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The WIMP Miracle is exciting…
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Status of WIMPs
• No definitive observation of WIMP DM in any channel (yet!)

Direct detection Indirect detection
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FIG. 2. Observed events in the 2013 LUX exposure of 95 live
days and 145 kg fiducial mass. Points at <18 cm radius are
black; those at 18–20 cm are gray. Distributions of uniform-
in-energy electron recoils (blue) and an example 50 GeV c�2

WIMP signal (red) are indicated by 50th (solid), 10th, and
90th (dashed) percentiles of S2 at given S1. Gray lines, with
ER scale of keVee at top and Lindhard-model NR scale of
keVnr at bottom, are contours of the linear combined S1-
and-S2 energy estimator [19].

by 210Po plated on the wall. The leakage of wall events
towards smaller r depends strongly, via position reso-
lution, on S2 size. The wall population in the fiducial
volume thus appears close to the S2 threshold, largely
below the signal population in S2 at given S1. It is mod-
eled empirically using high-r and low-S2 sidebands in the
search data [33].

Systematic uncertainties in background rates are
treated via nuisance parameters in the likelihood: their
constraints are listed with other fit parameters in Table I.
S1, S2, z and r are each useful discriminants against back-
grounds and cross sections are tested via the likelihood
of the search events in these four observables.

Search data were acquired between April 24th and
September 1st, 2013. Two classes of cuts based on pre-
vailing detector conditions assure well-measured events in
both low-energy calibration and WIMP-search samples.
Firstly, data taken during excursions in macroscopic de-
tector properties, such as xenon circulation outages or
instability of applied high voltage, are removed, consti-
tuting 0.8% of gross livetime. Secondly, an upper thresh-
old is imposed on summed pulse area during the event
window but outside S1 and S2. It removes triggers dur-
ing the aftermath of photoionization and delayed elec-
tron emission following large S2s. The threshold is set
for >99% tritium acceptance and removes 1% of gross
livetime [34]. We report on 95.0 live days. Fig. 2 shows
the measured light and charge of the 591 surviving events
in the fiducial volume.

A double-sided, profile-likelihood-ratio (PLR) statis-
tic [41] is employed to test signal hypotheses. For each
WIMP mass we scan over cross section to construct a
90% confidence interval, with test statistic distributions
evaluated by MC using the RooStats package [42]. At all
masses, the maximum-likelihood value of �n is found to

be zero. The background-only model gives a good fit to
the data, with KS test p-values of 0.05, 0.07, 0.34, and
0.64 for the projected distributions in S1, S2, r, and z

respectively. Upper limits on cross section are shown in
Fig. 3. The raw PLR result lies between one and two
Gaussian � below the expected limit from background
trials. We apply a power constraint [43] at the median
so as not to exclude cross sections for which sensitiv-
ity is low through chance background fluctuation. We
include systematic uncertainties in the nuclear recoil re-
sponse in the PLR, which has a modest e↵ect on the limit
with respect to assuming the best-fit model exactly: less
than 20% at all masses. Limits calculated with the alter-
nate, Bezrukov parametrization would be 0.48, 1.02, and
1.05 times the reported ones at 4, 33, and 1000 GeV c

�2,
respectively. Uncertainties in the assumed dark matter
halo are beyond the scope of this letter but are reviewed
in, e.g., [44].

In conclusion, we have improved the WIMP sensitivity
of the 2013 LUX search data, excluding new parameter
space. The lowered analysis thresholds and signal model
energy cut-o↵, added exposure, and improved resolution
of light and charge over the first LUX result yield a 23%
reduction in cross-section limit at high WIMP masses.
Reach is significantly extended at low mass where the
cut-o↵ has most e↵ect on the predicted event rate: the
minimum kinematically-accessible mass is reduced from
5.2 to 3.3 GeV c

�2. These techniques further enhance
the prospects for discovery in the ongoing 300-day LUX
search and the future LUX-ZEPLIN [45] experiment.
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% CL. Observed limit in black,
with the 1- and 2-� ranges of background-only trials shaded
green and yellow. Also shown are limits from the first LUX
analysis [6] (gray), SuperCDMS [35] (green), CDMSlite [36]
(light blue), XENON100 [37] (red), DarkSide-50 [38] (orange),
and PandaX [39] (purple). The expected spectrum of coherent
neutrino-nucleus scattering by 8B solar neutrinos can be fit
by a WIMP model as in [40], plotted here as a black dot.
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].
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FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [34], 112 hours of observations
of the Galactic Center with H.E.S.S. [35], and 157.9 hours of observations of Segue 1 with MAGIC [36]. Pure annihilation
channel limits for the Galactic Center H.E.S.S. observations are taken from Abazajian and Harding [37] and assume an Einasto
Milky Way density profile with ⇢� = 0.389 GeV cm�3. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16–19].
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FIG. 2. Observed events in the 2013 LUX exposure of 95 live
days and 145 kg fiducial mass. Points at <18 cm radius are
black; those at 18–20 cm are gray. Distributions of uniform-
in-energy electron recoils (blue) and an example 50 GeV c�2

WIMP signal (red) are indicated by 50th (solid), 10th, and
90th (dashed) percentiles of S2 at given S1. Gray lines, with
ER scale of keVee at top and Lindhard-model NR scale of
keVnr at bottom, are contours of the linear combined S1-
and-S2 energy estimator [19].

by 210Po plated on the wall. The leakage of wall events
towards smaller r depends strongly, via position reso-
lution, on S2 size. The wall population in the fiducial
volume thus appears close to the S2 threshold, largely
below the signal population in S2 at given S1. It is mod-
eled empirically using high-r and low-S2 sidebands in the
search data [33].

Systematic uncertainties in background rates are
treated via nuisance parameters in the likelihood: their
constraints are listed with other fit parameters in Table I.
S1, S2, z and r are each useful discriminants against back-
grounds and cross sections are tested via the likelihood
of the search events in these four observables.

Search data were acquired between April 24th and
September 1st, 2013. Two classes of cuts based on pre-
vailing detector conditions assure well-measured events in
both low-energy calibration and WIMP-search samples.
Firstly, data taken during excursions in macroscopic de-
tector properties, such as xenon circulation outages or
instability of applied high voltage, are removed, consti-
tuting 0.8% of gross livetime. Secondly, an upper thresh-
old is imposed on summed pulse area during the event
window but outside S1 and S2. It removes triggers dur-
ing the aftermath of photoionization and delayed elec-
tron emission following large S2s. The threshold is set
for >99% tritium acceptance and removes 1% of gross
livetime [34]. We report on 95.0 live days. Fig. 2 shows
the measured light and charge of the 591 surviving events
in the fiducial volume.

A double-sided, profile-likelihood-ratio (PLR) statis-
tic [41] is employed to test signal hypotheses. For each
WIMP mass we scan over cross section to construct a
90% confidence interval, with test statistic distributions
evaluated by MC using the RooStats package [42]. At all
masses, the maximum-likelihood value of �n is found to

be zero. The background-only model gives a good fit to
the data, with KS test p-values of 0.05, 0.07, 0.34, and
0.64 for the projected distributions in S1, S2, r, and z

respectively. Upper limits on cross section are shown in
Fig. 3. The raw PLR result lies between one and two
Gaussian � below the expected limit from background
trials. We apply a power constraint [43] at the median
so as not to exclude cross sections for which sensitiv-
ity is low through chance background fluctuation. We
include systematic uncertainties in the nuclear recoil re-
sponse in the PLR, which has a modest e↵ect on the limit
with respect to assuming the best-fit model exactly: less
than 20% at all masses. Limits calculated with the alter-
nate, Bezrukov parametrization would be 0.48, 1.02, and
1.05 times the reported ones at 4, 33, and 1000 GeV c

�2,
respectively. Uncertainties in the assumed dark matter
halo are beyond the scope of this letter but are reviewed
in, e.g., [44].

In conclusion, we have improved the WIMP sensitivity
of the 2013 LUX search data, excluding new parameter
space. The lowered analysis thresholds and signal model
energy cut-o↵, added exposure, and improved resolution
of light and charge over the first LUX result yield a 23%
reduction in cross-section limit at high WIMP masses.
Reach is significantly extended at low mass where the
cut-o↵ has most e↵ect on the predicted event rate: the
minimum kinematically-accessible mass is reduced from
5.2 to 3.3 GeV c

�2. These techniques further enhance
the prospects for discovery in the ongoing 300-day LUX
search and the future LUX-ZEPLIN [45] experiment.
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% CL. Observed limit in black,
with the 1- and 2-� ranges of background-only trials shaded
green and yellow. Also shown are limits from the first LUX
analysis [6] (gray), SuperCDMS [35] (green), CDMSlite [36]
(light blue), XENON100 [37] (red), DarkSide-50 [38] (orange),
and PandaX [39] (purple). The expected spectrum of coherent
neutrino-nucleus scattering by 8B solar neutrinos can be fit
by a WIMP model as in [40], plotted here as a black dot.
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].
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Milky Way density profile with ⇢� = 0.389 GeV cm�3. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16–19].
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Outline for Rest of Talk

• Light Dark Matter and Dark Sectors

• Axions and Axion-Like Particles

• Sterile Neutrino Dark Matter



10

Light Dark Matter

𝛘1W/Z/h



10

Light Dark Matter

𝛘1W/Z/h

a

M� ⌧ MW



10

Light Dark Matter

𝛘1
𝛘2

𝛘n…

W/Z/h

a

M� ⌧ MW



11

Dark Force Signatures

• Very rare, low-energy signals!
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Dark Force Signatures

• Current status: Relatively good coverage when mediator has 
predominant coupling to electrons or quarks
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents the ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Also plotted are the projections for an SPS style setup
[17] using our Monte Carlo for 109 and 1012 EOT. The black
curve is the region for which the � has a thermal-relic anni-
hilation cross-section for mA0 = 3m� assuming the aggressive
value ↵D = 1; for smaller ↵D and/or larger mA0/m� hierar-
chy the curve moves upward. Below this line, � is generically
overproduced in the early universe unless it avoids thermal
equilibrium with the SM. Combined with the projected sen-
sitivity of Belle-II with a mono-photon trigger [18], the miss-
ing energy-momentum approach can decisively probe a broad
class of DM models. Without making further assumptions
about dark sector masses or coupling-constants, this parame-
ter space is only constrained by (g � 2)e [19, 20], and (g � 2)µ

[21]. If m0
A � m�, there are additional constraints from on-

shell A0 production in association with SM final states from
BaBar [18, 20], BES (J/ ) [22], E787 (K+) [23], and E949
(K+) [24].

its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum

1
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FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A0, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.

II. VECTOR PORTAL LIGHT DARK MATTER

Hidden sectors with MeV–GeV light DM are a simple,
natural, and widely considered extension of the Standard
Model. Such sectors remain weakly constrained experi-
mentally, though they have been studied in many con-
texts – for example to address anomalies in dark mat-
ter direct and indirect detection [57–62], resolve puzzles
in simulations of structure formation [63, 64], modify
the number of relativistic species in the early universe
[65, 66], explain the “cosmological coincidence” between
dark and visible energy-densities [14, 15], resolve the
proton charge radius anomaly [67–70] and explore novel

INVISIBLE DECAYSVISIBLE DECAYS

L O U I S V I L L E . E D U  

Recent Addition to the Story

05#Aug#2015# Brown#.#BABAR#Dark#Searches# 13# Izaguirre et al., 2013-2015;  
Essig et al., 2013

e.g., Bjorken et al., 2009, …

(projections)
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Dark Force Signatures

• Remaining gaps: new forces that couple mostly to muons/taus/ν
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Dark Force Signatures

• Remaining gaps: new forces that couple mostly to muons/taus/ν
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Light Dark Matter Signatures

• Proposals for “low-mass” versions of existing experiments

SEMICONDUCTOR  
DIRECT DETECTION
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DIRECT DETECTION
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A: mf=1 MeV

B: mf=10 MeV

C: mf=100 MeV
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Figure 5. Top: Direct detection cross section, Eq. (3.12), for light DM scattering o↵ electrons via a
scalar or vector mediator, for several benchmarks. These are I: ↵X = 10�15,↵e = 10�12; II: ↵X = ↵e =
10�15; and III: ↵X = 10�15,↵e = 10�18. These depicted parameters obey bounds from self-interactions
and decoupling at recombination for m� ⇠< eV, though stellar emission (and BBN considerations for
vectors) may place strong constraints; see text for details. Bottom: Direct detection cross section
between light DM and electrons, for several benchmarks of heavy mediators. These are A: m� = 1 MeV,
ge = 10�5e, ↵X = 0.1; B: m� = 10 MeV, ge = 10�5e, ↵X = 0.1; and C: m� = 100 MeV, ge = 10�4e,
↵X = 0.1. These depicted parameters obey all terrestrial and astrophysical constraints, though sub-MeV
DM interacting with SM through a massive mediator may be strongly constrained by BBN; see text for
details. The Xenon10 electron-ionization data bounds [77] are plotted in thin dashed gray. In both

panels, the black solid (dashed) curve depicts the sensitivity reach of the proposed superconducting
aluminum devices, for a detector sensitivity to recoil energies between 1 meV�1 eV (10 meV�10 eV),
with a kg·year of exposure. For comparison, the gray dot-dashed curve depicts the expected sensitivity
utilizing electron ionization in a germanium target as obtained in Ref. [22].
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Prospects for Upcoming DM–Electron Scattering Searches
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Figure 1. Selected near-term projections for the
DAMIC (green curves) and SuperCDMS-silicon (dark
red curves) experiments, for different ionization thresh-
olds and (background-free) exposures, as indicated. Solid
curves show the 95% C.L. exclusion reach from sim-
ple counting searches, while dashed curves show the
5�-discovery reach from annual modulation searches.
The gray shaded region shows the current XENON10
bound [31], while the shaded green region shows the es-
timated (much weaker) bound from 2012 DAMIC data
with a ⇠11-electron-hole pair threshold. The projections
for SuperCDMS-germanium (not shown) are comparable
to silicon. See §6.5 for more details. The three plots show
results for the different indicated DM form factors, corre-
sponding to different DM models.

expands on the previous calculation in [9]. Higher recoil energies for the scattered electron allow
a larger number of additional electron-hole pairs to be promoted via secondary scattering. Using
a semi-empirical understanding of these secondary scattering processes, we convert our calculated
differential event rate to an estimated event rate as a function of the number of observed electron-hole
pairs. These results will allow several experimental collaborations, such as DAMIC and SuperCDMS,
to calculate their projected sensitivity to the DM-electron scattering cross-section, given their specific
experimental setups and thresholds. It will also allow them to derive limits on this cross section in the
absence of a signal, or the preferred cross section value should there be a signal, in forthcoming data.

– 4 –

Essig et al., 2015
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Dark Sector Signatures

• With a dark force (or multiple DM particles), dark matter isn’t 
invisible if produced at a collider

jet

DM

DMSM

jet

vs.

DM
DM

Izaguirre, Krnjaic, BS 2015; also Strassler, Zurek 2006; Baumgart et al. 2009; Bai, 
Tait 2012; Schwaller et al. 2015; Cohen et al. 2015; Primulando et al. 2015; Autran et al. 
2015; Bai et al. 2015; Buschmann et al. 2015
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Sterile Neutrinos
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Sterile Neutrinos

• Simplest model for neutrino masses: seesaw mechanism

39

Looking Forward
• And there are many more exciting connections between unsolved problems in 

cosmology and particle physics that I seek to uncover

• Non-WIMPy dark matter

• Connections with neutrinos

• Why are we made of matter and not antimatter?

m⌫ SM =
hHi2y2

MN

L = y L̄HN +
MN

2
N̄ cN

• After EWSB, the LH and RH neutrinos mix

N ναsin θαV↵N

V↵N ⇠ y↵hHi
MN
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Sterile Neutrino DM
• Can N be dark matter?

• Can decay: needs to be light (~keV) to have a lifetime 
longer than age of universe
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• Photon line at MN/2
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Figure 6. 3�4 keV band of the stacked MOS (left panel) and stacked PN (right panel) spectra of the Perseus cluster. The figures show
the energy band, where a new spectral feature at 3.57 keV is detected. The Gaussian lines with peak values of the flux normalizations of
K xviii and Ar xvii estimated using AtomDB were included in the models. The red lines in the top panels show the model and the excess
emission in both spectra. The blue lines show the total model after a Gaussian line is added, indicating that the unidentified spectral line
can be modeled with a Gaussian.

fits.

3.3. Stacked Spectra of the Nearby Bright Clusters;
Centaurus + Coma + Ophiuchus

We now check the MOS and PN spectra of the three
dominant nearby clusters, Coma, Ophiuchus, and Cen-
taurus. A total of 525.3 ks of good stacked MOS and
168 ks good stacked PN exposure times were obtained
for this sub-sample. The total source counts obtained in
the MOS and PN spectra were 3.2 ⇥ 106 and 2.1 ⇥ 106,
respectively.
We performed the fits as above. The best determina-

tions for the continuum temperature and normalizations
and the fluxes of the S xvi, Ca xix, and Ca xx are given
in Table 2. We detected an excess emission feature in
the same band, i.e. 3.4 � 3.7 keV as in the stacked MOS
spectra. To determine the flux of the emission line at 3.57
keV, we estimated the maximum fluxes of the K xviii, K
xix, and Ar xvii lines using the AtomDB and the mea-
sured fluxes of S xvi, Ca xix, and Ca xx as described
in §3.1. Using the 0.1 and 3 times these fluxes as lower
and upper limits, we found that the unidentified line has
a flux of 15.9+3.4

�3.8 (+6.7
�5.5) ⇥ 10�6 photons cm�2 s�1 in the

stacked MOS observations. Adding this Gaussian to the
model improves the fit by ��2 of 17.1 for an additional
degree of freedom for the stacked MOS spectrum.
We then allowed the energy of the additional Gaus-

sian model to vary to test whether the energy measured
from two di↵erent samples are the same. The best-fit
energy obtained from the stacked MOS observations of
Coma, Centaurus, and Ophiuchus clusters was 3.56 ±

0.02 (0.03), with a flux of 1.6+0.52
�0.44 (+0.81

�0.70) ⇥ 10�5 pho-
tons cm�2 s�1. This measurement is consistent with the
energy measured in the MOS observations of the full sam-
ple. The sterile neutrino mixing angle that corresponds
to this flux is sin2(2✓) = 18.2+4.4

�3.9 (+12.6
�11.5) ⇥ 10�11, con-

sistent at 2� with the full-sample value.
The fits to the stacked PN observations did not need an

additional Gaussian line, and resulted in a non-detection.
This could be due to the low count statistics of the

stacked PN observations (168 ks clean time). A 90%
upper limit on the flux of this line at 3.57 keV is 9.5
⇥ 10�6 photons cm�2 s�1 from this spectrum; the upper
limit on the mixing angle from this flux limit is consistent
with the full-sample and MOS detections.

3.4. Perseus

Initially, we extracted the spectrum of the Perseus clus-
ter using the entire MOS and PN field-of-view. We have
co-added the XMM-Newton MOS and PN observations
of the Perseus cluster in the cluster’s frame. The total
exposure time in the stacked MOS spectrum was 317 ks
with a total of 7⇥106 source counts in the 2 � 10 keV
band and 38 ks total exposure with 2⇥106 source counts
in the stacked PN observations.
Following the same approach we used for modeling the

full cluster sample, we first fit the MOS and PN observa-
tions with the line-free apec model and additional Gaus-
sian models. Count-weighted responses were used to fit
the plasma emission lines and the continuum emission.
Probing the 3�4 keV band the MOS observations re-
vealed residuals around 3.57 keV, at the same energy
band where we detected line emission in the previous
samples. The left panel of Figure 6 shows the detection
in the co-added MOS observations of the Perseus cluster.
Using the limits on the K and Ar lines (Table 3) as above
and adding a Gaussian model to the MOS spectrum at
the fixed energy of 3.57 keV improved the fit by ��2 of
15.7. The best-fit flux at 3.57 keV was 5.2+2.41

�1.52 (+3.70
�2.13)

⇥ 10�5 photons cm�2 s�1.
This flux corresponds to a mixing angle of sin2(2✓) =

5.5+2.6
�1.6 (

+3.9
�2.3) ⇥10�10. This angle is not only an outlier in

our measurements from the other samples, it is also not
consistent with the upper limits on the mixing angle at
this value of ms from the previous studies (e.g., Horiuchi
et al. 2013).
We were unable to detect the line in the short (38 ks

clean time) PN observation of Perseus and placed a 90%
upper limit on the flux of the line of 17.7 photons cm�2

s�1, which corresponds to an upper limit of sin2(2✓) <

Bulbul et al., 2014
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Sterile Neutrino DM

DARK FORCES HIGGS PORTAL
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• Need new forces coupled to neutrinos

7

and with flux (Fγ) given, after [60, 70], by:

Fγ = 10−7 erg s−1 cm−2 ×
!

MFOV
DM

1011M⊙

"

D−2m5
s sin

2 2θ

(9)
where MFOV

DM is the projected mass in the field of view of
the observation, D is the distance in Mpc (for which we
adopt 0.784 Mpc). We estimated MFOV

DM (1.6× 1010M⊙

for the on-axis spectrum) by integrating the DM surface
density, estimated from the model of [71], over the field of
view of each individual pointing. We then appropriately
averaged each value to ensure the correct line count-rate
in the composite spectra.
To determine an upper limit on sin2θ for a given ms,

the line (at fixed energy) was added simultaneously to the
on-axis and offset spectra, and its normalization varied
(while fitting all other parameters) until the fit statistic
increased by 4.61, corresponding to a 95% confidence in-
terval for two parameters of interest. This approach is
similar to the “statistical” method of [70], although we
have appropriately included the required statistical un-
certainties on the background model. In Fig 4, we show
our measured upper limits on sin2θ. Because the fluxes
of the astrophysical and instrumental lines are not known
a priori, they are degenerate with any coincident sterile
neutrino decay line. This reduction in sensitivity is im-
mediately apparent in the jagged upper limit curve. A
major source of uncertainty in this measurement is the
precise value of MFOV

DM [70]. For example, if we use the
DM profile model C1 of Ref. [72], MFOV

DM is increased by
∼15% in the core, resulting in correspondingly tighter
constraints on sin2θ.

V. DISCUSSION

The one-sided 95% C.L. lower and upper limits from
the Local Group are shown in Figure 4. These include
lower limits from phase-space arguments of MW dSphs
(mDW

s ! 2.5 keV), lower limits from subhalo counting
comparison to M 31 dSphs (mDW

s ! 8.8 keV), and up-
per limits based on X-ray observations of M 31. Com-
bined, these decisively constrain the canonical Dodelson-
Widrow (DW) production mechanism for generating suf-
ficient sterile neutrinos to match the DM abundance at
> 99% C.L.
Phase-space arguments have been argued to be among

the most robust methods to constrain WDM, but they
have not been strong enough to rule out the DM ster-
ile neutrino when coupled with X-ray limits [31] (indi-
cated by the larger arrow in Figure 4 at 1.8 keV). Our
newly added Segue I dSph, combined with updated X-
ray limits based on deep Chandra observations of M 31,
excludes the entire DW model parameter space, includ-
ing the wider range due to hadronic model uncertainties
[35] (red hatched), at 95% C.L. The exception is around
mDW

s ≈ 4.3 keV, where a strong X-ray background line in
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FIG. 4: Constraints on sterile neutrino parameters. Shaded
areas are excluded regions: 95% C.L. upper limits derived
from the X-ray modeling of M31 (labeled “M31 X-ray”), the
results from Ref. [60] shown for comparison (dotted; see text),
and upper limits from Suzaku observations of Ursa Minor
[73] (labeled “UMIN X-ray”); vertical lines show lower mass
limits from Tremain-Gunn phase-space considerations (ms ∼

0.4 keV) [28], Coma Berenices phase-space (mDW
s ∼ 1.5 keV,

dashed line), Segue I phase-space (mDW
s ∼ 2.5 keV), and

M 31 subhalo counts (mDW
s ∼ 8.8 keV). The big and small

arrows on the abscissa indicate lower limits from Ref. [31]
and Ref. [20], respectively. The DW sterile neutrino model
of Ref. [6] and its associated upper and lower bounds [35] are
shown and labeled.

the M 31 data prevents a strong limit on a sterile neutrino
decay line. However, limits from Suzaku—with vastly
different backgrounds and in particular weaker lines—
already exclude this region [73], as shown in Figure 4.
If Segue I is not included, the mass limit is weakened
to 1.5 keV (dashed vertical line) and allows a DW ster-
ile neutrino of mDW

s ≈ 2 keV to generate the observed
cosmological DM abundance. However, including limits
from subhalo counting, all of the DW parameter region
is comfortably excluded at > 99% C.L.

For the same dwarfs, our limits are weaker than
those of Ref. [30], where the authors adopted signifi-
cantly higher phase-space density estimates (e.g., 5 ×
10−3(M⊙/pc3)(km/s)−3 for Leo IV and Canes Venatici
II). These follow from Ref. [39], where the central density
is used to estimate Q, as opposed to our conservative es-
timate based on the mean density within rh. Also, the
stellar velocity dispersion is assumed in that work to be
the same as the DM velocity dispersion (η∗ = 1). For
these reasons, we obtain weaker but more robust lim-
its. Our limits are similar in numerical value to those of
Ref. [31], where the authors assume η∗ = 1 but consider

DM abundance
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The Neutrino Portal
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Figure 4.2: Production (left) and subsequent decay (right) of the particle NI .

the Universe (see Section 4.6.1 for the formulation of the problem). Moreover, the same parti-
cles can be responsible for both neutrino masses and matter-antimatter asymmetry generation.
HNLs with the masses ranging from O(MeV) to O(1012 GeV) provide mechanisms of generation of
matter-antimatter asymmetry, described in Sections 4.6.2–4.6.4.2 below. In particular, the suc-
cessful baryogenesis is possible when HNL have experimentally accessible masses (Sections 4.3.2.2,
4.3.2.3). This opens an exciting possibility of direct experimental resolution of these BSM puzzles
by finding HNLs experimentally. The phenomenology of neutrino oscillations provides (under cer-
tain assumptions, discussed above) the lower bound on Yukawa couplings, while the requirement
of successful baryogenesis provides an upper bound on their values.

Right-handed neutrinos can appear as a part of a wider theory, for example as a part of the
fermion representation of a gauge group in GUT theories, see Section 4.3.2.1. Interestingly HNLs
can be postulated as the only new particles beyond the Standard Model up to a very high energy
scale, providing explanations of all major observational BSM phenomena (Section 4.8 below). This
brings the questions of the complete UV theory (discussed in Section 4.8.3). The SM supplemented
by 3 HNLs, with Majorana mass terms for all of them, and all possible Yukawa couplings with the
Higgs boson and left-handed lepton doublets has an intriguing property of charge quantisation. The
Majorana mass term (4.1.2) means that the hypercharge of NI is zero and therefore hypercharges of
left lepton double and Higgs field are the same. As a result of this, the requirement of cancellation
of gauge chiral anomalies has a unique solution in terms of charges [327], quantised exactly as it is
observed. In other words, the charge quantisation may be a requirement of the self-consistency of
the theory, rather than a consequence of a larger symmetry, as in Grand Unified Theories.

4.2 Active neutrino phenomenology

Neutrino physics provides strong motivation for the existence of HNLs. Although properties of
HNLs cannot be fully fixed by data from low-energy neutrino experiments, it serves as a source of
important constraints. Therefore we review main results of neutrino theory and experiments below.

4.2.1 Three-flavour neutrino oscillations. A theoretical overview

A decade of revolutionary neutrino experiments has established that the SM neutrinos are massive
and mix like quarks do. The measurement of their tiny masses has been possible thanks to neutrino
oscillations, a quantum phenomenon first conjectured by Pontecorvo [328]. Neutrinos are produced
and detected via weak processes, therefore by definition they are produced or detected as flavour
states (ie. the states that couple to the e, µ and ⌧ leptons respectively). However, such states
of a definite flavour are superpositions of the vacuum Hamiltonian eigenstates or mass eigenstates

– 65 –
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• If sterile neutrinos are not DM, they could still mediate DM-
SM interactions
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Probing the Neutrino Portal
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• For                       , decay is 3-bodyMN < MW

• N is often long-lived!
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Izaguirre, BS 2015; 
(see also Helo et al. 2013; Batell, 
Pospelov, BS 2016)

p
s ⇠ 20 GeV p

s = 13 TeV



23

Axions & Dark Coherent Fields

Overview 
•  The Higgs Boson and Physics Beyond the Standard Model 

•  Hunting for new physics in Higgs pair production 

•  New detector and algorithm technologies 

•  Future Prospects 

2"

Pixel Detectors Bottom Quarks Higgs Boson New Particles? 
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Strong-CP Problem

• QCD has a CP-violating parameter that generates a 
neutron electric dipole moment n
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Strong-CP Problem

• QCD has a CP-violating parameter that generates a 
neutron electric dipole moment n
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• Experimentally,                           !|✓| . 10�10

“Strong-CP Problem”
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The Peccei-Quinn/Axion Solution

• Strong-CP Problem solved with a new “axion” field
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The Peccei-Quinn/Axion Solution

• Strong-CP Problem solved with a new “axion” field
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• QCD interactions drive axion field to cancel out θ
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Peccei, Quinn 1977
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The Peccei-Quinn/Axion Solution

• Strong-CP Problem solved with a new “axion” field

1
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axion

axion decay constant

• QCD interactions drive axion field to cancel out θ

hai
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Peccei, Quinn 1977

• Just like the Higgs, we also get a new particle (could be DM!)

Weinberg, 1977; Wilczek, 1977
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Axion Dark Matter

a

V (a)

T � GeV



26

Axion Dark Matter

a
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T � GeV

• Field oscillates around minimum with frequency = ma

V (a)

• Energy in oscillations = dark matter (w = 0)
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Axion Dark Matter

mafa = m⇡f⇡⌦
axion

⇠ ⌦
DM

⇣ ma

10�5 eV

⌘�7/6
✓2
0

Figure 1

Limits on the axion mass established by cosmology and astrophysics. Light grey regions are very
model dependent. (From Ref. (39).)

may require an additional cooling mechanism that could be accounted for by axions in the

⇠ 10 meV range (36, 37, 38). The evidence is far from compelling, not to mention that

such masses are beginning to encroach in the region disfavored by SN1987a.

The range 10�(6�2) eV is traditionally been regarded as the open mass window for

axions; see Figure 1 (39). However, as previously mentioned, string theories are replete

with axions or axion-like particles, upwards of a hundred within any particular realization,

but such theories naturally favor f
a

⇡ 10(15�16) GeV, corresponding to neV-scale masses.

It is impossible to say which, if any of these solve the Strong-CP problem, and which,

if any would be cosmologically significant. String theory axions and possible limits from

isocurvature fluctuations will be reviewed briefly in Sec. 3.4 as a preamble to the discussion

of the NMR-based experiment, CASPEr.

3.2. Cavity microwave experiment

Problematically such light axions would be so weakly coupled as to be undetectable in

conventional experiments. In 1983, Pierre Sikivie resolved this conundrum by showing that

axions constituting the Milky Way halo could resonantly convert into a monochromatic

microwave signal in a high-Q microwave cavity permeated by a strong magnetic field (40,

41), with the conversion power given by

PSIG = ⌘g2
a��

✓
⇢
a

m
a

◆
B2

0V CQ
L

(18)

The physics parameters, beyond the control of the experimentalist, are the axion-photon

coupling constant g
a��

, the axion mass m
a

, and the local density of axions in the halo, ⇢
a

.

www.annualreviews.org

•
Experimental Axion Searches 7

• Axion also couples to photons, electrons with 1/fa strength

Olive et al., 2014
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Axion Dark Matter

• Axion field changes properties of particles/EM field

n
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~E⇤

FIG. 1: Geometry of the experiment. The applied magnetic field ~B
ext

is colinear with the sample magnetization, ~M . The
e↵ective electric field in the crystal ~E⇤ is perpendicular to ~B

ext

. The SQUID pickup loop is arranged to measure the transverse
magnetization of the sample.

schemes have been shown to suppress broadening due to chemical shifts and increase T2 substantially [51]. T2 in
excess of 10 s or even 1000 s has been achieved in other materials, for example [51, 53, 54].

A material with a crystal structure with broken inversion symmetry at the site of the high-Z atoms is necessary
for generation of a large e↵ective electric field E⇤, which is proportional to the displacement of the heavy atom from
the centro-symmetric position in the unit cell [39]. In a ferroelectric, this displacement can be switched by an applied
voltage, however, given the oscillating nature of the ALP-induced signal, it may not be necessary to modulate this
displacement, in which case any polar crystal can be used. For ferroelectric PbTiO3, the e↵ective electric field is
E⇤ ⇡ 3 ⇥ 108 V/cm [41]. For other materials, where polarization is permanent, this may be higher by a factor of a
few. A detailed discussion of the requirements for the sample material is in the Supplemental Materials.

The measurement procedure is as follows. The sample is repolarized after every time interval T1. Then the
applied magnetic field is set to a fixed value, which must be controlled to a precision equal to the fractional width
of the resonance. The magnetic field value determines the ALP frequency to which the experiment is sensitive. The
transverse magnetization is measured as a function of time with fixed applied magnetic field. We call a measurement
at a given value of magnetic field “a shot.” The total integration time at any one magnetic field value, tshot, is set
by the requirement that an O(1) range of frequencies is scanned in 3 years. If T2 is longer than the ALP coherence

time ⌧a, then when searching at frequency ma
c2

~ the width of the frequency band is ⇡ 10�6 ma
c2

~ . If T2 is shorter

than ⌧a then the width of the frequency band is ⇠ ⇡
T
2

. Thus we take tshot =
108s

min(106,
mac2T

2

⇡~ )
. Using the magnetization

measurements taken over tshot the power in the relevant frequency band around 2µB
ext

~ is found. The applied magnetic
field is then changed to the next frequency bin and the procedure is repeated. The signal of an ALP would be excess
power in a range of magnetic fields (ALP frequencies). If multiple ALPs existed they would appear as multiple spikes
at di↵erent frequencies.

Note that at the lowest frequencies . T�1
2 the resonance is broadened significantly so that an O(1) range of

frequencies is covered in any given frequency bin. In this regime one may use any of the established techniques
searching for static nuclear EDMs but with short sampling times . ~

mac2
, then look for an oscillating signal in the

data.
This search for a time varying EDM is substantially di↵erent from searches for a static EDM using solid state

systems. In searching for a static EDM, it is necessary to separate the energy shift induced by the EDM from other
systematic e↵ects. This is accomplished by searching for energy shifts that modulate linearly with the applied electric
field in the sample. However, the modulation of the electric field can induce additional systematic shifts in the system
that occur at that modulation frequency, competing with the static EDM signal [49]. This is not the case for a time
varying EDM. The ALP induced EDM oscillates at a frequency set by fundamental physics and leads to observable
e↵ects in a system whose parameters are static. The time variation provides the handle necessary to separate this
signal from other systematic energy shifts and the signal can be detected without the need for additional handles such
as electric field reversals. This eliminates the systematic problems encountered by solid state static EDM searches
such as the dissipation e↵ects in the solid material associated with electric field reversals [49].

CASPEr

Budker et al., 2014

Haloscope (e.g., ADMX)
simplification for the two-photon axion decay a→γγ. This decay,
characterized by an effective coupling constant gaγγ, contains the
ratio of color and electromagnetic anomalies of the new U(1)
symmetry. Hence, this rate does not depend explicitly on the
value of the uncertain U(1) couplings as they cancel in the ratio.
Fig. 1 shows historical selected limits on axion couplings and

masses from a variety of techniques. The horizontal axis is the
putative axion mass. The vertical axis is the effective coupling of
the axion into two photons. KSVZ and DSVZ refer to two
benchmark classes of axion models commonly targeted by
searches (4–7); in a sense, they represent the extremes of allowing
axions to couple with optional full or zero QCD strength to lep-
tons. Dark-matter axions have properties that lie somewhere be-
tween the KSVZ and DFSZ couplings and in the mass range of
1–100 μeV. Not shown in Fig. 1 is the very restrictive upper bound
to the coupling from sn1987a, which is a horizontal line around
a coupling strength of 10−13/GeV. Notice the wide variety of
measurements. At the upper left, terrestrial measurements look for
effects of interactions of photons with virtual axions in the prop-
agation of light. Just below that, axions can affect the properties of
the Sun in several ways, including its seismic signature and energy
output. As well, those same solar axions could scatter off a terres-
trial germanium crystal at the appropriate Bragg angle and convert
into X-rays. To the right, axions in halos of astrophysical objects
could spontaneously decay into pairs of optical photons and then
be detected in telescopes. None of these methods are sensitive
enough to dark-matter QCD axions of the expected couplings and
masses. In the dark-matter band, next in sensitivity are astrophys-
ical bounds. Here, axion emission from astrophysical objects would
observably affect the evolution of those objects. Such objects in-
clude stars along the red giant horizontal branch and white dwarfs.
More recently, the CERN Axion Solar Telescope, aiming to de-
tect axions emitted from the Sun, achieved sensitivities bettering
the usual astrophysical bounds. One important bound is that from
axion emission in supernovae. As mentioned, such emission
would have shortened the neutrino burst duration detected on
Earth seen from sn1987a. This supernova bound by far provides the
strongest astrophysical coupling constraint of around 10−13/GeV.

However, even here, the sn1987a bounds lack adequate sensi-
tivity to dark matter axions in the mass range of interest. The
current favored technique for detecting dark-matter axions is to
convert nearby Milky Way halo axions into microwave photons
(“microwave cavity” in Fig. 1).
Fig. 1 shows only a sampling of the limits and technologies.

Much more information on axions and limits is contained in the
summary (3) and references therein. However, because the topic
here is axion dark matter, a simplification results because most
technologies are by far too insensitive. Although those searches
may be sensitive to unusual axion variants, they do not test the
well-motivated QCD dark-matter axion hypothesis. I therefore
focus the remaining discussion on the astrophysical bounds and
the radio frequency (RF) cavity technique, picking one experi-
ment from each as an example.

Example Search: The Axion Dark-Matter Experiment
The RF cavity apparatus consists of a high-Q microwave cavity
threaded by a large static magnetic field. Nearby Milky Way halo
axions interact with the magnetic field and thereby convert into
microwave photons within the cavity (8). The outgoing photon
energy is that of the total energy of the incident axion. The mi-
crowave photons are detected in what is in essence an ultralow
noise double-heterodyne radio receiver. The resonant frequency
of the cavity is tunable across a search bandwidth determined by
the cavity geometry. At each tuning setting, the cavity power is
averaged until the putative signal-to-noise ratio exceeds a confi-
dent detection threshold for realistic axions, and the power
spectrum is examined for excess power of the appropriate line

Fig. 1. Selected limits on axion masses and couplings. The horizontal axis is
the putative axion mass. The vertical axis is the effective coupling of the
axion to two photons. KSVZ and DSVZ refer to two classes of axion models
commonly targeted by searches. Dark-matter axions lie between the KSVZ
and DFSZ models in the mass range 1–100 μeV. Not shown is the very re-
strictive upper bound to the coupling from sn1987a, which is a horizontal
line around a coupling of 10−13/GeV.

Fig. 2. Schematic of the ADMX axion detector. The RF cavity, 0.5 m di-
ameter × 1.0 m long, is in the bore of an 8.5-T solenoid magnet. Microwave
power is amplified by a low-noise cryogenic amplifier and mixed-down to
near audio. The result is digitized and processed with FFT electronics and the
power spectrum is searched for axion signals.
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Pierre Sikivie’s RF-cavity idea (1983):  
Axion and electromagnetic fields exchange energy"

The axion-photon coupling…!

…is a source term in Maxwell�s Equations!

€ 

∂ E2 /2( )
∂t

−E ⋅ ∇ ×B( ) = gaγ ˙ a E ⋅B( )

So imposing a strong external magnetic field B transfers 
axion field energy into cavity electromagnetic energy.!

(Inverse Primakov conversion of axion to photon.)!

gaγ!
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Sikivie, 1983
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Summary

• Models of DM predict a wide array of signatures

• We look forward to a discovery of one (or more!) of these signs of 
dark physics!

• We need both high-energy and precision tests of the SM to 
uncover the particle nature of DM

• Dark matter is a sure sign of physics beyond the SM




