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What are “Dark Interactions”?

• I did a little poll yesterday among the participants. The answers were all over 
the places: 


• “Interactions of Dark Matter” 


• “Light mediators in the sector containing dark matter”


• “Light mediators in hidden sectors”


• “Particles with small masses and small cross sections. Everywhere in the 
universe, but hard to see and require dedicated detectors.”



What are “Dark Interactions”?

• “Particles with small masses and small cross sections. Everywhere in the 
universe, but hard to see and require dedicated detectors.”


• Axions!


• Neutrinos?..



Q1. Can neutrino experiments help us with dark 
interactions?

• Neutrino experiments can be used to place bounds on dark forces


• See MiniBOONE-DM talk to follow this one!
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to neutrinos in the decay volume immediately following
the target, as shown in Fig 1. This results in a large

Using this high-statistics and low-background event sam-
ple, we report the first measurement of an absolute !"

CCQE double differential cross section, the main result
of this work. In addition, CCQE cross sections in several
other conventional forms are provided. The layout of the
remainder of this paper is as follows. In Sec. II, we provide
a summary of the MiniBooNE experiment, including the
booster neutrino beamline (BNB) and the MiniBooNE
detector. We detail the neutrino interaction model used to
describe the signal and background in Sec. III. The CCQE
selection and analysis strategy is outlined in Sec. IV.
Finally, in Sec. V, we report the MiniBooNE flux-
integrated CCQE double differential cross section
( d2#
dT" d cos$"

), the flux-integrated CCQE single differential

cross section ( d#
dQ 2

QE
), and the flux-unfolded CCQE cross

section as a function of energy (#½EQE;RFG
! "). To facilitate

comparison with updated model predictions [16,17], we
provide the predicted MiniBooNE neutrino fluxes and
measured cross section values in tabular form in the
appendix.

II. MINIBOONE EXPERIMENT

A. Neutrino beamline and flux

The Booster Neutrino Beamline (BNB) consists of three
major components as shown in Fig. 1: a primary proton
beam, a secondary meson beam, and a tertiary neutrino
beam. Protons are accelerated to 8 GeV kinetic energy in
the Fermilab Booster synchrotron and then fast-extracted
in 1:6 " s ‘‘spills’’ to the BNB. These primary protons
impinge on a 1.75 interaction-length beryllium target cen-
tered in a magnetic focusing horn. The secondary mesons
that are produced are then focused by a toroidal magnetic
field which serves to direct the resulting beam of tertiary
neutrinos towards the downstream detector. The neutrino
flux is calculated at the detector with a GEANT4-based
[18] simulation which takes into account proton transport
to the target, interactions of protons in the target, produc-
tion of mesons in the p-Be process, and transport of
resulting particles through the horn and decay volume. A
full description of the calculation with associated uncer-
tainties is provided in Ref. [19]. MiniBooNE neutrino data

is not used in any way to obtain the flux prediction. The
resulting !" flux is shown as a function of neutrino energy
in Fig. 2 along with its predicted uncertainty. These values
are tabulated in Table V in the appendix. The !" flux has an
average energy (over 0< E! < 3 GeV) of 788 MeV and
comprises 93.6% of the total flux of neutrinos at the
MiniBooNE detector. There is a 5.9% (0.5%) contamina-
tion of !!" (!e, !!e); all events from these (non-!" ) neutrino
types are treated as background in this measurement
(Sec. IVD).
The largest error on the predicted neutrino flux results

from the uncertainty of pion production in the initial p-Be
process in the target as the simulation predicts that 96.7%
of muon neutrinos in the BNB are produced via %þ decay.
The meson production model in the neutrino beam simu-
lation [19] relies on external hadron production measure-
ments. Those of the HARP experiment [20] are the most
relevant as they measure the %$ differential cross section
in p-Be interactions at the same proton energy and on the
same target material as MiniBooNE. The uncertainty in
%þ production is determined from spline fits to the HARP
%þ double differential cross section data [19]. The spline-
fit procedure more accurately quantifies the uncertainty in
the underlying data, removing unnecessary sources of error
resulting from an inadequate parameterization [21] of the
HARP data. The HARP data used was that from a thin (5%
interaction length) beryllium target run [20]. While that
data provides a valuable constraint on the BNB flux pre-
diction, additional uncertainties resulting from thick target
effects (secondary rescattering of protons and pions) are
included through the BNB flux simulation.

FIG. 1 (color online). Schematic overview of the MiniBooNE
experiment including the booster neutrino beamline and
MiniBooNE detector.
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FIG. 2 (color online). Predicted !" flux at the MiniBooNE
detector (a) along with the fractional uncertainties grouped into
various contributions (b). The integrated flux is 5:16%
10&10 !" =POT=cm

2 (0<E! < 3 GeV) with a mean energy of

788 MeV. Numerical values corresponding to the top plot are
provided in Table V in the appendix.
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FIG. 1. The production of neutrinos in the Booster Neutrino
Beamline in on-target running [21].

flux of neutrinos at the MiniBooNE detector, which is a
background to the dark matter neutral-current-like scat-
tering signature. Instead, in the beam-dump running
mode, the proton beam is steered past the beryllium tar-
get and directed on to the steel absorber at the end of
the decay volume, which significantly reduces the neu-
trino flux and increases sensitivity to a potential dark
matter signal. A dedicated run in beam-dump mode was
carried out from November 2013 to September 2014 col-
lecting 1.86⇥1020 protons on target (POT). Besides the
capability of running in beam-dump mode, MiniBooNE
has several advantages which make this search feasible,
including a detailed understanding of detector response
and standard background processes gained through over
a decade of operation, and robust and well-tested particle
identification techniques.

The results presented here improve upon those in
Ref. [19] by including two additional dark matter inter-
action channels in two separate analyses. The first was
a combined NCE and neutral-current pion production
through Delta resonant decay (NC⇡) fit to search for
dark matter interaction with nucleons, and the second
was to search for dark matter to elastically scatter o↵
electrons. A “time-of-flight” observable was also added
to both analyses to increase sensitivity to heavier dark
matter masses. No significant excess is observed in ei-
ther analysis, and 90% confidence level limits are derived
for vector portal and leptophobic dark matter models.
MiniBooNE excludes new parameter space in the vector
portal dark matter model.

The following section provides an overview of the the-
oretical aspects of sub-GeV dark matter. Following this,
Sec. III reviews the Booster Neutrino Beamline (BNB),
where the neutrino flux (in beam-dump mode) is given,
and the “time-of-flight” measurement is discussed. In
Sec. IV the MiniBooNE detector and simulations are re-
viewed. Sec. V presents the event distributions, describes
backgrounds, systematics, and fit methodology. Sec. V
also presents results from a search for an excess of neu-
trino oscillation candidate events. Finally, the dark mat-
ter results are presented in Sec. VI, and a discussion of
the implications are given in Sec. VII.

II. THEORY OF SUB-GEV DARK MATTER

Light dark matter � with mass below 1GeV c�2 and
coupled to ordinary matter through a light mediator par-
ticle is a viable and theoretically well-motivated possibil-
ity. While it is possible that � exists at this scale in iso-
lation, on general grounds one may expect a larger “dark
sector” of states. One or more of these additional states
may mediate interactions to the Standard Model (SM)
and may also play a role in the cosmological production
of dark matter, allowing for the correct relic abundance
through the standard thermal freeze-out mechanism.
The simplest dark sector scenario of this type is known

as vector portal dark matter, in which the interactions of
� are mediated by a new dark U(1) gauge boson Vµ that
kinetically mixes with the ordinary photon [22–25]. In
such a model, there are four parameters that govern the
properties of dark matter: the dark matter mass m�, the
dark photon mass mV , the kinetic mixing angle ✏, and
the dark gauge coupling gD . Eq. 1 gives the Lagrangian
LV that is added to the SM Lagrangian.

LV = L� � 1

4
Vµ⌫V

µ⌫ +
1

2
m2

V VµV
µ � ✏

2
Fµ⌫V

µ⌫ , (1)

where

L� =

⇢
i� /D��m��� Dirac fermion
|Dµ�|2 �m2

� |�|2 Complex scalar
,

and Dµ = @µ � igDVµ with the dark matter charge equal
to one. The interactions above lead to e�cient dark mat-
ter annihilation to light SM particles such that the ob-
served dark matter abundance can be explained for cer-
tain values of the model parameters. Furthermore, if
the dark matter is a complex scalar the annihilation oc-
curs in the p-wave and is velocity suppressed [2], evading
otherwise strong constraints from the Cosmic Microwave
Background [26]. For this reason, the dark matter parti-
cle is assumed to be a complex scalar in this work.
The BNB is able to produce dark matter through sev-

eral mechanisms, illustrated in Fig. 2. They are (i)

⇡0,⌘

�

V

�

�†

(a) Meson Decay

p p

�

V
�

�†

p p

(b) Proton Bremsstrahlung
+ Vector-Mixing

FIG. 2. Feynman diagrams for the production channels rele-
vant for the MiniBooNE dark matter search [19].

decay of secondary ⇡0 or ⌘ mesons, and (ii) proton
bremsstrahlung plus vector-meson mixing. Note that in
all cases, the production rate scales as ✏2 provided V can
decay to two on-shell �. On-shell decay is defined by
mV > 2m�, and is known as the invisible decay mode.
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Once the dark matter is produced by one of these
mechanisms, it can scatter with nucleons or electrons
through a neutral-current channel in the detector via Vµ

boson exchange, as depicted in Fig. 3. The scattering

� �

V

p, e p, e

(a) Free Protons or
Electrons

� �

V

n, p,�

12C X

(b) Bound Nucleons

FIG. 3. Feynman diagrams for the dark matter interactions
with nucleons and electrons in MiniBooNE. The �, in the
bound nucleon case, would be observed by its decay products,
a pion and a nucleon.

rate scales as ✏2↵D , where ↵D = g2
D
/4⇡. The accelerator-

produced dark matter event rate in MiniBooNE scales as
✏4↵D for on-shell decays in this model.

Another potential dark sector scenario amenable to the
MiniBooNE search is leptophobic dark matter [8, 10, 11],
in which the mediator V couples dominantly to quarks
and not leptons. For illustration, a simplified scenario
is presented in which a vector mediator couples to the
baryon number current, with the Lagrangian given in
Eq. 2.

LB = LV + gBVµJ
µ
B + · · · , (2)

where

JB
µ =

1

3

X

i

q̄i�µqi ,

is the sum over all quark species, and LV (Eq. 1) is de-
pendent on the baryon gauge coupling gB (gD is replaced
by gB ). The limit ✏e ⌧ gB gives the leptophobic dark
matter scenario. Three parameters will be considered
in the interpretation of the presented results: the dark
matter mass m�, the leptophobic vector mediator mass
mV , and the coupling ↵B = g2

B
/4⇡. Consideration of the

dark matter production and scattering rates leads to the
conclusion that the event rates scale as ↵3

B
for on-shell

decays.
It turns out to be challenging to construct a phe-

nomenologically viable UV completion of the leptophobic
model with large mediator couplings to the SM. Among
other challenges, significant constraints arise as a conse-
quence of the anomalous nature of the vector mediator
in the case at hand [27, 28], which will provide stronger
constraints than the MiniBooNE dark matter search in
most UV completions of the model. Nevertheless, the
MiniBooNE limits presented here are likely to be of value
in certain leptophobic scenarios, e.g., those involving lep-
tophobic scalar mediators.

As we are discussing new light degrees of freedom at
the (sub-) GeV scale, a variety of constraints from past

experiments must be considered. The strongest con-
straints on the scenarios discussed above arise from fixed-
target/beam-dump experiments, medium energy e+e�

colliders, and meson decays. These constraints are de-
scribed in detail in Refs. [9, 25, 29–31] for the vector
portal model, and in Refs. [8, 27, 28] for the leptophobic
model.

III. BOOSTER NEUTRINO BEAMLINE

The Fermilab Booster delivers 8 GeV (kinetic energy)
protons to the BNB target hall. As shown in Fig. 1,
when running in on-target mode a secondary beam of
mesons is produced that travel through the air-filled de-
cay pipe and decay-in-flight to produce neutrinos which
then travel and interact in the MiniBooNE detector. The
intensity of the proton beam can range from 1⇥1012 pro-
tons per pulse (ppp) to 5⇥ 1012 ppp.
Each pulse has a 53MHz microstructure that is com-

posed of 82 bunches, and each bunch has a full width half
maximum of 2 ns. Fig. 4 overlays an example trace of the
BNB pulse microstructure, with an arbitrary o↵set with
neutrino mode ⌫µ charged-current quasi-elastic (CCQE)
interactions in the MiniBooNE detector, see Sec. V for
definition. The trace and the CCQE data shapes are in
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FIG. 4. Zoomed in example of the BNB pulse microstructure
as measured by the resistive wall monitor (RWM). The data
points come from neutrino-mode ⌫µ charge-current interac-
tions in the MiniBooNE detector during 2015-2016.

good agreement.
Neutrinos are a background for the dark matter search.

To reduce the neutrino production coming from the BNB,
the primary proton beam was steered above the beryl-
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Q2. Can dark interactions experiments help us with 
neutrinos?

• Fixed target electron scattering DM searches can be used to improve neutrino 
nucleus scattering physics 


• Ankowski, A.F., Schuster, Toro, under investigation

More dark matter:

ü Self-interacting dark 
sector (e.g. SIMPs)
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FIG. 5: Existing constraints (gray regions) and sensitivity of future searches (colored lines) to signals of strongly interacting
hidden sectors. In the left column, we assume that all hidden sector vector mesons decay to Standard Model particles via
two-body (V ! `+`�) or three-body (V ! ⇡`+`�) processes. In the right column, we assume that the vector mesons that
do not mix with the dark photon are heavier than 2m⇡. In this case, only the hidden sector ⇢ and � decay into Standard
Model particles via two-body processes, while the remaining vector mesons decay invisibly into dark matter pions. The shaded
regions are excluded by BaBar [45], E137 [46], Orsay [47], and searches for dark matter scattering at LSND [48], E137 [49],
and MiniBooNE [50], as described in the text. The colored contours correspond to the projected reach of HPS [51] (orange),
an upgraded version of SeaQuest [52] (magenta), and the proposed LDMX experiment [53] (purple and green). In evaluating
experimental exclusions and projected sensitivity, we have fixed ↵D = 10�2, mA0/m⇡ = 3, mV /m⇡ = 1.8, and m⇡/f⇡ = 3
(4⇡) in the top (bottom) row. The experimental results are insensitive to small variations in mV /m⇡ (except for values near
thresholds and resonances). In contrast, the dark matter abundance strongly depends on the V -⇡ mass splitting (see Fig. 4).
In each panel, hidden sector pions make up all of the dark matter along the solid (dashed) black contours for mV /m⇡ = 1.8
(1.6), while dark matter is overabundant below these lines. Even in the limiting case where m⇡/f⇡ = 4⇡ (which allows for the
smallest coupling between the hidden sector and Standard Model), cosmologically favored regions of parameter space can be
probed with existing and future experiments. Contours of the dark matter self-interaction cross-section per mass, �scatter/m⇡,
are shown as vertical gray dotted lines. For Nf = odd flavors of light HS quarks, light dot-dashed gray contours denote regions
excluded by measurements of the CMB.

And beyond:

ü Visibly decaying dark 
photons, axion-like 
& scalar mediators
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FIG. 1: Schematic lay-out of an LDMX-like experiment. The missing momentum channel is illustrated on
the left, in which most of the beam energy and momentum is lost in a reaction occurring in a thin upstream
target. The emitted particle either decays invisibly, e.g., to dark matter, or it is long-lived and decays outside
of the detector to SM final states. The visible displaced decay channel is illustrated on the right, in which
a nearly full beam energy electromagnetic shower occurs far beyond the range of normal showers in the
ECAL. This signal is produced when a long-lived partilce (LLP) decays far inside the detector, initiating a
displaced electromagnetic shower.

individual electrons can be separated and measured. The upstream part of the detector consists of
a silicon tracker inside a dipole magnet, the purpose of which is to tag and measure the incoming
momentum of each and every beam particle. The beam particles then impact a thin (10% � 30%

of a radiation length) target. Tungsten is often the target considered. The target region defines the
location where potential signal reactions are measured. A silicon tracker downstream of the target
measures the recoil electron, and this is used to establish a measure of the momentum transfer in
the collision. Downstream of this system are both an electromagnetic calorimeter (ECAL) and
hadronic calorimeter (HCAL) designed to detect the presence of charged and neutral particles.

The signal of DM or other invisible particle production is a large momentum transfer (usually
accompanied by sizable transverse momentum exchange), with no (or very little) additional ac-
tivity in the downstream calorimeters beyond that expected by the soft recoiling electron. This
defines the missing momentum channel used in our studies, and a cartoon for a signal reaction
of this type is shown in the left panel of Fig. 1. This channel’s great strength is its inclusivity.
LDMX’s measurements in this channel will apply to a broad range of models over a range of mass
extending from ⇠ GeV to well below the keV-scale – this is shown in Secs. III and IV.

While the missing momentum channel forms the basis of the LDMX design, the instrumenta-
tion of such a detector will also allow for measurements of penetrating electromagnetic showers
that occur far beyond the typical range of showers in the ECAL. Triggering on such events should
be possible using energy deposition near the back of the ECAL or front of the HCAL. This defines
what we refer to as the visible displaced decay channel in this paper, and a cartoon for a signal
reaction is shown in the right panel of Fig. 1. Unlike the missing momentum channel, this channel
is potentially more limited by reducible backgrounds that arise from very energetic hadrons pro-
duced in hard electron or photon collisions with nuclei in the upstream part of the detector which
then initiate an electromagnetic shower (via ⇡0’s) late in the ECAL or inside the HCAL. However,
LDMX is designed to veto events with a hard photo- or electro-nuclear interaction anywhere in
the ECAL or HCAL. Suitably adapted, we expect that it will also be possible to mitigate the vast
majority of potential hadronic backgrounds for a displaced decay measurement, though we do an-
ticipate that some residual backgrounds will not be possible to veto. Nonetheless, for the short
decay lengths that LDMX could measure, in the range of 20 cm � 40 cm, the production rate for
a variety of signals in this range is rather significant and could readily stand out. We will estimate
the sensitivity of LDMX to such reactions in Sec. V.

Missing momentum Displaced decay

Electronuclear reactions (in LDMX trigger stream)5
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FIG. 1: Schematic lay-out of an LDMX-like experiment. The missing momentum channel is illustrated on
the left, in which most of the beam energy and momentum is lost in a reaction occurring in a thin upstream
target. The emitted particle either decays invisibly, e.g., to dark matter, or it is long-lived and decays outside
of the detector to SM final states. The visible displaced decay channel is illustrated on the right, in which
a nearly full beam energy electromagnetic shower occurs far beyond the range of normal showers in the
ECAL. This signal is produced when a long-lived partilce (LLP) decays far inside the detector, initiating a
displaced electromagnetic shower.

individual electrons can be separated and measured. The upstream part of the detector consists of
a silicon tracker inside a dipole magnet, the purpose of which is to tag and measure the incoming
momentum of each and every beam particle. The beam particles then impact a thin (10% � 30%

of a radiation length) target. Tungsten is often the target considered. The target region defines the
location where potential signal reactions are measured. A silicon tracker downstream of the target
measures the recoil electron, and this is used to establish a measure of the momentum transfer in
the collision. Downstream of this system are both an electromagnetic calorimeter (ECAL) and
hadronic calorimeter (HCAL) designed to detect the presence of charged and neutral particles.

The signal of DM or other invisible particle production is a large momentum transfer (usually
accompanied by sizable transverse momentum exchange), with no (or very little) additional ac-
tivity in the downstream calorimeters beyond that expected by the soft recoiling electron. This
defines the missing momentum channel used in our studies, and a cartoon for a signal reaction
of this type is shown in the left panel of Fig. 1. This channel’s great strength is its inclusivity.
LDMX’s measurements in this channel will apply to a broad range of models over a range of mass
extending from ⇠ GeV to well below the keV-scale – this is shown in Secs. III and IV.

While the missing momentum channel forms the basis of the LDMX design, the instrumenta-
tion of such a detector will also allow for measurements of penetrating electromagnetic showers
that occur far beyond the typical range of showers in the ECAL. Triggering on such events should
be possible using energy deposition near the back of the ECAL or front of the HCAL. This defines
what we refer to as the visible displaced decay channel in this paper, and a cartoon for a signal
reaction is shown in the right panel of Fig. 1. Unlike the missing momentum channel, this channel
is potentially more limited by reducible backgrounds that arise from very energetic hadrons pro-
duced in hard electron or photon collisions with nuclei in the upstream part of the detector which
then initiate an electromagnetic shower (via ⇡0’s) late in the ECAL or inside the HCAL. However,
LDMX is designed to veto events with a hard photo- or electro-nuclear interaction anywhere in
the ECAL or HCAL. Suitably adapted, we expect that it will also be possible to mitigate the vast
majority of potential hadronic backgrounds for a displaced decay measurement, though we do an-
ticipate that some residual backgrounds will not be possible to veto. Nonetheless, for the short
decay lengths that LDMX could measure, in the range of 20 cm � 40 cm, the production rate for
a variety of signals in this range is rather significant and could readily stand out. We will estimate
the sensitivity of LDMX to such reactions in Sec. V.
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Also very relevant to 
improved modeling of
neutrino-nuclear scattering!
(see Alex’s talk)

Broad & Highly Sensitive Science Program

Study “background” 
e + N -> e + N’ + hadrons

From Concept to Design:  DASEL

Excellent (multi-purpose) particle physics with multi-GeV electron beams
But where?  We can do this in the US (at low cost!) if desired! 

Opportunity: Leverage LCLS-II FEL beam, parasitically!

PCS & Toro
2016 LOI; 
Design Study:
1801.07867
(Toro coord. 
physics & 
design effort)

Other possibilities for 
LDMX:
• Jlab Hall C
• CESR (Cornell)
• CERN eSPS slow 

extraction

Electron complex

05/08/2018 Primary electron beam facility at CERN 4

3.5GeV Linac

Acceleration to 
in SPS

Extraction

(developed by Dutheil, Akesson, 
Evans, Stapnes)

PCS & Toro developing 
physics case for eSPS
proposal + theory input to 
Physics Beyond Colliders
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Physics of neutrino scattering

• Neutrino scattering is 
modeled with generator 
codes, e.g. GENIE


• We need to test/validate 
all this physics 


• how each component is 
constrained by the world’s 
best data


• how the errors in each 
propagate through the 
oscillation analysis 
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Electron scattering comparison

• Common physics includes 
- Initial nucleon momentum distribution (spectral function) 
- Final state interactions 
- Hadronization at several GeV, meson exchange currents, etc 


• Generator predictions show considerable discrepancies with the electron scattering data 
collected at JLab last year

• Ankowski, A.F., Li, in prep
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Can neutrinos themselves have “dark” 
interactions?

• Two broad classes of ideas


• A new gauge group that couples to some subset of SM fields, including 
neutrinos


• Dark force that couples only to neutrinos


• Neutrino portal



• Motivation: the 3rd generation quarks don’t like to mix with the first two


• What if they carry an additional gauge interaction? (B-L)3 is anomaly-free


• Then you can’t couple them to the first two generations using the usual 
SM Higgs, Q1,2HSMd3 -> Q1,2H3d3

Example: gauging the third generation
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First and second family have no charge
Third family is charged under the symmetry

We need an additional doublet to generate CKM mixing

Q1

Q2

Q3

• •
••

•
•
•

••

Needs a doublet with no X charge

Needs a doublet with X charge 1/3

X charge 1/3

Q1L Q2L Q3L

For other reasons we will need a SM singlet with X charge 1/3



The new light mediator will mix with the Z
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These operators could be generated by exchanging singlet neutrinos with U(1)(3)
B�L

charges
0, ±1/3 and ±2/3. The first of those can be identified as the usual right-handed neutrinos
of the first two families, while the remaining two are singlet fermions which are vector-like
under U(1)(3)

B�L
. Note that the right-handed neutrino ⌫3R with U(1)(3)

B�L
charge �1 will mix

with the vector-like component with charge ±2/3 via the Yukawa coupling ⌫3Rn2/3s once the
s field acquires a VEV. Thus there are no light sterile neutrinos in the model, provided that
the vector-like singlet neutrinos are not too heavy (otherwise the mass of ⌫3R will become
small via a seesaw suppression factor).

Since all neutrino mixing angles are relatively large, the mass matrix elements coming
from the dimension–5 and the dimension–6 operators should be comparable. If the singlet
neutrinos that are integrated out have masses not far above the TeV scale, so that they do
not introduce an additional hierarchy problem for the Higgs boson mass [10], then these
di↵erent contributions to light neutrino masses would be of the same order.

2.2 The gauge boson sector

Now we turn our attention to the gauge boson sector. We adopt the convention q = I3+Y/2
for the hypercharge, where q is the electric charge, I3 = 0,±1/2 for SU(2)L singlet and
doublet fields, and Y is the hypercharge. The gauge kinetic terms for the scalar fields are
given by

P
i
|Dµ�i|

2 + |Dµs|2 where the covariant derivatives are defined as

Dµ�i =

✓
@µ � ig

⌧i
2
W i

µ
� ig0

Y

2
Bµ � igXqXX

0
µ

◆
�i, Dµs = @µs� igXqXs. (8)

When the scalar fields acquire VEVs, SU(2)L⇥U(1)Y ⇥U(1)(3)
B�L

symmetry breaks sponta-

neously down to U(1)em. Since the doublet field �1 is charged under both Y and U(1)(3)
B�L

,
its VEV will induce mixing between the Z and the new gauge boson X. In the absence of
kinetic mixing the gauge boson mass-squared matrix is given as (in the basis (Y,W3L, X0)
where X0 indicates a state before mixing)

M2
gauge =

1

4

0

@
g02v2 �gg0v2 �2g0gXv21/3
�gg0v2 g2v2 2ggXv21/3

�2g0gXv21/3 2ggXv21/3 4g2
X
(v21 + v2

s
)/9

1

A . (9)

Here v1, v2, vs are the VEVs of �1, �2, and s, respectively, with v21 + v22 ⌘ v2 = (246 GeV)2.
The photon is still the combination Aµ = cwBµ + swW 3

µ
(cw = cos ✓w, sw = sin ✓w, tan ✓w =

g0/g), while the physical Z and X boson eigenstates are given by (ignoring terms of order
O(g2

X
)),

Zµ ' �swBµ + cwW
3
µ
� sXX

0
µ
, (10)

Xµ ' sX(�swBµ + cwW
3
µ
) +X0

µ
, (11)

7

with the Z �X mixing angle sX defined as

sX ⌘
2

3

gXp
g2 + g02

v21
v2

. (12)

We observe that it is the VEV of �1 that induces the Z � X mixing, and that sX is
proportional to gX and v1. The mass of the X gauge boson is obtained as

M2
X
=

1

9
g2
X

✓
v21v

2
2

v2
+ v2

s

◆
. (13)

Notice that a nonzero vs can only raise MX . When v1 and v2 are comparable, MX is
essentially fixed in terms of vs, while for large tan� there is some dependence on v1 and v2
as well. Then, for a given gX , Eq. (13) defines a minimum mass for the X boson.

As will be seen later, the longitudinal mode XL plays a very important role on the
phenomenology, particularly in the case of light X (with respect to the scale of the process
in question). In such case, the equivalence theorem implies that XL can be substituted by
its corresponding Goldstone boson GX . It is easy to see that GX is given by

GX =
1

3

gX
MXv2

⇥
�v1v

2
2 Im(�0

1) + v21v2 Im(�0
2)� v2vs Im(s0)

⇤
. (14)

Its diagonal couplings to fermions are given by

yGX
i

=
i

3
gX

v21
v2

mi

MX

, (15)

while the o↵-diagonal couplings between the third and first two families of quarks is

yGX
ij

=
i

3
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v22
v2

mij

MX

. (16)

The gauge boson kinetic terms allow for mixing between Xµ⌫ and Bµ⌫ parametrized by
". These are given by
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µ⌫) +O("3). (18)

To obtain canonical kinetic terms for the gauge bosons, up to O("3), the photon and the X
fields can be redefined as [12]

Aµ ! Aµ + "cwXµ, (19)

Xµ ! Xµ � "swZµ. (20)
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Small X-Z mixing (EW precision data) suggests small gX 
as well as MX below the weak scale

For instance, gX = 10-3 ~ 10-2 could correspond to MX = 100 MeV ~ 1 GeV

Mixing between X and Z

its VEV will induce mixing between the Z and the new gauge boson X. In the absence of
kinetic mixing the gauge boson mass-squared matrix is given as (in the basis (Z0, X0) where
the 0 subscript indicates a state before Z �X mixing)
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Some of the Goldstone boson couplings will be particularly important, namely,

LGX = iGX

gX
3

mt

MX


�
v21
v2

t̄�5t+ Vcb(c̄LtR � t̄RcL) + VubVcb(c̄LuR � ūRcL)
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This will generate nonstandard neutrino 
interactions …

• … as well as Dozens 
of other constraints! 


• From rare meson 
decays to atomic 
parity violations, to 
nonstandard 
oscillation effects


• Neutrino physics 
intertwined with the 
rest of the field
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Figure 6: More complete list of constraints on the U(1)(3)
B�L

gauge boson mass MX and coupling
gX for tan � = 2, 10. For convenience the X � Z mixing, sX , is also shown. Notice that for a
given gX , the mass of the gauge boson MX is bounded from below, so there is an unphysical
region in the upper left corner of the MX ⇥ gX plane (delineated by the white line). The “⌫
scat” bound is a combination of all neutrino scattering experiments listed in the text, while “⌫
osc.” comes from non standard interaction e↵ects (matter potential) on atmospheric neutrinos.
“APV” refers to atomic parity violation. Here the charged Higgs mass, relevant to the B ! KX
constraint, is taken to be 1200 GeV.

4.7 Meson-antimeson oscillations

The presence of FCNC in scalar and gauge boson interactions can modify K0
�K0, Bd � Bd,

Bs �Bs, and D0
�D0 oscillations. The case of D0

�D0 mixing, which provides the best limits
on the model, is already analyzed in Sec. 3. Here we complete this analysis.

The general scalar contributions to meson-antimeson mixing is given in Eq. (42). The
vector boson X will also contribute to the meson oscillation via s-channel exchange [74]

(�mS)X =

p
2

6
GFf

2
S
mSBS⌘S

M2
Z

m2
S
�M2

X

�����
2g2

X
UX

ij
/3

g/cw

�����

2

, (73)

where UX = V L

u,d
.diag(0, 0, 1).V L†

u,d
. In fact, this contribution is suppressed by both the small

mixing, UX

ij
and gX . Except for the case of D0

� D0 mixing where the X boson exchange
becomes important for MX ⇠ MeV, this contribution is generally sub-leading.
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See K.Babu, A. F., P. Machado, I. Mocioiu, 
JHEP 1712 (2017) 096 for details



Neutrino portal

• Finally, let us consider a scenario when neutrino provide the only link between 
the secluded sector and the Standard Model


• Standard argument: consider dim 4 operators 


• Kinetic mixing portal: F F’


• Higgs portal |H|2|η|2


• Neutrino portal HLνR


• The neutrino portal we will  consider is mediated by dim 5 operator 

This is not a portal! Only half a portal

(HL)(ηνh)
Λ



Neutrino Portal

• A light fermion in the “dark sector”. The dark sector contains a broken gauge 
group (call the mediator ɸ).


• The dark sector has a Higgs mechanism with a field     that gives ɸ its light mass


• Simple renormalizable see-saw Lagrangian. Upon integrating out the heavy right-
handed       , one gets a light “sterile”        mixing with the usual active neutrinos in


•    


• Akin to “mirror worlds” (Foot, Volkas, Mohapatra ... 1990s). See also the “baryonic 
neutrino” in Pospelov, arXiv:1103.3261, only we don’t want the hidden gauge 
group to directly couple to the SM baryon number (which could induce large NSI). 

L ⇠ LH⌫R + ⌫D⌘⌫R +M⌫R⌫R

⌘

⌫R Lνh
(HL)(ηνh)

Λ



Experimental evidence? Sterile neutrinos at 
oscillation experiments
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A search for nm ! ne oscillations has been conducted at the Los Alamos Meson Physics Facility by
using nm from m1 decay at rest. The ne are detected via the reaction ne p ! e1 n, correlated with a
g from np ! dg (2.2 MeV). The use of tight cuts to identify e1 events with correlated g rays yields
22 events with e1 energy between 36 and 60 MeV and only 4.6 6 0.6 background events. A fit to
the e1 events between 20 and 60 MeV yields a total excess of 51.0120.2

219.5 6 8.0 events. If attributed
to nm ! ne oscillations, this corresponds to an oscillation probability of (0.31 6 0.12 6 0.05)%.
[S0031-9007(96)01375-0]

PACS numbers: 14.60.Pq, 13.15.+g

We present the results from a search for neutrino os-
cillations using the Liquid Scintillator Neutrino Detector
(LSND) apparatus described in Ref. [1]. The existence of
neutrino oscillations would imply that neutrinos have mass
and that there is mixing among the different flavors of neu-
trinos. Candidate events in a search for the transformation
nm ! ne from neutrino oscillations with the LSND de-
tector have previously been reported [2] for data taken in
1993 and 1994. Data taken in 1995 have been included in
this paper, and the analysis has been made more efficient.
Protons are accelerated by the Los Alamos Meson

Physics Facility (LAMPF) linac to 800MeV kinetic energy
and pass through a series of targets, culminating with the
A6 beam stop. The primary neutrino flux comes from p1

produced in a 30-cm-long water target in the A6 beam stop
[1]. The total charge delivered to the beam stop while
the detector recorded data was 1787 C in 1993, 5904 C
in 1994, and 7081 C in 1995. Neutrino fluxes used in our
calculations include upstream targets and changes in target
configuration during these three years of data taking.
Most of the p1 come to rest and decay through

the sequence p1 ! m1nm, followed by m1 ! e1nenm,
supplying nm with a maximum energy of 52.8 MeV. The
energy dependence of the nm flux from decay at rest

(DAR) is very well known, and the absolute value is
known to 7% [1,3]. The open space around the target
is short compared to the pion decay length, so only 3% of
the p1 decay in flight (DIF). A much smaller fraction
(approximately 0.001%) of the muons DIF, due to the
difference in lifetimes and that a p1 must first DIF. The
total nm flux averaged over the detector volume, including
contributions from upstream targets and all elements of
the beam stop, was 7.6 3 10210nmycm2yprotony.
A ne component in the beam comes from the sym-

metrical decay chain starting with a p2. This back-
ground is suppressed by three factors in this experiment.
First, p1 production is about 8 times the p2 produc-
tion in the beam stop. Second, 95% of p2 come to rest
and are absorbed before decay in the beam stop. Third,
88% of m2 from p2 DIF are captured from atomic or-
bit, a process which does not give a ne. Thus the rela-
tive yield, compared to the positive channel, is estimated
to be , s1y8d 3 0.05 3 0.12 ≠ 7.5 3 1024. A detailed
Monte Carlo simulation [3] gives a value of 7.8 3 1024

for the flux ratio of ne to nm.
The detector is a tank filled with 167 metric tons of dilute

liquid scintillator, located about 30 m from the neutrino
source and surrounded on all sides except the bottom
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3082 0031-9007y96y77(15)y3082(4)$10.00 © 1996 The American Physical Society

Since then, MiniBOONE, Reactor flux anomaly, gallium source 
anomaly. See, e.g., C. Giunti, arXiv:1609.04688 for review



Sterile neutrinos: cosmological problems?

• Recent results from Planck measure relativistic energy density in the 
universe at matter/rad equality -> CMB decoupling


• Planck 2015 [arXiv:1502.01589] reports Neff=3.15±0.23 and for the 
mass mν < 0.23 eV


• Are sterile neutrinos that the SBN program plans to search for 
already ruled out by cosmology?



Hidden interactions to the rescue?

• What if sterile neutrinos were actually not sterile, but interacting through their 
own force?


• Once there is some population of hidden neutrinos, this would induce an 
MSW potential that would suppress mixing between νa and νh . Would 

that shut off νa -> νh thermalization?


• This is the Babu-Rothstein framework 


• Babu & Rothstein, Phys.Lett. B275 (1992) 112-118



Why is suppression of mixing not enough?

• New interactions, while solving one problem, introduce another


• While they suppress collisions due to Weak Interactions, they themselves 
mediate collisions


• Can flavor recoupling due to the new force can be delayed until T ~ 1 MeV?


• Quantitative question: compare rates


• Flavor conversion rate:


• In the regime when collisions are less frequent then oscillations, this gives 

Γfl = P(νa → νh)Γcoll

Γfl =
sin2 2θ

2
σn



Careful analysis required, many effects

Cherry, A. F., Shoemaker, arXiv:1605.06506

• Heavy mediator, Light mediator, Resonant, Oscillation dominated, Collision 
dominated, Non-freestreaming at CMB epoch ...


• We find that for the oscillation parameters suggested by the oscillation 
“anomalies” the thermalization temperature has a fundamental lower limit


• This is close to 1 MeV of weak decoupling. The BR mechanism is thus only 
marginally successful. 

T0 ⇠ (sin2 2✓(�m2)2Mpl)
1/5 ⇠ 200 keV



Let’s do an example calculation

• Light mediator, recoupling at temperatures above the mediator mass

sin 2✓m ' �m2 sin 2✓v
E|Vm| .

sin2 2✓m�(T )T 3 ⇠ T 2

Mpl Vm ⇠ +
g2T 2

E
, T,E � M

✓
�m2 sin 2✓v
Eg2T 2/E

◆2
g4

M2
T 3 ⇠ T 2

Mpl

Trecoupling ⇠ T 5/3
0 M�2/3

T0 = [(�m2 sin 2✓v)
2Mpl]

1/5 ⇠ 105 eV

✓
�m2

1 eV2

◆2/5 ✓
sin 2✓v
0.1

◆2/5

.



Recoupling isocontours

arXiv:1605.06506 for details



Light mediators: excluded by free-streaming

• For sufficiently large coupling, 
neutrinos, even the ones 
predominantly active, scatter 
even at the CMB epoch


• In conflict with PLANCK 

Friedland, Zurek, Bashinsky,  
0704.3271

Here, geff is effective coupling, g sin𝜭𝜭𝜭

April 16  2007, APS meetingApril 16  2007, APS meeting Alexander Friedland, LANLAlexander Friedland, LANL 2323

Planck will resolve the controversy!

geff < (Trec/Mpl)
1/4(m�/Trec)

geff < 10�7(m�/1 eV)



What is the physics of Planck’s sensitivity?

• Comparing the same populations of free-streaming and coupled neutrinos, the 
“background” effects on the expansion rate is the same


• The difference is in the evolution of perturbations: the scalar mediated 
interactions could turn neutrinos into a fluid


• Fluid density perturbations evolve differently from free-streaming neutrinos


• Gravity of neutrino perturbations during radiation domination affects the 
evolution of the perturbations in photon-baryon plasma


• The effect is not large, at ~20% level for density fluctuations


• P. J. E. Peebles, Astrophys. J. 180, 1 (1973)



Free-streaming neutrinos and CMB

• Suppress the power of CMB fluctuations


• Shift the peaks by 


• Effect only present for multipoles that enter horizon before matter-radiation 
equality, zeq.

�Cl/Cl ⇠ �0.5⇢FS/⇢rad

�l ⇠ �57⇢FS/⇢rad

Hu & Sugiyama, Astrophys. J. 1996

Bashinsky & Seljak, Phys. Rev. D 2004



• Bardin, Bilenky, Pontecorvo (1970)


• Barger, Keung, Pakvasa (1982)


• Manohar (1987)


• Kolb & Turner (1987)


• Fuller, Mayle, Wilson (1988)


• Bilenky, Bilenky, Santamaria (1993)


• None of these bounds apply! New interactions only appear after neutrinos 
oscillate
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A n e w  h y p o t h e t i c a l  i n t e r a c t i o n  b e t w e e n  n e u t r i n o s  is  c o n s i d e r e d .  It  is  s h o w n  tha t  e v e n  r e l a t i v e l y  
s t r o n g  v e - v e ,  vtz - v/. t and  Pe - v t l  i n t e r a c t i o n s  a r e  not  in c o n t r a d i c t i o n  wi th  e x i s t i n g  d a t a  and  u p p e r  l i m -  
i t s  f o r  the  c o r r e s p o n d i n g  i n t e r a c t i o n  c o n s t a n t  a r e  o b t a i n e d .  Ne w  e x p e r i m e n t s  a r e  s u g g e s t e d  w h i c h  m i g h t  
g i v e  i n f o r m a t i o n  on ~, - v i n t e r a c t i o n s .  

I t  i s  t a k e n  f o r  g r a n t e d  t h a t  the  on ly  i n t e r a c -  
t i o n  w h i c h  n e u t r i n o s  u n d e r g o  i s  the  c l a s s i c a l  
w e a k  i n t e r a c t i o n .  N e v e r t h e l e s s ,  t he  q u e s t i o n  
c a n  be  pu t  a s  to w h e t h e r  the  n e u t r i n o  m a y  u n d e r -  
go a d d i t i o n a l  i n t e r a c t i o n s .  Our  w o r k  i s  c o n -  
c e r n e d  w i th  a p o s s i b l e  i n t e r a c t i o n  b e t w e e n  n e u -  
t r i n o s .  Of c o u r s e ,  t h e r e  i s  a n  i n t e r a c t i o n  b e -  
t w e e n  n e u t r i n o s  a r i s i n g  in  the  s e c o n d  o r d e r  of 
the  u s u a l  w e a k  i n t e r a c t i o n ,  bu t  h e r e  we s h a l l  
c o n s i d e r  a new ( h y p o t h e t i c a l )  v - v i n t e r a c t i o n .  
As  i t  t u r n s  out ,  e v e n  a r e l a t i v e l y  s t r o n g  v - v 
i n t e r a c t i o n  i s  not  in  c o n t r a d i c t i o n  w i t h  e x i s t i n g  
da ta .  We s u g g e s t  t h e n  new e x p e r i m e n t s  w h i c h  
m i g h t  g ive  i n f o r m a t i o n  on the  v - v i n t e r a c t i o n .  

In the  p r e s e n c e  of n o n - w e a k  v - v  i n t e r a c -  
t i o n s  w i l l  a p p e a r  m a n y  p h e n o m e n a ,  a m o n g  w h i c h  
we s h a l l  c o n s i d e r  i) s o m e  new t y p e s  of d e c a y s  
( s ee ,  f o r  e x a m p l e ,  fig.  l a ) ,  i i)  s o m e  new t y p e s  
of n e u t r i n o - i n d u c e d  p r o c e s s e s  a t  h i g h  e n e r g y  

C.L. 
g. 

F i g .  1. 

( s ee ,  f o r  e x a m p l e ,  fig.  l b ) ,  i i i )  n e u t r i n o  " f o r m  
f a c t o r s "  ( see  f ig.  l c ) .  

In a d d i t i o n  to the  u s u a l  w e a k  d e c a y s  wi th  
e m i s s i o n  of l e p t o n s ,  a v - v i n t e r a c t i o n  c l e a r l y  
i m p l i e s  d e c a y s  w i th  the  e m i s s i o n  of a n  a d d i -  
t i o n a l  v - ~ p a i r .  L e t  us  f i r s t  c o n s i d e r  the  d e c a y  

~ + - e + +  r e +  Ve + ~e " (1) 

In a po l e  a p p r o x i m a t i o n  we o b t a i n  f o r  the  e l e c -  
t r o n  s p e c t r u m  in  p r o c e s s  (1) the  e x p r e s s i o n  

dW 1 G2F2 if~l mTr × 
~ e 3 v  - 27~ 5 VeVe 

× ( l + r  2 - 2 x ) ( x 2 - r 2 )  1/2 [ ( 1 - 2 x ) x + r  2] , (2) 

w h e r e  G ~ 10 -5 mp 2 i s  the  w e a k  i n t e r a c t i o n  
c o n s t a n t .  If~l ~ 0.92 rnTr i s  the  F - d e c a y  c o n s t a n t ,  
r = rne/m~,  x E / m ~  (E i s  the  e l e c t r o n  e n e r g y ) ,  
a n d  FVeVe i s  the  v e - v e i n t e r a c t i o n  c o n s t a n t .  

To  be  c o n c r e t e ,  we s e l e c t e d  fo r  the  v e - v e e f -  
f e c t i v e  H a m i l t o n i a n  the  v e c t o r  f o r m  ~VeVe  = 

= F½  ~e (PeVa Ve)(~eVa re)" N e g l e c t i n g  the  e l e c -  

t r o n  m a s s  we o b t a i n  f o r  the  t o t a l  p r o b a b i l i t y  of 
p r o c e s s  (1) 

1 G2F 2 If~12m 7 o (3) 
Wn ~ e 3 v  - 157T5211 ~eVe 

F o r  c o m p a r i s o n  we g ive  a l s o  the  w e l l - k n o w n  
e x p r e s s i o n  of W~ ~ lv (l i s  a c h a r g e d  l ep ton) :  

_ 1  2 m2m (1 m2 2 
Wrr_.g v 23~G Ifzr[ 2 - ~ - )  o (4) 

7r 
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Neutrino-neutrino collider?

• We need to collide neutrino mass eigenstates, which have admixture of the 
“sterile” component that gives them new interactions


• Not feasible in the lab, but we can use the universe as the experimental setup


• Icecube has observed neutrinos in the PeV energy range, that likely originate 
from cosmological distances


• These neutrinos on their way to us travel through the relic neutrino 
background. Both the beam and the background had enough time to oscillate 
and separate into mass eigenstates.



Standard model: Z-bursts

• It is well known that in the SM the 
universe is transparent to 
neutrinos with energies below 
~1022 eV


• At those ~1022 eV, the neutrinos 
finally get scattered/absorbed 
because of the s-channel Z-boson 
resonance


• T. Weiler, PRL 1982
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Fig. 1. The absorption redshift Za (line 1) for cosmic neutrinos as a function of the neutrino energy at
emission E, taking 120h

2 = 1. The other lines indicate: (2) the boundary between the two regions where
absorption due to annihilation and scattering dominate; (3) the present epoch; (4) the Z-boson pole; (5)

the epoch ofmatter-radiation equality; (6) the epoch of light—neutrino decoupling.

Approximate expressions for the absorption redshift Za(Ee) can be obtained for
1 ~Z Ze <Zeq and Ze >> Zeq• In these cases, the result of the integration simplifies to

3.5 x 1017(fl
0h2)’/

2(1 +ze)5~2(Ee/TeV), for 1 ~Ze <Zeq,
(2.20)

0.81 x 10’~(1+ze)2(Ee/TeV), for Ze >>Zeq•

The absorption redshift Za(Ee) is then obtained by setting s~= 1:

1 +Za(Ee)

= 3.8 x 106(12t
1h2)l/S(Ee/TeV)_

2/S, Ec  5.2 X i0~TeV(fl
0h2)

2, (2.21)

1.1 x 10~(Ee/TeV)~’~2, Ee~5.2X i0~TeV(fl
0h2)

2.

3. Neutrino spectrum

We now determine the present energy spectrum of neutrinos originating from
the decay of an unstable heavy particle x with decay lifetime i-s. The number of

Gondolo, Gelmini, 1993

Ec.m. ⇠
p

(10�1 eV)(1023 eV) ⇠ 102 GeV ⇠ mZ



Light mediator

• The standard transparency conclusion is based on standard physics 
only


• We now have a light mediator particle? 


• resonant condition


• The same mass scale as needed by Short-Baseline + PLANCK! 


• After scattering, neutrinos are mostly converted into the “sterile” 
state, disappear from the observed flux 

m2
� = s ⇡ 2m⌫E⌫

=) m� ⇠
p
(10�1 eV)(1015 eV) ⇠ 107 eV



Example calculation
See talk at Miami 2014:

https://cgc.physics.miami.edu/
Miami2014/Friedland2014.pdf

https://cgc.physics.miami.edu/Miami2014/Friedland2014.pdf
https://cgc.physics.miami.edu/Miami2014/Friedland2014.pdf




How can we probe this physics?



I. Cosmology

• As we saw, Planck already provides valuable constraints


• Thanks to late recoupling, we can have a fractional Neff


• 1 eV sterile neutrino with a fractional population could help alleviate some 
issues between the Planck measured sigma8 and the Hubble constant and 
the local measurements


• See Planck papers, arXiv:1303.5076v3 and 1502.01589


• Well explained in Wyman, Rudd, Vanderveld and W. Hu, arXiv:1307.7715.


• Does not work with standard sterile neutrinos a la MiniBOONE!



Adding a bit of hidden neutrino helps!
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II. Dark matter

• Long-standing debate about whether collisionless cold dark matter predicts 
too much structure on small scales


• Cusp-vs-core: numerical simulations predict higher DM concentrations in 
the central regions of galaxies than observed


• Missing satellites: the number of small satellite galaxies is less than 
observed


• “Too-big-to-fail”: the most massive subhaloes in CDM simulations are too 
massive to host the satellites of the Milky Way, yet should be luminous 
given the observed dwarfs



II. Self-interacting dark matter?

• As already mentioned, DM self-interactions could help with small-scale 
structure


• DM-DM scattering. Required cross section is


• The mediator particle in the <10 MeV range could do it


• Just what we have in our secluded window

� ⇠ 1 cm2(mX/g) ⇠ 10�24 cm2(mX/GeV)



Dark-matter interactions with neutrinos?

• Interestingly, coupling between dark matter and neutrinos may further help 
alleviate the structure problems


• Boehm et al, 2001, 2002, 2004; van den Aarssen, Bringmann, and 
Pfrommer, 2012


• Coupling of SM to neutrinos early would keep DM density fluctuations 
from collapsing, until kinetic decoupling


• Mediator masses of <10 MeV work! (see later)

Mhalo ⇠ 108M�

✓
keV

TKD

◆3



Concordance

• Relic abundance (black)


• DM self-interactions (purple)


• DM-neutrino interactions (green)


• IceCube (red)
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In summary

• There are a number of experimental synergies between neutrino physics and dark 
sector searches


• Neutrinos can themselves couple to dark forces. Signatures depend on the 
mechanism


• Short-baseline oscillations could be reconciled with cosmology with “nu” dark force


• A very specific window of mediator parameters allowed, will be completely covered in 
the near future (CMB-S4, IceCube-Gen2).


• CMB and UHE neutrinos sensitivities are complementary


• This window happens to have the right properties for self-interacting and neutrino-
coupled dark matter


