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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:
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Neutrino masses are nonzero. 



Most of the Universe’s 
Matter is Invisible



Where is the new physics?
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Need a multi-pronged effort 
to find new physics. 



BSM via Neutrino Scattering

q2

MSW  
Effect

DM Direct  
Detection IceCube
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q2 = 0

Part 1:   
Neutrino Scattering @ zero 
momentum transfer 
⇒ Modified Oscillations in 
medium. 
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Part 2:   
At large q, can create new particles.  
⇒ Produce 4th neutrino in detector.  



BSM via Neutrino Scattering

q2

MSW  
Effect

DM Direct  
Detection IceCube

⌫

f

⌫

f

q2 = 0

Part 1:   
Neutrino Scattering @ zero 
momentum transfer 
⇒ Modified Oscillations in 
medium. 



[ALSO: S.P. Mikheev, A.Yu. Smirnov, Sov.J. Nucl. Phys. 42:913-917, 1985; Nuovo Cim. C9:17-26, 1986]

coherent forward scattering

Matter Oscillations

VCC ⇠ ne ⇥GF

Charged current 
contribution from W: 
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DM in the Sun

• If DM is strongly asymmetric, it simply accumulates (i.e. annihilation is 
negligible)   => Large abundance of DM in the Sun but how do we search 
for it? 

• If mildly asymmetric, can set new limits 
on ADM from solar annihilation [IMS, 
Murase 2016].

• Standard WIMPs accumulate, start 
annihilating. Searches for high-E 
neutrinos from solar core.

• => Can look for a modified matter potential for solar neutrinos. 
Francesco Capozzi, IMS, Luca Vecchi,  JCAP 1707 (2017) no.07, 021

Related work: P.F. de Salas, R.A. Lineros, M. Tórtola [1601.05798], A. Berlin [1608.01307]



Probing DM-Neutrino 
Interactions

DM impact on oscillations

Solar accumulation 
of DM

Luca Vecchi The Dark MSW effect MPIK

mDM = 5 GeV si4 = 0.1m4 = 1 eV
Benchmark values
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Luca Vecchi The Dark MSW effect MPIK

Steriles-Dark Matter interactions

SN1987A: Kolb-Turner (1987) 
Lyman-α: van der Aarssen et al (2012) 
IceCube (PeV): Cherry et al. (2014), etc.
DM Halo: Agrawal et al. (2016) -- most recent
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SN1987A

DM Self-
Interactions

Luca Vecchi The Dark MSW effect MPIK

Steriles-Dark Matter interactions

mDM = 5 GeV si4 = 0.1m4 = 1 eV
Benchmark values
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Upshot: Large DM parameter space only 
accessible via neutrino oscillations.

Francesco Capozzi, IMS, Luca Vecchi,  
JCAP 1707 (2017) no.07, 021; 
JCAP 1807 (2018) no.07, 004 
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Part 2:   
At large q, can create new particles.  
⇒ Produce 4th neutrino in detector.  



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

Earth

Atmospheric Neutrinos as a BSM probe

cosmic rays
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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



Heavy Neutrinos from 
the Atmosphere

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

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



New Physics Scenario

2. Neutrino magnetic moment

We are interested in a transition magnetic moment

Weak constraints

L � �µ⌫N̄4�µ⌫PL⌫↵F
µ⌫

Iván Jesús Mart́ınez Soler (IFT) Double Bang signals in IceCube WIN2017 12 / 16

N

Transition dipole

Potential EM Properties of 
Sterile Neutrinos

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

SM Singlet 
Fermion

Neutrino 
mixing



Potential EM Properties of 
Sterile Neutrinos

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

⌫⌧ �N transition

Iván Jesús Mart́ınez Soler (IFT) Double Bang signals in IceCube WIN2017 15 / 16
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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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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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An important lesson: 
no need to re-invent the wheel!



Future of DM Direct Detection
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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
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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.
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IMS, Wyenberg (Phys.Rev. D 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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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).

Xenon 1T (this work)

SuperCDMS

IceCube

SN-1987A

M
ini

Bo
oN

E

CH
A

RM
-

II

NOMAD

1 5 10 50 100 500 1000

10-11

10-9

10-7

10-5

0.001

0.100

m4 [MeV]

d
[G

eV
-

1 ]

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
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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



Conclusions
• Two key indications that the real world has ingredients beyond the SM: DM 

and neutrino masses. 

• Neutrino Scattering is very rich, offers many avenues for testing BSM ideas.

•May imply connections between DM and neutrinos:

• New Matter effects to investigate with future 
oscillation data.

•Can make sterile neutrinos in collisions today: 

• IceCube “double-bang” events at anomalously low 
energies. 

• DM Direct Detection expts. can probe non-minimal 
portals to Sterile Neutrinos. 



Thanks!


