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At early times, X is 
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Miracle WIMP

The universe 
expands, and X’s cool.

Annihilations “freeze 
out” around:

⌦DMh2 ⇠ 0.11

✓
3⇥ 10�26 cm3/s

h�vi

◆

At early times, X is 
in thermal/chemical 
eq. via XX $ ll

H ⇠ �ann ⇠ h�vineq

[Zel’dovich (1965), Zel’dovich, Okun, Pikelner (1965), Chiu 
(1966), Lee & Weinberg (1977), Wolfram (1979)]



Miracle cross section
⌦DMh2 ⇠ 0.2

✓
3⇥ 10�26cm3/s

h�vi

◆

i) heavy WIMP: (mX � m�)

) mX ⇠ 1.2 TeV

ii) light WIMP: (mX ⌧ m�)

h�vi ⇠ 1

⇡

g4m2
X

m4
�

=) mX ⇠ 200 GeV
m� ⇠ TeV

More generally a “WIMPless” miracle 

[Feng & Kumar (2008)]
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The Era of Data for Thermal Relics

colliders

X

X

SM

SM

direct detection
XX

SMSM

indirect detection

X

X SM

SM

PART I:  
Direct Detection 

 of DM annihilation

NSI @ colliders

SM

SM ⌫

⌫

PART II:  
Breaking the DM-nu 

degeneracy at colliders.

a lack of 

???



PART I:  
ON THE DIRECT DETECTION 

OF DARK MATTER 
ANNIHILATION

Based on: 
John F. Cherry, Mads T. Frandsen, and IMS, 
Phys. Rev. Lett. 114, 231303 (2015),
arXiv: 1501.03166.

q

qX

X

t



Traditional tests of DM 
annihilation wiping out WIMPs

6

FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].
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FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [33], 112 hours of observations
of the Galactic Center with H.E.S.S. [34], and 157.9 hours of observations of Segue 1 with MAGIC [35]. Closed contours and
the marker with error bars show the best-fit cross section and mass from several interpretations of the Galactic center excess
[16–19].

DM distribution can significantly enlarge the best-fit re-
gions of h�vi, channel, and mDM [36].

In conclusion, we present a combined analysis of 15
Milky Way dSphs using a new and improved LAT data
set processed with the Pass 8 event-level analysis. We ex-
clude the thermal relic annihilation cross section (⇠ 2.2⇥
10�26 cm3 s�1) for WIMPs with mDM

<⇠ 100 GeV annihi-
lating through the quark and ⌧ -lepton channels. Our
results also constrain DM particles with mDM above
100 GeV surpassing the best limits from Imaging Atmo-
spheric Cherenkov Telescopes for masses up to 1 TeV.
These constraints include the statistical uncertainty on
the DM content of the dSphs. The future sensitivity to

DM annihilation in dSphs will benefit from additional
LAT data taking and the discovery of new dSphs with
upcoming optical surveys such as the Dark Energy Sur-
vey [37] and the Large Synoptic Survey Telescope [38].
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looks like WIMPs < 100 GeV ruled out. 
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6 yr. Fermi-LAT data from combined analysis of 15 dSphs. 
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We investigate the direct detection phenomenology of a class of dark matter (DM) models in
which DM does not directly interact with nuclei, but rather the products of its annihilation do.
When these annihilation products are very light compared to the DM mass, the scattering in direct
detection experiments is controlled by relativistic kinematics. This results in a distinctive recoil
spectrum, a non-standard and or even absent annual modulation, and the ability to probe DM
masses as low as a ⇠10 MeV. We use current LUX data to show that experimental sensitivity to
thermal relic annihilation cross sections has already been reached in a class of models. Moreover, the
compatibility of dark matter direct detection experiments can be compared directly in Emin space
without making assumptions about DM astrophysics, mass, or scattering form factors. Lastly, when
DM has direct couplings to nuclei, the limit from annihilation to relativistic particles in the Sun can
be stronger than that of conventional non-relativistic direct detection by more than three orders of
magnitude for masses in a 2-7 GeV window.

Introduction - While very little is known about
Dark Matter (DM), its cosmological abundance is exper-
imentally quite well-determined: ⌦CDMh2 = 0.1199 ±
0.0027 [1]. An appealing framework for understanding
the relic abundance of Dark Matter (DM) is thermal
freeze-out [2]. Number-changing interactions in the early
universe, XX $ (SM)SM keep DM in thermal equilib-
rium with the SM bath, until the rate of these annihila-
tion processes drops below the rate of Hubble expansion.
After this point the abundance of DM is essentially fixed
at, ⌦CDMh2 ' 0.12

�
6⇥ 10�26 cm3 s�1/h�annvreli

�
,

singling out a characteristic annihilation cross section
h�annvreli for thermally produced DM to yield the ob-
served abundance. This scenario is attractive in that
it provides a simple and elegant framework for the relic
abundance that can be tested in a variety of ways, in-
cluding direct detection (DD) [3]. However, current con-
straints from DD rule out many of the simplest models
of thermal relic DM, which may indicate a modification
of the above picture.

In this paper we investigate a modification of thermal
DM which alleviates the tension between DD constraints
and the thermal relic hypothesis, while making unique
predictions for DD. In particular, we take the abundance
of DM, X, to be determined by the annihilation pro-
cess XX $ Y Y , where Y is a much lighter dark sector
species. The interactions of the dark sector state Y with
ordinary nuclei allows for a unique test of the scenario at
DD experiments. The resulting DD phenomenology of
this class of models is distinctive, owing to the fact that
(1) the scattering partner of the nucleus is relativistic,
rendering the kinematics of scattering completely di↵er-
ent and (2) it is the flux of the scattering partner Y that
determines the rate of events at a detector rather thanX.
Both of these features have novel consequences not con-
sidered in the literature of “model- independent” direct
detection analyses [4, 5].

As loop processes will always engender scattering of X
on nuclei at DD, we will focus on DM masses less than

⇠GeV such that the non-relativistic scattering of X does
not produce detectable nuclear recoils above a detector’s
O(keV) threshold. Similar scenarios have recently been
investigated in [6–9] with a focus on the Cherenkov sig-
nals at Super-Kamiokande and IceCube.

In this paper we employ current LUX [10] limits to
demonstrate that DD experiments are sensitive to ther-
mal relic annihilation cross sections for galactic center an-
nihilation of DM in a window of DM masses from 10 MeV
to 1 GeV. Direct detection has historically been muddled
by multiple conflicting data sets. To combat this, we il-
lustrate how current and future direct detection data can
be easily analyzed for compatibility in this framework by
mapping results to E

min

-space. Additionally, we investi-
gate the testability of such relativistic scattering models
where the signal is dominated by DM accretion and an-
nihilation within the sun.

Annihilating DM in the Galactic Center - Two
potential sources of DM annihilation are annihilation
from the Galactic Center and annihilation within the
Sun. A key di↵erence between these two is that the lat-
ter relies on a stable balance between the accretion and
evaporation rates of DM interacting with nucleons inside
the Sun. We first consider galactic center annihilation
since this does not require a build up of DM in the Sun
and hence requires fewer assumptions.

For simplicity consider “2-to-2” annihilation, XX !
Y Y . Then the di↵erential rate (per unit detector mass)
at a direct detection experiment is,

dR

dER
=

�Y

mN

Z 1

Emin(ER)

dEY
dN

dEY

✓
d�Y N

dER

◆
, (1)

where �Y is the local flux of Y ’s, Emin(ER) =p
mNER/2 is the minimum energy to produce a recoil

of energy ER, and
dN
dEY

= 2� (EY �mX).
For simplicity, we adopt a contact interaction between

Y and a quark q of the form OqY = GY

�
Ȳ �µY

�
(q̄�µq)

where GY is the e↵ective coupling. By analogy with
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•Perhaps DM doesn’t share tree-level interactions 
with the SM, but the products of its annihilation do.   

•Call the DM annihilation products Y. The relic 
abundance of DM is set by

•For simplicity assume that Y is much lighter than X. 
•Y is relativistic. 

See also: Huang, Zhao [1312.0011] 
Agashe, Cui, Necib, Thaler [1405.7370] 



Direct Probe of Annihilation
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it provides a simple and elegant framework for the relic
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cluding direct detection (DD) [3]. However, current con-
straints from DD rule out many of the simplest models
of thermal relic DM, which may indicate a modification
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where the signal is dominated by DM accretion and an-
nihilation within the sun.

Annihilating DM in the Galactic Center - Two
potential sources of DM annihilation are annihilation
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Sun. A key di↵erence between these two is that the lat-
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evaporation rates of DM interacting with nucleons inside
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FIG. 1. : LUX Limits on X̄X ! ⌫SM⌫SM, for which
GY = GF = 1.2 ⇥ 10�5 GeV�2, and a model in which DM
annihilates to relativistic pairs Y Y which scatter on nuclei,
Y N ! Y N , via Eq.(4). In the shaded gray band we vary GY

in the interval
�
7⇥ 103 � 5⇥ 102

�
GF . Propagation e↵ects

have been accounted for in determining the flux of Y at the
underground site of the LUX detector (see Appendix).

neutrino-nucleus elastic 1 scattering the di↵erential cross
section is [11],
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where F (ER) is Helm’s nuclear form factor [12], and the
A2 coe�cient is for the coherent enhancement of scatter-
ing with equal rates on protons and neutrons.
Next we must determine the local flux of Y . The

flux of Y particles from DM annihilation in the
Galactic Center is estimated as [7], �Y = 1.6 ⇥
10�2cm�2s�1
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s
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Given this flux, and a model of Y -nucleus interactions,
the only remaining parameter to determine is the an-
nihilation cross section, which we take to be a free pa-
rameter, to be determined from data. First let us take
a minimal choice by relying on the SM to furnish the
interactions of Y with the nucleus. This immediately
singles out the neutrinos as the only SM possibility for

1
Note that in [11] it was estimated that the inelastic scattering

cross section is small at low-energies compared to the elastic

cross section, �(elastic)/�(inelastic) ⇠ A2/(E4
Y R4

N ), where the

nuclear radius is, RN ⇠ (10 MeV)

�1
. Thus for a Xenon tar-

get nucleus, inelastic scattering is sub-dominant for EY . GeV.

Given our focus on sub-GeV DM we will ignore inelastic pro-

cesses in this paper.

Y . The elastic, spin-independent scattering of SM neu-
trinos with nuclei can be computed using Eq. 2 with the
replacement, GY A

2 �! GF (N/2)2, where N is the num-
ber of neutrons and GF is the Fermi constant. We see
in Fig. 1 that with present LUX data, the resulting sen-
sitivity to the annihilation cross section is weak, being
orders of magnitude away from thermal relic sensitivity.

On the other hand, DM could well annihilate to non-
SM particles that have larger than electroweak-size inter-
actions. Two generic classes of models serve as examples:
models of gauged baryon number [13–22] and so-called
“Higgs portal” models [23–32]. Gauged baryon number is
motivated by the stability of the proton, which in the SM
remains a mystery and may indicate that baryon num-
ber is in fact a gauge symmetry. This is one of the few
phenomenologically viable “portals” connecting the dark
and visible sectors, as it does violate any of the approxi-
mate symmetries of the SM. In addition, the Higgs por-
tal, L � |�|2|H|2 (whereH is the SM Higgs and � a dark
sector scalar), represents a rather generic possibility for
connecting the dark and visible sectors. In this case it is
natural for scattering on nuclei to be enhanced relative
to electrons since the couplings scale with the SM-Higgs
Yukawa couplings.

For illustration, we can make use of a simplified model
for quark-Y interactions via the exchange of a light vector
Vµ or scalar �:

LV � �µ
�
gqq�µq + gY Y �µY

�
, (3)

LS � �
�
gqqq + gY Y Y

�
, (4)

where gY , gq are the couplings of SM quarks and Y to
the mediator. In terms of these couplings, the e↵ective
parameter is, GY = (gqgY ) /m2

� and the relevant con-
straints for the two models are discussed respectively in
the Appendix.

As a benchmark we take GY in Fig. 1 to vary in the
interval

�
7⇥ 103 � 5⇥ 102

�
GF . We highlight that the

values of GY are well within the constraints allowed by
“missing energy” collider limits [33, 34]. Larger GY are
permitted by collider limits, though the flux of Y parti-
cles becomes strongly suppressed (see the Appendix for
a discussion of this e↵ect). Nonetheless, we see in Fig. 1
that models of this type are already being probed by di-
rect detection and can in particular exclude thermal relics
in the 10 MeV - 0.5 GeV window, yielding a novel probe
of thermal DM. Future constraints will cut further into
thermal relic territory.

It is important to observe that annihilation of DM
to relativistic states from the galactic center predicts
no sizeable annual modulation. In the case of annihi-
lation from the Sun however, the annual modulation is
known to peak in January due to the eccentricity of the
Earth’s orbit. Thus solar neutrino signals in direct de-
tection experiments predict a nearly maximally “wrong”
phase2 with respect to the expectation from light non-

2
We note that the phase can be reversed for heavy DM at a high
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permitted by collider limits, though the flux of Y parti-
cles becomes strongly suppressed (see the Appendix for
a discussion of this e↵ect). Nonetheless, we see in Fig. 1
that models of this type are already being probed by di-
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thermal relic territory.
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have been accounted for in determining the flux of Y at the
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A2 coe�cient is for the coherent enhancement of scatter-
ing with equal rates on protons and neutrons.
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Given this flux, and a model of Y -nucleus interactions,
the only remaining parameter to determine is the an-
nihilation cross section, which we take to be a free pa-
rameter, to be determined from data. First let us take
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trinos with nuclei can be computed using Eq. 2 with the
replacement, GY A

2 �! GF (N/2)2, where N is the num-
ber of neutrons and GF is the Fermi constant. We see
in Fig. 1 that with present LUX data, the resulting sen-
sitivity to the annihilation cross section is weak, being
orders of magnitude away from thermal relic sensitivity.

On the other hand, DM could well annihilate to non-
SM particles that have larger than electroweak-size inter-
actions. Two generic classes of models serve as examples:
models of gauged baryon number [13–22] and so-called
“Higgs portal” models [23–32]. Gauged baryon number is
motivated by the stability of the proton, which in the SM
remains a mystery and may indicate that baryon num-
ber is in fact a gauge symmetry. This is one of the few
phenomenologically viable “portals” connecting the dark
and visible sectors, as it does violate any of the approxi-
mate symmetries of the SM. In addition, the Higgs por-
tal, L � |�|2|H|2 (whereH is the SM Higgs and � a dark
sector scalar), represents a rather generic possibility for
connecting the dark and visible sectors. In this case it is
natural for scattering on nuclei to be enhanced relative
to electrons since the couplings scale with the SM-Higgs
Yukawa couplings.

For illustration, we can make use of a simplified model
for quark-Y interactions via the exchange of a light vector
Vµ or scalar �:
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, (3)
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where gY , gq are the couplings of SM quarks and Y to
the mediator. In terms of these couplings, the e↵ective
parameter is, GY = (gqgY ) /m2

� and the relevant con-
straints for the two models are discussed respectively in
the Appendix.

As a benchmark we take GY in Fig. 1 to vary in the
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values of GY are well within the constraints allowed by
“missing energy” collider limits [33, 34]. Larger GY are
permitted by collider limits, though the flux of Y parti-
cles becomes strongly suppressed (see the Appendix for
a discussion of this e↵ect). Nonetheless, we see in Fig. 1
that models of this type are already being probed by di-
rect detection and can in particular exclude thermal relics
in the 10 MeV - 0.5 GeV window, yielding a novel probe
of thermal DM. Future constraints will cut further into
thermal relic territory.

It is important to observe that annihilation of DM
to relativistic states from the galactic center predicts
no sizeable annual modulation. In the case of annihi-
lation from the Sun however, the annual modulation is
known to peak in January due to the eccentricity of the
Earth’s orbit. Thus solar neutrino signals in direct de-
tection experiments predict a nearly maximally “wrong”
phase2 with respect to the expectation from light non-
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• Most obvious case for Y: a SM neutrino. 

• Well-studied model: Higgs portal 
implementation.
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APPENDIX

A. Stopping E↵ects

The mean free path of the Y particles as they enter the
Earth is, � = (n�)�1. The total Y -proton cross section
is

�Y�p ' 4⇥ 10�35 cm2

✓
EY

10 MeV

◆
2

✓
GY

7⇥ 104GF

◆
2

.

(6)
For a conservative estimate, we take the Earth to be en-
tirely composed of Iron and obtain nN = ⇢�/mFe '
5.5⇥ 1022 cm�3 where ⇢� = 5.5 g cm�3. Thus the mean
free path of Y is

� =
1

nN�Y N
' 7000 km

✓
10 MeV

EY

◆
2

✓
7⇥ 103GF

GY

◆
2

(7)
This can be approximately incorporated into Fig.1 by
replacing the flux with �Y ! �Y ⇥hexp (�`(✓)/�)i where
the brackets indicate averaging over arrival directions and
`(✓) is the chord length an incoming Y particle traverses
in the Earth prior to arrival at the detector as a function
of the incident angle, ✓.

B. Higgs portal Example

In a Higgs portal implementation, we have L �
b|�|2|H|2+g�Y Y . Under the assumption that the scalar
potential breaks the global U(1), it will develop a vacuum
expectation value and mass mix with the SM Higgs, H.
The precise value of the mixing angle depends on the
scalar sector, which is a model-dependent feature. As is
well-known, the Higgs portal is constrained by the invis-
ible branching ratio of the Higgs, which is constrained to
be . 26% [34] (though see [75] for weaker, direct con-
straints). In our case, the Higgs has two new contribu-
tions to its invisible width, h ! �� and h ! Y Y , with
widths

�(h ! ��) =
b2v2EW

8⇡mh

 
1� 4m2

�

m2

h

!
1/2

, (8)

�(h ! Y Y ) =
g2 sin2 ✓

8⇡mh

✓
1� 4m2

Y

m2

h

◆
1/2

(9)

We find that these two processes respectively require, b .
7.1⇥ 10�3 and g sin ✓ . 1.7⇥ 10�2.

For su�ciently large � mass, we can parameterize
the Y -N interaction as contact and write the vertex as
GY (NN)(Y Y ) where

GY =
(g sin ✓)fN

m2

�

' 7⇥ 103 GF

✓
g sin ✓

10�2

◆✓
0.2 GeV

m�

◆
2

(10)
where fN = 0.345 [32] is the e↵ective coupling of the �
particles to nucleons. We conclude that the Higgs portal
is a viable possibility for the interactions of Y and nuclei.
Note further that the coupling to leptons is naturally
Yukawa suppressed.

C. Gauged Baryon Number Example

Interactions of the type described by LV arise in
models of gauged baryon number [11, 36, 37], gauged
U(1)B�L [60, 76], and kinetic mixing [60], though it is
only in the first case that couplings to leptons are ab-
sent. A detailed exploration of the allowed parameter
space of Eq. (4) is beyond the scope of this work, but
see [60] for a useful compendium of constraints.

In the U(1)B case the dominant coupling to hadrons is
explicitly guaranteed by the baryon symmetry. The La-
grangian includes LB � V µ

�
gqq�µq + gY Y �µY

�
. Light

baryonic gauge bosons are constrained by the invisible
decay width of the ⌥(1S) [16, 20], which is constrained
to have a branching ratio, BR (⌥(1S) ! invisible) <
3⇥10�4 [77], missing energy from the LHC/Tevatron [33]
and rare radiative decays of the light mesons [22]. As an
example we take mV < 100 MeV, where we find the
mono-jet constraints from CDF to be strongest. In the
limit mY ⌧ mV , these searches constrain the combina-

tion of parameters gq

q
BR(Vµ ! Y Y ) . 0.02.

Mapping again to the e↵ective parameter GY appear-
ing in Eq.(2) we find

GY =
gqgY
m2

V

' 7⇥ 103 GF

⇣gqgY
10�4

⌘✓35 MeV

mV

◆
2

, (11)

and thereby conclude the “baryonic portal” is another
viable model yielding the phenomenology outlined in the
main text of the paper.
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This can be approximately incorporated into Fig.1 by
replacing the flux with �Y ! �Y ⇥hexp (�`(✓)/�)i where
the brackets indicate averaging over arrival directions and
`(✓) is the chord length an incoming Y particle traverses
in the Earth prior to arrival at the detector as a function
of the incident angle, ✓.

B. Higgs portal Example

In a Higgs portal implementation, we have L �
b|�|2|H|2+g�Y Y . Under the assumption that the scalar
potential breaks the global U(1), it will develop a vacuum
expectation value and mass mix with the SM Higgs, H.
The precise value of the mixing angle depends on the
scalar sector, which is a model-dependent feature. As is
well-known, the Higgs portal is constrained by the invis-
ible branching ratio of the Higgs, which is constrained to
be . 26% [34] (though see [75] for weaker, direct con-
straints). In our case, the Higgs has two new contribu-
tions to its invisible width, h ! �� and h ! Y Y , with
widths

�(h ! ��) =
b2v2EW

8⇡mh

 
1� 4m2

�

m2

h

!
1/2

, (8)

�(h ! Y Y ) =
g2 sin2 ✓

8⇡mh

✓
1� 4m2

Y

m2

h

◆
1/2

(9)

We find that these two processes respectively require, b .
7.1⇥ 10�3 and g sin ✓ . 1.7⇥ 10�2.

For su�ciently large � mass, we can parameterize
the Y -N interaction as contact and write the vertex as
GY (NN)(Y Y ) where

GY =
(g sin ✓)fN

m2

�

' 7⇥ 103 GF

✓
g sin ✓

10�2

◆✓
0.2 GeV

m�

◆
2

(10)
where fN = 0.345 [32] is the e↵ective coupling of the �
particles to nucleons. We conclude that the Higgs portal
is a viable possibility for the interactions of Y and nuclei.
Note further that the coupling to leptons is naturally
Yukawa suppressed.

C. Gauged Baryon Number Example

Interactions of the type described by LV arise in
models of gauged baryon number [11, 36, 37], gauged
U(1)B�L [60, 76], and kinetic mixing [60], though it is
only in the first case that couplings to leptons are ab-
sent. A detailed exploration of the allowed parameter
space of Eq. (4) is beyond the scope of this work, but
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In the U(1)B case the dominant coupling to hadrons is
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• For sufficiently heavy phi, 
interaction strength well-
described by effective operator: 
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Lightning “review” of halo-
independent methods

Fox, Liu, Weiner [1011.1915]

• For ordinary non-relativistic DM scattering:
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Figure 3. Measurements and exclusion bounds of the velocity integral g̃(vmin) for di↵erent DM
masses m�. The DM interaction is spin-independent and elastic with fn/fp = 1. Values of g̃(vmin)
above the lines are excluded with at least 90% confidence. For m� = 6, 9 and 12 GeV the data points
for CRESST-II have been obtained using two di↵erent methods, as described in Appendix A. It is not
possible to find any model for the DM halo that provides a consistent description of all experiments.

halo if the DM particles undergo elastic spin-independent scattering with fn/fp = 1. There
is no functional form for g̃(vmin) that would allow a DM interpretation of the CoGeNT or
CRESST-II data consistent with other experiments.

4.1 A consistent description of CoGeNT and CRESST-II

Even though we cannot find a halo model that provides a consistent description of all ex-
periments, it is seen from Figure 3 that CRESST-II and CoGeNT probe g̃(vmin) at di↵erent
ranges of vmin. Therefore it should be possible to choose g̃(vmin) such that we obtain a con-
sistent description for these two experiments. This choice must be di↵erent from the SHM
for which the best-fit DM regions of CRESST-II and CoGeNT do not overlap [16, 24].

Of course, we cannot vary g̃(vmin) arbitrarily — in the end, the velocity integral must
arise from a reasonable self-consistent model of the DM halo. Therefore in Figure 4, we
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where

• How to construct g-vmin sensitivity plot:

(1) For signals:

3

relativistic DM of June 2nd [35]. This expectation can be
violated however when the annihilation product Y expe-
riences flavor oscillations on O(AU) length scales as in
for example [11, 36, 37] though this requires very small
mass-splittings, �m2 ⇠ 10�10 eV2.
It is important to observe that the ability to scatter on

nuclei does not induce any physics which would allow Y
to decay. Given the generic stability of both X and Y , we
must be sure that their total abundance does not exceed
the observed value, ⌦CDMh2 ' 0.2. For simplicity, we
will work in the limit that Y forms a sub-dominant com-
ponent, i.e. ⌦Y ⌧ ⌦X ' ⌦CDM . This can be naturally
arranged when Y is similar to a neutrino and freezes-out
when it is relativistic, i.e. mY . eV. Non-relativistic
freeze-out of Y can also lead to a small relic abundance
when its annihilation cross section is large [7].
Another potential constraint on these models is the

additional radiation energy density they generate during

the Big Bang, parameterized by, �N
e↵

= ⇢Y

⇢⌫
= gY T 4

Y
g⌫T 4

⌫
,

where the photon and neutrino temperatures are re-
lated by, T⌫ = (4/11)1/3 T� . Due to the annihilation
of degrees of freedom from the standard model plasma,
the temperature of the dark sector relative to the stan-
dard model sector is suppressed via dilution, Tdark =
(g?, post�BBN

/g?, dark freeze out

)1/3 T� , where the number
of standard model degrees of freedom (DOFs) after Big
Bang Nucleosynthesis (BBN) is g?, post�BBN

= 3.36, the
number of standard model DOFs after dark freeze out is
g?, dark freeze out

, and T� is the photon temperature. As-
suming Y is the lightest stable particle in the dark sec-
tor, so that heavier dark sector DOFs re-heat the bath
of Y radiation as they annihilate. Under the assumption
that entropy is conserved, gDST

3

dark = gY T
3

Y , where gDS

count the total DOFs in the dark sector. Typical values
of �N

e↵

' 0.2 for g?, dark freeze out

corresponding to the
QCD phase transition and minimal additional degrees of
freedom in the dark sector (only X and Y ). This is well
within the allowed constraints on �N

e↵

[1, 38].
Direct Detection in E

min

-space - Direct detection
involves a unique combination of particle physics, nuclear
physics, and astrophysics. The kinematics of scattering
in the non-relativistic case are controlled by the minimum
DM particle velocity, v

min

(ER), required to produce a nu-
clear recoil of energy ER. In the absence of unknown form
factors, all experimental data can be mapped into v

min

-
space at each DM mass and compared without specifying
the nature of the astrophysical distribution or density of
DM [39, 40]. These “halo-independent” methods have re-
ceived significant attention [41–56]. We generalize these
methods to cover relativistic scattering as well, where the
“halo-independence” here comes from the absence of spe-
cific assumptions regarding the local DM density, density
profile, velocity distribution, and annihilation source.

As can be seen from Eq. (1) and the form of Emin(ER),

threshold experiment.
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FIG. 2. DM mass independent comparison of direct detec-
tion data under the assumption of relativistic scattering. Here
we include DAMA modulation amplitude from [57] and the 3
CDMS-Si events [58], along with constraints from LUX [10]
and SuperCDMS [59].

the relativistic scattering case allows a comparison of
data which is independent of the DM mass. In the case
of a claimed detection, using Eq. (1) we can divide out
the nucleus-specific quantities

g̃(E
min

) ⌘ 2µ2

n(A
2F 2(ER))

�1dR/dER, (5)

to immediately obtain the preferred g̃ range in Fig. 2.
Finally, since the integrand in Eq. 1 is strictly positive
we can derive conservative limits on g̃ as in [40] by as-
suming a step function form for g̃(E

min

). One can view
this procedure as mapping direct detection rates to the
(g̃ � E

min

) plane, which we refer to as “E
min

-space” for
brevity. The form of E

min

(ER) has the interesting e↵ect
of strongly suppressing the sensitivity of experiments em-
ploying heavy target nuclei. It is also interesting to ob-
serve that LUX [10] and a relativistic DM interpretation
of DAMA [57] and CDMS-Si [58] data are fully compat-
ible, though essentially ruled out by the recent Super-
CDMS data [59]. Clearly, allowing for isospin-violation
in order to suppress the sensitivity from Germanium-
scattering would result in the positive signals seen by
CDMS-Si and DAMA and the null results of LUX and
SuperCDMS to be compatible.

Let us pause to highlight the relevance and general-
ity of the halo-independent method employed here. In
contrast with non-relativistic scattering, here the veloc-
ity distribution matters very little for the rate of events.
However, now the astrophysical uncertainty is more fun-
damental in the sense that the source of the flux is un-
known, i.e. the Galactic Center, the solar interior, etc.
Moreover, even after specifying a source there exist large
uncertainties in the spatial distribution. This method is

can infer the value of g̃(vmin) for vmin in the interval [vmin(E1 ��E), vmin(E2 +�E)]:

g̃(vmin) = 2µ2
n�

1

C

2
T(A,Z)F 2(ER)✏(ER)

dR

dER
. (3.2)

The recoil energy where the nuclear form factor and the e�ciency are evaluated should in
the range E1 < ER < E2; we assume that the energy bin is su�ciently small that these
quantities do not vary significantly with ER within the bin.3

Additional care is required for experiments like DAMA and CRESST-II which have
targets with more than one element. The DAMA detector has both sodium and iodine
nuclei, the latter being much heavier than the former (mI ⇡ 5.5mNa). For the light DM we
consider, the kinetic energy of the recoiling iodine nucleus is below the energy threshold of
the detector so it is a good approximation to assume that all contributions to dR/dER come
from scattering on Na nuclei and use Eq. (3.2) taking the mass fraction of Na in the detector
into account (see Section 5).

For CRESST-II which contains oxygen, calcium and tungsten, the situation is more
complicated. Since tungsten is much heavier than oxygen and calcium, we can ignore it as
the corresponding recoil energy is below the detector’s energy threshold. However oxygen
and calcium are relatively close in mass so extracting information on g̃(vmin) becomes more
complicated. We discuss these di�culties and how to deal with them in Appendix A.

3.2 Constraining the velocity integral

Next we consider experiments that do not measure the di↵erential event rate but are rather
able to bound dR/dER over some energy range. This is usually converted into a bound on
�n for a given DM mass, assuming a galactic halo model such as the SHM. Instead we wish
to use the bound on dR/dER to constrain g̃(vmin) for di↵erent values of vmin.4

Since f(v) � 0, the following inequality holds for any value of vmin:

g̃(vmin) � g̃(v̂min)⇥(v̂min � vmin) , (3.3)

where g̃(v̂min) is a constant and ⇥(x) is the Heaviside step function. Of all velocity integrals
that have g̃(v̂min) = g̃0, the one defined by g̃(vmin) = g̃0⇥(v̂min � vmin) thus predicts the
smallest number of events in any given experiment. Of course g(vmin) / ⇥(v̂min � vmin) is
not a realistic model for the galactic halo, nevertheless it is a valid velocity integral that can
be used to predict the event rate for a given experiment. A more realistic halo must satisfy
Eq. (3.3) and will therefore necessarily predict a larger event rate. Consequently, if we can
reject the case when g̃(vmin) = g̃0⇥(v̂min � vmin), we can also reject any other other halo
model giving g̃(v̂min) = g̃0.

Hence if an experiment places an upper bound on dR/dER, we can correspondingly
bound g̃(vmin) by fixing vmin = v̂min and finding the smallest value of g̃(v̂min) such that the
predicted event rate for g̃(vmin) = g̃(v̂min)⇥(v̂min � vmin) is larger than the measured value (at
a given confidence level). Repeating this procedure for all v̂min, we obtain a continuous upper
bound on g̃(v̂min) — see Figure 2. If the exclusion curve thus obtained touches (or crosses)

3This assumption is good for CoGeNT and DAMA for the light DM that we consider. However it is not
a good approximation for CRESST-II where ✏(ER) can change rapidly within a single bin that contains the
onset of a new detector module; to avoid this we bin the data so such regions are avoided (see Appendix D).

4It is straightforward to put a bound on g̃(vmin) from experiments that use a single element; di�culties
arising in experiments with more than one type of nuclei are discussed in Appendix A.
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reject the case when g̃(vmin) = g̃0⇥(v̂min � vmin), we can also reject any other other halo
model giving g̃(v̂min) = g̃0.

Hence if an experiment places an upper bound on dR/dER, we can correspondingly
bound g̃(vmin) by fixing vmin = v̂min and finding the smallest value of g̃(v̂min) such that the
predicted event rate for g̃(vmin) = g̃(v̂min)⇥(v̂min � vmin) is larger than the measured value (at
a given confidence level). Repeating this procedure for all v̂min, we obtain a continuous upper
bound on g̃(v̂min) — see Figure 2. If the exclusion curve thus obtained touches (or crosses)

3This assumption is good for CoGeNT and DAMA for the light DM that we consider. However it is not
a good approximation for CRESST-II where ✏(ER) can change rapidly within a single bin that contains the
onset of a new detector module; to avoid this we bin the data so such regions are avoided (see Appendix D).

4It is straightforward to put a bound on g̃(vmin) from experiments that use a single element; di�culties
arising in experiments with more than one type of nuclei are discussed in Appendix A.
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Generalization to relativistic scattering
3

relativistic DM of June 2nd [35]. This expectation can be
violated however when the annihilation product Y expe-
riences flavor oscillations on O(AU) length scales as in
for example [11, 36, 37] though this requires very small
mass-splittings, �m2 ⇠ 10�10 eV2.
It is important to observe that the ability to scatter on

nuclei does not induce any physics which would allow Y
to decay. Given the generic stability of both X and Y , we
must be sure that their total abundance does not exceed
the observed value, ⌦CDMh2 ' 0.2. For simplicity, we
will work in the limit that Y forms a sub-dominant com-
ponent, i.e. ⌦Y ⌧ ⌦X ' ⌦CDM . This can be naturally
arranged when Y is similar to a neutrino and freezes-out
when it is relativistic, i.e. mY . eV. Non-relativistic
freeze-out of Y can also lead to a small relic abundance
when its annihilation cross section is large [7].
Another potential constraint on these models is the

additional radiation energy density they generate during

the Big Bang, parameterized by, �N
e↵

= ⇢Y

⇢⌫
= gY T 4

Y
g⌫T 4

⌫
,

where the photon and neutrino temperatures are re-
lated by, T⌫ = (4/11)1/3 T� . Due to the annihilation
of degrees of freedom from the standard model plasma,
the temperature of the dark sector relative to the stan-
dard model sector is suppressed via dilution, Tdark =
(g?, post�BBN

/g?, dark freeze out

)1/3 T� , where the number
of standard model degrees of freedom (DOFs) after Big
Bang Nucleosynthesis (BBN) is g?, post�BBN

= 3.36, the
number of standard model DOFs after dark freeze out is
g?, dark freeze out

, and T� is the photon temperature. As-
suming Y is the lightest stable particle in the dark sec-
tor, so that heavier dark sector DOFs re-heat the bath
of Y radiation as they annihilate. Under the assumption
that entropy is conserved, gDST

3

dark = gY T
3

Y , where gDS

count the total DOFs in the dark sector. Typical values
of �N

e↵

' 0.2 for g?, dark freeze out

corresponding to the
QCD phase transition and minimal additional degrees of
freedom in the dark sector (only X and Y ). This is well
within the allowed constraints on �N

e↵

[1, 38].
Direct Detection in E

min

-space - Direct detection
involves a unique combination of particle physics, nuclear
physics, and astrophysics. The kinematics of scattering
in the non-relativistic case are controlled by the minimum
DM particle velocity, v

min

(ER), required to produce a nu-
clear recoil of energy ER. In the absence of unknown form
factors, all experimental data can be mapped into v

min

-
space at each DM mass and compared without specifying
the nature of the astrophysical distribution or density of
DM [39, 40]. These “halo-independent” methods have re-
ceived significant attention [41–56]. We generalize these
methods to cover relativistic scattering as well, where the
“halo-independence” here comes from the absence of spe-
cific assumptions regarding the local DM density, density
profile, velocity distribution, and annihilation source.

As can be seen from Eq. (1) and the form of Emin(ER),

threshold experiment.
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FIG. 2. DM mass independent comparison of direct detec-
tion data under the assumption of relativistic scattering. Here
we include DAMA modulation amplitude from [57] and the 3
CDMS-Si events [58], along with constraints from LUX [10]
and SuperCDMS [59].

the relativistic scattering case allows a comparison of
data which is independent of the DM mass. In the case
of a claimed detection, using Eq. (1) we can divide out
the nucleus-specific quantities

g̃(E
min

) ⌘ 2µ2

n(A
2F 2(ER))

�1dR/dER, (5)

to immediately obtain the preferred g̃ range in Fig. 2.
Finally, since the integrand in Eq. 1 is strictly positive
we can derive conservative limits on g̃ as in [40] by as-
suming a step function form for g̃(E

min

). One can view
this procedure as mapping direct detection rates to the
(g̃ � E

min

) plane, which we refer to as “E
min

-space” for
brevity. The form of E

min

(ER) has the interesting e↵ect
of strongly suppressing the sensitivity of experiments em-
ploying heavy target nuclei. It is also interesting to ob-
serve that LUX [10] and a relativistic DM interpretation
of DAMA [57] and CDMS-Si [58] data are fully compat-
ible, though essentially ruled out by the recent Super-
CDMS data [59]. Clearly, allowing for isospin-violation
in order to suppress the sensitivity from Germanium-
scattering would result in the positive signals seen by
CDMS-Si and DAMA and the null results of LUX and
SuperCDMS to be compatible.

Let us pause to highlight the relevance and general-
ity of the halo-independent method employed here. In
contrast with non-relativistic scattering, here the veloc-
ity distribution matters very little for the rate of events.
However, now the astrophysical uncertainty is more fun-
damental in the sense that the source of the flux is un-
known, i.e. the Galactic Center, the solar interior, etc.
Moreover, even after specifying a source there exist large
uncertainties in the spatial distribution. This method is

Discussion of results: 

- f(v) does not enter.  
- No dependence on the DM density 

distribution.  
- No dependence on the assumed form 

of the Y-nucleus scattering, Y energy 
spectrum.  

- This result applies to all DM masses.

- Applies equally well to non-DM direct 
detection possibilities…

Apply same “isospin-conserving” 
assumption:
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relativistic DM of June 2nd [35]. This expectation can be
violated however when the annihilation product Y expe-
riences flavor oscillations on O(AU) length scales as in
for example [11, 36, 37] though this requires very small
mass-splittings, �m2 ⇠ 10�10 eV2.
It is important to observe that the ability to scatter on

nuclei does not induce any physics which would allow Y
to decay. Given the generic stability of both X and Y , we
must be sure that their total abundance does not exceed
the observed value, ⌦CDMh2 ' 0.2. For simplicity, we
will work in the limit that Y forms a sub-dominant com-
ponent, i.e. ⌦Y ⌧ ⌦X ' ⌦CDM . This can be naturally
arranged when Y is similar to a neutrino and freezes-out
when it is relativistic, i.e. mY . eV. Non-relativistic
freeze-out of Y can also lead to a small relic abundance
when its annihilation cross section is large [7].
Another potential constraint on these models is the

additional radiation energy density they generate during

the Big Bang, parameterized by, �N
e↵

= ⇢Y

⇢⌫
= gY T 4

Y
g⌫T 4

⌫
,

where the photon and neutrino temperatures are re-
lated by, T⌫ = (4/11)1/3 T� . Due to the annihilation
of degrees of freedom from the standard model plasma,
the temperature of the dark sector relative to the stan-
dard model sector is suppressed via dilution, Tdark =
(g?, post�BBN

/g?, dark freeze out

)1/3 T� , where the number
of standard model degrees of freedom (DOFs) after Big
Bang Nucleosynthesis (BBN) is g?, post�BBN

= 3.36, the
number of standard model DOFs after dark freeze out is
g?, dark freeze out

, and T� is the photon temperature. As-
suming Y is the lightest stable particle in the dark sec-
tor, so that heavier dark sector DOFs re-heat the bath
of Y radiation as they annihilate. Under the assumption
that entropy is conserved, gDST

3

dark = gY T
3

Y , where gDS

count the total DOFs in the dark sector. Typical values
of �N

e↵

' 0.2 for g?, dark freeze out

corresponding to the
QCD phase transition and minimal additional degrees of
freedom in the dark sector (only X and Y ). This is well
within the allowed constraints on �N

e↵

[1, 38].
Direct Detection in E

min

-space - Direct detection
involves a unique combination of particle physics, nuclear
physics, and astrophysics. The kinematics of scattering
in the non-relativistic case are controlled by the minimum
DM particle velocity, v

min

(ER), required to produce a nu-
clear recoil of energy ER. In the absence of unknown form
factors, all experimental data can be mapped into v

min

-
space at each DM mass and compared without specifying
the nature of the astrophysical distribution or density of
DM [39, 40]. These “halo-independent” methods have re-
ceived significant attention [41–56]. We generalize these
methods to cover relativistic scattering as well, where the
“halo-independence” here comes from the absence of spe-
cific assumptions regarding the local DM density, density
profile, velocity distribution, and annihilation source.

As can be seen from Eq. (1) and the form of Emin(ER),
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FIG. 2. DM mass independent comparison of direct detec-
tion data under the assumption of relativistic scattering. Here
we include DAMA modulation amplitude from [57] and the 3
CDMS-Si events [58], along with constraints from LUX [10]
and SuperCDMS [59].

the relativistic scattering case allows a comparison of
data which is independent of the DM mass. In the case
of a claimed detection, using Eq. (1) we can divide out
the nucleus-specific quantities

g̃(E
min

) ⌘ 2µ2

n(A
2F 2(ER))

�1dR/dER, (5)

to immediately obtain the preferred g̃ range in Fig. 2.
Finally, since the integrand in Eq. 1 is strictly positive
we can derive conservative limits on g̃ as in [40] by as-
suming a step function form for g̃(E

min

). One can view
this procedure as mapping direct detection rates to the
(g̃ � E

min

) plane, which we refer to as “E
min

-space” for
brevity. The form of E

min

(ER) has the interesting e↵ect
of strongly suppressing the sensitivity of experiments em-
ploying heavy target nuclei. It is also interesting to ob-
serve that LUX [10] and a relativistic DM interpretation
of DAMA [57] and CDMS-Si [58] data are fully compat-
ible, though essentially ruled out by the recent Super-
CDMS data [59]. Clearly, allowing for isospin-violation
in order to suppress the sensitivity from Germanium-
scattering would result in the positive signals seen by
CDMS-Si and DAMA and the null results of LUX and
SuperCDMS to be compatible.

Let us pause to highlight the relevance and general-
ity of the halo-independent method employed here. In
contrast with non-relativistic scattering, here the veloc-
ity distribution matters very little for the rate of events.
However, now the astrophysical uncertainty is more fun-
damental in the sense that the source of the flux is un-
known, i.e. the Galactic Center, the solar interior, etc.
Moreover, even after specifying a source there exist large
uncertainties in the spatial distribution. This method is
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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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relativistic DM of June 2nd [35]. This expectation can be
violated however when the annihilation product Y expe-
riences flavor oscillations on O(AU) length scales as in
for example [11, 36, 37] though this requires very small
mass-splittings, �m2 ⇠ 10�10 eV2.
It is important to observe that the ability to scatter on

nuclei does not induce any physics which would allow Y
to decay. Given the generic stability of both X and Y , we
must be sure that their total abundance does not exceed
the observed value, ⌦CDMh2 ' 0.2. For simplicity, we
will work in the limit that Y forms a sub-dominant com-
ponent, i.e. ⌦Y ⌧ ⌦X ' ⌦CDM . This can be naturally
arranged when Y is similar to a neutrino and freezes-out
when it is relativistic, i.e. mY . eV. Non-relativistic
freeze-out of Y can also lead to a small relic abundance
when its annihilation cross section is large [7].
Another potential constraint on these models is the

additional radiation energy density they generate during

the Big Bang, parameterized by, �N
e↵

= ⇢Y

⇢⌫
= gY T 4

Y
g⌫T 4

⌫
,

where the photon and neutrino temperatures are re-
lated by, T⌫ = (4/11)1/3 T� . Due to the annihilation
of degrees of freedom from the standard model plasma,
the temperature of the dark sector relative to the stan-
dard model sector is suppressed via dilution, Tdark =
(g?, post�BBN

/g?, dark freeze out

)1/3 T� , where the number
of standard model degrees of freedom (DOFs) after Big
Bang Nucleosynthesis (BBN) is g?, post�BBN

= 3.36, the
number of standard model DOFs after dark freeze out is
g?, dark freeze out

, and T� is the photon temperature. As-
suming Y is the lightest stable particle in the dark sec-
tor, so that heavier dark sector DOFs re-heat the bath
of Y radiation as they annihilate. Under the assumption
that entropy is conserved, gDST

3

dark = gY T
3

Y , where gDS

count the total DOFs in the dark sector. Typical values
of �N

e↵

' 0.2 for g?, dark freeze out

corresponding to the
QCD phase transition and minimal additional degrees of
freedom in the dark sector (only X and Y ). This is well
within the allowed constraints on �N

e↵

[1, 38].
Direct Detection in E

min

-space - Direct detection
involves a unique combination of particle physics, nuclear
physics, and astrophysics. The kinematics of scattering
in the non-relativistic case are controlled by the minimum
DM particle velocity, v

min

(ER), required to produce a nu-
clear recoil of energy ER. In the absence of unknown form
factors, all experimental data can be mapped into v

min

-
space at each DM mass and compared without specifying
the nature of the astrophysical distribution or density of
DM [39, 40]. These “halo-independent” methods have re-
ceived significant attention [41–56]. We generalize these
methods to cover relativistic scattering as well, where the
“halo-independence” here comes from the absence of spe-
cific assumptions regarding the local DM density, density
profile, velocity distribution, and annihilation source.

As can be seen from Eq. (1) and the form of Emin(ER),
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FIG. 2. DM mass independent comparison of direct detec-
tion data under the assumption of relativistic scattering. Here
we include DAMA modulation amplitude from [57] and the 3
CDMS-Si events [58], along with constraints from LUX [10]
and SuperCDMS [59].

the relativistic scattering case allows a comparison of
data which is independent of the DM mass. In the case
of a claimed detection, using Eq. (1) we can divide out
the nucleus-specific quantities

g̃(E
min

) ⌘ 2µ2

n(A
2F 2(ER))

�1dR/dER, (5)

to immediately obtain the preferred g̃ range in Fig. 2.
Finally, since the integrand in Eq. 1 is strictly positive
we can derive conservative limits on g̃ as in [40] by as-
suming a step function form for g̃(E

min

). One can view
this procedure as mapping direct detection rates to the
(g̃ � E

min

) plane, which we refer to as “E
min

-space” for
brevity. The form of E

min

(ER) has the interesting e↵ect
of strongly suppressing the sensitivity of experiments em-
ploying heavy target nuclei. It is also interesting to ob-
serve that LUX [10] and a relativistic DM interpretation
of DAMA [57] and CDMS-Si [58] data are fully compat-
ible, though essentially ruled out by the recent Super-
CDMS data [59]. Clearly, allowing for isospin-violation
in order to suppress the sensitivity from Germanium-
scattering would result in the positive signals seen by
CDMS-Si and DAMA and the null results of LUX and
SuperCDMS to be compatible.

Let us pause to highlight the relevance and general-
ity of the halo-independent method employed here. In
contrast with non-relativistic scattering, here the veloc-
ity distribution matters very little for the rate of events.
However, now the astrophysical uncertainty is more fun-
damental in the sense that the source of the flux is un-
known, i.e. the Galactic Center, the solar interior, etc.
Moreover, even after specifying a source there exist large
uncertainties in the spatial distribution. This method is

• Test thermal relics in a new way & 
gives direct detection access to < 
GeV DM.  

• DM can annihilate to light states that 
do the scattering at direct detection 
experiments.

• Novel phenomenology distinct from 
other DM exotica e.g. inelastic, 
isospin-violating, etc. 

• Isn’t covered in the “model-
independent” non-relativistic eff. 
operator framework of Fitzpatrick et 
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `inv⌫)+ j final states. In the latter case the charged lepton ` is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [25], CMS [26] and ATLAS [27, 28], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [28] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [26], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.

2

well as missing energy signals associated with invisible decays of the Higgs boson. Where available,
we will use existing LHC data to set limits on the dark matter–quark and dark matter–gluon
couplings in an e↵ective field theory framework, and we will demonstrate the complementarity of
these limits to those obtained from direct and indirect dark matter searches. We will also compare
several mono-jet analyses that have been carried out by ATLAS and CMS, and we will outline a
strategy for discovering dark matter or improving bounds in the future.

Dark matter searches using mono-jet signatures have been discussed previously in the context
of both Tevatron and LHC searches [1–7], and have been shown to be very competitive with
direct searches, especially at low dark matter mass and for dark matter with spin-dependent
interactions. In a related work, SSC constraints on missing energy signatures due to quark and
lepton compositeness have been discussed in [8]. The mono-photon channel has so far mostly
been considered as a search channel at lepton colliders [9–11], but sensitivity studies exist also
for the LHC [12, 13], and they suggest that mono-photons can provide very good sensitivity to
dark matter production at hadron colliders. Combined analyses of Tevatron mono-jet searches and
LEP mono-photon searches have been presented in [14, 15]. The mono-photon channel su↵ers from
di↵erent systematic uncertainties than the mono-jet channel, and probes a di↵erent set of DM–SM
couplings, it can thus provide an important confirmation in case a signal is observed in mono-jets.

The outline of this paper is as follows: After introducing the e↵ective field theory formalism
of dark matter interactions in section 2, we will first discuss the mono-jet channel in section 3.
We will describe our analysis procedure and then apply it to ATLAS and CMS data in order to
set limits on the e↵ective dark matter couplings to quarks and gluons. We also re-interpret these
limits as bounds on the scattering and annihilation cross sections measured at direct and indirect
detection experiments. We then go on, in section 4, to discuss how our limits are modified in
models in which dark matter interactions are mediated by a light ⇠< O(few TeV) particle, so that
the e↵ective field theory formalism is not applicable. In section 5, we will perform an analysis
similar to that from section 3 in the mono-photon channel. A special example of dark matter
coupling through a light mediator is DM interacting through the Standard Model Higgs boson,
and we will argue in section 6 that in this case, invisible Higgs decay channels provide the best
sensitivity. We will summarize and conclude in section 7.

2. AN EFFECTIVE THEORY FOR DARK MATTER INTERACTIONS

If interactions between dark matter and Standard Model particles involve very heavy (&
few TeV) mediator particles—an assumption we are going to make in most of this paper—we
can describe them in the framework of e↵ective field theory. (We will investigate how departing
from the e↵ective field theory framework changes our results in sections 4 as well as 6.) Since our
goal is not to do a full survey of all possible e↵ective operators, but rather to illustrate a wide
variety of phenomenologically distinct cases, we will assume the dark matter to be a Dirac fermion
� and consider the following e↵ective operators1

OV =
(�̄�µ�)(q̄�µq)

⇤2

, (vector, s-channel) (1)

OA =
(�̄�µ�5�)(q̄�µ�5q)

⇤2

, (axial vector, s-channel) (2)

Ot =
(�̄PRq)(q̄PL�)

⇤2

+ (L $ R) , (scalar, t-channel) (3)

1 Other recent studies that have used a similar formalism to describe dark matter interactions include [1–5, 7, 11, 16–
23].

• Take an interaction:
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Figure 5: ATLAS limits on (a) spin-independent and (b) spin-dependent dark matter–nucleon scattering,
compared to limits from the direct detection experiments. In particular, we show constraints on spin-
independent scattering from CDMS [45], XENON-10 [46], XENON-100 [47], DAMA [48], CoGeNT [49,
50] and CRESST [51], and constraints on spin-dependent scattering from DAMA [48], PICASSO [52],
XENON-10 [53], COUPP [54] and SIMPLE [55]. DAMA and CoGeNT allowed regions are based on our
own fits [11, 50, 56] to the experimental data. Following [57], we have conservatively assumed large systematic
uncertainties on the DAMA quenching factors: qNa = 0.3± 0.1 for sodium and qI = 0.09± 0.03 for iodine,
which leads to an enlargement of the DAMA allowed regions. All limits are shown at 90% confidence level,
whereas for DAMA and CoGeNT we show 90% and 3� contours. For CRESST, the contours are 1� and 2�
as in [51].

searches. The dark matter annihilation rate is proportional to the quantity h�v
rel

i, where � is the
annihilation cross section, v

rel

is the relative velocity of the annihilating particles, and the average h·i
is over the dark matter velocity distribution in the particular astrophysical environment considered.
Working again in the e↵ective field theory framework, we find for dark matter coupling to quarks
through the dimension 6 vector operator, equation (1), or the axial-vector operator, equation (2),
respectively [11],

�V v
rel

=
1

16⇡⇤4

X

q

s

1� m2

q

m2

�

 
24(2m2

� +m2

q) +
8m4

� � 4m2

�m
2

q + 5m4

q

m2

� �m2

q
v2
rel

!
, (10)

�Av
rel

=
1

16⇡⇤4

X

q

s

1� m2

q

m2

�

 
24m2

q +
8m4

� � 22m2

�m
2

q + 17m4

q

m2

� �m2

q
v2
rel

!
. (11)

Here the sum runs over all kinematically accessible quark flavors, and mq denotes the quark masses.
We see that, for both types of interaction, the leading term in �v

rel

is independent of v
rel

when there
is at least one annihilation channel with m2

q & m2

�v
2

rel

. Note that for DM couplings with di↵erent
Lorentz structures (for instance scalar couplings), the annihilation cross section can exhibit a much
stronger v

rel

-dependence. For such operators, collider bounds on h�v
rel

i can be significantly stronger
than in the cases considered here, especially in environments with low

⌦
v2
rel

↵
such as galaxies (see,

for instance, reference [11] for a more detailed discussion).
In figure 6, we show ATLAS constraints on h�v

rel

i as a function of the dark matter mass m�

for a scenario in which dark matter couples equally to all quark flavors and chiralities, but not

• Put limits on DM-nucleon cross 
section to compare against 
direct searches. 

hep-ph/0403004, 0912.4511, 1002.4137, 1005.3797, 
1107.2666 ,1109.4398, 1111.5331, 1112.5457,1202.2894 ,

1203.1662 , 1204.0821 , 1204.3839, 1208.4605 , 1209.0231, 
1211.6390, 1302.3619, 1307.2253, 1308.0592 , 1308.6799 , 

1402.1275 , 1407.8257, 1409.2893, 1502.05721, 
1503.05916, 1503.07874, …   

• Huge amount of work in last few years, 
expanding to mono-X searches, etc. 

• Use LHC data to constrain cutoff scale. 

12 7 Interpretation

Table 10: ADD Model observed and expected limits on MD in TeV/c2 as a function of d at LO
and NLO, with K-factors of 1.5 for d = 2,3 and 1.4 for d = 4,5,6.

LO NLO
d Exp. Limit Obs. Limit Exp. Limit Obs. Limit
2 5.12 5.10 5.70 5.67
3 3.96 3.94 4.31 4.29
4 3.46 3.44 3.72 3.71
5 3.11 3.10 3.32 3.31
6 2.95 2.94 3.13 3.12

The limits on L as a function of the DM mass for the vector interaction and the axial-vector
interaction are shown in Figure 6, together with a comparison with limits from the previous
CMS analysis using 5 fb�1 at 7 TeV. The observed and expected limits at the 90% CL on the
DM-nucleon scattering cross section for the vector, axial-vector and scalar operators are shown
in Tables 11, 12, 13 and Figures 7 and 8.

Also considered is the case in which the mediator is light enough to be accessible to the LHC.
Figure 9 shows the observed limits on L as a function of the mass of the mediator, assuming
vector interactions and a dark matter mass of 50 GeV/c2 and 500 GeV/c2. The width (G) of the
mediator is varied between M/3 and M/8p [13]. It shows the resonant enhancement in the
production cross section once the mass of the mediator is within the kinematic range and can
be produced on-shell. At large mediator mass, the limits on L approximate to those obtained
in the effective theory framework [13].
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Figure 6: Limits on the contact interaction scale L as a function of the DM mass for the current
analysis using 19.5 fb�1 of 8 TeV data. Also shown is the result from the previous analysis
using 5 fb�1 of 7 TeV data.

The results can also be interpreted in the context of Unparticle production. Shown in Figure 10
are the expected and observed 95% C.L limits on the cross-sections for S = 0 Unparticles with
dU = 1.5, 1.6, 1.7, 1.8 and 1.9 as a function of LU for a fixed coupling constant l = 1. The
observed 95% C.L limit LU for these values of dU is shown in Table 14. This can be compared

EXO-12-048-pas

• Now a standard search carried out 
by CMS & ATLAS.



What to do with missing energy signals*?
Degeneracies in the LHC 
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Thursday, July 19, 2012Only confirmed source of missing energy are neutrinos. 
Conservative to start with the neutrino hypothesis first.

DM can be inferred at the LHC if 
the neutrino hypothesis is rejected. 

* = assuming they appear in future data. 



How strong can neutrino-proton interactions be?



Simple parameterization of nu-proton 
interactions: EFT

New or ⌫ Missing Energy?
Discriminating Dark Matter from Neutrino Interactions at the LHC

Diogo Buarque Franzosi, Mads T. Frandsen, and Ian M. Shoemaker
CP3-Origins & Danish Institute for Advanced Study , Danish IAS,

University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark
franzosi@cp3-origins.net, frandsen@cp3-origins.net, shoemaker@cp3.dias.sdu.dk

(Dated: June 30, 2015)

Missing energy signals such as monojets are a possible signature of Dark Matter (DM) at colliders.
However, neutrino interactions beyond the Standard Model may also produce missing energy signals.
In order to conclude that new “missing particles” are observed requires rejecting the hypothesis of
BSM neutrino interactions. In this paper, we first derive new limits on these Non-Standard neutrino
Interactions (NSIs) from LHC monojet data. For heavy NSI mediators, these limits are much
stronger than those coming from traditional low-energy ⌫ scattering or ⌫ oscillation experiments.
We find that monojet data alone can be used to infer the mass of the “missing particle” from the
shape of the missing energy distribution. In addition to the monojet channel, NSIs can be probed
in multi-lepton searches and are found to yield stronger limits at heavy mediator masses. Thus,
if future data contains anomalous missing energy events, we illustrate that the sensitivity o↵ered
by multi-lepton channels give a method to reject or confirm the DM hypothesis in missing energy
searches.

I. INTRODUCTION

Singular visible final states are the tell-tale clue of the
production of stable neutral objects. Indeed the imbal-
ance of momentum and energy is in fact precisely the
way in which the neutrino was first discovered. Sup-
posing that the LHC soon finds anomalous “missing en-
ergy” events above SM backgrounds, the determination
of its origin will be of paramount importance. As known
sources of missing energy, arguably the most conservative
initial interpretation of new missing energy data will be
in terms of neutrinos. However, dark matter and Kaluza-
Klein states are more exotic possibilities which can also
produce large missing energy signals at colliders. How
can LHC data be used to distinguish these two sources
of missing energy?

In this paper we explore this fundamental question,
and illustrate that the SU(2) charge of neutrinos allow
for the multi-channel discrimination of singlet DM from
SM neutrinos. 1

Due to their weak interactions, neutrino properties are
di�cult to probe. Despite this, an array of experimental
data has accumulated over the decades which limit the
size of neutrino-proton interactions. A simple parame-
terization of neutrino-proton interaction is o↵ered by the
language of e↵ective field theory (EFT). Up to dimension
6, we can have

• Magnetic dipole moment:

L � µ
⌫

Fµ⌫⌫�
µ⌫

⌫, (1)

1 Of course, if DM itself transforms non-trivially under SU(2) the
situation is more complex. We leave for future work a systematic
study in this direction but note that some of the implications
of SU(2) charged DM in a variety of representations has been
studied in e.g. [1].

where the spin matrix is �
µ⌫

⌘ i [�
µ

, �
⌫

] /2, µ
⌫

is
the magnetic moment (typically measured in units
of the Bohr magneton µ

B

⌘ e/ (2m
e

), where e,m
e

are the charge and mass of the electron).

• Non-standard neutrino interactions (NSIs),

L
NSI

= �2
p

2G
F

"fP
↵�

(⌫
↵

�
⇢

⌫
�

)
�
f�⇢Pf

�
. (2)

where the matrix "fP
↵�

specifies the strength of the
⌫-f interaction, normalized Fermi’s constant, G

F

⌘
1/

p
2v2

EW

' 1.2 ⇥ 10�5 GeV�2, where v
EW

= 246
GeV. The labels ↵,� are flavor indices running over
e, µ, ⌧ . Here we take f to be any SM fermion
(though only the vector component of f = e, u, d
are relevant for neutrino oscillations).

Let us examine both of these possibilities as poten-
tial contributions to LHC missing energy, beginning with
magnetic moments. First, we summarize some salient
features of neutrino magnetic moments for complete-
ness. Notice that for Majorana neutrinos the 3 ⇥ 3
matrix µ

⌫

does not have diagonal entries and is anti-
symmetric, but is completely general if they are instead
Dirac. In the SM the magnetic moment is proportional
to the neutrino mass, and therefore extremely small,
µSM
⌫

⇠ 10�20 µ
B

,where µ
B

is a Bohr magneton. This
conclusion is softened a bit if one considers Dirac neu-
trinos in BSM scenarios, though naturalness considera-
tions on the coe↵ecients of e↵ective operators implies,
µ
⌫

. 10�14 µ
B

[2], far below present experimental sen-
sitivity. Thus only Majorana neutrinos can generate ob-
servable magnetic moments.

Here the relevant question is: Can neutrino magnetic
moments below currents limits produce sizeable miss-
ing energy at the LHC? To answer this question, we
consider Majorana neutrinos and examine their current
constraints. At present, modern constraints are severe

• First consider dimension-5 interactions, e.g. magnetic moment: 

[Barger, Keung, Marfatia, Tseng, 1206.0640]

• However, the LHC sensitivity can be inferred from the DM literature in the 
“light DM” limit: 

µ⌫ . 3⇥ 10�5 µB

• Strongest constraints come from the Kalinin Nuclear Power Plant with the 
GEMMA spectrometer:

µ⌫ < 3.2⇥ 10�11 µB [Beda et al., 1005.2736]

Neutrino magnetic moments won’t produce much missing 
energy at the LHC.



Generalizing Fermi

LNSI = �2
⇥
2GF ⇥fP�⇥ (⇤��

⇤⇤⇥)(f�⇤Pf)

Neutrino Flavor f =SM fermion 
P=L,R 

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

3

Dim-6 Operators: Generalizing Fermi

Non-standard neutrino interactions (NSIs):



What about SU(2)?
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To avoid stringent bounds on charged leptons, 
insert some Higgs VEVs on a dim-8 operator:

Berezhiani, Rossi [hep-ph/0111137]
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Proof of principle model with these features: 
See Pospelov’s “baryonic neutrino” [1103.3261] with a Z’ coupling to neutrinos 

and baryons.  



Additional motivation from 
the Sun

LA-UR-12-22243

Searching for Novel Neutrino Interactions at NOnA and Beyond in Light of Large q13

Alexander Friedland⇤ and Ian M. Shoemaker†

Theoretical Division T-2, MS B285, Los Alamos National Laboratory, Los Alamos, NM 87545, USA
(Dated: July 27, 2012)

We examine the prospects of probing nonstandard interactions (NSI) of neutrinos in the e� t sector with
upcoming long-baseline nµ ! ne oscillation experiments. First conjectured decades ago, neutrino NSI remain
of great interest, especially in light of the recent 8B solar neutrino measurements by SNO, Super-Kamiokande,
and Borexino. We observe that the recent discovery of large q13 implies that long-baseline experiments have
considerable NSI sensitivity, thanks to the interference of the standard and new physics conversion amplitudes.
In particular, in some parts of NSI parameter space, the upcoming NOnA experiment will be sensitive enough
to see ⇠ 3s deviations from the SM-only hypothesis. On the flip side, NSI introduce important ambiguities
in interpreting NOnA results as measurements of CP-violation, the mass hierarchy and the octant of q23. In
particular, observed CP violation could be due to a phase coming from NSI, rather than the vacuum Hamiltonian.
The proposed LBNE experiment, with its longer ⇠ 1300 km baseline, may break many of these interpretative
degeneracies.

PACS numbers: 14.60.Pq,26.65.+t, 25.30.Pt,13.15.+g,14.60.St

I. INTRODUCTION

“The effect of coherent forward scattering must
be taken into account when considering the oscil-
lations of neutrinos traveling through matter. In
particular [. . . ] oscillations can occur in matter
if the neutral current has an off-diagonal piece
connecting different neutrino types. Applications
discussed are solar neutrinos and a proposed
experiment involving transmission of neutrinos
through 1000 km of rock."

Though the above quote could easily have been written
this year, or even applied to the present paper, it was writ-
ten presciently in 1978 by Lincoln Wolfenstein in his semi-
nal paper on the effects of matter on neutrino oscilations [1].
Although originally proposed as an alternative to mass in-
duced oscillations [1–4], beyond-the-Standard-Model (BSM)
neutrino-quark interactions remain a phenomenological possi-
bility (e.g., [5–17]) that can produce potentially observable ef-
fects in oscillation experiments. Three decades after the above
quote was written, we have finally reached the era of 1000 km
experiments, with several years of data collected at MINOS,
NOnA launching next year, and LBNE on the drawing board.

Our goal in this paper is to gauge the sensitivity of these
experiments to NSI, in light of what has become known
about neutrino oscillations over the last decade. We delib-
erately choose to avoid a full analysis that scans over many
couplings with different flavor combinations and consider
a simplified framework with only one effective flavor off-
diagonal piece connecting electron- and tau-type neutrinos,
L � �2

p
2 e f

et GF
�

f gµ f negµ nt
�
+ h.c., where f = u,d,e.

We will see that this framework nonetheless reveals a rich
spectrum of physical possibilities. Importantly, eet has its own

⇤Electronic address: friedland@lanl.gov
†Electronic address: ianshoe@lanl.gov

CP-violating phase and can lead to ambiguity in interpreting
the searches of CP-violation and the mass hierarchy.

As a first illustration, let us examine the effect this one pa-
rameter can have on the solar electron neutrino survival prob-
ability, P(ne ! ne). The standard large mixing angle (LMA)
MSW solution makes a definite prediction for how this prob-
ability varies as a function of the neutrino energy, En . This
prediction is shown as a dashed line in Fig. 1, with the gray
band around it coming from the uncertainty on the standard
oscillation parameters. Both are taken from [18]. Also taken
from [18] is the allowed region of this probability inferred
from all three stages of SNO data, as labeled in Fig. 1. At
low energies, we also include the survival probabilities of pp

pep

NSI

Std. MSW

FIG. 1: Recent SNO solar neutrino data [18] on P(ne ! ne) (blue line
with 1 s band). The LMA MSW solution (dashed black curve with
gray 1 s band) appears divergent around a few MeV, whereas for
NSI with eet = 0.4 (thick magenta), the electron neutrino probability
appears to fit the data better. The data points come from the recent
Borexino paper [19].
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•Just below present CHARM 
limit (< 0.5). 

•Predicted MSW “upturn” so 
far unseen.

•NSI provides a better fit.

•Maximally minimal setup: just 
one NSI term nonzero, "e⌧

A. Friedland, IMS [1207.6642]



“This could be the 
discovery of the century. 
Depending, of course, on 

how far down it goes.”

Thursday, July 19, 2012

LHC



One jet, many applications
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First consider the case where 
the interaction is contact.
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Multipurpose Monojets: 
not just for DM anymore



Monojet Backgrounds
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Figure 1: Plots of basic selection variables for jets. The figures are shown with all analysis cuts
applied. The Df(j1, j2) cut has not been applied to the Df(j1, j2) distribution and the third jet
veto has not been applied to the jet multiplicity distribution to show the effectiveness of these
cuts in reducing background. The leading SM backgrounds from Z(nn) and W+jet events are
normalised using a data-driven technique.
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Real monojets:
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Fake monojets:

W± `⌥

missed low-E or longitudinal lepton.



Zeroth Order: cut and count limit

Madgraph for parton-
level signal. 

Pythia for hadronization/
showering. 

Bounds obtained via simple 
counting experiment. 

For example, ATLAS HighPT 
search obtained: 

N
obs

= 965

Nbkg = 1010± 37± 65

NBSM < 192

@ 95%CL



• Notice that LHC limits on u-
quarks are stronger than for 
d-quarks thanks to PDFs.

Contact NSIDo NSI remain contact at the LHC energies?

• If yes, bounds in the Table

• Notice that these NSI are per 
quark! Keep in mind when 
comparing to NSIs in oscillation 
experiments

• But what if the NSI are not 
contact?

• No longer “model-independent”
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interactions leading to (1) can be written as the following
dimension-6 operators

Ldim�6
NSI = �

2⇤qP�⇥
v2

(L��
µL⇥)(q�µPq), (2)

where L = (⇥, ⌅) is the lepton doublet and v2 = 1/
⇤
2GF .

These operators are very strongly bounded by processes
involving charged leptons ⌅. It has been argued, how-
ever, that Eq. (2) should not be used to derive model-
independent bounds, as the NSI could also arise from
more complicated e�ective operators. If such operators
involve the Higgs field, the obvious SU(2)L connection
may be broken [14, 26–28]. Typical examples are mod-
els where (1) arises from dimension-8 operators of the
form [27]

Ldim�8
NSI = �

4⇤qP�⇥
v4

(HL��
µHL⇥)(q�µPq), (3)

with H being the Higgs doublet. In defining the coe⇥-
cient of the operator we used the fact that in the unitary
gauge H†H ⇥ (v + h)2 /2, with h the Higgs field. In
this case the low-energy Lagrangian (1) need not be ac-
companied by same-strength operators involving charged
leptons.

Lastly, let us note that even the NSI Lagrangian (3)
will inevitably contribute to charged lepton processes at
high energies [29]. We will see in Sec. VB that the op-
erator in Eq. (3) does indeed produce charged leptons at
the LHC, at potentially detectable levels.

III. MONOJET BOUNDS ON NEUTRINO
CONTACT INTERACTIONS

At the simplest level, the four fermion operator in
Eq. (1) gives rise to the distinctive but invisible pro-
cess qq̄ ⇥ ⇥�⇥⇥ . This event is rendered visible if for
example one of the initial state quarks radiates a gluon,
qq̄ ⇥ ⇥�⇥⇥g. This along with the two other diagrams in-
volving quark-gluon initial states shown in Fig. 2 consti-
tute the monojet plus missing transverse energy (MET)
signal we consider here:

pp (pp̄) ⇥ j ⇥̄�⇥⇥ , j = q, q, g. (4)

Analogous constraints on NSI [27] and dark matter [30]
involving electrons arise at e+e� colliders where instead
of a jet one has a photon in the final state.

Below, in Sec. IIIA, we describe our derivation of
the bounds from the LHC (ATLAS [31]) and Tevatron
(CDF [4, 5, 32]) data, assuming the interactions remain
contact for all relevant energies. The summary of these
bounds is presented in Table I. We note that these con-
straints improve considerably the corresponding bounds
on ⇤e⇤ , ⇤⇤⇤ , ⇤ee, as reported in [28].

Given that the LHC is already at the frontier of
neutrino-quark interactions, it is natural to ask how these

CDF ATLAS [31]

GSNP [32] ADD [4, 5] LowPt HighPt veryHighPt

⌅uP�⇥=� 0.45 0.51 0.40 0.19 0.17

⌅dP�⇥=� 1.12 1.43 0.54 0.28 0.26

⌅uP�⇥ ⇥=� 0.32 0.36 0.28 0.13 0.12

⌅dP�⇥ ⇥=� 0.79 1.00 0.38 0.20 0.18

TABLE I: Bounds on the contact NSI from the CDF and
ATLAS monojet + MET searches. The CDF bounds are
based on 1.1 fb�1 of data and are shown for two sets of cuts,
the softer “Generic Search for New Physics” (GSNP) cuts [32]
and the harder ones optimized for the ADD searches [4, 5].
The ATLAS bounds are based on 1 fb�1 for the three di�erent
cuts analyzed in [31]. All bounds correspond to 95% C.L. The
bounds do not depend on the neutrino flavor �,⇥ = e, µ, ⇤ nor
on the chirality P = L,R of the quark. We assume only one
coe⇥cient at a time is turned on. When several coe⇥cients
contribute the bound reads as shown in Eq. (6).

q/q

q/q

�⇥

��

g

q/q

g

�⇥

��

q/q

q/q

g

�⇥

��

q/q

FIG. 2: Feynman diagrams contributing to the monojet sig-
nal (4), with time flowing from left to right. The shaded blobs
denote the NSI contact interaction. At the 7 TeV LHC the qq
initial state contributes approximately the 70% of the signal.

bounds will change in the near future, as more data is
collected and analyzed. In Section III B we attempt to
make some informed projections of the bounds, conclud-
ing that a significant improvement in the bounds will only
be achieved once systematics are reduced. We note that
although CMS also has a monojet study with a compa-
rable data set [33], we use the ATLAS study precisely
because of its careful discussion of the systematics.
We also examine the e�ect of the event selection crite-

ria as a determinant in setting the bounds. In particular,
note that while the hardest pT cut of the five selection cri-
teria in Table I yields the strongest bound in the contact
limit, the same is not true in the light mediator regime,
as we show in Sec. IV.

A. Analysis details

The standard model (SM) monojet backgrounds are
primarily due to pp(pp̄) ⇥ jZ ⇥ j⇥⇥, pp(pp̄) ⇥ jW ⇥
j⌅⇥ where the charged lepton is missed, and multi-jet
QCD events [31–33].
The CDF collaboration released its monojet data with

two sets of cuts. One is designed for a generic search for
new physics (henceforth, the GSNP cut) [32], the other

26

Friedland, Graesser, IMS, Vecchi, [1111.5331]

• Subtlety: flavor off-diagonal 
constraints stronger because 
conjugate reaction is distinct. 
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is specifically optimized for ADD searches [4, 5] (hence-
forth, the ADD cut). In the first case, the cut on the
transverse momentum of the leading jet is rather mod-
est, pT > 80 GeV; the missing energy is required to be
> 80 GeV and the transverse momenta of the second and
third jets (if any) have to be below 30 GeV and 20 GeV.
In the second case, the cut on the transverse momentum
of the leading jet is harder, pT > 150 GeV; the missing
energy is required to be > 120 GeV and the transverse
momenta of the second and third jets have to be below
60 GeV and 20 GeV.

ATLAS considered three di↵erent selection criteria re-
ferred to as LowPt, HighPt, and veryHighPt cuts. The
main di↵erence between these is the cut on the transverse
momentum of the leading jet, that respectively reads
pT > 120, 250, 350 GeV. We also imposed the additional
jet vetoes and further cuts as described in [31]. The to-
tal systematic and statistical uncertainty amounts to ap-
proximately 5%, 7%, and 13% of the predicted events for
the three cuts considered. In addition, the uncertainty is
dominated by systematics, as we discuss in some detail
below (Sec. III B).

We generated the parton-level signal (4) for a given set
↵, �, f, P with Madgraph/Madevent v5 [34]. The relevant
Feynman diagrams for monojets from NSI are depicted
in FIG. 2. We imposed a 50 GeV generator-level pT cut,
and then passed the data to Pythia 8 [35] for initial and
final state radiation, hadronization, and event selection
and to Fastjet 2.4.4 [36] for jet clustering. Multiple
interactions were switched on and o↵ and found not to
a↵ect our results. We have also explicitly checked that we
do not double-count jets. By generating the parton-level
process pp(pp) ! ⌫↵⌫� and allowing Pythia to generate
the jet, we find consistent results (here and in Sec. IV).

An upper bound on the coe�cient "fP
↵� is found by

requiring that the number of events that pass the cuts
be below the 95% CL bound reported by the collabora-
tions. From Table I, we see that the LHC has already
superseded the Tevatron in sensitivity to contact NSI.
We further note that the ADD-optimized cuts used by
CDF turn out to be suboptimal for the NSI search.

As noted above, unlike dark matter monojet searches,
flavor-diagonal NSI interfere with the SM. Turning on
only "fP

↵↵ the cross section for (4) can be written as

�(pp ! j⌫̄↵⌫�) = �SM + "�int + "2�NSI. (5)

Interference plays a significant role only for su�ciently
small "↵↵’s. For the bounds given in Table I we find
interference to be subleading, implying a correction of
less than⇠ 10% to our bounds. For example, for the LHC
at 7 TeV the up-type quarks give �uR

NSI = 1.2 pb, while
interference contributes �uR

int = 2.6 ⇥ 10�2 pb, �uL
int =

�5.9⇥ 10�2 pb.
For o↵-diagonal couplings, note that once one of the

"fP
↵� is turned on the NSI operators generate not only (4)
but also its conjugate pp ! j⌫�⌫↵. These processes in-
coherently contribute to the j+MET signal. Hence, the
cross section �(pp ! j+MET) is e↵ectively enhanced by

a factor of 2 compared to the case of diagonal couplings.
This leads to an improvement of a factor of

p
2 of the

bounds, as shown in the last two lines of Table I.
Furthermore, though the bounds do not depend on the

chirality P = L, R of the incoming parton, they are sensi-
tive to the quark flavors f = u, d of the operators (1) via
the parton distribution functions. At both the LHC and
the Tevatron the processes involving up-type quarks are
enhanced, and the bounds on "uP are therefore stronger
than those on "dP .
Finally, we emphasize that the constraints reported in

Table I apply when only one NSI coe�cient is switched
on at a time. More generally, however, the bounds can
be summarized as:

E ⌘

0

@
X

P,↵=�

+
X

P,↵ 6=�

1

A

2

4
�����
"uP

↵�

0.17

�����

2

+

�����
"dP

↵�

0.26

�����

2
3

5 < 1. (6)

Here, the flavor o↵-diagonal "’s are to be summed twice,
as in |"dP

e⌧ |2 + |"dP
⌧e |2 = 2|"dP

e⌧ |2. The interference e↵ects
have been neglected, for the reasons explained above.

B. Systematic Uncertainties and Projections

An inspection of ATLAS’s [31] Table 1 reveals that the
dominant source of uncertainty for monojet searches at
the LHC is due to systematics. Although most of this
uncertainty (including jet energy resolution, parton dis-
tribution functions, etc.) will presumably improve with
statistics, it is clear that a luminosity upgrade will not
lead to a simple

p
N rescaling of the bounds.

It is indeed precisely the dominance of systematic er-
rors that make ATLAS’s hardest pT selection better
suited to constraining NSI contact interactions. In the
absence of systematic errors, a �2 statistic formed out
of the signal and dominant Z ! ⌫⌫ background peaks
at lower pT , implying that softer momentum cuts pro-
vide more stringent bounds. When systematics are intro-
duced, however, the significance of the signal is always
reduced compared to the idealized statistics only case,
and the optimal bound is obtained at the veryHighPt se-
lection cut. In the absence of detailed knowledge of how
the systematics vary with pT it is impossible to know if
an even harder cut on the transverse momentum of the
jet would lead to even more stringent bounds.
Thus although we cannot obtain quantitatively pre-

cise projections, it is clear qualitatively that the bounds
will not change appreciably with luminosity unless the
systematic errors are reduced. For example, using the
�2 statistic again, we find that even with 15 fb�1 at
the 7 TeV LHC and with a factor of 3 improvement
in the systematic uncertainty, the epsilon bounds of Ta-
ble I are improved by less than a factor of 2. We there-
fore conclude that the bounds in Table I will remain the
strongest bounds for contact neutrino-quark interactions
until a considerable reduction of systematic uncertainties

pp �! j⌫↵⌫�

Sum two processes incoherently.

"eeu , "eed

Already setting new limits stronger than low-energy 
constraints for some flavor-structures.

E.g. LHC bests the CHARM limit on 

New or ⌫ Missing Energy?
Discriminating Dark Matter from Neutrino Interactions at the LHC

Diogo Buarque Franzosi, Mads T. Frandsen, and Ian M. Shoemaker
CP3-Origins & Danish Institute for Advanced Study , Danish IAS,

University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark
franzosi@cp3-origins.net, frandsen@cp3-origins.net, shoemaker@cp3.dias.sdu.dk

(Dated: July 15, 2015)

Missing energy signals such as monojets are a possible signature of Dark Matter (DM) at colliders.
However, neutrino interactions beyond the Standard Model may also produce missing energy signals.
In order to conclude that new “missing particles” are observed requires rejecting the hypothesis of
BSM neutrino interactions. In this paper, we first derive new limits on these Non-Standard neutrino
Interactions (NSIs) from LHC monojet data. For heavy NSI mediators, these limits are much
stronger than those coming from traditional low-energy ⌫ scattering or ⌫ oscillation experiments.
We find that monojet data alone can be used to infer the mass of the “missing particle” from the
shape of the missing energy distribution. In addition to the monojet channel, NSIs can be probed
in multi-lepton searches and are found to yield stronger limits at heavy mediator masses. Thus,
if future data contains anomalous missing energy events, we illustrate that the sensitivity o↵ered
by multi-lepton channels give a method to reject or confirm the DM hypothesis in missing energy
searches.

I. INTRODUCTION

Singular visible final states are the tell-tale clue of the
production of stable neutral objects. Indeed the imbal-
ance of momentum and energy is in fact precisely the
way in which the neutrino was first discovered. Sup-
posing that the LHC soon finds anomalous “missing en-
ergy” events above SM backgrounds, the determination
of its origin will be of paramount importance. As known
sources of missing energy, arguably the most conservative
initial interpretation of new missing energy data will be
in terms of neutrinos. However, dark matter and Kaluza-
Klein states are more exotic possibilities which can also
produce large missing energy signals at colliders. How
can LHC data be used to distinguish these two sources
of missing energy?

In this paper we explore this fundamental question,
and illustrate that the SU(2) charge of neutrinos allow
for the multi-channel discrimination of singlet DM from
SM neutrinos. 1

Due to their weak interactions, neutrino properties are
di�cult to probe. Despite this, an array of experimental
data has accumulated over the decades which limit the
size of neutrino-proton interactions. A simple parame-
terization of neutrino-proton interaction is o↵ered by the
language of e↵ective field theory (EFT). Up to dimension
6, we can have

• Magnetic dipole moment:

L � µ
⌫

Fµ⌫⌫�
µ⌫

⌫, (1)

1 Of course, if DM itself transforms non-trivially under SU(2) the
situation is more complex. We leave for future work a systematic
study in this direction but note that some of the implications
of SU(2) charged DM in a variety of representations has been
studied in e.g. [1].

where the spin matrix is �
µ⌫

⌘ i [�
µ

, �
⌫

] /2, µ
⌫

is
the magnetic moment (typically measured in units
of the Bohr magneton µ

B

⌘ e/ (2m
e

), where e,m
e

are the charge and mass of the electron).

• Non-standard neutrino interactions (NSIs),

L
NSI

= �2
p

2G
F

"fP
↵�

(⌫
↵

�
⇢

⌫
�

)
�
f�⇢Pf

�
. (2)

where the matrix "fP
↵�

specifies the strength of the
⌫-f interaction, normalized Fermi’s constant, G

F

⌘
1/

p
2v2

EW

' 1.2 ⇥ 10�5 GeV�2, where v
EW

= 246
GeV. The labels ↵,� are flavor indices running over
e, µ, ⌧ . Here we take f to be any SM fermion
(though only the vector component of f = e, u, d
are relevant for neutrino oscillations).

Let us examine both of these possibilities as poten-
tial contributions to LHC missing energy, beginning with
magnetic moments. First, we summarize some salient
features of neutrino magnetic moments for complete-
ness. Notice that for Majorana neutrinos the 3 ⇥ 3
matrix µ

⌫

does not have diagonal entries and is anti-
symmetric, but is completely general if they are instead
Dirac. In the SM the magnetic moment is proportional
to the neutrino mass, and therefore extremely small,
µSM
⌫

⇠ 10�20 µ
B

,where µ
B

is a Bohr magneton. This
conclusion is softened a bit if one considers Dirac neu-
trinos in BSM scenarios, though naturalness considera-
tions on the coe↵ecients of e↵ective operators implies,
µ
⌫

. 10�14 µ
B

[2], far below present experimental sen-
sitivity. Thus only Majorana neutrinos can generate ob-
servable magnetic moments.

Here the relevant question is: Can neutrino magnetic
moments below currents limits produce sizeable miss-
ing energy at the LHC? To answer this question, we
consider Majorana neutrinos and examine their current
constraints. At present, modern constraints are severe

@
p
s = 7 TeV



On-shellness

q

q

DM

DM

q

q

DM

DM

�

More model-independent, BUT only valid as long as the 
new physics scale is large compared to LHC energies.

Thursday, July 19, 2012

EFT is much simpler, BUT only valid as long as the new 
physics scale is large compared to LHC energies. 

⌫

⌫

⌫

⌫

What if it’s not?



On-shellness

q

q

DM

DM

q

q

DM

DM

�

More model-independent, BUT only valid as long as the 
new physics scale is large compared to LHC energies.

Thursday, July 19, 2012

⌫

⌫

⌫

⌫

s-channel completions

t-channel completions

�

q

q ⌫

⌫

On-shellness

q

q

DM

DM

q

q

DM

DM

�

More model-independent, BUT only valid as long as the 
new physics scale is large compared to LHC energies.

What if it’s not?

Thursday, July 19, 2012

See Wise, Zhang 
 1404.4663



Phenomenological Approach

2

⌫, �

⌫̄, �̄
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q̄
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W+
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FIG. 1: Typical Feynman diagrams for pp ! ⌫̄⌫(X̄X) + j (left panel) and pp ! ⌫⌫ ! `⌥ + W± + ⌫ (right panel). Though
singlet DM and neutrinos are largely degenerate in the former process, only SM neutrinos give rise to the latter process.

even in this case. For example, reactor data as mea-
sured by the GEMMA spectrometer constraints, µ

⌫

<
3.2⇥10�11 µ

B

, [3]. The 7 TeV LHC sensitivity is around
⇠ 3 ⇥ 10�5 µ

B

[4], far above what is allowed by reactor
and solar data [5]. Although the next run of the LHC
will see an improvement, it will not be at the level where
it can compete with the GEMMA constraints. We there-
fore conclude that neutrino magnetic moments will not
produce sizeable missing energy at the LHC.

Proceeding now to operators of mass dimension 6, we
turn our attention to the NSI operators between quarks-
neutrinos. Non-standard neutrino interactions (NSIs)
were first introduced in 1977 [6] and continue to be of
phenomenological interest [7–20] (see [7, 21] for reviews).

They are constrained by solar [8, 22–27], atmo-
spheric [9, 10, 18, 28–31], long-baseline [12–14, 17, 20,
31, 32], collider [15, 16, 19, 33], cosmological [34], and
neutrino scattering data [7, 11, 21].

The Lorentz structure of Eq. 2 can be understood as
follows. First, assume that NSI can be parameterized
as O

NSI

= O
⌫

⌦ O
f

where O
⌫

,O
f

are neutrino and
SM fermion bilnears. Under the assumption that lepton
number remains a good symmetry and only left-handed
neutrinos enter into O

NSI

, all such operators can be de-
composed into (V � A) ⌦ (V � A), (V � A) ⌦ (V + A)
components.

Secondly, one may worry that sizeable NSI would also
induce large charged lepton interactions [7, 35, 36]. In-
deed, to evade the very strong limits from the charged
lepton equivalent of Eq. (2) we consider dimension-8 op-
erators of the form [33]

L dim�8
NSI = �4"fP

↵�

v4
EW

�
HL

↵

�
µ

HL
�

�
(q�

µ

q) (3)

where H is the SM Higgs doublet. In the unitar-
ity gauge, upon electroweak (EW) symmetry breaking,
H ! (h + v

EW

) /
p

2. Thus at small energies, one indeed
generates Eq. (2) without charged lepton interactions of
the same strength.

The remainder of this paper is organized as follows.
First we introduce our simplified model and calculational
framework in Sec. II. In Section III we derive new con-
straints on NSI based on the latest monojet data sample.

Then we turn to projections of monojet sensitivity at 13
TeV. Using projected datasets we find that the shape of
the p

T

distribution contain valuable information about
the mass of the “missing particle.” We find that for con-
tact interactions, DM masses & 300 GeV can be robustly
discriminated from NSI. In Sect. IV we then use two dis-
tinct multi-lepton channels to probe NSI. This experi-
mental handle o↵ers the added virtue of having neutrino
flavor dependent sensitivity. Crucially for discrimination
power, these multi-lepton signals are stronger than mono-
jets for heavy mediators of NSI. In Sec. V we discuss the
complementarity of these channels along with low-energy
probes of NSI for DM-neutrino discrimination and con-
clude in Sec. VI.

II. MODEL AND CALCULATIONAL
FRAMEWORK

In order to derive LHC limits on NSI/DM couplings "
we have implemented two models in the Universal Feyn-
Rules Format (UFO) [37] by adding to the SM a spin-1
mediator, V µ, which interact with neutrinos, quarks and
DM X through the phenomenological Lagrangians:

LNSI = g
⌫

(⌫P
L

�
µ

⌫)V µ +
�
q�

µ

(gV
q

+ gA
q

�5)q
�
V µ, (4)

LDM = g
X

�
XP

L

�
µ

X
�
V µ +

�
q�

µ

(gV
q

+ gA
q

�5)q
�
V µ,

+ m
X

XX (5)

where ⌫ and q are summed over all neutrino and quark
flavors respectively, and m

X

is the DM mass. Notice
that LNSI correctly reproduces the contact interaction,
Eq. (2) when the vector mass, m

V

is large compared to
the center of mass energy. The main aim of this paper
is to illustrate the ways in which LNSI can be discrim-
inated from LDM. We stress that our approach is phe-
nomenological in nature, intended to gauge the relevant
parametric dependencies that would be present in any
s-channel completion of NSI (t-channel completions are
very strongly constrained [16, 19] and not considered fur-
ther). For details on a more complete Z 0 model we refer
the reader to the Appendix and to [38, 39] for additional

• For simplicity, we focus on a “simplified models” 

•Core goal is how to discriminate this NSI 
Lagrangian from its DM cousin: 
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FIG. 1: Typical Feynman diagrams for pp ! ⌫̄⌫(X̄X) + j (left panel) and pp ! ⌫⌫ ! `⌥ + W± + ⌫ (right panel). Though
singlet DM and neutrinos are largely degenerate in the former process, only SM neutrinos give rise to the latter process.

even in this case. For example, reactor data as mea-
sured by the GEMMA spectrometer constraints, µ

⌫

<
3.2⇥10�11 µ

B

, [3]. The 7 TeV LHC sensitivity is around
⇠ 3 ⇥ 10�5 µ

B

[4], far above what is allowed by reactor
and solar data [5]. Although the next run of the LHC
will see an improvement, it will not be at the level where
it can compete with the GEMMA constraints. We there-
fore conclude that neutrino magnetic moments will not
produce sizeable missing energy at the LHC.

Proceeding now to operators of mass dimension 6, we
turn our attention to the NSI operators between quarks-
neutrinos. Non-standard neutrino interactions (NSIs)
were first introduced in 1977 [6] and continue to be of
phenomenological interest [7–20] (see [7, 21] for reviews).

They are constrained by solar [8, 22–27], atmo-
spheric [9, 10, 18, 28–31], long-baseline [12–14, 17, 20,
31, 32], collider [15, 16, 19, 33], cosmological [34], and
neutrino scattering data [7, 11, 21].

The Lorentz structure of Eq. 2 can be understood as
follows. First, assume that NSI can be parameterized
as O

NSI

= O
⌫

⌦ O
f

where O
⌫

,O
f

are neutrino and
SM fermion bilnears. Under the assumption that lepton
number remains a good symmetry and only left-handed
neutrinos enter into O

NSI

, all such operators can be de-
composed into (V � A) ⌦ (V � A), (V � A) ⌦ (V + A)
components.

Secondly, one may worry that sizeable NSI would also
induce large charged lepton interactions [7, 35, 36]. In-
deed, to evade the very strong limits from the charged
lepton equivalent of Eq. (2) we consider dimension-8 op-
erators of the form [33]

L dim�8
NSI = �4"fP

↵�

v4
EW

�
HL

↵

�
µ

HL
�

�
(q�

µ

q) (3)

where H is the SM Higgs doublet. In the unitar-
ity gauge, upon electroweak (EW) symmetry breaking,
H ! (h + v

EW

) /
p

2. Thus at small energies, one indeed
generates Eq. (2) without charged lepton interactions of
the same strength.

The remainder of this paper is organized as follows.
First we introduce our simplified model and calculational
framework in Sec. II. In Section III we derive new con-
straints on NSI based on the latest monojet data sample.

Then we turn to projections of monojet sensitivity at 13
TeV. Using projected datasets we find that the shape of
the p

T

distribution contain valuable information about
the mass of the “missing particle.” We find that for con-
tact interactions, DM masses & 300 GeV can be robustly
discriminated from NSI. In Sect. IV we then use two dis-
tinct multi-lepton channels to probe NSI. This experi-
mental handle o↵ers the added virtue of having neutrino
flavor dependent sensitivity. Crucially for discrimination
power, these multi-lepton signals are stronger than mono-
jets for heavy mediators of NSI. In Sec. V we discuss the
complementarity of these channels along with low-energy
probes of NSI for DM-neutrino discrimination and con-
clude in Sec. VI.

II. MODEL AND CALCULATIONAL
FRAMEWORK

In order to derive LHC limits on NSI/DM couplings "
we have implemented two models in the Universal Feyn-
Rules Format (UFO) [37] by adding to the SM a spin-1
mediator, V µ, which interact with neutrinos, quarks and
DM X through the phenomenological Lagrangians:

LNSI = g
⌫

(⌫P
L

�
µ

⌫)V µ +
�
q�

µ

(gV
q

+ gA
q

�5)q
�
V µ, (4)

LDM = g
X

�
XP

L

�
µ

X
�
V µ +

�
q�

µ

(gV
q

+ gA
q

�5)q
�
V µ,

+ m
X

XX (5)

where ⌫ and q are summed over all neutrino and quark
flavors respectively, and m

X

is the DM mass. Notice
that LNSI correctly reproduces the contact interaction,
Eq. (2) when the vector mass, m

V

is large compared to
the center of mass energy. The main aim of this paper
is to illustrate the ways in which LNSI can be discrim-
inated from LDM. We stress that our approach is phe-
nomenological in nature, intended to gauge the relevant
parametric dependencies that would be present in any
s-channel completion of NSI (t-channel completions are
very strongly constrained [16, 19] and not considered fur-
ther). For details on a more complete Z 0 model we refer
the reader to the Appendix and to [38, 39] for additional

Still fairly general, while avoiding some of the pitfalls 
of Eff. Ops at LHC energies (see. e.g. Vecchi, IMS 
(2011), Buchmueller et al (2013)).
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Table 7: Summary of the contributions (in %) to the total uncertainty on the W+jets background
from the various factors used in the data-driven estimation.

Emiss
T ( GeV) > 250 > 300 > 350 > 400 > 450 > 500 > 550

Statistics (Nobs) 0.9 1.3 2.0 2.9 4.0 5.5 7.5
Background (Nbgd) 2.5 2.3 1.9 2.1 2.1 1.9 2.4
Acceptance and efficiency 2.0 2.0 2.2 2.4 2.8 3.3 4.1
PDFs 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Total 3.9 3.9 4.1 4.9 6.0 7.6 10.1

Table 8: SM background predictions compared with data after passing the selection require-
ments for various Emiss

T thresholds, corresponding to an integrated luminosity of 19.5 fb�1.
The uncertainties include both statistical and systematic terms and are considered to be un-
correlated. In the last two rows, expected and observed 95% confidence level upper limits on
possible contributions from new physics passing the selection requirements are given.

Emiss
T ( GeV) ! > 250 > 300 > 350 > 400 > 450 > 500 > 550

Z(nn)+jets 30600 ± 1493 12119 ± 640 5286 ± 323 2569 ± 188 1394 ± 127 671 ± 81 370 ± 58
W+jets 17625 ± 681 6042 ± 236 2457 ± 102 1044 ± 51 516 ± 31 269 ± 20 128 ± 13
tt̄ 470 ± 235 175 ± 87.5 72 ± 36 32 ± 16 13 ± 6.5 6 ± 3.0 3 ± 1.5
Z(``)+jets 127 ± 63.5 43 ± 21.5 18 ± 9.0 8 ± 4.0 4 ± 2.0 2 ± 1.0 1 ± 0.5
Single t 156 ± 78.0 52 ± 26.0 20 ± 10.0 7 ± 3.5 2 ± 1.0 1 ± 0.5 0 ± 0
QCD Multijets 177 ±88.5 76 ±38.0 23 ±11.5 3 ±1.5 2 ±1.0 1 ± 0.5 0 ± 0
Total SM 49154 ± 1663 18506 ± 690 7875 ± 341 3663 ± 196 1931 ± 131 949 ± 83 501 ± 59
Data 50419 19108 8056 3677 1772 894 508
Exp. upper limit 3580 1500 773 424 229 165 125
Obs. upper limit 4695 2035 882 434 157 135 131

certainties on the acceptance from PDFs, and (iv) the uncertainty in the selection efficiency e as
determined from the difference in measured efficiency between data and simulation. A sum-
mary of the contributions of these uncertainties to the total error on the W+jets background is
shown in Table 7.

Background contributions from QCD multijet events, top and Z(``)+jets production are small.
QCD events are normalised to the cross section measured in dijet events, tt̄ events are nor-
malised to the measured cross section in the tt̄ inclusive cross section measurement and Z(``)+jets
are normalised using the comparison between data and MC in the Z(µµ) control sample after
applying the monojet selection. A 50% uncertainty is assigned to these background predictions.

6 Results

A summary of the predictions and corresponding uncertainties for all the SM backgrounds
compared to the data for different values of the Emiss

T cut are shown in Table 8. Also shown in
Table 9 are the number of events from representative signal points for ADD, dark matter and
Unparticles that pass the selection requirements for various Emiss

T thresholds.

The Emiss
T cut is optimised by using representative model points from the three signal scenarios.

The best expected limits are found to be at Emiss
T > 400 GeV for ADD and dark matter and

Emiss
T > 350 GeV for Unparticle models.

The total systematic uncertainty on the signal is found to be 20% for dark matter, ADD and
Unparticles. The sources of systematic uncertainty considered are: jet energy scale, PDFs,

EXO-12-048-pas

Downward fluctuation in bkg, giving 
stronger than expected limits.
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models. Furthermore, it is important to highlight that a
complete model typically produces signatures in channels
in addition to the monojet and multilepton channels we
consider here, making our approach conservative.

Simplified models of the type in Eq. 5 have been stud-
ied extensively in the DM literature [40–57]. We note
that dijets are another constraint on both of the models
considered here (see e.g. [47, 57]) though both LNSI and
LDM contribute equally to this channel. Thus dijets not
useful as a discriminatory tool.

To keep the analysis relatively simple, we will examine
vector couplings exclusively such that gA

q

= 0.
Our calculational framework is as follows. First we im-

port the UFO model into the MadGraph5 aMC@NLO frame-
work [58], where helicity amplitudes are generated by
ALOHA [59].

For all the computations we use the NNPDF 2.3
set of parton distribution functions [60] and the de-
fault dynamical factorization and renormalization scales
of MadGraph aMC@NLO. All of our analyses are done atp
s = 8 TeV with a luminosity that is typical of Run-II,

L ' 20 fb�1.

III. MONOJET SEARCHES

At the most general level, any long-lived neutral states
with couplings to protons can lead to monojet events at
the LHC. Thus both DM and neutrino NSI can produce
monojet events at the LHC. These monojet processes,
depicted in Fig. 1 (left), are characterized by large miss-
ing transverse energy and a very hard jet. The LHC
experiments provide stringent limits on anomalous pro-
duction of this kind of process. In particular, in [61], the
CMS experiment search for monojets with

p
s = 8 TeV

in the center of mass energy and L = 19.5 fb�1 of inte-
grated luminosity, reporting an upper limit at 90%CL of
" = 0.038 for a vector operator 2 and an invisible particle
mass m

X

= 1GeV.
With a simple leading order parton level analysis we

reproduced, within error, the number of events estimated
for SM Z(⌫⌫) production and the limits given in [61],
including the contact interaction limit as well as varying
the mediator mass, in the di↵erent signal regions specified
in [61]. Therefore, we found it to be su�ciently accurate
for the present analysis.

To estimate the NSI signal we compute cross sections
for the process

pp ! V ! ⌫⌫ + j, (6)

where j is a hard jet. We require the jet pseudorapid-
ity in the region, |⌘| < 2.6 and �ET

> 450 GeV, found

2 Note that the DM literature tends to report limits on the scale
of the dimension-six operator, ⇤, defined as (X�µX)(q�µq)/⇤2.
The conversion from ⇤ to the NSI " parameter is, " =
(2
p
2GF⇤2)�1.

Γ= M
8 π

Γ= M
10

Γ=M
3
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FIG. 2: Here we display the CMS monojet limits [61] on
NSI for three di↵erent choices of the mediator width at

p
s =

8TeV and with integrated luminosity L = 20 fb�1. Add
projection?

to give the best discriminant. The CMS collaboration
gives the 95% confidence level (CL) upper limit on the
number of events from new physics: 157. Note that a
downward fluctuation in the observed number of events
gives a constraint about 30% stronger than expected.
We compute the resulting NSI limits that are shown in
Fig. 2, as a function of the mediator mass and width
(�

V

= mV
3 , mV

10 , mV
8⇡ ).

Apart from being massless, another di↵erence with re-
spect to dark matter searches is that NSI interferes with
the dominant SM background process, pp ! Z + j !
⌫⌫ + j. This can only occur for flavor diagonal NSI. The
strength of the e↵ect depends on the Lorentz structure
of the coupling, and the mass of the mediator. The ef-
fect is small at the contact interaction limit, . 5%, but
can be as large as 20% when the mass of the mediator is
close to the Z mass. Notice that although interference is
a feature specific to the NSI case, it is not a useful tool
for DM-NSI discrimination since it only a↵ects the total
number of events which can be compensated by di↵erent
values of the coupling strength, ". Thus, given the rela-
tively small magnitude of this e↵ect, and that it does not
aid in distinguishing dark matter and NSI we shall omit
it in the following.

A. Projection to
p
s = 13TeV LHC and jet pT

shape analysis

The next LHC run at
p
s = 13 TeV will either further

limit or discover NSI and/or DM in monojet searches.
In Fig. 5 we illustrate the projected discovery poten-
tial of 1 GeV monojet excess at

p
s = 13TeV LHC for

the approximated luminosities expected for the first year

See also Friedland, Graesser, IMS, Vecchi (2011).

Contact

Resonant

Massless



Can monojets alone say something 
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•In the event of a future discovery, use the jet pT distribution to 
tease out mass information. 

12 7 Interpretation

Table 10: ADD Model observed and expected limits on MD in TeV/c2 as a function of d at LO
and NLO, with K-factors of 1.5 for d = 2,3 and 1.4 for d = 4,5,6.

LO NLO
d Exp. Limit Obs. Limit Exp. Limit Obs. Limit
2 5.12 5.10 5.70 5.67
3 3.96 3.94 4.31 4.29
4 3.46 3.44 3.72 3.71
5 3.11 3.10 3.32 3.31
6 2.95 2.94 3.13 3.12

The limits on L as a function of the DM mass for the vector interaction and the axial-vector
interaction are shown in Figure 6, together with a comparison with limits from the previous
CMS analysis using 5 fb�1 at 7 TeV. The observed and expected limits at the 90% CL on the
DM-nucleon scattering cross section for the vector, axial-vector and scalar operators are shown
in Tables 11, 12, 13 and Figures 7 and 8.

Also considered is the case in which the mediator is light enough to be accessible to the LHC.
Figure 9 shows the observed limits on L as a function of the mass of the mediator, assuming
vector interactions and a dark matter mass of 50 GeV/c2 and 500 GeV/c2. The width (G) of the
mediator is varied between M/3 and M/8p [13]. It shows the resonant enhancement in the
production cross section once the mass of the mediator is within the kinematic range and can
be produced on-shell. At large mediator mass, the limits on L approximate to those obtained
in the effective theory framework [13].
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Figure 6: Limits on the contact interaction scale L as a function of the DM mass for the current
analysis using 19.5 fb�1 of 8 TeV data. Also shown is the result from the previous analysis
using 5 fb�1 of 7 TeV data.

The results can also be interpreted in the context of Unparticle production. Shown in Figure 10
are the expected and observed 95% C.L limits on the cross-sections for S = 0 Unparticles with
dU = 1.5, 1.6, 1.7, 1.8 and 1.9 as a function of LU for a fixed coupling constant l = 1. The
observed 95% C.L limit LU for these values of dU is shown in Table 14. This can be compared

break this degeneracy
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FIG. 3: Distribution of events in jet pT for
p
s = 13TeV and

L = 103 fb�1 for DM massesmX = 0 GeV, 300 GeV, 500 GeV
and 1 TeV. Here each distribution is generated assuming con-
tact interactions which produce an identical total number of
events, with an interaction strength just below present bounds
(see e.g. Fig. 2).

(L = 30 fb�1) and the second (L = 100 fb�1). We com-
puted the Z ! ⌫⌫+j background yields and assume that
W+jets background scales in the same similarly com-
pared to 8 TeV. We assume conservatively a systematic
error of 10% and performed a �2 analysis - the 8 TeV
expected bounds were reproduced within error.

We now come to our first discriminatory tool for distin-
guishing NSI from DM, which can be used with monojet
data alone. For su�ciently heavy DM, the DM mass can
be kinematically relevant at LHC energies and impact
the shape of the resulting jet p

T

distribution. Let us
illustrate this point.

According to our projections for Run II of the LHC,
we will be able to discover a monojet excess at 5� if
" ⇠ 10�2 at the contact interaction limit, for massless
missing energy particles. The same cross section can be
produced for lower " but lighter mediator mass or larger
" and heavier particles in the final state. In Fig. 3 we
show the p

T

distribution of the leading jet for X mass,
m

X

= 300, 500 1000GeV. All the total cross section are
normalized to the " = 10�2 massless case (shown in the
projection Fig. 5)3 so that all signals produce the same
total number of events with �ET

> 400 GeV.
As can be seen by eye, the shape of the p

T

distributions
are su�ciently di↵erent for these DM masses to distin-
guish them. We quantify this in a simple �2 analysis. In
addition to statistical error, we assume a systematic er-

3 The values of " yielding the same total number of events are 0.1,
0.11, 0.12 and 0.21 for mX = 0, 300, 500, 1000 GeV respectively.

ror per bin of 10%, which is larger than the one reported
in [61] and assume a gaussian distribution to account for
theoretical error in the signal. The

�2[m
X

; 0 GeV] =
X

i


S
i

(m
X

) � S
i

(0 GeV)

�
i

�2
(7)

where S
i

(m
X

) is the number of events in the ith bin,
shown in Fig. 4 for the three masses considered compared
to the m

X

= 0GeV case.

IV. MULTILEPTON SEARCHES

In addition to the monojet signal, NSI can produce sig-
nals in other channels due to the SU(2) charge of neutri-
nos. For example, as shown in Fig. 1 one of the produced
neutrinos can Bremsstrahlung a W boson that decays to
either jets or ` + ⌫,

pp ! ⌫⌫ ! ⌫ + W±`⌥. (8)

Mutli-lepton searches of this type have been used previ-
ously to constrain NSI using LHC data [15, 16].

In order to exclude the NSI hypothesis and categori-
cally claim the discovery of a new source of missing en-
ergy, we must exclude all possible neutrino flavor struc-
tures of NSI. For this it is necessary to consider the lepton
in the final state to be a tau, a muon or an electron. Since
the mixed flavor interaction, e.g. "

⌧µ

, "
eµ

, will regardless
produce one of these leptons, this condition is also su�-
cient to constrain mixed terms. For the muon and elec-
tron in the final state we have relied on the

p
s = 8 TeV

FIG. 4: �2 projection analysis. Here we generate events atp
s = 13TeV in a model with contact interactions just below

present bounds with a 0 GeV DM mass. The �2[mX ; 0 GeV]
is computed by fitting mX = 300, 500, 1000 GeV DM masses
to the 0 GeV input data. The 3�, 4� and 5� confidence levels
are plotted for reference.

stat.� 10 % sys.

p
s = 13 TeV

NSI and heavy DM are indeed distinguishable with pT shape.
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A search is presented for narrow diboson resonances decaying to WW or WZ in the final
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boson respectively.
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FIG. 5: add projections to plot (a), add a,b, c. Each panel displaying individual LHC search limits on NSI for three di↵erent
choices of the mediator width.The left panel displays the ⌧ + ` + MET search from ATLAS [62], while the right panel shows
the sensitivity from the jj + `+MET search from ATLAS [63] (see text for details).

and L = 20.3 fb�1 ATLAS search based on a diboson
resonant production where one boson decays leptonically
and the other hadronically [63]. For the tau lepton final
state we have used the ATLAS search for supersymmetry
with large missing transverse energy, jets and at least one
tau lepton, at

p
s = 8 TeV and L = 20.3 fb�1 of data [62].

We will briefly describe each analysis and results in the
following.

Notice that the searches we used are not optimized
for the signal topology expected in NSI; therefore, ded-
icated analyses are highly desirable. However, although
other channel may contribute to NSI signal, they are ex-
pected to be sub-dominant, e.g. pp ! ⌫⌫(Z ! jj/`+`�),
where the neutrino radiates a Z boson will su↵er from
large background from Drell-Yan production. Similarly,
in pp ! ⌫`(W ! `⌫) with highly energetic `+`� sys-
tem, the W cannot be reconstructed, su↵ering from many
more backgrounds. Nonetheless, all these channels may
contribute to put bounds on NSI and require a dedicated
analysis.

A. pp ! ⌫ +W±`⌥, W± ! jj, ` = e, µ

This analysis demands a reasonable understanding of
the hadronic activity in the events. In particular, the
W -boson is required to be highly boosted, and the jets
are likely to merge into a single jet, steering the use of
jet substructure techniques. We performed a parton level
analysis with parton shower and hadronization through
the Pythia 8 program [64].

Following the experimental analysis we perform the
following event selection. Leptons are required to have
transverse momentum p

T

> 25 GeV and |⌘| < 2.5.
Moreover, they are required to be isolated from other

track activities, with the following isolation criteria: the
scalar sum of p

T

of tracks with p
T

> 1 GeV within
�R =

p
�⌘2 + ��2 = 0.2 around the lepton track is

required to be less than 15% of the lepton p
T

. The miss-
ing transverse energy is defined as the negative of the
vectorial sum of the transverse momenta of all electrons,
muuons and jets within |⌘| < 4.9, it is required to be
�ET

> 30 GeV.

We cluster the jets with two di↵erent jet definitions
provided by Fastjet 3.1.2 [65], for the signal region
intended to be active when the W has large p

T

, the
Cambridge algorithm, with R = 1.2 is used, the W will
cluster into one single jet. Otherwise, we use the anti-
k
T

algorithm with R = 0.4. We now describe the three
signal regions defined in the ATLAS analysis: merged
region (MR), high-p

T

resolved region (HRR) and low-
p
T

resolved region (LRR). In the MR the largest p
T

jet
(J) is the candidate to be the W -boson, which fulfil the
following conditions: p

T

(J) > 400 GeV, |⌘(J)| < 2, the
invariant mass must be in the W/Z-bosons mass win-
dow, 65GeV < m(J) < 105 GeV and the azimuthal

angle di↵erence between J and ~�ET

is required to be
��(J,�ET

) < 1. Additionally, the p
T

of the lepton and
�ET

system is required to be p
T

(`�ET

) > 400 GeV. If the
event does not pass these cuts, we proceed to the resolved
region, where the two leading 0.4 anti-k

T

jets, j1,2, are
the candidates to reconstruct the W boson. The require-
ments are: |⌘(j)| < 2.8, 65GeV < m(jj) < 105 GeV
and ��(j1,�ET

) < 1. The HRR (LRR) is defined
by p

T

(jj) > 300(100) GeV, p
T

(j) > 80(30) GeV and
p
T

(`�ET

) > 300(100) GeV.

After normalizing with the proper NLO K-factor, we
get agreement in all three regions on the number of events
expected for the diboson background for all the three

2

⌫, �

⌫̄, �̄

q

q̄

��

⌫̄

q

q̄

W+

�+, j

⌫, j

FIG. 1: Typical Feynman diagrams for pp ! ⌫̄⌫(X̄X) + j (left panel) and pp ! ⌫⌫ ! `⌥ + W± + ⌫ (right panel). Though
singlet DM and neutrinos are largely degenerate in the former process, only SM neutrinos give rise to the latter process.

even in this case. For example, reactor data as mea-
sured by the GEMMA spectrometer constraints, µ

⌫

<
3.2⇥10�11 µ

B

, [3]. The 7 TeV LHC sensitivity is around
⇠ 3 ⇥ 10�5 µ

B

[4], far above what is allowed by reactor
and solar data [5]. Although the next run of the LHC
will see an improvement, it will not be at the level where
it can compete with the GEMMA constraints. We there-
fore conclude that neutrino magnetic moments will not
produce sizeable missing energy at the LHC.

Proceeding now to operators of mass dimension 6, we
turn our attention to the NSI operators between quarks-
neutrinos. Non-standard neutrino interactions (NSIs)
were first introduced in 1977 [6] and continue to be of
phenomenological interest [7–20] (see [7, 21] for reviews).

They are constrained by solar [8, 22–27], atmo-
spheric [9, 10, 18, 28–31], long-baseline [12–14, 17, 20,
31, 32], collider [15, 16, 19, 33], cosmological [34], and
neutrino scattering data [7, 11, 21].

The Lorentz structure of Eq. 2 can be understood as
follows. First, assume that NSI can be parameterized
as O

NSI

= O
⌫

⌦ O
f

where O
⌫

,O
f

are neutrino and
SM fermion bilnears. Under the assumption that lepton
number remains a good symmetry and only left-handed
neutrinos enter into O

NSI

, all such operators can be de-
composed into (V � A) ⌦ (V � A), (V � A) ⌦ (V + A)
components.

Secondly, one may worry that sizeable NSI would also
induce large charged lepton interactions [7, 35, 36]. In-
deed, to evade the very strong limits from the charged
lepton equivalent of Eq. (2) we consider dimension-8 op-
erators of the form [33]

L dim�8
NSI = �4"fP

↵�

v4
EW

�
HL

↵

�
µ

HL
�

�
(q�

µ

q) (3)

where H is the SM Higgs doublet. In the unitar-
ity gauge, upon electroweak (EW) symmetry breaking,
H ! (h + v

EW

) /
p

2. Thus at small energies, one indeed
generates Eq. (2) without charged lepton interactions of
the same strength.

The remainder of this paper is organized as follows.
First we introduce our simplified model and calculational
framework in Sec. II. In Section III we derive new con-
straints on NSI based on the latest monojet data sample.

Then we turn to projections of monojet sensitivity at 13
TeV. Using projected datasets we find that the shape of
the p

T

distribution contain valuable information about
the mass of the “missing particle.” We find that for con-
tact interactions, DM masses & 300 GeV can be robustly
discriminated from NSI. In Sect. IV we then use two dis-
tinct multi-lepton channels to probe NSI. This experi-
mental handle o↵ers the added virtue of having neutrino
flavor dependent sensitivity. Crucially for discrimination
power, these multi-lepton signals are stronger than mono-
jets for heavy mediators of NSI. In Sec. V we discuss the
complementarity of these channels along with low-energy
probes of NSI for DM-neutrino discrimination and con-
clude in Sec. VI.

II. MODEL AND CALCULATIONAL
FRAMEWORK

In order to derive LHC limits on NSI/DM couplings "
we have implemented two models in the Universal Feyn-
Rules Format (UFO) [37] by adding to the SM a spin-1
mediator, V µ, which interact with neutrinos, quarks and
DM X through the phenomenological Lagrangians:

LNSI = g
⌫

(⌫P
L

�
µ

⌫)V µ +
�
q�

µ

(gV
q

+ gA
q

�5)q
�
V µ, (4)

LDM = g
X

�
XP

L

�
µ

X
�
V µ +

�
q�

µ

(gV
q

+ gA
q

�5)q
�
V µ,

+ m
X

XX (5)

where ⌫ and q are summed over all neutrino and quark
flavors respectively, and m

X

is the DM mass. Notice
that LNSI correctly reproduces the contact interaction,
Eq. (2) when the vector mass, m

V

is large compared to
the center of mass energy. The main aim of this paper
is to illustrate the ways in which LNSI can be discrim-
inated from LDM. We stress that our approach is phe-
nomenological in nature, intended to gauge the relevant
parametric dependencies that would be present in any
s-channel completion of NSI (t-channel completions are
very strongly constrained [16, 19] and not considered fur-
ther). For details on a more complete Z 0 model we refer
the reader to the Appendix and to [38, 39] for additional

⌫

⌫̄

NSI

See also: Davidson, Sanz [1108.5320], 
Graesser, Friedland, IMS, Vecchi, [1111.5331].
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p
T

(`�ET

) > 300(100) GeV.
After normalizing with the proper NLO K-factor, we

get agreement in all three regions on the number of events
expected for the diboson background for all the three
regions, therefore we assume that this simple analysis is
accurate enough for our needs.

We used the model described by Eq. (5) to estimate
the visible cross sections, �

S

, and associated number of
events, S = �

S

L of the NSI signal, where the luminos-
ity is L = 20.3 fb�1. We assumed a conservative flat
theoretical error of 30% to account for PDF and scale
uncertainty. The SM prediction, �

SM

= B ± �
B

, is
161500 ± 2300, 870 ± 40 and 295 ± 22 for LRR, HRR
and MR respectively and the observed number of events,
Nobs = 157837, 801 and 295 respectively. We summed
the errors in quadrature, �2

TOT = �2
SM

+S+(0.3S)2 and
estimate the 95% CL upper limit on S using a simple �2

analysis, solving for S the equation

✓
S + B � Nobs

�TOT

◆2

= �2
.05(d.o.f. = 1) = 3.84 . (9)

The resulting limits in terms of " are shown in Fig. 6.

B. pp ! ⌫ +W±⌧⌥, W± ! `⌫, ⌧ ! hadrons, ` = e, µ

The signal region defined in the ATLAS analysis [62]
relevant for our search is referred as ⌧+lepton “GMSB
signal” region, which requires a reconstructed hadroni-
cally decayed tau lepton and a single isolated electron
or muon. Non standard neutrino interactions involving
a tau lepton will produce an excess in this search. We
assume the tau is reconstructed with 70% of e�ciency
in this region, as reported in the analysis. In addi-
tion, we reproduce the kinematical cuts given therein:
p
T

(`) > 25 GeV, p
T

(⌧) > 20 GeV, lepton transverse
mass, m

T

(`) > 100 GeV, defined by

m
T

(`) =
q

2p
T

(`)�ET

�
1 � cos(��(`,�ET

))
�

(10)

and me↵ > 1700 GeV, where

me↵ = p
T

(`) + p
T

(⌧) +�ET

. (11)

The 95% CL limit on the visible cross section provided
by the ATLAS collaboration is 0.20 fb for ⌧ + e channel
and 0.26 fb for ⌧+µ channel. We translated our predicted
cross section into the 95%CL exclusion limit line shown
in Fig. 6.

V. DISCUSSION

Having derived stringent new limits on NSI, we turn
our attention to assessing the qualitative possibilities
that future LHC data could unveil. If anomalous missing
energy events appear in the next run of the LHC, they

FIG. 6: In the mediator mass-coupling plane (mV , "), we com-
pare existing searches for NSI from neutrino-nucleus scatter-
ing to the LHC mono-jet limits derived in this paper. The
upper curve in the gray band depicts the current monojet
limits, while the lower curve shows the 13 TeV projection
with 100 fb�1. The dot-dashed curves represent the current
multi-lepton constraints on NSI based on 8 TeV LHC data.
Additional low-energy constraints on the NSI parameter "↵�

include NuTeV’s constraint on "µµ [66] and CHARM’s con-
straint on "ee [67]. For reference the constraint on "⌧⌧ is
su�ciently weak that it does not appear on the plot (see [7]).

will be consistent with either DM or NSI just at the bor-
der of the current constraints (i.e. just below the monojet
exclusion in the upper left panel of Fig. 2). To this end,
we consider three distinct benchmarks as displayed in Fig

• Benchmark A, (m
V

, ") = (100 GeV, 0.05).
In this case, the LHC is not a particularly good en-
vironment for discriminating neutrinos. Although
NuTeV’s constraint [66] on µ-flavored diagonal NSI
allows us to conclude that this particular flavor
structure of "

↵�

is not responsible for anomalous
missing energy events, the other flavor structures
have much weaker constraints and thus cannot be
excluded as potential explanations of LHC mono-
jet signals. We see that NSI with ⌧ or e flavored
interactions can simultaneously escape low-energy
probes and multi lepton searches at the LHC. How-
ever low energy experimental data can in principle
be applied here to aid further in the discrimina-
tion. Though model-dependent, orthogonal data
from targeted low-energy experiments to search for
⌫
e

�N or ⌫
⌧

�N may help determine if NSI is the

(1) e/mu NSI: 

(2) tau NSI: [1407.0603] 
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Figure 6. Distribution of the final kinematic variables in the τ+e channel after all analysis require-
ments but the final SR selections on meff and Emiss

T . Data are represented by the points. The SM
prediction includes the data-driven corrections discussed in the text. The shaded band centred around
the total SM background indicates the statistical uncertainty on the background expectation. MC
events are normalized to data in the CRs described in the text. Also shown is the expected signal
from typical bRPV, GMSB, mSUGRA and nGM signal samples. The last bin in the expected back-
ground distribution is an overflow bin. There are no data events in the overflow bin after all analysis
requirements are applied.

Tables 6–9 summarize the number of observed events in the four channels in data and

the number of expected background events. No significant excess over the Standard Model

background estimate is observed. Upper limits at 95% confidence level (CL) on the number

of signal events for each SR independent of any specific SUSY model are derived using the

CLs prescription [109]. The profile likelihood ratio is used as a test statistic [110] and all

systematic uncertainties on the background estimate are treated as nuisance parameters,

neglecting any possible signal contamination in the control regions. The limits are computed
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have one or more loose tau candidates with pT > 20GeV and one additional signal electron

or muon, respectively.

All events have to fulfil a common initial set of requirements, in the following referred

to as the “preselection”. Events are required to have a reconstructed PV, to have no jets or

muons that show signs of problematic reconstruction, to have no jets failing to satisfy quality

criteria, and to have no muons that are likely to have originated from cosmic rays.

After the preselection, several requirements are applied to define various signal regions

(SRs) in each final state. The individual SRs have been optimized for specific signal models

and are combined in the final results for the respective signal scenarios. Two SRs (1τ “Loose”

and 2τ “Inclusive”) are designed with relaxed selections to maintain sensitivity for other BSM

scenarios and to provide model independent limits.

The following variables are used to suppress the main background processes (W+jets,

Z+jets and top, including tt̄ and single-top events) in each final state:

• mτ
T, the transverse mass formed by Emiss

T and the pT of the tau lepton in the 1τ channel

mτ
T =

!

2pτTE
miss
T (1− cos(∆φ(τ, pmiss

T ))). In addition the variable mτ1
T +mτ2

T is used as

a discriminating variable in the 2τ channel;

• mℓ
T, the transverse mass formed by Emiss

T and the pT of the light leptons

mℓ
T =

!

2pℓTE
miss
T (1− cos(∆φ(ℓ, pmiss

T ))) ;

• HT, the scalar sum of the transverse momenta of the tau, light lepton and signal jet

(pT > 30GeV) candidates in the event:

HT =
"

all ℓ p
ℓ
T +

"

all τ p
τ
T +

"

all jets p
jet
T ;

• H2j
T , the scalar sum of the transverse momenta of the tau and light lepton candidates

and the two jets with the largest transverse momenta in the event:

H2j
T =

"

all ℓ p
ℓ
T +

"

all τ p
τ
T +

"

i=1,2 p
jeti
T ;

• the magnitude of the missing transverse momentum Emiss
T ;

• the effective mass meff = H2j
T + Emiss

T ;

• the number of reconstructed signal jets Njet.

While optimizing the choice of variables, studies showed that there is a correlation be-

tween HT and Njet, given that the sum of the jet pT is used in the defintion of HT. In the 2τ

and τ+lepton channels, where a selection on Njet is used to define different SRs, the variable

H2j
T is used in order to avoid such correlation.

1τ signal regions

The various selection criteria used to define the two SRs in the 1τ channel are summarized in

table 1. A requirement on the azimuthal angle between p⃗ miss
T and either of the two leading jets

(∆φ(jet1,2, p
miss
T )) is used to remove multijet events, where the Emiss

T arises from mismeasured
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COHERENT improvements
• Coherent elastic neutral current scattering has yet to be detected. 
• A neutrino of any flavor scatters off a nucleus at low momentum transfer Q 

such that the nucleon wavefunction amplitudes are in phase and add 
coherently. 

4

A. Weak Mixing Angle

The SM predicts a coherent elastic scattering rate
proportional to Q2

w, the weak charge given by Qw =
N − (1−4 sin2 θW )Z, where Z is the number of pro-
tons, N is the number of neutrons and θW is the
weak mixing angle. Therefore the weak mixing angle
can be extracted from the measured absolute cross
section, at a typical Q value of 0.04 GeV/c2. A de-
viation from the SM prediction could indicate new
physics.

If the absolute cross section can be measured to
10%, there will be an uncertainty on sin2 θW of ∼
5%. This is not competitive with the current best
measurements from atomic parity violation [30, 31],
SLAC E158 [32] and NuTeV [33], which have better
than percent-level uncertainties. One would need
to significantly improve the systematic uncertainty
on the absolute rate (perhaps by normalizing with a
well-known rate) for coherent elastic νA scattering
in order to make a useful measurement of the weak
mixing angle. More promising would be a search for
non-standard interactions of neutrinos with nuclei,
as described in the following subsection.

B. Non-Standard Interactions of Neutrinos

Existing precision measurements of the weak mix-
ing angle at low Q do not constrain new physics
which is specific to neutrino-nucleon interactions.

Here a model-independent parameterization of
non-standard contributions to the cross section is
used, following Refs. [34, 35]. In this description,
one assumes an effective Lagrangian for interaction
of a neutrino with a hadron:

LNSI
νH = −GF√

2

!

q=u,d
α,β=e,µ,τ

[ν̄αγµ(1 − γ5)νβ ]× (3)

(εqL
αβ [q̄γµ(1 − γ5)q] + εqR

αβ [q̄γµ(1 + γ5)q]).

The ε parameters describe either “non-universal”
(α = β) or flavor-changing (α ̸= β) interactions.

As in Ref. [34], nuclei with total spin zero, and
for which sum of proton spins and sum of neutron
spins is also zero, are considered; in this case we have
sensitivity to vector couplings, εqV

αβ = εqL
αβ +εqR

αβ. The
cross section for coherent NC elastic scattering of
neutrinos of flavor α off such a spin-zero nucleus is
given by

"

dσ

dE

#

ναA

=
G2

F M

π
F 2(2ME)

$

1 −
ME

2k2

%

× (4)

{[Z(gp
V + 2εuV

αα + εdV
αα) + N(gn

V + εuV
αα + 2εdV

αα)]2

+
!

α̸=β

[Z(2εuV
αβ + εdV

αβ ) + N(εuV
αβ + 2εdV

αβ )]2},

where Z is the number of protons in the nucleus, N
is the number of neutrons, and gp

V = (1
2 −2 sin2 θW ),

gn
V = − 1

2 are the SM weak constants.
A stopped-pion neutrino source such as that at

the SNS contains νµ, ν̄µ, and νe. A coherent elastic
νA scattering experiment employing such a source
would therefore have sensitivity to all but εττ cou-
plings.

Existing constraints on the values of εP
αβ (P =

L, R) are summarized in Ref. [35]. Table I selects
those relevant for interactions of electron and muon
flavor neutrinos with quarks. New constraints from
existing and future atmospheric, beam and solar
neutrino experiments are explored in Refs. [36, 37].

TABLE I: Constraints on NSI parameters, from Ref. [35].

NSI Parameter Limit Source

−1 < εuL
ee < 0.3 CHARM νeN , ν̄eN scattering

−0.4 < εuR
ee < 0.7

−0.3 < εdL
ee < 0.3 CHARM νeN , ν̄eN scattering

−0.6 < εdR
ee < 0.5

|εuL
µµ | < 0.003 NuTeV νN , ν̄N scattering

−0.008 < εuR
µµ < 0.003

|εdL
µµ| < 0.003 NuTeV νN , ν̄N scattering

−0.008 < εdR
µµ < 0.015

|εuP
eµ | < 7.7 × 10−4 µ → e conversion on nuclei

|εdP
eµ | < 7.7 × 10−4 µ → e conversion on nuclei

|εuP
eτ | < 0.5 CHARM νeN , ν̄eN scattering

|εdP
eτ | < 0.5 CHARM νeN , ν̄eN scattering

|εuP
µτ | < 0.05 NuTeV νN , ν̄N scattering

|εdP
µτ | < 0.05 NuTeV νN , ν̄N scattering

From this table, one can see that of these pa-
rameters, εee and εeτ are quite poorly constrained:
values of order unity are allowed. |εµβ | couplings
are, however, constrained to better than 0.05. Given
this situation, the focus here is on εee and εeτ cou-
plings [38]. These would be accessible using the elec-
tron flavor component of the source. That no oscil-
lations take place (i.e. that the standard three-flavor
model of neutrino mixing holds, and that the base-
line is too short for significant flavor transition) is
also assumed.

The signature of NSI is a deviation from the ex-
pected cross section. The following show a few ex-

5

amples of two-dimensional slices of regions in εαβ

parameter space that would be allowed if one mea-
sured exactly the SM expectation.

Fig. 7 shows 90% C. L. allowed regions one would
draw for εuV

ee , εdV
ee , if the rate predicted by the SM

were measured for the delayed flux (which contains
νe), assuming that the εµβ parameters are negligible,
and for εqV

eτ = 0, for 100 kg-yr of running of a neon
detector at 20 m from the source. A 10 keV thresh-
old is assumed. This calculation considers only the
total delayed (νe + ν̄µ) flux rate [39]. The regions
corresponding to assumptions of 5% and 10% sys-
tematic error in addition to statistical error, and
for statistical error alone are shown [40]. As be-
fore, a perfectly efficient, background-free detector
is assumed.

Note that in Eq. 4, even in the presence of non-
universal NSI, one can obtain rates identical to the
SM prediction in the case that

Z(gp
V + 2εuV

ee + εdV
ee ) + N(gn

V + εuV
ee + 2εdV

ee ) (5)

= ±(Zgp
V + Ngn

V ),

so for

εuV
ee = −

(A + N)

(A + Z)
εdV

ee ,

and

εuV
ee = −

(A + N)

(A + Z)
εdV

ee −
2(Zgp

V + Ngn
V )

A + Z
.

For this reason, allowed regions of Fig. 7 appear as
linear bands in εuV

ee , εdV
ee parameter space. A mea-

surement employing more than one element can then
place more stringent constraints on the couplings;
the more the (A + N)/(A + Z) ratio differs between
the two targets, the better.

Fig. 8 shows the same regions for 100 kg-yr each
of 132Xe and 20Ne, where the black ellipses represent
the 90% allowed region from the combination of the
measurements. These regions are superposed on the
allowed region from high-energy νe scattering on nu-
cleons derived from CHARM experiment results [41]
in Ref. [35], for the case that the axial parameters
εqA

ee = εqL
ee − εqR

ee are zero.
Fig. 9 shows similar 90% allowed regions for a slice

of εdV
ee , εdV

eτ parameter space, for εuV
ee = εuV

eτ = 0
(note that d-quark NSI may be especially interest-
ing; see e.g. [42]). In this case the allowed pa-
rameters correspond to regions between two ellipses.
Fig. 9 shows regions for a 20Ne detector (with same
assumptions as above). Fig. 10 shows the result for
132Xe as well, and the black ellipses contain the re-
gion allowed by the combined measurements (for this
case, only a small improvement is afforded by mea-
surements with multiple targets).

FIG. 7: Allowed region at 90% C.L. for εuV
ee and εdV

ee ,
for 100 kg-yr of 20Ne at the SNS. The outer region cor-
responds to an assumed systematic uncertainty of 10%
in addition to statistical uncertainty; the middle region
corresponds to an assumed systematic uncertainty of 5%,
and the inner region corresponds to statistical uncer-
tainty only.

FIG. 8: Allowed regions at 90% C.L. for εuV
ee and εdV

ee , for
100 kg-yr each of 20Ne and 132Xe (steeper slope band) at
the SNS, assuming 10% systematic uncertainty, plus sta-
tistical uncertainty. The thin black ellipses correspond to
combined Ne/Xe measurement. The shaded elliptical re-
gion corresponds to a slice of the CHARM experiment’s
allowed NSI parameter space, for εqA

ee = 0.

Fig. 11 compares neutrino-nucleus scattering sen-
sitivity to allowed NSI parameters derived based on
lack of distortion of oscillation parameters for beam

K. Scholberg (2005) 

COHERENT collaboration looking at CsI, Ge and LXe  
targets to get reasonable exposures in 5 years.
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combined Ne/Xe measurement. The shaded elliptical re-
gion corresponds to a slice of the CHARM experiment’s
allowed NSI parameter space, for εqA

ee = 0.

Fig. 11 compares neutrino-nucleus scattering sen-
sitivity to allowed NSI parameters derived based on
lack of distortion of oscillation parameters for beam

K. Scholberg (2005) 
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Coming soon
• More probes are on the way:  

• Long-baseline probes: NOvA, DUNE (see A. Friedland, IMS 
[1207.6642]) 

• Solar: ton-scale DM experiments (see Billard, Strigari, 
Figueroa-Feliciano [1409.0050]) 

• Neutrino-nucleus scattering: COHERENT. 

• Atmospheric data: IceCube DeepCore (see Warren Wright’s 
talk this afternoon).



Conclusions
PART I 

• Alternative thermal relics can be probed at direct detection.  

• Masses as low as 10 MeV are detectable, and with distinct recoil spectra. 

• Simple method to compare relativistic interpretations of direct detection data. 

PART II 

• Heavy DM can be discriminated from NSI with monojet data alone with pT shape 
information. 

• Light DM is more difficult, but can be discriminated from heavy mediator-NSI using 
multi-lepton channels.  

• Light mediator-NSI is difficult to constrain at the LHC: best at faking (light) DM.  

• Highlights the need for additional low-energy probes.


