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from D. Robinson

The Anomaly
For the past 5 years, persistent, signals of lepton flavor
universality violation in the ratios

R(D(ú)) © �[B æ D(ú)·‹· ]
�[B æ D(ú)l‹] , l = µ, e .

[D(ú) = cq is a scalar (vector) meson]
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Experimental measure-
ments disagree at al-
most 4‡ level with SM
predictions! A signal
of NP?
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requires new physics that couples bcτν  at a level comparable to SM

R(D(*)) ANOMALY

several constraints:   

• enhanced Bc →  τν  decay rate 

•  modified differential distributions due to interference effects 

• additional interactions due to SU(2) nature of ν  
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requires new physics that couples bcτν  at a level comparable to SM

R(D(*)) ANOMALY

several constraints:   

• enhanced Bc →  τν  decay rate 

•  modified differential distributions due to interference effects 

• additional interactions due to SU(2) nature of ν  

consider the possibility that the R(D(*)) signal arises due to 

NP coupling to right-handed (sterile) neutrinos NR 

instead of the SM neutrinos 

THIS TALK
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NR OPERATORS FOR R(D(*))

involving ⌫⌧ . In this paper we generalize the EFT studies of Refs. [13, 14] to the full set of
dimension 6 operators involving NR. Assuming that the NP corrections are due to a tree
level exchange of a new mediator, there are five possible simplified models for b ! c⌧NR,
one of which is the simplified model of Refs. [13, 14] that has W 0 as a mediator. We study
the regions of the simplified model parameter space that best fit the R(D(⇤)

) anomaly,
subject to exclusions by Bc ! ⌧⌫, the relevant collider bounds, and the implications for
neutrino phenomenology.

This paper is structured as follows.... [JZ: to be finished]

2 EFT analysis

2.1 EFTs and simplified models

We assume the SM field content is extended by a single new state, a sterile neutrino trans-
forming as NR ⇠ (1,1, 0) under SU(3)c ⇥ SU(2)L ⇥ U(1)Y . This state may couple to the
SM quarks via higher dimensional operators. Above electroweak scale one therefore adds
to the renormalizable SM Lagrangian the following effective interactions,

LEW

e↵

=

X

a,d

Cad

⇤

d�4

e↵

Qa + · · · , (2.1)

where Qa are dimension d operators, ⇤
e↵

is the effective scale defined to be

⇤

e↵

=

�
2

p
2GFVcb

��1/2 ' 0.87


40⇥ 10

�3

Vcb

�
1/2

TeV , (2.2)

while Cad are the corresponding dimensionless Wilson coefficients. The most general basis
of dimension 6 operators that can generate the charged current b ! c⌧NR decay, is given
by

Q
SR

= ✏ab
�
¯Qa
LdR

��
¯Lb
LNR

�
, Q

SL

=

�
ūRQ

a
L

��
¯La
LNR

�
, (2.3a)

Q
T

= ✏ab
�
¯Qa
L�

µ⌫dR
��

¯Lb
L�µ⌫NR

�
, Q

VR

=

�
ūR�

µdR
��
¯`R�µNR

�
. (2.3b)

Here a, b are SU(2)L indices, ✏ab is antisymmetric tensor with ✏
12

= �✏
21

= 1, and we
use the four-component notation, with QL the SM quark doublet, uR and dR the up- and
down-quark singlets, and LL the SM lepton doublet. One may also include the dimension
8 operator

Q
VL

=

�
¯QL

˜H�µH†QL
��
¯`R�µNR

�
, (2.4)

where ˜H = ✏H⇤, as well as the operators with left-handed sterile neutrino field, N c
R, that

start at dimension 7,

Q0
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=

�
¯QL

˜HdR
��
¯`RN

c
R

�
, Q0

SL
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�
ūRH

†QL
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c
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�
, (2.5)

Q0
T

=

�
ūR�

µ⌫H†QL
��
¯`R�µ⌫N

c
R

�
, Q0

VR

=

�
ūR�

µdR
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¯LLH�µN
c
R

�
. (2.6)

The equivalent of Q
VL

is now dimension 9,

Q0
VL

=

�
¯QL

˜H�µH†QL
��

¯LLH�µN
c
R

�
. (2.7)
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Each of the SM fields also carries a family index, i.e., Qi
L, uiR, diR, Li

L, i = 1, 2, 3, and
similarly for the Wilson coefficients, Cij

ad, and the operators, Qij
ad, in (2.1). The family

indices were suppressed in the notation above in order to shorten the expressions. Since
we focus exclusively on the generation of b ! c⌧⌫ decays this does not cause any confusion
in the notation below. We are interested in NP that is not excluded in direct searches,
which roughly corresponds to a requirement that the Wilson coefficients in (2.1) are at
most O(1). Since the operators of dimension 7 and higher are suppressed by additional
powers of v

EW

/⇤
e↵

, we thus focus only on the phenomenology of dimension 6 operators
listed in (2.3).

Below the electroweak scale the top, the Higgs, W and Z are integrated out. The SM
interactions generate the SM effective Lagrangian, LSM

e↵

, see, e.g., [15], giving at µ ⇠ mc,b

scale
L
e↵

= LSM

e↵

+

1

⇤

2

e↵

X

i

ciOi. (2.8)

The NP contributions to b ! c⌧⌫, induced by dimension 6 operators (2.3), are described
by the following four-fermion operators,

O
SR

=

�
c̄LbR

��
⌧̄LNR

�
, O

SL

=

�
c̄RbL

��
⌧̄LNR

�
, (2.9a)

O
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�
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��
⌧̄R�µNR

�
, O

T

=

�
c̄L�

µ⌫bR
��
⌧̄L�µ⌫NR

�
, (2.9b)

The matching of NP operators in (2.1) onto the above operators is simple, ci = C23

i , if the
flavor indices are given in the mass eigenstate basis of the right-handed and the left-handed
up(down)-quarks for the operators O

SR,T(OSL

)

1

Each of the dimension-6 operators in Eqs. (2.3) can arise from a tree level exchange
of a new state, either a scalar or a vector. The possible mediators are listed in Table 1,
together with the resulting nonzero Wilson coefficients, ci, that multiply in each case the
four-fermion operators in (2.9). In some cases, the structure of the mediator Lagrangian,
�L

int

, implies relations between the various Wilson coefficients. Two of these mediators are
color singlets: The charged vector resonance W 0

µ, discussed extensively in Refs. [13, 14], and
the weak doublet scalar, �. The remaining options for the mediators are the leptoquarks,
for which we use the notation from Ref. [16].

Finally, we list the remaining b ! c⌧NR dimension 6 operators at µ ⇠ mc,b,
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⌧̄R�µNR

�
. (2.10c)

The generation of above operators from the electroweak scale four-fermion operators (2.1)
requires additional Higgs vev insertions and, apart from O

VL

, also the left-handed sterile
neutrino, N c

R. These O0
a operators are the same as the operators in [17], but with N c

R

replacing the SM neutrino, ⌫. The operators (2.10) together with (2.9) form a complete
1
These three operators are then also accompanied by the SU(2)L related operators,

�
d̄iLbR

��
⌫̄⌧NR

�
,�

d̄iL�
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,
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i
L

��
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�
, which, however, are not relevant for our discussion.
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Dim-6 operators involving NR 

After electroweak symmetry breaking 
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UV COMPLETIONS

Each of the SM fields also carries a family index, i.e., Qi
L, uiR, diR, Li

L, i = 1, 2, 3, and
similarly for the Wilson coefficients, Cij

ad, and the operators, Qij
ad, in (2.1). The family

indices were suppressed in the notation above in order to shorten the expressions. Since
we focus exclusively on the generation of b ! c⌧⌫ decays this does not cause any confusion
in the notation below. We are interested in NP that is not excluded in direct searches,
which roughly corresponds to a requirement that the Wilson coefficients in (2.1) are at
most O(1). Since the operators of dimension 7 and higher are suppressed by additional
powers of v
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, we thus focus only on the phenomenology of dimension 6 operators
listed in (2.3).

Below the electroweak scale the top, the Higgs, W and Z are integrated out. The SM
interactions generate the SM effective Lagrangian, LSM
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mediator irrep �L
int

WCs

W 0
µ (1, 1)

1

g0
�
cqūR /W

0
dR + cN ¯`R /W

0
NR

�
c
VR

� (1, 2)
1/2

yuūRQL✏�+ yd ¯dRQL�
†
+

yN ¯NRLL✏�
c
SL

, c
SR

Uµ
1

(3, 1)
2/3

�
↵LQ

¯LL�µQL + ↵`d
¯`R�µdR

�
Uµ†
1

+

↵uN
�
ūR�µNR

�
Uµ
1

c
SL

, c
VR

˜R
2

(3, 2)
1/6 ↵Ld

�
¯LLdR

�
✏ ˜R†

2

+ ↵QN
�
¯QLNR

�
˜R
2

c
SR

= 4c
T

S
1

(

¯

3, 1)
1/3

zu( ¯U
c
R`R)S1

+ zd( ¯d
c
RNR)S1

+

zQ( ¯Q
c
L✏LL)S1

c
VR

,

c
SR

= �4c
T

Table 1. The tree level mediators that can lead to the four-fermion operators with right-handed
neutrino, NR, in Eqs. (2.9), as indicated in the last column.

basis of b ! c⌧NR dimension 6 four-fermion operators. For instance, there is only one
non-vanishing tensor operator, since �µ⌫PL ⌦ �µ⌫PR = 0, which immediately follows from
the relation �µ⌫ ⌦ �µ⌫�

5

= �µ⌫�5 ⌦ �µ⌫ .

2.2 Fits to R(D(⇤)
) data

The present experimental world-averages for R(D(⇤)
) are [7]

R(D)

��
exp

= 0.407± 0.046 , R(D⇤
)

��
exp

= 0.304± 0.015 , corr. = �0.20 . (2.11)

The SM predictions, making use of the model-independent form factor fit ‘Lw�1

’ of Ref. [8]
(see also Refs. [JZ: missing]), are

R(D)

��
th

= 0.298± 0.003, R(D⇤
)

��
th

= 0.261± 0.004, corr. = +0.19. (2.12)

With the addition of a right-handed neutrino decay mode, the B ! D(⇤)⌧ ⌫̄ decays become
an incoherent sum of two contributions: One from the SM decay, b ! c⌧ ⌫̄⌧ , and one from
b ! c⌧ ¯NR. The NR contributions therefore increase both of the B ! D(⇤)⌧ ⌫̄ branching
ratios above the SM expectation, matching the direction of the experimental observations
for R(D(⇤)

) compared to the SM values.
In Fig. 1 we show, for each simplified model of Table 1, the allowed contours or regions

in the R(D)�R(D⇤
) plane, compared to the experimental data, assuming for the moment

that all Wilson coefficients are real. The predictions for NP corrections to R(D(⇤)
) are

obtained from the expressions in Ref. [18], making use of the form factor fit ‘Lw�1

+SR’
of Ref. [8]. This fit was performed at next-to-leading order in the heavy quark expansion,
with matching scale µ =

p
mbmc and quark masses defined in the ⌥(1S) scheme, relevant

for self-consistent treatment of the Bc ! ⌧⌫ constraints below. Because the W 0 and ˜R
2

simplified models have only a single free Wilson coefficient, these two models are therefore
constrained to a contour. By contrast, �, U

1

and S
1

have two free Wilson coefficients,

– 4 –
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R(D(*)) CONTRIBUTIONS

Figure 1. The modifications of R(D(⇤)
) from b ! c⌧NR decays. The world average experimental

1�, 2�, and 3� fit regions are shown in decreasing shade of gray. The SM point is denoted by a dot.

permitting them to span a region. If one lifts the requirement that the Wilson coefficients
are real, Fig. 1 remains unchanged. This result is straightforward for W 0 and ˜R

2

, where
the NP contributions are in each case controlled by only one coupling. Since the NR

contributions incoherently add to the SM, the phases of these two couplings are irrelevant.
In contrast, the �, U

1

and S
1

couplings do have one physical relative phase, '. Since the
NR contributions to R(D(⇤)

) must be real, positive definite, R(D(⇤)
)'=0

is either a strict
upper or lower bound of the ' 6= 0 case. For all three models, �, U

1

and S
1

, R(D(⇤)
)'=0

can be shown to be a strict lower bound, so that the regions in Fig. 1 always contain the
' 6= 0 regions, and therefore correspond to the maximal allowed regions in each model.

Fitting each simplified model to the experimental data, assuming first that all Wilson
coefficients are real, we show in Fig. 2 the corresponding 0.5�, 1� CLs (dark, light blue)
and 1.5�, 2� CLs (dark, light green) in the relevant Wilson coefficient spaces. The best fit
points are shown by black dots, with explicit values provided in Table 2. For the W 0 and
˜R
2

models, we show the explicit �2/dof (dof = 2) [JZ: why goodness of fit? What is
actually plotted?], as well as the intervals corresponding to 1� and 2� CLs.

The additional NP currents from the operators (2.9) also incoherently modify the Bc !
⌧ ⌫̄ decay rate with respect to the SM contribution, such that

Br(Bc ! ⌧ ⌫̄) =
⌧Bcf

2

Bc
mBcm

2

⌧

64⇡⇤4

e↵

�
1�m2

⌧/m
2

Bc

�
2


1 +

����cVR

+

m2

Bc
(c

SR

� c
SL

)

m⌧ (mb +mc)

����
2

�
, (2.13)

in which mc,b are the MS quark masses, obeying mQ ' mQ(1+↵s/⇡[4/3�ln(m2

Q/µ
2

)]). Self-
consistency with the form factor treatment of Ref. [8] requires these masses to be evalutated
at µ =

p
mbmc in the ⌥(1S) quark mass scheme. In Eq. (2.13), fBc ' 0.43GeV [19] and

⌧Bc ' 0.507 ps [20]. In Fig. 2 we show the corresponding exclusion regions for the relevant

– 5 –
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Figure 8. Gray bands show kinematic distributions for B ! (D⇤ ! D⇡)(⌧ ! `⌫̄`⌫⌧ )⌫̄ (left) and
B ! D(⌧ ! `⌫̄`⌫⌧ )⌫̄ (right) in the B rest frame for the W 0 simplified model in Table 1, with the
Wilson coefficient cVR ranging over 2� best fit regions in Fig. 2, and applying the phase space
cuts (2.18). The blue dashed curves show the SM prediction. [JZ: missing units on y axes]

– 17 –

effects on kinematic 

distributions  

!
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FITS AND CONSTRAINTS

Figure 2. Top: The fit regions for �, U1 and S1 models in the relevant Wilson coefficient spaces,
assuming that all Wilson coefficients are real. Shown are 0.5�, 1� CLs (dark, light blue) and 1.5�,
2� CLs (dark, light green). Bottom: The ��2 (dof = 2 [JZ: isn’t dof=1?] [JZ: is this �2

or

��2
? If latter why doesn’t it touch zero?]) for the W 0 and ˜R2 models in the relevant Wilson

coefficient space. The 1� and 2� CLs are shown by blue and green dots, respectively. Also shown
are Bc ! ⌧⌫ exclusion regions, requiring Br[Bc ! ⌧⌫] < 5% (dark orange) or < 10% (light orange).
Best fit points are shown by black dots. [JZ: Black points are missing for bottom]

Wilson coefficient spaces (shaded orange), requiring conservatively Br(Bc ! ⌧ ⌫̄) < 5% or
< 10% [21, 22]. One sees that the � simplified model is excluded, while ˜R

2

is in tension
with the Bc constraints.

Lifting the requirement of real Wilson coefficients, the �, U
1

and S
1

models now have
a physical phase, and inhabit a three dimensional parameter space: two Wilson coefficient
magnitudes, schematically denoted |c

1,2|, and a relative phase '. In general, the �2 of the
R(D(⇤)

) fit has the form

�2

= (x|c
1

|2 + y|c
2

|2 + 2z|c
1

||c
2

| cos')2 + (x⇤|c1|2 + y⇤|c2|2 + 2z⇤|c1||c2| cos')2 , (2.14)

where x
(⇤), y(⇤), z(⇤) are real and satisfy a postive definiteness constraint x

(⇤)y(⇤) > z2
(⇤).

For a given choice of |c
1,2|, there exist a (nontrivial) value for cos' that minimizes �2. We

refer to this scenario as the ‘phase optimized fit’, denoted ' = '
0

(|c
1

|, |c
2

|). In explicit
numerical terms, for the form factor and R(D(⇤)

) inputs described above, the �, U
1

and S
1

models have non-trivial solution

cos('
0

) =

8
>>>><

>>>>:

0.24�0.51|cSR|2�0.51|cSL|2
|cSR||cSL| , � ,

0.38�1.38|cVR|2�0.60|cSL|2
|cVR||cSL| , U

1

,

0.18�0.84|cVR|2�0.90|cSR|2
|cVR||cSR| , S

1

,

(2.15)
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Orange: 	

excluded region 
from requiring 
Br(Bc → τν) < 5%	

	 .	 NP corrections and form factor fits based on	      

	 	 Z. Ligeti, M. Papucci, and D. J. Robinson, JHEP 01, 083 (2017), 1610.02045 	       

	 .	 F. U. Bernlochner, Z. Ligeti, M. Papucci, and D. J. Robinson, Phys. Rev. D95, 115008 (2017), 1703.05330 	      
!
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BEST FIT VALUES

Figure 3. The phase-optimized fit regions for �, U1 and S1 models in the relevant Wilson coefficient
spaces, imposing the condition ' = '0(|c1|, |c2|). Shown are 0.5�, 1� CLs (dark, light blue) and 1.5�,
2� CLs (dark, light green). Also shown are Bc ! ⌧⌫ exclusion regions, requiring Br[Bc ! ⌧⌫] < 5%

(dark orange) or < 10% (light orange). Best fit points are shown by black dots.

Real Phase Optimized

Model WCs Best Fit �2 Best fit �2

W 0 c
VR

±0.46 1.0 – –
˜R
2

c
SR

= 4c
T

±0.44 1.6 – –

� {c
SR

, c
SL

}
{±1.50,⌥0.84} 0. {1.50,�0.84} 0.

{1.21,±1.21e±i0.17⇡} 0.

{±0.84,⌥1.50} 0. {0.84,�1.50} 0.

U
1

{c
VR

, c
SL

} {±0.45,⌥0.93} 0. {0.45,�0.93} 0.

{±0.42,±0.24} 0. {0.42, 0.24} 0.

S
1

{c
VR

, c
SR

=

�4c
T

} {±0.55,⌥0.21} 0.95 {0.55,�0.21} 0.95

Table 2. Best fit points for each model, for case of real and phase-optimized Wilson coefficients.
In the phase-optimized case, we show best fits up to an overall phase, by choosing the first WC to
be real and positive definite. [JZ: Is what is shown �2

or �2/d.o.f.?]

valid only on the domain | cos('
0

)| < 1, and otherwise cos('
0

) = ±1. In Fig. 3 we show
the phase-optimized fits for the �, U

1

and S
1

models, with the same color scheme as was
adopted for Fig. 2. The explicit best fit points are provided in Table 2. The best-fit points
for U

1

and S
1

remain the same, but an additional best-fit point arises for the � model.
Nonetheless, one sees that the � simplified model remains excluded, while U

1

and S
1

have
non-excluded 1� CLs.

– 7 –
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NEW PHYSICS
• new mediators (W’, R2, U1, S1):  

look for other (more direct) evidence at the LHC - can couple to other 

SM particles and carry other signatures 

• sterile neutrino NR effects and signals

2.3 Neutrino masses

The effective operators (2.9) introduce a NR–⌫L Dirac mass at two loop order, via contri-
butions of the form [JZ: maybe put arrows on fermion lines?]

mD
¯NR⌫L ⇠

NR ⌫L
¯b

Wc

⌧

, (2.16)

in which the simplified model mediator has been integrated out. Depending on the chiral
structure of the simplified model, various mass insertions are mandated on the internal
quark and lepton lines. In particular, the O

VR

operator requires three mass insertions,
while the scalar and tensor operators require just one. The corresponding Dirac masses are
given by

W 0
: mD ⇠ c

VR

⇤

2

e↵

g2
2

Vcb

512⇡4

mbmcm⌧ ⇠ c
VR

10

�3 eV, (2.17a)

˜R
2

: mD ⇠ 2c
SR

mb
g2
2

Vcb

512⇡4

⇠ c
SR

10

2 eV, (2.17b)

U
1

: mD ⇠

c
SL

mc +
c
VR

⇤

2

e↵

mbmcm⌧

�
g2
2

Vcb

512⇡4

⇠ (c
SL

10

2

+ c
VR

10

�3

) eV, (2.17c)

S
1

: mD ⇠

2c

SR

mb +
c
VR

⇤

2

e↵

mbmcm⌧

�
g2
2

Vcb

512⇡4

⇠ (c
SR

10

2

+ c
VR

10

�3

) eV . (2.17d)

With respect to the best fit regions shown in Figs. 2 or 3, it immediately follows that the ˜R
2

model is excluded unless additional neutrino mass terms are introduced, that are fine-tuned
to cancel the Dirac contribution in (2.17) to about 1 in 100. [JZ: check] The U

1

and S
1

models, however, remain viable, if c
SL

, c
SR

Wilson coefficients are small. For these two
models, the 1� fit regions are consistent with the scalar Wilson coefficients |c

SL,SR

| ⌧ 1,
corresponding to the couplings ↵LQ, zQ in Table 1 to be small, ↵LQ ⌧ 1 and zQ ⌧ 1,
respectively. DR: Should we restrict discussion hereafter to this regime?

2.4 Differential distributions

The reliability of the above R(D(⇤)
) fit results turns upon the underlying assumption that

the differential distributions, and hence experimental acceptances, of the B ! D(⇤)⌧ ⌫̄ de-
cays are not significantly modified in the presence of the NP currents. The B ! D(⇤)⌧ ⌫̄

branching ratios are extracted from a simultaneous float of background and signal data,
so that significant modification of the acceptances versus the SM template may alter the
extracted values.

To estimate the size of these potential effects, we examine the cascades B ! (D⇤ !
D⇡)(⌧ ! `⌫̄`⌫⌧ )⌫̄ and B ! D(⌧ ! `⌫⌫)⌫, comparing the purely SM predictions with the
predictions from the best fit points in simplified models. We take NR to be massless, and
include the phase space cuts,

q2 = (pB � pD(⇤))
2 > 4 GeV2 , E` > 400 MeV , m2

miss

> 1.5 GeV2 , (2.18)

– 8 –

2.3 Neutrino masses

The effective operators (2.9) introduce a NR–⌫L Dirac mass at two loop order, via contri-
butions of the form [JZ: maybe put arrows on fermion lines?]

mD
¯NR⌫L ⇠

NR ⌫L
¯b

Wc

⌧

, (2.16)

in which the simplified model mediator has been integrated out. Depending on the chiral
structure of the simplified model, various mass insertions are mandated on the internal
quark and lepton lines. In particular, the O

VR

operator requires three mass insertions,
while the scalar and tensor operators require just one. The corresponding Dirac masses are
given by

W 0
: mD ⇠ c

VR

⇤

2

e↵

g2
2

Vcb

512⇡4

mbmcm⌧ ⇠ c
VR

10

�3 eV, (2.17a)

˜R
2

: mD ⇠ 2c
SR

mb
g2
2

Vcb

512⇡4

⇠ c
SR

10

2 eV, (2.17b)

U
1

: mD ⇠

c
SL

mc +
c
VR

⇤

2

e↵

mbmcm⌧

�
g2
2

Vcb

512⇡4

⇠ (c
SL

10

2

+ c
VR

10

�3

) eV, (2.17c)

S
1

: mD ⇠

2c

SR

mb +
c
VR

⇤

2

e↵

mbmcm⌧

�
g2
2

Vcb

512⇡4

⇠ (c
SR

10

2

+ c
VR

10

�3

) eV . (2.17d)

With respect to the best fit regions shown in Figs. 2 or 3, it immediately follows that the ˜R
2

model is excluded unless additional neutrino mass terms are introduced, that are fine-tuned
to cancel the Dirac contribution in (2.17) to about 1 in 100. [JZ: check] The U

1

and S
1

models, however, remain viable, if c
SL

, c
SR

Wilson coefficients are small. For these two
models, the 1� fit regions are consistent with the scalar Wilson coefficients |c

SL,SR

| ⌧ 1,
corresponding to the couplings ↵LQ, zQ in Table 1 to be small, ↵LQ ⌧ 1 and zQ ⌧ 1,
respectively. DR: Should we restrict discussion hereafter to this regime?

2.4 Differential distributions

The reliability of the above R(D(⇤)
) fit results turns upon the underlying assumption that

the differential distributions, and hence experimental acceptances, of the B ! D(⇤)⌧ ⌫̄ de-
cays are not significantly modified in the presence of the NP currents. The B ! D(⇤)⌧ ⌫̄

branching ratios are extracted from a simultaneous float of background and signal data,
so that significant modification of the acceptances versus the SM template may alter the
extracted values.

To estimate the size of these potential effects, we examine the cascades B ! (D⇤ !
D⇡)(⌧ ! `⌫̄`⌫⌧ )⌫̄ and B ! D(⌧ ! `⌫⌫)⌫, comparing the purely SM predictions with the
predictions from the best fit points in simplified models. We take NR to be massless, and
include the phase space cuts,

q2 = (pB � pD(⇤))
2 > 4 GeV2 , E` > 400 MeV , m2

miss

> 1.5 GeV2 , (2.18)
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2.3
Neutrin

o mass
es

The effecti
ve operat

ors
(2.9

) intr
oduce a NR

–⌫L
Dirac

mass
at two loop

order, via
cont

ri-

bution
s of the form

[JZ
: mayb

e put arr
ows on

ferm
ion

lines?
]

mD
¯NR

⌫L

⇠
NR

⌫L

¯b W

c

⌧

,

(2.1
6)

in which
the simplified model mediato

r has been
inte

grat
ed out. Depending on the chiral

stru
cture of the simplified model, vari

ous mass
insert

ions are
mandated

on the inte
rnal

quark
and lept

on lines.
In parti

cular,
the OV

R

operat
or requ

ires
three

mass
insert

ions,

while the scal
ar and tensor

operat
ors

requ
ire just one. The corr

esponding Dirac
masse

s are

give
n by

W
0
:

mD
⇠
cV

R

⇤

2

e

↵

g
2

2

Vcb

5

1

2

⇡
4

mbm
cm

⌧
⇠ cV

R

1

0

�3 eV,

(2.1
7a)

˜R2

:

mD
⇠ 2

cS

R

mb

g
2

2

Vcb

5

1

2

⇡
4

⇠ cS

R

1

0

2 eV,

(2.1
7b)

U1

:

mD
⇠


cS

L

mc
+

cV

R

⇤

2

e

↵

mbm
cm

⌧

� g
2

2

Vcb

5

1

2

⇡
4

⇠ (

cS

L

1

0

2

+

cV

R

1

0

�3 ) eV
,

(2.1
7c)

S1

:

mD
⇠


2

cS

R

mb
+

cV

R

⇤

2

e

↵

mbm
cm

⌧

� g
2

2

Vcb

5

1

2

⇡
4

⇠ (

cS

R

1

0

2

+

cV

R

1

0

�3 ) eV
.

(2.1
7d)

With resp
ect

to the best fit regi
ons shown in Figs.

2 or 3, it immediate
ly follo

ws that the ˜R2

model is
excl

uded unless
addition

al n
eutrin

o mass
term

s are
intr

oduced, that are
fine-tu

ned

to cancel
the Dirac

cont
ribution

in (2.1
7) to about 1 in 100.

[JZ
: check

] The U1

and S1

models,
however

, rem
ain

viab
le, if cS

L

, cSR
Wilson

coeffi
cien

ts are
small.

For these
two

models,
the 1

� fit regi
ons are

consiste
nt with

the scal
ar Wilson

coeffi
cien

ts |cS

L

,SR
| ⌧

1

,

corr
esponding to the couplings ↵LQ

, zQ
in Table

1 to be small,
↵LQ

⌧ 1

and zQ
⌧ 1

,

resp
ecti

vely
. DR: Should we rest

rict
discu

ssio
n herea

fter
to this regi

me?

2.4
Differe

ntia
l distr

ibution
s

The relia
bility

of the above
R(

D
(

⇤) ) fit resu
lts turns upon the underly

ing assu
mption

that

the differen
tial

distri
bution

s, and hen
ce exp

erim
enta

l acce
ptances,

of the
B ! D

(

⇤) ⌧ ¯⌫
de-

cays
are

not sign
ificant

ly modified in the prese
nce of the NP curren

ts.
The B ! D

(

⇤) ⌧ ¯⌫

branching rati
os are

extr
acte

d from
a simultan

eous float
of backg

round and sign
al data,

so that sign
ificant

modificati
on of the acce

ptances
vers

us the SM tem
plate

may alte
r the

extr
acte

d valu
es.

To estim
ate

the size
of these

poten
tial

effects
, we exam

ine the casc
ades B

! (

D
⇤ !

D⇡)(
⌧ ! `¯⌫`

⌫⌧)
¯⌫ and B ! D(

⌧ ! `⌫⌫
)

⌫, com
parin

g the purely
SM predictio

ns with
the

predictio
ns from

the best
fit point

s in simplified models.
We take

NR
to be massl

ess,
and

include the phase
space

cuts,

q
2

=

(

pB
� pD(⇤)

)

2 > 4

GeV
2 ,

E`
> 4

0

0

MeV ,
m
2

m

i

s

s

> 1

.5 GeV
2 ,

(2.1
8)
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neutrino mass contribution at 2 loop sterile neutrino decay 

• flavor structure of the underlying theory crucial:  

determines couplings to other SM particles, controls constraints/signatures

[ Note: NO free parameters once R(D(*)) fixed! ]
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NEW PHYSICS
• new mediators (W’, R2, U1, S1):  

look for other (more direct) evidence at the LHC - can couple to other 

SM particles and carry other signatures 

• sterile neutrino NR effects and signals

2.3 Neutrino masses

The effective operators (2.9) introduce a NR–⌫L Dirac mass at two loop order, via contri-
butions of the form [JZ: maybe put arrows on fermion lines?]

mD
¯NR⌫L ⇠

NR ⌫L
¯b

Wc

⌧

, (2.16)

in which the simplified model mediator has been integrated out. Depending on the chiral
structure of the simplified model, various mass insertions are mandated on the internal
quark and lepton lines. In particular, the O

VR

operator requires three mass insertions,
while the scalar and tensor operators require just one. The corresponding Dirac masses are
given by

W 0
: mD ⇠ c

VR

⇤

2

e↵

g2
2

Vcb

512⇡4

mbmcm⌧ ⇠ c
VR

10

�3 eV, (2.17a)

˜R
2

: mD ⇠ 2c
SR

mb
g2
2

Vcb

512⇡4

⇠ c
SR

10

2 eV, (2.17b)

U
1

: mD ⇠

c
SL

mc +
c
VR

⇤

2

e↵

mbmcm⌧

�
g2
2

Vcb

512⇡4

⇠ (c
SL

10

2

+ c
VR

10

�3

) eV, (2.17c)

S
1

: mD ⇠

2c

SR

mb +
c
VR

⇤

2

e↵

mbmcm⌧

�
g2
2

Vcb

512⇡4

⇠ (c
SR

10

2

+ c
VR

10

�3

) eV . (2.17d)

With respect to the best fit regions shown in Figs. 2 or 3, it immediately follows that the ˜R
2

model is excluded unless additional neutrino mass terms are introduced, that are fine-tuned
to cancel the Dirac contribution in (2.17) to about 1 in 100. [JZ: check] The U

1

and S
1

models, however, remain viable, if c
SL

, c
SR

Wilson coefficients are small. For these two
models, the 1� fit regions are consistent with the scalar Wilson coefficients |c

SL,SR

| ⌧ 1,
corresponding to the couplings ↵LQ, zQ in Table 1 to be small, ↵LQ ⌧ 1 and zQ ⌧ 1,
respectively. DR: Should we restrict discussion hereafter to this regime?

2.4 Differential distributions

The reliability of the above R(D(⇤)
) fit results turns upon the underlying assumption that

the differential distributions, and hence experimental acceptances, of the B ! D(⇤)⌧ ⌫̄ de-
cays are not significantly modified in the presence of the NP currents. The B ! D(⇤)⌧ ⌫̄

branching ratios are extracted from a simultaneous float of background and signal data,
so that significant modification of the acceptances versus the SM template may alter the
extracted values.

To estimate the size of these potential effects, we examine the cascades B ! (D⇤ !
D⇡)(⌧ ! `⌫̄`⌫⌧ )⌫̄ and B ! D(⌧ ! `⌫⌫)⌫, comparing the purely SM predictions with the
predictions from the best fit points in simplified models. We take NR to be massless, and
include the phase space cuts,

q2 = (pB � pD(⇤))
2 > 4 GeV2 , E` > 400 MeV , m2

miss

> 1.5 GeV2 , (2.18)
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2.3 Neutrino masses

The effective operators (2.9) introduce a NR–⌫L Dirac mass at two loop order, via contri-
butions of the form [JZ: maybe put arrows on fermion lines?]

mD
¯NR⌫L ⇠

NR ⌫L
¯b

Wc

⌧

, (2.16)

in which the simplified model mediator has been integrated out. Depending on the chiral
structure of the simplified model, various mass insertions are mandated on the internal
quark and lepton lines. In particular, the O

VR

operator requires three mass insertions,
while the scalar and tensor operators require just one. The corresponding Dirac masses are
given by

W 0
: mD ⇠ c

VR

⇤

2

e↵

g2
2

Vcb

512⇡4

mbmcm⌧ ⇠ c
VR

10

�3 eV, (2.17a)
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2
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Vcb
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2 eV, (2.17b)

U
1
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e↵
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Vcb
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SL
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VR
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�3

) eV, (2.17c)

S
1

: mD ⇠

2c

SR
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c
VR

⇤

2

e↵

mbmcm⌧
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g2
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Vcb

512⇡4

⇠ (c
SR
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2
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VR

10

�3

) eV . (2.17d)
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neutrino mass contribution at 2 loop sterile neutrino decay 

NEXT: study these in more detail in the W’ model

• flavor structure of the underlying theory crucial:  

determines couplings to other SM particles, controls constraints/signatures

[ Note: NO free parameters once R(D(*)) fixed! ]
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Field SU(3)c SU(2)L SU(2)V U(1)0

SM-like chiral fermions

q0iL 3 2 1 1/6

`0iL 1 2 1 -1/2

u0iR 3 1 1 2/3

d0iR 3 1 1 -1/3

e0iR 1 1 1 -1

⌫ 0iR 1 1 1 0

Extra vector-like fermions

Q0i
L,R 3 1 2 1/6

L0i
L,R 1 1 2 -1/2

Scalars

H 1 2 1 1/2

HV 1 1 2 1/2

Table 1. Matter content of the model in the unbroken phase of gauge group G. The flavour index
i 2 {1, 2, 3}. Singlet representation is denoted with 1, while fundamental of SU(3) (SU(2)) is 3
(2). The last column shows the Y 0 quantum number.

3 Explicit UV completion: The ‘3221’ gauge model

A massive vector requires a UV completion. We consider a ‘3221’-type gauge theory,

with a gauge group G = SU(3)c ⇥ SU(2)L ⇥ SU(2)V ⇥ U(1)0. The U(1)0 together with

the SU(2)V symmetry will generate heavy vectors under spontaneous symmetry breaking

SU(2)V ⇥ U(1)0 ! U(1)Y . Our notation for the gauge fields in the G-symmetric phase

is Ga
µ, W

i
µ, W

0j
µ , and B0

µ, respectively, with gs, gL, gV , and g0 the corresponding gauge

couplings. The content of the model is shown in Table 1: Three generations of SM-like

chiral field content, denoted by primes, is extended by a right-handed neutrino ⌫ 0R. Also

included are one or more generations of vector-like quarks and leptons, Q0i
L,R and L0i

L,R that

transform as doublets under SU(2)V . We will consider the phenomenological implications

for the cases where either one, two, or three sets of vector-like fermions are introduced. In

the remainder of this section, we give a detailed account of this UV completion, while the

related phenomenology is discussed in Section 4.

3.1 Gauge symmetry and the spontaneous symmetry breaking pattern

The gauge group G is spontaneously broken in two steps, first G ! GSM ⌘ SU(3)c ⇥
SU(2)L ⇥ U(1)Y , and then GSM ! U(1)em. The first step of spontaneous symmetry

breaking, G ! GSM, occurs when the scalar, HV obtains a nonzero vacuum expectation

value (vev),

hHV i = 1p
2

 
0

vV

!
. (3.1)
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W’ talks to SM fermions only 

via mixing with vector-like 

fermions. Can appropriately 

engineer this mixing so that 

W’ talks significantly only to 

(right-handed) b,c,τ   
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THE NEUTRINO SECTOR

relevant W 0 boson couplings are, up to small corrections due to EW symmetry breaking,

given by

c23q ⇡ sin ✓bR sin ✓cR , c3N ⇡ sin ✓⌧R sin ✓N . (3.16)

The corrections to R(D(⇤)) are maximised in the limit c23q , c3N ! 1, in which case Eq. (2.7)

implies vV ⇡ 1.8 TeV in the minimal model, where all the breaking of SU(2)V ⇥ U(1)0 !
U(1)Y is due to HV .

3.4 Neutrino masses

The neutrino mass matrix, for a simplified case of a single SM-like neutrino flavor, has the

following form in the basis (⌫ 0L, ⌫
0 c
R , N 0

L, N
0c
R ),

M⌫ =

0

BBBB@

0 y⌫vEWp
2

0 0
y⌫vEWp

2
µ �⌫vVp

2
0

0 �⌫vVp
2

0 ML

0 0 ML 0

1

CCCCA
, (3.17)

where we have included a Majorana mass term µ for ⌫ 0R, which is a singlet under G. For

vEW = 0, the SM neutrino ⌫ 0L decouples from the system and remains massless. In the

remaining system of three Weyl fermions, the µ = 0 limit produces a massless Majorana

neutrino N c
R = cos ✓N⌫ 0cR�sin ✓NN 0c

R , where tan ✓N = (�⌫vV )/(
p
2ML), while the other two

Weyl fermions combine into a Dirac fermion with mass

MN 0 ⌘ ML

p
1 + tan2 ✓N . (3.18)

As with the charged fermions (discussed above), for �⌫vV � ML the massless right-handed

neutrino has a large admixture of N 0c
R , which is charged under SU(2)V ; this large mixing

is necessary to induce a large coupling of the massless state to W 0 in order to explain the

R(D(⇤)) anomaly. Introducing a nonzero but small µ ⌧ ML,�⌫vV results in the lightest

right-handed neutrino NR obtaining a mass MNR ⇡ µ (ML/MN 0)2 and a small admixture

of N 0
L. The heavy Dirac fermion becomes a pseudo-Dirac state, composed of two O(MN 0)

mass states split by O(µ).

The above features persist for y⌫vEW 6= 0, i.e., when the SM ⌫ 0L state is coupled to

this system, in the phenomenologically interesting limit y⌫vEW ⌧ µ. This also leads to

a Type-I seesaw step that generates light Majorana neutrino masses ⇡ y2⌫v
2
EW/(2µ). It is

straightforward to extend the above discussion to three generations of neutrinos, thereby

accounting for the observed neutrino oscillation phenomena. In addition to the tree level

neutrino masses discussed here, a Dirac mass term analogous to y⌫vEW is also generated

at two loops. The size of this contribution depends on the flavor structure of the theory,

which will be discussed in the next section. Hence we postpone a discussion of the two

loop Dirac mass term, along with the discussion of the phenomenology of the additional

neutrino states, until Section 5.
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p
2ML), while the other two
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(                 )

vectorlike states give pseudo-Dirac state of mass                                   split by O(µ)

responsible for anomaly

The Yukawa couplings y ν   can be appropriately chosen such that y ν  vEW << µ and the 

SM neutrinos get the right masses via a low scale type-I seesaw 
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Figure 3. The LHC exclusion limits on the Z 0 andW 0 resonances from ATLAS ⌧+⌧� [57], `+`� [58]
(` = e, µ), and ⌧⌫ [59] searches, respectively, projected on the (vV , gV ) plane for the FL-23 scenario
assuming the maximal fermion mixing angles s✓b , s✓c , s✓e and s✓N (that is c23q , c3N ! 1). The
vertical green band represents 1� range for R(D(⇤)) anomaly. Dashed blue (red) isolines are the
predicted masses for Z 0 (W 0) gauge bosons. The plot on the left is for the minimal matter content,
while the plot on the right assumes an additional family of the vector-like fermions mixing weakly
with the SM fermions. Their masses are set to 0.8 TeV, above the limits from [61].

⌧+⌧� [57] and `+`� [58] (` = e, µ) searches gives the exclusion regions in the (vV , gV )

plane shown in Fig. 3 for ⌧+⌧� (brown) and `+`� (gray), respectively. The parameter

space consistent with the LHC data has gV � g0, or tV ⌧ 1. This is required to suppress

Z 0 couplings to valence quarks and light charged leptons. In this regime, the dominant

decay modes are to bb̄, cc̄, ⌧+⌧� and NRNR, and the main production mechanism is from

the charm fusion. Comparing instead the �(pp ! W 0) ⇥ B(W 0 ! ⌧⌫) to the upper limits

from the ATLAS analysis [59] (see also [60]), leads to constraints shown with light blue.

Introducing another vector-like fermion family helps reduce these constraints as shown in

the right plot. Here we set the masses of vector-like fermion to 0.8 TeV, which is above the

limits from the quark partner pair production [61]. We also checked that in the interesting

region of parameter space the W 0, Z 0 induced production is always subleading compared

to the QCD pair production.

4.2 Flavor constraints

We next turn our attention to the flavor constraints. In FL-23 model all the tree-level

FCNCs are strongly suppressed, and are phenomenologically negligible. The one-loop

induced FCNCs are also negligible, suppressed by both mW 0 � mW and the extreme

smallness of the flavor-changing couplings cijq , for ij 6= 23.

Other flavor models, beside flavor-locking, may lead to a flavor structure similar to

– 14 –

dashed blue (red): contours of Z’(W’) masses
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NEUTRINO MASSES

Figure 4. The two loop contribution to Dirac mass for neutrinos. Crosses on fermion propagators
denote mass insertions from hHV i or hHi, as inferred from the Lagrangian.

• ⌫2,3R ⇡ ⌫ 02,3R are the remaining two singlets. We assume that they couple negligibly to

NL, NR and are approximately degenerate, so that they have massesM
⌫2,3R

⇡ µ2,3 ⇡ µ.

These states are therefore expected to be heavier than NR by a factor ⇠ (MN 0/ML)2.

We will use these states to generate the observed neutrino masses via the type-I

seesaw mechanism, giving m⌫L ⇡ y2⌫v
2
EW/(2µ).1

• The remaining two degrees of freedom make up a pseudo-Dirac state composed of

two states with masses of O(MN 0) split by O(µ). These are heavy and decay rapidly,

hence do not directly influence the low energy neutrino phenomenology or cosmology,

and thus we do not discuss them further.

In our setup a Dirac mass term is generated at two loops, and is sensitive to the flavor

structure of the theory, see Fig. 4. This contribution has been estimated in, e.g., [68–70].

Ignoring O(1) pre-factors and integration functions, the Dirac mass in the FL-23 scenario

is approximately given by

mD ⇠ g2 Vcb

512⇡4

C23,3

⇤2
e↵

mbmcm⌧ ⇡ O(10�3) eV. (5.1)

This is much smaller than the active neutrino mass scale, and therefore does not modify

the discussions of neutrino masses and mixings above.

5.1 Cosmology

The same W 0 mediated interaction that gives the R(D⇤) signal will also produce NR in

the early Universe, e.g., through the processes bc ! ⌧NR or ⌧⌧ ! NRNR. These inter-

actions thermalize the NR population with the SM bath at high temperatures. Once the

temperature drops below the masses of the SM fermions involved in these interactions, the

NR abundance freezes out. Since we have assumed mNR . O(100 MeV), NR freezes out

1
This imposes requirements on the Yukawa couplings of ⌫02,3

R and mixing angles with SM neutrinos.

Since solar and atmospheric neutrino oscillation data only fix two mass di↵erences, while the absolute mass

scale for active neutrinos is only bounded from above, only two sterile neutrinos are required to participate

in the seesaw relation. The remaining sterile neutrinos, including NR, can in principle be decoupled from

the seesaw constraint.
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Dirac mass at 2 loops

[ For other mediators that couple to left-handed instead of right-handed SM fermions, 

this contribution can be big and requires cancellations with tree-level Yukawa mass 

terms for consistency ]
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produced in the early Universe via the same interaction 

that gives R(D(*)) 

!
relativistic freezeout: unsuppressed relic density 

STERILE NEUTRINO COSMOLOGY
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STERILE NEUTRINO … DARK MATTER?

RELIC ABUNDANCE:
• overabundant due to relativistic freezeout: need to dilute relic density. 

• entropy dilution from additional (heavier) sterile neutrinos (~GeV) that 

decay late (just before BBN) can do this
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STERILE NEUTRINO … DARK MATTER?

• overabundant due to relativistic freezeout: need to dilute relic density. 

• entropy dilution from additional (heavier) sterile neutrinos (~GeV) that 

decay late (just before BBN) can do this

RELIC ABUNDANCE:

Figure 5. Decay modes of NR. The radiative decay (left) is induced by its coupling to W 0 as
dictated by the fit to the R(D(⇤)) signal. The tree level decay to neutrinos (right), induced by
NR � ⌫L mixing, is the standard decay channel for sterile neutrinos.

at temperature above mNR , so that its abundance is not Boltzmann suppressed, and it

survives as an additional neutrino species in the early Universe.

It then becomes crucial to determine the fate of this NR population. The NR can decay

either through NR ! ⌫� via a two loop radiative process induced by its W 0 couplings, or

via a small mixing with the SM neutrinos, see Fig. 5. Since the NR mixing angle with the

SM neutrinos can be arbitrarily small, the radiative decay process is generally the dominant

decay channel. The decay rate for this process is approximately [71–73]

�NR!⌫� ' ↵

32⇡8
V 2
cb

G2
F m2

⌧ m
2
b m

2
c m

3
NR

(⇤2
e↵/C23,3)2

' 10�49

✓
mNR

keV

◆3

GeV. (5.2)

where we have again ignored some O(1) pre-factors and integration functions. It should

be emphasized that this decay rate is completely fixed by the fit to R(D(⇤)), as there are

no other free parameters that enter the above decay rate. For comparison, the decay rate

for the tree level process, Fig. 5 right, is

�NR!3⌫ ' G2
F

192⇡3
m5

NR
sin2 ✓

' 10�48

✓
mNR

keV

◆5✓sin2 ✓

10�4

◆
. (5.3)

The mixing angle is bounded from above, sin2✓ . m⌫/mNR , in order to remain consistent

with the seesaw mechanism, but is typically much smaller, rendering this mode subdomi-

nant.

The radiative decay channel NR ! ⌫�, if dominant, corresponds to a lifetime of

⇠ 1025 (mNR/keV)
�3 s. For mNR <O(100) keV, the NR sterile neutrino therefore has a

lifetime greater than the age of the Universe and could in principle form a component of

dark matter. Such a dark matter interpretation, however, faces several challenges.

Sterile neutrino dark matter is generally studied in frameworks where its abundance

freezes in rather than freezes out [74–78]; however, this is not true in the current scenario.
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• lifetime

It is well known that without other additional modifications of the standard cosmology, a

species that undergoes relativistic freezeout around T ⇠ m⌧ overcloses the Universe if its

mass is greater than O(keV). Its relic abundance can be made to match the observed dark

matter abundance through appropriate entropy dilution. For instance, species that grow

to dominate the energy density in the early Universe and decay late, after dark matter has

frozen out, release significant entropy into the SM thermal bath and dilute the abundance

of dark matter. Such long-lived particles are present in our framework in the form of ⌫2,3R .

If their masses lie at the GeV scale, they can thermalize, undergo relativistic freezeout,

and decay just before BBN, diluting the abundance of dark matter by a factor of . 30

[73, 79, 80]. Significantly larger dilution factors can be achieved with late decaying sterile

neutrinos that are not part of the seesaw mechanism (see e.g. [73]), although these are not

as well motivated in general. It should be noted that a large entropy dilution also helps

to make the dark matter colder, making the light dark matter candidate more compatible

with warm dark matter constraints.

Even with the correct relic abundance, dark matter in this mass range is severely

constrained by �-ray bounds from various observations [81], which rule out dark matter

lifetimes of O(1026�28)s in the keV-MeV window. These observations therefore rule out

NR, which has a lifetime ⇠ 1025 (mNR/keV)�3 s, as constituting all of dark matter. It

could still constitute a small fraction (sub-percent level) of dark matter, in which case

future �-ray observations could discover a line signal from its decay.

If NR is light, with a mass below . keV, it can act as dark radiation and contribute to

the e↵ective number of relativistic degrees of freedom Ne↵ at BBN and/or CMB decoupling.

This is potentially problematic since a light sterile neutrino that undergoes relativistic

freezeout and is long-lived e↵ectively acts as an additional neutrino species, contributing

�Ne↵ ⇠ 1, which is inconsistent with current observations. However, O(1) dilution of its

abundance, as would be expected, e.g., from ⌫2,3R decays if they are at the GeV scale, would

result in �Ne↵ ⇡ O(0.1), which would be consistent with current observations and at the

same time possibly within reach of future instruments such as CMB-S4 [82].

Alternatively, when NR is heavy enough that its lifetime is shorter than the age of the

Universe, NR ! ⌫� as the dominant decay channel results in a late injection of photons into

the Universe, which can distort the CMB or contribute to the di↵use photon background.

This problem can be avoided by enhancing the NR mixing with active neutrinos, to the

extent allowed by the seesaw mechanism, so that NR primarily decays via this mixing (into

channels such as NR ! 3⌫, see Fig. 5 right). For mNR> MeV, this introduces dominant

decays channels into electrons or pions, which can also distort the CMB or contribute to

the di↵use photon background. For masses below an MeV, such decays into charged states

are not kinematically open; however, in addition to NR ! 3⌫, which might be compatible

with all existing constraints, the active-sterile mixing also gives rise to the decay NR ! �⌫

at one loop with a significant branching fraction. Such considerations indicate that NR

lifetimes shorter than the age of the Universe are incompatible with current observational

constraints.
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• gamma ray constraint on DM lifetime:
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STERILE NEUTRINO … DARK MATTER?

• overabundant due to relativistic freezeout: need to dilute relic density. 

• entropy dilution from additional (heavier) sterile neutrinos (~GeV) that 

decay late (just before BBN) can do this

RELIC ABUNDANCE:

Figure 5. Decay modes of NR. The radiative decay (left) is induced by its coupling to W 0 as
dictated by the fit to the R(D(⇤)) signal. The tree level decay to neutrinos (right), induced by
NR � ⌫L mixing, is the standard decay channel for sterile neutrinos.

at temperature above mNR , so that its abundance is not Boltzmann suppressed, and it

survives as an additional neutrino species in the early Universe.

It then becomes crucial to determine the fate of this NR population. The NR can decay

either through NR ! ⌫� via a two loop radiative process induced by its W 0 couplings, or

via a small mixing with the SM neutrinos, see Fig. 5. Since the NR mixing angle with the

SM neutrinos can be arbitrarily small, the radiative decay process is generally the dominant

decay channel. The decay rate for this process is approximately [71–73]
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where we have again ignored some O(1) pre-factors and integration functions. It should

be emphasized that this decay rate is completely fixed by the fit to R(D(⇤)), as there are

no other free parameters that enter the above decay rate. For comparison, the decay rate

for the tree level process, Fig. 5 right, is
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The mixing angle is bounded from above, sin2✓ . m⌫/mNR , in order to remain consistent

with the seesaw mechanism, but is typically much smaller, rendering this mode subdomi-

nant.

The radiative decay channel NR ! ⌫�, if dominant, corresponds to a lifetime of

⇠ 1025 (mNR/keV)
�3 s. For mNR <O(100) keV, the NR sterile neutrino therefore has a

lifetime greater than the age of the Universe and could in principle form a component of

dark matter. Such a dark matter interpretation, however, faces several challenges.

Sterile neutrino dark matter is generally studied in frameworks where its abundance

freezes in rather than freezes out [74–78]; however, this is not true in the current scenario.
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LIFETIME:
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dark matter. Such a dark matter interpretation, however, faces several challenges.
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freezes in rather than freezes out [74–78]; however, this is not true in the current scenario.
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• lifetime

It is well known that without other additional modifications of the standard cosmology, a

species that undergoes relativistic freezeout around T ⇠ m⌧ overcloses the Universe if its

mass is greater than O(keV). Its relic abundance can be made to match the observed dark

matter abundance through appropriate entropy dilution. For instance, species that grow

to dominate the energy density in the early Universe and decay late, after dark matter has

frozen out, release significant entropy into the SM thermal bath and dilute the abundance

of dark matter. Such long-lived particles are present in our framework in the form of ⌫2,3R .

If their masses lie at the GeV scale, they can thermalize, undergo relativistic freezeout,

and decay just before BBN, diluting the abundance of dark matter by a factor of . 30

[73, 79, 80]. Significantly larger dilution factors can be achieved with late decaying sterile

neutrinos that are not part of the seesaw mechanism (see e.g. [73]), although these are not

as well motivated in general. It should be noted that a large entropy dilution also helps

to make the dark matter colder, making the light dark matter candidate more compatible

with warm dark matter constraints.

Even with the correct relic abundance, dark matter in this mass range is severely

constrained by �-ray bounds from various observations [81], which rule out dark matter

lifetimes of O(1026�28)s in the keV-MeV window. These observations therefore rule out

NR, which has a lifetime ⇠ 1025 (mNR/keV)�3 s, as constituting all of dark matter. It

could still constitute a small fraction (sub-percent level) of dark matter, in which case

future �-ray observations could discover a line signal from its decay.

If NR is light, with a mass below . keV, it can act as dark radiation and contribute to

the e↵ective number of relativistic degrees of freedom Ne↵ at BBN and/or CMB decoupling.

This is potentially problematic since a light sterile neutrino that undergoes relativistic

freezeout and is long-lived e↵ectively acts as an additional neutrino species, contributing

�Ne↵ ⇠ 1, which is inconsistent with current observations. However, O(1) dilution of its

abundance, as would be expected, e.g., from ⌫2,3R decays if they are at the GeV scale, would

result in �Ne↵ ⇡ O(0.1), which would be consistent with current observations and at the

same time possibly within reach of future instruments such as CMB-S4 [82].

Alternatively, when NR is heavy enough that its lifetime is shorter than the age of the

Universe, NR ! ⌫� as the dominant decay channel results in a late injection of photons into

the Universe, which can distort the CMB or contribute to the di↵use photon background.

This problem can be avoided by enhancing the NR mixing with active neutrinos, to the

extent allowed by the seesaw mechanism, so that NR primarily decays via this mixing (into

channels such as NR ! 3⌫, see Fig. 5 right). For mNR> MeV, this introduces dominant

decays channels into electrons or pions, which can also distort the CMB or contribute to

the di↵use photon background. For masses below an MeV, such decays into charged states

are not kinematically open; however, in addition to NR ! 3⌫, which might be compatible

with all existing constraints, the active-sterile mixing also gives rise to the decay NR ! �⌫

at one loop with a significant branching fraction. Such considerations indicate that NR

lifetimes shorter than the age of the Universe are incompatible with current observational

constraints.
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• gamma ray constraint on DM lifetime:

• longer lifetime than age of Universe, but cannot be all of DM 

• can be a small fraction of DM, with detectable gamma ray signals
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STERILE NEUTRINO AS DARK RADIATION

It is well known that without other additional modifications of the standard cosmology, a

species that undergoes relativistic freezeout around T ⇠ m⌧ overcloses the Universe if its

mass is greater than O(keV). Its relic abundance can be made to match the observed dark

matter abundance through appropriate entropy dilution. For instance, species that grow

to dominate the energy density in the early Universe and decay late, after dark matter has

frozen out, release significant entropy into the SM thermal bath and dilute the abundance

of dark matter. Such long-lived particles are present in our framework in the form of ⌫2,3R .

If their masses lie at the GeV scale, they can thermalize, undergo relativistic freezeout,

and decay just before BBN, diluting the abundance of dark matter by a factor of . 30

[73, 79, 80]. Significantly larger dilution factors can be achieved with late decaying sterile

neutrinos that are not part of the seesaw mechanism (see e.g. [73]), although these are not

as well motivated in general. It should be noted that a large entropy dilution also helps

to make the dark matter colder, making the light dark matter candidate more compatible

with warm dark matter constraints.

Even with the correct relic abundance, dark matter in this mass range is severely

constrained by �-ray bounds from various observations [81], which rule out dark matter

lifetimes of O(1026�28)s in the keV-MeV window. These observations therefore rule out

NR, which has a lifetime ⇠ 1025 (mNR/keV)
�3 s, as constituting all of dark matter. It

could still constitute a small fraction (sub-percent level) of dark matter, in which case

future �-ray observations could discover a line signal from its decay.

If NR is light, with a mass below . keV, it can act as dark radiation and contribute to

the e↵ective number of relativistic degrees of freedom Ne↵ at BBN and/or CMB decoupling.

This is potentially problematic since a light sterile neutrino that undergoes relativistic

freezeout and is long-lived e↵ectively acts as an additional neutrino species, contributing

�Ne↵ ⇠ 1, which is inconsistent with current observations. However, O(1) dilution of its

abundance, as would be expected, e.g., from ⌫2,3R decays if they are at the GeV scale, would

result in �Ne↵ ⇡ O(0.1), which would be consistent with current observations and at the

same time possibly within reach of future instruments such as CMB-S4 [82].

Alternatively, when NR is heavy enough that its lifetime is shorter than the age of the

Universe, NR ! ⌫� as the dominant decay channel results in a late injection of photons into

the Universe, which can distort the CMB or contribute to the di↵use photon background.

This problem can be avoided by enhancing the NR mixing with active neutrinos, to the

extent allowed by the seesaw mechanism, so that NR primarily decays via this mixing (into

channels such as NR ! 3⌫, see Fig. 5 right). For mNR> MeV, this introduces dominant

decays channels into electrons or pions, which can also distort the CMB or contribute to

the di↵use photon background. For masses below an MeV, such decays into charged states

are not kinematically open; however, in addition to NR ! 3⌫, which might be compatible

with all existing constraints, the active-sterile mixing also gives rise to the decay NR ! �⌫

at one loop with a significant branching fraction. Such considerations indicate that NR

lifetimes shorter than the age of the Universe are incompatible with current observational

constraints.

– 19 –

• detectable with CMB-S4

If light (~ eV), NR  is relativistic at BBN/CMB decoupling, and can contribute
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The theory potentially contains additional light νR (multiple 

generations, entropy dilution, low scale seesaw…)  
!

not as strongly coupled to WR, but can still be produced at experiments  

cosmology requires short (< 1s) lifetime: displaced vertices! signal for 

MATHUSLA / FASER / CODEX-b

ADDITIONAL STERILE NEUTRINOS



SUMMARY
persistent anomalies in measurements of R(D(*)) at several experiments 

could arise from couplings to sterile neutrinos. many UV completions possible 

measurable deviations in kinematic distributions of events possible 

predicts heavier mediator particles - LHC can look for them! 

exotic sterile neutrino phenomenology:  

relic sterile neutrinos can give measurable dark radiation or small fraction of 
dark matter that can possibly give gamma ray signals.  

additional sterile neutrinos in the sector can give more exotic direct signals 
(displaced decays) 
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