameters |V ℓ

R3e(µ)|4 and can 
be made sufficiently small by lowering V ℓ

R3e(µ) .
Another potentially worrisome process is the exchange of a Z ′

in the scattering of a νR off an electron or SM neutrino νL . In this 
case the interaction strength is proportional to (g2

Y /M2
Z ′ )

2 [49], 
and when compared to Z exchange induced νL scattering off an 
electron or νL , it is suppressed by a factor of (M Z /M Z ′ )4. The con-
straint on 'Nef f becomes in this case a lower bound on the Z ′

mass, M Z ′ " 200 GeV.
In conclusion we find that new right handed currents affect the 

semi-tauonic B decay anomalies in a way that is consistent with 
current bounds, including those on the effective number of neu-
trino species from BBN. A confirmation of a high value for R( J/ψ)

would exclude them as a viable explanation and would also ex-
clude new left-handed currents. The most promising way to rule 
out this explanation of the anomalies is the exclusion of a W ′ in 
the τ -channel at LHC in the mass range 1–1.4 TeV. The suppression 
of our W ′ couplings to light fermions significantly complicates this 
comparison.



K → 𝜋 𝜈 𝜈 on the other hand
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Fig. 2 New physics with one light right-handed neutrino. The green
line illustrates the case X̃ real and the pink region illustrates the case
|X̃ | ≤ 5.5. The purple marks the SM 1σ region and the green marks
the 90% c.l. from BNL-787 combined with BNL-949. The red and blue
lines on the boundary of the pink region correspond to a new physics
phase given by φ + φλt = (π/2 or 3π/2) and φ + φλt = (0 or π)
respectively. Finally the vertical dashed red line marks a possible future
limit for BK+ at 1.3 times the SM

that there is only one new neutrino and that its mass is negli-
gible. The rates for the rare kaon decay modes follow imme-
diately,

BK+(νRH ) = BK+(SM)+ κ̃+
3

∣∣∣∣∣
λt X̃
λ5

∣∣∣∣∣

2

BKL (νRH ) = BKL (SM)+ κL

3

(
Imλt X̃

λ5

)2

(7)

where the 1/3 accounts for the fact that we have only one
right handed light neutrino (a factor of 3 from summing over
the left-handed neutrinos is hiding in κ̃+ and κL ). In the result,
Eq. 7, we see that this type of NP can only increase the rates,
as it does not interfere with the SM, and this is illustrated in
Fig. 2. As in the previous case, we have chosen a parameter-
isation in Eq. 6 in which X̃ ≡ |X̃ |eiφ and φ = 0 corresponds
to the NP having the same phase as λt . The green line in the
figure corresponds to φ = 0 and the tick marks show that
a maximum value of |X̃ | <∼ 5.5 is allowed by the current
BNL 90% c.l. limit on the charged rate, and that this number
can be reduced to |X̃ | <∼ 2 with about ten events. The pink
region covers the parameter space |X̃ | ≤ 5.5 with an arbitrary
phase, and we show two more lines near the boundary of this
region. The red line is obtained for φ+φλt = (π/2 or 3π/2);

whereas the blue line occurs forφ+φλt = (0 or π), for which
there is no new contribution to the neutral mode.

Within the specific model detailed in the Appendix, the
effect of the additional neutrino contributes both via a flavour
changing tree-level Z ′ exchange and a one-loop Z ′ penguin
and can be written as,

X̃ = −
(
M2

Z

M2
Z ′

cot2 θR

)(
s2
W

2
I (λt , λH )+

πs4
W

α

Vd⋆
RbsV

d
Rbd

V ⋆
tsVtd

)

.

(8)

The overall strength of the Z ′ coupling is parameterised by
cot θR <∼ 20, where the upper limit arises from requiring the
interaction to remain perturbative [20]. This, combined with
the CMS limit on a Z ′ that decays to tau-pairs MZ ′ >∼ 1.7 TeV
[21], implies that the factor in the first bracket of Eq. 8 can
be of order one. The tree-level contribution (second term in
the second bracket) is constrained to be small by Bs-mixing
and Bd-mixing, |Vd⋆

RbsV
d
Rbd/(V

⋆
tsVtd)| <∼ 3 × 10− 3 [22]. The

Inami-Lim factor appearing in the Z ′ penguin, I (λt , λH ), is
less constrained and can be of order 10 [24]. All in all, in our
model the magnitude of X̃ can be order one but its phase is
limited by the size of the tree contribution. This provides an
example of NP in which a measurement of the two rates can
be mapped to parameters in the model.

The existence of an additional light neutrino can, in gen-
eral, have other observable consequences. As we show in Ref.
[26], the invisible Z width constrains the mixing between the
Z and Z ′ bosons in our model. This mixing, however, does
not alter the leading contributions to X̃ shown in Eq. 8. In
essence the Z width does not constrain this additional light
neutrino because it is sterile as far as the SM interactions
are concerned. A new light right-handed neutrino also con-
tributes to the effective number of neutrino species *Nef f
which is constrained by cosmological considerations. In Ref.
[27] we show that this constraint can also be evaded if the
new neutrino mixes dominantly with the tau-neutrino and not
with the muon or electron neutrinos.

4 Neutrino lepton flavour violating interactions

Another possibility consists of interactions that violate lep-
ton flavour conservation in the neutrino sector. These are
particularly interesting because they can yield CP conserv-
ing contributions to the KL → π0νν̄ decay. In this case it is
convenient to write

He f f =
GF√

2

2α

πs2
W

1
2
s̄γµd

×
(

∑

ℓ

(
V ⋆
tsVtdXt + λ5Wℓℓ

)
ν̄ℓγ

µPLνℓ
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4.4 BK+ which is satisfied in a nearly model independent
way [17]. 2

In this paper we revisit these modes in the context of
generic new physics motivated by the new results that are
expected soon for the charged mode from NA62 at CERN
and for the neutral mode from KOTO in Japan. Our paper is
organised in terms of the neutrino interactions as follows: in
Sect. 2 we briefly review extensions of the SM in which the
neutrino interactions are left handed and flavour conserving;
in Sect. 3 we consider extensions of the SM with right-handed
neutrino interactions; in Sect. 4 we discuss the lepton flavour
violating case. In Sect. 5 we study interactions that violate
the GN bound and finally, in Sect. 6, we conclude.

2 New physics with lepton flavour conserving
left-handed neutrinos

In this case the effective Hamiltonian describing the effects
of the new physics (NP) takes the form

He f f =
GF√

2

2α

πs2
W

V ⋆
tsVtdXN s̄γµd

∑

ℓ

ν̄ℓγ
µPLνℓ, (5)

where the parameters encoding the NP are collected in XN
and the overall constants have been chosen for convenience.
Notice that this form is valid for both left-handed and right-
handed quark currents as only the vector current is operative
for the K → π transition. Numerically it is then possible to
obtain the rates from the SM result, Eq. 2, via the substitution
X (xt ) → X (xt ) + XN . This has been done in the literature
for a variety of models [19] so we will not dwell on this case
here. In Fig. 1 we illustrate the results. In general XN ≡
zeiφ and the parameterisation in Eq. 5 implies that φ = 0
corresponds to NP with the same phase as λt = V ⋆

tsVtd.
The green curve corresponds to φ = 0 (so called MFV in
[19]) and its two branches correspond to constructive and
destructive interference with the charm-quark contribution
in Eq. 2. The tick marks on the curve mark values of |XN | =
z. If we allow for an arbitrary phase, this type of NP can
populate the entire area below the GN bound, making it nearly
impossible to translate a non-SM measurement into values
of z and φ.

We illustrate two more situations: the blue line shows φ

being minus the phase of λt , which corresponds to CP con-
serving NP which does not contribute to the neutral kaon
mode. The red line shows φ being the same as the phase of
λt , which corresponds to NP which doubles the SM phase.
Interestingly this case nearly saturates the GN bound. For
comparison, we show the purple oval representing the 1σ

2 It was recently noted that the GN bound applied to the experimental
result for K+ → π+νν needs to treat a possible two body intermediate
state separately [18].

Fig. 1 New physics with lepton flavour conserving left-handed neutri-
nos. The green line illustrates the case XN real, the red line corresponds
to XN having a phase equal to that of the λt (central value) and the blue
line to XN having a phase equal to minus that of the λt . For comparison
the purple marks the SM 1σ region and the green marks the 90% c.l.
from BNL-787 combined with BNL-949. Finally the vertical dashed
red line marks a possible future limit for BK+ at 1.3 times the SM

SM allowed region as predicted using the parameters and
uncertainties in CKMfitter [11]. For the NP, however, we
have only included the SM central values in Eq. 5. Allowing
the SM parameters to vary in the rates that include NP, turns
the green line into an arc-shaped region as can be seen in
Ref. [19] for example.

Finally we have included in the plot a vertical red dashed
line which marks a 30% uncertainty from the SM central
value. This number has been chosen as it corresponds to the
statistical uncertainty that can be achieved with 10 events
that agree with the SM, in the ball park of what is expected
from NA62.

3 A light right handed neutrino

In models which contain a light right handed neutrino the
effective Hamiltonian can be written as

He f f =
GF√

2

2α

πs2
W

V ⋆
tsVtd

1
2
s̄γµd

×
(

Xt
∑

ℓ

ν̄ℓγ
µPLνℓ + X̃ ν̄Rγ µPRνR

)

, (6)

where the first term is the SM, the new physics is parame-
terised by X̃ and its coupling to quarks can be through either a
left or right handed current. In writing Eq. 6 we have assumed
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problems with μ in B decay?

and one that doesn’t quite work



Once upon a time …
› LHCb tested Lepton Universality using B+→K+ll decays and observed a

tension with the SM at 2.6ss

› Consistent with observed BR(B+→K+µµ) if NP does not couple to electrons
› Observation of LFU violations would be a clear sign of NP

Simone Bifani 8

2.6ss form SM
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2013 : First anomalies found by LHCb
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2014 : Lepton universality violation
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Episode 3

2015 : LHCb confirms first anomalies

vs 1.00 ± 0.01 in SM



Results − II

› The compatibility of the result in the low-q2 with respect to the SM
prediction(s) is of 2.2-2.4 standard deviations
› The compatibility of the result in the central-q2with respect to the SM
prediction(s) is of 2.4-2.5 standard deviations
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second surprise in b → s μ μ

• apparently the μ has a weaker coupling that the electron


• at tree and loop level, many possible other NP couplings
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effective hamiltonian

• assume matrix elements ok, new physics encoded in 
the Wilson coefficients, the Ci


• perform a global fit to the Ci


• Ci can be different for different leptons to break 
universality


1 Introduction

Flavour-Changing Neutral Currents (FCNC) have been prominent tools in high-energy

physics in the search for new degrees of freedom, due to their quantum sensitivity to

energies much higher than the external particles involved. In the current context where

the LHC has discovered a scalar boson completing the Standard Model (SM) picture but

no additional particles that would go beyond this framework, FCNC can be instrumental

in order to determine where to look for New Physics (NP). One particularly interesting

instance of FCNC is provided by b ! s`` and b ! s� transitions, which can be probed

through various decay channels, currently studied in detail at the LHCb, CMS and AT-

LAS experiments. In addition, in some kinematic configurations it is possible to build

observables with a very limited sensitivity to hadronic uncertainties, and thus enhancing

the discovery potential of these decays for NP, based on the use of e↵ective field theories

adapted to the problem at hand. Finally, it is possible to analyse all these decays using a

model-independent approach, namely the e↵ective Hamiltonian [1,2] where heavy degrees

of freedom have been integrated out in short-distance Wilson coe�cients Ci, leaving only

a set of operators Oi describing the physics at long distances:

He↵ = �4GFp
2
VtbV

⇤
ts

X

i

CiOi (1)

(up to small corrections proportional to VubV ⇤
us

in the SM). In the following, the factori-

sation scale for the Wilson coe�cients is µb = 4.8 GeV. We focus our attention on the

operators

O7 =
e

16⇡2
mb(s̄�µ⌫PRb)F

µ⌫ , O70 =
e

16⇡2
mb(s̄�µ⌫PLb)F

µ⌫ ,

O9 =
e2

16⇡2
(s̄�µPLb)(¯̀�

µ`), O90 =
e2

16⇡2
(s̄�µPRb)(¯̀�

µ`),

O10 =
e2

16⇡2
(s̄�µPLb)(¯̀�

µ�5`), O100 =
e2

16⇡2
(s̄�µPRb)(¯̀�

µ�5`), (2)

where PL,R = (1 ⌥ �5)/2 and mb ⌘ mb(µb) denotes the running b quark mass in the

MS scheme. In the SM, three operators play a leading role in the discussion, namely

the electromagnetic operator O7 and the semileptonic operators O9 and O10, di↵ering

with respect to the chirality of the emitted charged leptons (see Ref. [3] for more detail).

NP contributions could either modify the value of the short-distance Wilson coe�cients

C7,9,10, or make other operators contribute in a significant manner (such as O70,90,100 defined

above, or the scalar and pseudoscalar operators OS,S0,P,P 0).

Recent experimental results have shown interesting deviations from the SM. In 2013,

the LHCb collaboration announced the measurement of angular observables describing

the decay B ! K⇤µµ in both regions of low- and large-K⇤ recoil [4]. Two observables, P2

and P 0
5 [5–7], were in significant disagreement with the SM expectations in the large-K⇤
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Global fits
• from J. Matias, Moriond EW 2017:

Global analysis of b æ sµµ anomalies

[Descotes, Hofer, JM, Virto]
96 observables in total (LHCb for exclusive, no CP-violating obs)

B æ K úµµ (P1,2, P Õ
4,5,6,8, FL in 5 large-recoil bins + 1 low-recoil bin)+available electronic observables.

Bs æ „µµ (P1, P Õ
4,6, FL in 3 large-recoil bins + 1 low-recoil bin)

B+ æ K +µµ, B0 æ K 0¸¸ (BR) (¸ = e, µ)
B æ Xs“, B æ Xsµµ, Bs æ µµ (BR), B æ K ú“ (AI and SK ú“)

Various tools
inclusive: OPE
excl large-meson recoil: QCD fact, Soft-collinear effective theory
excl low-meson recoil: Heavy quark eff th, Quark-hadron duality

Frequentist analysis
Ci (µref ) = CSM

i + CNP
i , with CNP

i assumed to be real (no CPV)
Experimental correlation matrix provided
Theoretical inputs (form factors. . . ) with correlation matrix computed treating all theo errors as
Gaussian random variables
Hypotheses “NP in some Ci only” (1D, 2D, 6D) to be compared with SM

Joaquim Matias Universitat Autònoma de Barcelona State-of-the-art and future prospects

Beyond 1D several favoured scenarios

Allowing for more than one Wilson coefficient to vary different scenarios with pull-SM beyond 4‡ pop-up:

Branching Ratios

Angular Observables HPiL
All

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

C9
NP

C 1
0NP

Branching Ratios

Angular Observables HPiL
All

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

C9
NP

C 9
'NP

Branching Ratios

Angular Observables HPiL
All

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

C9
NP = -C9'

NP

C 1
0NP
=

C 1
0'NP

(C9, C10) (C9, CÕ
9) (C9 = ≠CÕ

9 & C10 = CÕ
10)

BR and angular observables both favour CNP

9 ƒ ≠1 in all ‘good scenarios’.

....My personal understanding (see back-up) from the analysis of each anomaly/tension is that with more
data/precision ALL Wilson coefficients will switch on (including small contrib. primes and radiatives) in
delicated cancellations in each observable.

Joaquim Matias Universitat Autònoma de Barcelona State-of-the-art and future prospects



benchmark

• notice that if we have heavy neutrinos N then


• produces the right pattern in C9,10, resulting in

CNP
9µ = �CNP

10µ 2 (�0.73,�0.48) at 1�

Wb

s

µ

µ
W

Nt

FIG. 1: Box diagram responsible for the process b → dj ℓ̄ℓ′.

III. LOW ENERGY EFFECTIVE LAGRANGIAN

The model is particularly simple, as the only new contribution to B decay arises
from the box diagram depicted in Figure 1 (plus associated diagrams involving
would-be Golstone bosons).

These diagrams have been calculated before for the case of lepton flavor violating
(LFV) B decays and the result is known [13–16]. In our case we must be careful not
to discard the terms that vanish due to the GIM mechanism on the neutrino side
for LFV processes, but do not vanish for lepton flavor conserving processes. We find
the contribution to the effective Lagrangian for b → dj ℓ̄ℓ′ at the MW scale to be,

L = −
GF√
2

α

2πs2W

∑

i=u,c,t

∑

α=1···N+3

V ∗
idj
VibU

L⋆
ℓα U

L
ℓ′α (4B(λi) + E(λi,λa)) ℓ̄γµPLℓ

′d̄jγ
µPLb

(10)
where dj refers to a d or an s quark, λi = m2

i /m
2
W , and the Inami-Lim functions

[17] B(λi) and E(λi,λα) are given by,1

B(λi) =
1

4

(

λi

1− λi

+
λi log(λi)

(1− λi)2

)

E(λi,λa) = λiλa

{

−
3

4

1

(1− λi)(1− λa)
+

[

1

4
−

3
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1
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3
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1
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4
−

3
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λa − 1
−

3

4

1

(λa − 1)2

]

log λa

λa − λi

}

. (11)

B(λi) is just the usual function that reproduces the SM box diagram contribution
to b → dj ℓ̄ℓ [18]. The new term is given by E(λi,λa) and it subtracts from the SM
as illustrated in Figure 2.

Neglecting for simplicity the contribution from the charm-quark intermediate
state, our result in Eq. 10 implies that

CNP
9 (MW ) = −CNP

10 (MW ) = −
1

4s2W

∑

N

UL⋆
µNU

L
µNE(λt,λN). (12)

1 Note that E(λi,λα) = −EL(λt,λN )/4 in the notation of Ref. [15].

4

Wb

s

µ

µ
W

Nt

FIG. 1: Box diagram responsible for the process b → dj ℓ̄ℓ′.

III. LOW ENERGY EFFECTIVE LAGRANGIAN

The model is particularly simple, as the only new contribution to B decay arises
from the box diagram depicted in Figure 1 (plus associated diagrams involving
would-be Golstone bosons).

These diagrams have been calculated before for the case of lepton flavor violating
(LFV) B decays and the result is known [13–16]. In our case we must be careful not
to discard the terms that vanish due to the GIM mechanism on the neutrino side
for LFV processes, but do not vanish for lepton flavor conserving processes. We find
the contribution to the effective Lagrangian for b → dj ℓ̄ℓ′ at the MW scale to be,

L = −
GF√
2

α

2πs2W

∑

i=u,c,t

∑

α=1···N+3

V ∗
idj
VibU

L⋆
ℓα U

L
ℓ′α (4B(λi) + E(λi,λa)) ℓ̄γµPLℓ

′d̄jγ
µPLb

(10)
where dj refers to a d or an s quark, λi = m2

i /m
2
W , and the Inami-Lim functions

[17] B(λi) and E(λi,λα) are given by,1

B(λi) =
1

4

(

λi

1− λi

+
λi log(λi)

(1− λi)2

)

E(λi,λa) = λiλa

{

−
3

4

1

(1− λi)(1− λa)
+

[

1

4
−

3

2

1

λi − 1
−

3

4

1

(λi − 1)2

]

log λi

λi − λa

+

[

1

4
−

3

2

1

λa − 1
−

3

4

1

(λa − 1)2

]

log λa

λa − λi

}

. (11)

B(λi) is just the usual function that reproduces the SM box diagram contribution
to b → dj ℓ̄ℓ [18]. The new term is given by E(λi,λa) and it subtracts from the SM
as illustrated in Figure 2.

Neglecting for simplicity the contribution from the charm-quark intermediate
state, our result in Eq. 10 implies that

CNP
9 (MW ) = −CNP

10 (MW ) = −
1

4s2W

∑

N

UL⋆
µNU

L
µNE(λt,λN). (12)

1 Note that E(λi,λα) = −EL(λt,λN )/4 in the notation of Ref. [15].

4



numerics

• to get into the 1σ range one needs

-0.73 C (m_b) -0.48
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FIG. 4: Region of UL
µN − MN (TeV) parameter space that satisfies the LFC constraints

and produce a CNP
9µ ≈ −CNP

10µ in the range preferred by the global fit of Ref. [11].

in the TeV range, would thus require UL
µN ∼ 0.3. This would produce a contribution

to the muon g − 2 of aµ = −5.7 × 10−10 which is at the level of the error in the
measurement and below the current anomaly. At the same time, the large mixing
angle needed is at odds with recent global fits [20, 21].

Experimental anomalies in the tree-level dominated semileptonic decay of b
to τ -leptons have also been reported [22–24]. These ones, R(D) = B(B →
Dτ−ν̄τ )/B(B → Dℓ−ν̄ℓ) and R(D⋆) (where a D⋆ replaces the D) cannot be ex-
plained by the mechanism described in this paper. Interestingly, however, there
exist possible explanations involving additional light neutrinos for this case [25, 26].
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in conflict with global fits

• for example conclude that this mixing angle is a few 
% at most from LFC constraints


–basic vertices like W ➝ μν pick up the same angles


–constrained from GF …


• simplest see-saw model doesn’t work 


• there are other models that introduce additional 
particles into the box-diagram (heavy vector like 
quarks) Francisco J. Botella, Gustavo C. Branco, Miguel 
Nebot, arXiv:1712.04470 which may work.
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