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HINTS FROM ASTROPHYSICS
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⌦mh2 = 0.1415± 0.0019

⌦bh
2 = 0.02226± 0.00023

⌦ch
2 = 0.1186± 0.0020
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HOW TO CALCULATE THE RELIC DENSITY?
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Figure 2: Feynmann diagrams for dark matter annihilation through both scalar bosons (h1, h2) and

gauge boson ZBL.

III. RELIC DENSITY

The evolution of total number density (n) of both �DM and �†
DM is governed by the Boltzmann

equation which is given by [22]

dn

dt
+ 3nH = �1

2
h�vi

�
n2 � (neq)2

�
, (19)

where H is the Hubble parameter and neq is the equilibrium number density of both �DM and

�†
DM . � is the annihilation cross section for the channel �DM�†

DM ! ff̄ , where f is any SM

fermion except top quark 3. Tree level Feynman diagrams for the process �DM�†
DM ! ff̄

mediated through the exchange of h1, h2 and ZBL are given in Fig. 2. The expression of � is as

follows,
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where �i is the total decay width of the particle i (i = h1, h2, ZBL), mf is the mass of the SM

fermion f and
p
s is centre of mass energy. gi�

DM
�†
DM

is the vertex factor for the vertex involving

the fields i�
DM

�†
DM (i = h1, h2) and its expression is given in Table II. Moreover the quantity

3 In order to explain Fermi-LAT �-ray excess we need MDM in the range 48.7+6.4
�5.2 GeV [36] and thus other

annihilation channels of �DM (�DM�†
DM ! W+W�, ZZ, ZBLZBL, tt̄, h1h1 etc.) are not kinematically

allowed.
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LOOKING FOR DM WINDS: DIRECT DETECTION
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Snowmass CF1 Summary: WIMP
Dark Matter Direct Detection

Convenors: P. Cushman, C. Galbiati, D. N. McKinsey, H. Robertson, and T. M. P. Tait

D. Bauer, A. Borgland, B. Cabrera, F. Calaprice, J. Cooley, P. Cushman, T. Empl, R. Essig,
E. Figueroa-Feliciano, R. Gaitskell, C. Galbiati, S. Golwala, J. Hall, R. Hill, A. Hime, E. Hoppe, L. Hsu,

E. Hungerford, R. Jacobsen, M. Kelsey, R. F. Lang, W. H. Lippincott, B. Loer, S. Luitz, V. Mandic,
J. Mardon, J. Maricic, R. Maruyama, D. N. McKinsey, R. Mahapatra, H. Nelson, J. Orrell, K. Palladino,

E. Pantic, R. Partridge, H. Robertson, A. Ryd, T. Saab, B. Sadoulet, R. Schnee, W. Shepherd,
A. Sonnenschein, P. Sorensen, M. Szydagis, T. M. P. Tait, T. Volansky, M. Witherell, D. Wright, K. Zurek.

1 Executive Summary

Dark matter exists

It is now generally accepted in the scientific community that roughly 85% of the matter in the universe is
in a form that neither emits nor absorbs electromagnetic radiation. Multiple lines of evidence from cosmic
microwave background probes, measurements of cluster and galaxy rotations, strong and weak lensing and big
bang nucleosynthesis all point toward a model containing cold dark matter particles as the best explanation
for the universe we see. Alternative theories involving modifications to Einstein’s theory of gravity have not
been able to explain the observations across all scales.

WIMPs are an excellent candidate for the dark matter

Weakly Interacting Massive Particles (WIMPs) represent a class of dark matter particles that froze out of
thermal equilibrium in the early universe with a relic density that matches observation. This coincidence of
scales - the relic density and the weak force interaction scale - provides a compelling rationale for WIMPs as
particle dark matter. Many particle physics theories beyond the Standard Model provide natural candidates
for WIMPs, but there is a huge range in the possible WIMP masses (1GeV to 100 TeV) and interaction cross
sections with normal matter (10�40 to 10�50 cm2). It is expected that WIMPs would interact with normal
matter by elastic scattering with nuclei [1], requiring detection of nuclear recoil energies in the 1-100 keV
range. These low energies and cross sections represent an enormous experimental challenge, especially in
the face of daunting backgrounds from electron recoil interactions and from neutrons that mimic the nuclear
recoil signature of WIMPs. Direct detection describes an experimental program that is designed to identify
the interaction of WIMPs with normal matter.

Discovery of WIMPs may come at any time

Direct detection experiments have made tremendous progress in the last three decades, with sensitivity
to WIMPs doubling roughly every 18 months, as seen in Fig. 1. This rapid progress has been driven by
remarkable innovations in detector technologies that have provided extraordinary active rejection of normal
matter backgrounds. A comprehensive program to model and reduce backgrounds, using a combination
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Figure 27. A compilation of WIMP-nucleon spin-dependent cross section limits (solid curves) and
projections (dot and dot-dashed curves) for US-led direct detection experiments that are expected to operate
over the next decade.

experiments is required. In addition, continuation of a robust detector R&D program will ensure that new
technologies can be brought to bear on WIMP signals as they appear.

In a resource-limited environment, not every proposed direct detection experiment will be funded. Infor-
mation gleaned from past experiments, detector R&D e↵orts and other types of dark matter searches has
to be used to help inform funding agencies on how to choose a mix of experiments that will achieve the
fundamental science goals of WIMP dark matter discovery and subsequent study. Fig. 28 shows how a
“decision tree” for direct detection might utilize the information available from the current generation (G2)
of experiments to make choices for the next generation (G3) experimental suite. It is very important to keep
in mind that, even for the simplest scenarios, the science goals are unlikely to be met with a single direct
detection experiment, since confirmation from other experiments will be vital to convince the community
that the particle nature of dark matter has finally been established. The decision tree shown reflects our
roadmap presented in Section 1 and summarized as the following three stages:

A. Discovery: Search broadly for WIMPS, with at least an order of magnitude improvement in sensitivity
in each generation.

B. Confirmation: Check any evidence for WIMP signals using complementary targets and the same target
with enhanced sensitivity

C. Study: If a signal is confirmed, extract maximal information about WIMP properties using multiple
technologies.

11 Summary

It is the consensus of the scientific community that identifying the particle nature of the dark matter in our
universe is one of the most fundamental problems in particle physics today. The solution to this problem
may well lead the way to physics beyond the Standard Model. Direct detection of dark matter particles

Community Planning Study: Snowmass 2013
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013
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LOOKING FOR LINES IN THE SKY: INDIRECT DETECTION
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FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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FIG. 3. Flux upper limits on spectral features arising from
the emission of a hard photon in the DM annihilation pro-
cess. Limits are exemplary shown for features of comparable
shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.

20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, ⟨σv⟩χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on ⟨σv⟩χχ→γγ . Limits are obtained in a neutralino

6

101 102 103 104

DM Mass (GeV/c2)

10�27

10�26

10�25

10�24

10�23

10�22

10�21

h�
vi

(c
m

3
s�

1
)

bb̄

4-year Pass 7 Limit

6-year Pass 8 Limit

Median Expected

68% Containment

95% Containment

Thermal Relic Cross Section
(Steigman et al. 2012)

101 102 103 104

DM Mass (GeV/c2)

10�27

10�26

10�25

10�24

10�23

10�22

10�21

h�
vi

(c
m

3
s�

1
)

�+��

4-year Pass 7 Limit

6-year Pass 8 Limit

Median Expected

68% Containment

95% Containment

Thermal Relic Cross Section
(Steigman et al. 2012)

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].

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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ing more rapidly towards the core of the Milky Way, results in a more stringent bound on DM
annihilation. We consider three DM halo density profiles that are increasingly flat towards the
center of the Milky Way. The generalized Navarro-Frenk-White (NFW) profile [109] is given by

⇢
NFW

(r) =
⇢�

(r/R) (1 + r/R)2
, (5)

where r is the distance from the galactic center, and we assume a characteristic scale R = 20 kpc,
solar position DM density ⇢(r�) ⌘ 0.4 GeV/cm3, and r� = 8.5 kpc throughout this study. Second,
we consider the Einasto profile,

⇢
Ein

(r) = ⇢� exp


� 2

↵

⇣⇣ r

R

⌘↵ � 1
⌘�

, (6)

where we take ↵ = 0.17 and R = 20 kpc. This is the halo profile model that best fits micro-lensing
and star velocity data [110, 111]. Third, we consider a Burkert or “cored” profile, with constant
DM density inside radius rc = 3 kpc,

⇢
Burk

(r) =
⇢�

(1 + r/rc) (1 + (r/rc)2)
, (7)

For this profile, rc sets the size of the core — we assume rc = 3 kpc. Assuming such a large core
results in very di↵use dark matter at the galactic center, and therefore yields the weakest bound
on neutralino self annihilation. On the other hand, assuming a core of smaller size (e.g. 0.1 kpc)
only alters DM annihilation constraints by an O(1) factor [112].

In Figure 4, we illustrate the three halo profiles. The impact on gamma ray flux of di↵erent
dark matter halo profiles is conveniently parameterized with a J factor,

J /
Z

�⌦

d⌦

Z

l.o.s.
dl ⇢2�̃(l) ⇠

Z
dr ⇢2�̃(r). (8)

We show J factors integrating over the approximate H.E.S.S. galactic center gamma ray search
range, r ' 0.05 to 0.15 kpc, and normalizing so that J(⇢

NFW

) = 1.
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on neutralino self annihilation. On the other hand, assuming a core of smaller size (e.g. 0.1 kpc)
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WHY USE 
COLLIDERS?

BUT ALSO… 
IT TURNS OUT, COLLIDERS CAN DO THINGS OTHER 
EXPERIMENTS CAN’T — BETTER SPIN DEPENDENT 
SENSITIVITY + CONSTRAIN LOW RECOIL REGION + 
LOOK FOR ACCOMPANYING PARTICLES

WE HAVE ONE, MIGHT AS WELL USE IT!



TO MODEL DM WE NEED TO KNOW:
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Does it couple directly to some SM particle? 

If there is a mediator, how does the mediator couple to SM? to DM?
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FIG. 1. Artistic view of the DM theory space. See text for detailed explanations.

us to describe the DM-SM interactions mediated by all kinematically inaccessible

particles in an universal way. The DM-EFT approach [3–9] has proven to be very

useful in the analysis of LHC Run I data, because it allows to derive stringent bounds

on the “new-physics” scale ⇤ that suppresses the higher-dimensional operators. Since

for each operator a single parameter encodes the information on all the heavy states

of the dark sector, comparing LHC bounds to the limits following from direct and

indirect DM searches is straightforward in the context of DM-EFTs.

(II) The large energies accessible at the LHC call into question the momentum expansion

underlying the EFT approximation [6, 9–16], and we can expand our level of detail

toward simplified DM models (for early proposals see for example [17–22]). Such

models are characterized by the most important state mediating the DM particle

interactions with the SM, as well as the DM particle itself. Unlike the DM-EFTs,

simplified models are able to describe correctly the full kinematics of DM production

at the LHC, because they resolve the EFT contact interactions into single-particle s-

channel or t-channel exchanges. This comes with the price that they typically involve

not just one, but a handful of parameters that characterize the dark sector and its

6
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Name Operator Coefficient

D1 χ̄χq̄q mq/M3
∗

D2 χ̄γ5χq̄q imq/M3
∗

D3 χ̄χq̄γ5q imq/M3
∗

D4 χ̄γ5χq̄γ5q mq/M3
∗

D5 χ̄γµχq̄γµq 1/M2
∗

D6 χ̄γµγ5χq̄γµq 1/M2
∗

D7 χ̄γµχq̄γµγ5q 1/M2
∗

D8 χ̄γµγ5χq̄γµγ5q 1/M2
∗

D9 χ̄σµνχq̄σµνq 1/M2
∗

D10 χ̄σµνγ5χq̄σαβq i/M2
∗

D11 χ̄χGµνGµν αs/4M3
∗

D12 χ̄γ5χGµνGµν iαs/4M3
∗

D13 χ̄χGµνG̃µν iαs/4M3
∗

D14 χ̄γ5χGµνG̃µν αs/4M3
∗

Name Operator Coefficient

C1 χ†χq̄q mq/M2
∗

C2 χ†χq̄γ5q imq/M2
∗

C3 χ†∂µχq̄γµq 1/M2
∗

C4 χ†∂µχq̄γµγ5q 1/M2
∗

C5 χ†χGµνGµν αs/4M2
∗

C6 χ†χGµνG̃µν iαs/4M2
∗

R1 χ2q̄q mq/2M2
∗

R2 χ2q̄γ5q imq/2M2
∗

R3 χ2GµνGµν αs/8M2
∗

R4 χ2GµνG̃µν iαs/8M2
∗

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, C,

R apply to WIMPS that are Dirac fermions, complex scalars or real scalars respectively.

III. COLLIDER CONSTRAINTS

A. Overview

We can constrain M∗ for each operator in the table above by considering the pair pro-

duction of WIMPs at a hadron collider:

pp̄ (pp) → χχ+X. (2)

Since the WIMPs escape undetected, this leads to events with missing transverse energy,

recoiling against additional hadronic radiation present in the reaction.

The most significant Standard Model backgrounds to this process are events where a Z

boson decays into neutrinos, together with the associated production of jets. This back-

ground is irreducible. There are also backgrounds from events where a particle is either

missed or has a mismeasured energy. The most important of these comes from events pro-
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).
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For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,
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Fig. 12 Inferred 90% CL limits on (a) the spin-independent and (b) spin-dependent WIMP–nucleon scattering cross section
as a function of DM mass mχ for different operators (see Sect. 1). Results from direct-detection experiments for the spin-
independent [127–133] and spin-dependent [134–138] cross section, and the CMS (untruncated) results [14] are shown for
comparison. (c) The inferred 95% CL limits on the DM annihilation rate as a function of DM mass. The annihilation rate is
defined as the product of cross section σ and relative velocity v, averaged over the DM velocity distribution (⟨σ v⟩). Results
from gamma-ray telescopes [125, 126] are also shown, along with the thermal relic density annihilation rate [25, 26].

of the ADD and WIMPs models. This is done separately for the different selections, and the one with the
most stringent expected limit is adopted as the nominal result. In the region with squark/gluino masses
below 800 GeV, SR7 provides the best sensitivity while SR9 provides the most stringent expected limits for
heavier squark/gluino masses. Figure 14 presents the final results. Gravitino masses below 3.5 × 10−4 eV,
3 × 10−4 eV, and 2 × 10−4 eV are excluded at 95% CL for squark/gluino masses of 500 GeV, 1 TeV, and
1.5 TeV, respectively. The observed limits decrease by about 9%–13% after considering the −1σ uncertainty
from PDF and scale variations in the theoretical predictions. These results are significantly better than
previous results at LEP [54] and the Tevatron [15], and constitute the most stringent bounds on the gravitino
mass to date. For very high squark/gluino masses, the partial width for the gluino or squark to decay into a
gravitino and a parton becomes more than 25% of its mass and the narrow-width approximation employed
is not valid any more. In this case, other decay channels for the gluino and squarks should be considered,
leading to a different final state. The corresponding region of validity of this approximation is indicated in
the figure. Finally, limits on the gravitino mass are also computed in the case of non-degenerate squarks and
gluinos (see Fig. 15). Scenarios with mg̃ = 4×mq̃, mg̃ = 2×mq̃, mg̃ = 1/2×mq̃, and mg̃ = 1/4×mq̃ have
been considered. In this case, 95% CL lower bounds on the gravitino mass in the range between 1×10−4 eV
and 5× 10−4 eV are set depending on the squark and gluino masses.
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Figure 5: Upper limits on the DM-nucleon cross section, at 90% CL, plotted against DM particle
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,
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Figure 3: The ratio R

⇤

defined in Eq. (4.5) for

p
s = 8TeV, ⌘ = 0. Top row: R

⇤

as a function of ⇤, for

various choices of m

DM

, for p

T

= 120GeV (left panel), p
T

= 500GeV (right panel). Bottom row: R

⇤

as a

function of m

DM

, for various choices of p

T

, for ⇤ = 1.5TeV (left panel), ⇤ = 2.5TeV (right panel).

e↵ective description to a regime where it cannot be fully trusted, and where the neglected higher-

dimensional operators can give important contributions.

This ratio is plotted in Fig. 3 as a function of ⇤ and m

DM

, for various choices of p
T

and ⌘. Our

results indicate that if one would measure the cross section for the mono-jet emission process within

the EFT, but without taking into account that Q

tr

should be bounded from above, one makes an

error which may even be very large, depending on the values of the DM mass, the scale ⇤ of the

operator and the p

T

, ⌘ of the emitted object. Of course, the precise definition of the cuto↵ scale

of an EFT is somewhat arbitrary, with no knowledge of the underlying UV theory; therefore one

should consider the values of R
⇤

with a grain of salt.

To sum over the possible p

T

, ⌘ of the jets, we integrate the cross sections over values typically

considered in the experimental searches and we can thus define the following ratio of total cross
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As an example, we consider two cases: p

min

T

= 120GeV, 500GeV, used in the signal regions SR1,

SR4 of [6], respectively. The results are shown in Fig. 4. Notice that both ratios R
⇤

, R

tot

⇤

get closer

to unity for smaller DM masses, which confirms the qualitative analysis on hQ
tr

i in Section 3, and
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,
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defined in Eq. (4.5) for
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s = 8TeV, ⌘ = 0. Top row: R
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as a function of ⇤, for

various choices of m
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, for p

T

= 120GeV (left panel), p
T

= 500GeV (right panel). Bottom row: R
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as a

function of m

DM

, for various choices of p

T

, for ⇤ = 1.5TeV (left panel), ⇤ = 2.5TeV (right panel).

e↵ective description to a regime where it cannot be fully trusted, and where the neglected higher-

dimensional operators can give important contributions.

This ratio is plotted in Fig. 3 as a function of ⇤ and m

DM

, for various choices of p
T

and ⌘. Our

results indicate that if one would measure the cross section for the mono-jet emission process within

the EFT, but without taking into account that Q

tr

should be bounded from above, one makes an

error which may even be very large, depending on the values of the DM mass, the scale ⇤ of the

operator and the p

T

, ⌘ of the emitted object. Of course, the precise definition of the cuto↵ scale

of an EFT is somewhat arbitrary, with no knowledge of the underlying UV theory; therefore one

should consider the values of R
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with a grain of salt.

To sum over the possible p
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, ⌘ of the jets, we integrate the cross sections over values typically

considered in the experimental searches and we can thus define the following ratio of total cross
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As an example, we consider two cases: p
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= 120GeV, 500GeV, used in the signal regions SR1,
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,

q̄q
g

p2 �M2
 ̄ 

M�p
���!

g

M2
q̄q ̄ 

1000 2000 3000 4000 5000
0.0

0.2

0.4

0.6

0.8

1.0

L @GeVD

R L

pT=120 GeV, h = 0
mDM=10 GeV
mDM=200 GeV
mDM=500 GeV
mDM=1000 GeV

1000 2000 3000 4000 5000
0.0

0.2

0.4

0.6

0.8

1.0

L @GeVD

R L

pT=500 GeV, h = 0
mDM=10 GeV
mDM=200 GeV
mDM=500 GeV
mDM=1000 GeV

10 102 103
0.0

0.2

0.4

0.6

0.8

1.0

mDM @GeVD

R L L=1.5 TeV, h = 0
pT=120 GeV
pT=500 GeV
pT=1000 GeV

10 102 103
0.0

0.2

0.4

0.6

0.8

1.0

mDM @GeVD

R L L=2.5 TeV, h = 0
pT=120 GeV
pT=500 GeV
pT=1000 GeV

Figure 3: The ratio R

⇤

defined in Eq. (4.5) for

p
s = 8TeV, ⌘ = 0. Top row: R

⇤

as a function of ⇤, for

various choices of m

DM

, for p

T

= 120GeV (left panel), p
T

= 500GeV (right panel). Bottom row: R

⇤

as a

function of m

DM

, for various choices of p

T

, for ⇤ = 1.5TeV (left panel), ⇤ = 2.5TeV (right panel).

e↵ective description to a regime where it cannot be fully trusted, and where the neglected higher-

dimensional operators can give important contributions.

This ratio is plotted in Fig. 3 as a function of ⇤ and m

DM

, for various choices of p
T

and ⌘. Our

results indicate that if one would measure the cross section for the mono-jet emission process within

the EFT, but without taking into account that Q

tr

should be bounded from above, one makes an

error which may even be very large, depending on the values of the DM mass, the scale ⇤ of the

operator and the p

T

, ⌘ of the emitted object. Of course, the precise definition of the cuto↵ scale

of an EFT is somewhat arbitrary, with no knowledge of the underlying UV theory; therefore one

should consider the values of R
⇤

with a grain of salt.

To sum over the possible p

T

, ⌘ of the jets, we integrate the cross sections over values typically

considered in the experimental searches and we can thus define the following ratio of total cross

sections
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As an example, we consider two cases: p

min

T

= 120GeV, 500GeV, used in the signal regions SR1,

SR4 of [6], respectively. The results are shown in Fig. 4. Notice that both ratios R
⇤

, R

tot

⇤

get closer

to unity for smaller DM masses, which confirms the qualitative analysis on hQ
tr

i in Section 3, and
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,
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Figure 3: The ratio R

⇤

defined in Eq. (4.5) for

p
s = 8TeV, ⌘ = 0. Top row: R

⇤

as a function of ⇤, for

various choices of m

DM

, for p

T

= 120GeV (left panel), p
T

= 500GeV (right panel). Bottom row: R

⇤

as a

function of m

DM

, for various choices of p

T

, for ⇤ = 1.5TeV (left panel), ⇤ = 2.5TeV (right panel).

e↵ective description to a regime where it cannot be fully trusted, and where the neglected higher-

dimensional operators can give important contributions.

This ratio is plotted in Fig. 3 as a function of ⇤ and m

DM

, for various choices of p
T

and ⌘. Our

results indicate that if one would measure the cross section for the mono-jet emission process within

the EFT, but without taking into account that Q

tr

should be bounded from above, one makes an

error which may even be very large, depending on the values of the DM mass, the scale ⇤ of the

operator and the p

T

, ⌘ of the emitted object. Of course, the precise definition of the cuto↵ scale

of an EFT is somewhat arbitrary, with no knowledge of the underlying UV theory; therefore one

should consider the values of R
⇤

with a grain of salt.

To sum over the possible p

T

, ⌘ of the jets, we integrate the cross sections over values typically

considered in the experimental searches and we can thus define the following ratio of total cross
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As an example, we consider two cases: p

min

T

= 120GeV, 500GeV, used in the signal regions SR1,

SR4 of [6], respectively. The results are shown in Fig. 4. Notice that both ratios R
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, R

tot

⇤

get closer

to unity for smaller DM masses, which confirms the qualitative analysis on hQ
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i in Section 3, and
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Figure 4. The solid red line indicates the minimum coupling
p
gq g� in order that the CMS EFT

limit on ⇤ applies to the simplified model. The perturbative limit on the couplings (4⇡) is indicated
by the dashed black line. The EFT limits apply to perturbative theories for mDM < 800 GeV. The
mediator width � equals its mass mmed when

p
gq g� takes the values indicated by the dotted

blue line. The EFT limits only apply to theories where � > mmed, so the mediator may not be
identified as a particle. The green dot-dashed line indicates the coupling

p
gq g� where the relic

density matches the observed value. This occurs in the range 170 . mDM . 520 GeV.

we can define a unique mass mmed for which the EFT is valid, there is not a unique scale ⇤

corresponding to this mass, since there are many points in ⇤–g
q

g

�

space which map onto

the same value of mmed.

Having established the minimum mediator mass required for the EFT limit to be valid,

we now elucidate the theories that are excluded by the EFT limit on ⇤. First, we calculate

the minimum coupling
p
g

q

g

�

= mmed/⇤ that the simplified model must have for the EFT

limits to apply. This is shown by the solid red line in fig. 4. To calculate this line, we use

the CMS upper limit on ⇤ from the left panel of fig. 1, and the upper contour delineating

the boundary between Region I and Region II in the right panel of fig. 3, giving us the

minimum value of mmed. We now make a number of comments about this region.

The first observation is that the EFT limit rules out theories with large couplingsp
g

q

g

�

& 3. At larger mDM, this coupling is even larger because the limit on ⇤ decreases

while mmed increases. Theories are normally said to be perturbative so long as the product

of the couplings
p
g

q

g

�

is smaller than 4⇡, which we have indicated by the black dashed line

in fig. 4. From fig. 4, we see that theories for which the EFT limits apply are perturbative

so long as mDM < 800 GeV.

Secondly, we find that everywhere, the mediator width is larger than the mass. For
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Figure 3. Left panel: The 90% CL limit on ⇤ as a function of mmed for our axial-vector simplified
model with mDM = 250 GeV. Right panel: The ratio of the inclusive cross-sections in the EFT
to the simplified model. In both panels, three distinct regions of parameter space are marked: In
Region I, the EFT and simplified model calculation agree at the level of 20% or better; in Region
II, the simplified model cross-section is larger than the EFT cross-section owing to a resonant
enhancement; and in Region III, the simplified model cross-section is smaller than the EFT cross-
section. In the left panel we consider two mediator widths �. The grey shaded regions indicate
that the boundary between the regions is weakly dependent on �.

comparison between the monojet limits and direct detection searches is more interesting

in this case (we consider this further in section 4).

If the axial-vector mediator is suitably heavy (to be quantified more carefully below) it

can be integrated out to obtain the e↵ective axial-vector contact operator in eq. (2.2). In

this case, the contact interaction scale is related to the parameters entering the Lagrangian

eq. (3.1) by

⇤ ⌘ mmedp
g

q

g

�

. (3.2)

In fact, even when we study the e↵ects beyond the EFT framework, we will still use this

as our definition of ⇤.

Now that we have completed the definition of the simplified model, we examine the

di↵erences between the EFT and simplified model. We first consider the specific case with

mDM = 250 GeV in the left panel of fig. 3, which shows the limit on ⇤ as a function of

mmed. Three distinct regions of parameter space can clearly be seen: we define Region I

to be the region where the EFT and simplified model limits on ⇤ agree at the level of 20%

or better (this region was studied in [45] for the scalar interaction). The measure of 20%

corresponds to the uncertainty on the signal cross-sections in CMS monojet analysis and it

is used by us to determine the validity of the EFT approach [13]. This is the region where

the EFT limit on ⇤ can be applied to the simplified model and requires mmed & 3 TeV. In

Region II, the limit on ⇤ in the simplified model is larger than the EFT limit owing to a

resonant enhancement. Finally, we define Region III to be the region where the limit on ⇤

in the simplified model is smaller than the EFT limit.
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to be the region where the EFT and simplified model limits on ⇤ agree at the level of 20%
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We have also considered two di↵erent widths for the mediator. The width of an axial-

vector mediator decaying to Dirac fermions f and f̄ with coupling g

f

is

�

mmed
=

N

C

g

2
f

12⇡

 
1 � 4m2

f

m

2
med

!3/2

, (3.3)

where N
C

= 3 for coloured particles and is 1 otherwise. The solid red line shows the result

for a narrow width, � = mmed/8⇡, and the dashed line for a broad width, � = mmed/3.

In Regions I and III the limit on ⇤ is only weakly dependent on the width, since in both

these regions, the mediator is being produced o↵-shell. Conversely, in Region II, the limit

is strongly dependent on the width as the production is resonantly enhanced. Finally, the

grey regions show that the value of mmed at the transitions between the di↵erent regions

may change by ⇠ 10%, depending on the width.

We now consider the more general case. In the right panel of fig. 3 we show the ratio

of the inclusive cross-section (i.e. we take the minimum cut used by CMS, pT,j

> 110 GeV)

in the EFT, �EFT, to that in the simplified model (or full theory, FT), �FT, as a function

of mDM and mmed. For simplicity, we have set g

�

= g

q

= 1 so that ⇤ = mmed and we

have calculated the width for each value of mDM and mmed using eq. (3.3). For di↵erent

couplings, the width will be di↵erent and the boundaries between the regions may change

by ⇠ 10% but otherwise, the plot will be similar. The orange and red regions indicate when

the EFT cross-section is smaller than in the simplified model, while the green and bluer

colours indicate the inverse. The same three distinct regions of parameter space can again

be seen. For mDM . 100 GeV, we require mmed > 2.5 TeV to be in Region I, where the

EFT limit on ⇤ can be used. For larger values of mDM, the value of mmed at the boundary

between Region I and II increases, reaching mmed = 6 TeV for mDM = 1 TeV.

We now discuss each of these regions in further detail.

3.1 Region I: Very heavy mediator - EFT limit applies

In Region I, the cross-section in the simplified model and EFT agree within experimental

uncertainties (20%) and the limit on ⇤ is independent of mmed. This behaviour can be

simply understood: expanding the propagator (while ignoring the width) for the s-channel

resonance in powers ofQ2
/m

2
med, whereQ

2 is the momentum transfer through the s-channel

(see right panel of fig. 2), we obtain

g

q

g

�

Q

2 � m

2
med

⇡ � g

q

g

�

m

2
med

✓
1 +

Q

2

m

2
med

+ O
✓

Q

4

m

4
med

◆◆
. (3.4)

We recognise the first term outside the brackets as the contact interaction scale of the EFT:

1/⇤2 = g

q

g

�

/m

2
med. The EFT is valid so long as the e↵ects of the rest of the expansion

beyond leading order are small, i.e. if mmed � Q. At the 8 TeV LHC run, hQ2i1/2 is always
larger than 500 GeV [45], so we expect mmed to be TeV scale in order that mmed � Q.

This is confirmed by the right panel of fig. 3, where we see that mmed should be at least

2.5 TeV in order that �EFT and �FT agree to better than 20%.

Stating the minimum mediator mass mmed needed for the EFT limit to be valid, rather

than a minimum value of ⇤, is much more natural in the simplified model framework. While
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Fig. 1: Feynman diagrams contributing to mono-h production in pseudoscalar (here denoted a) portal dark matter scenarios:
Left: via an off-shell s-channel Z-boson. Middle: via a resonantly produced heavy pseudoscalar A. Right: Via a resonantly
produced Z0 boson.

2.3 Pseudoscalar Portal to Dark Matter - Two Higgs Doublet Model (2HDM)
Dark matter-SM particle interactions mediated by a pseudoscalar particle—a possible portal to a dark
matter sector—are highly motivated, evading constraints from direct detection experiments as well as
providing a potential explanation of the observed Galactic Center gamma ray excess. It has been rec-
ognized that such a pseudoscalar dark matter portal could yield mono-Higgs signatures at the LHC
[14, 15, 16] as a primary discovery avenue. Here we discuss the main features of these models in con-
nection to LHC mono-Higgs signatures.

The minimal renormalizable model featuring a pseudoscalar state is the 2HDM [17], extending
the SM Higgs sector to include two scalar SU(2)L doublets Hi (i = 1, 2). The scalar potential of the
2HDM reads

V2HDM = µ2
1 |H1|2 + µ2

2 |H2|2 � µ2
h
H†

1H2 + h.c.
i
+

�1

2

|H1|4 +
�2

2

|H2|4 (7)

+ �3 |H1|2 |H2|2 + �4

���H†
1H2

���
2
+

�5

2

⇣
H†

1H2

⌘2
+ h.c.

�

where CP conservation and a Z2 symmetry, softly broken by µ2, are assumed. The spectrum of the
2HDM contains a charged scalar H±, two neutral CP-even scalars h, H0, and a pseudoscalar A0 (see
e.g. [18] for a review of 2HDM). We identify h with the 125 GeV Higgs boson state.

There are various possible ways in which a 2HDM can yield a pseudoscalar portal to a dark sector,
which we discuss in the following. A minimal embedding of dark matter into the pseudoscalar portal
scenario [19] corresponds to considering dark matter as a singlet Dirac fermion � with mass m�, coupled
to a real singlet pseudoscalar state a0

Vdark =

m2
a0

2

a20 +m� �̄�+ y� a0 �̄i�
5� . (8)

The portal between the visible and dark sectors occurs via [17, 19]

Vportal = i a0H
†
1H2 + h.c. (9)

which induces a mixing between the two pseudoscalar states A0 and a0 (we stress that A0 cannot couple
to the dark matter state � in the absence of this mixing), yielding two mass eigenstates A, a (mA > ma).
In this context, gauge interactions of the two doublets Hi yield the interactions aZh and AZh, while
V = V2HDM + Vdark + Vportal yield the interactions aAh, a�̄� and A�̄� (see [16, 19] for details).

The interactions above lead to two kinds of mono-h signatures: (i) pp ! Z⇤ ! a h (a ! �̄ �),
pp ! Z⇤ ! Ah (A ! �̄ �), with the production of a h mediated by an off-shell Z boson (Figure
1-Left). (ii) pp ! A ! a h (a ! �̄ �), with the production of a h mediated by an on-shell A state
(produced in gluon fusion) (Figure 1-Middle) for mA > mh +ma [16].

Alternatively, a pseudoscalar portal to dark matter within the 2HDM may be achieved if dark
matter (or some field(s) in the dark sector) has SU(2)L quantum numbers [15], allowing it to directly

Z 0 Z 0

q̄

q

�̄

�h

Z,Z 0 Z,Z 0

q̄

q

�̄

�h

Fig. 2: Feynman diagrams for mono-Higgs final states obtained via associated production in the baryonic-Z0 model (left) and
the hidden–Z0 model (right).

a mixing angle ✓ which results in a term of the form

L � �ghZ0Z0hZ 0Z 0, ghZ0Z0 ⌘
m2

Z0 sin ✓

vB
(12)

The couplings to the fermions are given by gq = gB/3, where gB is the gauge coupling and
g� = B�gB where B� is the baryon number of the DM.

In the following we consider benchmark scenarios for signatures based on the Baryonic Z 0 portal
to dark matter, defined via eqs. (11)-(12), with gB = B� = 1 and ghZ0Z0/mZ0

= 0.3. The dark matter
and Z 0 masses are scanned over the ranges 1-1000 GeV and 10-10000 GeV, respectively. Benchmarks
corresponding to a subset of these mass scans are summarized in Table 2.

2.42 Hidden Z 0

The Hidden Z 0 model simply assumes an extra U(1) gauge boson (ZH ) that does not directly couple to
the SM. The ZH mixes with the ZSM to form mass eigenstates Z and the heaver Z 0

ZSM = cos ✓Z + sin ✓Z 0, ZH = sin ✓Z + cos ✓Z 0 (13)

The mono-Higgs production is then again through “associated” production with Z/Z 0. The coupling of
the Higgs to the Z 0 is then given by

L � m2
Z sin

2 ✓

v
Z 0
µZ0µ (14)

This results also in an SU(2) violating coupling of the form

L � m2
Z sin ✓

v
Z 0
µZ

µ (15)

The fermionic couplings can be obtained from the original couplings of the ZSM and the ZH

L � g2
2 cos ✓w

JNC
µ Zµ

SM + g��̄�µ�Z
µ
H (16)

where JNC
µ is the SM neutral current.

In the following we consider benchmark scenarios for signatures based on the Hidden Z 0 portal to
dark matter, defined above, with g� = 1 and sin ✓ = 0.1. The dark matter and Z 0 masses are scanned
over the ranges 1-1000 GeV and 10-10000 GeV, respectively.

2.43 Non-minimal Z 0 model with pseudoscalar a0
This model combines the hidden-Z 0 and 2HDM models described above. The mono-Higgs signature
then arises from the right-most diagram of fig. 1 rather than the left-most. We therefore have an added
parameter, the coupling of the a0 to the DM (y�).

L � iy��̄�
5�a0 (17)

MONO-H

MONO-PHOTON MONO-W

Carpenter et al. (2013)

2 Simplified Models for the Mono-W

2.1 t-channel Colored Scalar Mediator

We first examine a scenario in which DM-quark interactions are mediated by the exchange
of a t-channel scalar. The interaction Lagrangian is given by

Lint = fQL⌘�R + h.c.

= fud
�
⌘uuL + ⌘ddL

�
�R + h.c., (2.1)

where QL = (uL, dL)T is the quark doublet, ⌘ = (⌘u, ⌘d)T ⇠ (3, 2, 1/6) is a scalar field that
transforms under the SM gauge group like QL, and f is the coupling strength of the inter-
actions2. The DM, �, transforms as a singlet under the SM gauge symmetries. An analogue
of this scenario is realized in supersymmetric (SUSY) models, where we identify ⌘ with a
squark doublet and � the neutralino. Simplified models with such t-channel interactions have
been examined recently in Refs. [46–52], with the collider analyses focusing on the mono-jet
process.

In this model, the mono-W process proceeds via the gauge invariant set of diagrams
in Fig. (1) [21, 43, 53, 54]. Diagrams (1a) and (1b) dominate in the EFT limit whenp
s ⌧ m⌘, while diagram (1c) becomes important for smaller m⌘. We shall initially assume

m⌘u = m⌘d = m⌘. Deviation from this equality will be discussed in Section 4.

�

�d

u
W

⌘d

(a)

�

�d

u

W

⌘u

(b)

�

�d

u

W
⌘u

⌘d

(c)

Figure 1. Contributions to the mono-W process u(p1)d(p2) ! �(k1)�(k2)W+(q), in a t-channel
colored scalar model.

2.2 s-channel Z 0 Mediator

We also consider another generic simplified model in which the DM-quark interactions are
mediated by a neutral spin-1 Z 0 boson. The relevant interaction terms are

Lint � g���
µ�5�Z 0

µ + gqq�
µ�5qZ 0

µ, (2.2)

where g� is the coupling strength of the Z 0 to dark matter �, and gq is the coupling to
SM quarks. Simplified models with such s-channel interactions have been examined recently
in Refs. [55–71]. We assume the Z 0 has axial vector type interactions. Vector interactions
would lead to large spin-independent DM-nucleon elastic scattering cross sections, and as
a result are strongly constrained by DM direct detection experiments, to the extent that
parameters which can correctly account for the DM relic density are significantly excluded.

2One can write down a similar model involving a coupling to right handed (RH) quark fields. While most of
the phenomenology would be very similar, such a model would not permit a mono-W signal. Isospin violating
models with RH quark fields were considered in [44, 45].
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We therefore focus on the more phenomenologically viable axial vector interactions. We shall
also assume that the Z 0 couples only to quarks, and not to leptons, to avoid tight constraints
from di-lepton searches.

The pertinent processes for mono-W search are shown in Fig. (2). In contrast to the
t-channel model above, no radiation from the mediator occurs. This would change in the
presence of Z-Z 0 mixing, as will be discussed in Section 4.

�

�̄d̄

u W

Z 0

(a)

�

�̄d̄

u

W

Z 0

(b)

Figure 2. Contributions to the mono-W process u(p1)d(p2) ! �(k1)�(k2)W+(q), in an s-channel Z 0

model.

3 LHC Constraints and Reach

We now examine the LHC phenomenology of the two models described in Eqs. (2.1) and
(2.2). In the following, we determine the limits and reach of the searches for DM via the
mono-W process, for both the leptonic and hadronic decay channels of the W .

3.1 Mono lepton channel

We first consider the scenario where the W boson decays to a charged lepton and a neutrino.
The neutrino contributes to the missing energy (/ET ) along with dark matter, such that the
signal is a mono-lepton. In this channel the key kinematic variable is the transverse mass of
the lepton-/ET system,

MT =
q

2p`T /ET (1� cos��`, /ET
) , (3.1)

where ��`, /ET
is the azimuthal opening angle between the charged lepton’s transverse mo-

mentum pT and the direction of /ET .
The domininant background for the mono-lepton search is W ! `⌫, and W ! ⌧⌫⌧ !

⌫⌧⌫⌧ `⌫` where ` = e, µ. This is because the MT distribution of these channels has a large tail
in the signal region. We use the electron channel to set limits, since it is the stronger one of
two lepton channels and also comparable to the combined limits of both channels. Following
Ref. [15], the following selection cuts are made on all backgrounds and signal for the 8 TeV
limits:

• ET of the leading electron > 100 GeV

• ET of the next-to-leading electron < 35 GeV

• At least one electron

• MT for the electron, M e
T > 220 GeV

• Pseudorapidity for the electron must be in the range �2.1 < ⌘(`e) < 2.1
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C. The DM particle itself may be a mixture of an electroweak singlet and doublet [61–63],

as in the MSSM where it has both bino and higgsino components. Generically, this is

referred to as “singlet-doublet” DM [64].

The first two cases capture important features of models [55, 65, 66] where the SM is extended

to be classically scale invariant [67–70] with the aim of addressing the electroweak gauge

hierarchy problem.

A. Scalar Singlet DM

In the case where an additional real scalar singlet � is the DM candidate, the Lagrangian

of the scalar Higgs portal can be written as

L
scalar,H � ����

4 � �p�
2|H|2 , (26)

where H denotes the usual SM Higgs doublet. Augmenting the Lagrangian with a discrete

Z
2

symmetry that takes � ! �� andH ! H leads to stable DM, and in addition guarantees

that there is no singlet-Higgs mixing, which leaves the couplings of the SM Higgs unaltered

at tree level. The self-coupling �� of the scalar � is in general irrelevant to determining

how well the portal coupling �p can be probed through LHC DM searches, and thus may be

ignored.

For mh > 2m�, the most obvious manifestation of the interactions (26) is through their

contributions to the invisible decay of the Higgs. The corresponding decay width reads

�(h ! ��) =
�2

pv
2

2⇡mh

✓
1�

4m2

�

m2

h

◆
1/2

, (27)

with mh the Higgs mass and v its VEV. In fact, both ATLAS [71] and CMS [72] have already

interpreted their Run I h ! invisible searches in terms of the Higgs portal scenario (26).

For DM candidates with m� . 10GeV these searches are competitive with or even stronger

than the SI results provided by direct detection experiments.

When mh < 2m�, the Higgs cannot decay on-shell to a pair of � particles, so that DM

pair production necessarily has to proceed o↵-shell. The cross section for this process is

then suppressed by an additional factor of �2

p as well as the two-body phase space, leading

to a rate that rapidly diminishes with m�. This feature makes a LHC discovery challenging

even at 14TeV and high luminosity [56].
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Operator Structure Dim D

V1 (1/⇤)B†
µB

µq̄q 5

V2 (1/⇤)ıB†
µB

µq̄�5q 5

V3 (1/2⇤2)ı(B†
⌫@µB

⌫ �B⌫@µB
†
⌫)q̄�

µq 6

V4 (1/2⇤2)ı(B†
⌫@µB

⌫ �B⌫@µB
†
⌫)q̄�

µ�5q 6

V5 (1/⇤)ıB†
µB⌫ q̄�

µ⌫q 5

V6 (1/⇤)B†
µB⌫ q̄�

µ⌫�5q 5

V7+ (1/2⇤2)(B†
⌫@

⌫Bµ +B⌫@
⌫B†

µ)q̄�
µq 6

V7� (1/2⇤2)ı(B†
⌫@

⌫Bµ �B⌫@
⌫B†

µ)q̄�
µq 6

V8+ (1/2⇤2)(B†
⌫@

⌫Bµ +B⌫@
⌫B†

µ)q̄�
µ�5q 6

V8� (1/2⇤2)ı(B†
⌫@

⌫Bµ �B⌫@
⌫B†

µ)q̄�
µ�5q 6

V9+ (1/2⇤2)✏µ⌫⇢�(B†
⌫@⇢B� +B⌫@⇢B

†
�)q̄�µq 6

V9� (1/2⇤2)ı✏µ⌫⇢�(B†
⌫@⇢B� �B⌫@⇢B

†
�)q̄�µq 6

V10+ (1/2⇤2)✏µ⌫⇢�(B†
⌫@⇢B� +B⌫@⇢B

†
�)q̄�µ�

5q 6

V10� (1/2⇤2)ı✏µ⌫⇢�(B†
⌫@⇢B� �B⌫@⇢B

†
�)q̄�µ�

5q 6

TABLE I. Possible Hermitian contact operators up to dimension 6 that couple spin-1 dark matter to SM quarks (or other
fermions).

The operators in Table I are assumed to be the low energy manifestations of some more fundamental ultraviolet
theory. All of the contact operators given above can arise from renormalizable interactions in which the dark matter
pair is produced by the s-channel exchange of a spin-1 or spin-0 mediator (for example, a heavy Z 0 or Higgs particle),
or by the t-/u-channel exchange of a spin-1/2 particle. A detailed analysis of these constructions is presented in [18].
Our intention is to perform a completely general analysis of spin-1 dark matter at the LHC; under the assumption
that the e↵ective theory description is valid at these energies, the operators in Table I represent a basis set to describe
these interactions.

We are interested in the scaling of the matrix element for the process q̄q ! B†B with respect to the energy E in
the center-of-mass frame of the q̄q system. This scaling is determined by the following considerations:

• The matrix element scales by a factor (E/⇤)d�4, where d is the dimension of the operator and ⇤ is the energy
scale of the coe�cient.

• The matrix element also scales by additional factors of E/m
B

for each DM longitudinal polarization vector.
The number of such vectors can be found by determining the C, P , and J quantum numbers of the DM state
that can be created by each operator. These in turn determine the L and S quantum numbers of the DM final
state, which determine the polarization vectors.

The C and P quantum numbers of the dark matter two-particle state (for this purpose, the jet(s) in the final state
are irrelevant) created by each operator are determined by the transformation properties of the DM bilinear. The J
quantum number of the dark matter two-particle state is determined by the rotational transformation properties of
the DM bilinear. The L and S quantum numbers of the DM final state system are then given by

C : (�1)L+S , P : (�1)L, |L� S|  J  |L+ S|, (1)

which are valid when the dark matter is a boson. Following [17], in Table II we display the quantum numbers of the
DM state created by the various terms in the above operators. Note that we have ignored all operator terms involving
the quark bilinears q̄�0q and q̄�0�5q. The former vanishes identically when acting on any quark-antiquark initial
state, while the latter yields a matrix element that is proportional to m

q

, and thus vanishes in the limit m
q

⌧ E, as
is relevant here.

Using Table II, one can first write the DM final state as a linear combination of states in the |L, S
tot

, J, J
z

i basis
(where S

tot

is the total spin of the DM system), then rewrite the state in the |L,L
z

, S
tot

, S
totz i basis, and finally

rewrite the state in the |L,L
z

, S1, S1z, S2, S2zi basis (where S1 and S2 are the spins of each of the two dark matter
particles.). The matrix element then receives a factor E/m

B

enhancement for each DM particle with spin projection

6

Jet reconstruction: anti-kT , using R = 0.4

Jet definition: pT > 30 GeV and |⌘| < 4.5

Lepton veto: electrons: pT > 7 GeV and |⌘| < 2.47

muons: pT > 7 GeV and |⌘| < 2.5

Leading jet: pTj1 > 120 GeV and |⌘| < 2

pTj1//ET > 0.5

Separation (all jets): ��(pTj , /ET ) > 1.0

Missing energy: /ET > 300 GeV

TABLE V. Monojet selection cuts for the
p
s = 8 TeV LHC analysis. �� is the angular separation between the selected jet

and the missing transverse momentum, R is the radius parameter used in the anti-kT jet clustering algorithm [25], and ⌘ is the
pseudorapidity.

p
s = 8 GeV

L = 20.3 fb�1

1 10 100 500

m
B

(GeV)

102

104

106

108

⇤
(G

eV
)

V1
V5

V3
V7�

V7+
V9+
V9�

FIG. 1. The ATLAS 95% C.L. exclusion bounds on the vector DM contact-operator scale ⇤, using the 20.3 fb�1 data set
at

p
s = 8 TeV. All even-numbered operators (V2, V4, . . . ) are visually indistinguishable from their odd-numbered operator

counterparts, and thus are not. The shaded region at ⇤ < 2mB represents the regime where the e↵ective-operator description is
naively expected to break down. Note that all events used to establish these sensitivities were required to satisfy the unitarity
constraints on four-point interaction energies.

and W ! ⌫⌧ background events produced using our same MadGraph/Pythia/Delphes simulation chain, and find
that our predicted event rates match the ATLAS event rates to within ⇠ 5%.

Using the SR4 signal region, ATLAS is able to exclude at the 95% C.L. any new-physics source of monojet events
which gives rise to a cross section of 51 fb or greater. We use this constraint to bound the new physics scales ⇤ for
each of the 14 vector DM contact operators. We apply the set of kinematical cuts in Table V to find the total event
rate (or, the total cross section after cuts �DM) for a given ⇤.

To impose unitarity constraints, as discussed above, we apply at an event-by-event level a cut on the maximum
DM invariant mass, or equivalently, on the center-of-mass energy of the underlying DM-SM four-point interactionp
sDM. Applying this cut safely underestimates the total event rate while excluding events from regions of phase space

where unknown high-energy physics is required by unitarity. With this invariant mass cut in place, we tune ⇤ so that
the total event rate after all cuts corresponds to the new-physics cross section excluded by ATLAS, �DM = 51 fb.
This provides us with 95% C.L. exclusion bounds on ⇤ for each operator, and over a range of DM masses m

B

; these
exclusion bounds are shown in Fig. 1. We note here that the exclusion bounds for the even-numbered operators (V2,
V4, . . . ) are visually indistinguishable from their odd-numbered counterparts over the mass range of Fig. 1, and hence
are not included in the figure.

11

λ
p

MS [GeV]

ΩS ≥ ΩDM

BR(h → SS) ≥ 58%
BR(h → SS) ≥ 16%

Fermi-LAT bb̄

LUX 2013

XENON1T projected10−4

10−3

10−2

10−1

100

45 100 1000

Figure 6. Allowed parameter space in the MS–λp plane in agreement with the relic density constraints,

direct and indirect detection, and invisible Higgs decays. In gray we show the region of the parameter

space where one overcloses the Universe; the black line corresponds to today’s full relic density, ΩDMh2 =

0.1199 ± 0.0027 [28]. In green we show the bounds from the invisible decay of the SM Higgs, using the

CMS bound BR(h → SS) < 58% [25], as well as the calculated limit from Eq. (4). The red part of the

relic density curve is excluded by the LUX direct detection experiment [30], while the blue part of the curve

shows the projected reach of the XENON1T experiment [31]. The orange part of the curve is excluded by

the bb̄ limits from Fermi-LAT [33].

1. Low Mass Regime

In the low mass region the allowed dark matter mass is 53GeV ≤ MS ≤ 62.8GeV. In this

region close to the Higgs resonance the dark matter can annihilate into Standard Model fermions

or into two fermions and a gauge boson. In Fig. 7 we show a detailed analysis of this region to

understand which part of the parameter space is ruled out by experiments. Notice that the main

annihilation channel is SS → b̄b. In this model one can set bounds only using the constraints on

the nucleon–DM cross section. The scattering between electrons and DM is highly suppressed by

the small Yukawa coupling.

From the results presented in Fig. 7 one can see that the resonance region cannot be excluded

or tested in the near future by direct detection experiments. This is a pessimistic result, but
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• What kinds of 
interactions? 

• Co-annihilation 

• Sommerfeld 
enhancement 

• Direct detection 
constraints 

• Indirect detection 
constraints
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given in terms of the usual weak gauge couplings, the Higgs mixing angle ↵, and the neutralino
and chargino mixing matrices.

Obviously pure bino states do not couple to gauge or Higgs bosons, so no direct annihilation
process exists, and their annihilation as well as Sommerfeld enhancement can only occur through
mixing and co-annihilation.

For pure wino states we need to include the lightest chargino, typically with a sub-GeV mass
di↵erence. Following Eq.(1) there will still be no s-channel annihilation process, but for example
the LSP can annihilate through the wino-like chargino in the t-channel. Because the two states are
highly mass degenerate, the computation of the current relic abundance has to include a combined
annihilation of the lightest neutralino and chargino. Neutralino-chargino co-annihilation proceeds
through an s-channel W exchange, while diagonal neutralino and chargino annihilation require a
t-channel diagram. In the chargino case the exchange of electroweak bosons between the two non-
relativistic incoming particles leads to a sizeable Sudakov enhancement: an increased cross section
in the numerator of Eq.(2) has to be compensated by a larger wino mass on the relic neutralino
surface,

⌦
˜Wh2 ' 0.12

⇣ m�̃

2.1 TeV

⌘
2

SE�! 0.12
⇣ m�̃

2.6 TeV

⌘
2

. (2)

In the top panel of Figure 1 this fact appears graphically — the sommerfelded surface, shown with
LSP masses colored, separates from gray points calculated without Sommerfeld enhancement when
m�̃ ⇠ 1.5 TeV, where the wino fraction is sizable.

Finally, pure higgsinos can annihilate e�ciently through an s-channel Z diagram. Co-
annihilation within the triplet of two neutralinos and one chargino sets the relic density. The
main distinction between this and the pure wino case, is that chargino pair annihilation con-
tributes much less to the complete annihilation process. Because higgsino annihilation is generally
more e�cient, and because the contribution of chargino pair annihilation with a possible elec-
troweak boson exchange between the incoming particles is suppressed, today’s relic density is given
by

⌦
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⇣ m�̃

1.13 TeV

⌘
2

SE�! 0.12
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2

. (3)

This relatively small e↵ect is hardly visible in Figure 1. There are two reasons why the Sommerfeld
enhancement is significantly larger for the wino case: first, pure chargino co-annihilation with a
photon-induced Sommerfeld e↵ect is roughly three times more important for pure winos. Second,
as previously noted, the W, Z-induced Sommerfeld e↵ect is cut o↵ at v ⇡ mW,Z/m�̃ (compare this
to the freeze-out temperature, ⇠ m�̃/20), which means that it influences more phase-space for pure
winos at freeze-out.

To generate the sommerfelded surface shown in Figure 1, we first calculate electroweakino mass
parameters with SuSpect [86]. We include the loop-level, custodial-symmetry-breaking-induced
mass separation between the charged and neutral components of both the wino and higgsino, setting
these to 160 MeV [87–89] and 350 MeV [90–92] respectively, before diagonalizing electroweakino
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in the numerator of Eq.(2) has to be compensated by a larger wino mass on the relic neutralino
surface,

⌦
˜Wh2 ' 0.12

⇣ m�̃

2.1 TeV

⌘
2

SE�! 0.12
⇣ m�̃

2.6 TeV

⌘
2

. (2)

In the top panel of Figure 1 this fact appears graphically — the sommerfelded surface, shown with
LSP masses colored, separates from gray points calculated without Sommerfeld enhancement when
m�̃ ⇠ 1.5 TeV, where the wino fraction is sizable.

Finally, pure higgsinos can annihilate e�ciently through an s-channel Z diagram. Co-
annihilation within the triplet of two neutralinos and one chargino sets the relic density. The
main distinction between this and the pure wino case, is that chargino pair annihilation con-
tributes much less to the complete annihilation process. Because higgsino annihilation is generally
more e�cient, and because the contribution of chargino pair annihilation with a possible elec-
troweak boson exchange between the incoming particles is suppressed, today’s relic density is given
by

⌦
˜Hh2 ' 0.12

⇣ m�̃

1.13 TeV

⌘
2

SE�! 0.12
⇣ m�̃

1.14 TeV

⌘
2

. (3)

This relatively small e↵ect is hardly visible in Figure 1. There are two reasons why the Sommerfeld
enhancement is significantly larger for the wino case: first, pure chargino co-annihilation with a
photon-induced Sommerfeld e↵ect is roughly three times more important for pure winos. Second,
as previously noted, the W, Z-induced Sommerfeld e↵ect is cut o↵ at v ⇡ mW,Z/m�̃ (compare this
to the freeze-out temperature, ⇠ m�̃/20), which means that it influences more phase-space for pure
winos at freeze-out.

To generate the sommerfelded surface shown in Figure 1, we first calculate electroweakino mass
parameters with SuSpect [86]. We include the loop-level, custodial-symmetry-breaking-induced
mass separation between the charged and neutral components of both the wino and higgsino, setting
these to 160 MeV [87–89] and 350 MeV [90–92] respectively, before diagonalizing electroweakino
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background remains the same at 100 TeV collisions as it was at 8 TeV. This assumption can be
tested at the 13 TeV run of the LHC. The background normalization we use rescales the background
found at ATLAS, by using the ratio of the Z(⌫⌫̄)+jets cross sections that pass initial analysis cuts
on pT,j , /pT , and ��

j,/pT , at
p

s = 8 TeV and 100 TeV, respectively.

The same steps are used in Refs. [146] and [147] to estimate the background for the disappearing
track signature at a 100 TeV collider. Both references acknowledge the large amount of uncertainty
and present their searches for the pure wino as a band with the background 20% to 500% as large
as the estimated value. Both find that a pure wino could be discovered at the 100 TeV collider,
although Ref. [147] uses di↵erent cuts, resulting in improved discovery prospects. Here we combine
these searches with the constrains from the observed dark matter relic abundance, including slightly
mixed binos. To this end, we use the optimized cuts of Ref. [147] and scan over a representative
sample of the relic neutralino surface. The optimized cuts are

pT,j1 > 1 TeV pT,j2 > 500 GeV

/pT > 1.4 TeV pT,track > 2.1 TeV , (10)

All other cuts are identical to the ATLAS analysis. For each of the data points we calculate the
Gaussian significance

#� =
Sp

B + ↵2B2 + �2S2

, (11)

where S and B are the number of signal and background events passing the cuts assuming 15 ab�1

of data. The systematic uncertainties on the background and signal are conservatively given as
↵ = 20% and � = 10% [146, 147]. As we are scanning over a range of model parameter space with
di↵erent characteristics, there is no good way to display a band of significances for the 20 � 500%
backgrounds. Instead, we will only quote the central background estimate. The left panel of
Figure 7 shows the representative sample of points that we used mapped on the surface as well as
the calculated significance. It appears that most of the wino plateau is covered and that the search
works better for larger values of |µ|.

For the points on the relic neutralino surface, if the decay length is less than 15 mm, the
charginos have almost no chance of traveling far enough to be registered as a track. We find that
for tracks longer than this, at least in the range we are considering, the points can be fit well
by a cubic function. We focus on the relic neutralino points with a mass di↵erence between the
chargino and the neutralino smaller than 0.5 GeV and find their significance based on the best fit
cubic curve. We then plot the points that can be discovered at 5� and those which can be excluded
at 2�. The result is shown in Figure 7. We see that most of the wino plateau is within reach,
but as mixing with bino and higgsinos grows, so does the chargino-neutralino mass splitting. The
chargino decay length then decreases, making the search less e↵ective.

B. Compressed search

Our compressed bino-wino search is directed at neutralinos with mass eigenstates separated by
1 � 40 GeV and follows the previous study of Ref. [1]. It targets events with missing transverse
momentum, photons, and leptons emitted in the decay of heavier neutralinos. The dominant
production and decay process on the relic neutralino surface is

pp ! (�̃0

2

! ��̃0

1

) (�̃±
1

! `±⌫`�̃
0

1

)j ! �̃0

1

�̃0

1

`±⌫`�j , (12)
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2 The ⌧̃ Coannihilation Strip and its Decays within the

CMSSM

2.1 Anatomy of the Stau Coannihilation Strip Region

The focus of our attention in this paper is the CMSSM, in which R parity is conserved and

it is assumed that universal soft supersymmetry-breaking parameters m1/2,m0 and A0 are

input at the GUT scale. We assume that the stable LSP is the lightest neutralino �, giving

priority to the CMSSM parameter region near the strip where its astrophysical relic density

is brought into the range 0.115 < ⌦�h2 < 0.125 [5] that is acceptable within conventional

cosmology by coannihilation with the lighter stau slepton ⌧̃ and other, heavier sleptons, but

also considering smaller values of �m that yield lower values of ⌦�h2. Our objective is to

study the extent to which this simplest supersymmetric scenario has been explored with data

from Run 1 of the LHC at 7 and 8 TeV in the centre of mass, and the extent to which it

can be explored further with future LHC data at 14 TeV. As we discuss, even this simplest

scenario has rich phenomenological possibilities beyond the standard /ET signatures, posing

challenges for its complete exploration.

As is well-known, as m1/2 increases toward the tip of the stau coannihilation strip the

⌧̃ �� mass di↵erence �m decreases monotonically towards zero, which is attained at m1/2 =

O(1000) GeV, the maximum value of m1/2 depending on the values of tan � and A0. In this

paper, we use consistently SoftSUSY 3.3.7 [23] 1 to calculate the sparticle spectrum, and

the latter is passed to MicrOMEGAs 3.5.5 [25] to calculate ⌦�h2. Fig. 1 displays bands with

�m  5 GeV for values of m1/2 close to the tips of the coannihilation strips for tan� = 10

(upper panels) and 40 (lower panels), in each case for the two choices A0 = 0 (left panels)

and 2.5m0 (right panels). The choices of tan � are representative of the larger and smaller

values found in the coannihilation region in a recent global analysis of the CMSSM parameter

space [26], and the restriction to A0 � 0 is motivated by the Higgs boson mass mh measured

at the LHC, which is easier to reproduce for positive values of A0. The coannihilation strips

where 0.115 < ⌦�h2 < 0.125 are shown as pink bands. We see that the strips for tan � = 10

terminate when �m ! 0 at m1/2 ' 900 to 950 GeV, with little sensitivity to A0, whereas

the strips for tan � = 40 and A0 = 0 (2.5m0) extend to larger m1/2 ' 1150 to 1200 GeV

(1300 to 1350 GeV). We also see that �m drops below m⌧ for m1/2 ' 800 to 850 GeV for

tan � = 10, and m1/2 ' 1050 to 1100 GeV (1200 to 1250 GeV) for tan � = 40, respectively.

The strips within which the relic LSP density ⌦�h2 falls inside the range allowed by the

1
Note, however, that we use the opposite convention for the sign of A0, to avoid confusion when the

reader compares the results of this paper with the previous one [12], where the SSARD code [24] was used.

3

we use:

http://www.nevis.columbia.edu/~mcooke/susy_page/susy.html
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CMSSM ⌧̃ coannihilation strip, and discuss how they may be explored in Run 2 of the LHC.

In Section 2 of this paper we first review relevant features of the ⌧̃ coannihilation strip

region within the CMSSM, which extends up to m1/2 ⇠ 1300 GeV for tan � = 40 and

A0 > 0. We then review the calculations of ⌧̃ decays when �m < m⌧ , which indicate that

the dominant ⌧̃ signature would be a massive metastable charged particle if �m <⇠ 1.2 GeV

and a disappearing track if �m >⇠ 1.2 GeV.

In Section 3 we discuss the impacts of the relevant LHC Run 1 searches for new physics,

including regions where the relic LSP density is less than the total cold dark matter density, as

would be allowed if there is another component of the astrophysical cold dark matter. We first

discuss the /ET searches, which exclude the relevant portions of the CMSSM parameter space

where �m > m⌧ and m1/2 < 840 GeV. For tan � = 10, these searches exclude the portion of

the ⌧̃ coannihilation strip where �m > m⌧ , whereas �m as large as 8 GeV can be allowed for

tan � = 40. We then update our previous analysis of the metastable ⌧̃ case, finding that the

most recent LHC Run 1 search for such particles excludes m1/2
<⇠ 850 GeV to <⇠ 1100 GeV

for �m <⇠ 1.2 GeV, depending on the value of tan � and A0. We then analyze the impact of

the disappearing track search on the intermediate band where m⌧ > �m >⇠ 1.2 GeV, using

PYTHIA 8 [18, 19] to simulate ⌧̃ decays in an LHC detector outside the beam-pipe. We

find that this search is weaker than the other constraints, yielding m1/2
>⇠ 400 GeV.

In Section 4 we discuss the interplay of these di↵erent searches, as well as the constraints

from the observed value of the Higgs massmh [20,21], calculated using FeynHiggs 2.10.0 [22].

In Section 5 we consider the sensitivities of LHC Run 2 searches with 300/fb of integrated

luminosity at 14 TeV in the centre of mass. The conventional /ET searches should have

su�cient sensitivity to find evidence for supersymmetry or to exclude the coannihilation

region of the CMSSM if �m > m⌧ . Likewise, searches for massive metastable charged

particles should be able to find evidence for the ⌧̃ or to exclude the coannihilation region of the

CMSSM if �m <⇠ 1.2 GeV. However, simple extrapolation of the current disappearing track

searches indicates that they would have insu�cient sensitivity to exclude or find evidence

for supersymmetry if m⌧ > �m >⇠ 1.2 GeV, so we consider ways in which the sensitivity of

future such searches could be enhanced.

Finally, Section 6 summarizes our conclusions.

2
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•You can (and should) look for DM at the LHC 

•EFT approach simple but not wholly unambiguous, tread 
with care. 

•Simplified models are useful as a first strike, but also 
quite simplistic. 

•Real UV complete theories may have more particles in 
the Dark Sector that one can probe. 

•Much more to come in future …


