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Semileptonic decays in the Standard Model

• In the Standard Model, the
electroweak transition induces
Bd → D τ ν through

c

b

ν

ℓ

d

d

W−

Bd

D+

• Experimentally, what is
measured is B(Bd → D τ Emiss)

⇒ any Bd → D τ ’inv’ decay
would contribute to the
measurement

• Here, we will consider additional
b → c ℓN transitions where N
is a neutral lepton field

• Why are neutral lepton fields of interest and how can they appear in semileptonic
decays (SL) ?

• How can we probe neutral lepton fields in SL decays ?
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Why should we go beyond the Standard Model?

Hints of new physics ...

• In the Standard Model, neutrinos are massless but neutrino oscillations
show that neutrinos are massive
⇒ necessity of physics beyond the Standard Model (BSM)

• Rνν
K =

B(B→Kνν̄)exp

B(B→Kνν̄)SM
=5.4±1.5 measured by Belle II [1]

• overall 3σ tension in RD(∗) =
B(B→D(∗)τν)
B(B→D(∗)ℓν)

between SM predictions and

measurements

Let’s explore potential explanations that involve neutral lepton fields
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Inverse Seesaw mechanism

• Particle content : SM + sterile RH neutral lepton field NR + sterile LH
neutral lepton field SL [2]

L = LSM − YN L̄H̃NR −MNN̄RSL −
1

2
µS̄c

LSL

L

H H

L
Y M µ M Y

N S S N

• generates dim 5 Weinberg operator and ’natural’ small neutrino masses

mν ≈ µY 2v2

M2

• SL mixes with νL and therefore the interaction W−
µ ℓ̄γµS ′

L is generated

• a semileptonic transition is induced through mixing with the SM neutrinos

• we would then have the operator (ūγµdL)(ℓ̄γ
µNL), with N massive
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Many BSM models contain NL fields (NL, NR) that contribute to SL decays :

How to effectively probe the presence of N in SL decays ?
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Framework

• Particle content: ( SM + NL ) OR ( SM + NR )

HL/R
eff =

4GFVquqd√
2

 (ūγµdL) (ℓ̄γµνL) +
∑

A∈{L,R}

CV
A,L/R (ū γµ dA) (ℓ̄ γ

µ NL/R)

+ CS
A,L/R (ū dA) (ℓ̄NL/R) + CT

A,L/R (ū σµν dA) (ℓ̄ σµν NL/R)

)
• Process : (K → π µ ’inv’), (B → D τ ’inv’), (D → K µ ’inv’), etc..

In general, (M → Pℓν) + (M → PℓN) measured as B(M → PℓEmiss)

• Kinematics : In the dilepton rest frame,

ℓ

ν,N

P
θℓ

M
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Usual observables

Differential branching ratio for a semileptonic decay [3]:

d2B(M → PℓX )

dq2d cos θℓ
= a(q2) + b(q2) cos θℓ + c(q2) cos2 θℓ

The following observables have been previously defined :

⋆ Branching ratio:

B =

∫
dq2d cos θℓ

d2B
dq2d cos θℓ

=

∫
dq2 2

(
a(q2) +

c(q2)

3

)
⋆ Forward-backward asymmetry:

⟨AFB⟩ =
1

B

∫
dq2

 1∫
0

d cos θℓ −
0∫

−1

d cos θℓ

 d2B
dq2d cos θℓ

=

∫
dq2

b(q2)

B
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Usual observables

Differential BR for a SL decay for a definite lepton polarization (↑= +, ↓= −) :

d2B±(M → Pℓ±X )

dq2d cos θℓ
= a±(q

2) + b±(q
2) cos θℓ + c±(q

2) cos2 θℓ

The following observables have been previously defined :

⋆ Polarized Branching ratio:

B± =

∫
dq2d cos θℓ

d2B±
dq2d cos θℓ

=

∫
dq2 2

(
a±(q

2) +
c±(q

2)

3

)

⋆ Lepton polarization asymmetry: Pℓ =
B+ − B−

B+ + B−

We notice ⟨AFB⟩ =
∫
dq2 b(q2)

B =
∫
dq2 b+(q2)+b−(q2)

B
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The polarized foward-backward asymmetry

⟨A±
FB⟩ =

1

B

∫
dq2

 1∫
0

d cos θℓ −
0∫

−1

d cos θℓ

 d2B±

dq2d cos θℓ
=

∫
dq2b±(q2)

B

indicates the preference in direction of ℓ± in the dilepton rest frame.

In theSM, ⟨A−
FB⟩ = 0

• b−(q2) = 0 & b+(q2) ̸= 0

• True for all semileptonic
decays

• In the SM, ℓ− in the
dilepton rest frame has no
preferential direction

A−
FB is a great probe of new physics !
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What can A−
FB ̸= 0 mean ?

⇒ Measuring a non-zero ⟨A−
FB⟩ means measuring new physics

Ingredients for a non-zero ⟨A−
FB⟩:

• interactions with a massive NL

• interactions with a massless or massive NR

We explore the case of vector interactions:

• CS
L/R,L/R = CT

L/R,L/R = 0

• we keep (CV
L,L & CV

R,L) OR (CV
L,R & CV

R,R)

If ⟨A−
FB⟩ ̸= 0, could we probe the chirality of the neutral lepton field ?
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NL or NR ?

Heff ⊃ (ūγµdA) (ℓ̄γµ NL ) or Heff ⊃ (ūγµ dA) (ℓ̄γµ NR )

NL

b−(q2) = − Ñ |CV
LL+CV

RL|2HV
0 HV

t (KN
−−)

2

Always negative !
(and null for mNL = 0)

NR

b−(q2) = Ñ |CV
LR + CV

RR |2HV
0 HV

t (KN
+−)

2

Always positive !
(and non-zero for mNR = 0)
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NL or NR ?

Heff ⊃ (ūγµdA) (ℓ̄γµ NL ) or Heff ⊃ (ūγµ dA) (ℓ̄γµ NR )

NL

b−(q2) = − Ñ |CV
LL+CV

RL|2HV
0 HV

t (KN
−−)

2

Always negative !
(and null for mNL = 0)

NR

b−(q2) = Ñ |CV
LR + CV

RR |2HV
0 HV

t (KN
+−)

2

Always positive !
(and non-zero for mNR = 0)

Definitions:

• HV
0 (q2) =

√
λMP√
q2

f+(q
2)

• HV
t (q2) =

m2
M−m2

P√
q2

f0(q
2)

• Ñ =
|Vquqd

|2G 2
F

128π3

√
λMP

√
λℓN

4q2m3
M

• K±,±(mℓ, q,mN) =
(EX+mX±|pℓ|)(Eℓ+mℓ±|pℓ|)√

(Eℓ+mℓ)(EX+mX )
[4]
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B → Dτ(ν + NL) B → Dτ(ν + NR)
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Conclusion

• Many well motivated BSM models involve neutral lepton fields (NL, NR) &
and can impact semileptonic decays

• A±
FB describes the preference in direction of ℓ↑ ↓

• In the Standard Model, A−
FB = 0

• Non-zero A−
FB for any SL decay suggests new physics

• while Atot
FB does not say anything about the chirality of N, A−

FB can in the
case of vector interactions !

• (b̄Γc)(τ̄ΓN) induce B → DτN but also B → D∗(→ Dπ)τN ⇒ similar
conclusions can be drawn for 4-body semileptonic decays
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S1 leptoquark for Rνν
K+ and RD(∗)

• Particle content : RH neutral lepton field NR , S1 (3̄, 1,−1/3) [5]

L ⊃ yR
cτc

cPRτS1 + yR
sNs

cPRNRS1 + yR
bNb

cPRNRS1 + h.c.

N

b

c

τ

S1

⇒ Generates (c̄γµbR)(τ̄ γµNR) that
contributes to RD(∗)

N

b

s

N

S1

⇒ Generates (s̄γµbR)(N̄γµNR) that
contributes to Rνν

K+

This BSM model solves 2 ’discrepancies’ at once and generates a semileptonic transition
with a massive or massless neutral lepton field NR
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νSMEFT answer to B(B → K+ Emiss) excess

νSMEFT : SMEFT extended by NR (1,1,1)

In this framework, the dim 6 operator that better explains the B(B → K+ Emiss)
measurement is the scalar operator :

OLNQd = L̄αN ϵαβ Q̄
β
2 d1

= (ν̄LNR)(s̄bL) − (ℓ̄NR) (c̄bL)

(ν̄LNR)(s̄bL)

can explain B(B → K+ Emiss)
measurement for all masses of NR

(ℓ̄NR) (c̄bL)

contributes to Bd semileptonic decays!
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Framework

• Particle content: ( SM + NL ) OR ( SM + NR )

HL/R
eff =

4GFVquqd√
2

 (ūγµdL) (ℓ̄γµνL) +
∑

A∈{L,R}

CV
A,L/R (ū γµ dA) (ℓ̄ γ

µ NL/R)

+ CS
A,L/R (ū dA) (ℓ̄NL/R) + CT

A,L/R (ū σµν dA) (ℓ̄ σµν NL/R)

)
• Process : (B → D∗(Dπ) τ ’inv’), (D → K∗(Kπ)µ’inv), etc..

In general, (M → V (→ Pπ)ℓ’inv’) measured as B(M → V (→ Pπ)ℓEmiss)

• Kinematics : In the Bd meson rest frame,

ℓ

ν, N

D

π

z

x

θℓ

ϕ

θD

Bd D∗
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Usual observables

Differential BR for a 4-body SL decay for (↑= +, ↓= −) lepton polarization :

d2B±(M → V (Pπ)ℓ±X )

dq2d cos θℓd cos θD
= 2× dB±

L
dq2d cos θℓ

cos2 θD +
dB±

T
dq2d cos θℓ

sin2 θD

with the longitudinal and tranverse polarizations defined as

dF±
L

dq2d cos θℓ
=

1

B
dB±

L
dq2d cos θℓ

=
π

B
(
I±1c + I±6c cos θℓ + I±2c cos 2θℓ

)
dF±

T

dq2d cos θℓ
=

1

B
dB±

T
dq2d cos θℓ

=
2π

B
(
I±1s + I±6s cos θℓ + I±2s cos 2θℓ

)
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The longitudinal/transverse polarized forward backward asymmetry

dA±
FB,L

dq2
=

[∫ 1

0

−
∫ 0

−1

]
dcos θℓ

d2F±
L

dq2 dcos θℓ
=

π

B I±6c

dA±
FB,T

dq2
=

[∫ 1

0

−
∫ 0

−1

]
dcos θℓ

d2F±
T

dq2 dcos θℓ
=

2π

B I±6s

In theSM, ⟨A−
FB,L⟩ = 0 IntheSM, ⟨A+

FB,T⟩ = 0

A−
FB,L & A+

FB,T are a great probe of new physics !
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⟨A−
FB,L⟩ : NL or NR ?

Heff ⊃ (ūγµdA) (ℓ̄γµ NL ) or Heff ⊃ (ūγµ dA) (ℓ̄γµ NR )

NL

I−6c(q
2) = − 2Ñ |CV

LL−CV
RL|2HV

0 HV
t (KN

−−)
2

Always negative !
(and null for mNL = 0)

NR

I−6c(q
2) = 2Ñ |CV

LR−CV
RR |2HV

0 HV
t (KN

+−)
2

Always positive !
(and non-zero for mNR = 0)

Such a general conclusion can not be drawn for A+
FB,T
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⟨A−
FB,L⟩ : NL or NR ?

Heff ⊃ (ūγµdA) (ℓ̄γµ NL ) or Heff ⊃ (ūγµ dA) (ℓ̄γµ NR )

NL

I−6c(q
2) = − 2Ñ |CV

LL−CV
RL|2HV

0 HV
t (KN

−−)
2

Always negative !
(and null for mNL = 0)

NR

I−6c(q
2) = 2Ñ |CV

LR−CV
RR |2HV

0 HV
t (KN

+−)
2

Always positive !
(and non-zero for mNR = 0)

Definitions:

• HV
0 (q2) = mM+mV

2mV

√
q2

[
(m2

M −m2
V − q2)A1(q

2)− λV (q
2)

(mM+mV )2
A2(q

2)
]

• HV
t (q2) =

√
λV (q2)√

q2
A0(q

2)

• Ñ =
3G 2

FV
2
cb

4096π4

√
λMV

√
λℓX

m3
Mq2 B(V → Pπ).

Such a general conclusion can not be drawn for A+
FB,T
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B → D∗τ(ν + NL) B → D∗τ(ν + NR)
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