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Lampposts and BSM

Implications of the lamppost :

1) We have a lot of lampposts nowadays. Exploit synergies, 
complementarities.

2) Well-motivated and cheap new lampposts?  
3) Might find interesting new physics beyond original intent.
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Sterile Neutrinos

Alexander Kusenko (UCLA/IPMU) MPIK 2012

Neutrino masses and light sterile neutrinos

Discovery of neutrino masses implies a plausible existence of right-handed (sterile) neutrinos.
Most models of neutrino masses introduce sterile states

{νe, νµ, ντ ,νs,1, νs,2, ..., νs,N}

and consider the following Lagrangian:

L = LSM + ν̄s,a

(

i∂µγ
µ) νs,a − yαaH L̄ανs,a −

Mab

2
ν̄c
s,aνs,b + h.c. ,

where H is the Higgs boson and Lα (α = e, µ, τ ) are the lepton doublets. The mass
matrix:

M =

(

0 D3×N

DT
N×3 MN×N

)

What is the natural scale of M?

6

SM gauge singlets
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Sterile Neutrinos

• Unlike SM fermions, their # is not constrained by anomaly cancellation.
• Don’t know the number of steriles! 
• Need at least two of them for atm/sol mass splittings N =2.
• If N=3, can accommodate oscillations and DM. 
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SM gauge singlets

How can we find them? 
1) Modified oscillations 

2) Up-scattering production
3) Meson decay production
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FIG. 1: Expected signal and background yields for six years (3y ⌫ + 3y ⌫) of data collection at DUNE, using fluxes projected
by Ref. [1], for a 34 kiloton detector, and a 1.2 MW beam. (a) and (b) show appearance channel yields for neutrino and
antineutrino beams, respectively, while (c) and (d) show disappearance channel yields. The 3⌫ signal corresponds to the
standard three-neutrino hypothesis, where sin2 ✓12 = 0.308, sin2 ✓13 = 0.0235, sin2 ✓23 = 0.437, �m2

12 = 7.54 ⇥ 10�5 eV2,
�m2

13 = 2.43 ⇥ 10�3 eV2, �CP = 0, while the 4⌫ signal corresponds to sin2 �12 = 0.315, sin2 �13 = 0.024, sin2 �23 = 0.456,
sin2 �14 = 0.023, sin2 �24 = 0.030, �m2

14 = 10�2 eV2, ⌘1 = 0, and ⌘s = 0. Statistical uncertainties are shown as vertical bars
in each bin. Backgrounds are defined in the text and are assumed to be identical for the three- and four-neutrino scenarios:
any discrepancy is negligible after accounting for a 5% normalization uncertainty.

In the sin2 �24 - �m
2
14 plane (Fig. 2(b)), we also show results from the MINOS [27] experiment and note that

DUNE will be sensitive to lower values of the mixing angle and the mass-squared di↵erence, due to DUNE having
greater expected yield and a broader range of L/E⌫ values. Because the disappearance channels depend strongly
on |Uµ4|

2, and have higher yields than the appearance channels, DUNE has greater sensitivity to �24 than �14. We
also note that, as expected and discussed in the previous section, if the mass-squared di↵erence is either very small,
�m

2
14 . 10�4 eV2, or very large, �m

2
14 & 1 eV2, the limits are independent of the new mass-squared di↵erence.

These ranges correspond, respectively, to �14 . 10�2, where oscillations due to the fourth neutrino are undetectable
over the energy range of the experiment, and to the oscillations associated to the new frequency averaging out over

Berryman, de Gouvea, Kelly, and Kobach [1507.03986]  

⌫µ ! ⌫e ⌫̄µ ! ⌫̄e

⌫̄µ ! ⌫̄µ⌫µ ! ⌫µ

Appearance

Disappearance

Appearance

Disappearance
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FIG. 3: Exclusion limits in the 4|Ue4|2|Uµ4|4 - �m2
14 plane for various existing and proposed neutrino experiments. Expected

exclusion limits are shown at 95% CL for the proposed DUNE (blue) and ⌫STORM [32] (purple) experiments. Results are
shown at 90% CL for the MINOS and Bugey [27] (orange), OPERA [30] (teal), and the ICARUS [31] (dark blue) experiments.
Additionally, the fit to the 3+1 scenario including the short-baseline anomalies, reported in Ref. [33], is shown. The three sets
of four-neutrino parameters we consider in Section III B, listed in Table I, are denoted by black stars above.

expect the oscillations associated to the new (very short) oscillation length to average out at DUNE. Case 2 uses the
same mixing angles as Case 1, but with a lower value of �m

2
14. The parameters are within the the reach of DUNE, but

outside the reach of current and proposed short-baseline experiments.‡ Here, �m
2
14 is small enough that we expect

the oscillations associated to the new oscillation length to be visible at DUNE. Case 3 has a much lower mass-squared
di↵erence, �m

2
14 = 10�5 eV2, but has large values of �14 and �24.§ Here, �m

2
14 is too small to be seen at DUNE.

Nonetheless, as discussed earlier, the new mixing angles are large enough that nontrivial information on �14 and �24

can be extracted.

sin2 �14 sin2 �24 �m
2
14 (eV2) ⌘s sin2 �12 sin2 �13 sin2 �23 �m

2
12 (eV2) �m

2
13 (eV2) ⌘1

Case 1 0.023 0.030 0.93 �⇡/4 0.315 0.0238 0.456 7.54⇥ 10�5 2.43⇥ 10�3
⇡/3

Case 2 0.023 0.030 1.0⇥ 10�2
�⇡/4 0.315 0.0238 0.456 7.54⇥ 10�5 2.43⇥ 10�3

⇡/3

Case 3 0.040 0.320 1.0⇥ 10�5
�⇡/4 0.321 0.0244 0.639 7.54⇥ 10�5 2.43⇥ 10�3

⇡/3

TABLE I: Input values of the parameters for the three scenarios considered for the four-neutrino hypothesis. Values of �12,
�13, and �23 are chosen to be consistent with the best-fit values of |Ue2|2, |Ue3|2, and |Uµ3|2, given choices of �14 and �24. Here,
⌘s ⌘ ⌘2 � ⌘3. Note that �m2

14 is explicitly assumed to be positive, i.e., m2
4 > m2

1.

In all three Cases, we assume that the neutrino mass hierarchy for the mostly active states is normal, i.e. �m
2
13 =

‡ Note, however, that Case 2 is in slight disagreement with existing bounds from Daya Bay and MINOS, see Fig. 2.
§ A recent analysis of solar and reactor data constrain sin2 �14 . 0.04 [34]. This bound is not depicted in Fig. 2.
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‡ Note, however, that Case 2 is in slight disagreement with existing bounds from Daya Bay and MINOS, see Fig. 2.
§ A recent analysis of solar and reactor data constrain sin2 �14 . 0.04 [34]. This bound is not depicted in Fig. 2.
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FIG. 3: Exclusion limits in the 4|Ue4|2|Uµ4|4 - �m2
14 plane for various existing and proposed neutrino experiments. Expected

exclusion limits are shown at 95% CL for the proposed DUNE (blue) and ⌫STORM [32] (purple) experiments. Results are
shown at 90% CL for the MINOS and Bugey [27] (orange), OPERA [30] (teal), and the ICARUS [31] (dark blue) experiments.
Additionally, the fit to the 3+1 scenario including the short-baseline anomalies, reported in Ref. [33], is shown. The three sets
of four-neutrino parameters we consider in Section III B, listed in Table I, are denoted by black stars above.

expect the oscillations associated to the new (very short) oscillation length to average out at DUNE. Case 2 uses the
same mixing angles as Case 1, but with a lower value of �m

2
14. The parameters are within the the reach of DUNE, but

outside the reach of current and proposed short-baseline experiments.‡ Here, �m
2
14 is small enough that we expect

the oscillations associated to the new oscillation length to be visible at DUNE. Case 3 has a much lower mass-squared
di↵erence, �m

2
14 = 10�5 eV2, but has large values of �14 and �24.§ Here, �m

2
14 is too small to be seen at DUNE.

Nonetheless, as discussed earlier, the new mixing angles are large enough that nontrivial information on �14 and �24

can be extracted.

sin2 �14 sin2 �24 �m
2
14 (eV2) ⌘s sin2 �12 sin2 �13 sin2 �23 �m

2
12 (eV2) �m

2
13 (eV2) ⌘1

Case 1 0.023 0.030 0.93 �⇡/4 0.315 0.0238 0.456 7.54⇥ 10�5 2.43⇥ 10�3
⇡/3

Case 2 0.023 0.030 1.0⇥ 10�2
�⇡/4 0.315 0.0238 0.456 7.54⇥ 10�5 2.43⇥ 10�3

⇡/3

Case 3 0.040 0.320 1.0⇥ 10�5
�⇡/4 0.321 0.0244 0.639 7.54⇥ 10�5 2.43⇥ 10�3

⇡/3

TABLE I: Input values of the parameters for the three scenarios considered for the four-neutrino hypothesis. Values of �12,
�13, and �23 are chosen to be consistent with the best-fit values of |Ue2|2, |Ue3|2, and |Uµ3|2, given choices of �14 and �24. Here,
⌘s ⌘ ⌘2 � ⌘3. Note that �m2

14 is explicitly assumed to be positive, i.e., m2
4 > m2

1.

In all three Cases, we assume that the neutrino mass hierarchy for the mostly active states is normal, i.e. �m
2
13 =

‡ Note, however, that Case 2 is in slight disagreement with existing bounds from Daya Bay and MINOS, see Fig. 2.
§ A recent analysis of solar and reactor data constrain sin2 �14 . 0.04 [34]. This bound is not depicted in Fig. 2.
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FIG. 7: Expected sensitivity contours at 68.3%, 95%, and 99% for neutrino and antineutrino appearance channels (blue, orange,
red), and neutrino and antineutrino disappearance channels (green, teal, blue) in the sin2 ✓13 - sin2 ✓23 plane, assuming the
data are consistent with Case 2 and analyzing it assuming the three-massive neutrinos paradigm.

depends mostly on the |Ue3|
2(1�|Uµ3|

2). The best fit values translates into the relations sin2 ✓13 ⇠ 0.43(1+sin2 ✓13) or
sin2 ✓13 ⇠ 0.57(1+sin2 ✓13), which explains the approximately linear shapes in Fig. 7. The appearance channels, on the
other hand, are mostly sensitive to the product sin2 ✓13 sin

2
✓23, which explains the hyperbolic shape in Fig. 7. Hence,

in order to fit the four-neutrino data, the two di↵erent data sets wander towards di↵erent best-fit values for sin2 ✓13
and sin2 ✓23 as they strive to maintain the di↵erent combinations of these parameters constant. In Appendix A, we
repeat this analysis, this time simulating data consistent with the three-neutrino scenario. The results are depicted
in Fig. 10. The shapes obtained from the two subsets are similar to those in Fig. 7, but in this case the two analyses
point to the same values of sin2 ✓13 and sin2 ✓23.

In summary, not only is the goodness-of-fit poor, it is also possible to ascertain that di↵erent measurements of
the mixing parameters are inconsistent with one another if one assumes that the three-massive-neutrinos paradigm
is correct. There are several other “inconsistency checks” one would perform in order to reveal that new physics is
a↵ecting the long-baseline oscillations, including comparing data obtained with the neutrino beam and the antineutrino
beam, comparing DUNE data with those from HyperKamiokande (same L/E⌫ values, but di↵erent neutrino energies
and baselines), comparing DUNE data with data from “✓13” reactor neutrino experiments [36–38], medium baseline
reactor experiments [39, 40], atmospheric neutrino experiments (for example, PINGU [41]), etc.

IV. SUMMARY AND CONCLUSIONS

Very ambitious next-generation long-baseline neutrino oscillation experiments are currently under serious consid-
eration, especially the “superbeam” experiments Fermilab to DUNE in the United States and J-PARC to Hyper-
Kamiokande in Japan. Among the goals of these projects are searching for CP -invariance violation in the lepton
sector and testing the limits of the three-massive-neutrinos paradigm. Here, we addressed the capabilities of the
DUNE experiment to discover a fourth neutrino mass-eigenstate or, instead, constrain its existence, either falsifying
or strengthening the three-massive-neutrinos paradigm. While several di↵erent new phenomena could manifest them-
selves at long-baseline neutrino experiments, we chose one new neutrino mass-eigenstate for a few reasons. First,
oscillation e↵ects due to a new light neutrino mass-eigenstate are easy to parameterize, and very familiar. Second,
light sterile neutrinos are a very natural and benign extension of the Standard Model and could, for example, be a side
e↵ect of the mechanism responsible for the nonzero neutrino masses. Finally, the so-called short-baseline anomalies
may be interpreted as evidence for new neutrino degrees of freedom so it is possible, even though the evidence is not
very robust, that new neutrino states have already been found.

Test 3nu paradigm!

(⌫ + ⌫̄) app.

(⌫ + ⌫̄) dis.
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Neutrino masses and light sterile neutrinos

Discovery of neutrino masses implies a plausible existence of right-handed (sterile) neutrinos.
Most models of neutrino masses introduce sterile states

{νe, νµ, ντ ,νs,1, νs,2, ..., νs,N}

and consider the following Lagrangian:

L = LSM + ν̄s,a

(

i∂µγ
µ) νs,a − yαaH L̄ανs,a −

Mab

2
ν̄c
s,aνs,b + h.c. ,

where H is the Higgs boson and Lα (α = e, µ, τ ) are the lepton doublets. The mass
matrix:

M =

(

0 D3×N

DT
N×3 MN×N

)

What is the natural scale of M?
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Mass Matrix: 

Sterile Neutrinos

• Unlike SM fermions, their # is not constrained by anomaly cancellation.
• Don’t know the number of steriles! 
• Need at least two of them for atm/sol mass splittings N =2.
• If N=3, can accommodate oscillations and DM. 
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SM gauge singlets

How can we find them? 
1) Modified oscillations 

2) Up-scattering production
3) Meson decay production
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“Double-bangs” from Sterile Neutrinos

Introduction: Double Bang for new physics

Double bang signals to look for new physics

Two bangs inside the detector

I 1st shower ⌫ interaction

I 2nd shower N decay

I No cherenkov radiation in between

What kind of new physics?

Iván Jesús Mart́ınez Soler (IFT) Double Bang signals in IceCube WIN2017 4 / 16

⌫↵

Z

N

n, p “bang” 1

Step 1: produce N

⌫↵

N “bang” 2

Step 2: N decays 

No extra radiation between steps 1 and 2. 

incoming 
neutrino

heavy sterile 
neutrino

Low 
background!

Coloma, Machado, Martinez-Soler, Shoemaker 2017, Phys. Rev. Lett. 119, 201804 

digital optical  
modules



Existing Constraints

2

FIG. 1: Schematic illustration of a DB event in IceCube. An incom-
ing active neutrino ⌫ up-scatters into a heavy neutrino N , which then
propagates and decays into SM particles. The small circles represent
the DOMs while the large circles indicate the positions where energy
was deposited.

let us focus on a scenario where there is sizable mixing with
only one heavy neutrino while the others are effectively de-
coupled. We may write the flavor states ⌫↵ as a superposition
of the mass eigenstates as

⌫↵L =
3X

i=1

U↵i⌫iL + U↵4N
c
4R , (1)

where U is the 4 ⇥ 4 unitary mixing matrix that changes
between the mass and the flavor bases. For a sterile neu-
trino with a mass mN ⇠ O(0.1 � 10) GeV, its mixing
with ⌫e,µ is severely constrained as |U↵4|

2 . 10�5
� 10�8

(↵ = e, µ) [14]. Conversely, the mixing with ⌫⌧ is much more
difficult to probe, given the technical challenges of producing
and detecting tau neutrinos. For mN ⇠ O(0.1 � 10) GeV
the most stringent bounds are derived from the DELPHI [17]
and CHARM [18] experiments. However, a mixing as large
as |U⌧4|

2
⇠ 10�2 is still allowed for masses around mN ⇠

O(400) MeV [14].
At IceCube, the atmospheric neutrino flux can be used to

constrain the values of U↵4 directly. Atmospheric neutrinos
are produced as a result of the cosmic rays impacting the at-
mosphere. At the production point, this flux is primarily com-
posed of ⌫µ and ⌫e. However, for neutrinos crossing the Earth
a large fraction of the initial ⌫µ flux will have oscillated into
⌫⌧ by the time the neutrinos reach the detector. Therefore,
here we focus on probing the mixing with ⌫⌧ since this one is
much harder to constrain by other means.

To this end, we propose to conduct a search for low-
energy DB events. In each event the first cascade is produced
from a neutral-current (NC) interaction with a nucleon n, as
⌫ n ! N n. This process is mediated by a Z boson and
takes place via mixing between the light and heavy states. Ne-
glecting corrections due to the mass of the heavy neutrino, the
up-scattering cross section goes as �⌫⌧N ' �NC

⌫ ⇥ |U⌧4|
2

where �NC
⌫ is the NC neutrino-nucleon cross section in the

SM. Unless the process is quasi-elastic, it will generally lead
to a hadronic shower in the detector. Here we compute the
neutrino-nucleon deep-inelastic scattering (DIS) cross section
using the parton model, imposing a lower cut on the hadronic
shower of 5 GeV so it is observable [19]. In fact, through-

out our whole analysis we will assume perfect detection ef-
ficiencies above threshold. Although this may be simplistic,
we find it adequate to demonstrate the potential of IceCube
to search for new physics with low energy DB events. Once
the heavy state has been produced, its decay is controlled by
kinematics and the SM interactions inherited from the mix-
ing with the active neutrinos. The partial decay widths of a
heavy neutrino can be found in Refs. [14, 20] and were re-
computed here. The decay channels include two-body decays
into a charged lepton (active neutrino) and a charged (neutral)
meson, and three body decays into charged leptons and light
neutrinos. The deposited energy in the second shower is also
required to be above 5 GeV. It should be noted that if the N
decays into three light neutrinos the second shower will be in-
visible: those events do not contribute to our signal. As an
example, for mN = 1 GeV and |U⌧4|

2 = 10�3, the boosted
decay length (for an energy of 10 GeV) is Llab ⇠ 20m.

The number of DB events from ⌫⌧ mixing with a heavy
neutrino, for two cascades taking place within a distance L, is
proportional to
Z

dE⌫dc✓B
d�⌫µ

dE⌫dc✓
Pµ⌧ (c✓, E⌫)

d�⌫⌧N

dE⌫
Pd(L) V (L, c✓),

(2)
where E⌫ is the incident neutrino energy and c✓ ⌘ cos ✓ is
the cosine of its zenith angle. The atmospheric ⌫µ flux [21]
is given by �⌫µ while Pµ⌧ is the oscillation probability in the
⌫µ ! ⌫⌧ channel, which depends on the length of the baseline
traveled (inferred from the zenith angle) and the energy. Here,
Pd(L) = e�L/Llab/Llab is the probability for the heavy state
to decay after traveling a distance L, while B is its branch-
ing ratio into visible final states (i.e., excluding the decay into
three light neutrinos). Antineutrino events will give a simi-
lar contribution to the total number of events, replacing �⌫µ ,
�⌫⌧N and Pµ⌧ in Eq. (2) by their analogous expressions for
antineutrinos.

In Eq. (2) we have omitted a normalization constant which
depends on the number of target nuclei and the data taking pe-
riod, but we explicitly include an effective volume V (L, c✓).
In this work, this was computed using Monte Carlo integra-
tion. First, for triggering purposes we require that at least
three (four) DOMs detect the first shower simultaneously, if it
takes place inside (outside) DeepCore [22]. Once the trigger
goes off, all the information in the detector is recorded, and
we thus assume that the second shower is always observed as
long as it is close enough to a DOM. Eventually, the energy
of a cascade determines the distance from which it can be de-
tected by a DOM: the longer the distance, the more energetic
the cascade should be so the light can reach the DOM without
being absorbed by the ice first. Here we assume that a cascade
is seen by a DOM if it takes place within a distance of 36 m,
since this is roughly the maximum distance between an event
and a DOM inside DeepCore [22]. This is conservative, since
showers with energies much above 5 GeV will typically reach
a DOM from longer distances. Finally, a minimum separation
is required between the two showers so they can be resolved.
This ultimately depends on the time resolution of the DOMs.
Following Ref. [16], IceCube can distinguish pulses separated
by T ⇠ 66 ns. Thus, we require a minimum distance between

• Assume sizable mixing with only one heavy neutrino

tau-flavor

weak!

A. Atre, T. Han, S. Pascoli, and B. Zhang, JHEP 05, 030 (2009), arXiv:0901.3589 [hep-ph] .



Boosted decay lengthSterile neutrino via the Neutral Current

The double bang signal comes from

⌫⌧ +N ! N4 +W

N4 ! visible+ invible

For the decay length contribute the processes

I N4 ! ⌫lP 0 (Pseudoscalar mesons)
I N4 ! ⌫lV 0 (Neutral vector mesons)
I N4 ! l�P+ (Charged pseudoscalar mesons)
I N4 ! l�V + (Charged vector mesons)
I N4 ! ⌧⌫ll+ ⌧
I N4 ! ⌫l1 l

+
2 l�2I N4 ! ⌫⌫⌫̄

The decay length depens on M4 and on |U⌧4|2

Cross section calculated with GENIE (Coherence + Resonance + DIS)

I Proportional to mixing parameter |U⌧4|2
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FIG. 1: Schematic illustration of a DB event in IceCube. An incom-
ing active neutrino ⌫ up-scatters into a heavy neutrino N , which then
propagates and decays into SM particles. The small circles represent
the DOMs while the large circles indicate the positions where energy
was deposited.

let us focus on a scenario where there is sizable mixing with
only one heavy neutrino while the others are effectively de-
coupled. We may write the flavor states ⌫↵ as a superposition
of the mass eigenstates as

⌫↵L =
3X

i=1

U↵i⌫iL + U↵4N
c
4R , (1)

where U is the 4 ⇥ 4 unitary mixing matrix that changes
between the mass and the flavor bases. For a sterile neu-
trino with a mass mN ⇠ O(0.1 � 10) GeV, its mixing
with ⌫e,µ is severely constrained as |U↵4|

2 . 10�5
� 10�8

(↵ = e, µ) [14]. Conversely, the mixing with ⌫⌧ is much more
difficult to probe, given the technical challenges of producing
and detecting tau neutrinos. For mN ⇠ O(0.1 � 10) GeV
the most stringent bounds are derived from the DELPHI [17]
and CHARM [18] experiments. However, a mixing as large
as |U⌧4|

2
⇠ 10�2 is still allowed for masses around mN ⇠

O(400) MeV [14].
At IceCube, the atmospheric neutrino flux can be used to

constrain the values of U↵4 directly. Atmospheric neutrinos
are produced as a result of the cosmic rays impacting the at-
mosphere. At the production point, this flux is primarily com-
posed of ⌫µ and ⌫e. However, for neutrinos crossing the Earth
a large fraction of the initial ⌫µ flux will have oscillated into
⌫⌧ by the time the neutrinos reach the detector. Therefore,
here we focus on probing the mixing with ⌫⌧ since this one is
much harder to constrain by other means.

To this end, we propose to conduct a search for low-
energy DB events. In each event the first cascade is produced
from a neutral-current (NC) interaction with a nucleon n, as
⌫ n ! N n. This process is mediated by a Z boson and
takes place via mixing between the light and heavy states. Ne-
glecting corrections due to the mass of the heavy neutrino, the
up-scattering cross section goes as �⌫⌧N ' �NC

⌫ ⇥ |U⌧4|
2

where �NC
⌫ is the NC neutrino-nucleon cross section in the

SM. Unless the process is quasi-elastic, it will generally lead
to a hadronic shower in the detector. Here we compute the
neutrino-nucleon deep-inelastic scattering (DIS) cross section
using the parton model, imposing a lower cut on the hadronic
shower of 5 GeV so it is observable [19]. In fact, through-

out our whole analysis we will assume perfect detection ef-
ficiencies above threshold. Although this may be simplistic,
we find it adequate to demonstrate the potential of IceCube
to search for new physics with low energy DB events. Once
the heavy state has been produced, its decay is controlled by
kinematics and the SM interactions inherited from the mix-
ing with the active neutrinos. The partial decay widths of a
heavy neutrino can be found in Refs. [14, 20] and were re-
computed here. The decay channels include two-body decays
into a charged lepton (active neutrino) and a charged (neutral)
meson, and three body decays into charged leptons and light
neutrinos. The deposited energy in the second shower is also
required to be above 5 GeV. It should be noted that if the N
decays into three light neutrinos the second shower will be in-
visible: those events do not contribute to our signal. As an
example, for mN = 1 GeV and |U⌧4|

2 = 10�3, the boosted
decay length (for an energy of 10 GeV) is Llab ⇠ 20m.

The number of DB events from ⌫⌧ mixing with a heavy
neutrino, for two cascades taking place within a distance L, is
proportional to
Z

dE⌫dc✓B
d�⌫µ

dE⌫dc✓
Pµ⌧ (c✓, E⌫)

d�⌫⌧N

dE⌫
Pd(L) V (L, c✓),

(2)
where E⌫ is the incident neutrino energy and c✓ ⌘ cos ✓ is
the cosine of its zenith angle. The atmospheric ⌫µ flux [21]
is given by �⌫µ while Pµ⌧ is the oscillation probability in the
⌫µ ! ⌫⌧ channel, which depends on the length of the baseline
traveled (inferred from the zenith angle) and the energy. Here,
Pd(L) = e�L/Llab/Llab is the probability for the heavy state
to decay after traveling a distance L, while B is its branch-
ing ratio into visible final states (i.e., excluding the decay into
three light neutrinos). Antineutrino events will give a simi-
lar contribution to the total number of events, replacing �⌫µ ,
�⌫⌧N and Pµ⌧ in Eq. (2) by their analogous expressions for
antineutrinos.

In Eq. (2) we have omitted a normalization constant which
depends on the number of target nuclei and the data taking pe-
riod, but we explicitly include an effective volume V (L, c✓).
In this work, this was computed using Monte Carlo integra-
tion. First, for triggering purposes we require that at least
three (four) DOMs detect the first shower simultaneously, if it
takes place inside (outside) DeepCore [22]. Once the trigger
goes off, all the information in the detector is recorded, and
we thus assume that the second shower is always observed as
long as it is close enough to a DOM. Eventually, the energy
of a cascade determines the distance from which it can be de-
tected by a DOM: the longer the distance, the more energetic
the cascade should be so the light can reach the DOM without
being absorbed by the ice first. Here we assume that a cascade
is seen by a DOM if it takes place within a distance of 36 m,
since this is roughly the maximum distance between an event
and a DOM inside DeepCore [22]. This is conservative, since
showers with energies much above 5 GeV will typically reach
a DOM from longer distances. Finally, a minimum separation
is required between the two showers so they can be resolved.
This ultimately depends on the time resolution of the DOMs.
Following Ref. [16], IceCube can distinguish pulses separated
by T ⇠ 66 ns. Thus, we require a minimum distance between

Example

and 10 GeV boost ) Llab ⇠ 20 m

Coloma, Machado, Martinez-Soler, Shoemaker 2017, Phys. Rev. Lett. 119, 201804 
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Assumes only existing data.  
Worst case: new ~GeV constraints.  

Best case: Sterile neutrino discovery.

Heavy Neutrinos from 
the Atmosphere
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What can ν-forces do?
• Modify scattering rates: exchange of new force carrier, 

contact interactions.
• Modify oscillations: additional matter effect from 

forward scattering on electrons, quarks, or DM. 
• Introduce decay channel: Majoron(-like) models can 

allow for neutrino decay [Denton, Tamborra 2017]
• Shorten mean free path: nu-nu or nu-DM scatterings on 

cosmological distances [Kolb, Turner 1987], [Ng, 
Beacom 2014], [Ioka, Murase 2014], … 

• Altered cosmology: new scattering rates/matter 
potential change thermal history. [Babu, Rothstein 
1992], [Dasgupta, Kopp 2013], [Cherry, Friedland, IMS 
2016], …



Searching for BSM physics Effectively

• Regard the Standard Model as a low-energy effective theory. Can 
incorporate neutrino masses via Weinberg operator 
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Thus, the e↵ects coming from higher dimensional operators could also potentially give

observable signals at low energies (as in the case of neutrino masses), in the form of Non-

Standard Interactions (NSI) between SM particles. In the case of neutrinos these could

take place via d = 6 four-fermion e↵ective operators1, in a similar fashion as in the case of

Fermi’s theory of weak interactions. Four-fermion operators involving neutrino fields can

be divided in two main categories:

1. Operators a↵ecting charged-current neutrino interactions. These include, for in-

stance, operators in the form (l̄↵�µPL⌫�)(q̄�µPq0), where l stands for a charged lep-

ton, P stands for one of the chirality projectors PR,L ⌘
1
2(1±�5), ↵ and � are lepton

flavor indices, and q and q0 represent up- and down-type quarks.

2. Operators a↵ecting neutral-current neutrino interactions. These are operators in the

form (⌫̄↵�µPL⌫�)(f̄�µPf). In this case, f stands for any SM fermion.

Operators belonging to the first type will a↵ect neutrino production and detection pro-

cesses. For this type of NSI, near detectors exposed to a very intense neutrino beam would

be desired, in combination with a near detector, in order to collect a large enough event

sample [4]. Systematic uncertainties would play an important role in this case, since for

neutrino beams produced from pion decay the flux cannot be computed precisely.2 For

recent studies on the potential of neutrino oscillation experiments to study NSI a↵ecting

neutrino production and detection, see e.g., Refs. [7–12].

For operators a↵ecting neutral-current neutrino interactions the situation is very dif-

ferent since these can take place coherently, leading to an enhanced e↵ect. Therefore, long-

baseline neutrino oscillation experiments, with L ⇠ O(500 � 1000) km, could potentially

place very strong constraints on NSI a↵ecting neutrino propagation. Moreover, unlike at-

mospheric neutrino oscillation experiments [13–16], at long-baseline beam experiments the

beam is well-measured at a near detector, keeping systematic uncertainties under control.

Future long-baseline facilities, combined with a dedicated short-baseline program [17–19]

to determine neutrino cross sections precisely, expect to be able to bring systematic uncer-

tainties down to the percent level. Therefore, they o↵er the ideal benchmark to constrain

NSI in propagation. This will be the focus of the present work.

As a benchmark setup, we consider the proposed Deep Underground Neutrino Exper-

iment [20] (DUNE) and determine the bounds that it will be able to put on NSI a↵ect-

ing neutrino propagation through matter. For comparison, we will also show the sensi-

tivity reach for the current generation of long-baseline neutrino oscillation experiments,

1In principle, the largest e↵ects from NSI are expected to come from d = 6 operators since they appear

at low order in the expansion. However, this is might not be always the case [2]. The situation might be

otherwise if, for instance, some operators in the expansion are forbidden by a symmetry. In a similar fashion,

e↵ects coming from d = 6 operators might be less suppressed than those coming from d = 5 operators,

e.g., if the scales of NP associated to the breaking of lepton number and lepton flavor symmetries are very

di↵erent [3].
2A di↵erent situation would take place at beams produced from muon decay, such as Neutrino Factories

or the more recently proposed nuSTORM facility. In this case, the flux uncertainties are expected to remain

at (or below) 1% [5, 6].
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Generalizing Fermi

LNSI = �2
⇥
2GF ⇥fP�⇥ (⇤��

⇤⇤⇥)(f�⇤Pf)

Neutrino Flavor f =SM fermion 
P=L,R 

Laid the foundation for the MSW effect and pointed out 
that NSI can modify neutrino propagation.

3

Matter Matters! NSI

⌫ ⌫

f f

• Coherent forward scattering crucial for neutrino oscillations. 
• Oscillation physics constrain neutrino-medium interactions.



NSI Phenomenology NSI

⌫ ⌫

f f

• Oscillation Data: solar, atmospheric, astrophysical. 

• Scattering Data: NuTeV, CHARM, COHERENT.

• Collider Data: LEP, Tevatron, LHC. 

[Guzzo, et al. (2001)], [Fornengo, et al. (2001)], [Friedland, Lunardini, 
Maltoni (2004)], [Friedland, Lunardini, Pena-Garay (2004)], [Guzzo, de 
Holanda, Peres (2004)], [Miranda, Tortola, Valle (2004)], [Mena, Mocioiu, 
Razzaque (2007)], [Friedland, IMS (2012)], [Mocioiu, Wright (2014)], 
[Coloma (2015)]…    

[Davidson et al. (2003)], [Coloma et al. (2017)], [Liao, Marfatia (2017)], 
[Dutta, Liao, Strigari, Walker (2017)], [Dent, Dutta, Liao, Newstead, Stirgari, 
Walker (2017)], [Denton, Farzan, IMS (2018)].

[Berezhiani, Rossi (2001)], [Friedland, Graesser, IMS, Vecchi (2011)].

(very incomplete list)

[Review: Farzan, Tortola 1710.09360]



Oscillation Degeneracies

• Oscillation data allow large NSI in the “LMA-dark” window. 
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Oscillation Degeneracies

• Oscillation data allow large NSI in the “LMA-dark” window. 

standard LMA
✓12 ' 34�

NSI

⌫ ⌫

f f

⇠ " GF

osc.  
degenerate

LMA-dark
45� < ✓12 < 90�

+ " ⇠ O(1)

Scattering data can break this degeneracy.



COHERENT Strategies 
for New Physics

ER

⌫

nucleus

COHERENT Collaboration: First detection of 
coherent elastic neutrino-nucleus scattering!

Stopped pion source = low-E neutrinos.  

COHERENT Collaboration, 2017 [1708.01294]. 

Can test BSM contributions to neutrino scattering. 

See Gleb 
Sinev’s talk

See Andrew 
Kubik’s talk



Oscillation Degeneracies

• Oscillation data still allow large NSI in the “LMA-dark” window. 

standard LMA
✓12 ' 34�

LMA-dark
45� < ✓12 < 90�

NSI

⌫ ⌫

f f

⇠ " GF

+ " ⇠ O(1)

COHERENT breaks 
degeneracy, rules out 

LMA-D. 

Coloma, Gonzalez-Garcia, Maltoni, 
Schwetz [ 1708.02899]

http://arxiv.org/abs/arXiv:1708.02899


NSI at low masses

NSI

⌫ ⌫

f f

The Atom
e�

p+

e

p

γ

e�

p+

V (r) = � e2

4�r

Coulomb Potential

Non-relativistic 
limit

“Feynman Diagram”

The atom is a composite object, built out 
of an electron and a nucleus. 

It is held together by the electromagnetic 
force, mediated by the photon

How a particle physicist pictures the atom:

⌫ ⌫

Z 0

f f

• Various models on the market involving gauge B & L combinations and/or 
introducing heavy sterile neutrinos. 

[Pospelov (2011)], [Farzan (2015)], [IMS, Farzan (2015)], [Farzan, Heeck 
(2016)], [Babu, Friedland, Machado, Mocioiu (2017), Denton, Farzan, IMS 
(2018)].

" GF ⇠ g2

m2
Z0



COHERENT Strategies 
for “LMA-Dark”

data contain an interesting ambiguity: alone they cannot distinguish between (1) the classic large-
mixing angle (LMA) solution with ✓12 ' 34

� with ✏
f

↵�
⌘ 0; and (2) ✓12 in the “dark” octant [9]

(45� < ✓12 < 90
�) with large NSI ✏ ⇠ O(1). To distinguish between the standard LMA solution

and this LMA-D (LMA-Dark) [10] regime requires going beyond oscillation data alone.
The most recent new phenomenological probe of NSI comes from the observation of Coherent

Elastic ⌫-Nucleus Scattering (CE⌫NS) by the COHERENT experiment [11]. CE⌫NS is a Standard
Model process wherein a neutrino scatters elastically off an entire nucleus. While the cross section
is large thanks to the coherent enhancement, / A

2, it is difficult to detect due to the low nuclear
recoil energies ⇠ keV required. The COHERENT collaboration [12] reported the first detection of
CE⌫NS at 6.7� [11], in line with SM expectations and therefore offering a new probe of NSI [11,
13, 14]. It has been argued that this data is already sufficiently strong to rule out the LMA-D
solution [13].

In this paper we re-visit the question of whether or not large NSI can still be accommodated
in light of COHERENT data. Our broad conclusion is that it can, though it requires a mediator
that is light compared to the momentum transfers probed at COHERENT. This can be achieved in
model of NSI coming from the exchange of a light Z 0 force carrier [15–17]. For example, with
couplings L � gqZ

0
µq̄�

µ
q + g⌫Z

0
µ⌫̄�

µ
⌫, this yields Eq.(1.1) when the energies of interest are

below ⇤ ⌘ mZ0/
p
g⌫gq. For neutrino-nucleus scattering experiments (such as COHERENT), the

modification to the ⌫-N cross section scales like

d�
NSI

dER

/

8
<

:

g
2
⌫g

2
qmN

m
4
Z0

if mZ0 � q,

g
2
⌫g

2
qmN

q4
if mZ0 ⌧ q.

(1.2)

Crucially however, the impact on neutrino flavor oscillations obeys a different parametric scal-
ing. In particular, since it is the forward coherent scattering of neutrinos on their background that
must be taken into account in oscillations, the modification of the matter potential scales with the
mediator mass as

Vmatt =
g⌫gq

m
2
Z0

nf . (1.3)

Note that for the potential to enter the Coulombic regime one needs mediator . 10
�14

eV [18].
Therefore one can see by comparing Eq. (1.2) and Eq. (1.3) why it is that the mZ0 ⌧ q regime

can be used to offset COHERENT’s sensitivity (which is simply a coupling bound in this case),
while leaving the Z

0 mass unbounded as a knob one can tune to achieve large NSI.
As a result of requiring low mediator masses, we also re-visit a variety of probes of NSI. These

include:

• ⌫+f ! ⌫+f , (t = 0): From coherent forward scattering on medium fermions f oscillation
probabilities are modified from their SM values. This is typically only manifested when
neutrinos have propagated large distances through dense media.

• ⌫ + f ! ⌫ + f , (t 6= 0): Via hard scattering NSI can modify the recoil spectra in neutrino
scattering data [19, 20]. This has led notably to the recent use of the COHERENT collab-
oration’s first observation [11] of coherent elastic neutrino-nucleus scattering to constrain
NSI [11, 13, 14]. Even before the discovery of coherent scattering, neutrino-nucleon from
CHARM [21] and NuTeV [22] provided stringent tests of NSI [2].

– 2 –

• Closer look at COHERENT’s sensitivity to NSI, by peering 
inside the operator: 

NSI

⌫ ⌫

f f

⇠ " GF

limits "
limits g
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Crucially however, the impact on neutrino flavor oscillations obeys a different parametric scal-
ing. In particular, since it is the forward coherent scattering of neutrinos on their background that
must be taken into account in oscillations, the modification of the matter potential scales with the
mediator mass as

Vmatt =
g⌫gq

m
2
Z0

nf . (1.3)

Note that for the potential to enter the Coulombic regime one needs mediator . 10
�14

eV [18].
Therefore one can see by comparing Eq. (1.2) and Eq. (1.3) why it is that the mZ0 ⌧ q regime

can be used to offset COHERENT’s sensitivity (which is simply a coupling bound in this case),
while leaving the Z

0 mass unbounded as a knob one can tune to achieve large NSI.
As a result of requiring low mediator masses, we also re-visit a variety of probes of NSI. These

include:

• ⌫+f ! ⌫+f , (t = 0): From coherent forward scattering on medium fermions f oscillation
probabilities are modified from their SM values. This is typically only manifested when
neutrinos have propagated large distances through dense media.

• ⌫ + f ! ⌫ + f , (t 6= 0): Via hard scattering NSI can modify the recoil spectra in neutrino
scattering data [19, 20]. This has led notably to the recent use of the COHERENT collab-
oration’s first observation [11] of coherent elastic neutrino-nucleus scattering to constrain
NSI [11, 13, 14]. Even before the discovery of coherent scattering, neutrino-nucleon from
CHARM [21] and NuTeV [22] provided stringent tests of NSI [2].
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• Whereas for oscillation propagation the matter potential 
comes from forward coherent scattering (i.e. t=0):

Low masses!



NSI @ low-masses

10�1 100 101 102 103

MZ 0 [MeV]

10�6

10�5

10�4

10�3
p

|g
⌫
g q

|

(g⌫)eegq < 0
95% (2 d.o.f.)

COHERENT

BBN + CMB

COHERENT
+10 yrs (SM)

CONUS Ge (SM)

LMA–Dark

e-flavor NSI

Denton, Farzan, IMS [1804.03660]

http://arxiv.org/abs/arXiv:1804.03660


NSI @ low-masses

10�1 100 101 102 103

MZ 0 [MeV]

10�6

10�5

10�4

10�3
p

|g
⌫
g q

|

(g⌫)eegq < 0
95% (2 d.o.f.)

COHERENT

BBN + CMB

COHERENT
+10 yrs (SM)

CONUS Ge (SM)

LMA–Dark

e-flavor NSI

Denton, Farzan, IMS [1804.03660]

LMA-darkCurrent COHERENT

http://arxiv.org/abs/arXiv:1804.03660


NSI @ low-masses

10�1 100 101 102 103

MZ 0 [MeV]

10�6

10�5

10�4

10�3
p

|g
⌫
g q

|

(g⌫)eegq < 0
95% (2 d.o.f.)

COHERENT

BBN + CMB

COHERENT
+10 yrs (SM)

CONUS Ge (SM)

LMA–Dark

e-flavor NSI

Denton, Farzan, IMS [1804.03660]

• COHERENT + CMB data allow for a small window of masses with large NSI. 

LMA-darkCurrent COHERENT

http://arxiv.org/abs/arXiv:1804.03660


NSI @ low-masses

10�1 100 101 102 103

MZ 0 [MeV]

10�6

10�5

10�4

10�3
p

|g
⌫
g q

|

(g⌫)eegq < 0
95% (2 d.o.f.)

COHERENT

BBN + CMB

COHERENT
+10 yrs (SM)

CONUS Ge (SM)

LMA–Dark

e-flavor NSI

Denton, Farzan, IMS [1804.03660]

• COHERENT + CMB data allow for a small window of masses with large NSI. 

future COHERENT

LMA-darkCurrent COHERENT

http://arxiv.org/abs/arXiv:1804.03660


NSI @ low-masses

10�1 100 101 102 103

MZ 0 [MeV]

10�6

10�5

10�4

10�3
p

|g
⌫
g q

|

(g⌫)eegq < 0
95% (2 d.o.f.)

COHERENT

BBN + CMB

COHERENT
+10 yrs (SM)

CONUS Ge (SM)

LMA–Dark

e-flavor NSI

Denton, Farzan, IMS [1804.03660]

• COHERENT + CMB data allow for a small window of masses with large NSI. 

future CONUS

future COHERENT

LMA-darkCurrent COHERENT

http://arxiv.org/abs/arXiv:1804.03660


NSI @ low-masses

10�1 100 101 102 103

MZ 0 [MeV]

10�6

10�5

10�4

10�3
p

|g
⌫
g q

|

(g⌫)eegq < 0
95% (2 d.o.f.)

COHERENT

BBN + CMB

COHERENT
+10 yrs (SM)

CONUS Ge (SM)

LMA–Dark

e-flavor NSI

Denton, Farzan, IMS [1804.03660]

• COHERENT + CMB data allow for a small window of masses with large NSI. 

• Future COHERENT data and reactor experiments (CONUS) will cover the gap.

future CONUS

future COHERENT

LMA-darkCurrent COHERENT

http://arxiv.org/abs/arXiv:1804.03660


BSM Space Schema

New Neutrinos

N
ew

 F
or

ce
s

SM Sterile
Neutrinos

Z’, φ, 
ν2 f2

New but 
Non-sterile
Neutrinos

X

X ?



Potential EM Properties of 
Sterile Neutrinos

-Don’t know dominant Sterile Neutrino -SM “portal”
-Could be higher-dim. operator. 

SM Singlet 
Fermion

Neutrino 
mixing



New Physics Scenario

2. Neutrino magnetic moment

We are interested in a transition magnetic moment

Weak constraints
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FIG. 3: Expected potential to constrain magnetic moments leading to the transitions ⌫⌧ �N (left panel) and ⌫µ �N (right panel) at IceCube.
In the region enclosed by the solid contours, at least one DB event would be expected at IceCube, for a data taking period of six years. The
shaded regions are disfavored by previous experiments, see text for details.

the NTMM cross section in Eq. (6) to be below the reported
precision on the measurement of the neutrino–electron cross
section1, assuming hE⌫i ⇠ 24 GeV and hEri ⇠ 5 GeV.

The ALEPH constraint on the branching ratio BR(Z !

⌫N ! ⌫⌫�) < 2.7 ⇥ 10�5 [32] translates into the bound
|U↵4|

2(µtr/µB)2 < 1.9⇥10�16 [33], ↵ ⌘ e, µ, ⌧ . Saturating
the bound from direct searches on the mixing |U⌧4|

2 gives
the strongest possible constraint from ALEPH data, which is
competitive in the mass region mN & 5� 10 GeV.

Additional bounds on µtr can also be derived from cosmol-
ogy. In the SM, neutrino decoupling takes places at temper-
atures T ⇠ 2 MeV. However, the additional interaction be-
tween photons and neutrinos induced by a magnetic moment
may lead to a delayed neutrino decoupling. This imposes an
upper bound on µtr (see e.g. [34] for analogous active limits).

Our results for the NTMM scenario are shown in Fig. 3.
The shaded regions are disfavored by past experiments as out-
lined above. These, however, fade away for heavy neutrino
masses above the maximum value allowed by kinematics in
each case, given by Eq. (5).2 The solid contours, on the other
hand, indicate the regions where more than one DB event
would be expected at IceCube, for six years of data taking.
The left panel shows the results for a NTMM between N and
⌫⌧ . Our results indicate that IceCube has the potential to im-
prove more than two orders of magnitude over current con-
straints for NTMM, for mN ⇠ 1 MeV � 1 GeV. The right
panel, on the other hand, shows the results for a NTMM be-
tween N and ⌫µ. In this case, the computation of the number
of events is identical as for ⌫⌧ � N transitions, replacing the
oscillation probability Pµ⌧ by Pµµ in Eq. (2). Even though

1 Bounds on NTMM from neutrino–nucleus scattering are less competitive.
For example, using NuTeV data [31] we find an approximate bound µtr .
10�4µB .

2 To derive mN,max for Borexino, DONUT and CHARM-II, we have used
the following typical values of (hE⌫i, hEri): (420 keV, 230 keV),
(100 GeV, 20 GeV), and (24 GeV, 5 GeV), respectively.

current constraints are stronger for ⌫µ, we also find that Ice-
Cube could significantly improve over present bounds.

Conclusions. In this letter, we have studied the potential
of the IceCube detector to look for new physics using low-
energy DB events. The collaboration has already performed
searches for events with this topology at ultra-high energies,
which are expected in the SM from the CC interactions of PeV
tau neutrinos. In this work we have shown how very simple
new physics scenarios with GeV-scale right-handed neutrinos
would lead to a similar topology, with two low-energy cas-
cades that could be spatially resolved in the detector. We find
that IceCube may be able to improve by orders of magnitude
the current constraints on the two scenarios considered here.
A DB search may also be sensitive to non-minimal dark mat-
ter models, such as the one proposed in Ref. [35].
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FIG. 1. Overview of projected sensitivities (95% CL) and constraints obtained from SHiP, LHC, LEP, Supernova 1987A and
experiments at the Short-Baseline Neutrino facility at Fermilab. We also show previously calculated favored regions of interest
(ROI) in parameter space for MiniBooNE and LSND, and constraints from NOMAD. Limits are shown for the dimension 5 (�
mediator) and dimension 6 (�+Z mediators) extensions. See Table II for an explanation of the labels. Each curve is discussed
and presented in the paper.

at high and medium energies.
Previously dipole interactions of neutrinos have been

studied in several specific contexts (that we are aware of).
If the SM neutrinos have a large flavor off-diagonal EM
dipole moment, the interaction of solar and reactor neu-
trinos may get enhanced. This provides stringent limits
on dipole moments of SM neutrinos [10]. Some theo-
retical and phenomenological aspects of the Dirac HNL
dipole operator were discussed in Refs. [11, 12] (see also
a more recent general discussion of dimension 5 effective
operators in the neutrino sector [13]). Another promi-
nent place where the transitional ⌫�N dipole appears is
the literature on searches of sterile neutrino dark matter
via a dipole-induced decay N ! ⌫� ([14] and references
therein). A more closely related case to the topic of our
study has arisen as a consequence of trying to accom-
modate MiniBoone and LSND anomalies, that we would
like to discuss now in more detail.

While there is an overall theoretical/experimental con-
sistency for the three-neutrino oscillation picture, there
are several experimental results that do not fit in. Two
notable exceptions are the anomalies observed at the
intensity frontier experiments LSND and MiniBooNE
[15, 16]. In these experiments, an excess of low energy
electron (anti-)neutrinos have been observed, the source

of which is currently unknown. Conceivably, there are
two possibilities: new physics or some unaccounted SM
processes. Thus, for example, single photons produced
via poorly understood SM neutrino interactions with nu-
clei [17] might lead to some partial explanation of the
anomalies. (At the signal level, a single photon can-
not be distinguished from charged-current quasi-elastic
events by MiniBooNE’s Cherenkov detector.)

The most popular proposal is the existence of a light
(m ⇠ eV) sterile neutrino ([18] and references therein),
which mediates the anomalous oscillation required to
explain the observed excess signal. A possibility of eV
sterile neutrinos being at the origin of the MiniBooNE
and LSND oscillation results is strongly challenged by
cosmological data. Indeed, the required parameters for
mass splitting and mixing angle will lead to a complete
thermalization of a new sterile species via oscillation
mechanism. This stands in sharp disagreement with
cosmological data (in particular, cosmic microwave
background (CMB), Big Bang Nucleosynthesis (BBN)
and late-time cosmology) that constrain not only the
total number of thermally populated relativistic degrees
of freedom in the early Universe, but also limits the
total neutrino mass

P
m⌫  0.17 eV at 95%CL [19].

Consequently, a single eV sterile neutrino is not con-
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We consider generic neutrino dipole portals between left-handed neutrinos, photons, and right-
handed heavy neutral leptons (HNL) with Dirac masses. The dominance of this portal significantly
alters the conventional phenomenology of HNLs. We derive a comprehensive set of constraints
on the dipole portal to HNLs by utilizing data from LEP, LHC, MiniBooNE, LSND as well as
observations of Supernova 1987A and consistency of the standard Big Bang Nucleosynthesis. We
calculate projected sensitivities from the proposed high-intensity SHiP beam dump experiment,
and the ongoing experiments at the Short-Baseline Neutrino facility at Fermilab. Dipole mediated
Primakoff neutrino upscattering and Dalitz-like meson decays are found to be the main production
mechanisms in most of the parametric regime under consideration. Proposed explanations of LSND
and MiniBooNE anomalies based on HNLs with dipole-induced decays are found to be severely
constrained, or to be tested in the future experiments.

I. INTRODUCTION

The Standard Model of particles and fields (SM) shows
remarkable resilience under the scrutiny of numerous par-
ticle physics experiments. In particular, the LHC exper-
iments have put significant constraints on new hypothet-
ical colored states, pushing their masses to a TeV scale
and beyond. At the same time, owing to its smaller pro-
duction cross sections, the electroweak extensions of the
SM are far less constrained, and a plethora of new mod-
els may be hiding at energies of a few hundred GeV and
beyond. If such sectors are considered to be heavy, their
impact on the SM physics can be encoded in the higher-
dimensional extensions of the SM. Moreover, the elec-
troweak singlet components of such sectors can be light,
and still coupled to the SM states. In the last few years,
significant attention has been paid to the models con-
taining new singlet fermionic states N (often referred to
as heavy neutral leptons) that can couple to the SM lep-
tons L and Higgs field H via the so-called neutrino portal
coupling, NLH (see e.g. [1, 2]). Owing to the neutrality
of N , its mass mN is a free parameter with a wide range
of possibilities from the sub-eV scale and up, all the way
to the Planck scale. This range is somewhat narrower
if N is indeed taking part in generating masses for the
light active neutrino species. A great deal of experimen-
tal activity is devoted to searches of N particles, that
may show up in cosmological data, in neutrino oscillation
experiments, in meson decays, beam dump experiments
and at high energy colliders. (For a recent overview of
neutrino portal see e.g. [3].)
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Given large interests in searches of heavy neutral lep-
tons, in this work we will analyze a less conventional case
of N particles coupled to the SM via the so-called dipole
portal encoded in the following effective Lagrangian,

L � N̄(i/@ �mN )N + (d⌫̄L�µ⌫F
µ⌫N + h.c). (1)

Here Fµ⌫ is the electromagnetic field strength tensor, and
⌫L is a SM neutrino field. This is an effective Lagrangian
that needs to be UV completed at energy scales not much
larger than ⇤ ⇠ d�1. We are going to stay on the effective
field theory grounds, noting that since our results show
the sensitivity to d to be much better than TeV�1, the
UV completion scale can be raised above the electroweak
scale. For now, Eq. (1) is also applicable only at energies
below the weak scale, as it does not respect the full SM
gauge invariance. Indeed, Fµ⌫ should be a part of the
U(1) and/or SU(2) field strength, and the insertion of the
Higgs field H is also required, so that d / hHi⇤�2. For
most of our analyses we will be interested in values of mN

in the interval from 1 MeV to 100GeV, and at relatively
small energies, so that a treatment using Eq. (1) is indeed
sufficient.

The main assumption made in Eq. (1) is the absence,
or subdominance, of the mass mixing operator NLH.
When the mass mixing operator is dominant, the pro-
duction and decay of N particles is mostly governed by
its interaction with the SM particles via weak bosons.
The phenomenological consequences of these minimally
coupled particles N is well understood. In contrast, if the
leading order operator is suppressed, the dipole operator
offers novel signatures and features in the production and
decay of N , such as a much enhanced role of electromag-
netic interactions in the production and decay of N . This
case has so far being addressed only in a handful of works
[4–9], and here we would like to present a comprehensive
analysis of the dipole N portal, and derive constrains on
d that result from a variety of different experiments, both
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• Systematically examine production mechanisms: up-scattering, off-
shell photon, meson decays. 

• Astrophysics-terrestrial experiment complementarity. 
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

model to correctly describe events with enlarged S1s due
to additional scatters in the charge-insensitive region be-
low the cathode. These events comprise 13% of the to-
tal neutron rate in Table I. Third, we implemented the
core mass segmentation to better reflect our knowledge
of the neutron background’s Z distribution, motivated
again by the neutron-like event. This shifts the prob-
ability of a neutron (50 GeV/c2 WIMP) interpretation
for this event in the best-fit model from 35% (49%) to
75% (7%) and improves the limit (median sensitivity)
by 13% (4%). Fourth, the estimated signal e�ciency
decreased relative to the pre-unblinding model due to
further matching of the simulated S1 waveform shape
to 220Rn data, smaller uncertainties from improved un-
derstanding and treatment of detector systematics, and
correction of an error in the S1 detection e�ciency nui-
sance parameter. This latter set of improvements was
not influenced by unblinded DM search data.

In addition to blinding, the data were also “salted” by
injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile like-
lihood analysis indicates no significant excesses in the
1.3 t fiducial mass at any WIMP mass. A p-value calcu-
lation based on the likelihood ratio of the best-fit includ-

ing signal to that of background-only gives p = 0.28, 0.41,
and 0.22 at 6, 50, and 200 GeV/c2 WIMP masses, respec-
tively. Figure 5 shows the resulting 90% confidence level
upper limit on �SI , which falls within the predicted sen-
sitivity range across all masses. The 2� sensitivity band
spans an order of magnitude, indicating the large random
variation in upper limits due to statistical fluctuations of
the background (common to all rare-event searches). The
sensitivity itself is una↵ected by such fluctuations, and is
thus the appropriate measure of the capabilities of an ex-
periment [44]. The inset in Fig. 5 shows that the median
sensitivity of this search is ⇠7.0 times better than previ-
ous experiments [6, 7] at WIMP masses > 50 GeV/c2.

Table I shows an excess in the data compared to the to-
tal background expectation in the reference region of the
1.3 t fiducial mass. The background-only local p-value
(based on Poisson statistics including a Gaussian uncer-
tainty) is 0.03, which is not significant enough, including
also an unknown trial factor, to trigger changes in the
background model, fiducial boundary, or consideration
of alternate signal models. This choice is conservative as
it results in a weaker limit.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-
gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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German Ministry for Education and Research, Max
Planck Gesellschaft, Deutsche Forschungsgemeinschaft,
Netherlands Organisation for Scientific Research (NWO),
Netherlands eScience Center (NLeSC) with the support
of the SURF Cooperative, Weizmann Institute of Science,
Israeli Centers Of Research Excellence (I-CORE), Pazy-
Vatat, Initial Training Network Invisibles (Marie Curie
Actions, PITNGA-2011-289442), Fundacao para a Cien-
cia e a Tecnologia, Region des Pays de la Loire, Knut and
Alice Wallenberg Foundation, Kavli Foundation, and Is-
tituto Nazionale di Fisica Nucleare. Data processing is
performed using infrastructures from the Open Science
Grid and European Grid Initiative. We are grateful to
Laboratori Nazionali del Gran Sasso for hosting and sup-
porting the XENON project.
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FIG. 4: Background and 200 GeV/c2 WIMP signal best-fit
predictions, assuming �SI = 4.7⇥10�47 cm2, compared to DM
search data in the 0.9 t (solid lines and markers) and 1.3 t
(dotted lines and hollow markers) masses. The horizontal
axis is the projection along the ER mean (µER), shown in
Fig. 3, normalized to the ER 1� quantile (�ER). Shaded bands
indicate the 68% Poisson probability region for the total BG
expectations.

yr ⇥ keVee) after correcting for e�ciency, which is the
lowest background achieved in a dark matter detector to
date.

The NR background includes contributions from ra-
diogenic neutrons originating from detector materials,
coherent elastic neutrino nucleus scattering (CE⌫NS)
mainly from 8B solar neutrinos, and cosmogenic neutrons
from secondary particles produced by muon showers out-
side the TPC (negligible due to the muon veto [11]). The
CE⌫NS rate is constrained by 8B solar neutrino flux [26]
and cross-section [27] measurements. The rate of radio-
genic neutrons is modeled with Geant4 MC [28, 29]
using the measured radioactivity of materials [30], as-
suming a normalization uncertainty of 50% based on the
uncertainty in the Sources 4A [31] code and the di↵er-
ence between the Geant4 and MCNP particle propa-
gation simulation codes [32]. Fast neutrons have a mean
free path of ⇠15 cm in LXe and produce ⇠5 times more
multiple-scatter than single-scatter events in the detec-
tor, allowing for background suppression. A dedicated
search for multiple-scatter events finds 9 neutron candi-
dates, consistent with the expectation of (6.4 ± 3.2) de-
rived from the Geant4 and detector response simulation
described below, which is used to further constrain the
expected single-scatter neutron event rate in DM search
data.

The detector response to ERs and NRs is modeled sim-
ilarly to the method described in Refs. [5, 33]. All 220Rn,
241AmBe, and neutron generator calibration data from
both science runs are simultaneously fitted to account for
correlations of model parameters across di↵erent sources
and runs. To fit the 220Rn data, the parameterization

of the ER recombination model is improved from [5] by
modifying the Thomas-Imel model [34]. These modifica-
tions include a power law field-dependence similar to [35]
to account for the di↵erent drift fields in each science
run, an exponential energy dependence to extend the
applicability to high-energy (up to ⇠20 keVee), and an
empirical energy-dependent Fermi-Dirac suppression of
the recombination at low-energy (. 2 keVee). The re-
sulting light and charge yields after fitting are consistent
with measurements [33, 36–38]. The fit posterior is used
to predict the ER and NR distributions in the analysis
space of the DM search data, achieving an ER rejection of
99.7% in the signal reference region, as shown in Table I.
ER uncertainties in (cS1, cS2b) are propagated for sta-
tistical inference via variation of the recombination and
its fluctuation, as these show the most dominant e↵ect
on sensitivity (here defined as the median of an ensem-
ble of confidence intervals derived under the background-
only hypothesis [39, 40]). For WIMP signals, the uncer-
tainties from all modeled processes are propagated into
an uncertainty of 15% (3%) on the total e�ciency for
6 (200) GeV/c2 WIMPs.

TABLE I: Best-fit, including a 200 GeV/c2 WIMP signal plus
background, expected event counts with 278.8 days livetime
in the 1.3 t fiducial mass, 0.9 t reference mass, and 0.65 t
core mass, for the full (cS1, cS2b) ROI and, for illustration,
in the NR signal reference region. The table lists each back-
ground (BG) component separately and in total, as well as
the expectation for the WIMP signal assuming the best-fit
�SI = 4.7 ⇥ 10�47 cm2. The observed events from data are
also shown for comparison. Although the number of events in
the reference region in the 1.3 t fiducial mass indicate an ex-
cess compared to the background expectation, the likelihood
analysis, which considers both the full parameter space and
the event distribution finds no significant WIMP-like contri-
bution.

Mass 1.3 t 1.3 t 0.9 t 0.65 t

(cS1, cS2b) Full Reference Reference Reference

ER 627±18 1.62±0.30 1.12±0.21 0.60±0.13

neutron 1.43±0.66 0.77±0.35 0.41±0.19 0.14±0.07

CE⌫NS 0.05±0.01 0.03±0.01 0.02 0.01

AC 0.47+0.27
�0.00 0.10+0.06

�0.00 0.06+0.03
�0.00 0.04+0.02

�0.00

Surface 106±8 4.84±0.40 0.02 0.01

Total BG 735±20 7.36±0.61 1.62±0.28 0.80±0.14

WIMPbest-fit 3.56 1.70 1.16 0.83

Data 739 14 2 2

Energy deposits in charge- or light-insensitive regions
produce lone S1s or S2s, respectively, that may acciden-
tally coincide and mimic a real interaction. The lone-S1
spectrum is derived from S1s occurring before the main
S1 in high energy events and has a rate of [0.7, 1.1] Hz.
The uncertainty range is determined from di↵ering rates
of single electron S2s and dark counts in the time win-
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

model to correctly describe events with enlarged S1s due
to additional scatters in the charge-insensitive region be-
low the cathode. These events comprise 13% of the to-
tal neutron rate in Table I. Third, we implemented the
core mass segmentation to better reflect our knowledge
of the neutron background’s Z distribution, motivated
again by the neutron-like event. This shifts the prob-
ability of a neutron (50 GeV/c2 WIMP) interpretation
for this event in the best-fit model from 35% (49%) to
75% (7%) and improves the limit (median sensitivity)
by 13% (4%). Fourth, the estimated signal e�ciency
decreased relative to the pre-unblinding model due to
further matching of the simulated S1 waveform shape
to 220Rn data, smaller uncertainties from improved un-
derstanding and treatment of detector systematics, and
correction of an error in the S1 detection e�ciency nui-
sance parameter. This latter set of improvements was
not influenced by unblinded DM search data.

In addition to blinding, the data were also “salted” by
injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile like-
lihood analysis indicates no significant excesses in the
1.3 t fiducial mass at any WIMP mass. A p-value calcu-
lation based on the likelihood ratio of the best-fit includ-

ing signal to that of background-only gives p = 0.28, 0.41,
and 0.22 at 6, 50, and 200 GeV/c2 WIMP masses, respec-
tively. Figure 5 shows the resulting 90% confidence level
upper limit on �SI , which falls within the predicted sen-
sitivity range across all masses. The 2� sensitivity band
spans an order of magnitude, indicating the large random
variation in upper limits due to statistical fluctuations of
the background (common to all rare-event searches). The
sensitivity itself is una↵ected by such fluctuations, and is
thus the appropriate measure of the capabilities of an ex-
periment [44]. The inset in Fig. 5 shows that the median
sensitivity of this search is ⇠7.0 times better than previ-
ous experiments [6, 7] at WIMP masses > 50 GeV/c2.

Table I shows an excess in the data compared to the to-
tal background expectation in the reference region of the
1.3 t fiducial mass. The background-only local p-value
(based on Poisson statistics including a Gaussian uncer-
tainty) is 0.03, which is not significant enough, including
also an unknown trial factor, to trigger changes in the
background model, fiducial boundary, or consideration
of alternate signal models. This choice is conservative as
it results in a weaker limit.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-
gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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FIG. 4: Background and 200 GeV/c2 WIMP signal best-fit
predictions, assuming �SI = 4.7⇥10�47 cm2, compared to DM
search data in the 0.9 t (solid lines and markers) and 1.3 t
(dotted lines and hollow markers) masses. The horizontal
axis is the projection along the ER mean (µER), shown in
Fig. 3, normalized to the ER 1� quantile (�ER). Shaded bands
indicate the 68% Poisson probability region for the total BG
expectations.

yr ⇥ keVee) after correcting for e�ciency, which is the
lowest background achieved in a dark matter detector to
date.

The NR background includes contributions from ra-
diogenic neutrons originating from detector materials,
coherent elastic neutrino nucleus scattering (CE⌫NS)
mainly from 8B solar neutrinos, and cosmogenic neutrons
from secondary particles produced by muon showers out-
side the TPC (negligible due to the muon veto [11]). The
CE⌫NS rate is constrained by 8B solar neutrino flux [26]
and cross-section [27] measurements. The rate of radio-
genic neutrons is modeled with Geant4 MC [28, 29]
using the measured radioactivity of materials [30], as-
suming a normalization uncertainty of 50% based on the
uncertainty in the Sources 4A [31] code and the di↵er-
ence between the Geant4 and MCNP particle propa-
gation simulation codes [32]. Fast neutrons have a mean
free path of ⇠15 cm in LXe and produce ⇠5 times more
multiple-scatter than single-scatter events in the detec-
tor, allowing for background suppression. A dedicated
search for multiple-scatter events finds 9 neutron candi-
dates, consistent with the expectation of (6.4 ± 3.2) de-
rived from the Geant4 and detector response simulation
described below, which is used to further constrain the
expected single-scatter neutron event rate in DM search
data.

The detector response to ERs and NRs is modeled sim-
ilarly to the method described in Refs. [5, 33]. All 220Rn,
241AmBe, and neutron generator calibration data from
both science runs are simultaneously fitted to account for
correlations of model parameters across di↵erent sources
and runs. To fit the 220Rn data, the parameterization

of the ER recombination model is improved from [5] by
modifying the Thomas-Imel model [34]. These modifica-
tions include a power law field-dependence similar to [35]
to account for the di↵erent drift fields in each science
run, an exponential energy dependence to extend the
applicability to high-energy (up to ⇠20 keVee), and an
empirical energy-dependent Fermi-Dirac suppression of
the recombination at low-energy (. 2 keVee). The re-
sulting light and charge yields after fitting are consistent
with measurements [33, 36–38]. The fit posterior is used
to predict the ER and NR distributions in the analysis
space of the DM search data, achieving an ER rejection of
99.7% in the signal reference region, as shown in Table I.
ER uncertainties in (cS1, cS2b) are propagated for sta-
tistical inference via variation of the recombination and
its fluctuation, as these show the most dominant e↵ect
on sensitivity (here defined as the median of an ensem-
ble of confidence intervals derived under the background-
only hypothesis [39, 40]). For WIMP signals, the uncer-
tainties from all modeled processes are propagated into
an uncertainty of 15% (3%) on the total e�ciency for
6 (200) GeV/c2 WIMPs.

TABLE I: Best-fit, including a 200 GeV/c2 WIMP signal plus
background, expected event counts with 278.8 days livetime
in the 1.3 t fiducial mass, 0.9 t reference mass, and 0.65 t
core mass, for the full (cS1, cS2b) ROI and, for illustration,
in the NR signal reference region. The table lists each back-
ground (BG) component separately and in total, as well as
the expectation for the WIMP signal assuming the best-fit
�SI = 4.7 ⇥ 10�47 cm2. The observed events from data are
also shown for comparison. Although the number of events in
the reference region in the 1.3 t fiducial mass indicate an ex-
cess compared to the background expectation, the likelihood
analysis, which considers both the full parameter space and
the event distribution finds no significant WIMP-like contri-
bution.

Mass 1.3 t 1.3 t 0.9 t 0.65 t

(cS1, cS2b) Full Reference Reference Reference

ER 627±18 1.62±0.30 1.12±0.21 0.60±0.13

neutron 1.43±0.66 0.77±0.35 0.41±0.19 0.14±0.07

CE⌫NS 0.05±0.01 0.03±0.01 0.02 0.01

AC 0.47+0.27
�0.00 0.10+0.06

�0.00 0.06+0.03
�0.00 0.04+0.02

�0.00

Surface 106±8 4.84±0.40 0.02 0.01

Total BG 735±20 7.36±0.61 1.62±0.28 0.80±0.14

WIMPbest-fit 3.56 1.70 1.16 0.83

Data 739 14 2 2

Energy deposits in charge- or light-insensitive regions
produce lone S1s or S2s, respectively, that may acciden-
tally coincide and mimic a real interaction. The lone-S1
spectrum is derived from S1s occurring before the main
S1 in high energy events and has a rate of [0.7, 1.1] Hz.
The uncertainty range is determined from di↵ering rates
of single electron S2s and dark counts in the time win-
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Heavy sterile neutrinos are typically invoked to accommodate the observed neutrino masses, by positing a
new Yukawa term connecting these new states to the neutrinos in the electroweak doublet. However, given our
ignorance of the neutrino sector, we should explore additional interactions such sterile neutrinos may have with
the SM. In this paper, we study the dimension-5 operator which couples the heavy state to a light neutrino and
the photon. We find that the recent XENON1T direct detection data can improve the limits on this “Neutrino
Dipole Portal” by up to an order of magnitude over previous bounds. Future direct detection experiments may
be able to extend these bounds down to the level probed by SN1987A.

I. INTRODUCTION

The fact that neutrinos are massive is one of the key obser-
vational facts indicating that the Standard Model (SM) of par-
ticle physics is incomplete. Most models of neutrino masses
posit new right-handed states which are singlets under the SM
gauge groups. These neutral fermion singlets have been pre-
dominantly studied in connection with neutrino masses via
the Neutrino Portal interaction, L � NHL, where N is the
singlet fermion, L is the SM lepton doublet, and H is the
Higgs doublet. For this reason, singlet fermions can play the
role of a “sterile” neutrino (i.e. uncharged under the elec-
troweak symmetry), and they mix with the left-handed neu-
trinos after the Higgs acquires a vacuum expectation value.

However, the standard neutrino portal interaction may not
be the predominant interaction these states have with the SM.
They may also interact via a “Neutrino Dipole Portal” inter-
action, which after electroweak symmetry breaking can be
written as

LNDP � d (⌫̄L�µ⌫F
µ⌫

N) + h.c., (1)

where Fµ⌫ is the electromagnetic field strength, �⇢� =
i
2 [�⇢, ��], ⌫L is the SM neutrino, and the coefficient d with
units of (mass)�1 controls the strength of the interaction.
Despite its simplicity and the wide interest in a “sterile” neu-
trino, this interaction has not received much attention. It has,
however, been considered in the context of the MiniBooNE
events [1–7], and has also been been studied in the context of
IceCube data [8] and at the upcoming SHiP experiment [9].

In this paper we will study the neutrino dipole portal (NDP)
at the XENON1T direct detection experiment using their ' 1
ton-year exposure [10]. Despite not finding evidence of DM
scattering, XENON1T is nearly at the level where they can
start seeing events from solar neutrinos. Many prior works
have used neutrinos at direction detection experiments to
study various beyond SM neutrino interactions [11–22]. At
the few keV recoil energies of XENON1T, the Boron-8 (B8)
neutrinos make the largest contribution, comprising ⇠ 0.02
background events in the 1 ton-year sample [10]. However, if
neutrinos have additional interactions beyond EW forces, this
rate could be larger and already detectable. To get an approx-
imate idea of the sensitivity to the NDP we can compare the
SM cross section, d�/dER ' G

2
F Q

2
wmN/4⇡, with the NDP

cross section, d�/dER ' d
2
↵Z

2
/ER.

Thus to achieve ⇠ 1 event at XENON1T we would very
roughly expect

d '
r

50
G

2
F Q2

wmNER

4⇡↵Z2
⇠ 10�6 GeV�1

r
ER

keV
, (2)

where the factor of 50 comes from needing a 50-fold in-
crease in the SM cross section for the “neutrino floor” to
presently be detectable. We expect the estimate in Eq. 2 to
be valid up to singlet fermion masses of order Boron-8 en-
ergies, m4 ⇠ E⌫ ⇠ 10 MeV. Although the above estimates
are simplistic, they provide us with ample motivation to carry
out a more complete analysis. Indeed, a dipole strength at
the d ' 10�6 GeV�1 level is competitive with a variety of
known constraints on the NDP [6, 8, 9]. We summarize our
main findings in Fig. 1 which demonstrate that XENON1T al-
ready provides the leading constraints up to 10 MeV masses,
and future high-exposure/low-threshold direct detection can
improve the bounds down to the SN1987A region.
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FIG. 1: These are the expected sensitivity curves for the tau-flavored
NDP based on the XENON1T data [10] and a future SuperCDMS
exposure. The relevant previously published exclusion limits of
SN1987A [9], IceCube [8] and DONUT [8, 23] are also shown.

.

IMS, Wyenberg (PRD in press 2019)

• Current XENON1T data improves bounds more than order of magnitude 
at low masses in tau case. 

• Future data can close gap down to the SN1987A limit (Magill, Plestid, 
Pospelov, Tsai, [1803.03262]) for both muon/tau. 
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Heavy sterile neutrinos are typically invoked to accommodate the observed neutrino masses, by positing a
new Yukawa term connecting these new states to the neutrinos in the electroweak doublet. However, given our
ignorance of the neutrino sector, we should explore additional interactions such sterile neutrinos may have with
the SM. In this paper, we study the dimension-5 operator which couples the heavy state to a light neutrino and
the photon. We find that the recent XENON1T direct detection data can improve the limits on this “Neutrino
Dipole Portal” by up to an order of magnitude over previous bounds. Future direct detection experiments may
be able to extend these bounds down to the level probed by SN1987A.

I. INTRODUCTION

The fact that neutrinos are massive is one of the key obser-
vational facts indicating that the Standard Model (SM) of par-
ticle physics is incomplete. Most models of neutrino masses
posit new right-handed states which are singlets under the SM
gauge groups. These neutral fermion singlets have been pre-
dominantly studied in connection with neutrino masses via
the Neutrino Portal interaction, L � NHL, where N is the
singlet fermion, L is the SM lepton doublet, and H is the
Higgs doublet. For this reason, singlet fermions can play the
role of a “sterile” neutrino (i.e. uncharged under the elec-
troweak symmetry), and they mix with the left-handed neu-
trinos after the Higgs acquires a vacuum expectation value.

However, the standard neutrino portal interaction may not
be the predominant interaction these states have with the SM.
They may also interact via a “Neutrino Dipole Portal” inter-
action, which after electroweak symmetry breaking can be
written as

LNDP � d (⌫̄L�µ⌫F
µ⌫

N) + h.c., (1)

where Fµ⌫ is the electromagnetic field strength, �⇢� =
i
2 [�⇢, ��], ⌫L is the SM neutrino, and the coefficient d with
units of (mass)�1 controls the strength of the interaction.
Despite its simplicity and the wide interest in a “sterile” neu-
trino, this interaction has not received much attention. It has,
however, been considered in the context of the MiniBooNE
events [1–7], and has also been been studied in the context of
IceCube data [8] and at the upcoming SHiP experiment [9].

In this paper we will study the neutrino dipole portal (NDP)
at the XENON1T direct detection experiment using their ' 1
ton-year exposure [10]. Despite not finding evidence of DM
scattering, XENON1T is nearly at the level where they can
start seeing events from solar neutrinos. Many prior works
have used neutrinos at direction detection experiments to
study various beyond SM neutrino interactions [11–22]. At
the few keV recoil energies of XENON1T, the Boron-8 (B8)
neutrinos make the largest contribution, comprising ⇠ 0.02
background events in the 1 ton-year sample [10]. However, if
neutrinos have additional interactions beyond EW forces, this
rate could be larger and already detectable. To get an approx-
imate idea of the sensitivity to the NDP we can compare the
SM cross section, d�/dER ' G

2
F Q

2
wmN/4⇡, with the NDP

cross section, d�/dER ' d
2
↵Z

2
/ER.

Thus to achieve ⇠ 1 event at XENON1T we would very
roughly expect

d '
r

50
G

2
F Q2

wmNER

4⇡↵Z2
⇠ 10�6 GeV�1

r
ER

keV
, (2)

where the factor of 50 comes from needing a 50-fold in-
crease in the SM cross section for the “neutrino floor” to
presently be detectable. We expect the estimate in Eq. 2 to
be valid up to singlet fermion masses of order Boron-8 en-
ergies, m4 ⇠ E⌫ ⇠ 10 MeV. Although the above estimates
are simplistic, they provide us with ample motivation to carry
out a more complete analysis. Indeed, a dipole strength at
the d ' 10�6 GeV�1 level is competitive with a variety of
known constraints on the NDP [6, 8, 9]. We summarize our
main findings in Fig. 1 which demonstrate that XENON1T al-
ready provides the leading constraints up to 10 MeV masses,
and future high-exposure/low-threshold direct detection can
improve the bounds down to the SN1987A region.

FIG. 1: These are the expected sensitivity curves for the tau-flavored
NDP based on the XENON1T data [10] and a future SuperCDMS
exposure. The relevant previously published exclusion limits of
SN1987A [9], IceCube [8] and DONUT [8, 23] are also shown.

.
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total signal rate as:

dR
↵

dS1
=

1X

n=1

Gauss
�
S1|n,

p
n 0.5

�
⇥ dR

↵

dn
, (8)

with the 0.5 factor coming from the uncertainty of the 1 PE
bin size.

C. Exclusion Curves

The result of the XENON1T experiment excludes a portion
of the m4, d NTMM parameter space. Following a Bayesian
approach, with a signal s and background b an upper limit on
s can be determined as:

sup =
1

2
F

�1
�2 [p, 2(n + 1)] � b, (9)

where F
�1
�2 is the inverse cumulative �

2 distribution, and n

is the number of observed events such that 2(n + 1) is the
number of degrees of freedom. The p factor is given by the
expression:

p = 1 � ↵
�
F�2 [2b, 2(n + 1)]

�
, (10)

where ↵ is 1�CL, and CL is the confident limit [39]. An al-
ternative statistical analysis may employ the Likelihood Pro-
file method [40] incorporating the binned energy data. A
check of the calculated exclusion curve for d for several val-
ues of m4 showed nearly identical results between a rudimen-
tary likelihood profile method and the �

2 approach employed
here.

For the XENON1T data, with 2 observed events and an
expected background of 1.34 events, sup = 6.53. Figure
1 shows the 90% confidence exclusion in the (m4, d) plane.
Also shown are excluded regions from previously published
results (see caption for details). For reference we also show
the current and future direct detection sensitivity to the muon-
flavored NDP in Fig. 4.

FIG. 3: Event rates of nuclear scattering via a NDP in the Xenon
1T detector with d = 10�6 GeV�1 for masses m4 = 1 MeV (red),
m4 = 5 MeV (green), and m4 = 10 MeV (blue). Also shown is the
standard model ⌫-nucleus scattering rate (black curve).
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FIG. 4: Expected sensitivity to muon-flavored NDP at XENON1T
and a future SuperCDMS exposure. Included are bounds from NO-
MAD [8, 41], CHARM [8, 42], MiniBooNE [9, 43], IceCube [8],
and SN1987A [9].

D. Up-scattering and Decay Considerations

Notice that in principle the dipole interaction admits the
possibility of ⌫ ! N upscattering prior to the neutrino flux
arriving at the detector. At minimum a neutrino traverses ⇠ 1
km to reach the underground detector. We will find that the
process of up-scattering in the Earth is irrelevant for the pa-
rameters of interest. The total cross section for up-scattering
is roughly estimated as [9]

�⌫!N ' ↵Z
2|d|2 ⇥ log

✓
4E

2
⌫

m
4
4R

2
nuc

◆
(11)

For an incoming solar neutrino with Boron-8 energies E⌫ '
10 MeV while traversing a distance of 1 km through the
Earth, we find that d would need to be,

d '
vuut

1

(1km) n�↵Z2 log
⇣

4E2
⌫

m4
4R2

nuc

⌘ (12)

' 0.14 GeV�1

where we assumed that the dominant contribution to the ter-
restrial density is silicon. Dipole strengths this strong are al-
ready excluded by a number of independent probes including
DONUT and IceCube (⌫⌧ transitions) [8], and by CHARM-
II, MiniBooNE and LSND [9] (⌫µ transitions).

Shortly after being produced through up-scattering in the
detector the ⌫4 state will eventually decay. If this decay,
⌫4 ! ⌫+�, happens inside the detector volume, the resultant
photon could potentially cause the signal to be thrown away
as background. Of course if the initial nuclear energy depo-
sition in the up-scattering ⌫+Xe ! ⌫4+Xe is sufficiently far

mu-flavored tau-flavored
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The scale of m⌫ is not measured directly, as neu-
trino oscillation experiments probe only the squared mass
splittings, �m

2
⌫ . The actual values of m⌫ can vary from

massless (which is a viable option only for the lightest
mass eigenstate) to the upper bounds supplied by cos-
mology (m⌫ . 0.23 eV) [12] and direct neutrino mass
searches, (m⌫e . 2 eV) [13]. For the heavier mass eigen-
states, a lower bound is given by the experimentally de-
termined squared mass splittings. For both the normal
and inverted hierarchy at least one mass eigenstate must
be heavier than

p
�(m2

⌫)atm ' 0.05 eV, giving a lower
bound on the mixing angle. From the see-saw relation in
Eq. (4), the expected value of the mixing angle is:

✓
2

s�s
⇠ 5 ⇥ 10�11

⇥

✓
1 GeV

MN

◆
. (5)

This represents a well-motivated target for experimen-
tal searches for right-handed neutrinos. It must be em-
phasized, however, that more complicated mass genera-
tion schemes could produce significantly larger or smaller
✓s�s [14]2.

The mass of the heavy, sterile state MN is essentially
a free parameter of the model. Of particular interest to
us are masses that are kinematically accessible to cur-
rent experiments, MN . TeV; the RH neutrino can be
directly produced in SM interactions, but the production
rate scales like |✓|

2. In this mass range, Eq. (5) suggests
that the RH neutrinos are produced in SM interactions
only very rarely, making the see-saw mechanism very dif-
ficult to test in direct experiments. Current sensitivity to
✓s�s only exists in the window of 1 MeV to a few hundred
MeV, in which ✓s�s is strongly disfavored by the combi-
nation of Big Bang Nucleosynthesis (BBN) and cosmic
microwave background (CMB) data [18].

The prospects for discovering RHNs satisfying Eq. (5)
are significantly improved if they can be produced
through interactions other than the mixing angle ✓. For
example, if the RHN and SM fields are both charged un-
der a new “dark force”, then N pairs can be produced
via this gauge interaction independently of the value of
✓ [19–25], as shown in Fig. 13. Indeed, this coupling of
N to the dark force is mandatory in the simplest gauge
extension of the SM, in which the SM is supplemented by
a new U(1)B�L local symmetry [28] with coupling g

0 and
vector boson V ; anomaly cancelation requires the exten-
sion of the SM with three additional RHNs. Because g

02

can exceed |✓|
2 by many orders of magnitude, the new

2
In particular, MD and therefore ✓ are in fact complex matrices,

and a cancellation between real and imaginary parts can result

in ✓T✓ ⌧ ✓†✓; in other words, the mixing angles can be much

larger than näıvely expected by Eq. (5). This occurs in models

with approximate lepton number conservation [15, 16] such as

the inverse see-saw [17].
3
In other models, RHN can also be pair produced via a new scalar

[26] or singly produced via a new right-handed W boson [27].

V

q

q̄
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1

N

FIG. 1: Production of right-handed neutrinos, N , via a new
gauge interaction at hadron colliders or proton beam dumps.

N

⇡
±

µ
⌥

N

⌫µ/µ

Z/W

FIG. 2: (Left): Right-handed neutrinos (N) decay via the
electroweak interactions due to mixing with LH neutrinos;
they also decay to the Higgs via Yukawa couplings (not
shown). (Right): At low masses, MN . GeV, the exclusive
hadronic decays of N , such as N ! ⇡±µ⌥, are relevant.

gauge interaction allows for the discovery of N even for
the tiny mixing angles predicted by Eq. (5).

Although N can be pair produced through new gauge
interactions at colliders and beam-dump experiments,
the RHNs can only decay through its tiny mixing with
SM neutrinos (see Fig. 2); consequently, the N width is
expected to be very small. For RHN masses within range
of current colliders, MN . 200 GeV, the decays of N oc-
cur on macroscopic distance scales for mixing angles con-
sistent with Eq. (5) [21, 23]. This gives rise to spectacular
signatures at accelerator experiments, such as displaced
vertices at the Large Hadron Collider (LHC) and visible
decays of N at the new planned SHiP facility [14, 29]. We
perform here a quantitative study of the possible long-
lived particle searches that have sensitivity to RHNs with
a new dark force4. In addition to enhancing the detection
prospects for RHN that would otherwise be out of reach
of direct experimental probes, the sensitivity of the LHC
and SHiP to long-lived particle signatures is su�ciently
good that the process pp ! V ! NN can serve as the
primary discovery mode of the new U(1) gauge interac-
tion. For concreteness, we focus on the well-motivated
case of a B � L gauge symmetry, but many of our con-
clusions can be carried over to other examples.

4
Displaced vertex searches have also been found to be useful in

discovering RHNs produced via mixing with LH neutrinos at the

LHC [30, 31] and future colliders [32, 33].
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Although N can be pair produced through new gauge
interactions at colliders and beam-dump experiments,
the RHNs can only decay through its tiny mixing with
SM neutrinos (see Fig. 2); consequently, the N width is
expected to be very small. For RHN masses within range
of current colliders, MN . 200 GeV, the decays of N oc-
cur on macroscopic distance scales for mixing angles con-
sistent with Eq. (5) [21, 23]. This gives rise to spectacular
signatures at accelerator experiments, such as displaced
vertices at the Large Hadron Collider (LHC) and visible
decays of N at the new planned SHiP facility [14, 29]. We
perform here a quantitative study of the possible long-
lived particle searches that have sensitivity to RHNs with
a new dark force4. In addition to enhancing the detection
prospects for RHN that would otherwise be out of reach
of direct experimental probes, the sensitivity of the LHC
and SHiP to long-lived particle signatures is su�ciently
good that the process pp ! V ! NN can serve as the
primary discovery mode of the new U(1) gauge interac-
tion. For concreteness, we focus on the well-motivated
case of a B � L gauge symmetry, but many of our con-
clusions can be carried over to other examples.

4
Displaced vertex searches have also been found to be useful in
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Seesaw Tests at SHiP

3

FIG. 3: Current constraints and future sensitivity to the
U(1)B�L model with MV /MN = 3. The shaded regions are
excluded by the indicated experiment. The projected reach
of our proposed searches for VB�L ! NN are shown in thick
curves from SHiP (left, dark blue) and the high-luminosity
LHC (3 ab�1): inner-detector displaced vertex search (light
blue) and muon spectrometer displaced vertex search (pur-
ple; solid for high background scenario, dashed for low back-
ground). The RH neutrino mixing angle is fixed using Eq. (5).
The thin black curves show the projected sensitivity of direct
searches for VB�L ! `+`� from Belle II (dotted), LHC Run
1 (dashed), and the high-luminosity LHC (dot-dashed).

Jumping ahead to the results of our study, we show
current constraints and projected future sensitivity from
the high-luminosity LHC and SHiP to the B � L model
with RHNs in Figures 3, 4 and 5. These figures show that
sensitivity to both a new B � L force and RHN mixing
parameters are poised to significantly improve in coming
years. In particular, both the high-luminosity LHC and
SHiP searches will be able to directly explore parts of the
parameter space motivated by the see-saw mechanism.

This paper is organized as follows: in the next section
we introduce scenarios with a new gauge force and discuss
its broad impact on the phenomenology of N . In section
3, we consider the pair production of N at the LHC and
estimate the sensitivity to the doubly-displaced decays
of N , comparing our results to the constraints on V that
can be derived from its direct decays into SM particles.
In section 4, we deduce the sensitivity to N at SHiP
via the production of V in proton collisions at a beam
dump, followed by the visible decays of N in a detector
far downstream from the beam dump. We reach our
conclusions in section 5.

II. RIGHT-HANDED NEUTRINOS AND NEW
GAUGE FORCES

The SM admits several possibilities for an additional
U(1)0 gauge force and its associated gauge boson, V ; this
is often called the “vector portal” or a “dark force”. The
most discussed SM extension in this category is the “ki-
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FIG. 4: Current constraints and future sensitivity to right-
handed neutrinos in the U(1)B�L model with MV /MN = 3
and g0 = 10�4. The shaded regions are excluded by the indi-
cated experiment. The thick blue curve shows the projected
reach of a SHiP search for N production in VB�L ! NN ,
while the thin dashed line shows the SHiP sensitivity to di-
rect N production through its mixing with LH neutrinos. The
thin dot-dashed curve shows the sensitivity for a near detec-
tor at DUNE to direct N production [34]. The shaded grey
band is the region preferred by the see-saw mechanism; see
Fig. 6 for more details.

FIG. 5: Current constraints and future sensitivity to right-
handed neutrinos in the U(1)B�L model with MV /MN = 3
and g0 = 10�3. The shaded regions are excluded by the in-
dicated experiment. The thick light blue curve shows the
projected reach at the high-luminosity LHC (3 ab�1) of our
proposed searches for displaced vertices in the inner detector
from VB�L ! NN , while the purple curves show sensitivity
for a search for displaced vertices in the muon spectrome-
ter (solid for high background scenario, dashed for low back-
ground). The shaded grey band is the region preferred by the
see-saw mechanism; see Fig. 6 for more details.

netic mixing” coupling, ✏Vµ⌫B
µ⌫

/2 [35], where Vµ⌫ and
Bµ⌫ are the field strengths of the new vector particle V

and the SM hypercharge, respectively. After diagonaliz-
ing the kinetic term, V acquires a small charge to fields
carrying hypercharge. Since the RHNs, N , do not carry
hypercharge, V only couples to N via their mixing with

SHiP

Fix gauge boson coupling/mass

N
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Heavy right-handed neutrinos, N , provide the simplest explanation for the origin of light neutrino
masses and mixings. IfMN is at or below the weak scale, direct experimental discovery of these states
is possible at accelerator experiments such as the LHC or new dedicated beam dump experiments;
in these experiments, N decays after traversing a macroscopic distance from the collision point.
The experimental sensitivity to right-handed neutrinos is significantly enhanced if there is a new
“dark” gauge force connecting them to the Standard Model (SM), and detection of N can be the
primary discovery mode for the new dark force itself. We take the well-motivated example of a B�L
gauge symmetry and analyze the sensitivity to displaced decays of N produced via the new gauge
interaction in two experiments: the LHC and the proposed SHiP beam dump experiment. In the most
favorable case in which the mediator can be produced on-shell and decays to right handed neutrinos
(pp ! X + VB�L ! X +NN), the sensitivity reach is controlled by the square of the B � L gauge
coupling. We demonstrate that these experiments could access neutrino parameters responsible for
the observed SM neutrino masses and mixings in the most straightforward implementation of the
see-saw mechanism.

I. INTRODUCTION

Since the first discovery of neutrino oscillations over
fifteen years ago [1–5], neutrino masses and mixings have
been hailed as the first definitive evidence from parti-
cle physics experiments of physics beyond the Standard
Model (SM). Understanding the physics of SM neutrino
masses may therefore shed light on other unsolved prob-
lems in fundamental physics, such as dark matter or the
baryon asymmetry. From the perspective of e↵ective field
theory, neutrino masses can be incorporated in the SM
via the dimension-5 Weinberg operator, c(LH)2/⇤ [6],
where the cuto↵ ⇤ could range anywhere from 10�9

�1016

GeV depending on the coupling c. It is evident that the
new fields responsible for neutrino masses could appear
at a wide range of scales, and it is imperative that mod-
els of neutrino mass generation are tested in as broad a
manner as possible by available experiments.

In the SM, all left-handed (LH) charged fermions ac-
quire a Dirac mass by coupling to the Higgs and a cor-
responding right-handed (RH) field. If the LH neutri-
nos acquire Dirac masses MD through the same mecha-
nism, the SM must be supplemented with RH neutrinos
(RHNs), N , which in the simplest case of a type-I seesaw
are singlets with respect to the SM gauge interactions.
As singlets, the N fields can have arbitrary Majorana
masses, MN ; in the limit MN � MD, this scenario pro-
vides the most natural ultraviolet (UV) completion of the
Weinberg operator above. After electroweak symmetry
breaking, the neutrino mass matrix is not diagonal; in
the simplified case of one LH and one RH neutrino, the

mass eigenstates are

m⌫ ⇡
M

2

D

MN
, (1)

M ⇡ MN , (2)

where m⌫ is the observed SM neutrino mass and M is
the mass of a new heavy state. The SM neutrino masses
are suppressed by the heavy Majorana scale, and this is
the most straightforward implementation of the see-saw
mechanism [7–11]1.

The neutrino mass eigenstates are not completely
aligned with the lepton doublet and singlet fields; the
light SM-like neutrino mass eigenstate acquires a small
component of the singlet, and the heavy singlet-like state
acquires a small coupling under the weak interactions.
The mixing angle, ✓, between the neutrino states is (in
the see-saw limit)

✓ ⇡
MD

MN
, (3)

and ✓ determines how strongly the sterile RH neutrino
N couples to the SM. Indeed, the matrix element for any
process coupling N to SM fields is the same as the corre-
sponding coupling of LH neutrinos to the SM, multiplied
by a factor of ✓. Using Eq. (1), one finds

✓
2
⇡

m⌫

MN
; (4)

the larger the N mass, the more weakly coupled it is to
the SM to explain the observed LH neutrino masses.

1
In the see-saw limit, M and MN can be used interchangeably,

and from now on we use only MN .
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gauge symmetry and analyze the sensitivity to displaced decays of N produced via the new gauge
interaction in two experiments: the LHC and the proposed SHiP beam dump experiment. In the most
favorable case in which the mediator can be produced on-shell and decays to right handed neutrinos
(pp ! X + VB�L ! X +NN), the sensitivity reach is controlled by the square of the B � L gauge
coupling. We demonstrate that these experiments could access neutrino parameters responsible for
the observed SM neutrino masses and mixings in the most straightforward implementation of the
see-saw mechanism.

I. INTRODUCTION

Since the first discovery of neutrino oscillations over
fifteen years ago [1–5], neutrino masses and mixings have
been hailed as the first definitive evidence from parti-
cle physics experiments of physics beyond the Standard
Model (SM). Understanding the physics of SM neutrino
masses may therefore shed light on other unsolved prob-
lems in fundamental physics, such as dark matter or the
baryon asymmetry. From the perspective of e↵ective field
theory, neutrino masses can be incorporated in the SM
via the dimension-5 Weinberg operator, c(LH)2/⇤ [6],
where the cuto↵ ⇤ could range anywhere from 10�9

�1016

GeV depending on the coupling c. It is evident that the
new fields responsible for neutrino masses could appear
at a wide range of scales, and it is imperative that mod-
els of neutrino mass generation are tested in as broad a
manner as possible by available experiments.

In the SM, all left-handed (LH) charged fermions ac-
quire a Dirac mass by coupling to the Higgs and a cor-
responding right-handed (RH) field. If the LH neutri-
nos acquire Dirac masses MD through the same mecha-
nism, the SM must be supplemented with RH neutrinos
(RHNs), N , which in the simplest case of a type-I seesaw
are singlets with respect to the SM gauge interactions.
As singlets, the N fields can have arbitrary Majorana
masses, MN ; in the limit MN � MD, this scenario pro-
vides the most natural ultraviolet (UV) completion of the
Weinberg operator above. After electroweak symmetry
breaking, the neutrino mass matrix is not diagonal; in
the simplified case of one LH and one RH neutrino, the

mass eigenstates are

m⌫ ⇡
M

2

D

MN
, (1)

M ⇡ MN , (2)

where m⌫ is the observed SM neutrino mass and M is
the mass of a new heavy state. The SM neutrino masses
are suppressed by the heavy Majorana scale, and this is
the most straightforward implementation of the see-saw
mechanism [7–11]1.

The neutrino mass eigenstates are not completely
aligned with the lepton doublet and singlet fields; the
light SM-like neutrino mass eigenstate acquires a small
component of the singlet, and the heavy singlet-like state
acquires a small coupling under the weak interactions.
The mixing angle, ✓, between the neutrino states is (in
the see-saw limit)

✓ ⇡
MD

MN
, (3)

and ✓ determines how strongly the sterile RH neutrino
N couples to the SM. Indeed, the matrix element for any
process coupling N to SM fields is the same as the corre-
sponding coupling of LH neutrinos to the SM, multiplied
by a factor of ✓. Using Eq. (1), one finds

✓
2
⇡

m⌫

MN
; (4)

the larger the N mass, the more weakly coupled it is to
the SM to explain the observed LH neutrino masses.

1
In the see-saw limit, M and MN can be used interchangeably,

and from now on we use only MN .
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Seesaw 
relations: 

2

The scale of m⌫ is not measured directly, as neu-
trino oscillation experiments probe only the squared mass
splittings, �m

2
⌫ . The actual values of m⌫ can vary from

massless (which is a viable option only for the lightest
mass eigenstate) to the upper bounds supplied by cos-
mology (m⌫ . 0.23 eV) [12] and direct neutrino mass
searches, (m⌫e . 2 eV) [13]. For the heavier mass eigen-
states, a lower bound is given by the experimentally de-
termined squared mass splittings. For both the normal
and inverted hierarchy at least one mass eigenstate must
be heavier than

p
�(m2

⌫)atm ' 0.05 eV, giving a lower
bound on the mixing angle. From the see-saw relation in
Eq. (4), the expected value of the mixing angle is:

✓
2

s�s
⇠ 5 ⇥ 10�11

⇥

✓
1 GeV

MN

◆
. (5)

This represents a well-motivated target for experimen-
tal searches for right-handed neutrinos. It must be em-
phasized, however, that more complicated mass genera-
tion schemes could produce significantly larger or smaller
✓s�s [14]2.

The mass of the heavy, sterile state MN is essentially
a free parameter of the model. Of particular interest to
us are masses that are kinematically accessible to cur-
rent experiments, MN . TeV; the RH neutrino can be
directly produced in SM interactions, but the production
rate scales like |✓|

2. In this mass range, Eq. (5) suggests
that the RH neutrinos are produced in SM interactions
only very rarely, making the see-saw mechanism very dif-
ficult to test in direct experiments. Current sensitivity to
✓s�s only exists in the window of 1 MeV to a few hundred
MeV, in which ✓s�s is strongly disfavored by the combi-
nation of Big Bang Nucleosynthesis (BBN) and cosmic
microwave background (CMB) data [18].

The prospects for discovering RHNs satisfying Eq. (5)
are significantly improved if they can be produced
through interactions other than the mixing angle ✓. For
example, if the RHN and SM fields are both charged un-
der a new “dark force”, then N pairs can be produced
via this gauge interaction independently of the value of
✓ [19–25], as shown in Fig. 13. Indeed, this coupling of
N to the dark force is mandatory in the simplest gauge
extension of the SM, in which the SM is supplemented by
a new U(1)B�L local symmetry [28] with coupling g

0 and
vector boson V ; anomaly cancelation requires the exten-
sion of the SM with three additional RHNs. Because g

02

can exceed |✓|
2 by many orders of magnitude, the new

2
In particular, MD and therefore ✓ are in fact complex matrices,

and a cancellation between real and imaginary parts can result

in ✓T✓ ⌧ ✓†✓; in other words, the mixing angles can be much

larger than näıvely expected by Eq. (5). This occurs in models

with approximate lepton number conservation [15, 16] such as

the inverse see-saw [17].
3
In other models, RHN can also be pair produced via a new scalar

[26] or singly produced via a new right-handed W boson [27].

V

q

q̄

N

1

N

FIG. 1: Production of right-handed neutrinos, N , via a new
gauge interaction at hadron colliders or proton beam dumps.

N

⇡
±

µ
⌥

N

⌫µ/µ

Z/W

FIG. 2: (Left): Right-handed neutrinos (N) decay via the
electroweak interactions due to mixing with LH neutrinos;
they also decay to the Higgs via Yukawa couplings (not
shown). (Right): At low masses, MN . GeV, the exclusive
hadronic decays of N , such as N ! ⇡±µ⌥, are relevant.

gauge interaction allows for the discovery of N even for
the tiny mixing angles predicted by Eq. (5).

Although N can be pair produced through new gauge
interactions at colliders and beam-dump experiments,
the RHNs can only decay through its tiny mixing with
SM neutrinos (see Fig. 2); consequently, the N width is
expected to be very small. For RHN masses within range
of current colliders, MN . 200 GeV, the decays of N oc-
cur on macroscopic distance scales for mixing angles con-
sistent with Eq. (5) [21, 23]. This gives rise to spectacular
signatures at accelerator experiments, such as displaced
vertices at the Large Hadron Collider (LHC) and visible
decays of N at the new planned SHiP facility [14, 29]. We
perform here a quantitative study of the possible long-
lived particle searches that have sensitivity to RHNs with
a new dark force4. In addition to enhancing the detection
prospects for RHN that would otherwise be out of reach
of direct experimental probes, the sensitivity of the LHC
and SHiP to long-lived particle signatures is su�ciently
good that the process pp ! V ! NN can serve as the
primary discovery mode of the new U(1) gauge interac-
tion. For concreteness, we focus on the well-motivated
case of a B � L gauge symmetry, but many of our con-
clusions can be carried over to other examples.

4
Displaced vertex searches have also been found to be useful in

discovering RHNs produced via mixing with LH neutrinos at the

LHC [30, 31] and future colliders [32, 33].



Conclusions
• BSM landscape is vast, likely still new continents to discover.

• BSM modifications can come in at source, propagation, or 
detector.

• Always beneficial to repurpose existing experiments when 
possible. 

• An array of interesting, well-motivated physics to search 
for in near future.

• We need to simultaneously expand the theoretical 
terrain and to widen the experimental search strategies if 
we are going to uncover the New Standard Model. 



• Dangerous if this happens before active decoupling (~few MeV). 

Early Universe Oscillations/Scattering
• The new interaction can recouple the two populations: 
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Sharp features          precise recoupling temperature depend 
sensitively on the mass/coupling. 
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