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In this talk, I will discuss three broad classes of BSM

(1) BSM in neutrino oscillations
(2) BSM in neutrino interaction

(3) BSM in neutrino experiments

I will *not* review all work that has been done in the last years
but I will discuss some recent developments which are new and exciting

Hopefully these will inspire some of us to think about 
how to fully exploit neutrino experiments

mailto:pmachado@fnal.gov


03/27/2023 Pedro Machado | BSM in the Neutrino Sector                                                                                                                             pmachado@fnal.gov

BSM in neutrino oscillations

3

Why should we care about measuring neutrino oscillations precisely?

Oscillation physics provides a highly nontrivial probe of new physics

Let me give you some examples
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NSIs can affect neutrino propagation in matter

Oscillations look differently from standard

Several criticisms on gauge invariance, UV

Can these actually exist?

Let’s take a UV complete model that predicts 
the existence of large NSIs that can be 

probed at neutrino experiments
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Gauge 3rd family B – L

Maybe this is why Vub and Vcb are so small

2.1 The Yukawa sector

Since the third family quarks carry a nonzero U(1)(3)
B�L

charge while the first two families do
not, the Yukawa couplings that would induce three family quark mixing should involve both
doublets �1 and �2. The �1 field is introduced for the purpose of inducing quark mixing
with the third family. The Yukawa Lagrangian for the quarks is given by

L
q

yuk
= Q

L

0

B@
yu11e�2 yu12e�2 yu13e�1

yu21e�2 yu22e�2 yu23e�1

0 0 yu33e�2

1

CAuR +Q
L

0

@
yd11�2 yd12�2 0
yd21�2 yd22�2 0
yd31�1 yd32�1 yd33�2

1

AdR + h.c. (1)

Here the bold symbols stand for vectors in generation space, and e�i ⌘ i⌧2�⇤
i
with ⌧2 being

the second Pauli matrix.5 The simultaneous presence of �1 and �2 in the Yukawa couplings
of the up-quarks (and similarly for the down-quarks) would imply that there are Higgs-
mediated flavor changing neutral current (FCNC) processes in the model. We shall see that
these processes are within acceptable limits, provided that the neutral Higgs bosons have
masses of order hundred GeV.

As only the third family carries the new U(1)(3)
B�L

charge, the Cabibbo angle can be
generated without inducing any FCNC mediated by neutral scalar bosons or the X gauge
boson. We thus make 1-2 rotations in both the up- and down- quark sectors, thereby
inducing a nonzero (1, 2) entry in the CKM matrix. The other CKM matrix elements Vub

and Vcb can be generated from the rotated mass matrices which can be written in the form
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where Rij parametrizes an i � j rotation in terms of a mixing angle and a phase. While
these forms are quite general, we shall approximate m0

i
in Eq. (2) to be nearly equal to the

physical eigenvalue mi and V 0
ij
to be nearly equal to the actual CKM mixing element Vij.

The down quark mass matrix given in Eq. (2) is diagonalized by right-handed rotations
alone, with the left-handed mixing matrix being very close to an identity matrix. Thus Vcb

and Vub should arise primarily from the up-quark sector. The FCNC constraints arising
from the down-quark sector are more severe compared to those arising from the up-quark
sector. Assuming that m0

b
' mb, Bd � B̄d mixing mediated by the neutral scalar bosons

sets a limit a . 3 ⇥ 10�3/ tan � for scalar masses of order 100 GeV, while Bs � B̄s mixing
constrains b . 10�2/ tan � on the parameters a and b appearing in the down quark mass
matrix in Eq. (2) (see Sec. 4 for details). Here we have defined tan � ⌘ v2/v1. Similar

5
Another possibility would be to assign U(1)

(3)
B�L charge of �1/3 to �1. In this case, the form of the

up-quark and down-quark mass matrices would be interchanged. We do not pursue this scenario here, as it

is more constrained by FCNC processes.
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Realize it below the Fermi scale

3.2 ⌥ ! X� decay

The decay ⌥ ! XL� can also occurs and can be used to constrain parameters of the model.7

Here XL is the longitudinal mode of X. Although this process involves gauge bosons, the
equivalence theorem tells us that this width is actually probing the Yukawa coupling of the
corresponding Goldstone to the b quarks, and therefore the bound is independent of whether
the theory is gauged or not, as long as MX ⌧ mb holds. Yang’s theorem, which states that
a vector particle cannot decay into a pair of massless spin-1 particles, does not apply in this
case as the ⌥ is decaying into the longitudinal mode of X and a massless photon. Moreover,
due to charge conjugation symmetry, only the axial-vector coupling of X, that is, cbR � cbL
from Eq. (21), will contribute to ⌥ ! XL�. This branching ratio can be computed using
non-relativistic e↵ective field theory [23], where the amplitude is approximated by the zero
momentum amplitude for the hard scattering times the wave function of the ⌥ at the origin,
A⌥ ' A(0) (0). We get rid of the wave function at the origin by taking the ratio of this
width with a measured decay width like ⌥ ! e+e�. Therefore we have
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where the right-hand side of the inequality shows the measured values of the branching
ratios being considered [11]. The constraint on vs is vs > 2(0.5) TeV for tan � = 0.5(2) and
is plotted in Figs. 1 and 2.

3.3 D0
�D0 mixing

A light gauge boson with flavor changing couplings to quarks can contribute to meson-
antimeson mixing. In our model, since the first two families carry no U(1)(3)

B�L
charge, and

since the third family quark mixings arise from the up-quark mass matrix, these constraints
are not severe. The e↵ective interaction mediated by the X gauge boson responsible for
D0

�D0 mixing can be written as (see Eq. (23))

Le↵ = C(q2)(uL�µcL)
2, (35)

where

C(q2) =
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. (36)
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We have checked that ⌥ ! XLXL does not lead to any meaningful bound due to a weaker experimental

limit on the branching fraction.
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which contributes to the electroweak T parameter. Therefore, the current bound [11]

T '
1

↵

�M2
Z

M2
Z

= 0.01± 0.12 (48)

imposes a constraint gX < 0.035 for tan � = 1/2, with the constraint becoming weaker for
larger values of tan � = v2/v1 as the fourth power.

3.7 Flavor changing top decay

The X boson can also mediate flavor-changing processes involve the top quark. The decay
t ! cX is predicted in the model, with a width given by
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For gX = 10�3 and MX = 100 MeV, the width is 0.9 MeV, corresponding to a branching
ratio of 6.5⇥ 10�4, which would not be easy to observe. However, if the mass of X is lower,
this branching ratio increases. For example, when MX = 1 MeV, top quark width would
set a constraint on gX to be less than about 2 ⇥ 10�4. The new contribution to the top
quark width cannot exceed 0.45 GeV (at 2 sigma) [11], which is plotted in Fig. 1. The top
width provides a direct bound vs, which turns out to be important only for large values of
tan � (see Fig. 2). Note that this decay can be understood in terms of Goldstone boson
equivalence theorem, as the top decays primarily into the longitudinal X.

3.8 h ! XX decay

The presence of X � Z mixing will lead to Higgs decays to X pairs (dominantly to the
longitudinal modes), where the X bosons typically further decay to neutrinos, thus leading
to a contribution to the invisible Higgs branching ratio which is bounded to be smaller than
0.13 [24]. The invisible width is given by
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In the limit of MX ⌧ Mh this becomes

�(h ! XX) =
M3

h
cos8 �

64⇡v2(sin2 � cos2 � + v2
s
/v2)2

, (51)

which translates to vs >
p
17.4� tan2 � v/(1 + tan2 �).
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constraints are obtained from the decays Bd ! X� ! e+e�� [11] and Bs ! X ! µ+µ�.
With these constraints, the parameters a and b in Eq. (2) cannot significantly contribute to
the generation of CKM mixing angles Vcb and Vub, which we shall thus ignore. Within these
assumptions, the left-handed rotations that diagonalize Mu and Md are given by (in a basis
where the 1-2 up-sector is already diagonal, i.e., with RuL

12 , R
uR

12 being identity matrices)

V L

u
= RuL

23 (Vcb)R
uL

13 (Vub), (3)

V L†
d

= RdL

12 (Vus)
†. (4)

The quark mixing matrix is given by VCKM = V L

u
V L†
d

. It can be readily checked that a
CP violating phase of the correct magnitude is obtained from complex entries of the mass
matrices. It follows from Eq. (2) that any FCNC e↵ects induced by scalar boson exchanges
would be weighted by Vub and Vcb in the top sector where the experimental constraints are
meager, and by VubVcb in the u� c sector. This suppression factor will be su�cient to avoid
the stringent D0

�D0 mixing bounds, as we will see in Sec. 3.
In the charged lepton sector Yukawa couplings between the third and the first two families

are strictly forbidden owing to the charge assignment and minimality of the Higgs sector of
the model. Charged lepton masses arise through the Yukawa Lagrangian involving the �2

scalar only and is given by
L

`

yuk
= y`

ij
Li�2`Rj, (5)

with yij = 0 for ij = 13, 23, 31, 32. We see that the leptonic mixing angle ✓`12 could be
generated from here, but not ✓`23 and ✓`13. There are no FCNC processes mediated by the
Higgs bosons, since the Yukawa coupling matrix is proportional to the charged lepton mass
matrix. There are also no FCNC processes mediated by the X gauge boson, since the
mass eigenbasis and the flavor eigenbasis coincide for the charged leptons. The complete
absence of tree-level FCNC in the charged lepton sector is a compelling feature of the model,
protecting it from the severe bounds that could have arisen from flavor changing muon and
tau decays.

Neutrino mass generation calls for additional physics which can however reside at a
higher scale. In the minimal setup considered here, we can infer neutrino masses as arising
from e↵ective operators via a generalized seesaw mechanism. For the 1-2 sector as well as for
the 3-3 entry of the e↵ective Majorana matrix of the light neutrinos the usual dimension–5
operators can be built (with L̃i ⌘ i⌧2L⇤

i
):
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⌘
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while the mixing responsible for ✓`13 and ✓`23 should come from a dimension–6 operator

1
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⇣
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�†
1L̃1,2

⌘
s⇤. (7)
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Fig. 3. The one-loop diagrams contributing to the 
induced drZ vertex. The same diagrams 
with Z boson replaced by photon give the 
induced dry vertex. 

(The singularities at Xj = 1 in the second and third terms are superficial and are 
absent in their sum.) The term in (2-7) is given by 

(2-8) 

For the above results (2-7) and (2-8) coincide with those of Refs. 17) 
and 18) up to order of Xj. We note in passing that the term x) 4 becomes 
dominant for large Xj in Eq. (2-7). This term arises, as seen from Appendix A, 
from diagrams of unphysical scalar exchange (diagrams, a+ b, d and h of Fig. 3). 

The contribution of the Z exchange diagram to feff can immediately be found 
from the induced dsZ coupling (2-3). The result is 

(2-9) 

The computation of the photon exchange contribution is somewhat more 
involved and requires the calculation of the induced ds)' coupling up to second 
order in the external momenta. The resulting coefficients H1 and H2 are given in 

Experimental
constraint

Remarks

Neutrino oscillations Non-universal matter e↵ects bounded by atmospheric neutrinos
Atomic parity

violation
X � Z mixing modifies weak charge of 133Cs

⌥ decay
⌥ ! �X ! �⌫⌫̄: Goldstone boson equivalence theorem
constrains Yukawa coupling

⌥ decay
⌥ ! ⌧+⌧�: Direct constraint on the gauge coupling as the
process only involves third family fermions

Electroweak T
parameter

Z �X mixing modifies MZ/MW and constrains the mixing
parameter sX

D0
�D0 mixing

Mediated by scalar constrains mass of heavy scalar > O(100)
GeV; significant constraint on the coupling of X only when X
mass is below or close to the D0 mass

t ! cX
Flavor changing c tX coupling can contribute to the total top
width, which is bounded as ��t < 0.44 GeV [11]

X at the LHC
Resonant production of X decaying to ⌧+⌧� in association with
two b-jets at the LHC may constrain the parameter space for
realizations of the model at the TeV scale

Table 2: A summary of the major experimental constraints on the model.

3.1 ⌥ ! ⌧+⌧� decay

Precise measurements of the ⌥ ! ⌧+⌧� and ⌥ ! µ+µ� branching ratios by BaBar [22]
constrain the deviation from lepton universality via the ratio

R⌧µ ⌘
�(⌥(1S) ! ⌧+⌧�)

�(⌥(1S) ! µ+µ�)
= 1.005± 0.013(stat.)± 0.022(syst.) . (32)

As the X boson couples dominantly to the third family, this measurement can be used to
constrain gX . Assuming the mixing with the Z to be small (which does not a↵ect much the
ratio R⌧µ) and neglecting the tiny Z exchange diagram, we obtain

R⌧µ ' 1� 2
g2
X

e2
M2

⌥

M2
⌥ �M2

X

, (33)

where the second term comes from the � � X interference. This imposes gX < 0.027 for
mX ⌧ m⌥. If mX � m⌥, this process actually constrains vs. In such case, vs > 960 GeV,
roughly independent of tan � (see Figs. 1 and 2).
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Flavor changing c tX coupling can contribute to the total top
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Resonant production of X decaying to ⌧+⌧� in association with
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Table 2: A summary of the major experimental constraints on the model.

3.1 ⌥ ! ⌧+⌧� decay

Precise measurements of the ⌥ ! ⌧+⌧� and ⌥ ! µ+µ� branching ratios by BaBar [22]
constrain the deviation from lepton universality via the ratio

R⌧µ ⌘
�(⌥(1S) ! ⌧+⌧�)

�(⌥(1S) ! µ+µ�)
= 1.005± 0.013(stat.)± 0.022(syst.) . (32)

As the X boson couples dominantly to the third family, this measurement can be used to
constrain gX . Assuming the mixing with the Z to be small (which does not a↵ect much the
ratio R⌧µ) and neglecting the tiny Z exchange diagram, we obtain
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⌥ �M2

X

, (33)

where the second term comes from the � � X interference. This imposes gX < 0.027 for
mX ⌧ m⌥. If mX � m⌥, this process actually constrains vs. In such case, vs > 960 GeV,
roughly independent of tan � (see Figs. 1 and 2).
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constraints are obtained from the decays Bd ! X� ! e+e�� [11] and Bs ! X ! µ+µ�.
With these constraints, the parameters a and b in Eq. (2) cannot significantly contribute to
the generation of CKM mixing angles Vcb and Vub, which we shall thus ignore. Within these
assumptions, the left-handed rotations that diagonalize Mu and Md are given by (in a basis
where the 1-2 up-sector is already diagonal, i.e., with RuL

12 , R
uR

12 being identity matrices)

V L

u
= RuL

23 (Vcb)R
uL

13 (Vub), (3)

V L†
d

= RdL

12 (Vus)
†. (4)

The quark mixing matrix is given by VCKM = V L

u
V L†
d

. It can be readily checked that a
CP violating phase of the correct magnitude is obtained from complex entries of the mass
matrices. It follows from Eq. (2) that any FCNC e↵ects induced by scalar boson exchanges
would be weighted by Vub and Vcb in the top sector where the experimental constraints are
meager, and by VubVcb in the u� c sector. This suppression factor will be su�cient to avoid
the stringent D0

�D0 mixing bounds, as we will see in Sec. 3.
In the charged lepton sector Yukawa couplings between the third and the first two families

are strictly forbidden owing to the charge assignment and minimality of the Higgs sector of
the model. Charged lepton masses arise through the Yukawa Lagrangian involving the �2

scalar only and is given by
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with yij = 0 for ij = 13, 23, 31, 32. We see that the leptonic mixing angle ✓`12 could be
generated from here, but not ✓`23 and ✓`13. There are no FCNC processes mediated by the
Higgs bosons, since the Yukawa coupling matrix is proportional to the charged lepton mass
matrix. There are also no FCNC processes mediated by the X gauge boson, since the
mass eigenbasis and the flavor eigenbasis coincide for the charged leptons. The complete
absence of tree-level FCNC in the charged lepton sector is a compelling feature of the model,
protecting it from the severe bounds that could have arisen from flavor changing muon and
tau decays.

Neutrino mass generation calls for additional physics which can however reside at a
higher scale. In the minimal setup considered here, we can infer neutrino masses as arising
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while the mixing responsible for ✓`13 and ✓`23 should come from a dimension–6 operator
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2.1 The Yukawa sector

Since the third family quarks carry a nonzero U(1)(3)
B�L

charge while the first two families do
not, the Yukawa couplings that would induce three family quark mixing should involve both
doublets �1 and �2. The �1 field is introduced for the purpose of inducing quark mixing
with the third family. The Yukawa Lagrangian for the quarks is given by

L
q

yuk
= Q

L

0

B@
yu11e�2 yu12e�2 yu13e�1

yu21e�2 yu22e�2 yu23e�1

0 0 yu33e�2

1

CAuR +Q
L

0

@
yd11�2 yd12�2 0
yd21�2 yd22�2 0
yd31�1 yd32�1 yd33�2

1

AdR + h.c. (1)

Here the bold symbols stand for vectors in generation space, and e�i ⌘ i⌧2�⇤
i
with ⌧2 being

the second Pauli matrix.5 The simultaneous presence of �1 and �2 in the Yukawa couplings
of the up-quarks (and similarly for the down-quarks) would imply that there are Higgs-
mediated flavor changing neutral current (FCNC) processes in the model. We shall see that
these processes are within acceptable limits, provided that the neutral Higgs bosons have
masses of order hundred GeV.

As only the third family carries the new U(1)(3)
B�L

charge, the Cabibbo angle can be
generated without inducing any FCNC mediated by neutral scalar bosons or the X gauge
boson. We thus make 1-2 rotations in both the up- and down- quark sectors, thereby
inducing a nonzero (1, 2) entry in the CKM matrix. The other CKM matrix elements Vub

and Vcb can be generated from the rotated mass matrices which can be written in the form

RuL

12 .Mu.R
uR†
12 =

0

@
m0

u
0 V 0

ub
m0

t

0 m0
c

V 0
cb
m0

t

0 0 m0
t

1

A and RdL

12 .Md.R
dR†
12 =

0

@
m0

d
0 0

0 m0
s

0
am0

b
bm0

b
m0

b

1

A (2)

where Rij parametrizes an i � j rotation in terms of a mixing angle and a phase. While
these forms are quite general, we shall approximate m0

i
in Eq. (2) to be nearly equal to the

physical eigenvalue mi and V 0
ij
to be nearly equal to the actual CKM mixing element Vij.

The down quark mass matrix given in Eq. (2) is diagonalized by right-handed rotations
alone, with the left-handed mixing matrix being very close to an identity matrix. Thus Vcb

and Vub should arise primarily from the up-quark sector. The FCNC constraints arising
from the down-quark sector are more severe compared to those arising from the up-quark
sector. Assuming that m0

b
' mb, Bd � B̄d mixing mediated by the neutral scalar bosons

sets a limit a . 3 ⇥ 10�3/ tan � for scalar masses of order 100 GeV, while Bs � B̄s mixing
constrains b . 10�2/ tan � on the parameters a and b appearing in the down quark mass
matrix in Eq. (2) (see Sec. 4 for details). Here we have defined tan � ⌘ v2/v1. Similar

5
Another possibility would be to assign U(1)

(3)
B�L charge of �1/3 to �1. In this case, the form of the

up-quark and down-quark mass matrices would be interchanged. We do not pursue this scenario here, as it

is more constrained by FCNC processes.
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constraints are obtained from the decays Bd ! X� ! e+e�� [11] and Bs ! X ! µ+µ�.
With these constraints, the parameters a and b in Eq. (2) cannot significantly contribute to
the generation of CKM mixing angles Vcb and Vub, which we shall thus ignore. Within these
assumptions, the left-handed rotations that diagonalize Mu and Md are given by (in a basis
where the 1-2 up-sector is already diagonal, i.e., with RuL

12 , R
uR

12 being identity matrices)

V L

u
= RuL

23 (Vcb)R
uL

13 (Vub), (3)

V L†
d

= RdL

12 (Vus)
†. (4)

The quark mixing matrix is given by VCKM = V L

u
V L†
d

. It can be readily checked that a
CP violating phase of the correct magnitude is obtained from complex entries of the mass
matrices. It follows from Eq. (2) that any FCNC e↵ects induced by scalar boson exchanges
would be weighted by Vub and Vcb in the top sector where the experimental constraints are
meager, and by VubVcb in the u� c sector. This suppression factor will be su�cient to avoid
the stringent D0

�D0 mixing bounds, as we will see in Sec. 3.
In the charged lepton sector Yukawa couplings between the third and the first two families

are strictly forbidden owing to the charge assignment and minimality of the Higgs sector of
the model. Charged lepton masses arise through the Yukawa Lagrangian involving the �2

scalar only and is given by
L

`

yuk
= y`

ij
Li�2`Rj, (5)

with yij = 0 for ij = 13, 23, 31, 32. We see that the leptonic mixing angle ✓`12 could be
generated from here, but not ✓`23 and ✓`13. There are no FCNC processes mediated by the
Higgs bosons, since the Yukawa coupling matrix is proportional to the charged lepton mass
matrix. There are also no FCNC processes mediated by the X gauge boson, since the
mass eigenbasis and the flavor eigenbasis coincide for the charged leptons. The complete
absence of tree-level FCNC in the charged lepton sector is a compelling feature of the model,
protecting it from the severe bounds that could have arisen from flavor changing muon and
tau decays.

Neutrino mass generation calls for additional physics which can however reside at a
higher scale. In the minimal setup considered here, we can infer neutrino masses as arising
from e↵ective operators via a generalized seesaw mechanism. For the 1-2 sector as well as for
the 3-3 entry of the e↵ective Majorana matrix of the light neutrinos the usual dimension–5
operators can be built (with L̃i ⌘ i⌧2L⇤

i
):

1

⇤

⇣
L̄1,2�̃2

⌘⇣
�†
2L̃1,2

⌘
,

1

⇤

⇣
L̄3�̃2

⌘⇣
�†
2L̃3

⌘
, (6)

while the mixing responsible for ✓`13 and ✓`23 should come from a dimension–6 operator

1

⇤2

⇣
L̄3�̃1

⌘⇣
�†
1L̃1,2

⌘
s⇤. (7)
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NSIs can affect neutrino propagation in matter

Oscillations look differently from standard

Several criticisms on gauge invariance, UV

Can these actually exist?

Let’s take a UV complete model that predicts 
the existence of large NSIs that can be 

probed at neutrino experiments
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This model predicts large εττ NSI

Neutrino oscillations are competitive with 
other low energy constraints

Nontrivial probe of low scale models

How does that relate to high energy probes?
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We can only ask these questions when we 
have a UV complete model at hand

The scales for different experiments can be 
wildly different: neutrino oscillations, LHC, …

For this specific UV completion, LHC, 
neutrinos, EWPT, and other low energy 

observables are all complementary

See Tao’s talk for neutrinos @ LHC
Babu Gonçalves Jana M 2003.03383
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Can the mechanism of neutrino masses show up in oscillation physics?

While oscillations are not sensitive to the absolute neutrino mass, or to the nature of neutrinos, 
the mechanism of neutrino masses could leave imprints 

in neutrino oscillation phenomenology, specially if the scales involved are low
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Can the mechanism of neutrino masses show up in oscillation physics?

While oscillations are not sensitive to the absolute neutrino mass, or to the nature of neutrinos, 
the mechanism of neutrino masses could leave imprints 

in neutrino oscillation phenomenology, specially if the scales involved are low

If there are significant quantum corrections to the 
neutrino mass matrix at low scales, the PMNS 

matrix becomes scale dependent.

This means that production and detection of 
neutrinos may not go via the same PMNS matrices.
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UV completion is actually quite simple
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Standard case

With scale 
dependent effects:

Phenomenology in a nutshell
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Phenomenology in a nutshell
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Last example: ultralight dark matter and neutrino oscillations

Say DM is an ultralight scalar field (mφ << eV)

It behaves as a classical field, its vev is related to its occupation number

The vev can modulate on time

If it couples to SM, we can have particle masses or other “constants" modulating on time

What if it couples to neutrinos or to anything in the neutrino mass mechanism (e.g. NR)?

⇢� =
m2

��
2

2

Berlin 2017; Krnjaic M Necib 2017; Brdar et al 2017; Dev M Martinez-Mirave 2020

mailto:pmachado@fnal.gov


03/27/2023 Pedro Machado | BSM in the Neutrino Sector                                                                                                                             pmachado@fnal.gov

BSM in neutrino oscillations: ultralight dark matter

14

� � � � � � � �
���

���

���

���

���

���

�ν (���)

�(
ν μ

→
ν μ
)

���� ���� ��

�� �� ���×Δ����

���� Δ����

�� �� ���×Δ����

������� ��������

mailto:pmachado@fnal.gov


03/27/2023 Pedro Machado | BSM in the Neutrino Sector                                                                                                                             pmachado@fnal.gov

BSM in neutrino oscillations: ultralight dark matter

15

� � � � � � � �
���

���

���

���

���

���

�ν (���)

�(
ν μ

→
ν μ
)

���� ���� ��

�� �� ���×Δ����

���� Δ����

�� �� ���×Δ����

������� ��������

mailto:pmachado@fnal.gov


03/27/2023 Pedro Machado | BSM in the Neutrino Sector                                                                                                                             pmachado@fnal.gov

BSM in neutrino oscillations: ultralight dark matter

16

� � � � � � � �
���

���

���

���

���

���

�ν (���)

�(
ν μ

→
ν μ
)

���� ���� ��

�� �� ���×Δ����

���� Δ����

�� �� ���×Δ����

������� ��������

mailto:pmachado@fnal.gov


03/27/2023 Pedro Machado | BSM in the Neutrino Sector                                                                                                                             pmachado@fnal.gov

BSM in neutrino oscillations: ultralight dark matter

17

� � � � � � � �
���

���

���

���

���

���

�ν (���)

�(
ν μ

→
ν μ
)

���� ���� ��

�� �� ���×Δ����

���� Δ����

�� �� ���×Δ����

������� ��������

mailto:pmachado@fnal.gov


03/27/2023 Pedro Machado | BSM in the Neutrino Sector                                                                                                                             pmachado@fnal.gov

BSM in neutrino oscillations: ultralight dark matter

18

� � � � � � � �
���

���

���

���

���

���

�ν (���)

�(
ν μ

→
ν μ
)

���� ���� ��

�� �� ���×Δ����

���� Δ����

�� �� ���×Δ����

������� ��������

mailto:pmachado@fnal.gov


03/27/2023 Pedro Machado | BSM in the Neutrino Sector                                                                                                                             pmachado@fnal.gov

BSM in neutrino oscillations: ultralight dark matter

19

mailto:pmachado@fnal.gov


03/27/2023 Pedro Machado | BSM in the Neutrino Sector                                                                                                                             pmachado@fnal.gov

BSM in neutrino oscillations: ultralight dark matter

20

mailto:pmachado@fnal.gov


03/27/2023 Pedro Machado | BSM in the Neutrino Sector                                                                                                                             pmachado@fnal.gov

BSM in neutrino oscillations

21

Neutrino oscillations provide a nontrivial probe of physics beyond the standard model

It is well geared towards light, weakly coupled physics

The mechanism of neutrino masses could leave imprints in oscillations
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BSM in neutrino interactions and at neutrino experiments
Neutrino mass mechanism and BSM, 

a brief review (with uncensored comments) of the MiniBooNE anomaly,
and some remarks on exotic searches at neutrino experiments
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Excess: 638 ± 52.1stat ± 122.2syst (4.8σ)
MiniBooNE’s anomaly is dominated 

by systematic uncertainties, 
particularly on the background

νe contamination has large flux 
uncertainty, pion and delta 

backgrounds depend on ν-A modeling

Theory uncertainties play an 
important role in interpreting this
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Excess: 638 ± 52.1stat ± 122.2syst (4.8σ)

Dentler et al 1803.10661

Sterile neutrinos do not really work: 
experimental tension, cosmology, …
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Bertuzzo PM et al 1807.09877; Bertuzzo PM et al 1808.02500; Arguelles et al 
1812.08768; Ballett et al 1808.02915, 1903.07589; Abdullahi et al 

2007.11813; Dutta et al 2006.01319; Gninenko 0902.3802, 1201.5194; 
Vergani et al 2105.06470; Brdar et al 2007.14411; …

Alternative explanations: 
collimated e+e– pairs or photons
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4

FIG. 1. Diagram for the dynamically induced light neutrino
masses in our model.

Remembering that the vevs of � and S2 are induced by
the dynamics of the scalar sector, we can rewrite the
previous operator in terms of H and S1, the fields whose
vev’s are present even in the limit {µ, µ
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from which it is clear that, ultimately, neutrinos masses
are generated by a dimension 9 operator (see, e.g.,

Refs. [16] for generation of neutrino masses from higher
dimensional effective operators). In addition, we have a
further suppression due to the fact that µ and µ

0 can be
taken small in a technically natural way.

The mixing between active and dark neutrinos can be
explicitly written as

⌫↵ =
3X

i=1

U↵i ⌫i + U↵D ND , (2.16)

↵ = e, µ, ⌧,D, where ⌫i and ⌫↵ are the neutrinos mass
and flavor eigenstates, respectively (we denote by ↵ = D

the 6 dark neutrinos flavor states, while U↵D is a 9 ⇥ 6
matrix). Schematically, we have that the mixing between
light and heavy neutrinos is y⌫v�/m. Note that the dark
neutrino can be made very light, without introducing too
large mixing, even for y⌫ ⇠ O(1) since v� ⌧ v.

C. ZD and the Gauge Sector

The new vector boson will, in general, communicate
with the SM sector via either mass mixing or kinetic mix-
ing. The relevant part of the dark Lagrangian is

LD �
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where mZD is the mass of ZD, gD is the U(1)D gauge
coupling, e is the electromagnetic coupling, g/cW is the
Z coupling in the SM, while ✏ and ✏

0 parametrize the
kinetic and mass mixings, respectively. The electromag-
netic and Z currents are denoted by J

em
µ

and J
Z

µ
, while

JDµ denotes the dark current.
In the limits we are considering, the Z and W

± masses
are essentially unchanged with respect to the SM values,
while the new gauge boson mass reads
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with mass mixing between Z and ZD given by
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0
'

2gD
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v
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�

v2
. (2.19)

Of course, a non-vanishing mass mixing ✏
0 implies that

the Z boson inherits a coupling to the dark current

LZ =
m

2

Z

2
ZµZ

µ +
g

cW
Z

µ
J
Z

µ
� gD✏

0
Z

µ
JDµ . (2.20)

While the new coupling allows for the possibility of new
invisible Z decays, the large hierarchy v� ⌧ v guarantees

that the new contributions to the invisible decay width
are well inside the experimentally allowed region. The
vev hierarchy also protects the model from dangerous
K, B and ⌥ decays with an on-shell ZD in the final
state [17, 18].

The kinetic mixing parameter ✏ is allowed by all sym-
metries of the model. Moreover, it is radiatively gener-
ated (see e.g. Ref. [19]) by a loop of the H

±
D scalar which

magnitude is

✏LOOP ⇠
egD
480⇡2

m
2

ZD

m
2

H
±
D

. (2.21)

Such small loop contribution reflects the stability of
the kinetic mixing term with respect to renormalization
group running in our framework. The kinetic mixing will
lead to interactions of the ZD to charged fermions, as
well as decays if kinematically allowed (see e.g. Ref. [20]
for constraints).
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Such small loop contribution reflects the stability of
the kinetic mixing term with respect to renormalization
group running in our framework. The kinetic mixing will
lead to interactions of the ZD to charged fermions, as
well as decays if kinematically allowed (see e.g. Ref. [20]
for constraints).

Neutrino masses from D=9 operator

M⌫ =

0

@
0 m 0
m 0 M
0 M µ

1

A
ν    0
N   +
N’   –

m⌫ = µ
m2

M2
=)

The model in one slide

Bertuzzo PM et al 1807.09877, 1808.02500

U(1)D

Neutrino masses come from new symmetry breaking

Entire model lives below the EW scale

Correlates neutrino mass with new interactions

Mixings are everywhere: Higgs, Fμν, neutrinos
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Bertuzzo PM et al 1807.09877, 1808.02500
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FIG. 2. The MiniBooNE electron-like event data [18] in the
neutrino (top panel) and antineutrino (middle panel) modes
as a function of Erec

⌫ , as well as the cos ✓ distribution (bot-
tom panel) for the neutrino data. Note that the data points
have only statistical uncertainties, while the systematic un-
certainties from the background are encoded in the light blue
band.. The predictions of our benchmark point mND = 320
MeV, mZD = 64 MeV, |Uµ4|2 = 10�6, ↵D = 0.25 and
↵ ✏2 = 3⇥ 10�9 are also shown as the blue lines.

an approximated systematic uncertainty from the back-
ground estimated from Table I of Ref. [18]. On the bot-
tom panel we show the cos ✓ distribution of the electron-
like candidates for the neutrino data, as well as the dis-
tribution for cos ✓ZD for the benchmark point (blue line).
The cos ✓ distribution of the electron-like candidates in
the antineutrino data is similar and not shown here and
our model is able to describe it comparably well. We
remark that our model prediction is in extremely good
agreement with the experimental data. In particular, our
fit to the data is better than the fit under the electron-
Volt sterile neutrino oscillation hypothesis [18] if one con-
siders the constraints from other oscillation experiments.
We find a best fit with �2

bf/dof = 31.2/36, while the

background only hypothesis yields �2
bg/dof = 63.8/38,

corresponding to a 5.4� preference for our model.
In Fig. 3 we see the region in the plane |Uµ4|

2 ver-
sus mND consistent with MiniBooNE data at 1� to 5�
CL, for the exemplifying hypothesis mZD = mND/5,
↵ZD = 0.25 and ↵✏2 = 3⇥10�9. Other values of these pa-

rameters can also provide good agreement with the data.
We also show the combined non-oscillation bounds from
meson decays, muon decay Michel spectrum and lepton
universality compiled in Refs. [26, 27], which exclude the
region above the red line. The dashed gray lines repre-
sent �c⌧ = 1 cm for ND and ZD with 1 GeV of energy, as
a reference. The ship hull shape region can be divided in
two parts: a high mixing region at |Uµ4|

2
⇠ 10�3

�10�6,
corresponding to mND & 300 MeV, and a low mixing re-
gion for |Uµ4|

2 . 10�7 and mND . 200 MeV. The latter
seems to be favored by spectral data. As a side remark,
we have checked that the typical opening angle ✓e+e�

of the e+e� pair satisfy cos ✓e+e� = 0.99, ensuring that
MiniBooNE will identify these events as electron-like.
The MicroBooNE experiment at Fermilab [28] is cur-

rently investigating the low energy excess of electron-like
events observed by MiniBooNE. They can distinguish
electrons from photon conversions into a e+e� pair by
their di↵erent ionization rate at the beginning of their
trajectory in the liquid argon detector. So by analyzing
the energy deposited along the track as a function of the
range (dE/dX) they hope to distinguish a photon from
a single electron. Our model predicts a dE/dX distribu-
tion similar to photons but with a prompt ZD decay to a
collimated e+e� pair. In addition our framework allows
for the possibility of the experimental observation of the
KL ! ⌫D⌫D, via o↵-shell ZD exchange, by the KOTO
or NA62 experiments as B(KL ! ⌫D⌫D) can go up to
O(10�10) for mND < mK [29].

We also have inquired into the possible e↵ects of ND
and ZD on oscillation experiments. While low energy
sources, such as the sun or nuclear reactors, do not have
enough energy to produce these particles, they could be,
in principle, produced in higher energy oscillation exper-
iments. Typically ⌫µ and ⌫µ beams in accelerator neu-
trino experiments have an insurmountable O(1%) con-
tamination of ⌫e + ⌫e, and atmospheric neutrinos have a
large ⌫e and ⌫e component. While Cherenkov detectors,
like Super-Kamiokande, cannot distinguish between elec-
trons and photons, detectors like MINOS, NO⌫A or T2K
would have a hard time to see any signal over their neu-
tral current contamination. That is particularly relevant
at lower energies where one would expect the signal of
new physics to lay.
In a di↵erent note, we do not foresee any issues with

cosmological data, as the particles in the dark sector de-
cay too fast to a↵ect Big Bang Nucleosynthesis, and the
⌫ � ⌫ self-interactions are too small to change neutrino
free streaming. Supernova cooling would not constrain
the model, as the ZD is trapped due to the large kinetic
mixing.
Finally, one may wonder if the phenomenological ap-

proach we propose here can arise in a UV-complete
anomaly free model. We have checked that such real-
ization is possible as follows. A gauge U(1)D symme-
try, under which the only charged fermions are the dark
neutrinos, protects neutrino masses from the standard
Higgs mechanism. An enlarged scalar sector is called

Pretty good fit to energy and angular spectra

New connection between neutrino mass model and 
novel interactions at low scales

New connection between anomalies and neutrino masses

Does not explain LSND, Gallium or Reactor* anomalies
(but then again, do all of them need BSM explanations?)
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What is special about LArTPCs?
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event 
displays
to scale

NOvA

Leveraging future experiments

*colors 
indicate 

calorimetry
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Dark neutrino, light ZD Dark neutrino, heavy ZD Transition magnetic moment

*See Ornella’s talk for more on LArTPCs
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Neutrino tridents

And axions, weak mixing 
angle, other dark matter 
models, light scalars, … 

*See Brian’s and Maxim’s talks 
for more on dark sectors

Dark tridents

de Gouvêa et al 1809.06388

Ballett et al 1807.10973, 1902.08579 
Altmannshofer et al 1902.06765 Heavy neutral 

leptons

p

target
detector

dark matter
π0

e–

Light dark matter

see de Romeri Kelly M 1903.10505 for DUNE constraints

*See Berryman et al 1912.07622 for an extensive study in DUNE-ND

mailto:pmachado@fnal.gov


03/27/2023 Pedro Machado | BSM in the Neutrino Sector                                                                                                                             pmachado@fnal.gov

Exotic searches at LArTPCs: the challenge

31

The main challenge to these searches is the modeling of neutrino-nucleus interactions

What is the problem?

The detector response depends on it

How many neutrons? How many protons? 
At which energy? In which direction?

It is likely to have BSM << SM, so cuts on kinematics or signature 
will be necessary to enhance signal-to-background ratios

These will have a nontrivial dependence on the modeling of neutrino-nucleus interactions

mailto:pmachado@fnal.gov


03/27/2023 Pedro Machado | BSM in the Neutrino Sector                                                                                                                             pmachado@fnal.gov

Exotic searches at LArTPCs: the challenge

32

GENIE NuWro

Different generators still yield wildly different results
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Right now, theory predictions are just not good enough

electron 
beam

CLAS/E4v Nature 599 (2021) 7886, 565-570
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NOvA 2006.08727
Nina Coyle, Shirley Li and PM 2210.03753

Generator (GENIE) does not describe well NOvA data
NOvA reweights the MEC component of the cross section
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New physics leads to small effects
Experimental cuts increase signal-to-background

These cuts can make ν-A mis-modeling worse

Coyle Li M 2210.03753
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New physics leads to small effects
Experimental cuts increase signal-to-background

These cuts can make ν-A mis-modeling worse

Coyle Li M 2210.03753
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We need better modeling of neutrino-nucleus interactions, 
and easy interfaces with BSM scenarios

Achilles: A CHIcagoLand Lepton Event Simulator

Novel event generator, still 
implementing all interaction modes, etc

FeynRules interface to BSM

Being validated against electron data

Hopefully will be a full-fledged 
generator by next year!

Isaacson M et al 2007.15570
Isaacson et al 2110.15319

Isaacson M et al 2205.06378
Isaacson et al 2303.08104
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Neutrino experiments offer unique, nontrivial probes of new physics

New oscillation phenomenology, new neutrino signatures and 
new particles produced in the beam can probe the big questions in particle physics: 

mechanism of neutrino masses, dark matter, dark sectors, axions, …

There has been a lot of work in the last 5 years in these new directions

There is still a lot to be done!
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