
31

Theory Overview of 
Dark Matter Searches

Matthew R Buckley 
Rutgers University 

DM@LHC 2017 
Irvine, CA

1



31

Theory Overview of       
Dark Matter Searches

• Theory:  
• Dark matter exists. 

• Overview:  
• We should search for it.
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How do we look for        
Dark Matter?

• What do we think dark matter is? 
• What tools do we have available?

3

A thermal relic of the Early Universe 
(Important: this is a guess)

Detectors capable of measuring 
weak-scale interactions with SM
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Thermal Dark Matter
• Assume dark matter was in equilibrium with the 

thermal bath of Standard Model particles 
• Then need annihilation                                       to 

avoid overclosure 
• Sets a minimum 

• Approximately the                                               
Weak Scale 

• We can look for this! 

4

Increasing  
Decreasing Yield
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Thermal Dark Matter

• The Thermal Dark Matter ansatz gives us a reason 
to expect interactions at the detectors we have 
available at the rates we can detect.
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How’s that Working out for Us?
• So far, only negative results. 
• Definitely probing the parameter space of interest.

6
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accidental coincidences, facc, is taken to be separable,
that is, facc(S1, log10S2) = f1(S1) ⇥ f2(log10 S2). The
individual di↵erential rates of isolated S1 pulses (f1) and
isolated S2 pulses (f2) are measured from WIMP-search
data. Because of their uncorrelated nature, these events
are modeled as uniform in {xS2, yS2, zS2}.

A protocol for blinding the data to potential NR
WIMP signatures, to reduce analysis bias, began on De-
cember 8th, 2014 and was carried through the end of
the exposure. Artificial WIMP-like events (“salt”) were
manufactured from sequestered 3H calibration data and
introduced into the data at an early stage in the data
pipeline, uniform in time and position within the fiducial
volume. Individual S1 and S2 waveforms from this data
set were paired to form events consistent with a nuclear
recoil S2 vs S1 distribution. Some S2-only salt events
were added as well. The nuclear recoil energy distribu-
tion of these events had both an exponential (WIMP-
like) and flat component. The four parameters describing
these distributions (the exponential slope, the flat popu-
lation’s end point, the total rate, and the relative ratio of
exponential vs. flat rates) were chosen at random within
loose constraints and were unknown to the data analyz-
ers. The salt event trigger times were sequestered by an
individual outside the LUX collaboration until formally
requested for unblinding, after defining the data selection
criteria, e�ciencies, and PLR models.

Following the removal of salt events, two populations
of pathological S1+S2 accidental coincidence events were
identified in which the S1 pulse topologies were anoma-
lous. In the first of these rare topologies, ⇠80% of the
collected S1 light is confined to a single PMT, located in
the edge of the top PMT array. This light distribution
is inconsistent with S1 light produced in the liquid, but
is consistent with light produced outside the field cage
and leaking into the TPC. A loose cut on the maximum
single PMT waveform area as a fraction of the total S1
waveform area is tuned on ER and NR calibrations to
have >99% flat signal acceptance. The second popula-
tion of anomalous events also features a highly clustered
S1 response in the top array, as well as a longer S1 pulse
shape than typical of liquid interactions; these pulses are
consistent with scintillation from energy deposited in the
gaseous xenon. A loose cut on the fraction of detected
S1 light occurring in the first 120 ns of the pulse is simi-
larly tuned on ER and NR calibration data to have >99%
signal acceptance across all energies. These two cuts, de-
veloped and applied after unblinding, feature very high
signal acceptance, are tuned solely on calibration data,
and only eliminate events that clearly do not arise from
interactions in the liquid.

The result presented here includes the application of
these two postunblinding cuts, and additionally includes
31.82 live days of nonblinded data, collected at the be-
ginning of the WS2014–16 exposure before the start of
the blinding protocol.

WIMP signal hypotheses are tested with a PLR statis-
tic as in [9], scanning over spin-independent WIMP-
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% C.L. The solid gray curves show
the exclusion curves from LUX WS2013 (95 live days) [9] and
LUX WS2014–16 (332 live days, this work). These two data
sets are combined to give the full LUX exclusion curve in
solid black (“LUX WS2013+WS2014–16”). The 1– and 2–�
ranges of background-only trials for this combined result are
shown in green and yellow, respectively; the combined LUX
WS2013+WS2014–16 limit curve is power constrained at the
–1� level. Also shown are limits from XENON100 [44] (red),
DarkSide-50 [45] (orange), and PandaX-II [46] (purple). The
expected spectrum of coherent neutrino-nucleus scattering by
8B solar neutrinos can be fit by a WIMP model as in [47],
plotted here as a black dot. Parameters favored by SUSY
CMSSM [48] before this result are indicated as dark and light
gray (1– and 2–�) filled regions.

nucleon cross sections at each value of WIMP mass.
Nuclear-recoil energy spectra for the WIMP signal are
derived from a standard Maxwellian velocity distribution
with v0 = 220 km/s, vesc = 544 km/s, ⇢0 = 0.3GeV/cm3,
average Earth velocity of 245 km/s, and a Helm form fac-
tor. Detector response nuisance parameters, describing
all non-negligible systematic uncertainties in the signal
and background models, are listed with their constraints
and observed fit values in Table I. Systematic variation of

TABLE I. Model parameters in the best fit to WS2014–16
data for an example 50GeV c

�2 WIMP mass. Constraints
are Gaussian with means and standard deviations indicated.
Fitted event counts are after cuts and analysis thresholds.

Parameter Constraint Fit Value

Lindhard k [11] 0.174± 0.006 -

Low-z-origin � counts 94± 19 99± 14

Other � counts 511± 77 590± 34

� counts 468± 140 499± 39
8B counts 0.16± 0.03 0.16± 0.03

PTFE surface counts 14± 5 12± 3

Random coincidence counts 1.3± 0.4 1.6± 0.3

LUX 1608.07648
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Figure 2: 95% CL upper limits on the thermally-averaged cross-section for DM particles annihilating into
bb̄ (upper-left), W+W� (upper-right), ⌧+⌧� (bottom-left) and µ+µ� (bottom-right) pairs. Thick solid lines
show the limits obtained by combining Fermi-LAT observations of 15 dSphs with MAGIC observations of
Segue 1. Dashed lines show the observed individual MAGIC (short dashes) and Fermi-LAT (long dashes)
limits. J-factor statistical uncertainties (Table 1) are considered as described in Section 3.2. The thin-dotted
line, green and yellow bands show, respectively, the median and the symmetrical, two-sided 68% and 95%
containment bands for the distribution of limits under the null hypothesis (see main text for more details).
The red-dashed-dotted line shows the thermal relic cross-section from Ref. [54].

this magnitude would be expected in 5% of the experiments under the null hypothesis and
is therefore compatible with random fluctuations.

As expected, limits in the low and high ends of the considered mass range are dominated
by Fermi -LAT and MAGIC observations, respectively, and the combined limits coincide
with the individual ones. The combination provides a significant improvement in the range
between ⇠1 and ⇠100 TeV (for bb̄ and W+W�) or ⇠0.2 and ⇠2 TeV (for ⌧+⌧� and µ+µ�),

– 9 –

Fermi+MAGIC 1601.06950
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Is Thermal Dark Matter Dead?

• Translation between annihilation cross section and 
experimental rates very model-dependent. 

• Can’t (easily) kill “thermal dark matter.”  
• Can only eliminate specific models.
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accidental coincidences, facc, is taken to be separable,
that is, facc(S1, log10S2) = f1(S1) ⇥ f2(log10 S2). The
individual di↵erential rates of isolated S1 pulses (f1) and
isolated S2 pulses (f2) are measured from WIMP-search
data. Because of their uncorrelated nature, these events
are modeled as uniform in {xS2, yS2, zS2}.

A protocol for blinding the data to potential NR
WIMP signatures, to reduce analysis bias, began on De-
cember 8th, 2014 and was carried through the end of
the exposure. Artificial WIMP-like events (“salt”) were
manufactured from sequestered 3H calibration data and
introduced into the data at an early stage in the data
pipeline, uniform in time and position within the fiducial
volume. Individual S1 and S2 waveforms from this data
set were paired to form events consistent with a nuclear
recoil S2 vs S1 distribution. Some S2-only salt events
were added as well. The nuclear recoil energy distribu-
tion of these events had both an exponential (WIMP-
like) and flat component. The four parameters describing
these distributions (the exponential slope, the flat popu-
lation’s end point, the total rate, and the relative ratio of
exponential vs. flat rates) were chosen at random within
loose constraints and were unknown to the data analyz-
ers. The salt event trigger times were sequestered by an
individual outside the LUX collaboration until formally
requested for unblinding, after defining the data selection
criteria, e�ciencies, and PLR models.

Following the removal of salt events, two populations
of pathological S1+S2 accidental coincidence events were
identified in which the S1 pulse topologies were anoma-
lous. In the first of these rare topologies, ⇠80% of the
collected S1 light is confined to a single PMT, located in
the edge of the top PMT array. This light distribution
is inconsistent with S1 light produced in the liquid, but
is consistent with light produced outside the field cage
and leaking into the TPC. A loose cut on the maximum
single PMT waveform area as a fraction of the total S1
waveform area is tuned on ER and NR calibrations to
have >99% flat signal acceptance. The second popula-
tion of anomalous events also features a highly clustered
S1 response in the top array, as well as a longer S1 pulse
shape than typical of liquid interactions; these pulses are
consistent with scintillation from energy deposited in the
gaseous xenon. A loose cut on the fraction of detected
S1 light occurring in the first 120 ns of the pulse is simi-
larly tuned on ER and NR calibration data to have >99%
signal acceptance across all energies. These two cuts, de-
veloped and applied after unblinding, feature very high
signal acceptance, are tuned solely on calibration data,
and only eliminate events that clearly do not arise from
interactions in the liquid.

The result presented here includes the application of
these two postunblinding cuts, and additionally includes
31.82 live days of nonblinded data, collected at the be-
ginning of the WS2014–16 exposure before the start of
the blinding protocol.

WIMP signal hypotheses are tested with a PLR statis-
tic as in [9], scanning over spin-independent WIMP-
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% C.L. The solid gray curves show
the exclusion curves from LUX WS2013 (95 live days) [9] and
LUX WS2014–16 (332 live days, this work). These two data
sets are combined to give the full LUX exclusion curve in
solid black (“LUX WS2013+WS2014–16”). The 1– and 2–�
ranges of background-only trials for this combined result are
shown in green and yellow, respectively; the combined LUX
WS2013+WS2014–16 limit curve is power constrained at the
–1� level. Also shown are limits from XENON100 [44] (red),
DarkSide-50 [45] (orange), and PandaX-II [46] (purple). The
expected spectrum of coherent neutrino-nucleus scattering by
8B solar neutrinos can be fit by a WIMP model as in [47],
plotted here as a black dot. Parameters favored by SUSY
CMSSM [48] before this result are indicated as dark and light
gray (1– and 2–�) filled regions.

nucleon cross sections at each value of WIMP mass.
Nuclear-recoil energy spectra for the WIMP signal are
derived from a standard Maxwellian velocity distribution
with v0 = 220 km/s, vesc = 544 km/s, ⇢0 = 0.3GeV/cm3,
average Earth velocity of 245 km/s, and a Helm form fac-
tor. Detector response nuisance parameters, describing
all non-negligible systematic uncertainties in the signal
and background models, are listed with their constraints
and observed fit values in Table I. Systematic variation of

TABLE I. Model parameters in the best fit to WS2014–16
data for an example 50GeV c

�2 WIMP mass. Constraints
are Gaussian with means and standard deviations indicated.
Fitted event counts are after cuts and analysis thresholds.

Parameter Constraint Fit Value

Lindhard k [11] 0.174± 0.006 -

Low-z-origin � counts 94± 19 99± 14

Other � counts 511± 77 590± 34

� counts 468± 140 499± 39
8B counts 0.16± 0.03 0.16± 0.03

PTFE surface counts 14± 5 12± 3

Random coincidence counts 1.3± 0.4 1.6± 0.3

LUX 1608.07648
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Figure 2: 95% CL upper limits on the thermally-averaged cross-section for DM particles annihilating into
bb̄ (upper-left), W+W� (upper-right), ⌧+⌧� (bottom-left) and µ+µ� (bottom-right) pairs. Thick solid lines
show the limits obtained by combining Fermi-LAT observations of 15 dSphs with MAGIC observations of
Segue 1. Dashed lines show the observed individual MAGIC (short dashes) and Fermi-LAT (long dashes)
limits. J-factor statistical uncertainties (Table 1) are considered as described in Section 3.2. The thin-dotted
line, green and yellow bands show, respectively, the median and the symmetrical, two-sided 68% and 95%
containment bands for the distribution of limits under the null hypothesis (see main text for more details).
The red-dashed-dotted line shows the thermal relic cross-section from Ref. [54].

this magnitude would be expected in 5% of the experiments under the null hypothesis and
is therefore compatible with random fluctuations.

As expected, limits in the low and high ends of the considered mass range are dominated
by Fermi -LAT and MAGIC observations, respectively, and the combined limits coincide
with the individual ones. The combination provides a significant improvement in the range
between ⇠1 and ⇠100 TeV (for bb̄ and W+W�) or ⇠0.2 and ⇠2 TeV (for ⌧+⌧� and µ+µ�),

– 9 –

Fermi+MAGIC 1601.06950
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Supersymmetry

8

• Natural dark matter candidate: 

• For LHC-accessible dark matter                     : 
•     has too little annihilation,                   have too much 

• Good news! 
• Successful SUSY dark matter often                                           

requires some new particles around 
• stau coannihilation, A-funnel, etc. 

• Non-discovery of MSSM at LHC                                    
suggests theory needs modification

Annalen der Physik, April 21, 2015

O
riginalPaper

Figure 1 (online color at: www.ann-phys.org) Neutralino
relic density (upper panel) and scaled scattering cross section
(lower panel) in the MSSM as a function of its mass. The
colours indicate the nature of the neutralino LSP.

for the pMSSM points with neutralino LSP. First, we apply
a strict bound requiring the neutralino relic density is in
agreement with the dark matter relic density obtained
from the PLANCK data, ≠C DM h2 [22], allowing for sys-
tematic uncertainties, i.e. 0.090 < ≠¬h2 < 0.163. Then,
we also consider a looser constraint, by requesting that
the neutralino relic density does not exceed the upper
bound on the dark matter density from the CMB data, i.e.
10°5 <≠¬h2 < 0.163, again after acconting for systematic
uncertainties. This allows for additional sources of dark
matter, other than the neutralino LSP. In this case, it is
appropriate to rescale the ¬ scattering cross section for
the neutralino LSP case by the ratio of the neutralino relic
density to the CMB value, referred to in the following as
“scaled scattering cross section”.

For this study we consider the constraints derived
from the LHC data obtained in the 7+8 TeV runs, the
results from direct DM searches at LUX [4] and the
perspectives for the LHC Run 2, the HL-LHC program,
the ILC and LZ. The expected accuracies for the de-
termination of the Higgs properties for the future pro-
grams are taken from the compilation in [5]. The AT-

LAS and CMS experiments at the LHC have pursued a
vast program of searches for SUSY particles. We test the
compatibility of the accepted pMSSM points with the
bounds implied by a selection of these searches. Event
samples are generated and a parametric simulation for
the event reconstruction is performed. We apply the
signal selection criteria for the ATLAS analyses in the
jets+MET [23], b-jets+MET [24], `(s)+(b)jets+MET [25,26],
2 & 3 `s+MET [27,28], `+bb+MET [29] channel, the ATLAS
and CMS searches in the mono-jet channel [30, 31] and
the CMS search for H/A ! øø [32]. The number of SM
background events in the signal regions are taken from
the estimates by the experiments and rescaled accordingly
for the future projections. The 95% confidence level (C.L.)
exclusion of each SUSY point in presence of background
only is determined using the CLs method [33].

3 Higgs sensitivity to SUSY

The lightest MSSM Higgs boson, h0, represents the super-
symmetric counterpart of the SM Higgs boson, H 0

SM . It is
well known that the effects of the extended Higgs sector
and loops of SUSY particles, mostly t̃ , b̃, ø̃ and ¬± may
result in shifts of the h0 couplings to fermions and gauge
bosons compared to those of the SM Higgs boson and thus
affect its decay widths and branching fractions [18, 34].
These effects, if detected in the precision study of the
Higgs profile at the LHC and an e+e° collider, may not
only indirectly signal the existence of supersymmetry but
also point to the value of some of the SUSY parameters.

In our study we test the compatibility of the Higgs
properties for each accepted pMSSM point with those pre-
dicted for the SM Higgs by computing the ¬2 probability
for the Higgs signal strengths normalised to its SM expec-
tation, µ= (æ£BR)/(æ£BR)|SM , of the h ! bb, øø, W W ,
Z Z and ∞∞ channels for the LHC and for the branching
fractions of the h ! bb, cc , øø, W W , Z Z and ∞∞ channels
for an e+e° collider.

An interesting question arises concerning the indirect
sensitivity to new physics through the study of the Higgs
branching fractions compared to the direct sensitivity
from LHC searches in the MET and other channels. The
rapid increase of the mass bounds for SUSY particles at
the LHC and the expected 1/M 2 decrease of the effect of
new particles to the Higgs couplings brings into question
the role of the precision study of the Higgs profile by the
time when hundreds of fb°1 of 14 TeV will have been col-
lected by ATLAS and CMS. The answer to this question
depends largely on the particle under consideration.

Copyright line will be provided by the publisher 3

Arbey, Battaglia, and Mahmoudi 1504.05091
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Supersymmetry
• Pure Winos or Higgsinos are too heavy to be seen 

at the LHC 
• Need to look via direct and indirect detection

9

FIG. 8. Exclusion plot for an NFW profile with the wino making up only some fraction of the dark

matter. Expression for NFW profile with coring given in Eq. 51.

FIG. 9. The amount of coring required for the wino to become viable with respect to the HESS

constraint shown in Fig. 7 for the cuto↵-NFW profile (Eq. 51). The three curves display the e↵ect

of variation in the local dark matter density.

shown in Fig. 8. With the theoretical uncertainty on its annihilation rate now under control

at the O(1%) level,11 the discovery of a wino at future indirect detection experiments, such

11 It would be an interesting exercise to extend this analysis to NLL. We have computed the running of our

Wilson coe�cients from the one-loop cusp anomalous dimensions. One would also need one-loop non-

cusp, two-loop cusp, and the �-function running of ↵W . These were included in the exclusive-observable

calculations of [25, 26]. Additionally, the one-loop running of our fragmentation functions, Eq. 11, is
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Figure 10: Shaded areas denote the maximal region in the M
2

vs |µ| � M
2

plane for
µ > 0 where the relic density is as observed and the limit from dSphs di↵use gamma
searches is respected within parameter ranges considered. The darker the grey region,
the more stringent is the choice of the bound as described in the text. The grey lines
mark the weakest possible limit of the region excluded by the 2016 LUX results and the
same limit weakened by a factor of two as indicated. The limit from the previous LUX
result is the dotted line. The di↵erent bounds are calculated at di↵erent parameter sets
p1, p2 and p3, as indicated.

Note that the direct detection limits presented on the plot are for the choice of
MSSM parameters giving the weakest possible constraints. This is possible because the
boundaries of the maximal region allowed by indirect searches do not depend as strongly
on the parameters governing the wino-Higgsino mixing as the spin-independent scattering
cross section does. The only exceptions are the boundaries of the mixed-wino region,
arising from the relic density constraint, which indeed depend strongly on M

sf

. However,
as varying these boundaries does not significantly change the allowed region, since it is
mostly in the part excluded by the LUX data, we choose to display the LUX bound for a
value of M

sf

di↵erent from that defining these boundaries. Therefore, all in all, the case
of the mixed wino-Higgsino with µ > 0 is verging on being excluded by a combination
of direct and indirect searches, when imposing that the lightest neutralino accounts for
the entire thermally produced dark matter density of the Universe. Note, however, that
the small close-to-pure wino region is not a↵ected by direct detection constraints.

22

Wino/Higgsino  
1611.00804
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Supersymmetry
• For mixed neutralinos, tend to need other “light” 

particles around to annihilate with/through.

10

Closer Look: Stop Searches
• Fully Hadronic:

• Top pT varies with Δm for 
Signal, categorize by 
counting 
• Boosted tops, boosted 

W’s 
• Resolved Top

SUS-16-049
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Supersymmetry
• Hard to find electroweakinos with small splittings 

• Generalizes to             -multiplet WIMPs

11
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Winos with a mass up to 
430 GeV are excluded at 
95% C.L. for 

DRAFT

9 Results331

The fitted pT spectra are shown in figure 4. The fit results for the background yields in the hadron+electron,332

muon and mismeasured components in the high-Emiss
T region for the electroweak (strong) channel search333

are: 139.0±13.8, 0.4±0.0 and 11.9±7.6 (31.9±5.7, 0.1±0.0 and 0.0±4.6), respectively. Table 2 lists the334

observed events together with the predicted background and signal yields in the high-Emiss
T region with a335

tracklet pT > 100 GeV requirement, the compatibility level with the background-only hypothesis (CLb)336

and the model independent upper limit on the signal cross section. The confidence levels are computed337

based on the asymptotic formula [55] and following the CLs prescription [56]. The observed data are338

consistent with the background expectations.339

(high-Emiss
T , pT > 100 GeV) Electroweak channel Strong channel

Observed events 9 2

Expected background 11.5 ± 3.1 2.3 ± 0.5

Signal 10.4 ± 1.7 4.1 ± 0.5

CLb 0.403 0.647

Observed �95%
vis [fb] 0.24 0.12

Expected �95%
vis [fb] 0.30+0.13

�0.14 0.11+1.53
�0.04

Table 2: Observed events, background predictions, and expected signal yields for two benchmark models: elec-
troweak channel with (m�̃±1

, ⌧�̃±1 ) =(400 GeV, 0.2 nsec) and strong channel with (mg̃, m�̃±1
, ⌧�̃±1 ) =(1600 GeV,

500 GeV, 0.2 nsec) in the high-Emiss
T region. Also shown are the CLb and the model-independent upper limit on the

visible cross section (�95%
vis ) at 95% CL.

As no excess is found, exclusion limits are computed on the signal strength. Figure 5 shows the exclusion340

limits in the m�̃±1
�⌧�̃±1 plane for the electroweak channel, where ⌧�̃±1 is the lifetime of the chargino. A large341

region is excluded by this analysis while the 8 TeV result [16] has higher sensitivity for long lifetimes due342

to the use of longer tracklets. For ⌧�̃±1 ⇠ 0.2 ns, which corresponds to �m�̃1 ⇠ 160 MeV in the minimal343

AMSB model, winos with a mass up to 430 GeV are excluded at 95% CL. Figure 6 shows the exclusion344

limits in the mg̃ � m�̃±1
plane for the strong channel. For a chargino lifetime of 0.2 ns, gluino masses up345

to 1.6 TeV are excluded assuming a chargino mass of 430 GeV, and chargino masses up to 1.15 TeV are346

excluded assuming very compressed spectra with a mass di�erence between the gluino and the chargino347

of less than 200 GeV.348
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Pixel tracklets lead to significant 
improvement of sensitivity for the 
important region of small lifetimes 
(~ 0.2ns) w.r.t. Run1.
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Figure 7: Observed and expected exclusion limits on the �̃0
2, �̃±1 and �̃0

1 masses in the context of SUSY scenarios
with simplified mass spectra for direct �̃+1 �̃

�
1 pair production using the two-lepton signal regions (a) and direct

�̃±1 �̃
0
2 production using the three-lepton signal regions (b). The contours of the band around the expected limit are

the ±1� results, including all uncertainties except theoretical uncertainties on the signal cross-section. The dotted
lines around the observed limit illustrate the change in the observed limit as the nominal signal cross-section is
scaled up and down by the theoretical uncertainty. All limits are computed at 95% CL. The observed limits obtained
from ATLAS during LHC Run I are also shown [19–21].

10 Conclusion

A search for the electroweak production of supersymmetric particles in events with exactly two- and
three-leptons and Emiss

T is presented. The analysis is performed with proton-proton collision data atp
s = 13 TeV collected with the ATLAS detector at the Large Hadron Collider corresponding to an

integrated luminosity of 13.3 fb�1. With no significant excess over the Standard Model expectation
observed, results are interpreted in the framework of simplified models featuring chargino and neutralino
production. The limits set by this search extend the previous ones set during the LHC Run I by 140 GeV
for the �̃+1 �̃

�
1 production and by 300 GeV for the case of �̃±1 �̃

0
2 production.

19

ATLAS-CONF-2016-096
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Effective Operators

12

• Supersymmetry is great for naturalness (and dark 
matter), but we don’t care about naturalness here. 
• So free to build new models which aren’t natural. 

• Effective theory is only valid if 

• At the LHC
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Effective Operators
• Supersymmetry is great for naturalness (and dark 

matter), but we don’t care about naturalness here. 
• So free to build new models which aren’t natural.
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Monojets/Mono-X
• Probes a combination of visible-invisible couplings

14

14 6 Results and interpretation

cross section, denoted by µ = s/sth, with the CLs method [79, 80], using the asymptotic ap-
proximation [81]. Limits are obtained as a function of the mediator mass, mmed, and the DM
mass, mDM. In the case of the vector, axial-vector and scalar mediators, limits are computed
on the combined cross section due to the monojet and mono-V signal processes. In the case
of the pseudoscalar mediator, limits are computed assuming only the monojet signal process.
The mono-V signal process (Fig. 2, right), in which a pseudoscalar mediator couples directly to
vector bosons, is ill-defined without making additional assumptions [82] and therefore is not
included. Figure 8 shows the exclusion contours in the mmed–mDM plane for the vector and
axial-vector mediators. Mediator masses up to 1.95 TeV and DM masses up to 750 and 550 GeV
are excluded for the vector and axial-vector models, respectively, at 95% CL. Figure 9 shows
the exclusion contours in the mmed–mDM plane for the scalar and pseudoscalar mediators. For
scalar mediators, masses up to 100 GeV and DM masses up to 35 GeV are excluded at 95% CL,
and no exclusion is expected or observed considering only the monojet signal process. Pseu-
doscalar mediator masses up to 430 GeV and DM masses up to 170 GeV are excluded at 95%
CL. Figure 10 shows the limits for the spin-0 models as a function of the mediator mass, as-
suming the DM mass to be 1 GeV. In the case of the scalar mediator limits are computed for the
monojet signal process, and for the combination of the monojet and mono-V signal processes.

Figure 8: Exclusion limits at 95% CL on the signal strength µ = s/sth in the mmed–mDM plane
assuming vector (left) and axial-vector (right) mediators. The limits are shown for mmed be-
tween 150 GeV and 2.5 TeV, and mDM between 50 GeV and 1.2 TeV. While the excluded area is
expected to extend below these minimum values of mmed and mDM, the axes do not extend be-
low these values as the signal simulation was not performed in this region. The solid (dotted)
red (blue) line shows the contour for the observed (expected) exclusion. The solid contours
around the observed limit and the dashed contours around the expected limit represent one
standard deviation theoretical uncertainties in the signal cross section and the combination of
the statistical and experimental systematic uncertainties, respectively. Constraints from the
Planck satellite experiment [83] are shown with the dark green contours and associated hatch-
ing. The hatched area indicates the region where the DM density exceeds the observed value.

Figures 8 and 9 also show the constraints from the observed cosmological relic density of DM
as determined from measurements of the cosmic microwave background by the Planck satellite
experiment [83]. The expected DM abundance is estimated using the thermal freeze-out mech-
anism implemented in the MADDM [84] package, and compared to the observed cold DM
density Wch2 = 0.12 [85], where Wc is the DM relic abundance and h is the Hubble constant,
under the assumption that a single DM particle describes DM interactions in the early uni-

6.2 Invisible decays of the Higgs boson 15

Figure 9: Exclusion limits at 95% CL on signal strength the µ = s/sth in the mmed–mDM plane
assuming scalar (left) and pseudoscalar (right) mediators. The limits are shown for mmed be-
tween 50 and 500 GeV, and mDM between 0 and 300 GeV. While the excluded area is expected
to extend below the minimum value of mmed, the axis does not extend below this value as the
signal simulation was not performed in this region. The red line shows the contour for the ob-
served exclusion. The solid red contours around the observed limit represent one standard de-
viation theoretical uncertainties in the signal cross section. The dashed blue contour in the case
of the scalar mediator shows the �1s deviation due to the combination of the statistical and
experimental systematic uncertainties. Constraints from the Planck satellite experiment [83]
are shown with the dark green contours and associated hatching. The hatched area indicates
the region where the DM density exceeds the observed value.

verse and that this particle only interacts with SM particles through the considered simplified
model [86].

The limits obtained using the simplified DM models may be compared to the results from direct
and indirect DM detection experiments, which are usually expressed as 90% CL upper limits
on the DM-nucleon scattering cross sections. The approach outlined in Refs. [30, 87, 88] is used
to translate the exclusion contours into the mDM vs. sSI/SD plane where sSI/SD are the spin-
independent/spin-dependent DM-nucleon scattering cross sections. These limits are shown in
Fig. 11 for the vector and axial-vector mediators, and in Fig. 12 (left) for the scalar mediator.
When compared to the direct detection experiments, the limits obtained from this search pro-
vide stronger constraints for dark matter masses less than 5, 9 and 550 GeV, assuming vector,
scalar, and axial-vector mediators, respectively. In the case of the pseudoscalar mediator, the
90% CL upper limits are compared in Fig. 12 (right) with the indirect detection results in terms
of the velocity-averaged DM annihilation cross section from the Fermi–LAT Collaboration [89],
and provide stronger constraints for DM masses less than 200 GeV.

6.2 Invisible decays of the Higgs boson

The results of this search are also interpreted in terms of an upper limit on the product of the
cross section and branching fraction B(H ! inv), relative to the predicted cross section (sSM)
of the Higgs boson assuming SM interactions, where the Higgs boson is produced through
gluon fusion (ggH) along with a jet; in association with a vector boson (ZH, WH); or through
vector boson fusion (VBF). The predictions for the Higgs boson production cross section and
the corresponding theoretical uncertainties are taken from the recommendations of the LHC
Higgs cross section working group [100]. If the production cross section of the Higgs boson

CMS 1703.01651
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Associated Channels
• A single model can result in multiple correlated final 

states (remember to include all of them)

15

ing, it is reasonable to construct models where
the scalar or pseudoscalar coupling to the SM
fermions is weighted by the SM Yukawa cou-
plings [24]. Assuming minimal flavour viola-
tion (MFV) [25, 26, 27, 28], the discovery po-
tential for scalar and pseudoscalar interactions
in the monojet channel (mediated by top-quark
loops similar to gluon-fusion Higgs production)
is significantly improved when considering pro-
cesses where the dark matter couples to mas-
sive third generation quarks [29], in particu-
lar top quarks. This has motivated analyses
searching for events in which the dark mat-
ter particles are produced in association with
a pair of top quarks (tt̄+DM) [30, 31] or with
one or two bottom quarks (b(b)+DM) [32, 33],
performed by the ATLAS and CMS collabora-
tions with the data collected in 2015 at

Ô
s = 13

TeV.
What has not been previously appreciated is
that this same model predicts additional pro-
duction mechanisms for dark matter particles,
created along with a single top quark (t/t̄ +
DM), rather than a pair. The main production
diagrams for this single top process are shown
in Figure 1. The production of the single top is
obtained through processes mediated by a vir-
tual t–channel or s–channel W boson (Figure 1
(a) and (b) respectively), or through the asso-
ciated production with a W boson (Figure 1 (c)
and (d)). So far, final states involving a single
top quark and missing energy ( /

ET) from dark
matter particles have been studied only con-
sidering flavour-changing neutral interactions
[34, 35, 36].
In this article we demonstrate for the first
time that dark matter production in associa-
tion with a single top quark, as predicted by
spin-0 simplified models, yields a sizeable con-
tribution that should be accounted for in heavy
flavour searches. In spite of the generally lower
cross sections, single top quark processes have
a di�erent production mode and kinematics,
resulting in overall rates comparable to top
quark pair associated production, especially for
a large mediator mass. As a consequence, we
find that the sensitivity of the ATLAS and
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Figure 1: Main production diagrams for the associ-
ated production of dark matter with a single top at the
LHC: (a) s–channel W boson production, (b) t–channel
W boson production, and (c)–(d) associated tW produc-
tion

CMS searches can be further improved through
the inclusion of this channel with respect to the
tt̄+DM process alone, based on the results pub-
lished by CMS in 2.2 fb≠1 of data [31].

Simplified model for dark mat-

ter and single top quark pro-

duction

We assume the dark matter particles ‰ are
Dirac fermions, with the interaction between
the SM and dark matter sectors mediated ei-
ther by a massive electrically neutral scalar �
or a pseudo-scalar A particle [24], collectively
referred to as Ï. The Lagrangian terms of such
interactions can be expressed as:

L� ∏ g‰�‰̄‰ + gv�Ô
2

ÿ

f

(yf f̄f) (1)

LA ∏ ig‰A‰̄“

5
‰ + igvAÔ

2
ÿ

f

(yf f̄“

5
f). (2)

Here, the sum runs over the SM fermions
f , yf =

Ô
2mf /v are the Yukawa couplings

with the Higgs field vacuum expectation value
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2 2 The CMS detector
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Figure 2: Leading order Feynman diagrams of monojet (left) and mono-V (right) production
and decay of a spin-0 mediator.

2 The CMS detector
The CMS detector is a multi-purpose apparatus designed to study a wide range of physics
processes in proton-proton and heavy ion collisions. Its central feature is a superconducting
solenoid of 6 m internal diameter that produces a magnetic field of 3.8 T parallel to the beam
direction. A silicon pixel and strip tracker is contained inside the solenoid and measures the
momentum of charged particles up to a pseudorapidity of |h| = 2.5. The tracker is surrounded
by a lead tungstate crystal electromagnetic calorimeter (ECAL) and a sampling hadron calori-
meter (HCAL) made of brass and scintillator, which provide coverage up to |h| = 3. The steel
and quartz-fiber Čerenkov hadron forward calorimeter extends the coverage to |h| = 5. The
muon system consists of gas-ionization detectors embedded in the steel flux-return yoke of the
solenoid, and covers |h| < 2.4. A more detailed description of the CMS detector, together with
a definition of the coordinate system used and the relevant kinematic variables, can be found
in Ref. [38].

The particle-flow (PF) event algorithm [39, 40] reconstructs and identifies each individual par-
ticle with an optimized combination of information from the various elements of the CMS
detector. The energy of photons is directly obtained from the ECAL measurement. The energy
of electrons is determined from a combination of the electron momentum at the primary in-
teraction vertex as determined by the tracker, the energy of the corresponding ECAL cluster,
and the energy sum of all bremsstrahlung photons spatially compatible with originating from
the electron track. The energy of muons is obtained from the curvature of the corresponding
track. The energy of charged hadrons is determined from a combination of their momentum
measured in the tracker and the matching ECAL and HCAL energy deposits, corrected for
zero-suppression effects and for the response function of the calorimeters to hadronic showers.
Finally, the energy of neutral hadrons is obtained from the corresponding ECAL and HCAL
energies.

The missing transverse momentum vector (~pmiss
T ) is computed as the negative vector sum of

the transverse momenta (pT) of all the PF candidates in an event, and its magnitude is denoted
as Emiss

T . Jets are reconstructed by clustering PF candidates using the anti-kT algorithm [41].
Jets clustered with distance parameters of 0.4 and 0.8 are referred to as AK4 and AK8 jets, re-
spectively. The primary vertex with the largest sum of p2

T of the associated tracks is chosen
as the vertex corresponding to the hard interaction in an event. All charged PF candidates
originating from any other vertex are ignored during the jet reconstruction. Jet momentum is
determined as the vectorial sum of all particle momenta in the jet, and is found from simulation
to be within 5 to 10% of the true momentum, over the whole pT spectrum and detector accep-
tance. An offset correction is applied to jet energies to take into account the contribution from
additional proton-proton interactions within the same or adjacent bunch crossings (pileup). Jet
energy corrections are derived from simulation and are confirmed with in situ measurements

12

FIG. 10: Representative Feynman diagrams contributing to heavy quark flavor plus dark matter production at the
LHC in our Simplified Models.

i) The di↵erent dependence on the scalar and pseudoscalar widths on � have an important e↵ect on the results.
For the light mediator, the scalar partial width into dark matter (/ �3) significantly reduces the total cross
section when compared to the pseudoscalar (/ �). As a result, the couplings to the scalar must be larger
than the pseudoscalar for the 100 GeV mediators. For the heavy mediator, neither scenario has a significant
kinematic suppression. This is dependent on our choice of dark matter mass; as the dark matter mass increases,
we expect to see the scalar bounds weaker faster than the pseudoscalar. This is explicitly an e↵ect due to on-shell
production of the mediator; if the dark matter mass was heavier than m�(A)

/2, then the monojet channel would
only be sensitive to production of dark matter via an o↵-shell mediator, which does not scale with the kinematic
suppression factor. In Figure 9, we show the scaling of the monojet bound as a function of dark matter mass,
assuming a 100 GeV scalar or pseudoscalar (and ��(A)

/m�(A)

= 10�3).

ii) In the case of the MCFM results, the changing width only causes a rescaling of the total rate of mediator production
times decay into dark matter through the changing branching ratios. While this is the dominate e↵ect for the
finite width calculation, there is a subleading e↵ect at ��(A)

/m�(A)

& 0.1, where the tail of the mediator pT

distribution (and thus the MET) can be increased relative to the narrow width approximation. This is a result
of the mediator being able to be produced with q2 very far away from the expected mass, convolved with the
proton parton distribution functions. For the 100 GeV mediators, as the width is increased this secondary e↵ect
causes the bound on g�gv to weaken less rapidly than one would expect from the branching ratio alone. The
e↵ect is negligible for the 375 GeV mediators.

B. Heavy Flavor Searches

One would expect that the strongest constraint that the LHC can place on the dark matter decay channels of
our benchmark scalar and pseudoscalar mediators comes from the general jets plus missing transverse energy search
discussed previously, as the production cross section here is highest. However, channels with missing energy associated
with particles other than untagged jets can have significantly lower backgrounds (and di↵erent systematics) than the
monojets. Therefore, we can and should consider searches in additional channels. Though we will often find that
limits placed on the couplings will be weaker than those placed by the monojet search, this approach is still critical
as the LHC continues to ramp up to higher energies and luminosities. Recall that we are working with a simplified
model, purposefully constructed to minimize the number of free parameters. Therefore, under these assumptions
we can predict the exact ratio of signal strength in multiple channels, as the cross section for each is set by the
same masses and couplings. However, we must be open to deviations from the simplified model. For example, if the
couplings to up- and down-type couplings are not set by a universal coupling gv, or if the loop-induced gluon coupling
does not depend solely on the couplings to top and bottom quarks, then it is quite possible that the signal in the
monojet channel could be suppressed relative to other production mechanisms. Discovery in more than one channel
would also allow better understanding of the theoretical underpinnings of any new physics.

With that motivation in mind, it is clearly important to look for new physics in many associated channels. Even when
considering modifications to the baseline models, it is still reasonable to assume that the interactions with fermions
are largely MFV, and therefore that the mediator is most strongly coupled to the heaviest fermions. Therefore, we
show here limits on production of the � or A in association with top and bottom quarks, followed by the invisible
decay of the mediator into dark matter. Some of the main production diagrams for such processes are shown in
Figure 10.

We use the CMS dedicated search for dark matter produced in events with dileptonic tops [126], performed on
19.7 fb�1 of integrated luminosity at the 8 TeV LHC. The analysis requires exactly two isolated leptons with individual
pT > 20 GeV and

P
pt > 120 GeV, and at least two jets with pT > 30 GeV. The invariant mass of the leptons must

(Pinna et al. 1701.05195)

monojet dileptonic
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Visible vs. Invisible
• Mediators connected to Standard Model can decay 

back into Standard Model 
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CMS Z’→ dijet searches DM Interpretation

Benchmark: Axial-Vector mediator with gq = gSM = 0.25 and gDM = 1

Comparison between mono-X DM searches and dijet bounds

Given the coupling choice → dijet bounds are much  
stronger than mono-X ones in the on-shell region

CMS-EXO-16-056

Gerosa, Moriond 2017

 Raffaele Gerosa22/03/17

ATLAS: direct vs indirect DM searches 
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As gSM gets weaker compared to gDM → dijet constraints becomes complementary to mono-X

For “relatively large” quark coupling (gSM) → dijet constraints are very strong

Constraining power in the off-shell region remains strong
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Higgs Portal
• Naturalness is not                                                                     

our motivating goal 
• Nevertheless, EWSB                                                    

is interesting. 
• Can the Higgs be                                                                               

our mediator? 
• Maybe, but it’s                                                  

difficult.

17

101 102 103 104

m� (GeV)

10�4

10�3

10�2

10�1

100

101

�
�

s

�inv
H

Dirac

Majorana

⌦�h2 = 0.12

LUX/PANDAX

XENON1T

⌫Floor

101 102 103 104

m� (GeV)

10�4

10�3

10�2

10�1

100

101

�
�

p

�inv
H

Dirac

Majorana

⌦�h2 = 0.12

⌫Floor sensitivity

Figure 6. Constraints on mass and couplings of a fermionic dark matter candidate which annihilates
through the Standard Model Higgs boson. The solid black contours indicate the value of the coupling
for which the thermal relic abundance matches the measured cosmological dark matter density, ⌦�h

2 =
0.12. The shaded regions are excluded by measurements of the invisible Higgs width. The left and
right frames depict the cases of a purely scalar or pseudoscalar coupling between the dark matter
and the Higgs, respectively. In the scalar case, the vast majority of this parameter space is excluded
by the current constraints from LUX and PandaX-II [4, 5]. The only currently viable region (m� =
56-62 GeV is expected to be probed in the near future by XENON1T [6]. Due to the momentum
suppression of the elastic scattering cross section, the case of dark matter with a pseudoscalar coupling
to the Higgs is much less strongly constrained.

30 keV, where this lower limits was imposed in order to reduce the rate of neutrino-induced
background events [32, 33]. From the calculated event rate, we apply Poisson statistics to
place a 90% confidence level constraint on the dark matter coupling, assuming that zero events
are observed. In the right frame of Fig. 6, we plot the projected constraint from such an
experiment after collecting an exposure of 30 ton-years, which is approximately the exposure
that we estimate will accumulate between ⇠1-3 neutrino-induced background events. From
this, we conclude that even with such an idealized detector, it will not be possible to test a
dark matter candidate with a purely pseudoscalar coupling to the Higgs.

In the case of dark matter with a scalar coupling and near the Higgs pole, the low-
velocity annihilation cross section is suppressed by two powers of velocity, making such a
scenario well beyond the reach of any planned or proposed indirect detection experiment
(see the left frame of Fig. 7). In the case of dark matter with a pseudoscalar coupling
to the Higgs, however, the low-velocity annihilation rate is unsuppressed, leading to more
promising prospects for indirect detection (for analytic expressions of these cross section, see
the Appendix of Ref. [17]). In the right frame of Fig. 7, we plot the low-velocity annihilation
cross section (as relevant for indirect detection) for fermionic (Dirac or Majorana) dark matter
with a pseudoscalar coupling to the SM Higgs boson. In this case, constraints from Fermi’s
observations of dwarf spheroidal galaxies [13] may be relevant, depending on the precise value
of the dark matter mass. We also note that uncertainties associated with the distribution of
dark matter in these systems could plausibly weaken these constraints to some degree [34–
37]. It may also be possible in this scenario [18, 38–41] to generate the gamma-ray excess
observed from the region surrounding the Galactic Center [42–48].
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Figure 8. The fraction of dark matter annihilations that proceed to each final state, as evaluated
at the temperature of thermal freeze-out (left) and at v = 10�3 c, as is typically relevant for indirect
detection (right), for the case of scalar dark matter coupled to the Standard Model Higgs boson.
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Figure 9. Constraints on mass and couplings of a complex scalar dark matter candidate which
annihilates through a Higgs portal coupling. The solid black contour indicates the value of the
coupling for which the thermal relic abundance matches the measured cosmological dark matter
density, ⌦�h

2 = 0.12. The shaded region is excluded by measurements of the invisible Higgs width,
and the region above the solid blue line is excluded by the current constraints from LUX and PandaX-
II [4, 5]. This scenario is currently viable only if the mass of the dark matter candidate is near the
Higgs pole (m ' mH/2) or if m� >⇠ 400 GeV.

3.3 Vector dark matter

In the case of vector dark matter, we again consider a Higgs Portal interaction, which is
described in this case by the following Lagrangian:

L � a�XH


vHXµX†

µ +
1

2
H2XµX†

µ

�
, (3.7)
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Figure 12. Constraints on mass and couplings of a complex vector dark matter candidate which
annihilates through the Standard Model Higgs boson. The solid black contour indicates the value of
the coupling for which the thermal relic abundance matches the measured cosmological dark matter
density, ⌦�h

2 = 0.12. The shaded region is excluded by measurements of the invisible Higgs width,
and the region above the solid blue line is excluded by the current constraints from LUX and PandaX-
II [4, 5]. This scenario is currently viable only if the mass of the dark matter candidate is near the
Higgs pole (m ' mH/2) or if mX >⇠ 1160 GeV.
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Figure 13. The e↵ective low-velocity annihilation cross section (relevant for indirect detection) for
complex or real vector dark matter with a coupling to the Standard Model Higgs boson. We also
show the current constraint from Fermi’s observation of dwarf spheroidal galaxies [13].

mX ' mH/2 or for mX >⇠ 1160 GeV. XENON1T is expected in the near future to probe
most of this remaining high mass window, covering nearly the entire range of perturbative
values for the coupling, �XH <⇠ 4⇡.

We plot in Fig. 13 the low-velocity annihilation cross section (as relevant for indirect
detection) in this class of models, along with the constraints from Fermi’s observations of
dwarf spheroidal galaxies [13]. In the currently allowed mass range near the Higgs pole, this
class of models predicts a very small low-velocity annihilation cross section, which is likely
unable to generate the measured intensity of the Galactic Center gamma-ray excess [42–48].
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Spin-0 Portals
• Generalize the Higgs sector: new scalars and 

pseudoscalars 
• Expect minimal flavor violating-couplings

18

6.2 Invisible decays of the Higgs boson 15

Figure 9: Exclusion limits at 95% CL on signal strength the µ = s/sth in the mmed–mDM plane
assuming scalar (left) and pseudoscalar (right) mediators. The limits are shown for mmed be-
tween 50 and 500 GeV, and mDM between 0 and 300 GeV. While the excluded area is expected
to extend below the minimum value of mmed, the axis does not extend below this value as the
signal simulation was not performed in this region. The red line shows the contour for the ob-
served exclusion. The solid red contours around the observed limit represent one standard de-
viation theoretical uncertainties in the signal cross section. The dashed blue contour in the case
of the scalar mediator shows the �1s deviation due to the combination of the statistical and
experimental systematic uncertainties. Constraints from the Planck satellite experiment [83]
are shown with the dark green contours and associated hatching. The hatched area indicates
the region where the DM density exceeds the observed value.

verse and that this particle only interacts with SM particles through the considered simplified
model [86].

The limits obtained using the simplified DM models may be compared to the results from direct
and indirect DM detection experiments, which are usually expressed as 90% CL upper limits
on the DM-nucleon scattering cross sections. The approach outlined in Refs. [30, 87, 88] is used
to translate the exclusion contours into the mDM vs. sSI/SD plane where sSI/SD are the spin-
independent/spin-dependent DM-nucleon scattering cross sections. These limits are shown in
Fig. 11 for the vector and axial-vector mediators, and in Fig. 12 (left) for the scalar mediator.
When compared to the direct detection experiments, the limits obtained from this search pro-
vide stronger constraints for dark matter masses less than 5, 9 and 550 GeV, assuming vector,
scalar, and axial-vector mediators, respectively. In the case of the pseudoscalar mediator, the
90% CL upper limits are compared in Fig. 12 (right) with the indirect detection results in terms
of the velocity-averaged DM annihilation cross section from the Fermi–LAT Collaboration [89],
and provide stronger constraints for DM masses less than 200 GeV.

6.2 Invisible decays of the Higgs boson

The results of this search are also interpreted in terms of an upper limit on the product of the
cross section and branching fraction B(H ! inv), relative to the predicted cross section (sSM)
of the Higgs boson assuming SM interactions, where the Higgs boson is produced through
gluon fusion (ggH) along with a jet; in association with a vector boson (ZH, WH); or through
vector boson fusion (VBF). The predictions for the Higgs boson production cross section and
the corresponding theoretical uncertainties are taken from the recommendations of the LHC
Higgs cross section working group [100]. If the production cross section of the Higgs boson

CMS 1703.01651

thermal cross section 
Ruled out by LUX

Still Allowed
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Spin-0 Portals
• Generalize the Higgs sector: new scalars and 

pseudoscalars 
• Expect minimal flavor violating-couplings6.2 Invisible decays of the Higgs boson 15

Figure 9: Exclusion limits at 95% CL on signal strength the µ = s/sth in the mmed–mDM plane
assuming scalar (left) and pseudoscalar (right) mediators. The limits are shown for mmed be-
tween 50 and 500 GeV, and mDM between 0 and 300 GeV. While the excluded area is expected
to extend below the minimum value of mmed, the axis does not extend below this value as the
signal simulation was not performed in this region. The red line shows the contour for the ob-
served exclusion. The solid red contours around the observed limit represent one standard de-
viation theoretical uncertainties in the signal cross section. The dashed blue contour in the case
of the scalar mediator shows the �1s deviation due to the combination of the statistical and
experimental systematic uncertainties. Constraints from the Planck satellite experiment [83]
are shown with the dark green contours and associated hatching. The hatched area indicates
the region where the DM density exceeds the observed value.

verse and that this particle only interacts with SM particles through the considered simplified
model [86].

The limits obtained using the simplified DM models may be compared to the results from direct
and indirect DM detection experiments, which are usually expressed as 90% CL upper limits
on the DM-nucleon scattering cross sections. The approach outlined in Refs. [30, 87, 88] is used
to translate the exclusion contours into the mDM vs. sSI/SD plane where sSI/SD are the spin-
independent/spin-dependent DM-nucleon scattering cross sections. These limits are shown in
Fig. 11 for the vector and axial-vector mediators, and in Fig. 12 (left) for the scalar mediator.
When compared to the direct detection experiments, the limits obtained from this search pro-
vide stronger constraints for dark matter masses less than 5, 9 and 550 GeV, assuming vector,
scalar, and axial-vector mediators, respectively. In the case of the pseudoscalar mediator, the
90% CL upper limits are compared in Fig. 12 (right) with the indirect detection results in terms
of the velocity-averaged DM annihilation cross section from the Fermi–LAT Collaboration [89],
and provide stronger constraints for DM masses less than 200 GeV.

6.2 Invisible decays of the Higgs boson

The results of this search are also interpreted in terms of an upper limit on the product of the
cross section and branching fraction B(H ! inv), relative to the predicted cross section (sSM)
of the Higgs boson assuming SM interactions, where the Higgs boson is produced through
gluon fusion (ggH) along with a jet; in association with a vector boson (ZH, WH); or through
vector boson fusion (VBF). The predictions for the Higgs boson production cross section and
the corresponding theoretical uncertainties are taken from the recommendations of the LHC
Higgs cross section working group [100]. If the production cross section of the Higgs boson

CMS 1703.01651

thermal cross section 
Ruled out by Fermi

Still Allowed

No solutions
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Leptophilic Dark Matter

• An example I’ve been thinking about 
• Spin-0 mediators between dark matter and 

leptons seem “maximally bad.” 
• Impossible to rule out?

20

Early Universe Annihilation

Collider Production

Indirect Detection

D
irect D

etection

N
orm

al M
atter

D
ark M

atter



31

• But a generic leptophilic spin-0 mediator isn’t 
leptophilic after EWSB. 
• Can start applying other                            

experimental constraints

Not so Simple            
Simplified Models

21
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Vector Portals
• Massive vector mediators must have their own 

symmetry breaking.  
• New Higgses, new mixings. New constraints

22
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Figure 5. Constraints for the case of two mediators, with the (common) DM–mediator coupling
determined by the requirement to reproduce the observed relic abundance. Plots in the same row
correspond to constant ✓, plots in the same column correspond to constant gq. In all panels, we
have fixed m� = 100GeV. In the grey shaded regions (solid lines) at least one of the couplings
leads to violation of perturbative unitarity. The yellow shaded regions (dotted) are excluded by
dijet searches, the green shaded regions (short dashed) by monojet searches, the red shaded regions
(long dashed) by direct detection, the purple shaded regions (double dash-dotted) by the observed
Higgs signal strength and the bound on invisible Higgs decays. The dark blue regions (short dash-
dotted) are excluded by EWPT and the light blue regions (long dash-dotted) by dilepton searches,
both for loop-induced kinetic mixing.

Figs. 5 and 6 show the resulting constraints in the ms–mZ0 plane for di↵erent combi-

nations of gq and sin ✓ as well as for m� = 100GeV and m� = 500GeV, respectively. We

make the following general observations:

• As before, the weakest constraints are found if DM annihilations in the early universe

receive a resonant enhancement, i.e. if either m� ⇡ mZ0/2 or m� ⇡ ms/2.

• For m� < ms,mZ0 the relic density is controlled by direct annihilation of DM into

SM final states. Depending on the exact values of the couplings and masses, the

– 20 –
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Figure 6. Same as figure 5 but for m� = 500GeV.

dominant final state is either qq̄ or W+W�. Both LHC searches and direct detection

place significant constraints on this parameter region.

• For either ms < m� or mZ0 < m�, the relic density can be easily reproduced via

annihilation into two dark terminators. However, if gq and sin ✓ are fixed to relatively

large values, these regions are typically tightly constrained by direct detection and

the Higgs signal strength.

• Moreover, forms < m� the requirement that y� remains perturbative places an upper

bound on mZ0 , while for mZ0 < m� we obtain an upper bound on ms above which

the Higgs potential becomes non-perturbative.

For m� = 100GeV we see that — for the coupling combinations considered in fig-

ure 5 — only small regions of parameter space close to the two resonances remain viable,

whereas much larger regions are still allowed for m� = 500GeV. The reason is that in

the latter case, it is possible for ms or mZ0 (or both) to be smaller than m� without

immediately being strongly constrained by direct detection or Higgs physics.
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What’s Left?
• Need to continue asking: 

• What can we be missing in simplified models? 

• Are the new particles:  
• Too Heavy? quark-phobic? Hidden in background? 

• Are we making unwarranted assumptions about 
particle widths/couplings? 

• Are the models too simple? 
• Overlooking some essential phenomenology?

23
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Beyond Thermal Dark Matter
• We don’t know dark matter has  
• Coming up with new mechanisms for dark matter 

production is an industry for theorists. 
• What does this mean for experiments? 

• New models may not need to have a significant 
interaction with Standard Model. 

• Removes much of the “predictivity” 
• Bottom Line: 

• Experimentalists should take notice of new signatures 
proposed by theorists. Don’t worry if a model is 
invisible to your experiments.

24
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Look to the Skies
• Our only source for positive statements about dark 

matter comes from gravity. 

• Dark Matter parameters measured by the “classic” 
experimental triad are often orthogonal to what we 
learn from cosmology/astrophysics.

25
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Is Dark Matter Boring?
• Early Universe consistent with   CDM. 
• But there are some wrinkles around the edges. 
• “Crisis in small scale structure” 

26Via Lactea 
100’s of dwarf galaxies 

PAndAS 
dozens seen 
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Is Dark Matter Boring?
• Evidence of interactions internal to the dark sector? 

• If so, these are not likely to be seen at LHC etc.

27

10 M. Vogelsberger et al.

Figure 6. DM density projections of the zoom MW-like halo simulations for four different DM models. The suppression of substructure, relative to the CDM
model, is evident for the ETHOS models ETHOS-1 to ETHOS-3, which have a primordial power spectrum suppressed at small scales. The projection has a
side length and depth of 500 kpc.

times, where the density is high enough to cause at least some par-
ticle collisions during a Hubble time. We can try to quantify this
already at the resolution level that our parent simulation allows. To
do this, we measure the central or core density for all resolved main
haloes in the uniform box simulations, similar to the analysis pre-
sented in Buckley et al. (2014). The mass resolution of our uniform
box is slightly better than that of Buckley et al. (2014), and we
probe at the same time a volume which is about 3.8 times larger.
We can therefore sample a larger range of halo masses and with bet-
ter statistics. We define the central (core) density within three times
the softening length (8.7 kpc). The upper panel of Fig. 4 shows
the actual core density, while the lower panel shows the ratio with
respect to the CDM case. We take the median value of the distri-

bution within each mass bin. The plot shows the familiar scale of
density with mass at a fixed radius, with core densities that vary
from ⇠ 10

6 h2
M�kpc

�3 for halo masses around ⇠ 10

10 h�1
M�

to ⇠ 10

8 h2
M�kpc

�3 for halo masses around ⇠ 10

14 h�1
M�.

Models ETHOS-1 (red) and ETHOS-2 (blue) have a significantly
reduced core density compared to the CDM case for low mass
haloes. We note that the effect is strongest in the former than in
the latter, which points to the primordial power spectrum suppres-
sion as the main culprit since the cross section is lower for model
ETHOS-1 than for model ETHOS-2. Low-mass haloes in ETHOS-
1 are therefore less dense than in CDM, mainly because they form
later (analogous to the WDM case). Interestingly, ETHOS-3 shows
a different behaviour. Here the core density is most reduced for
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Figure 6. DM density projections of the zoom MW-like halo simulations for four different DM models. The suppression of substructure, relative to the CDM
model, is evident for the ETHOS models ETHOS-1 to ETHOS-3, which have a primordial power spectrum suppressed at small scales. The projection has a
side length and depth of 500 kpc.

times, where the density is high enough to cause at least some par-
ticle collisions during a Hubble time. We can try to quantify this
already at the resolution level that our parent simulation allows. To
do this, we measure the central or core density for all resolved main
haloes in the uniform box simulations, similar to the analysis pre-
sented in Buckley et al. (2014). The mass resolution of our uniform
box is slightly better than that of Buckley et al. (2014), and we
probe at the same time a volume which is about 3.8 times larger.
We can therefore sample a larger range of halo masses and with bet-
ter statistics. We define the central (core) density within three times
the softening length (8.7 kpc). The upper panel of Fig. 4 shows
the actual core density, while the lower panel shows the ratio with
respect to the CDM case. We take the median value of the distri-

bution within each mass bin. The plot shows the familiar scale of
density with mass at a fixed radius, with core densities that vary
from ⇠ 10

6 h2
M�kpc

�3 for halo masses around ⇠ 10

10 h�1
M�

to ⇠ 10

8 h2
M�kpc

�3 for halo masses around ⇠ 10

14 h�1
M�.

Models ETHOS-1 (red) and ETHOS-2 (blue) have a significantly
reduced core density compared to the CDM case for low mass
haloes. We note that the effect is strongest in the former than in
the latter, which points to the primordial power spectrum suppres-
sion as the main culprit since the cross section is lower for model
ETHOS-1 than for model ETHOS-2. Low-mass haloes in ETHOS-
1 are therefore less dense than in CDM, mainly because they form
later (analogous to the WDM case). Interestingly, ETHOS-3 shows
a different behaviour. Here the core density is most reduced for

MNRAS 000, 1–18 (2015)
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Astrophysical Probes
• What do we think dark matter is? 
• What tools do we have available?

28

A thermal relic of the Early 
Universe

Detectors capable of measuring 
weak-scale interactions with SM

Part of an extended sector with 
non-trivial physics

Astrophysical/cosmological 
studies of dark matter structure

These are not exclusive 
hypotheses!
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A Simple Parameterization

29

H
al

o 
si

ze
 w

he
re

 “s
om

et
hi

ng
 

in
te

re
st

in
g”

 h
ap

pe
ns

How much dark matter interacts with us

MRB, Peters, in prep



31

Conclusions
• Thermal dark matter is a well-motivated idea. 

• Rumors of its demise are greatly exaggerated. 
• We can catch non-thermal DM in this dragnet 
• Need to continually fine-tune the balance between 

• If you’re an experimentalist, look for new theories that 
predict new signatures. If you’re a theorist, work to make 
those new signatures understandable.

30

Generality 
(Simplified Models)

Unique Phenomenology 
(UV Complete Models)
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Conclusions
• Remember: we don’t know what dark matter is 
• Many good ideas out there. How can we prove or 

disprove them? 
• Don’t forget the                                                                 

experiments that the                                           
Universe has kindly                                                            
run for us over the                                                      
last 13.7 gigayears.
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