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We don’t know yet what DM is... but we do know many of its properties 
 
Good candidates for Dark Matter have to fulfil the following conditions 

•  Neutral 

•  Stable on cosmological scales 

•  Reproduce the correct relic abundance 

•  Not excluded by current searches 

•  No conflicts with BBN or stellar evolution 

Many candidates in Particle Physics 

•  Axions 

•  Weakly Interacting Massive Particles (WIMPs) 

•  SuperWIMPs and Decaying DM 

•  WIMPzillas 

•  Asymmetric DM 

•  SIMPs, CHAMPs, SIDMs, ETCs...  

... they have very different properties 
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Accelerator 
Searches 

(production) 

Indirect Detection 
(annihilation or decay) 

Direct Detection 
(scattering) 

... probing DIFFERENT aspects of their interactions with ordinary matter 

“Redundant” detection can 
be used to extract DM 
properties. 

Constraints in one sector 
affect observations in the 
other two. 
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In the past ~20 yrs we have had numerous potential signatures for DM. Some 
remain unexplained while many have been attributed to backgrounds or 
statistical fluctuations.  
 

These are shaping our theoretical approach to the DM problem 
making us look in (often conflicting) directions 

Indirect Detection 
PAMELA-AMS 
 
Fermi-LAT: 
- Galactic Centre 
- 135 gamma line 
 
511 eV emission 

Astro/Cosmo Probes 

Warm DM (Simulations) 
 
Self-interacting DM 
 
3.5 keV line 

LHC 

 
Diphoton at 750 GeV  

Direct Detection 

DAMA annual 
modulation 
 
Low-mass craze 
(CDMS, CoGeNT, 
CRESST) 
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Identify some basic 
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positive 
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Perform a 
complementary 
measurement with 
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Some data might be more 
difficult to explain in terms 
of “standard” DM models 

This motivates working with general frameworks, where 
little or nothing is assumed for the DM particle	

The role of theorists 
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bremsstrahlung 

Continuum (secondary photons) Direct gamma emission (features, lines) 

Fragmentation, 
hadronization and 
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Figure 1. Feynman diagrams of the processes that contribute in leading order to the three-body
annihilation cross-section and produce internal bremsstrahlung. The first diagram very roughly cor-
responds to VIB, the second and third to FSR (but note that these contributions can be properly
defined and separated in a gauge-invariant way [22]).

mass-splitting of µ = 1.1. The spectra of secondary photons that stem from the subsequent
decay or fragmentation of the produced fermions are derived using Pythia 6.4.19 [56]. Note
that in case of bottom-quark final states we also take into account the production of VIB
gluons following Refs. [48, 57].1 For two-body annihilation, we cross-checked our results
with the analytical fits from Ref. [58, 59] and find very good agreement. From Fig. 2 it
is clear that for small enough mass-splittings the gamma-ray spectrum at high energies is
completely dominated by VIB photons, which show up as a pronounced peak at energies
close to the dark matter mass. Secondary photons and FSR only become relevant at lower
energies, or for larger values of µ. In our spectral analysis of galactic center fluxes presented in
Section 3, we will entirely concentrate on the spectral VIB feature and neglect the featureless
secondary photons. We will consider the range 1 < µ ! 2, because the VIB feature is most
important in the nearly degenerate case. In this range, the shape of the VIB spectrum is
almost independent of µ (it becomes slightly wider for larger µ), but its normalization can
vary rather strongly: for µ = 1.1 (µ = 2.0), the rate is already suppressed by a factor of 0.55
(0.05) with respect to the exactly degenerate µ = 1 case; for large µ, the rate scales as ∝ µ−4

(whereas the two-body annihilation rate scales like ∝ µ−2). For comparison with our main
results, we will also derive limits from dwarf galaxy observations (see Section 4.1); in this
case we will take into account both VIB and secondary photons.

2.2 Connection to the MSSM

Before continuing, let us briefly mention the connection between our toy model and the much
more often studied case of supersymmetry. The minimal supersymmetric extension to the
standard model (MSSM) is extremely well motivated from a particle physics point of view—
leading, in particular, to a unification of gauge couplings and strongly mitigating fine-tuning
issues in the Higgs sector—and the stability of the lightest supersymmetric particle (LSP)
is guaranteed by the conservation of R-parity; if it is neutral and weakly interacting, the
LSP thus makes for an ideal DM candidate (for a comprehensive and pedagogical primer to
supersymmetry and the MSSM see e.g. Ref. [61]).

In most cases, the lightest neutralino is the LSP, and thus a prime candidate for WIMP
DM [3]. It is a linear combination of the superpartners of the neutral components of the

1We use throughout the values αs = 0.118 and αem = 1/128 as evaluated at the mass of the Z boson. For
DM masses mχ = 40 to 300 GeV this approximation affects the VIB photon cross-section at the few percent
level, and the gluon VIB cross-section by ! 20%.
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130 GeV dark matter and the Fermi gamma-ray line

James M. Cline∗

Department of Physics, McGill University, 3600 Rue University, Montréal, Québec, Canada H3A 2T8

Based on tentative evidence for a peak in the Fermi gamma-ray spectrum originating from near
the center of the galaxy, it has been suggested that dark matter of mass ∼ 130 GeV is annihilating
directly into photons with a cross section ∼ 24 times smaller than that needed for the thermal
relic density. We propose a simple particle physics model in which the DM is a scalar X, with a
coupling λXX2|S|2 to a scalar multiplet S carrying electric charge, which allows for XX → γγ at
one loop due to the virtual S. We predict a second monochromatic photon peak at 114 GeV due
to XX → γZ. The S is colored under a hidden sector SU(N) or QCD to help boost the XX → γγ
cross section. The analogous coupling λhh

2|S|2 to the Higgs boson can naturally increase the partial
width for h → γγ by an amount comparable to its standard model value, as suggested by recent
measurements from CMS. Due to the hidden sector SU(N) (or QCD), S binds to its antiparticle
to form S-mesons, which will be pair-produced in colliders and then decay predominantly to XX,
hh, or to glueballs of the SU(N) which subsequently decay to photons. The cross section for X on
nucleons is close to the Xenon100 upper limit, suggesting that it should be discovered soon by direct
detection.

Refs. [1, 2] have recently found tentative evidence for
a narrow spectral feature at Eγ = 130 GeV in the Fermi-
LAT [3] data (a 4.6σ excess, or 3.3σ taking into account
the look-elsewhere effect), and have interpreted it as pho-
tons from the annihilation of dark matter (DM) of the
same mass. The Fermi collaboration does not yet re-
port such a signal, but their most recent upper limit of
⟨σv⟩ ∼ 10−27cm3s−1 (assuming an Einasto profile) for
130 GeV DM to annihilate into two photons [4] is con-
sistent with the required cross section found in [2]. The
DM interpretation was bolstered in ref. [5], which showed
that the two-photon annihilation channel gives a better
fit to the feature than do other final states leading to
photons, the others tending to give a broader peak than
is observed. Ref. [6] has suggested that the excess has
an astrophysical origin associated with the Fermi bub-
ble regions, but ref. [5] claims to locate the spatial re-
gions in which the signal is maximized, indicating that
the strongest emission is coming from close to the galac-
tic center and not the Fermi bubble regions. In this note
we adopt the annihilating DM hypothesis and propose a
model which can account for the monochromatic photon
line.1
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FIG. 1: Feynman diagrams for the annihilation XX → γγ
mediated by virtual S.

∗Electronic address: jcline@physics.mcgill.ca
1 For an alternative model involving an extra U(1) gauge boson
see [7]. See also [8] for an earlier model that can provide gamma
ray lines from DM annihilation.

Dark matter (here denoted by X) should couple only
weakly to photons, if at all, at tree-level [9, 10]. One way
to insure the “darkness” of the DM is for it to couple
to photons only via loops. At one loop, the DM should
couple directly to charged particles S. To make a renor-
malizable coupling of this type, both X and S must be
bosons, since the stability of X and the conservation of
charge require X2 and |S|2. This leads us to consider the
interactions

Lint =
λX

2
X2 |S|2 + λh|H |2 |S|2 +

λhX

2
|H |2 X2 (1)

betweenX , the Higgs doubletH , and S. The second cou-
pling is not necessary, but neither is there is any reason to
forbid it, and in fact we will show that it can naturally
give rise to an interesting enhancement in the h → γγ
branching ratio, for the same values of the S mass and
charge as needed to explain the Fermi line. The third
coupling is useful for achieving the correct relic density
of X [11], as we will discuss. The stability of X is insured
by the Z2 symmetry X → −X .

Decays of S. It is necessary to make S unstable
in order to avoid charged relics, on whose abundance
there are very stringent bounds from terrestrial searches
for anomalous heavy isotopes [12, 13] and from their ef-
fects on big bang nucleosynthesis [14, 15]. We will also
find it useful to let S transform under QCD or a hid-
den SU(N) gauge symmetry, in order to boost the cross
section for XX → γγ. Suppose S is in the fundamen-
tal representation of SU(N) for definiteness. If SU(N)
is QCD and S has charge 4/3, it can decay into right-
handed up-type quarks through the renormalizable op-
erator ϵαβγSαūR,βuc

R,γ . If the SU(N) is exotic, then S
could decay into a lighter, neutral fundamental repre-
sentation field T and two charged right-handed fermions
through a dimension 5 operator. For example, if S has
charge qS = 2, the decay into T + e+ + e+ occurs via the

2 Gamma-ray flux from dark matter annihilation

The continuum gamma-ray differential flux from DM annihilation from a given observational region
∆Ω in the galactic halo has two main contributions: Prompt and Inverse Comptom Scattering
(ICS),

dΦγ

dEγ
(Eγ ,∆Ω) =

(

dΦγ

dEγ

)

prompt

+

(

dΦγ

dEγ

)

ICS

. (1)

We detail both contributions in the next subsections.

2.1 Prompt gamma rays

A continuous spectrum of gamma rays is produced by the decays of π0’s generated in the cascading
of annihilation products and by internal bremsstrahlung. While the former process is completely
determined for each given final state of annihilation, the latter depends on the details of the DM
model, such as the spin of the DM particle and the properties of the mediating particle. Neverthe-
less, it is known that internal bremsstrahlung always contains much model-independent final state
radiations, which are emitted directly from charged particles in the final states. In our analysis of
generic DM models, we only consider these components of the continuum spectrum (HOW IMPOR-
TANT ARE THE OTHERS?). It is a safe choice for the conservative approach that we follow, since
the inclusion of model-dependent components like (WHICH ARE THE OTHERS?) virtual internal
bremsstrahlung would make constraints stronger.

The prompt contribution can be written as

(

dΦγ

dEγ

)

prompt

=
∑

i

dN i
γ

dEγ
⟨σiv⟩

1

8πm2
DM

J̄(∆Ω)∆Ω , (2)

where the discrete sum is over all DM annihilation channels, dN i
γ/dEγ is the differential gamma-ray

yield, ⟨σiv⟩ is the annihilation cross section averaged over its velocity distribution, mDM is the mass
of the DM particle, and the quantity J̄(∆Ω), commonly known as the J-factor, is defined as

J̄(∆Ω) ≡
1

∆Ω

∫

dΩ

∫

l.o.s.
ρ2(r(l,Ψ)) dl . (3)

This quantity accounts for both the DM distribution and the geometry of the problem1. The integral
of the DM squared density ρ2 in the direction of observation Ψ is along the line of sight (l.o.s), and
r and l represent the galactocentric distance and the distance to the Earth, respectively.

In eq. (2), all the dependence on astrophysical parameters is contained in the factor J̄(∆Ω)∆Ω,
whereas the rest of the terms contain the particle physics details2. The most crucial aspect in the
calculation of J̄(∆Ω)∆Ω is related to the modeling of the DM distribution.

1In other works it also includes instrumental effects such as the Point Spread Function, see e.g., Refs.[4, 5, 6, 7].
CHECK THIS COMMENT

2Strictly speaking, both terms are not completely independent each other, as the minimum predicted mass for
DM halos is set by the properties of the DM particle and it is expected to play an important role also in the J-factor.
CHECK THIS COMMENT
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Astrophysical input 

DM Density profile 

Region of observation (backgrounds) 

Theoretical input 

DM annihilation cross section IN THE HALO 

mW = 100GeV

ϵ = 300 kg yr (1.27)

⟨σv⟩ ≈ a + bv2 (1.28)

v2Decoupling ≈ 1/20 (1.29)

v2halo ≈ 10−7 (1.30)
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Fermi-LAT ‘14 
Fermi-LAT can provide constraints for light WIMPs 

Constraint on 
light WIMPs 

Fermi-LAT  

Fermi-LAT observation of Dwarf 
Spheroidals 

Thermal cross-section excluded for 
some channels (bb and ττ)

m>100 GeV for the bb channel  
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Figure 2: e�MSSM in the (⇥�ann v⇤, mDM) plane. All points are consistent with all

accelerator constraints and red points have a neutralino thermal relic abundance con-

sistent with WMAP. Blue points have a lower thermal relic density but it is assumed

that neutralinos still comprise all of the DM in virtue of additional non-thermal produc-

tion processes. The line indicate the Fermi 95% upper limits obtained from likelihood

analysis on the 8 selected dwarfs. Figure from [31].

of the parameter space are included. We can see in Fig. 2 that these (red) points remain

unconstrained.

No excess has been observed either from dSphs in Cherenkov telescopes like HESS,

VERITAS, MAGIC and Whipple, implying limits from these studies that vary between

a few times � 10�23 to a few times 10�22 cm3 s�1 for a 1 TeV mass neutralino. Let us

remark that Cherenkov telescopes are more sensitive to DM particles with high masses

(higher than about 200 GeV), and their searches are thus complementary to those of

Fermi.

In a recent work [33], using 24 months of data, adding Segue 1 and Carina to

the sample of 8 dSphs analyzed in [31], and including the uncertainty in the DM

distribution, Fermi-LAT collaboration was able to obtain stronger constrains combining

all the dSph observations into a single joint likelihood function. The upper limits on

the annihilation cross section can be seen in Fig. 3 from ref. [33]. Thus WIMPs with

thermal cross sections are ruled out up to a mass of about 27 GeV for the bb̄ channel

13

Abdo et al. 1001.4531 

“Thermal” DM might have a smaller <σv> in the halo  

Coannihilation effects,  
velocity-dependent cross-section 
resonances 

Neutralino MSSM 

OKC	9/2/2016	
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Hooper, Goodenough 2010  
Hooper, Linden 2011 

Compatible with the annihilation of a light 
WIMP ~10-50 GeV 

Abazajian 1011.4275 
Chernyakova 1009.2630 

 Boyarsky, Malyshev, Ruchayskiy, 1012.5839 

or millisecond pulsars, cosmic ray effects or 
different spectrum at galactic centre.  

Excess at low energies in Fermi-LAT data from the GC 

Fermi-LAT 1704.03910  

Most recent analysis by Fermi-LAT confirms the 
excess 

Fits normally done for pure annihilation channels 

 

Compatible with WIMP DM 

2

annihilation] cross section [DC: in the Early Universe of
⟨σv⟩ ∼] 1-2×10−26 cm3/s, [DC: remarkably close to that
expected for a thermal relic]. ⟨σv⟩ ∼ 10−26 cm3/s
This situation has triggered many studies interpreting

the excess from the particle physics point of view [12–39].
However, as pointed out in Ref. [40], it is [DC: crucial]
to understand if this excess [DC: can be obtained within]
a complete theoretical framework. [DC: In] the case of
SUSY this is highly non-trivial, [DC: however very re-
cently,] a new study has shown that the neutralino in
the MSSM, and other simplified DM models can still de-
scribe the excess for DM masses up to hundreds of GeV
depending on the primary annihilation channel [41]. [DC:
Do they include direct detection bounds and LHC con-
straints as we do?]
In this work, we extend our previous analysis [42] to

demonstrate that the right-handed (RH) sneutrino DM
in the NMSSM is an excellent scenario to account for the
excess while fulfilling constraints from direct detection
experiments, LHC and low energy observables. In our
analysis we also incorporate Fermi-LAT constraints from
dwarf spheroidal galaxies (dSph), including an estimation
of the effect that the most recent results have on our data.
[DC: Modify this paragraph, more details, similar to the
abstract].

RH SNEUTRINO DM IN THE NMSSM

This model has been extensively described in Refs. [45,
46]. It is an extended version of the NMSSM, in which a
new gauge singlet superfield, N , is introduced in order to
account for RH neutrino and sneutrino (Ñi) states [DC:
as in [43, 44]]. The superpotential of this construction is
given by

W = WNMSSM + λNSNN + yNL ·H2N, (1)

where flavour indices are omitted and the dot denotes the
antisymmetric SU(2)L product. WNMSSM is the NMSSM
superpotential, λN is a new dimensionless coupling, yN
is the neutrino Yukawa coupling, and H1,2 are the down
and up type doublet Higgs components, respectively. As
in the NMSSM, a global Z3 symmetry is imposed so that
there are no supersymmetric mass terms in the superpo-
tential. Since we assume R-parity conservation in order
to guarantee the stability of the LSP, the terms NNN
and SSN are forbidden. Furthermore, we do not con-
sider CP violation in the Higgs sector.
After radiative electroweak symmetry-breaking the

Higgs fields get non-vanishing vacuum expectation val-
ues (VEVs) and the physical Higgs states correspond to a
superposition of the H1, H2 and S fields. The RH sneu-
trino interacts with the SM particles through the mix-
ing in the Higgs sector thanks to the coupling λNSNN ,
thereby behaving as a WIMP.

[DC: Interestingly, light RH sneutrinos with masses in
the range of 10− 150 GeV are viable as DM candidates
[49] and constitute ideal candidates to account for the
GCE, as we already pointed out in Ref. [42]. Their phe-
nomenology is very rich, as they can annihilate into a
variety of final states, some of which include scalar and
pseudoscalar Higgses. In particular, if mÑ1

> mH0
1
(A0

1
),

the annihilation final state of sneutrinos is dominated
by a H0

1H
0
1 (A

0
1A

0
1) pair in vast regions of the param-

eter space. It must be noticed that through the pro-
cess Ñ1Ñ1 → H0

1H
0
1 (A

0
1A

0
1) with the subsequent decay

H0
1 (A

0
1) → f f̄ , GḠ where f denotes a fermion and G a

gauge boson, a non-standard final state is produced. In
general, this process will create a gamma ray flux contain-
ing a continuum component plus spectral features coming
from the γγ final states. ]
[DC: Given that the final state is not a pure channel

and include exotic configurations the model independent
approach generally found in the literature is not applica-
ble. In the next section we describe in detail how the fit
to the Fermi-LAT GCE is performed.]

FITTING THE GCE WITH RH SNEUTRINOS

Previous analyses of the GCE employ different assump-
tions on the Galactic diffuse and point source compo-
nents. Consequently, the reconstructed DM mass and
annihilation cross section differ slightly. In this work we
have followed the results of Ref. [10] where the authors
take into account theoretical model systematics by ex-
ploring a large range of Galactic diffuse emission models.
When these systematics are included as correlated er-
rors in the residual spectrum, the best fit for the DM
interpretation corresponds to a bb̄ final state with a mass
of 49+6.4

−5.4 GeV and a velocity averaged cross section of
1.76+0.28

−0.27 × 10−26 cm3/s.
To implement this analysis in our model, we have per-

formed a series of scans over the parameter space of the
model, implementing the bounds from collider, direct and
indirect detection experiments (for more details on the
scan and constraints the reader is referred to Ref. [42]).
All [DC: computing the gamma ray spectrum as well
as the RH sneutrino relic abundance with] micrOMEGAs
3.6.9 [50]. We set an upper bound on the RH sneu-
trino relic abundance, ΩÑ1

h2 < 0.13, consistent with
the latest Planck results [51]. Besides, we have con-
sidered the possibility that RH sneutrinos only con-
tribute to a fraction of the total relic density, and set
for concreteness a lower bound on the relic abundance,
0.001 < ΩÑ1

h2. To deal with these cases, the fractional
density, ξ = min[1,ΩÑ1

h2/0.11], will be introduced to ac-
count for the reduction in the rates for direct and indirect
searches (assuming that the RH sneutrino is present in
the DM halo in the same proportion as in the Universe).
[DC: We .]

2

annihilation] cross section [DC: in the Early Universe of
⟨σv⟩ ∼] 1-2×10−26 cm3/s, [DC: remarkably close to that
expected for a thermal relic]. mDM ∼ 20− 100 GeV
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the excess from the particle physics point of view [12–39].
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Do they include direct detection bounds and LHC con-
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In this work, we extend our previous analysis [42] to

demonstrate that the right-handed (RH) sneutrino DM
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experiments, LHC and low energy observables. In our
analysis we also incorporate Fermi-LAT constraints from
dwarf spheroidal galaxies (dSph), including an estimation
of the effect that the most recent results have on our data.
[DC: Modify this paragraph, more details, similar to the
abstract].

RH SNEUTRINO DM IN THE NMSSM
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the range of 10− 150 GeV are viable as DM candidates
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> mH0
1
(A0

1
),
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by a H0

1H
0
1 (A

0
1A

0
1) pair in vast regions of the param-
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cess Ñ1Ñ1 → H0

1H
0
1 (A

0
1A

0
1) with the subsequent decay

H0
1 (A

0
1) → f f̄ , GḠ where f denotes a fermion and G a

gauge boson, a non-standard final state is produced. In
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ing a continuum component plus spectral features coming
from the γγ final states. ]
[DC: Given that the final state is not a pure channel
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nents. Consequently, the reconstructed DM mass and
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have followed the results of Ref. [10] where the authors
take into account theoretical model systematics by ex-
ploring a large range of Galactic diffuse emission models.
When these systematics are included as correlated er-
rors in the residual spectrum, the best fit for the DM
interpretation corresponds to a bb̄ final state with a mass
of 49+6.4

−5.4 GeV and a velocity averaged cross section of
1.76+0.28

−0.27 × 10−26 cm3/s.
To implement this analysis in our model, we have per-

formed a series of scans over the parameter space of the
model, implementing the bounds from collider, direct and
indirect detection experiments (for more details on the
scan and constraints the reader is referred to Ref. [42]).
All [DC: computing the gamma ray spectrum as well
as the RH sneutrino relic abundance with] micrOMEGAs
3.6.9 [50]. We set an upper bound on the RH sneu-
trino relic abundance, ΩÑ1

h2 < 0.13, consistent with
the latest Planck results [51]. Besides, we have con-
sidered the possibility that RH sneutrinos only con-
tribute to a fraction of the total relic density, and set
for concreteness a lower bound on the relic abundance,
0.001 < ΩÑ1

h2. To deal with these cases, the fractional
density, ξ = min[1,ΩÑ1

h2/0.11], will be introduced to ac-
count for the reduction in the rates for direct and indirect
searches (assuming that the RH sneutrino is present in
the DM halo in the same proportion as in the Universe).
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FIG. 3. Preferred DM mass and annihilation cross-section (1,
2 and 3 � contours) for all single channel final states where
ICS emission can be safely ignored. Vertical gray lines refer
to the W , Z, h and t mass thresholds. The p-values for an-
nihilation to pure W+W �, ZZ and t̄t final states are below
0.05, indicating that the fit is poor for these channels; see
Tab. I. Uncertainties in the DM halo of the Milky Way are
parametrized and bracketed by A = [0.17, 5.3], see Sec. V.
The results shown here refer to A = 1.

that the interpolation at mass threshold agrees with our
own results from PYTHIA 8.186.

In addition to gamma rays, CR electrons and positrons
are produced as final (stable) products of DM annihila-
tions. These CR electrons/positrons, like all other elec-
trons/positrons propagate in the Galaxy and produce
ICS and bremsstrahlung emission.5 Generally, the ICS
emission is expected to be more important for DM mod-
els with significant branching ratios to (light) leptons.
Therefore we separate our discussion to first address the
cases when ICS emission can be safely ignored, before
discussing in detail ICS emission for annihilation to lep-
tons.

A. Single annihilation channels without ICS

We first discuss annihilation to pure two-body annihi-
lation states for the cases when ICS emission can be safely
ignored. This turns out to be all cases except annihila-
tion to electrons and muons. In Fig. 3 we show the best-

5
CR p and p̄ from DM annihilations can also give their own ⇡0

emission of DM origin, but are suppressed from the p̄/p measure-

ments already by at least five orders of magnitude compared to

the conventional Galactic di↵use ⇡0
emission.

Channel
h�vi

(10�26 cm3 s�1)
m�

(GeV) �2
min p-value

q̄q 0.83+0.15
�0.13 23.8+3.2

�2.6 26.7 0.22

c̄c 1.24+0.15
�0.15 38.2+4.7

�3.9 23.6 0.37

b̄b 1.75+0.28
�0.26 48.7+6.4

�5.2 23.9 0.35

t̄t 5.8+0.8
�0.8 173.3+2.8

�0 43.9 0.003

gg 2.16+0.35
�0.32 57.5+7.5

�6.3 24.5 0.32

W+W � 3.52+0.48
�0.48 80.4+1.3

�0 36.7 0.026

ZZ 4.12+0.55
�0.55 91.2+1.53

�0 35.3 0.036

hh 5.33+0.68
�0.68 125.7+3.1

�0 29.5 0.13

⌧+⌧� 0.337+0.047
�0.048 9.96+1.05

�0.91 33.5 0.055
⇥
µ+µ� 1.57+0.23

�0.23 5.23+0.22
�0.27 43.9 0.0036

⇤
��ICS

TABLE I. Results of spectral fits to the Fermi GeV excess
emission as shown in Fig. 2, together with ±1� errors (which
include statistical as well as model uncertainties, see text).
We also show the corresponding p-value. Annihilation into
q̄q, c̄c, b̄b, gg and hh all give fits that are compatible with
the observed spectrum. There is also a narrow mass where
annihilation into ⌧+⌧� is not excluded with 95% CL signifi-
cance. Annihilation to pure W+W �, ZZ and t̄t is excluded
at 95% CL, as is the µ+µ� spectrum without ICS emission
(��ICS). Bosons masses are from the PDG live [101].

fit annihilation cross-section and DM mass for all other
two-body annihilation states involving SM fermions and
bosons. The results are also summarized in Tab. I, where
we furthermore give the p-value of the fit as a proxy for
the goodness-of-fit. As with previous analyses, we find
that annihilation to gluons and quark final states q̄q, c̄c
and b̄b, provides a good fit. In the case of the canonical b̄b
final states, we find slightly higher masses are preferred
compared to previous analyses, see e.g. Refs. [12, 14, 15].
This is because of the additional uncertainty in the high-
energy tail of the energy spectrum that is allowed for in
this analysis. The highest mass to b̄b final states that
still gives a good fit (with a p-value > 0.05) is 73.9 GeV.

As the tail of the spectrum extends to higher energy, we
also consider annihilation to on-shell t̄t and SM bosons.
For t̄t, we find that the fit is poor because the DM spec-
trum peaks at too high an energy (⇠ 4.5 GeV rather than
the observed peak at 1–3 GeV). As the p-value is very low
for this channel, we do not consider it further. Pure an-
nihilation to pairs of W and Z gauge bosons are also ex-
cluded at a little over 95% CL significance. However, per-
haps surprisingly, annihilation to pairs of on-shell Higgs
bosons (colloquially referred to as “Higgs in Space” [102])
produce a rather good fit, so long as h is produced close
to rest. This is analogous to the scenario studied in
Ref. [103] in a di↵erent context. One interesting feature
of this channel is the gamma-ray line at m�/2 ' 63 GeV
from h decay to two photons. This is clearly visible in the
central panel of Fig. 2. The branching ratio for h ! ��

Calore et al. 1411.4647 
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Cuoco	et	al.	1610.03071	
Cui,	Yuan,	Tsai,	Fan	1610.03840	

Antimatter searches (antiprotons) 

The AMS detector has also observed an excess in the measured 
antiproton flux 

Care must be taken with the 
treatment of the propagation 
parameters 
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The AMS excess is compatible with the Fermi-LAT excess 

If interpreted in terms of DM annihilation, both excesses can be fit with DM 
particles that have the annihilation cross section of a typical WIMP and that 
annihilate mostly into quarks or W, Z bosons. 

Cuoco	et	al.	1704.08258	
	

This is extremely interesting, as it gives us hints on how to build consistent 
models to account for these excesses 
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1 Introduction

2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(
σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)
, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.

2
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Direct dark matter direct detection 

WIMP expected fingerprint:  
 
•  Exponential spectrum 
•  Annual Modulation of the signal 
•  Directionality 

Experimental challenges: 
 
•  Increment Target Size 
•  Low Energy threshold 
•  Reduction of backgrounds 
•  Discriminating WIMP events 

21/07/17	
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Let us start by briefly reviewing some basic expressions describing the WIMP rate in
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nucleus with mass mN is given by
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=
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where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.
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2 Direct dark matter detection

Let us start by briefly reviewing the basic expressions that describe the WIMP rate in

direct dark matter detection [23] (for a recent review see Ref. [24]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER, vmin =
√

(mNER)/(2µ2
N), and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(SI) and a spin-dependent (SD) contribution, and the total WIMP-nucleus cross sec-

tion is calculated by adding coherently the above spin and scalar components, using

nuclear wave functions. The differential cross section thus reads

dσWN

dER
=

(

dσWN

dER

)

SI

+

(

dσWN

dER

)

SD

=
mN

2µ2
Nv

2

(

σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)

, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the SI and

SD contributions.

The observed number of dark matter events and the differential rate are subject

to uncertainties in the nuclear form factors and the parameters describing the dark

matter halo. Determining the impact of these is crucial to understand the capability

4

Conventional direct detection approach 

Spin-independent and Spin-dependent components, 
stemming from different microscopic interactions 
leading to different coherent factors 

Target material (sensitiveness to 
different couplings) 

Detection threshold  

21/07/17	
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5

visible in the data following such an activation, is used
to calibrate the energy scale to keVee and to correct for
any changes in the energy scale with time (see Sec. V).

WIMP scatters are expected to be NRs; so a nuclear-
recoil energy is ultimately constructed, called “nuclear-
recoil equivalent” energy in units of keVnr and denoted
by Er,nr. The calibration to keVnr is performed by com-
paring Eq. 7, assuming the detector sees the full Vb bias,
for an ER and NR with the same Et, and solving for Er,nr

Er,nr = Er,ee

✓
1 + eVb/"�

1 + Y (Er,nr)eVb/"�

◆
, (8)

where Y (Er,nr) is the yield as a function of nuclear-recoil
energy, for which a model is needed. The model used is
that of Lindhard [25]

Y (Er,nr) =
k · g(")

1 + k · g(") , (9)

where g(") = 3"0.15 + 0.7"0.6 + ", " =
11.5Er,nr(keVnr)Z�7/3, and Z is the atomic num-
ber of the material. For germanium, k = 0.157. The
Lindhard model has been shown to roughly agree with
measurements in germanium down to ⇠250 eVnr [26, 27],
although measurements in this energy range are di�cult
and relatively few exist [28–30].

B. Data Sets and Previous Results

A single detector was operated in CDMSlite mode
during two operational periods, “Run 1” in 2012 and
“Run 2” in 2014. The initial analyses of these data sets,
published in Refs. [11] and [12] respectively, applied var-
ious selection criteria (cuts) to the data sets and used
the remaining events to compute upper limits on the SI
WIMP-nucleon interaction. These limits were computed
using the optimal interval method [31], the nuclear form
factor of Helm [9, 32], and assuming that the SI interac-
tion is isoscalar. Under this last assumption, the WIMP-
nucleon cross section �

SI
N

is related to �

SI
0 in Eq. 1 as

�

SI
0 = (Aµ

T

/µ

N

)2 �SI
N

, where µ

N

is the reduced mass of
the WIMP-nucleon system.

CDMSlite Run 1 was a proof of principle and the first
time WIMP-search data were taken in CDMSlite mode.
For Run 1, the detector was operated at a nominal bias
of �69 V and an analysis threshold of 170 eVee was
achieved. In an exposure of just 6.25 kg d, the experi-
ment reached the SI sensitivity shown in Fig. 3 (labeled
“Run 1”), which was world-leading for WIMPs lighter
than 6 GeV/c2 at the time of publication [11].

The total e�ciency and spectrum from Run 1 are
shown in Figs. 4 and 5 respectively. In addition to the
71Ge activation peaks, the K-shell activation peak from
65Zn is visible in the Run 1 spectrum. The 65Zn was
created by cosmic-ray interactions, with production ceas-
ing once the detector was brought underground in 2011,
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Figure 3. Spin-independent WIMP-nucleon cross-section
90% upper limits from CDMSlite Run 1 (red dotted curve
with red uncertainty band) [11] and Run 2 (black solid curve
with orange uncertainty band) [12] compared to the other
(more recent) most sensitive results in this mass region:
CRESST-II (magenta dashed curve) [33], which is more sen-
sitive than CDMSlite Run 2 for mWIMP . 1.7 GeV/c2, and
PandaX-II (green dot-dashed curve) [34], which is more sen-
sitive than CDMSlite Run 2 for mWIMP & 4 GeV/c2. The
Run 1 uncertainty band gives the conservative bounding val-
ues due to the systematic uncertainty in the nuclear-recoil
energy scale. The Run 2 band additionally accounts for the
uncertainty on the analysis e�ciency and gives the 95% un-
certainty on the limit.

and decayed with a half-life of ⌧1/2 ⇡ 244 d [35]. The
analysis threshold was set at 170 eVee to maximize dark
matter sensitivity while avoiding noise at low energies
(see Sec. III C). To compute upper limits, the conversion
from keVee to keVnr was performed using the standard
Lindhard-model k value (Eq. 9) of 0.157. Limits were
also computed using k = 0.1 and 0.2, chosen to repre-
sent the spread of experimental measurements [26–30],
to bound the systematic due to the energy-scale conver-
sion. As shown in Fig. 3, this uncertainty has a large
e↵ect at the lowest WIMP masses.
In Run 2, the detector was operated with a bias of

�70 V, the analysis threshold was further reduced be-
cause of improved noise rejection, and a novel fiducial-
volume criterion was introduced to reduce backgrounds.
The total e�ciency and spectrum from this run are com-
pared to those of the first run in Figs. 4 and 5. Because of
the lower analysis threshold, decreased background, and
a larger exposure of 70.10 kg d, the experiment yielded
even better sensitivity to the SI interaction than Run 1
[12], as shown in Fig. 3 (labeled “Run 2”). The sec-
ond run was split into two distinct data periods (see
Sec. III C), labeled “Period 1” and “Period 2”, that had
analysis thresholds of 75 and 56 eVee, respectively.
For the Run 2 result, the uncertainties of the analysis

were propagated into the final limit by simulating 1000
pseudoexperiments and setting a limit with each. The

XENON1T	
	1705.06655		

SuperCDMS		
1707.01632	

Current searches (spin-independent scattering)   

DISCLAIMER:  THIS PLOT ASSUMES 
 
•  Isothermal Spherical Halo 
•  WIMP with only spin-independent interaction 
•  coupling to protons = coupling to neutrons 
•  elastic scattering 
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Future dark matter experiments will be sensitive to this SM process, limiting the 
reach for DM searches (Neutrino Floor) 
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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whereby any unpaired nucleon contains the full
J quantum number of the nucleus in its ground
state.

We assume that the mediators are light (below
the few GeV scale) and their couplings to SM par-
ticles are small. Therefore, their contribution to
electron and nucleus scattering (via t-channel ex-
change) should be negligible at a high momentum
transfer q2 � m2

�,Z

0 but will be enhanced for low
scale measurements.

B. Predicted event rates and sensitivities

In Fig. 3 we show the e↵ect that the presence of
scalar, vector and axial vector interactions would
have upon the rate of scattering events per ton-
year as a function of the low-energy threshold.
The rate of electron recoil events for a 132Xe tar-
get, as well as coherent nuclear recoil events for a
variety of di↵erent target materials and mediator
masses are plotted. In all cases shown, the new
physics contribution grows with lower recoil ener-
gies, showing the need for low-threshold detectors.

Electron recoil spectra (shown on the left col-
umn) are from pp neutrinos, the lowest energy
and most copious neutrinos produced in the Sun.
Since lowering the threshold of detection does not
open up any new sources of neutrinos, a threshold
of E

th

⇠ 1 keV is su�cient to maximize the SM
event rate. The size of the new-physics contribu-
tion is dictated by the mass of the mediator and
the corresponding coupling. In the limit of small
mediator masses, the di↵erential cross section in
Tab. IV scales as d�/dE
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/ E�1

R

for scalar medi-
ators and d�/dE
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/ E�2

R

for vector and axial vec-
tor mediators, thus leading to substantial changes

at low energies. Therefore, if the experimental
threshold is low enough, an enhancement of the
signal with respect to the SM prediction could be
observed. This does not hold for pseudoscalar me-
diators, as shown in Fig. 5, since in the small mass
limit d�/dE

R

is energy-independent. Although we
are only showing the results for 132Xe, the rates for
any other target can be found by rescaling by the
corresponding number of electrons per unit mass.

For nuclear recoils the integrated event rate also
increases sharply with decreasing threshold. This
can be seen as a sharp break in the right-hand
panels of Fig. 3. This break corresponds to the
intersection of new physics and SM contributions
and its location depends on the values of the cou-
plings. The fact that this enhancement becomes
visible in these figures around the same energy as
the CNO flux is a coincidence due to the choice of
coupling, but the CNO contribution nonetheless
results in further enhancement.

The target material dependence is very pro-
nounced due to kinematics, as the maximum recoil
energy is suppressed by the large nucleus mass,
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For this reason, heavier targets need a lower
threshold to probe both new fluxes of neutrinos
and new physics processes at low energies. For ex-
ample, whereas E

th

⇡ 2 keV is needed for xenon
to be sensitive to 8B neutrinos, these can be ac-
cessed by a hypothetical detector based on neon
with only E

th

⇡ 10 keV. The material dependence
also enters into the coherence factors (Eqs. 14–18)
for nuclear recoils which in turn depend on A/Z.

As in the case of electron recoils, the most pro-
nounced deviations from the SM prediction occur
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whereby any unpaired nucleon contains the full
J quantum number of the nucleus in its ground
state.

We assume that the mediators are light (below
the few GeV scale) and their couplings to SM par-
ticles are small. Therefore, their contribution to
electron and nucleus scattering (via t-channel ex-
change) should be negligible at a high momentum
transfer q2 � m2

�,Z

0 but will be enhanced for low
scale measurements.

B. Predicted event rates and sensitivities

In Fig. 3 we show the e↵ect that the presence of
scalar, vector and axial vector interactions would
have upon the rate of scattering events per ton-
year as a function of the low-energy threshold.
The rate of electron recoil events for a 132Xe tar-
get, as well as coherent nuclear recoil events for a
variety of di↵erent target materials and mediator
masses are plotted. In all cases shown, the new
physics contribution grows with lower recoil ener-
gies, showing the need for low-threshold detectors.

Electron recoil spectra (shown on the left col-
umn) are from pp neutrinos, the lowest energy
and most copious neutrinos produced in the Sun.
Since lowering the threshold of detection does not
open up any new sources of neutrinos, a threshold
of E

th

⇠ 1 keV is su�cient to maximize the SM
event rate. The size of the new-physics contribu-
tion is dictated by the mass of the mediator and
the corresponding coupling. In the limit of small
mediator masses, the di↵erential cross section in
Tab. IV scales as d�/dE
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ators and d�/dE
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for vector and axial vec-
tor mediators, thus leading to substantial changes

at low energies. Therefore, if the experimental
threshold is low enough, an enhancement of the
signal with respect to the SM prediction could be
observed. This does not hold for pseudoscalar me-
diators, as shown in Fig. 5, since in the small mass
limit d�/dE

R

is energy-independent. Although we
are only showing the results for 132Xe, the rates for
any other target can be found by rescaling by the
corresponding number of electrons per unit mass.

For nuclear recoils the integrated event rate also
increases sharply with decreasing threshold. This
can be seen as a sharp break in the right-hand
panels of Fig. 3. This break corresponds to the
intersection of new physics and SM contributions
and its location depends on the values of the cou-
plings. The fact that this enhancement becomes
visible in these figures around the same energy as
the CNO flux is a coincidence due to the choice of
coupling, but the CNO contribution nonetheless
results in further enhancement.

The target material dependence is very pro-
nounced due to kinematics, as the maximum recoil
energy is suppressed by the large nucleus mass,
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For this reason, heavier targets need a lower
threshold to probe both new fluxes of neutrinos
and new physics processes at low energies. For ex-
ample, whereas E

th

⇡ 2 keV is needed for xenon
to be sensitive to 8B neutrinos, these can be ac-
cessed by a hypothetical detector based on neon
with only E

th

⇡ 10 keV. The material dependence
also enters into the coherence factors (Eqs. 14–18)
for nuclear recoils which in turn depend on A/Z.

As in the case of electron recoils, the most pro-
nounced deviations from the SM prediction occur
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whereby any unpaired nucleon contains the full
J quantum number of the nucleus in its ground
state.

We assume that the mediators are light (below
the few GeV scale) and their couplings to SM par-
ticles are small. Therefore, their contribution to
electron and nucleus scattering (via t-channel ex-
change) should be negligible at a high momentum
transfer q2 � m2

�,Z

0 but will be enhanced for low
scale measurements.

B. Predicted event rates and sensitivities

In Fig. 3 we show the e↵ect that the presence of
scalar, vector and axial vector interactions would
have upon the rate of scattering events per ton-
year as a function of the low-energy threshold.
The rate of electron recoil events for a 132Xe tar-
get, as well as coherent nuclear recoil events for a
variety of di↵erent target materials and mediator
masses are plotted. In all cases shown, the new
physics contribution grows with lower recoil ener-
gies, showing the need for low-threshold detectors.

Electron recoil spectra (shown on the left col-
umn) are from pp neutrinos, the lowest energy
and most copious neutrinos produced in the Sun.
Since lowering the threshold of detection does not
open up any new sources of neutrinos, a threshold
of E

th

⇠ 1 keV is su�cient to maximize the SM
event rate. The size of the new-physics contribu-
tion is dictated by the mass of the mediator and
the corresponding coupling. In the limit of small
mediator masses, the di↵erential cross section in
Tab. IV scales as d�/dE

R

/ E�1

R

for scalar medi-
ators and d�/dE

R

/ E�2

R

for vector and axial vec-
tor mediators, thus leading to substantial changes

at low energies. Therefore, if the experimental
threshold is low enough, an enhancement of the
signal with respect to the SM prediction could be
observed. This does not hold for pseudoscalar me-
diators, as shown in Fig. 5, since in the small mass
limit d�/dE

R

is energy-independent. Although we
are only showing the results for 132Xe, the rates for
any other target can be found by rescaling by the
corresponding number of electrons per unit mass.

For nuclear recoils the integrated event rate also
increases sharply with decreasing threshold. This
can be seen as a sharp break in the right-hand
panels of Fig. 3. This break corresponds to the
intersection of new physics and SM contributions
and its location depends on the values of the cou-
plings. The fact that this enhancement becomes
visible in these figures around the same energy as
the CNO flux is a coincidence due to the choice of
coupling, but the CNO contribution nonetheless
results in further enhancement.

The target material dependence is very pro-
nounced due to kinematics, as the maximum recoil
energy is suppressed by the large nucleus mass,

E
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=
2E2

⌫

(m
N

+ 2E
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For this reason, heavier targets need a lower
threshold to probe both new fluxes of neutrinos
and new physics processes at low energies. For ex-
ample, whereas E

th

⇡ 2 keV is needed for xenon
to be sensitive to 8B neutrinos, these can be ac-
cessed by a hypothetical detector based on neon
with only E

th

⇡ 10 keV. The material dependence
also enters into the coherence factors (Eqs. 14–18)
for nuclear recoils which in turn depend on A/Z.

As in the case of electron recoils, the most pro-
nounced deviations from the SM prediction occur
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in the limit where the mediator mass is small. In-
deed, in such a case, the di↵erential cross section
scales as d�/dE

R

/ E�1

R

for scalar mediators and
d�/dE

R

/ E�2

R

for vector and axial vector me-
diators when the new physics contributions domi-
nate. Once more, this leads to an enhancement of
the cross section for low recoil energies. We do not
show the nuclear recoil rates expected for a pseu-
doscalar mediator, since the nuclear form factor
cancels out when the couplings to all light quarks
are identical [53].

As an additional remark on the axial vector and
vector mediator cases, the interference between
the standard Z and Z 0 amplitudes become im-
portant when these are comparable in magnitude.
Remarkably, this interference is destructive due
to the chiral structure of the Z couplings, which
may lead to an overall suppression of events with
respect to the SM prediction. We have illustrated
this possibility in Fig. 3 for the case of vector cou-
plings.

The projected constraints on light scale physics
are shown in Figs. 4 and 5, for di↵erent media-
tors and target materials. The bands enclose the
nominal and optimistic scenarios defined in Tab. I.
They are wider for nuclear recoils (right panels) in
comparison to electron recoils (left panels) since
the dependence with the threshold energy is more
pronounced. Depending on the mediator mass,
electron recoils could probe couplings below 10�6,
while the bounds from nuclear recoils would range
from 10�3 to 10�6. In the case of a vector medi-
ator scattering o↵ nuclei (middle right plot), the
destructive interference with the SM Z contribu-
tion may lead to disconnected regions, e.g., for a
G2 silicon-based detector. It is worth remember-
ing at this point that we are basing our projec-
tions on the assumption that backgrounds can be
removed. As discussed above, this is a reasonable
hypothesis for the case of nuclear recoils but more
challenging for electron recoils.

C. Bounds for a U(1)
B�L

model

To put the sensitivity of future DD experiments
in context, we illustrate our results with the spe-
cific example of a light U(1)

B�L

gauge boson, a
construction that was studied in Ref. [57] for ⌫�e
scattering. In this case, a new vector mediator
couples to the B�L quantum numbers of standard
model particles. Quarks therefore carry charge
1/3 under this new gauge coupling, while leptons
have charge �1.

In Fig. 6 we present our bounds as before. The
coloured lines are the result of this study. We
use the optimistic threshold scenarios of a G2 ger-
manium (red lines) and xenon experiment (blue),
as well as for a future DARWIN-like xenon tar-
get (green). We separate the limits that can be
inferred from nuclear (solid lines) and electron re-

coils (dashed). As in the cases shown in Fig. 4,
electron bounds tend to do better, thanks to the
larger pp flux and to the closer kinematic matching
between the solar neutrino energies and electron
mass, allowing for higher recoil energies.

Our results in Fig. 6 are overlaid on excluded
areas from previous studies, in the plane of gauge
coupling g

B�L

versus mediator mass. A detailed
description of each bound can be found in Ref. [57]
and references therein (see also Ref. [58] for the
TEXONO and CHARM-II limits). It should
be emphasized that these limits are not model-
independent, as they are sensitive to the coupling
between the gauge boson and a specific fermion,
as well as to the Lorentz structure of the coupling.
These bounds fall into three broad categories:

• Coupling to electrons (or muons) only

“Atomic physics” (measurements of energy
levels of atomic excited states), “Sun” and
“Globular Clusters” (star cooling via the
emission of the mediator), “Borexino” (solar
neutrinos scattering o↵ electrons), “TEX-
ONO” and “GEMMA” (reactor neutrinos
scattering o↵ electrons), as well as CHARM-
II (accelerator neutrinos scattering o↵ elec-
trons) all require a coupling to electrons.
The region labeled as “Z 0 capture in Sun”
is not well understood: although the Sun
would not lose energy due to Z 0 emission,
solar dynamics could be severely modified,
and exact bounds have yet to be computed.
The anomalous magnetic moment bounds
require couplings to electrons or muons.
Moreover, these curves only apply to pure
vector couplings (e.g., the curve for axial
vector couplings does not flatten at low me-
diator masses [60, 61]).

• Coupling to electrons and/or quarks

“Fixed target” bounds require coupling to
electrons only or both electrons and light
quarks, depending if the experiment consid-
ered is an electron or proton beam dump.
For the first, the mediator is produced by
radiation when e� collide with a target,
while in proton dump experiments, the
production is dominated by pseudoscalar
meson decays (e.g. ⇡0 ! �Z 0). For both
cases, the signature consists of Z 0 decay
to e+e� (the sharp cut on the left of this
region corresponds to 2m

e

, below which the
production of two electrons is kinematically
forbidden). Notice that a larger coupling
to neutrinos would enhance the mediator
invisible branching ratio, weakening this
bound. The “Fixed Target” region shown
in Fig. 6 includes only electron dump
experiments. Proton dump experiments are
almost entirely within that region and their
inclusion will not change our conclusions.
The “B-factories” region requires non
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TABLE IV. New Lagrangian terms and di↵erential cross sections with the nucleus N and electron e for the
four types of new mediator we consider. Note the negative interference in the vector and axial case with the
SM contribution. The couplings g

v

and g
a

are defined in Eq. (4). The coherence factors Q
i

are defined in
Eqs. (14-18).

whereby any unpaired nucleon contains the full
J quantum number of the nucleus in its ground
state.

We assume that the mediators are light (below
the few GeV scale) and their couplings to SM par-
ticles are small. Therefore, their contribution to
electron and nucleus scattering (via t-channel ex-
change) should be negligible at a high momentum
transfer q2 � m2

�,Z

0 but will be enhanced for low
scale measurements.

B. Predicted event rates and sensitivities

In Fig. 3 we show the e↵ect that the presence of
scalar, vector and axial vector interactions would
have upon the rate of scattering events per ton-
year as a function of the low-energy threshold.
The rate of electron recoil events for a 132Xe tar-
get, as well as coherent nuclear recoil events for a
variety of di↵erent target materials and mediator
masses are plotted. In all cases shown, the new
physics contribution grows with lower recoil ener-
gies, showing the need for low-threshold detectors.

Electron recoil spectra (shown on the left col-
umn) are from pp neutrinos, the lowest energy
and most copious neutrinos produced in the Sun.
Since lowering the threshold of detection does not
open up any new sources of neutrinos, a threshold
of E

th

⇠ 1 keV is su�cient to maximize the SM
event rate. The size of the new-physics contribu-
tion is dictated by the mass of the mediator and
the corresponding coupling. In the limit of small
mediator masses, the di↵erential cross section in
Tab. IV scales as d�/dE

R

/ E�1

R

for scalar medi-
ators and d�/dE

R

/ E�2

R

for vector and axial vec-
tor mediators, thus leading to substantial changes

at low energies. Therefore, if the experimental
threshold is low enough, an enhancement of the
signal with respect to the SM prediction could be
observed. This does not hold for pseudoscalar me-
diators, as shown in Fig. 5, since in the small mass
limit d�/dE

R

is energy-independent. Although we
are only showing the results for 132Xe, the rates for
any other target can be found by rescaling by the
corresponding number of electrons per unit mass.

For nuclear recoils the integrated event rate also
increases sharply with decreasing threshold. This
can be seen as a sharp break in the right-hand
panels of Fig. 3. This break corresponds to the
intersection of new physics and SM contributions
and its location depends on the values of the cou-
plings. The fact that this enhancement becomes
visible in these figures around the same energy as
the CNO flux is a coincidence due to the choice of
coupling, but the CNO contribution nonetheless
results in further enhancement.

The target material dependence is very pro-
nounced due to kinematics, as the maximum recoil
energy is suppressed by the large nucleus mass,

E
R,max

=
2E2

⌫

(m
N

+ 2E
⌫

)
, (19)

For this reason, heavier targets need a lower
threshold to probe both new fluxes of neutrinos
and new physics processes at low energies. For ex-
ample, whereas E

th

⇡ 2 keV is needed for xenon
to be sensitive to 8B neutrinos, these can be ac-
cessed by a hypothetical detector based on neon
with only E

th

⇡ 10 keV. The material dependence
also enters into the coherence factors (Eqs. 14–18)
for nuclear recoils which in turn depend on A/Z.

As in the case of electron recoils, the most pro-
nounced deviations from the SM prediction occur
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TABLE IV. New Lagrangian terms and di↵erential cross sections with the nucleus N and electron e for the
four types of new mediator we consider. Note the negative interference in the vector and axial case with the
SM contribution. The couplings g

v

and g
a

are defined in Eq. (4). The coherence factors Q
i

are defined in
Eqs. (14-18).

whereby any unpaired nucleon contains the full
J quantum number of the nucleus in its ground
state.

We assume that the mediators are light (below
the few GeV scale) and their couplings to SM par-
ticles are small. Therefore, their contribution to
electron and nucleus scattering (via t-channel ex-
change) should be negligible at a high momentum
transfer q2 � m2

�,Z

0 but will be enhanced for low
scale measurements.

B. Predicted event rates and sensitivities

In Fig. 3 we show the e↵ect that the presence of
scalar, vector and axial vector interactions would
have upon the rate of scattering events per ton-
year as a function of the low-energy threshold.
The rate of electron recoil events for a 132Xe tar-
get, as well as coherent nuclear recoil events for a
variety of di↵erent target materials and mediator
masses are plotted. In all cases shown, the new
physics contribution grows with lower recoil ener-
gies, showing the need for low-threshold detectors.

Electron recoil spectra (shown on the left col-
umn) are from pp neutrinos, the lowest energy
and most copious neutrinos produced in the Sun.
Since lowering the threshold of detection does not
open up any new sources of neutrinos, a threshold
of E

th

⇠ 1 keV is su�cient to maximize the SM
event rate. The size of the new-physics contribu-
tion is dictated by the mass of the mediator and
the corresponding coupling. In the limit of small
mediator masses, the di↵erential cross section in
Tab. IV scales as d�/dE

R

/ E�1

R

for scalar medi-
ators and d�/dE

R

/ E�2

R

for vector and axial vec-
tor mediators, thus leading to substantial changes

at low energies. Therefore, if the experimental
threshold is low enough, an enhancement of the
signal with respect to the SM prediction could be
observed. This does not hold for pseudoscalar me-
diators, as shown in Fig. 5, since in the small mass
limit d�/dE

R

is energy-independent. Although we
are only showing the results for 132Xe, the rates for
any other target can be found by rescaling by the
corresponding number of electrons per unit mass.

For nuclear recoils the integrated event rate also
increases sharply with decreasing threshold. This
can be seen as a sharp break in the right-hand
panels of Fig. 3. This break corresponds to the
intersection of new physics and SM contributions
and its location depends on the values of the cou-
plings. The fact that this enhancement becomes
visible in these figures around the same energy as
the CNO flux is a coincidence due to the choice of
coupling, but the CNO contribution nonetheless
results in further enhancement.

The target material dependence is very pro-
nounced due to kinematics, as the maximum recoil
energy is suppressed by the large nucleus mass,

E
R,max

=
2E2

⌫

(m
N

+ 2E
⌫

)
, (19)

For this reason, heavier targets need a lower
threshold to probe both new fluxes of neutrinos
and new physics processes at low energies. For ex-
ample, whereas E

th

⇡ 2 keV is needed for xenon
to be sensitive to 8B neutrinos, these can be ac-
cessed by a hypothetical detector based on neon
with only E

th

⇡ 10 keV. The material dependence
also enters into the coherence factors (Eqs. 14–18)
for nuclear recoils which in turn depend on A/Z.

As in the case of electron recoils, the most pro-
nounced deviations from the SM prediction occur
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There are interference terms with the SM contribution for NR that can 
actually suppress the SM prediction for CNS. 

New Physics in the neutrino sector? 
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FIG. 5. Electron recoil integrated rates (left) and sensitivity (right) for a pseudoscalar coupling.
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20	Figure 2: Excluded regions on the parameter space of the SHP model from different exper-

imental constraints. The gray area (below the black line) is excluded since the relic density

exceeds the Planck result. The blue area (labeled Γinv
H ) is ruled out from the invisible Higgs

width. The red area (LUX) is excluded by direct DM detection limits. Yellow (dSph) and

cyan (GC) areas are excluded by indirect detection constraints on the continuum spectrum

of gamma-rays (from dwarf Spheroidal galaxies) and monochromatic gamma-ray lines (from

the Galactic Centre), respectively. The dashed green line represents the predicted reach of

the future LZ detector. The left panel includes a scale factor, ξ, in the calculations while in

the right plot it is assumed that some extra non-thermal effects amend the prediction for the

relic density, so that ξ = 1.

observed one (see, e.g., Ref. [60]). Note that, since the value of ξ has been fixed, the areas

excluded by indirect detection bounds now extend upwards.

In either case, the conclusion is that the combination of experimental constraints and the

requirement of obtaining the correct relic abundance rules out a big and interesting portion of

the viable parameter space of the Higgs portal (see Ref. [61] for a recent comprehensive study),

leaving only the white areas in Fig. 2. Interestingly, as previous analyses have shown [62–65]

there still remains a narrow window of S−masses in the Higgs-funnel region (mS ≃ mh/2)

and, besides, there is a large allowed range for higher masses, mS
>
∼ 500 GeV. Next generation

experiments such as XENON1T [66] and, especially, LZ [67] (shown explicitly) will test

completely the region of large DM masses and a large part of the narrow window at the Higgs-

resonance. In particular, LZ could exclude the Higgs-portal scenario almost completely, or,

hopefully, get a positive detection. The possibility of totally closing the Higgs-portal windows

in the near future using complementary constraints from indirect detection has been analyzed

in refs. [61, 62,64].

Various solutions have been proposed in order to avoid experimental constraints in the

SHP model. In general, in order to break the correlation between the relic abundance and

4

Tension in some simplified models 

Casas, DGC, Moreno, Quilis 1701.08134 
See also GAMBIT 1705.07931 

The singlet scalar Higgs portal is extremely constrained by a combination 
of direct-indirect-LHC constraints 

•  Best bounds are from direct detection 
(LUX, XENON1T) 

•  Future LZ completely explores it below 
~1TeV 

•  Indirect constraints from Fermi-LAT to 
explore resonance region 
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Figure 1: Singlet-scalar Higgs portal scenario (SHP): annihilation processes of the DM can-

didate, S.

detection and ξ2 for indirect detection. In the region where ξ < 1, S cannot be the only

DM component, so contributions from other particles (e.g., axions) are needed. The region

where ξ > 1 (gray area) is obviously excluded (though perhaps could be rescued if some non-

standard cosmology is invoked, see below). For this reason, we have not showed the shadowed

regions inside this gray area. It is worth noting that the excluded areas are extremely sensitive

to astrophysical uncertainties in the DM halo parameters [57] and nuclear uncertainties in

the hadronic matrix elements [47].

Current bounds from direct DM detection, most notably from the new results from LUX

[58] and PandaX-II [59], set an upper bound on the DM-nucleon elastic scattering cross

section (and hence on the DM coupling to the Higgs). This rules out the red area in Fig. 2.

Next-generation experiments, with larger targets and improved sensitivity are going to further

explore this parameter space. We indicate in the figure the expected reach of the LZ detector

by means of a green dashed line. Similarly, Fermi-LAT data on the continuum gamma-ray

flux from dwarf spheroidal galaxies (dSPh) and monochromatic gamma-ray lines from the

Galactic Centre set upper bounds on the DM annihilation cross section which also rule out

some areas of the parameter space, mainly for DM masses below 100 GeV (light brown and

cyan areas respectively). It should be noticed that, as λS decreases, the ξ−factor increases,

so that the indirect detection rate increases as well. Consequently, the excluded areas from

indirect detection extend downwards in the plot. Finally, for masses below ∼ 63 GeV, the

DM can contribute to the invisible decay of the SM Higgs boson. Current LHC constraints

on this quantity set an upper bound on the DM-Higgs coupling [53]. The blue region in Fig. 2

is excluded for this reason.

For comparison, the right panel of Fig. 2 shows the direct and indirect detection con-

straints when the local DM density is assumed to take the canonical value, ρ0 = 0.3 GeV cm−3,

regardless of the computed thermal relic abundance; in other words, we have set ξ = 1. This

would apply if non-thermal effects modified the final relic abundance, reconciling it with the

3
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Tension in some simplified models 

Casas, DGC, Moreno, Quilis 1701.08134 

This tension can be alleviated with the inclusion of a second scalar Higgs 

•  Direct detection bounds can be less 
effective 

•  DM particles as light as ~100 GeV are 
possible 
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Figure 3: Extended Higgs-portal scenario (ESHP): annihilation processes involving particles

of the dark sector, Si, i = 1, 2.
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Figure 4: Tree-level S1S1h vertex and main 1-loop corrections.

to this lower limit the contributions of these diagrams may be significant4. Nevertheless, for

consistency, we have included the contribution of the 1-loop diagrams in all cases. A detailed

discussion of these radiative corrections is given in the Appendix.

Let us now turn our attention to the computation of the relic density. We will start

by considering a scenario in which λ1 is as small as possible (λ1 = λ2
12/(4π)

2). Then, λ1

can be neglected for all the relevant physical processes in most cases, so the only significant

parameters to describe the DM physics are mS1
, mS2

, and λ12. For each value of the DM

mass, mS1
, we are interested in finding out which combinations of mS2

and λ12 lead to the

correct relic density.

Fig. 5 shows the line along which the correct DM relic abundance is obtained for three

representative cases, namely mS1
= 40, 60, and 200 GeV, i.e., below, around and above

the Higgs resonance (left, middle and right panels, respectively). Let us discuss each case

separately.

4In that case, there may be accidental cancellations between the tree-level and the radiative corrections,

as can be checked from the explicit expressions given in the Appendix. Moreover these cancellations can be

more or less significant depending on the external momenta entering the vertex. This opens the possibility of

blind spots for direct or indirect detection, while keeping a sizable annihilation in the early universe.
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Figure 7: Effect of the experimental constraints in the {λ1, mS1
} parameter space of the

ESHP model. From up to down, we have fixed λ12 = 0.01, 0.1, 1, and λ2 = λ2
12/(4π)

2. In all

the plots, black (gray) points correspond to those where Ωh2 = 0.119± 0.003 (Ωh2 < 0.116).

The left column incorporates only constraints from lifetime of S2 and invisible decay width of

the Higgs boson. The central column includes also the indirect detection (dSph and gamma

ray lines). Finally, the bottom row includes the bound from the LUX constraint.

are included, only the points in the Higgs resonance and those with mS1
> 500 GeV survive.

Still, when these results are compared to the left panel of Figure 2, we observe a new (small)

population of points at the Higgs resonance, with very small values of the coupling λ1. This

occurs when the masses of S2 and S1 are close enough so that coannihilation effects become
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These operators contribute to six types of response105

functions, as well as two types of interference. The spin-106

independent response is denoted M and is typically the107

strongest of the six functions since it is related to the108

number of nucleons in the target nucleus. The main con-109

tribution to this response comes from the standard spin-110

independent operator O1, but it also contains higher-111

order contributions from operators 5, 8, and 11. There112

are two spin-dependent responses, ⇥� and ⇥��, which cor-113

respond to projections of spin parallel and perpendicular114

to the momentum transfer. A linear combination of these115

two responses yields the standard spin-dependent opera-116

tor O4. Many of the other operators also appear in one117

of these two responses. The � response, a novel type of118

response introduced in the e⌅ective field theory, is related119

to the net angular momentum of an unpaired nucleon and120

contains contributions from operators 5 and 8. A second121

novel response is ⇤��, which is is sensitive to the product122

of angular momentum and spin. This response tends to123

favor heavier elements and is the dominant response for124

O3. The last response considered in the e⌅ective field125

theory, ⇤̃�, contains contributions from operators 3, 12,126

and 15. ⇤̃� is discussed less frequently in the literature127

since it is di⌃cult to find a model that produces this128

response, but we consider it here for completeness.129

The e⌅ective field theory also includes two operator-130

operator interference terms: ⇥�� andM⇤��. ⇥� interferes131

with � because responses which are dependent on veloc-132

ity are sensitive to properties such as angular momentum133

which depend on the motion of the nucleon within the nu-134

cleus. This interference term is particularly significant for135

germanium, which has large responses to both ⇥� and �.136

The ⇥�� response contains interference between O4 and137

O5, as well as between O8 and O9. In addition, since138

both M and ⇤�� are scalar responses, interference be-139

tween the two can be significant, especially for elements140

like xenon which have large responses to both. The M⇤��
141

response contains interference between operators O1 and142

O3, operators O11 and O12, and operators O11 and O15.143

The strength of an EFT interaction is governed by nu-144

merical coe⌃cients associated with each of the operators,145

one for each operator and isospin. These coe⌃cients are146

here labeled c�i with i indicating operator number and147

� = 0 or 1 indicating isoscalar (cp = cn) and isovector148

(cp = �cn), respectively. They are generalized versions149

of fn and fp and can take on any value, positive or neg-150

ative. The coe⌃cients appear as c�i c
� 0

j in the interaction,151

indicating that operators interfere at most pair-wise.152

This paper discusses the Fitzpatrick et al. e⌅ective field153

theory in the context of current and proposed direct de-154

tection experiments. We present exclusion limits on EFT155

operator coe⌃cients using the optimum interval method.156

We discuss the di⌅erences in energy spectra that arise for157

arbitrary EFT interactions and examine how this energy158

dependence may a⌅ect future experiments if WIMP can-159

didate events are observed. We also consider the vari-160

ation in interaction strength across the elements com-161

monly used as direct detection targets and discuss pos-162

sible ways of exploring interference using experimental163

results. Finally, we discuss the implications of this e⌅ec-164

tive field theory for the G2 direct detection experiments.165

EXCLUSION LIMITS ON A SET OF EFT166

OPERATORS167

The strength of the interaction in the EFT frame-168

work is governed by a set of 28 numerical coe⌃cients169

corresponding to the 14 operators, one for each isospin.170

Other work has attempted to find global fits in this many-171

dimensional EFT parameter space using combined data172

from many direct detection experiments [21]. However,173

since the parameter space is large and relatively uncon-174

strained by current experiments, we choose to calculate175

exclusion limits on the coe⌃cients for individual EFT176

operator for three di⌅erent target elements: germanium177

(SuperCDMS LT and CDMS-II), silicon (CDMS-II), and178

xenon (LUX). This is the first EFT experimental result179

that includes all three target elements that will be used180

in the G2 experiments. In addition, the optimum inter-181

val method provides a more accurate calculation of the182

limits since it includes information about the candidate183

event energies and energy-dependent detection e⌃ciency184

that is lost in likelihood methods that consider a single185
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The most general effective Lagrangian contains up to 14 different operators that 
induce 6 types of response functions and two new interference terms 

Haxton, Fitzpatrick 2012-2014 

Spin-Indep.	

(x2) if we allow for different couplings to protons and neutrons 
(isoscalar and isovector) 

The basis for our formulation is the description of the WIMP-nucleon interaction in [1] which, building on
the work of [7], used non-relativistic EFT to find the most general low-energy form of that interaction. The
explicit Galilean invariance of the WIMP-nucleon EFT simplifies the embedding of the resulting effective
interaction in the nucleus. This produces a compact and rather elegant form for the WIMP-nucleus elastic
cross section as a product of WIMP and nuclear responses. The particle physics is isolated in the former.

In [1] the cross section was presented in a largely numerical form, in principal easy to use but in practice
requiring users to hand-copy lengthy form-factor polynomials. In contrast, our goals in this paper are to: 1)
present the fully general WIMP-nucleus cross section in its most elegant form, to clarify the physics that can
be learned from elastic scattering experiments; 2) provide a Mathematica code to evaluate the expressions,
removing the need for either extensive hand copying or a detailed understanding of operator and matrix
element conventions employed in our expressions; and 3) structure that code to allow easy incorporation of
future improved nuclear physics calculations, so that it will remain useful as the field develops. We believe
the script could serve the community as a flexible and very adaptable tool for comparing experimental
sensitivities and for understanding the relative significance of experimental limits.

This paper is organized as follows. We begin in Sec. 2 with a brief overview of the EFT construction of
the general WIMP-nucleon Galilean-invariant interaction. In Sec. 3 we describe the use of this interaction
in nuclei. The EFT scattering probability is shown to consist of six nuclear response functions, once the
constraints of the nearly exact parity and CP of the nuclear ground state are imposed. We point out the
differences between our results and spin-independent/spin-dependent formulations, in order to explicitly
demonstrate what physics is lost by assuming a point-nucleus limit. In Sec. 4 we present differential and
total cross sections and rates, discuss integration over the galactic WIMP velocity profile, and describe cross
section scaling properties. Sec. 5 we describe the factorization of the operator physics from the nuclear
structure that is possible through the density matrix. (This will make it possible for nuclear structure
theorists to port new structure calculations into our Mathematica code, without needing to repeat all of
the operator calculations.) In Sec. 6 we construct a similar interface for particle theorists: we describe
the mapping of a very general set of covariant interactions into EFT coefficients, so that the consequences
of a given ultraviolet theory for WIMP elastic scattering can be easily explored. In Sec. 7 we provide a
tutorial on the code, to help users – experimentalists interested in analysis, structure theorists interested
in quantifying nuclear uncertainties, or particle theorists interested in constraining a candidate ultraviolet
theory – quickly obtain what they need from the Mathematica script. Finally in the Appendix, we described
some of the algebraic details one encounters in deriving our master formula for the WIMP-nucleus cross
section. As the body of the paper presents basic results and describes their physical implications, the
Appendix is intended for those who may be interested in details of the calculations, or possible extensions
of our work. The Appendix includes comments on steps in our treatment that are model dependent or
that involve approximations. We discuss the use of the code for WIMPs with nonstandard properties, e.g.,
WIMP-nucleon interactions mediated by light exchanges.

2 Effective Field Theory Construction of the Interaction

The idea behind EFT in dark matter scattering is to follow the usual EFT “recipe”, but in a non-relativistic
context, by writing down the relevant operators that obey all of the non-relativistic symmetries. In the case
of elastic scattering of a heavy WIMP off a nucleon, the Lagrangian density will have the contact form

Lint(x⃗) = c Ψ∗
χ(x⃗)OχΨχ(x⃗) Ψ

∗
N(x⃗)ONΨN(x⃗), (1)

where the Ψ(x⃗) are nonrelativistic fields and where the WIMP and nucleon operators Oχ and ON may
have vector indices. The properties of Oχ and ON are then constrained by imposing relevant symmetries.
We envision the case where there are a number of candidate interactions Oi formed from the Oχ and ON .
Working to second order in the momenta, one can construct the relevant operators appropriate for use with
Pauli spinors, when constructing the Galilean-invariant amplitude

N
∑

i=1

(

c(n)i O(n)
i + c(p)i O(p)

i

)

, (2)
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Effective Field Theory approach 

1.  COMPLETENESS: 
To accommodate (within reason) all possible WIMP models 
Some of these operators exist even for the simplest DM models 
 

2.  MODELLING OF THE SIGNAL: 
We might miss (unconventional) DM signatures 
 

3.  RECONSTRUCTION of DM parameters: 
 
COMPLEMENTARITY: 
Different targets are more sensitive to different operators 
Discrimination of DM interactions might be possible 
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We might MISS a DM signature 

The spectrum from some 
interactions (momentum 
dependent) differs from the 
standard exponential 
signature 

6

FIG. 3. Co-added energy spectrum from 100 simulated experiments (blue histogram) assuming the dark matter interaction
proceeds according to the isoscalar O3 operator for a 10GeV/c2 (left) and a 300GeV/c2 WIMP (right). The detection e⇥ciency
is assumed to be independent of energy. The smooth cyan, magenta, and black curves show the expected spectrum for the
standard spin-independent rate for several WIMP masses, while the dashed dark blue curve shows the O3 spectrum from which
the simulated experiments were sampled.

FIG. 4. Distribution of 90% confidence level upper limits calculated using the optimum interval method for the simulated
experiments discussed in Sec. 3 and shown in Fig. 3, sampled from the event rate for isoscalar O3. Shaded blue bands show
the 68% and 95% confidence level uncertainty on the distribution. The zero-background Poisson limit is shown in magenta.

ulated experiments sampled from the spin-independent
distribution in black.

The distribution of limits on the spin-independent
cross section for the simulated experiments sampled
from the O3 energy spectrum deviates from the zero-
background limit shown in magenta as well as from
the mean limit derived from similar simulated experi-
ments sampling from the spin-independent rate. As ex-
pected, the simulated-experiment limits are weaker than
the zero-background limits due to the presence of can-
didate events. However, because the energy distribu-
tion of the candidate events sampled from O3 is di�er-
ent than the expected spin-independent rate, the limits

also deviate from the expected shape for the true spin-
independent experiment.

In the 10GeV/c2 case, we expect the limit to be weak-
est around a mass of 10GeV/c2, where the rate expected
by the limit algorithm matches the observed event rate.
However, because the observed events due to O3 scatter-
ing are skewed towards higher recoil energies, the limit
tends to be weaker at larger WIMP masses where the
tail of the spin-independent event rate extends to higher
recoil energies. For the 300GeV/c2 case, the distribu-
tion of limits agrees with the Poisson zero-background
limit at low masses; the observed events occur at recoil
energies that cannot be produced by a low-mass WIMP.

A low threshold is extremely beneficial 

We might misinterpret a DM 
signature (if we reconstruct it 
with the usual templates) 
 

Schneck et al. 1503.03379 
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We might MISS a DM signature 
Limits on EFT operators (SuperCDMS) 

•  The spectrum differs from the 
expected for standard 
interactions 

-  A DM signal could be 
misidentified as background 

 

6

FIG. 3. Co-added energy spectrum from 100 simulated experiments (blue histogram) assuming the dark matter interaction
proceeds according to the isoscalar O3 operator for a 10GeV/c2 (left) and a 300GeV/c2 WIMP (right). The detection e�ciency
is assumed to be independent of energy. The smooth cyan, magenta, and black curves show the expected spectrum for the
standard spin-independent rate for several WIMP masses, while the dashed dark blue curve shows the O3 spectrum from which
the simulated experiments were sampled.

FIG. 4. Distribution of 90% confidence level upper limits calculated using the optimum interval method for the simulated
experiments discussed in Sec. 3 and shown in Fig. 3, sampled from the event rate for isoscalar O3. Shaded blue bands show
the 68% and 95% confidence level uncertainty on the distribution. The zero-background Poisson limit is shown in magenta.

tends to be weaker at larger WIMP masses where the
tail of the spin-independent event rate extends to higher
recoil energies. For the 300GeV/c2 case, the distribu-
tion of limits agrees with the Poisson zero-background
limit at low masses; the observed events occur at recoil
energies that cannot be produced by a low-mass WIMP.
At higher masses, the distribution of limits is still close
to the zero-background limit because the shape of the
observed spectrum is very di�erent from the expected
spin-independent WIMP rate.

The di�erence in the limits between the spin-
independent and EFT cases demonstrates the impor-
tance of correctly modeling the expected WIMP signal.

Algorithms that assume the standard spin-independent
rate when calculating limits will interpret events from
EFT interactions with di�erent spectral shapes as back-
ground, and thus, this assumption could lead to a bias in
the exclusion limits reported by experiments, especially
in the case where events are observed.

K. Schneck et al. PRD 2015 
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The spectrum from some 
interactions (momentum 
dependent) differs from the 
standard exponential 
signature 

A low threshold is extremely beneficial 

We might misinterpret a DM 
signature (if we reconstruct it 
with the usual templates) 
 
We might miss a signature (if 
we misidentify it as a 
background) 
 Schneck et al. 1503.03379 
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Reconstruction of Dark Matter Parameters 

Given a detection, how well can we determine the DM parameters? 
 
Problems:  
 
•  It is a large parameter space 
•  Degenerate solutions (as in the simpler SI-SD case) 
•  Mis-reconstruction of parameters if the wrong assumptions 

(couplings) are used  
•  Uncertainties in parameters (astrophysical + nuclear) 

Solution: 
 
•  Combine data with other targets (Ge + Si) o experiments (Xe) 
•  Look for other effects (e.g., annual modulation) 
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15

(a) Si (b) Ge (c) LXe

Figure 9: The total (signal plus background) simulated data for each experiment compared to the expected recoil
energy spectra of WIMP-nucleon scattering for the chosen O3 interaction parameters using BP3. The dashed line

indicates the energy threshold used in the simulation.

approach to our simulation, we perform the EFT likelihood analysis of the 5D parameter space {m�, c01, c
1
1, c

0
8, c

1
8}. The

results are shown in Figure 8 with the 2D marginalized likelihoods on the top and the 1D marginalized likelihoods on
the bottom. The 1D marginalizations of the 5D likelihood were calculated from 6 di�erent 3D subspaces and averaged
together to give one 1D likelihood. The 6 marginalizations from di�erent 3D subspaces are plotted in varying colors
in Figure 8 (bottom) with the averaged curve in black. Note that all marginalized likelihoods (for a given parameter)
are similar, indicating that the possible systematic error in this marginalization procedure is not significant.

The parameters of the best fit point calculated from the 1D likelihoods are found in Table VI. Note that the open
contour for c18 implies a flat spectrum with no discernible peak. The simulated data point is contained within all of
the 95% confidence intervals except for WIMP mass. The WIMP mass sits just outside the 95% confidence (or 2�
confidence) contour at 2.4� or at 1.6% probability of occurring. One factor that could contribute to this are the two
LXe background events just above threshold that mimic a low mass WIMP.

Since the spectral shapes for O1 and O8 are both exponentially decaying, it is di�cult to separate the four coupling
coe�cients from each other using only three target materials. This is most apparent in the 1D projections of the
likelihood, where the peaks of c11 and c08 are very wide, and the likelihood for c18 is completely flat. In other words,
although the 5D likelihood analysis detects the WIMP and places a strong constraint on the WIMP mass (consistent
with the simulated WIMP mass), it cannot constrain the individual couplings in O1 and O8 due to their degeneracies.
Additional experiments with di�erent targets would be needed to break these degeneracies.

B. 5D Analysis of Data Simulated in Operator 3

EFT operator O3 is given by i↵SN · (↵q ⇤ ↵v�), has no dependence on the WIMP spin, and relies on two nuclear
responses of the target: a spin-dependent response (transverse to the momentum transfer) and a spin-and-angular-
momentum-dependent response [13]. Therefore, the event rate spectrum of O3 has a di�erent shape than that of O1.
In particular, the event rate spectrum for O1 smoothly decays exponentially with recoil energy, while for O3, even
with no experimental e�ciencies included, the event rate is suppressed at low energies with a pronounced peak at
higher energies, as shown in Figure 9. The energy and amplitude of the peak is dependent on the WIMP mass, the
combination of coupling coe�cients, and the target chosen. This operator was chosen to demonstrate how di�erences
in the shape of recoil energy spectra can be used to improve parameter estimation.

The three benchmark experiments (Ge, Si, LXe) are simulated in the O3 framework using the benchmark point BP3

listed in Table V with the ratio of isoscalar and isovector components of c03/c13 = �2.5. For the simulated exposures
and energy ranges described in Table IV, Si detected 3 WIMP events, Ge detected 19 events, and LXe detected 21
events. Including the simulated background, the total number of simulated detected events for each experiment is 4,
20, and 25 events respectively. The simulated data compared to the expected recoil energy spectra for each experiment
are shown in Figure 9.

The numbers of simulated events for Ge and LXe (Figure 9) are large enough to distinguish between the spectral
shapes of O3 and O1. Si (also Figure 9) has a low number of simulated events such that little information on the
spectral shape is available. However, the relatively large range of recoil energies points to the nature of the underlying

10

Figure 4: Joint 3D likelihood combining CDMS II Si [20], CDMS II Ge [21], and LUX [22] data. Plotted are WIMP
mass (m�), isoscalar operator 1 cross-section (�0

1), and isovector operator 1 cross-section (�1
1). The top row depicts

2D marginalized likelihoods obtained by marginalizing over one of the parameters, while the bottom row shows 1D
marginalized likelihoods obtained by marginalizing over two of the three parameters. Also shown are the 95%

confidence contours and the point of best fit with error bars derived from the 1D marginalized likelihoods.

Target Live time (kg days) Total Background (counts)
Si 63000 0.86±0.93
Ge 145000 1±1
LXe 33500 3.5±0.4

Table IV: Details used to build the simulated data for each target chosen. Each simulated experiment is assigned an
energy threshold of 1 keV. The Si and Ge experiments are based on the proposed SuperCDMS SNOLAB [23], and

the LXe on the most recent results from LUX [24–26].

simple step function between the experimental threshold and the energy at which the experiment’s e ciency drops
back to 75%.

We present two simulations, one in which the WIMP-nucleon scattering proceeds via EFT O8 and the other in
which the WIMP-nucleon scattering proceeds via O3. In each case, the values for the WIMP mass and isoscalar and
isovector coupling coe cients are chosen in order to compute the theoretical recoil energy spectra for each of the
three simulated experiments. The parameters chosen for each benchmark experiment are listed in Table V. Treating
the recoil energy spectra as probability density functions, we randomly draw WIMP-event recoil energies, with the
number of events in each simulated experiment given by the integral of the theoretical recoil energy spectrum. The
energies of the simulated background events were randomly drawn from a flat probability density function over the
energy range set by the e ciency. The simulated dark matter events and simulated background events together were
used as the detected events for each simulated experiment.

16

Reconstructed point m� (GeV) {c01, c11}⇥ 103 {c03, c13}

BP3 in O1
11.8 {0.26, 5.4} –

(9.7, 14.6) {(0.15, 0.45), (�0.9, 10.4)}

BP3 in O3
8.1 – {14.2,�8}

(7.0, 9.3) {(7.2, 19.2), (�51,�27) ⌅ (�24, 3)}

BP3 in O1 and O3
8.1 {0.13, 0.5} {15,�8}

(6.9, 9.7) {(0.00, 0.42), (�5.3, 4.2)} {(�21, 0) ⌅ (4, 28), (�62,�29) ⌅ (�27, 54)}

Table VII: Best fit points with 95% confidence regions for the 3D and 5D reconstructions of the benchmark point
BP3 of Table V, based on 1D marginalized likelihoods. As noted in the header, O1 coupling coe�cients have been

enlarged by 103.

spectrum; for an exponentially decaying spectrum, most of the WIMP events would be expected to cluster at the
experimental threshold.

As in the case of O8 above, we use 3D EFT likelihood analyses to test steps 1 and 2 of the proposed analysis
procedure. The 3D likelihood is first computed assuming that the WIMP-nucleon scattering proceeds via the stan-
dard SI operator, that is over the parameter space {m�, c01, c

1
1}. This is then contrasted with the likelihood computed

assuming the correct scattering operator, that is over the parameter space {m�, c03, c
1
3}. Both likelihoods are joint,

combining all three simulated experiments (Si, Ge, and LXe). Figure 10a shows the 2D marginalized likelihoods (top)
and the 1D marginalized likelihoods (bottom) assuming the O1 interaction. In both the 2D and 1D marginalized like-
lihoods, the simulated data point represented by {m�, c01, c

1
1} = {8.0 GeV, 0, 0} is not included in the 95% confidence

contours/intervals. That is, these contours do not accurately represent the underlying nature of the simulated dark
matter, which is a consequence of assuming the wrong interaction operator in the analysis. The parameter values of
the point of maximum likelihood with 95% confidence intervals calculated from the 1D marginalized likelihoods are
shown in Table VII.

If instead the analysis assumes the same operator as the simulation (in this case O3), the 95% confidence contours
include the simulated data point {m�, c03, c

1
3} = {8.0 GeV, 16,�6.4} as shown in Figure 10b by the 2D marginalized

likelihoods (top) and 1D marginalized likelihoods (bottom). Even though two regions of high likelihood are visible in
each 2D marginalized likelihood, the likelihood favors the region that contains the simulated data point. Additionally,
the point of maximum likelihood agrees closely with the simulated data point. This is also shown numerically in Table
VII. Bayesian evidence further supports the hypothesis that the operator O3 fits the simulated data better than O1:
the evidence calculated for O3 is 2⇥ 10�18, about 20 times higher than for O1 at 1⇥ 10�19. This indicates that the
simple Bayesian evidence measure can be used to compare recoveries with di⇢erent assumed operators in order to
determine which operator(s) perform best in terms of explaining the observed data from multiple experiments.

Both 3D likelihoods shown in Figure 10 were calculated by combining all three experiments into a single likelihood,
resulting in better-defined contours than for any individual experiment. Even when the likelihood for each experiment
individually is fairly flat over the entire prior range, such as for c03 from the 3D likelihood assuming O3 interaction,
combining experiments can create a closed contour for the coupling coe�cient, as shown in Figure 10b. Unfortunately,
it is also possible to obtain closed contours when combining experiments for a likelihood calculated by assuming the
wrong EFT operator, which stresses the importance of considering the Bayesian evidence.

The Ge and LXe experiments detected many more events than Si, with 19 and 21 respectively, compared to only 3
for Si. The 95% confidence intervals calculated for the joint likelihood assuming O3 interaction, shown in Table VII,
are, on average, 1.4 times tighter than for Ge only and 4.3 times tighter than for LXe only. Since there were more
simulated data events in LXe than in Ge, it might be expected that the LXe contours would be the closest to the
joint likelihood. However, due to the flatness of the O3 likelihood in LXe for the isovector coupling coe�cient, c13,
the average between the three 2D marginalized likelihoods is slightly higher than for Ge alone or for Si, Ge, and LXe
combined.

As suggested in step 3 of the proposed analysis procedure, computing the 5D likelihood for both O1 and O3 should
help di⇢erentiate between the two operators by allowing constraints to be set simultaneously for both operators.
Since the simulation assumed only non-zero components in O3, the O1 coupling coe�cient contours should include
zero, which was the simulated value of those parameters. For the O8 simulation, the 5D likelihood including O1 and
O8 ended up being over-parameterized due to the similar recoil energy spectral shapes for all four of the coupling
coe�cients involved and due to the low number of simulated data points. The O3 simulation has the advantage of
having more simulated WIMP events and di⇢erent spectral shapes for O1 and O3. We compute the 5D likelihood
over the parameter space {m�, c01, c

1
1, c

0
3, c

1
3} and show the 2D marginalized likelihoods (top) and the 1D marginalized

likelihoods (bottom) in Figure 11. The 1D marginalized likelihoods were computed in the same manner as for O8.
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Figure 11: 5D likelihood of the data simulated in O3 and computed assuming WIMP-nucleon interaction in O1 and
O3, for all three experiments combined. The 95% confidence contours in 2D marginalized likelihoods are shown on
the top and the 1D marginalized likelihoods are shown in the bottom row of plots. The multiple colors in the 1D
plot represent the marginalizations of the 6 subspaces and the black line the averaged. Also shown is the point

representing the simulated data, marked by x in 2D and a black dashed line in 1D and the best fit point represented
by the red + in 2D and red vertical line in 1D.

Unlike the O8 simulation, none of the parameters in the 5D analysis have a flat likelihood. Hence, the simulated
data point is better recovered, and it is fully contained within all of the 2D 95% confidence contours and 1D 95%
confidence intervals.

Table VII shows the value of the point of highest likelihood with the 95% confidence intervals as calculated from
the 1D marginalized likelihoods. The simulated data point is well contained within all of the 95% confidence intervals
and is closer to the point of maximum likelihood than suggested by the width of these intervals. In this instance, the

Reconstruction in 5D (mass, O1, O3 using Si, Ge, Xe detectors) 

Rogers, Cushman, DGC, Livet, Mandic 1612.09038   
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Figure 1 – Theoretical predictions for the spin-independent neutralino-nucleon scattering cross section in the
pMSSM10 and NUHM2 scenarios. Figure adapted from Ref.?.

Figure 2 – Theoretical predictions for the direct detection of the lightest neutralino (left) and the RH-sneutrino
(right) in the NMSSM. Solid lines correspond to current experimental constraints and dotted lines represent the
expected sensitivity of second generation detectors. The gray points are allowed by all experimental constraints,
whereas the black points can be excluded by current searches for gamma-ray lines of Fermi-LAT.

A recent analysis ? of the impact of the first LHC run on the MSSM parameter space
shows that the neutralino mass is confined to a range mχ̃0

1
≈ 100− 2000 GeV, the lowest mass

corresponding to scenarios in which no universality condition is imposed on the soft SUSY-
breaking parameters and the correct relic abundance is obtained through coannihilation effects
(a fine-tuned region with mχ̃1

0
≈ mZ/2 is still viable due to resonant annihilation through the Z

boson). The theoretical predictions for the direct detection of these particles show that a wide
range of the parameter space are within the reach of second generation experiments (see Fig. ??
where the results for the pMSSM and NUHM are summarised).

The neutralino properties are very sensitive to the details of the Higgs sector, and as such,
can vary significantly in extended models such as the NMSSM. In this scenario, the inclusion of
a singlino component and the presence of new annihilation channels have profound consequences
for neutralino searches ?,?. In particular, it has been shown that the NMSSM can accommodate
low-mass neutralino DM ?,?,?,?,?,?,?. The NMSSM can also be enlarged with an extra singlet su-
perfield that incorporates right-handed neutrinos (and sneutrinos) ?,? in order to accommodate a
see-saw mechanism that explains the smallness of neutrino masses. The right-handed (RH) sneu-
trino in the resulting construction is a viable DM candidate ? with interesting phenomenological
properties.

MSSM after LHC1  
Bagnaschi  et al. 2015 

•  Invisible Higgs decay 
$

Impose LHC1 bounds and explore the 
predictions of MSSM parameter space$

•  Bounds on SUSY masses 
$
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$
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$

The predictions for the scattering 
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GAMBIT	1705.07935	

3

Parameter Minimum Maximum Priors
Au3 (Q) ≠10 TeV 10 TeV flat, hybrid
Ad3 (Q) ≠10 TeV 10 TeV flat, hybrid
M2

Hu
(Q) ≠(10 TeV)2 (10 TeV)2 flat, hybrid

M2

Hd
(Q) ≠(10 TeV)2 (10 TeV)2 flat, hybrid

m2

˜f
(Q) 0 (10 TeV)2 flat, hybrid

M
2

(Q) ≠10 TeV 10 TeV split; flat, hybrid
tan —(mZ) 3 70 flat
sgn(µ) + fixed
Q 1 TeV fixed

Table 1: MSSM7 parameters, ranges and priors adopted in the
scans of this paper. For a parameter x of mass dimension n, the
“hybrid” prior is flat where |x| < (100 GeV)n, and logarithmic
elsewhere. The “split hybrid” prior for M

2

refers to the fact
that we carried out every scan twice: once with a hybrid prior
over 0 Æ M

2

Æ 10 TeV, and again with a hybrid prior over
≠10 TeV Æ M

2

Æ 0. In addition to the priors listed here, we also
carry out additional scans of fine-tuned regions associated with
specific relic density mechanisms, where we restrict models to
mass spectra that satisfy various conditions. See text for details.

we then give a brief summary of the observables and
likelihoods that we employ. We present our main results
in Sec. 4 and their implications for future searches for
the MSSM in Sec. 5, and conclude in Sec. 6.

2 Models and scanning framework

2.1 Model definitions and parameters

GAMBIT makes no fundamental distinction between
parameters of BSM theories and nuisance parameters,
scanning over each on an equal footing. Here we sample
simultaneously from four di�erent models: a 7-parameter
phenomenological MSSM, and three models describing
constraints on di�erent areas of known physics relevant
for calculating observables in the MSSM. These nuisance
models respectively describe the SM, the Galactic DM
halo, and nuclear matrix elements for di�erent light
quark flavours (relevant for direct detection of DM).

2.1.1 MSSM7

The most general formulation of the CP -conserving
MSSM is given by the GAMBIT model MSSM63atQ.
Full details of the Lagrangian can be found in Sec. 5.4.3
of Ref. [158]. This model has 63 free, continuous MSSM
parameters: 3 gaugino masses M

1

, M
2

and M
3

, 9 param-
eters each from the trilinear coupling matrices Au, Ad

and Ae, 6 real numbers associated with each of the ma-
trices of squared soft masses m2

Q, m2
u, m2

d , m2
L and m2

e ,
and three additional parameters describing the Higgs

sector. We choose to work with the explicit mass terms
m2

Hu
and m2

Hd
for the two Higgs doublets. By swapping

the Higgs bilinear couplings b and µ for the ratio of vac-
uum expectation values for the up-type and down-type
Higgs fields tan — © v

u

/v
d

, and demanding that the
model successfully e�ect Electroweak Symmetry Break-
ing, we can reduce the remaining continuous freedom to
a single parameter (tan —). This leaves only a free sign
for µ, which constitutes an additional (64th) discrete
parameter. In this definition, tan — is specified at the
scale mZ , and all other parameters are defined at some
other generic scale Q, usually taken to be near to the
weak scale.

This parameter set is currently too large to explore in
a global fit, and in any case much of the phenomenology
can be captured in smaller models that incorporate sim-
plifying assumptions. In this first paper, we explore the
MSSM7atQ, a 7-parameter subspace of the MSSM63atQ.
Inspired by GUT theories, we set

3
5 cos2 ◊

W

M
1

= sin2 ◊
W

M
2

= –

–
s

M
3

, (1)

at the scale Q. We assume that all entries in Au, Ad

and Ae are zero except for (Au)
33

= Au3 and (Ad)
33

=
Ad3 . We take all of the o�-diagonal entries in m2

Q, m2
u,

m2
d , m2

L and m2
e to be zero, so as to suppress flavour-

changing neutral currents. By setting all remaining mass
matrix entries to a universal squared sfermion mass m2

˜f
,

we reduce the final list of free parameters to M
2

, Au3 ,
Ad3 , m2

˜f
, m2

Hu
, m2

Hd
and tan — (plus the input scale Q

and the sign of µ). The MSSM7 has been studied in
significant work in the previous literature, e.g. [160–165].

We assume that R-parity is conserved, making the
lightest supersymmetric particle (LSP) absolutely stable,
and discard all parameter combinations where the LSP
is not a neutralino. This choice is discussed in more
detail in the companion paper [156].

In Table 1, we give the parameter ranges over which
we scan the MSSM7 in this paper. We choose to define
all parameters other than tan — at Q = 1 TeV, and
investigate positive µ (for a definition of µ please see
the superpotential given in Sec. 5.4.3 of Ref. [158].). We
intend to return to the µ < 0 branch of this model in
future work, where we compare with less constrained
subspaces of the MSSM63atQ.

2.1.2 Nuisance parameters

We make use of three di�erent nuisance models in our
scans: the SM as defined in SLHA2 [158, 166], a model of
the Galactic DM halo that follows a truncated Maxwell-
Boltzmann velocity distribution [158, 167], and a model
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Fig. 3: Left: Joint profile likelihoods in the µ–M
1

(top) and M
2

–m
˜f planes (bottom). Stars indicate the point of highest likelihood

in each plain, and white contours correspond to the 1‡ and 2‡ CL regions with respect to the best-fit point. Right: Coloured regions
indicating in which parts of the 2‡ best-fit region di�erent co-annihilation and funnel mechanisms contribute to keeping the relic
density low. The best-fit point in each region is indicated by a star with the corresponding colour.

of Fig. 3). Because the MSSM7 employs a common
sfermion soft-mass parameter m2

˜f
at the input scale

(Q = 1 TeV in our case), mass splittings among di�er-
ent sfermions are mostly generated by varying amounts
of mixing. In comparison, the contribution from RGE
running from Q = 1 TeV to Q = M

SUSY

, which splits
m2

˜f
into individual soft masses, is generally subdomi-

nant.
In the tree-level stop mass matrix the o�-

diagonal element is vyt(Au3 sin — ≠ µ cos —), while it
is vyb,· (Ad3 cos — ≠ µ sin —) in the sbottom and stau
mass matrices, where yt,b,· are the fermion Yukawa cou-
plings and v ¥ 246 GeV. Because increased left-right
mixing reduces the mass of the lighter of the two mass
eigenstates, the large top Yukawa ensures that t̃

1

is the

lightest sfermion across most of the allowed parameter
space (including for models that exhibit sbottom co-
annihilation). With 3 Æ tan — Æ 70 the terms Au3 sin —
(stop) and µ sin — (sbottom and stau) dominate the
sfermion mixing in large regions of parameter space.
The dependence on large µ to obtain a sbottom mass
significantly lower than the mass set by the common
m

˜f parameter explains why the sbottom co-annihilation
region does not extend as far to small µ as the stop co-
annihilation region in Fig. 3. Also, since yb ¥ 2.5y· , the
lightest stau remains heavier than the lightest sbottom
in the regions of parameter space with large mixing for
the down-type sfermions, which explains the absence
of any region dominated by stau co-annihilation in our
results.
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The dependence on large µ to obtain a sbottom mass
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plings and v ¥ 246 GeV. Because increased left-right
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is the

lightest sfermion across most of the allowed parameter
space (including for models that exhibit sbottom co-
annihilation). With 3 Æ tan — Æ 70 the terms Au3 sin —
(stop) and µ sin — (sbottom and stau) dominate the
sfermion mixing in large regions of parameter space.
The dependence on large µ to obtain a sbottom mass
significantly lower than the mass set by the common
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region does not extend as far to small µ as the stop co-
annihilation region in Fig. 3. Also, since yb ¥ 2.5y· , the
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in the regions of parameter space with large mixing for
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region does not extend as far to small µ as the stop co-
annihilation region in Fig. 3. Also, since yb ¥ 2.5y· , the
lightest stau remains heavier than the lightest sbottom
in the regions of parameter space with large mixing for
the down-type sfermions, which explains the absence
of any region dominated by stau co-annihilation in our
results.
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of mixing. In comparison, the contribution from RGE
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, which splits
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In the tree-level stop mass matrix the o�-

diagonal element is vyt(Au3 sin — ≠ µ cos —), while it
is vyb,· (Ad3 cos — ≠ µ sin —) in the sbottom and stau
mass matrices, where yt,b,· are the fermion Yukawa cou-
plings and v ¥ 246 GeV. Because increased left-right
mixing reduces the mass of the lighter of the two mass
eigenstates, the large top Yukawa ensures that t̃
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is the

lightest sfermion across most of the allowed parameter
space (including for models that exhibit sbottom co-
annihilation). With 3 Æ tan — Æ 70 the terms Au3 sin —
(stop) and µ sin — (sbottom and stau) dominate the
sfermion mixing in large regions of parameter space.
The dependence on large µ to obtain a sbottom mass
significantly lower than the mass set by the common
m

˜f parameter explains why the sbottom co-annihilation
region does not extend as far to small µ as the stop co-
annihilation region in Fig. 3. Also, since yb ¥ 2.5y· , the
lightest stau remains heavier than the lightest sbottom
in the regions of parameter space with large mixing for
the down-type sfermions, which explains the absence
of any region dominated by stau co-annihilation in our
results.
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of Fig. 3). Because the MSSM7 employs a common
sfermion soft-mass parameter m2
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at the input scale

(Q = 1 TeV in our case), mass splittings among di�er-
ent sfermions are mostly generated by varying amounts
of mixing. In comparison, the contribution from RGE
running from Q = 1 TeV to Q = M
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, which splits
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into individual soft masses, is generally subdomi-

nant.
In the tree-level stop mass matrix the o�-

diagonal element is vyt(Au3 sin — ≠ µ cos —), while it
is vyb,· (Ad3 cos — ≠ µ sin —) in the sbottom and stau
mass matrices, where yt,b,· are the fermion Yukawa cou-
plings and v ¥ 246 GeV. Because increased left-right
mixing reduces the mass of the lighter of the two mass
eigenstates, the large top Yukawa ensures that t̃

1

is the

lightest sfermion across most of the allowed parameter
space (including for models that exhibit sbottom co-
annihilation). With 3 Æ tan — Æ 70 the terms Au3 sin —
(stop) and µ sin — (sbottom and stau) dominate the
sfermion mixing in large regions of parameter space.
The dependence on large µ to obtain a sbottom mass
significantly lower than the mass set by the common
m

˜f parameter explains why the sbottom co-annihilation
region does not extend as far to small µ as the stop co-
annihilation region in Fig. 3. Also, since yb ¥ 2.5y· , the
lightest stau remains heavier than the lightest sbottom
in the regions of parameter space with large mixing for
the down-type sfermions, which explains the absence
of any region dominated by stau co-annihilation in our
results.

Neutralino in the MSSM 

Update on the constraints on the 
MSSM using GAMBIT 

The	neutralino	can	be	a	viable	DM	candidate	for	masses	up	to	2	TeV,	but	in	some	
regions	of	the	parameter	space,	it	might	not	be	detected	by	indirect	or	direct	
methods		
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FIG. 2. Velocity-averaged annihilation cross section of RH sneutrinos in the Galactic halo as a function of the RH sneutrino mass. All the
points provide a fit to the GCE at 95% C.L. We have also imposed all the experimental bounds, including dSph constraints and Fermi-LAT
searches for spectral lines. The colour code indicates different dominant final states of the RH sneutrino annihilation. The best fit points
for each annihilation channel are represented by a star. Points allowed by our estimation of the Pass 8 dSph bounds are encircled in black.

The published bounds [68] on ⟨σv⟩0,γγ do not include
the specific DM halo used in this paper for the anal-
ysis of the GCE. In order to recalculate this limit, we
have computed the J-factor for our halo in the region of
interest (ROI) R414, JGCE = 13.0 × 1022 GeV2 cm−5,
and compared it with the one used in Ref. [68], which
yields JLAT = 8.53 × 1022 GeV2 cm−5. The ratio
r = JLAT /JGCE ≈ 1.52 is then applied to the Fermi-
LAT bounds on ⟨σv⟩0,γγ from Ref. [68].

Then, we have applied the bounds on the annihilation
cross section into two photons to the ξ2⟨σv⟩0,γγ predicted
by our model for monochromatic gamma ray lines. Con-
cerning the box-shaped contributions, first we have de-
rived the corresponding limits on the annihilation cross
section from the Fermi-LAT gamma ray line bounds5

and afterwards we have applied them to our prediction
weighted by the fractional DM density squared, ξ2, along
the box width. Finally, note that stronger bounds could
be obtained if we used a ROI which is optimised for the
profile used here, but this is out the scope of this article.

4 This ROI is defined as a 41◦ circular region centred on the galac-
tic centre with a mask applied to |b| < 5◦ and |l| > 6◦, and has
been optimised for a regular (γ = 1) NFW profile.

5 The use of this derived bound for box-shaped features is well mo-
tivated since the energy binning of the Fermi-LAT flux is chosen
to be of the order of the energy resolution of the instrument.
Hence, we are allowed to approximate this contribution as a con-
tinuum of lines extending from the minimum to the maximum
box energy.

RESULTS

In Figure 2, we show ξ2⟨σv⟩0 vs. mÑ1
for the points of

the parameter space that fit the GCE at 95% C.L. The
different colours indicate the main annihilation channel
(remember that the whole annihilation spectrum is con-
sidered when calculating the gamma ray flux). The stars
represent the best fit point for each of the dominant an-
nihilation channels and their properties are summarised
in Table I, where we distinguish “pure final states” (if the
main annihilation channel contributes to more than 90%
to ξ2⟨σv⟩0) and “mixed final states”. Lastly, black circles
correspond to the points that would be allowed by our
estimation of the Pass 8 constraints on dSphs.

As we can observe, there are solutions that fit
the GCE for RH sneutrino masses in the range
mÑ1

= 15 − 135 GeV, while fulfilling all other experi-
mental constraints (from direct and indirect dark matter
searches as well as from the LHC). The best fit points for
pure annihilation channels are in good agreement with
model independent studies [10, 11], but we have also
obtained new non-standard annihilation channels (into
light scalar and pseudoscalar singlet-like Higgs bosons)
and examples with mixed final states which provide
a slightly better fit to the GCE. Notice also that the
points are separated in two regions in the RH sneutrino
mass. Let us comment in more detail these two regions.

• mÑ1
≈ 15 − 30 GeV. We have found solutions where

the RH sneutrino annihilates mainly into a pair of
very light, singlet-like, CP-odd Higgs bosons (cyan).

bb	
A1A1 à 4b	

A1A1 à 4τ

H1H1	

Light WIMPs can account for Fermi-LAT excess 

Working with complete models allows looking for correlations 
with other search strategies  
 
•  What are the predictions for indirect searches/colliders? 
•  Are these results compatible with other “hints”? 

DGC, Robles, Peiro 2015  
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Light WIMPs are viable in extensions of the MSSM 

Working with complete models allows looking for correlations 
with other search strategies  
 
•  What are the predictions for indirect searches/colliders? 
•  Are these results compatible with other “hints”? 
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FIG. 4. Theoretical predictions for σSI

Ñ1p
as a function of mÑ1

for points which fit the GCE at 95% C.L. and fulfil all the experimental

bounds. The colour convention is as in Fig. 2. Solid lines represent the current experimental upper bounds from direct detection experi-
ments, whereas dotted lines are the projected sensitivities of next-generation detectors. The dashed line corresponds to an approximate
band where neutrino coherent scattering with nuclei will begin to limit the sensitivity of direct detection experiments. Closed contours
represent the areas compatible with the observed excesses in DAMA/LIBRA (orange), CRESST (red), CDMS II (blue), and CoGeNT
(green).
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FIG. 5. Rγγ ratio as a function of the photon energy, Eγ , for
which the ratio is maximised. All the points fulfil all the experi-
mental bounds. The colour convention is as in Fig. 2. The dashed
line denotes our estimation of the improved sensitivity to spectral
feature searches with Fermi-LAT Pass 8 data.

on the gamma ray spectrum and ⟨σv⟩LAT
γγ is the expected

limit from Ref. [68] for R41. The factor r ≈ 1.52 has been
introduced in the previous section to convert the bounds
of Ref. [68] to the DM halo considered in this article.
Rγγ is evaluated at the energy Eγ , for which the ratio is
maximised. For gamma ray lines Eγ coincides with the

energy of the line. On the other hand, for box-shaped
features Eγ represents the mean value of the Fermi-LAT
energy bin for which ξ2⟨σv⟩sf is closer to the current
expected limit. Notice that Rγγ < 1, since the current
bound on spectral features has already been applied to
our data.
In Figure 5, we represent Rγγ vs. Eγ for all the points

that fit the GCE at 95% C.L. We also indicate with a
dashed line the expected improvement on these kind of
searches with the Pass 8 data6. We can observe that
many of these scenarios have Rγγ > 0.5, which means
that an improvement of a factor 2 in the Fermi-LAT
sensitivity to the search for spectral features would be
enough to probe these solutions.
As has already been emphasised, the points in which

the RH sneutrino annihilates mainly into scalar or pseu-
doscalar Higgs bosons typically present box-shaped fea-
tures and/or lines in their spectrum. The energy Eγ at
which we evaluate Rγγ (and at which we expect them
to be detected) is systematically shifted towards low val-
ues, since the sensitivity of the Fermi-LAT instrument
is better7. In particular, all the points with H0

1H
0
1 fi-

nal states have Eγ < 60 GeV (in spite of the RH sneu-

6 This estimation is obtained assuming that the improvement on
the expected limit with respect to the Pass 7 data for the Einasto
profile (ROI R16) shown in Ref. [71] can also be applied to the
DM halo considered in this article.

7 When both lines and box-shaped features are present in the same
spectrum, the better sensitivity of the Fermi-LAT to low-energies

DGC, Robles, Peiro 2015  
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Summary 

Current experiments have done an excellent job in not detecting Dark 
Matter (yet) 
 

•  Experimental results set stringent constraints on simplified models 
(e.g. Higgs portal) and complete ones (e.g. Supersymmetry) 
 

Interesting “hints” being explored (some point in different directions) 
 

•  Fermi-LAT and AMS excesses compatible with WIMPs (m~100 GeV) 
•  Potential cooling effects in stars point towards Axion-like DM 
•  keV scale DM explains lines in astrophysical observations  

 
Next generation DM experiments will explore the DM paradigm with 
increased sensitivity. 

•  Complementarity of experiments is crucial to determine DM 
parameters 

21/07/17	
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Astrophysical observations (Can also be considered “indirect searches”) 

Hints of overcooling in various astrophysical objects have been interpreted in terms of 
Axion-like particles or a neutrino dipole moment 

AGN gamma-ray spectra [13] (though this last hypothesis currently shows some conflict with
the SN bound on the axion-photon coupling [14]). More recently, it was also pointed out that
anomalous X-ray observations of the active Sun suggest an ALP-photon coupling [15] of the
same size hinted by the other analyses.

Interestingly, the required couplings are not excluded by experiments nor by phenomenolog-
ical considerations and are accessible to the new generation ALP detectors, in particular ALPS
II [16] and the International Axion Observatory (IAXO) [17, 18].

2 Observational anomalies is stellar cooling and ALPs

2.1 White dwarfs

For over two decades, observations of the period decrease (Ṗ /P ) of particular white dwarf (WD)
variables have shown discrepancies (at 1�) with the expected behavior. In particular, all the
variables studied (two pulsating DA WDs, G117-B15A [19, 20] and R548 [21], and one pulsating
DB WD, PG 1351+489 [22]) show an unexpectedly fast cooling (Ṗ /P is practically proportional
to the cooling rate Ṫ /T ), suggesting the possibility of additional energy loss channels. The
results from the two DA WD show a preference for an axion coupled to electrons with gae '
4.8⇥ 10�13 [19, 21] (see Fig. 1). The no-axion solution is recovered at 2�.

WDLF

G17-B15A

R548

RGB

0 2 4 6 8 10
gae ¥1013

Figure 1: Summary of hints on the ALP-
electron coupling from WD and RGB stars (at
1�).

Additionally, various studies of the WD
luminosity function (WDLF), which repre-
sents the WD number density per bright-
ness interval, also seem to indicate a prefer-
ence for an additional cooling channel and,
in particular, for an axion-electron coupling
gae ' (1.4 ± 0.3) ⇥ 10�13 (at 1�) [23]. A
more recent study of the hot part of the
WDLF [24] did not confirm this anomalous
behavior. However, the hotter section of the
WDLF has much larger observational errors
and the ALP production would be almost
completely hidden by standard neutrino cool-
ing in the hottest WDs.

It should also be noted that the hints on
the axion-electron coupling from the WDLF and the WD pulsation disagree at 1� indicating,
perhaps, an underestimate of the errors. In particular, the results from the pulsating WDs are
based on assumptions on the analyzed oscillating mode that should be independently verified
(see, e.g., discussion in [23]).

2.2 Red giants

Further hints to anomalous energy loss in stars emerge from the recent analysis of the Red Giant
Branch (RGB) stars in [25, 26]. This showed a brighter than expected tip of the RG branch in
the M5 globular cluster, indicating a somewhat over-e�cient cooling during the evolutionary
phase preceding the helium flash.

The anomalous brightness, �MI,tip ' 0.2 mag in absolute I�band magnitude, is within
the calculated observational and modeling errors, which include uncertainties in the mass loss,

2 Patras 2015

4 

Very severe bounds from 
helioscopes, cavity searches, 
and light-shining through the 
wall experiments 
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Figure 7. 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.
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Figure 8. 3�4 keV band of the core-excised stacked MOS spec-
trum 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 Gaus-
sian line is added, indicating that the unidentified spectral line can
be modeled with a Gaussian.

whether the Perseus signal is not an artifact of our
blueshifting procedure. For this we fit the original, red-
shifted MOS spectrum with a line-free apec model. We
obtained a best-fit �2 of 463 for 385 dof. Adding a Gaus-
sian line at 3.57 keV (rest energy) improved the fit by
��2 of 16 for an additional dof. The best-fit flux was
5.3 ± 1.2 (2.0) ⇥ 10�5 photons cm�2 s�1, which is in
agreement with the flux obtained from the blue-shifted
spectrum. We conclude that our detection is indepen-
dent of shifting the spectrum.
Not ready to abandon the sterile neutrino explanation

based on the line flux incorrectly scaling with cluster
mass that we see for Perseus, we tried to investigate
possible astrophysical reasons behind the excess of the

line flux in Perseus. First, we investigated the depen-
dence of the energy and flux of this unidentified line on
the AtomDB predicted fluxes of nearby lines, i.e., the K
xviii line at 3.51 keV and the Ar xvii DR line at 3.62
keV. Allowing the energy of the Gaussian component to
vary produced a best fit for an energy of 3.56 +0.01

�0.02 (
+0.02
�0.03)

keV, with a flux of 6.0+1.8
�1.4 (+2.4

�1.7) ⇥ 10�5 photons cm�2

s�1 (�2 of 598.1 for 572 dof). The best-fit energy is
consistent with the energy measured from the MOS ob-
servations of the full sample. However, the fluxes of the
nearby K xviii line at 3.51 keV and the Ar xvii DR line
at 3.62 keV were at their allowed upper limits predicted
from AtomDB. Relaxing the upper limits has shifted the
line energy higher, to 3.59 +0.01

�0.03 (
+0.02
�0.04) keV with a flux of

5.5+1.7
�0.8 (+3.7

�1.5) ⇥ 10�5 photons cm�2 s�1 giving a slightly
better fit (�2 of 594.5 for 572 dof). We note that the line
energy of this extra line gets close to the Ar xvii DR line
at 3.62 keV. So we removed the extra Gaussian line and
re-fit the Perseus spectrum removing the upper limits on
the Ar xvii DR line. We obtained only a slightly worse
fit than the previous case, with a �2 of 598.8 (574 dof).
The measured flux of the Ar xvii DR line at 3.62 keV
in this case was 4.8+0.7

�0.8 (+1.3
�1.4) ⇥ 10�5 photons cm�2 s�1,

which is a factor of 30 above the predicted maximum
flux of the Ar xvii DR line based on the measured flux
of the Ar xvii line at ⇠3.12 keV and AtomDB line rates.
The predicted maximum flux of the Ar xvii DR line for
the Perseus spectrum was 1.6 ⇥ 10�6 photons cm�2 s�1

(< 0.01 times the flux of the Ar xvii triplet at ⇠3.12
keV).
This test showed that the line detected in the Perseus

Cluster could also be interpreted as an abnormally bright
Ar xviiDR line. We note, however, that obtaining such a
bright DR line relative to the He-like triplet at 3.12 keV is
problematic. The emissivity of the satellite line peaks at
kT=1.8 keV, and declines sharply at lower temperatures,
in addition to the change in the ionization balance which
reduces the Ar+17 content of the plasma. The emissivity
ratio for the DR/3.12 keV has its maximum value of 0.04

A hint of a 3.5 keV line in astrophysical galaxies and clusters 

Can this be a 
hint of decaying 
7 kev dark 
matter?  

Dodelson, Widrow 1994 
Shi, Fuller 1999 

Jaeckel, Redondo, Ringwald 

Axion-like	par8cles	Sterile	neutrinos	

Apparent 3.5 keV excess in stacked 
observation of galaxy clusters 

This line has NOT been observed in 
other objects 

Stacked galaxies: Anderson et al. 1408.4115  
Dwarf galaxies: Malyshev et al. 1408.3531 

Blank sky areas in Milky Way: Sekiya et al. 1504.02826  
X-ray galaxy clusters: Urban et al. 1411.0050 

Milky way centre: Riemer Sorensen et al. 1405.2943 
 

Bulbul et al. 1402.2301  
Boyarsky et al. 1402.4119 
 

And in the centre of the Milky Way 
Boyarsky et al. 1408.2503 
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A hint of a 3.5 keV line in astrophysical galaxies and clusters 

Apparent 3.5 keV excess in stacked 
observation of galaxy clusters 

This line has NOT been observed in 
other objects 

Stacked galaxies: Anderson et al. 1408.4115  
Dwarf galaxies: Malyshev et al. 1408.3531 

Blank sky areas in Milky Way: Sekiya et al. 1504.02826  
X-ray galaxy clusters: Urban et al. 1411.0050 

Milky way centre: Riemer Sorensen et al. 1405.2943 
 

Bulbul et al. 1402.2301  
Boyarsky et al. 1402.4119 
 

And in the centre of the Milky Way 
Boyarsky et al. 1408.2503 
 

The same feature seems to be observed in the Cosmic X-ray 
background 

Bulbul et al. 1701.07932 
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FIG. 6: Constraints and projections for the DM-electron scattering cross section �̄e. The left (right)

plots assume a momentum-independent (dependent) interaction, FDM = 1 (FDM = (↵me/q)2). Existing

constraints from XENON10 (XENON100) [90, 91] are shown in the blue (red) shaded regions. Projections

show 3 events for a 1-year exposure [50, 90, 94, 95, 98, 99]; the label includes the threshold (in terms of number

of electrons, photons, or the electron recoil energy) and target mass. Solid/dashed/dotted lines indicate

an estimate of the time to start taking data, corresponding roughly to a short/medium/long timescale,

respectively. A solid line indicates a mature technology: data taking can begin in . 2 years and a zero

background (radioactivity or dark currents) is reasonable for the indicated thresholds. A dashed line indicates

more R&D is required and, if successful, data taking could start in ⇠ 2 � 5 years; the projected sensitivity

assumes that backgrounds can be controlled. A dotted line indicates longer-term R&D e↵orts. Bottom left

plot assumes DM scatters through an A0 with mA0 = 3m�. Five theory targets are shown as explained in

Section IV B. In addition to electron-recoil experiments, we show projections from nuclear-recoil experiments
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recoil searches [50]. Bottom right plot assumes DM scatters through an A0 with mA0 ⌧ keV; a

freeze-in target is shown. Shaded gray regions are bounds from WIMP nuclear-recoil searches, stellar, and

BBN constraints [50]. The superconductor projection in bottom plots include in-medium e↵ects for an A0

and assume a dynamic range of 10 meV–10 eV. 50

Direct	detec8on	can	also	prove	less	conven8onal	scenarios	

DM-e	(momentum	independent)	sca_ering	 Axion-like	par8cles	



gΝ,Φ # gl ,p # 2$10
%6

, gl ,s # 0

132
XePseudoscalar

SM

mΦ # 1 keV

mΦ # 5 keV

mΦ # 10 keV

mΦ # 50 keV

mΦ # 100 keV

10%1 100 101 102
102

103

Eth !keV"

N
T
O
T
!t
o
n
%
1
y
r%

1
"

gΝ,Φ # gl ,p , gl ,s # 0

Pseudoscalar

G2 !Ge"

G2 !Si"

G2 !Xe"

Future !Xe"

Future !Ar"

Future !Ne"

10$6 10$5 10$4 10$3 10$2 10$1 100
10$8

10$7

10$6

10$5

10$4

10$3

10$2

10$1

mΦ #GeV$

g

FIG. 5. Electron recoil integrated rates (left) and sensitivity (right) for a pseudoscalar coupling.

10-8 10-7 10-6 10-5 10-4 10-3 0.01 0.1 110-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

Gauge boson mass mZ'HGeVL

ga
ug
e
co
up
lin
g
g B
-
L

Fixed target

Hg-2Lm

Hg-2Le
B-Factories

SN1987A

Atomic Physics

G
lo
bu
la
r C
lu
ste
rs

Sun

Z' capture
in Sun

Fi
fth
Fo
rc
e

GEMMA+Borex.+Texono+CHARM-II

SuperCDMS

LUX

CDMSlite

Electron recoils

Nuclear recoils

FIG. 6. Projected 90% CL constraints on the B-L model for nuclear recoils (solid lines) and electron recoils
(dashed) in the optimistic scenarios for G2 germanium (red), G2 xenon (blue) and future xenon (green). We also
show approximate bounds derived from the current SuperCDMS (red line), CDMSlite (brown solid and dashed
lines), and LUX data (blue shaded region). Our bounds are overlaid on existing constraints. To translate these
bounds to the other possible scenarios, one should keep in mind that some bounds (intermediate grey) only
apply when the new mediator couples to leptons. The supernova bound (brown) only applies to couplings to
baryons, while B-factory bounds (pink) require both. The fifth force constraint (dark grey) applies in either case.
The grey regions, the neutrino scattering bound and the pink pregion, and the supernova limits are respectively
taken from Refs. [57], [58], and [59].

12

21/07/17	 39	

Current	bounds	on	U(1)B-L	models	

Sun	and		
Globular	Clusters	

Atomic	Physics	 (g-2)µ

(g-2)e

Fixed	target	

B-physics	

Fi
Wh

	F
or
ce
	

Ge,	Xe,	Ne	

Bounds	from	ER	

New unexplored 
regions at large 
mediator masses 



21/07/17	 40	

ν ν

Mediator L d�
e

/dE
R

� d�SM
e

/dE
R

d�
N

/dE
R

� d�SM
N

/dE
R

Scalar (g
⌫,�

�⌫̄
R

⌫
L

+ h.c.)
+ �¯̀g

`,s

`+ �q̄g
q,s

q

g

2
⌫,�g

2
e,sERm

2
e

4⇡E

2
⌫

⇣
2ERme+m

2
�

⌘2
Q

02
s m

2
NER

4⇡E

2
⌫

⇣
2ERmN+m

2
�

⌘2

Pseudoscalar (g
⌫,�

�⌫̄
R

⌫
L

+ h.c.)
� i�5�¯̀g

`,p

`� i�5�q̄g
q,p

q

g

2
⌫,�g

2
e,pE

2
Rme

8⇡E

2
⌫

⇣
2ERme+m

2
�

⌘2 0

Vector g
⌫,Z

0Z0
µ

⌫̄
L

�µ⌫
L

+ Z0
µ

¯̀�µg
`,v

`+ Z0
µ

q̄�µg
q,v

q

p
2GFmegvg⌫,Z0ge,v

⇡(2ERme+m

2
Z0)

+
meg

2
⌫,Z0g

2
e,v

2⇡(2ERme+m

2
Z0)

2

�GFmNQvQ
0
v(2E

2
⌫�ERmN )

2
p

2⇡E

2
⌫(2ERmN+m

2
Z0)

+
Q

02
v mN (2E2

⌫�ERmN )

4⇡E

2
⌫(2ERmN+m

2
Z0)

2

Axial Vector g
⌫,Z

0Z0
µ

⌫̄
L

�µ⌫
L

� Z0
µ

¯̀�µg
`,a

�5`
� Z0

µ

q̄�µg
q,a

�5q

p
2GFmegage,ag⌫,Z0

⇡(2ERme+m

2
Z0)

+
meg

2
⌫,Z0g

2
e,a

2⇡(2ERme+m

2
Z0)

2

GFmNQaQ
0
a(2E

2
⌫+mNER)

2
p

2⇡E

2
⌫(2ERmN+m

2
Z0)

� GFmNQvQ
0
aE⌫ERp

2⇡E

2
⌫(2ERmN+m

2
Z0)

+
Q

02
a mN (2E2

⌫+ERmN )

4⇡E

2
⌫(2ERmN+m

2
Z0)

2

TABLE IV. New Lagrangian terms and di↵erential cross sections with the nucleus N and electron e for the
four types of new mediator we consider. Note the negative interference in the vector and axial case with the
SM contribution. The couplings g

v

and g
a

are defined in Eq. (4). The coherence factors Q
i

are defined in
Eqs. (14-18).

whereby any unpaired nucleon contains the full
J quantum number of the nucleus in its ground
state.

We assume that the mediators are light (below
the few GeV scale) and their couplings to SM par-
ticles are small. Therefore, their contribution to
electron and nucleus scattering (via t-channel ex-
change) should be negligible at a high momentum
transfer q2 � m2

�,Z

0 but will be enhanced for low
scale measurements.

B. Predicted event rates and sensitivities

In Fig. 3 we show the e↵ect that the presence of
scalar, vector and axial vector interactions would
have upon the rate of scattering events per ton-
year as a function of the low-energy threshold.
The rate of electron recoil events for a 132Xe tar-
get, as well as coherent nuclear recoil events for a
variety of di↵erent target materials and mediator
masses are plotted. In all cases shown, the new
physics contribution grows with lower recoil ener-
gies, showing the need for low-threshold detectors.

Electron recoil spectra (shown on the left col-
umn) are from pp neutrinos, the lowest energy
and most copious neutrinos produced in the Sun.
Since lowering the threshold of detection does not
open up any new sources of neutrinos, a threshold
of E

th

⇠ 1 keV is su�cient to maximize the SM
event rate. The size of the new-physics contribu-
tion is dictated by the mass of the mediator and
the corresponding coupling. In the limit of small
mediator masses, the di↵erential cross section in
Tab. IV scales as d�/dE

R

/ E�1

R

for scalar medi-
ators and d�/dE

R

/ E�2

R

for vector and axial vec-
tor mediators, thus leading to substantial changes

at low energies. Therefore, if the experimental
threshold is low enough, an enhancement of the
signal with respect to the SM prediction could be
observed. This does not hold for pseudoscalar me-
diators, as shown in Fig. 5, since in the small mass
limit d�/dE

R

is energy-independent. Although we
are only showing the results for 132Xe, the rates for
any other target can be found by rescaling by the
corresponding number of electrons per unit mass.

For nuclear recoils the integrated event rate also
increases sharply with decreasing threshold. This
can be seen as a sharp break in the right-hand
panels of Fig. 3. This break corresponds to the
intersection of new physics and SM contributions
and its location depends on the values of the cou-
plings. The fact that this enhancement becomes
visible in these figures around the same energy as
the CNO flux is a coincidence due to the choice of
coupling, but the CNO contribution nonetheless
results in further enhancement.

The target material dependence is very pro-
nounced due to kinematics, as the maximum recoil
energy is suppressed by the large nucleus mass,

E
R,max

=
2E2

⌫

(m
N

+ 2E
⌫

)
, (19)

For this reason, heavier targets need a lower
threshold to probe both new fluxes of neutrinos
and new physics processes at low energies. For ex-
ample, whereas E

th

⇡ 2 keV is needed for xenon
to be sensitive to 8B neutrinos, these can be ac-
cessed by a hypothetical detector based on neon
with only E

th

⇡ 10 keV. The material dependence
also enters into the coherence factors (Eqs. 14–18)
for nuclear recoils which in turn depend on A/Z.

As in the case of electron recoils, the most pro-
nounced deviations from the SM prediction occur
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TABLE IV. New Lagrangian terms and di↵erential cross sections with the nucleus N and electron e for the
four types of new mediator we consider. Note the negative interference in the vector and axial case with the
SM contribution. The couplings g

v

and g
a

are defined in Eq. (4). The coherence factors Q
i

are defined in
Eqs. (14-18).

whereby any unpaired nucleon contains the full
J quantum number of the nucleus in its ground
state.

We assume that the mediators are light (below
the few GeV scale) and their couplings to SM par-
ticles are small. Therefore, their contribution to
electron and nucleus scattering (via t-channel ex-
change) should be negligible at a high momentum
transfer q2 � m2

�,Z

0 but will be enhanced for low
scale measurements.

B. Predicted event rates and sensitivities

In Fig. 3 we show the e↵ect that the presence of
scalar, vector and axial vector interactions would
have upon the rate of scattering events per ton-
year as a function of the low-energy threshold.
The rate of electron recoil events for a 132Xe tar-
get, as well as coherent nuclear recoil events for a
variety of di↵erent target materials and mediator
masses are plotted. In all cases shown, the new
physics contribution grows with lower recoil ener-
gies, showing the need for low-threshold detectors.

Electron recoil spectra (shown on the left col-
umn) are from pp neutrinos, the lowest energy
and most copious neutrinos produced in the Sun.
Since lowering the threshold of detection does not
open up any new sources of neutrinos, a threshold
of E

th

⇠ 1 keV is su�cient to maximize the SM
event rate. The size of the new-physics contribu-
tion is dictated by the mass of the mediator and
the corresponding coupling. In the limit of small
mediator masses, the di↵erential cross section in
Tab. IV scales as d�/dE

R

/ E�1

R

for scalar medi-
ators and d�/dE

R

/ E�2

R

for vector and axial vec-
tor mediators, thus leading to substantial changes

at low energies. Therefore, if the experimental
threshold is low enough, an enhancement of the
signal with respect to the SM prediction could be
observed. This does not hold for pseudoscalar me-
diators, as shown in Fig. 5, since in the small mass
limit d�/dE

R

is energy-independent. Although we
are only showing the results for 132Xe, the rates for
any other target can be found by rescaling by the
corresponding number of electrons per unit mass.

For nuclear recoils the integrated event rate also
increases sharply with decreasing threshold. This
can be seen as a sharp break in the right-hand
panels of Fig. 3. This break corresponds to the
intersection of new physics and SM contributions
and its location depends on the values of the cou-
plings. The fact that this enhancement becomes
visible in these figures around the same energy as
the CNO flux is a coincidence due to the choice of
coupling, but the CNO contribution nonetheless
results in further enhancement.

The target material dependence is very pro-
nounced due to kinematics, as the maximum recoil
energy is suppressed by the large nucleus mass,

E
R,max

=
2E2

⌫

(m
N

+ 2E
⌫

)
, (19)

For this reason, heavier targets need a lower
threshold to probe both new fluxes of neutrinos
and new physics processes at low energies. For ex-
ample, whereas E

th

⇡ 2 keV is needed for xenon
to be sensitive to 8B neutrinos, these can be ac-
cessed by a hypothetical detector based on neon
with only E

th

⇡ 10 keV. The material dependence
also enters into the coherence factors (Eqs. 14–18)
for nuclear recoils which in turn depend on A/Z.

As in the case of electron recoils, the most pro-
nounced deviations from the SM prediction occur

8

in the limit where the mediator mass is small. In-
deed, in such a case, the di↵erential cross section
scales as d�/dE

R

/ E�1

R

for scalar mediators and
d�/dE

R

/ E�2

R

for vector and axial vector me-
diators when the new physics contributions domi-
nate. Once more, this leads to an enhancement of
the cross section for low recoil energies. We do not
show the nuclear recoil rates expected for a pseu-
doscalar mediator, since the nuclear form factor
cancels out when the couplings to all light quarks
are identical [53].

As an additional remark on the axial vector and
vector mediator cases, the interference between
the standard Z and Z 0 amplitudes become im-
portant when these are comparable in magnitude.
Remarkably, this interference is destructive due
to the chiral structure of the Z couplings, which
may lead to an overall suppression of events with
respect to the SM prediction. We have illustrated
this possibility in Fig. 3 for the case of vector cou-
plings.

The projected constraints on light scale physics
are shown in Figs. 4 and 5, for di↵erent media-
tors and target materials. The bands enclose the
nominal and optimistic scenarios defined in Tab. I.
They are wider for nuclear recoils (right panels) in
comparison to electron recoils (left panels) since
the dependence with the threshold energy is more
pronounced. Depending on the mediator mass,
electron recoils could probe couplings below 10�6,
while the bounds from nuclear recoils would range
from 10�3 to 10�6. In the case of a vector medi-
ator scattering o↵ nuclei (middle right plot), the
destructive interference with the SM Z contribu-
tion may lead to disconnected regions, e.g., for a
G2 silicon-based detector. It is worth remember-
ing at this point that we are basing our projec-
tions on the assumption that backgrounds can be
removed. As discussed above, this is a reasonable
hypothesis for the case of nuclear recoils but more
challenging for electron recoils.

C. Bounds for a U(1)
B�L

model

To put the sensitivity of future DD experiments
in context, we illustrate our results with the spe-
cific example of a light U(1)

B�L

gauge boson, a
construction that was studied in Ref. [57] for ⌫�e
scattering. In this case, a new vector mediator
couples to the B�L quantum numbers of standard
model particles. Quarks therefore carry charge
1/3 under this new gauge coupling, while leptons
have charge �1.

In Fig. 6 we present our bounds as before. The
coloured lines are the result of this study. We
use the optimistic threshold scenarios of a G2 ger-
manium (red lines) and xenon experiment (blue),
as well as for a future DARWIN-like xenon tar-
get (green). We separate the limits that can be
inferred from nuclear (solid lines) and electron re-

coils (dashed). As in the cases shown in Fig. 4,
electron bounds tend to do better, thanks to the
larger pp flux and to the closer kinematic matching
between the solar neutrino energies and electron
mass, allowing for higher recoil energies.

Our results in Fig. 6 are overlaid on excluded
areas from previous studies, in the plane of gauge
coupling g

B�L

versus mediator mass. A detailed
description of each bound can be found in Ref. [57]
and references therein (see also Ref. [58] for the
TEXONO and CHARM-II limits). It should
be emphasized that these limits are not model-
independent, as they are sensitive to the coupling
between the gauge boson and a specific fermion,
as well as to the Lorentz structure of the coupling.
These bounds fall into three broad categories:

• Coupling to electrons (or muons) only

“Atomic physics” (measurements of energy
levels of atomic excited states), “Sun” and
“Globular Clusters” (star cooling via the
emission of the mediator), “Borexino” (solar
neutrinos scattering o↵ electrons), “TEX-
ONO” and “GEMMA” (reactor neutrinos
scattering o↵ electrons), as well as CHARM-
II (accelerator neutrinos scattering o↵ elec-
trons) all require a coupling to electrons.
The region labeled as “Z 0 capture in Sun”
is not well understood: although the Sun
would not lose energy due to Z 0 emission,
solar dynamics could be severely modified,
and exact bounds have yet to be computed.
The anomalous magnetic moment bounds
require couplings to electrons or muons.
Moreover, these curves only apply to pure
vector couplings (e.g., the curve for axial
vector couplings does not flatten at low me-
diator masses [60, 61]).

• Coupling to electrons and/or quarks

“Fixed target” bounds require coupling to
electrons only or both electrons and light
quarks, depending if the experiment consid-
ered is an electron or proton beam dump.
For the first, the mediator is produced by
radiation when e� collide with a target,
while in proton dump experiments, the
production is dominated by pseudoscalar
meson decays (e.g. ⇡0 ! �Z 0). For both
cases, the signature consists of Z 0 decay
to e+e� (the sharp cut on the left of this
region corresponds to 2m

e

, below which the
production of two electrons is kinematically
forbidden). Notice that a larger coupling
to neutrinos would enhance the mediator
invisible branching ratio, weakening this
bound. The “Fixed Target” region shown
in Fig. 6 includes only electron dump
experiments. Proton dump experiments are
almost entirely within that region and their
inclusion will not change our conclusions.
The “B-factories” region requires non

9

gΝ,Φ # gl ,s # 5$10%7, gl ,p # 0

132XeScalar

SM

mΦ # 1 keV

mΦ # 5 keV

mΦ # 10 keV

mΦ # 50 keV

mΦ # 100 keV

10%1 100 101 102
102

103

Eth !keV"

N
T
O
T
!t
o
n
%
1
y
r%

1
"

gΝ,Φ # gq,s # 1.5$10%6, gq,p # 0

Scalar

Ge

Si

Xe

Ar

Ne

mΦ # 1 keV

mΦ # 1 MeV

SM

10%2 10%1 100 101
101

102

103

104

Eth !keV"

N
T
O
T
!t
o
n
%
1
y
r%

1
"

gΝ,Z ’ " gl ,v " 1.5#10
$7

, gl ,a " 0

132
XeVector

SM

mZ’" 1 keV

mZ’" 5 keV

mZ’" 10 keV

mZ’" 50 keV

mZ’" 100 keV

10$1 100 101 102
102

103

Eth !keV"

N
T
O
T
!t
o
n
$
1
y
r$

1
"

gΝ,Z ’ " gq,v " 2.0#10
$6

, gq,a " 0

Vector

Ge

Si

Xe

Ar

Ne

mZ’" 1 keV

mZ’" 1 MeV

SM

10$2 10$1 100 101
101

102

103

104

Eth !keV"

N
T
O
T
!t
o
n
$
1
y
r$

1
"

gΝ,Z ’ " gl ,a " 1.5#10
$7

, gl ,v " 0

132
XeAxial Vector

SM

mZ’" 1 keV

mZ’" 5 keV

mZ’" 10 keV

mZ’" 50 keV

mZ’" 100 keV

10$1 100 101 102
102

103

Eth !keV"

N
T
O
T
!t
o
n
$
1
y
r$

1
"

gΝ,Z ’ " gq,a " 5.0#10
$5

, gq,v " 0

Axial Vector

Ge

Si

Xe

Ar

Ne

mZ’" 1 keV

mZ’" 1 MeV

SM

10$2 10$1 100 101
101

102

103

104

Eth !keV"

N
T
O
T
!t
o
n
$
1
y
r$

1
"

FIG. 3. Electron recoil (left) and nuclear recoil (right) integrated rates as a function of the experimental
threshold energy E

th

. Electron recoils are normalised to 132Xe while nuclear recoils are plotted for a variety of
target materials. Top: scalar coupling; middle row: vector coupling; lower panels: axial vector coupling.
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FIG. 1. Spectra of solar neutrinos accessible to direct
detection experiments. In black are the pp and 8B
fluxes that will be seen respectively by electron and
nuclear recoils in second generation (G2) and future
experiments. CNO fluxes are in blue. The purple Be
and pep lines, as well as the subdominant hep flux are
not considered in this work. The bands at the top of
the figure illustrate the reach of electron recoils (light
shading) and nuclear recoils (dark shading) in future
experiments, based on the optimistic configurations
listed in Table I. A low-threshold experiment with a
light target nucleus may be able to probe the CNO
fluxes for the first time, provided that backgrounds are
low enough and nuclear recoils can be discriminated.

error from Borexino [19]. Such precision measure-
ments can also help distinguish between metal-
rich and metal-poor solar models, via the correla-
tion between neutrino production and the environ-
mental abundance of primordial heavy elements
[22–25].
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sus the neutron at low energies. The quantity
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has been determined to very high accu-
racy at the electroweak scale, in high energy ex-
periments. Given LEP, PETRA and PEP mea-
surements [26, 27], the SM renormalization group
equations imply that this parameter should run
to sin2✓
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= 0.2387 at low energies in the MS
scheme [28]. Thus far, the lowest-energy direct
probe of sin2✓

W

has been at scales of 2.4 MeV [29],
via atomic parity violation measurements in 133Cs

[30]. Given that the momentum exchange in co-
herent neutrino-nucleus scattering occurs at ener-
gies of a few MeV, and that electron recoils are
expected to probe the O(10 keV) range, a di-
rect measurement of sin2✓

W

in future DD exper-
iments would constitute the first measurement of
this quantity in the keV-MeV range.

Finally, precision measurements of solar neu-
trinos can help constrain new physics contribu-
tions, including a sterile component in the solar
flux [20], as well as the presence of new media-
tors, particularly if they are light (below the GeV
scale). These light mediators could have impor-
tant consequences in neutrino physics [31], in the
long standing proton radius discrepancy [32], and
in light DM scenarios [33]. Indeed, for su�ciently
light mediators, the scattering rate will grow as
1/q2 as one goes to lower energies, so the low mo-
mentum transfer of DD experiments makes them
ideal laboratories for such searches.

III. NEUTRINO SCATTERING IN DD
EXPERIMENTS

Solar neutrinos might leave a signal in DD ex-
periments, either through their coherent scatter-
ing with the target nuclei or through scattering
with the atomic electrons.
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FIG. 1. Spectra of solar neutrinos accessible to direct
detection experiments. In black are the pp and 8B
fluxes that will be seen respectively by electron and
nuclear recoils in second generation (G2) and future
experiments. CNO fluxes are in blue. The purple Be
and pep lines, as well as the subdominant hep flux are
not considered in this work. The bands at the top of
the figure illustrate the reach of electron recoils (light
shading) and nuclear recoils (dark shading) in future
experiments, based on the optimistic configurations
listed in Table I. A low-threshold experiment with a
light target nucleus may be able to probe the CNO
fluxes for the first time, provided that backgrounds are
low enough and nuclear recoils can be discriminated.

error from Borexino [19]. Such precision measure-
ments can also help distinguish between metal-
rich and metal-poor solar models, via the correla-
tion between neutrino production and the environ-
mental abundance of primordial heavy elements
[22–25].

The nuclear recoil event rates are sensitive to
the weak (or Weinberg) angle ✓
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, which expresses
the ratio of the charged to neutral weak gauge
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and e↵ectively determines the ratio between the
couplings of the neutrino to the proton ver-
sus the neutron at low energies. The quantity
sin2✓
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has been determined to very high accu-
racy at the electroweak scale, in high energy ex-
periments. Given LEP, PETRA and PEP mea-
surements [26, 27], the SM renormalization group
equations imply that this parameter should run
to sin2✓
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= 0.2387 at low energies in the MS
scheme [28]. Thus far, the lowest-energy direct
probe of sin2✓

W

has been at scales of 2.4 MeV [29],
via atomic parity violation measurements in 133Cs

[30]. Given that the momentum exchange in co-
herent neutrino-nucleus scattering occurs at ener-
gies of a few MeV, and that electron recoils are
expected to probe the O(10 keV) range, a di-
rect measurement of sin2✓

W

in future DD exper-
iments would constitute the first measurement of
this quantity in the keV-MeV range.

Finally, precision measurements of solar neu-
trinos can help constrain new physics contribu-
tions, including a sterile component in the solar
flux [20], as well as the presence of new media-
tors, particularly if they are light (below the GeV
scale). These light mediators could have impor-
tant consequences in neutrino physics [31], in the
long standing proton radius discrepancy [32], and
in light DM scenarios [33]. Indeed, for su�ciently
light mediators, the scattering rate will grow as
1/q2 as one goes to lower energies, so the low mo-
mentum transfer of DD experiments makes them
ideal laboratories for such searches.

III. NEUTRINO SCATTERING IN DD
EXPERIMENTS

Solar neutrinos might leave a signal in DD ex-
periments, either through their coherent scatter-
ing with the target nuclei or through scattering
with the atomic electrons.
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3

Experiment ✏ (ton-year) E
th,n

(keV) E
th,o

(keV) E
max

(keV) R(pp) R(8B) R(CNO)
G2-Ge 0.25 0.35 0.05 50 – [62 – 85] [0 – 3]
G2-Si 0.025 0.35 0.05 50 – [3 – 3] 0
G2-Xe 25 3.0 2.0 30 [2104 – 2167] [0 – 64] 0

Future-Xe 200 2.0 1.0 30 [17339 – 17846] [520 – 10094] 0
Future-Ar 150 2.0 1.0 30 [14232 – 14649] [6638 – 12354] 0
Future-Ne 10 0.15 0.1 30 [1141 – 1143] [898 – 910] [21 – 63]

TABLE I. Physical properties of idealized G2 (top 3 lines) and future experiments used in our forecasts, with the
expected total pp and boron-8 neutrino events, based on planned masses of similar experiments and an exposure
of 5 years. We give nominal and optimistic threshold energies and maxima for the energy windows based on
the energy beyond which backgrounds are expected to dominate. Our idealized G2 Ge and Si experiments are
similar to the SuperCDMS SNOLAB phase, while the G2 Xe experiment is similar to LZ projections. Future
experiments are similar to the planned DARWIN experiment, or an argon phase of a DARWIN-like experiment.

where F 2(E
R

) is the nuclear form factor, for which
we have taken the parametrisation given by Helm
[34].1 Q

v

parametrises the coherent interaction
with protons (Z) and neutrons (N = A � Z) in
the nucleus:

Q
v

= N � (1� 4 sin2✓
W

)Z. (7)

Current DD experiments excel at the discrimi-
nation of nuclear recoils from electron recoils. By
design, these detectors are engineered in such a
way that the nuclear recoil background induced by
either radioactive processes or cosmic-rays is ex-
tremely small. Thus, in our analysis we consider
the idealised situation in which nuclear recoils are
produced solely by coherent neutrino scattering.
This assumes that any nuclear recoil backgrounds
can be completely identified and eliminated and
that either no signal for dark matter has been
found or that a potential dark matter background
can be discriminated.

On the other hand, electron recoils from ra-
dioactive processes are copious, and would consti-
tute a very important background for the study
of neutrino-electron scattering. Future advances
in the design and construction of extremely ra-
diopure detectors will allow a significant reduction
of the noise levels. For example, current rates in
Xenon100 electron recoil band are of the order of
3⇥103 events ton�1 yr�1 keV�1 [36], but projected
xenon-based experiments such as DARWIN aim to
reduce this to O(10) events ton�1 yr�1 keV�1 [18]
for recoil energies below 100 keV. In our analysis
we will consider the idealized situation in which
the electron recoil background is negligible com-
pared to standard ⌫ � e scattering.

For concreteness, we have specified in Ta-
ble I several experiment types that are similar in
threshold, e�ciency and exposure specifications to
upcoming experiments. We do not restrict our-
selves to experiment-specific parameters such as

1 Since we are mainly probing recoil energy regimes that
are lower than typical DM searches, the uncertainty due
to the choice of form factor is minimised [35].

background spectrum and resolution since these
are di�cult to estimate and subject to significant
change. We thus include a second-generation ger-
manium and silicon experiment (inspired by Su-
perCDMS SNOLAB), a second-generation xenon
experiment (inspired by LZ), as well as future
DARWIN-like xenon and argon experiments. Fi-
nally, we include a neon-based experiment to illus-
trate the possibility of observing the 15O and 13N
neutrinos from the CNO cycle with future low-
mass TPCs. The very recent Ref. [37] contains
some discussion of the pep line; however, even
for the most optimistic configuration that we con-
sider, we would see at most 2 pep events, versus a
possible ⇠ 60 CNO neutrinos in the same energy
range.

Tab. I shows the parameters that we use for
our benchmark models, and the expected num-
ber of events from electron recoils of pp neutri-
nos, R(pp), and nuclear recoils from 8B and CNO
neutrinos (R(8B) and R(CNO), respectively). We
have specified an exposure similar to planned ex-
periments, as well as two sets of threshold ener-
gies that are respectively nominal and optimistic
projections of what could be achieved in such ex-
periments (E

th,n

, E
th,o

). Last, as a stand-in for
realistic e�ciency curves, we take the e�ciency in
each experiment to rise linearly from 50% at the
threshold, to 100% at 1 keV (for Ge, Si, Ne) or
5 keV (Xe, Ar).

IV. SOLAR AND STANDARD MODEL
PHYSICS

The various components of the standard solar
model (SSM) make use of very well-understood
physics, but depend on over 20 individual input
parameters. These include the solar age, luminos-
ity, radial opacity dependence, di↵usion rates, nu-
clear cross sections and the elemental abundances
at age zero.

Since the downward revision of photospheric el-
emental abundances a decade ago, some tension
has remained between predictions of the SSM and
independent observations using helioseismology.
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FIG. 1. Spectra of solar neutrinos accessible to direct
detection experiments. In black are the pp and 8B
fluxes that will be seen respectively by electron and
nuclear recoils in second generation (G2) and future
experiments. CNO fluxes are in blue. The purple Be
and pep lines, as well as the subdominant hep flux are
not considered in this work. The bands at the top of
the figure illustrate the reach of electron recoils (light
shading) and nuclear recoils (dark shading) in future
experiments, based on the optimistic configurations
listed in Table I. A low-threshold experiment with a
light target nucleus may be able to probe the CNO
fluxes for the first time, provided that backgrounds are
low enough and nuclear recoils can be discriminated.

error from Borexino [19]. Such precision measure-
ments can also help distinguish between metal-
rich and metal-poor solar models, via the correla-
tion between neutrino production and the environ-
mental abundance of primordial heavy elements
[22–25].

The nuclear recoil event rates are sensitive to
the weak (or Weinberg) angle ✓

W

, which expresses
the ratio of the charged to neutral weak gauge
boson masses,

cos ✓
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, (1)

and e↵ectively determines the ratio between the
couplings of the neutrino to the proton ver-
sus the neutron at low energies. The quantity
sin2✓

W

has been determined to very high accu-
racy at the electroweak scale, in high energy ex-
periments. Given LEP, PETRA and PEP mea-
surements [26, 27], the SM renormalization group
equations imply that this parameter should run
to sin2✓

W

= 0.2387 at low energies in the MS
scheme [28]. Thus far, the lowest-energy direct
probe of sin2✓

W

has been at scales of 2.4 MeV [29],
via atomic parity violation measurements in 133Cs

[30]. Given that the momentum exchange in co-
herent neutrino-nucleus scattering occurs at ener-
gies of a few MeV, and that electron recoils are
expected to probe the O(10 keV) range, a di-
rect measurement of sin2✓

W

in future DD exper-
iments would constitute the first measurement of
this quantity in the keV-MeV range.

Finally, precision measurements of solar neu-
trinos can help constrain new physics contribu-
tions, including a sterile component in the solar
flux [20], as well as the presence of new media-
tors, particularly if they are light (below the GeV
scale). These light mediators could have impor-
tant consequences in neutrino physics [31], in the
long standing proton radius discrepancy [32], and
in light DM scenarios [33]. Indeed, for su�ciently
light mediators, the scattering rate will grow as
1/q2 as one goes to lower energies, so the low mo-
mentum transfer of DD experiments makes them
ideal laboratories for such searches.

III. NEUTRINO SCATTERING IN DD
EXPERIMENTS

Solar neutrinos might leave a signal in DD ex-
periments, either through their coherent scatter-
ing with the target nuclei or through scattering
with the atomic electrons.
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FIG. 1. Spectra of solar neutrinos accessible to direct
detection experiments. In black are the pp and 8B
fluxes that will be seen respectively by electron and
nuclear recoils in second generation (G2) and future
experiments. CNO fluxes are in blue. The purple Be
and pep lines, as well as the subdominant hep flux are
not considered in this work. The bands at the top of
the figure illustrate the reach of electron recoils (light
shading) and nuclear recoils (dark shading) in future
experiments, based on the optimistic configurations
listed in Table I. A low-threshold experiment with a
light target nucleus may be able to probe the CNO
fluxes for the first time, provided that backgrounds are
low enough and nuclear recoils can be discriminated.

error from Borexino [19]. Such precision measure-
ments can also help distinguish between metal-
rich and metal-poor solar models, via the correla-
tion between neutrino production and the environ-
mental abundance of primordial heavy elements
[22–25].

The nuclear recoil event rates are sensitive to
the weak (or Weinberg) angle ✓

W

, which expresses
the ratio of the charged to neutral weak gauge
boson masses,

cos ✓
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, (1)

and e↵ectively determines the ratio between the
couplings of the neutrino to the proton ver-
sus the neutron at low energies. The quantity
sin2✓

W

has been determined to very high accu-
racy at the electroweak scale, in high energy ex-
periments. Given LEP, PETRA and PEP mea-
surements [26, 27], the SM renormalization group
equations imply that this parameter should run
to sin2✓

W

= 0.2387 at low energies in the MS
scheme [28]. Thus far, the lowest-energy direct
probe of sin2✓

W

has been at scales of 2.4 MeV [29],
via atomic parity violation measurements in 133Cs

[30]. Given that the momentum exchange in co-
herent neutrino-nucleus scattering occurs at ener-
gies of a few MeV, and that electron recoils are
expected to probe the O(10 keV) range, a di-
rect measurement of sin2✓

W

in future DD exper-
iments would constitute the first measurement of
this quantity in the keV-MeV range.

Finally, precision measurements of solar neu-
trinos can help constrain new physics contribu-
tions, including a sterile component in the solar
flux [20], as well as the presence of new media-
tors, particularly if they are light (below the GeV
scale). These light mediators could have impor-
tant consequences in neutrino physics [31], in the
long standing proton radius discrepancy [32], and
in light DM scenarios [33]. Indeed, for su�ciently
light mediators, the scattering rate will grow as
1/q2 as one goes to lower energies, so the low mo-
mentum transfer of DD experiments makes them
ideal laboratories for such searches.

III. NEUTRINO SCATTERING IN DD
EXPERIMENTS

Solar neutrinos might leave a signal in DD ex-
periments, either through their coherent scatter-
ing with the target nuclei or through scattering
with the atomic electrons.

In general, the number of recoils per unit energy
can be written
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where ✏ is the exposure and m
T

is the mass of the
target electron or nucleus. If several isotopes are
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over their respective abundances.
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FIG. 1. Spectra of solar neutrinos accessible to direct
detection experiments. In black are the pp and 8B
fluxes that will be seen respectively by electron and
nuclear recoils in second generation (G2) and future
experiments. CNO fluxes are in blue. The purple Be
and pep lines, as well as the subdominant hep flux are
not considered in this work. The bands at the top of
the figure illustrate the reach of electron recoils (light
shading) and nuclear recoils (dark shading) in future
experiments, based on the optimistic configurations
listed in Table I. A low-threshold experiment with a
light target nucleus may be able to probe the CNO
fluxes for the first time, provided that backgrounds are
low enough and nuclear recoils can be discriminated.

error from Borexino [19]. Such precision measure-
ments can also help distinguish between metal-
rich and metal-poor solar models, via the correla-
tion between neutrino production and the environ-
mental abundance of primordial heavy elements
[22–25].

The nuclear recoil event rates are sensitive to
the weak (or Weinberg) angle ✓
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, which expresses
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and e↵ectively determines the ratio between the
couplings of the neutrino to the proton ver-
sus the neutron at low energies. The quantity
sin2✓
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has been determined to very high accu-
racy at the electroweak scale, in high energy ex-
periments. Given LEP, PETRA and PEP mea-
surements [26, 27], the SM renormalization group
equations imply that this parameter should run
to sin2✓

W

= 0.2387 at low energies in the MS
scheme [28]. Thus far, the lowest-energy direct
probe of sin2✓

W

has been at scales of 2.4 MeV [29],
via atomic parity violation measurements in 133Cs

[30]. Given that the momentum exchange in co-
herent neutrino-nucleus scattering occurs at ener-
gies of a few MeV, and that electron recoils are
expected to probe the O(10 keV) range, a di-
rect measurement of sin2✓

W

in future DD exper-
iments would constitute the first measurement of
this quantity in the keV-MeV range.

Finally, precision measurements of solar neu-
trinos can help constrain new physics contribu-
tions, including a sterile component in the solar
flux [20], as well as the presence of new media-
tors, particularly if they are light (below the GeV
scale). These light mediators could have impor-
tant consequences in neutrino physics [31], in the
long standing proton radius discrepancy [32], and
in light DM scenarios [33]. Indeed, for su�ciently
light mediators, the scattering rate will grow as
1/q2 as one goes to lower energies, so the low mo-
mentum transfer of DD experiments makes them
ideal laboratories for such searches.

III. NEUTRINO SCATTERING IN DD
EXPERIMENTS

Solar neutrinos might leave a signal in DD ex-
periments, either through their coherent scatter-
ing with the target nuclei or through scattering
with the atomic electrons.
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present, a weighted average must be performed
over their respective abundances.
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The neutrino-nucleus cross section in the SM reads
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FIG. 1. Spectra of solar neutrinos accessible to direct
detection experiments. In black are the pp and 8B
fluxes that will be seen respectively by electron and
nuclear recoils in second generation (G2) and future
experiments. CNO fluxes are in blue. The purple Be
and pep lines, as well as the subdominant hep flux are
not considered in this work. The bands at the top of
the figure illustrate the reach of electron recoils (light
shading) and nuclear recoils (dark shading) in future
experiments, based on the optimistic configurations
listed in Table I. A low-threshold experiment with a
light target nucleus may be able to probe the CNO
fluxes for the first time, provided that backgrounds are
low enough and nuclear recoils can be discriminated.

error from Borexino [19]. Such precision measure-
ments can also help distinguish between metal-
rich and metal-poor solar models, via the correla-
tion between neutrino production and the environ-
mental abundance of primordial heavy elements
[22–25].

The nuclear recoil event rates are sensitive to
the weak (or Weinberg) angle ✓

W

, which expresses
the ratio of the charged to neutral weak gauge
boson masses,

cos ✓
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and e↵ectively determines the ratio between the
couplings of the neutrino to the proton ver-
sus the neutron at low energies. The quantity
sin2✓

W

has been determined to very high accu-
racy at the electroweak scale, in high energy ex-
periments. Given LEP, PETRA and PEP mea-
surements [26, 27], the SM renormalization group
equations imply that this parameter should run
to sin2✓

W

= 0.2387 at low energies in the MS
scheme [28]. Thus far, the lowest-energy direct
probe of sin2✓

W

has been at scales of 2.4 MeV [29],
via atomic parity violation measurements in 133Cs

[30]. Given that the momentum exchange in co-
herent neutrino-nucleus scattering occurs at ener-
gies of a few MeV, and that electron recoils are
expected to probe the O(10 keV) range, a di-
rect measurement of sin2✓

W

in future DD exper-
iments would constitute the first measurement of
this quantity in the keV-MeV range.

Finally, precision measurements of solar neu-
trinos can help constrain new physics contribu-
tions, including a sterile component in the solar
flux [20], as well as the presence of new media-
tors, particularly if they are light (below the GeV
scale). These light mediators could have impor-
tant consequences in neutrino physics [31], in the
long standing proton radius discrepancy [32], and
in light DM scenarios [33]. Indeed, for su�ciently
light mediators, the scattering rate will grow as
1/q2 as one goes to lower energies, so the low mo-
mentum transfer of DD experiments makes them
ideal laboratories for such searches.

III. NEUTRINO SCATTERING IN DD
EXPERIMENTS

Solar neutrinos might leave a signal in DD ex-
periments, either through their coherent scatter-
ing with the target nuclei or through scattering
with the atomic electrons.
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for muon and tau neutrinos. In the case ⌫
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3

Neutrino-Electron scattering (ER) 

for muon and tau only charged current 

for electrons, charged and neutral currents 

Coherent Neutrino-Nucleus scattering (NR) 

The form factor is the same as in 
WIMP-nucleus scattering.  
 
The spectrum differs as it 
depends on neutrino flux. 

Neutrino scattering in a DM experiment 


