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PART III   COLLIDER SEARCHES
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h�vi ⇡ 3⇥ 10�26 cm3/s ⇡ 1 pb

Remember DM annihilation in the early universe:

Expect sizable WIMP production rates at the LHC:
�(pp ! X + Emiss

T ) =

Z
dsLij(s)�̂ij(s)



COLLIDERS AND DIRECT DETECTION
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Collider searches help where direct detection is not sensitive:	

pseudo-scalar or axial-vector interactions
light dark matter

mostly lepton interactions

Caution when relating results obtained at different energies:
nucleus	

scattering
production	

at LHC

100GeV50 keV

group evolution g(µLHC)g(µDD)
renormalization

E



TYPICAL LHC SIGNALS
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Simple models and their collider signatures:

should be gauge-invariant, unitarity-conserving, anomaly-free.

In high-energy collisions, mediators are produced resonantly:
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discrete     symmetry in dark sector makes DM stable. Z2

[e.g., Kahlhoefer, 1702.02430]



MISSING ENERGY SEARCHES
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mono-jet:	
mostly model-independent
mono-Z,W:	
probe isospin-violating scenarios
mono-Higgs:	
probe extended scalar sectors

Largest branching ratio for light dark matter : m� ⌧ m⌘

�

�⌘
Emiss

T

j, Z,W, h

Standard-model sources of missing energy:
from neutrinos, as in
from missed decay products or detector deficiencies

�(pp ! X + Emiss
T ) ⇡ �(pp ! X + ⌘)⇥ �(⌘ ! ��)/�⌘

Z ! ⌫⌫̄, W± ! `±⌫, t ! b`⌫

[Carpenter et al., 1212.3352]

[Carpenter et al., 1312.2592]



MONO-X FROM EXTRA SCALARS
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Figure 9. Representative Feynman diagrams that lead to a Z +ET,miss signal in the pseudoscalar
extensions of the THDM. In the case of triangle diagram (left) only the shown graph contributes,
while in the case of the box diagram (right) instead of an a also an A exchange is possible.

Like in the case of the mono-Z signal the presence of triangle diagrams with a trilinear
scalar coupling also leads to a peak in the ET,miss

distribution of h + ��̄ production if the
intermediate heavy pseudoscalar A can be resonantly produced. The peak position in the
mono-Higgs case is obtained from [20]

Emax

T,miss

' �1/2
(MA, Ma, Mh)

2MA
. (5.4)

It follows that in order for events to pass the ET,miss

cut necessary for a background sup-
pression in mono-Higgs searches, the relation

MA & Ma +

q
M2

h +

�
Ecut

T,miss

�
2

, (5.5)

has to be fulfilled. A lesson to learn from (5.5) is that mono-Higgs searches in the h ! b¯b

channel [31, 32] are less suited to constrain the parameter space of our simplified model
than those that focus on h ! �� [33, 34], because the minimal ET,miss

requirements in the
former analyses are always stricter than those in the latter. To give a relevant numerical
example let us consider Ecut

T,miss

' 100 GeV, which represents a typical ET,miss

cut imposed
in the most recent h + ��̄ (h ! ��) searches. From (5.5) one sees that in such a case
mono-Higgs analyses are very sensitive to masses up to Ma ' 330 GeV for MA ' 500 GeV.

Like in the mono-Z case the above kinematical argument however allows only for a
qualitative understanding of the numerical results for the pp ! h+��̄ (h ! ��) exclusions,
since interference effects can be important in scenarios with a pseudoscalar A of mass
MA < 2mt. Notice that if Ma > MA + Mh the role of A and a is interchanged and the
h + ET,miss

signal can receive large corrections from resonant a exchanges, as we will see
explicitly in Section 6.4. Finally in type II and IV models resonant mono-Higgs production
from b¯b initial states can also be important if tan � is sufficiently large.

5.5 Mono-W channel

The last ET,miss

signal that we consider is the mono-W channel [35, 36]. Two representative
Feynman graphs that lead to a resonant W +ET,miss

signature in the pseudoscalar extension
of the THDM are shown in Figure 11. These diagrams describe the single production of a

– 20 –

g

g

�

�̄

t

¯t

a

g

g

a
�

�̄

t

t

t

Z

H A

g

g

a
�

�̄

t

t

t

h

Figure 1. Assorted diagrams that give rise to a t¯t + ET,miss (left), Z + ET,miss (middle) and
h + ET,miss (right) signal in the simplified pseudoscalar model considered in our work. The ex-
changed spin-0 particles are of scalar (H) or pseudoscalar (a, A) type. Further Feynman graphs
that contribute to the different mono-X channels can be found in Figures 7 to 11.

by the ATLAS/CMS DM Forum (DMF) [3] constraints from mono-jet searches dominate
throughout the parameter space [39], whereas for the model considered here t¯t + ET,miss

,
mono-Z and mono-Higgs searches yield competitive bounds and often provide the leading
constraints. See Figure 1 for an illustration of the various ET,miss

processes that are of most
interest in our simplified model. This complementarity of different searches is the result of
the consistent treatment of the scalar sector, inducing gauge and trilinear scalar couplings
of the mediator beyond the ones present in the DMF pseudoscalar model.

It is particularly appealing that the Z +ET,miss

and h+ET,miss

signatures are strongest
in the theoretically best motivated region of parameter space, where the couplings of the
light Higgs are SM-like. In this region of parameter space, couplings of the new scalar
states to SM gauge bosons are strongly suppressed and play no role in the phenomenology,
leading to gluon-fusion dominated production and a very predictive pattern of branching
ratios. In consequence, a complementary search strategy can be advised, with the exciting
possibility to observe DM simultaneously in a number of different channels, some of which
are not limited by systematic errors and can be improved by statistics even beyond 300 fb

�1

of luminosity. The importance of di-top resonance searches [40, 41] to probe neutral spin-0
states with masses above the t¯t threshold is also stressed, and it is pointed out that for
model realisations with a light scalar partner of the SM Higgs, di-tau resonance searches
should provide relevant constraints in the near future. We finally comment on the impact
of bottom-quark (b¯b) initiated production.

This paper is structured as follows. In Section 2 we describe the class of simplified DM
models that we will study throughout our work, while Section 3 contains a comprehensive
review of the non-ET,miss

constraints that have to be satisfied in order to make a given
model realisation phenomenologically viable. The partial decay widths and the branching
ratios of the spin-0 particles arising in the considered simplified DM models are studied
in Section 4. The most important features of the resulting ET,miss

phenomenology are
described in Section 5. In Section 6 we finally present the numerical results of our analyses
providing summary plots of the mono-X constraints for several benchmark scenarios. The
result-oriented reader might want to skip directly to this section. Our conclusions and a
brief outlook are given in Section 7.

– 3 –

flavour

tt + ET , miss

mono-Z

mono-Higgs

Higgs invisible

di-top

100 200 300 400 500

0.5

1

5

10

Ma [GeV]

ta
n
�

sin� = 0.35, MH = 500 GeV

Figure 13. Summary plots showing all relevant constraints in the Ma– tan � plane for four
benchmark scenarios. The colour shaded regions correspond to the parameter space excluded by
the different ET,miss searches, while the constraints arising from di-top resonance searches and
flavour physics are indicated by the dashed and dotted black lines, respectively. Parameters choices
below the black lines are excluded. All exclusions are 95% CL bounds. See text for further details.

Turning ones attention to the constraints that arise from DM searches, one observes
that even with an integrated luminosity of 300 fb

�1, t¯t + ET,miss

measurements (green re-
gion) should be able to exclude only a small part of the Ma– tan � plane. For pseudoscalar
masses Ma around the EW scale values of tan � . 0.6 can be tested, while t¯t + ET,miss

searches have essentially no sensitivity to the parameter region with Ma & 2mt since
the decay channel a ! t¯t opens up. The weakness of the t¯t + ET,miss

constraint is ex-
pected

�
see (5.1)

�
since the t¯t + a production cross section is suppressed by sin

2 ✓ ' 0.1 in
our first benchmark. This suppression is also the reason for our finding that with 40 fb

�1

of 13 TeV data, mono-jet searches will not lead to any relevant restriction on tan �, if one
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run data. Their analysis selects events with two opposite
sign (opposite charges) electrons/muons in the invariant
mass window mℓℓ ∈ [76, 106] GeV, with P ℓT > 20 GeV
and rapidity |ηℓ| < 2.5 (2.47) for muons (electrons). The
rapidity of the di-lepton system has to satisfy |ηℓℓ| < 2.5,
and event selection further requires

∆φ(E⃗T/ , P⃗ ℓℓT ) > 2.5 , |P ℓℓT − ET/ |/P ℓℓT < 0.5 . (7)

Four signal regions are defined, correponding respec-
tively to ET/ > 150 GeV, 250 GeV, 350 GeV and 450
GeV. The ATLAS analysis yields respective 95 % C.L.
observed upper bound on the cross section of 2.7 fb, 0.57
fb, 0.27 fb and 0.26 fb. Our three signal benchmark sce-
narios, A, B, C, satisfy these bounds, and as we show in
the following they are very promising for the 14 TeV run
of LHC.
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FIG. 2. LEFT: ET/ distribution for mono-h signal benchmarks A (solid black), B (dashed black), C (fine-dashed black) and
background processes Zγγ (red), Zh (yellow) and Zγj (green), yielding ET/ + γγ, after event selection (see text for details)
and for mγγ ∈ [120, 130] GeV. RIGHT: ET/ distribution for mono-Z signal benchmarks A, B, C and background processes ZZ
(red), WZ (yellow), WW (green) and tt̄ (blue), yielding ET/ + ℓ+ℓ−, after event selection (see text for details). In both cases,
backgrounds are stacked on top of each other while signals are not, with bins being 15 GeV wide and normalized to show the
number of events per bin.

For our resonant mono-Z analysis at LHC 14 TeV,
we follow a similar procedure to the one described
for the mono-h case in the previous section, using
MadGraph5 aMC@NLO, Pythia and Delphes for
our signal pp → Z a (Z → ℓ+ℓ−, a → ψψ) and
background event samples. The SM irreducible back-
grounds are ZZ → ℓ+ℓ− νν̄ and WW → ℓ+ν ℓ−ν̄, while
WZ → ℓν ℓ+ℓ− and tt̄ → bℓ+ν b̄ℓ−ν̄ are the most im-
portant reducible backgrounds. NLO cross sections are
estimated via K-factors: K ≃ 1.2, 1.79, 1.68 respectively
for ZZ,WZ and WW [35], K ≃ 1.5 for tt̄ [34] and
K ≃ 2.36, 1.88, 1.75 respectively for our signal bench-
marks A, B, C via Sushi. Our event selection follows
[12] and is discussed above, and we define three signal
regions ET/ , P γγT > 90 GeV, 190 GeV, 290 GeV to re-
spectively maximixe sensitivity to benchmarks A, B, C.

In Table II we show the expected signal and back-
ground events for LHC at 14 TeV with an integrated
luminosity L = 100 fb−1, after event selection and in
the various signal regions. Neglecting systematic un-

certainties, an approximate significance S/
√
S +B ∼

12.8, 18.7, 9.2 is obtained in the respective optimal signal
region for benchmarks A, B, C. In Figure 2 (RIGHT),
we show the ET/ distribution for signal and background
after event selection.

A B C ZZ WW WZ tt̄

Event selection 2009 1130 282 10100 12670 16680 32060

ET/ > 90 GeV 1500 1105 279 2660 253 3530 5660

ET/ > 190 GeV 4.5 733 254 414 < 0.1 357 30

ET/ > 290 GeV 1.5 11 158 81 - 57 < 0.1

TABLE II. Expected number of events after event selection
(see text for details) and in the signal region for mono-Z with
Z → ℓ+ℓ−, for LHC 14 TeV with L = 100 fb−1. Signal
benchmarks A, B, C are described in Section II.

Finally, although not discussed in his work, resonant
mono-W signatures are also possible in this setup, but
the suppressed production of H± compared to A/H0

makes them much less promising.

mA = 300

500

700

[No, 1509.01110][Bauer et al., 1701.07427]

mono-Higgs:	
Jacobian peak from resonant A

Two-Higgs-doublet model	
with pseudo-scalar portal:



MEDIATOR SEARCHES
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di-jet, di-photon,	
di-lepton production

virtual effects	
in Higgs couplings

Probe mediator-SM interaction in precise observables:
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TOP-ASSOCIATED PRODUCTION
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Flavor-hierarchical scalar interactions

L = g�S ��S + gqS
mq

v
qq S

naturally lead to dominant effects in top-quark observables:
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single-top	
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mediator production	
via top loop



ONE OR TWO TOPS?
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Figure 1. Feynman diagrams describing dark matter production in association with a single top quark through the t-channel
process. We show the contributions in the 4-flavor scheme (left two diagrams) and in the 5-flavor scheme (right diagram),
which we use for our simulation.

This range assumes a mediator coupling gcS,P ⇥mc/v also to charm quarks, opening the annihilation channel ��̄ ! cc̄.
In general, the required couplings are larger for scalar mediators than for pseudo-scalar mediators. Below mS,P =
10 GeV constraints from flavor observables are very strong, in particular when assuming a non-vanishing coupling
to bottom quarks [17], and cosmological constraints become relevant. The upper limit lies slightly above the non-
relativistic on-shell condition mS,P = 2m�. At large mediator masses, mS,P � 2m�, the dark matter annihilation
rate becomes strongly suppressed. To avoid an overabundance, we have to invoke another annihilation process in this
mass region.

At the LHC, for mS,P < 2m� dark matter production proceeds through an o↵-shell mediator, resulting in a small
production rate. The thermal relic hypothesis is thus di�cult to test in missing energy searches in large parts of the
mass range identified in Eq. (6). For mS,P > 2m�, on-shell mediator production leads to appreciable rates for the
various processes discussed in Sec. I B. This latter case will be in the focus of our analysis.

In non-relativistic processes relevant for direct and indirect dark matter detection, scalar and pseudo-scalar medi-
ators behave very di↵erently. Dark matter-nucleon scattering is induced by a scalar mediator coupling to gluons via
a top-quark loop [8]. For a pseudo-scalar mediator, dark matter-nucleon scattering is velocity-suppressed [4]. Con-
straints on dark matter from direct detection experiments are thus much weaker for pseudo-scalar mediators than for
scalars. Dark matter annihilation today results gamma ray spectra from primary or secondary photons. In our model,
gamma ray spectral lines can be created in the non-relativistic process ��̄ ! S/P ! �� with a loop-induced mediator
decay. A continuum of gamma rays is produced from the same annihilation processes governing the thermal relic
density. For scalar mediators, all annihilation processes are velocity-suppressed in the non-relativistic limit. Current
indirect detection experiments therefore do not constrain the parameter space of a thermal relic [8]. For pseudo-scalar
mediators, only the process ��̄ ! PP is velocity-suppressed near the threshold, so that a sizeable flux of photons
from the s-channel annihilation processes is expected. In this case, current measurements of gamma rays from our
galactic center and from spheroidal dwarf galaxies are sensitive to thermal dark matter candidates [19].

II. SINGLE-TOP-ASSOCIATED DARK MATTER PRODUCTION

In this section, we investigate t-channel single top production in association with a dark matter pair at the LHC.
To maximize the discovery prospects we focus on a mediator produced on-shell and decaying into a dark matter pair.
We start with the scalar mediator and discuss the modifications in the pseudo-scalar case in Sec. II C. The signal
process of single-top-associated dark matter production can be written as

pp ! t⇤ j ! t j S ! t j (��̄) . (7)

Some sample Feynman diagrams are shown in Fig. 1. Single top production in the t-channel can be described either
in a 4-flavor scheme with incoming gluons splitting into bb̄ pairs or in a 5-flavor scheme, where the bottom-quark
is considered as a parton inside the proton. The di↵erence between the 4-flavor and 5-flavor approaches is the
treatment of collinear logarithms in the perturbative QCD series and can be moderated by including higher-order
QCD corrections [31]. For our simulation, we use the 5-flavor scheme with its resummation-improved total cross
section.

At the LHC, a heavy mediator with mS,P > 2m� is produced on-shell, such that dark matter production factorizes
into resonant mediator production and subsequent decay to a dark matter pair. According to the Lagrangian in
Eq. (2), the relevant model parameters for the mediator production are the mediator mass, mS , and the top coupling,
gtS . In addition, the total rate of dark matter production depends on the branching ratio of the mediator into the
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Figure 2. Examples of LO diagrams that give rise to a t

¯

t + E

miss
T signature through the

exchange of a colourless spin-0 mediator. In the quark-fusion channel (left) only contributions
from mediator fragmentation appear, while in the case of the gluon-fusion channel both mediator-
fragmentation (center) and top-fusion (right) diagrams are present.

by the leading (universal) fragmentation function ft!�/a(x) which take the form [42, 43]

ft!�(x) =

g

2
t

(4⇡)

2



4 (1 � x)

x

+ x ln

✓

s

m

2
t

◆�

,

ft!a(x) =

g

2
t

(4⇡)

2



x ln

✓

s

m

2
t

◆�

,

(3.1)

in the simplified models described by (2.1). These results are valid for s � 4m

2
t � M

2

and ln

�

s/m

2
t

� ⌧ 1 where
p

s = 2E/x with E the energy of the emitted spin-0 particle.
From (3.1) one sees that due to the soft singularity proportional to 1/x a light scalar is
radiated off top quarks preferentially with small energy (or equivalent small momentum
fraction x). The soft-enhanced term is instead absent in the case of the pseudoscalar
mediator. These features explain the order of magnitude difference between the total rates
of the scalar and pseudoscalar mediators for masses M ⌧ 2mt.

The second important difference between �(pp ! t

¯

t + �) and �(pp ! t

¯

t + a) with �

and a subsequently decaying to DM can be understood by considering the spin-averaged
and colour-averaged squared matrix elements for the production of an on-shell spin-0 state
with mass M =

p
s from a top-quark pair. The corresponding squared matrix elements are

given by
X

�

�M(t

¯

t ! �)

�

�

2
=

g

2
t s

12

�

2
,

X

�

�M(t

¯

t ! a)

�

�

2
=

g

2
t s

12

, (3.2)

with � =

p

1 � 4m

2
t /s the velocity of the top quarks in the top-pair rest frame. From the

above formulas one observes that close to the t

¯

t threshold located at 4m

2
t the production

of a scalar in top-fusion is compared to that of a pseudoscalar suppressed by two powers
of �. It follows that in cases where either the DM pair or the mediator is produced close
to threshold, the production cross section of the pseudoscalar mediator is expected to be
larger than that of a scalar. This is precisely what one observes in the left panel of Figure 1.
As it leads to a pronounced kink in the pseudoscalar case, the opening of the t

¯

t threshold
is also clearly visible in this plot. The threshold suppression of t

¯

t ! � production finally
explains the M dependence of the ratio �gg/� with a dip at M ' 200 GeV as shown on the
right in the latter figure.
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Signal strength that can be excluded at 95% CL:

top-pair associated single-top associated
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Figure 9. Value of the signal strength that can be excluded at 95% CL as a function of the mass
for scalar (left) and pseudoscalar (right) mediators. The reach with 300 fb

�1 of
p

s = 14 TeV data
is given for a simple counting experiment assuming a 20% systematic background uncertainty (red
curves) and for 5-bin shape fits with both 30% (yellow curves) and 20% (green curves) errors.
A hypothetical shape-fit scenario based on 3 ab

�1 and 20% systematics is also shown (blue curves).

during LHC Run I. As expected from the shapes of the distributions in Figures 7 and 8,
the 5-bin likelihood fit provides a significant improvement over the counting experiment for
high-mass mediators irrespectively of their CP nature. The gain in sensitivity at lower mass
depends strongly on the assumption on the systematic uncertainty of the SM background.
For instance assuming a 20% systematics on the counting experiment and a 30% background
error on the shape fit, we find that the shape analysis will have larger discriminating power
than the simple cut-and-count strategy for M� & 300 GeV and Ma & 100 GeV with 300 fb

�1

of integrated luminosity. If the background for the shape fit can instead be estimated with
an error of 20%, including shape information is expected to be the superior strategy over
almost the entire range of considered masses. In fact, at the LHC with 3 ab

�1 of data
it should be possible to exclude spin-0 models that predict µ = 1 for mediator masses
up to around 400 GeV using the 5-bin likelihood fit employed in our study. The observed
strong dependence of the reach on the assumption on the systematic background uncertainty
shows that a good experimental understanding of t

¯

tZ production within the SM will be a
key ingredient to a possible discovery of DM in the t

¯

t + E

miss
T channel.

We also perform a hypothesis test between the scalar and pseudoscalar mediator hy-
potheses as a function of the mediator mass. Figure 10 shows the value of µ for which
the scalar hypothesis can be excluded at 95% CL in favour of the pseudoscalar one (blue
curve) and vice versa (red curve). Our statistical analysis is based on a 5-bin shape fit
of the |cos ✓``| distributions and employs standard maximum likelihood estimator tech-
niques (see for instance [64]) that are implemented in the RooFit/RooStat package [65].
From the figure it is evident that based on 300 fb

�1 of
p

s = 14TeV data and under the
assumption that the SM backgrounds can be determined with an uncertainty of 20%, it
should be possible to distinguish between the two CP hypotheses for masses M . 200 GeV
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µ
=

�
(g

S
)/
�
(g

S
=

1)

mS [GeV][Haisch et al., 1611.09841]

9

Figure 5. Sensitivity to single-top-associated dark matter production with a scalar (left) and a pseudo-scalar (right) mediator
at the 13 TeV LHC with 300 fb�1 (red) and 3 ab�1 (black), assuming a systematic background uncertainty of 3% (plain) and
10% (dashed). Shown is the signal strength µ that can be excluded at 95% CL, as a function of the mediator mass.

background. At lower mediator masses, the signal and top-pair topologies look more similar and the discriminating
power of the MW

T2 variable is reduced.

B. Multi-variate analysis

Since the single top signal di↵ers from the background channels in many kinematic observables, and because the
signal rate given in Eq. (15) is small, we employ a multi-variate method to separate signal and background regions
in phase space. We use boosted decision trees (BDT) in Tmva [43] after the pre-selection cuts of Eq. (11), Eq. (13)
and Eq. (14). The input variables describing the lepton, b-jet and light-flavor jet in final state, as well as the missing
transverse momentum vector, are

n

pT,`, ⌘`, pT,b, ⌘b, pT,j1 , ⌘j1 , /ET , �`,b,�`,j1 ,�j1,b,�`,/ET
,�

j1,/ET
,�

b,/ET
, mT ,M

W
T2,mbj1 , Njets

o

. (18)

Here �m,n denotes the azimuthal angle between objects m and n, and Njets is the number of detected light-quark
jets. We expect that at the LHC the uncertainty of the analysis will be statistics dominated. Due to the large
number of background events, powerful control regions are important to obtain a high signal sensitivity. Based on our
discussion above, we assume a remaining systematic uncertainty of 3% or at most 10% on the combined backgrounds
in our analysis. This relative systematic uncertainty from the background extrapolation is much smaller than the
background uncertainty quoted for the tt̄��̄ analysis in Ref. [10]. In the latter analysis, the leading background is
tt̄Z production, while we quote our uncertainty relative to the leading tt̄ background. This corresponds to the key
di↵erence between our analysis and Ref. [10]: We do not attempt to entirely remove the background through cuts to
define appropriate signal regions.

The LHC reach for our model depends on the dark matter couplings gtS and g�S defined in Eq. (2) and the mediator
mass mS . Assuming m� ⌧ mS , the signal rate below and above the threshold for mediator decays to top pairs
roughly scales like

�tj��̄ / |gtS |2 m� ⌧ mS < 2mt ,

�tj��̄ / |g�S |2
✓

3
m2

t

v2

⇣

1� 4m2
t

m2
S

⌘3/2
+

|g�S |2
|gtS |2

◆�1

m� ⌧ 2mt < mS . (19)

For heavier mediators we observe an additional suppression through the total mediator width.
The sensitivity to our signal is parameterized in terms of the signal strength µ, defined as the ratio of observed

events in our pre-selection region over the expected event rate for scalar couplings gtS = g�S = 1 and dark matter mass
m� = 1GeV (and likewise for a pseudo-scalar mediator). In Fig. 5, we show the expected signal strength that can
be excluded at the 95% confidence level (CL) with 300 fb�1 (red) and 3 ab�1 (black) of data, assuming a systematic
background uncertainty of 3% (plain) and 10% (dashed), respectively.

µ
=

�
(g

S
)/
�
(g

S
=

1)

[Plehn et al., 1712.08065]



HIGGS PORTAL DARK MATTER
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h

h

�

�

(H†H) is a standard-model singlet.
is part of a dark sector.�

Z2 symmetry          stable.�

Renormalizable portal interactions:

Effective portal interaction through mediator(s):

Fermion: Le↵ =
gS
⇤
(�̄�)(H†H) + i

gP
⇤

(�̄�5�)(H
†H)

� = Vµ :

� = S :Scalar
Vector

L = (S†S)(H†H)

L = (VµV
µ)(H†H) [e.g. Hambye, 0811.0172]

[Patt, Wilczek, hep-ph/0605188]

[e.g. O’Connell et al., hep-ph/0611014]



DIRECT COLLIDER PROBES
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h⇤ �

�

(��)(H†H) � v (��)h
!

H =
1p
2

 p
2G+

v + h+ iG0

invisible Higgs decays

off-shell Higgs processes

Distinguish signals by (non-)resonant Higgs production: 

2m� < Mh :

2m� > Mh :
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FIG. 7: Expected limits on BR(H125 ! inv.) for the 125 GeV Higgs boson, as a function of integrated luminosity. Projections
were made both assuming that the systematic uncertainties remain constant (red), and assuming that they scale with the
square root of the collected luminosity (blue). In the latter case, the systematic error is assumed have the same values as those
seen in the 8 TeV VBF produced invisible Higgs boson decay search [77] after a luminosity of 19.2 fb�1. This level of systematic
uncertainty is taken as the initial value for the constant-systematic assumption.
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FIG. 8: Expected limits on g� for the 125 GeV Higgs boson, for three integrated luminosity scenarios, assuming that systematic
uncertainties scale with the square root of the collected luminosity.

from on-shell to o↵-shell dark matter, as the production cross section scales as g2v = g2� for the former and g2vg
2
� = g4�

for the latter, under our simplifying assumption that gv = g�.
Figure 9 shows the expected 95% CL exclusion sensitivity on the coupling g� for heavy scalar bosons H and heavy

pseudoscalars A, for three integrated luminosity scenarios, as a function of mediator mass mH/A and dark matter mass
m�, assuming gv = g�. In the absence of couplings to W or Z bosons the e�ciency of these mediator to fulfill the
VBF selection requirements is low, as can be seen in the right panel of Fig. 4, and large luminosities are required to
set any meaningful bounds. Note that the limits on scalar mediators are significantly weaker than for pseudoscalars,
due to a slightly smaller production cross section and a softer /ET spectrum, making for a lower e�ciency to pass
selection.

In both the scalar and pseudoscalar case, there is a notable drop in sensitivity as we cross from on-shell to o↵-shell
production, as was seen in Fig. 8 when we considered the H125-mediated production. As we move to the o↵-shell case,

gS

p
2v

⇤

[Brooke et al.,1603.07739]

high

low

sets strong bound on DM-Higgs coupling for 

From global analysis of Higgs observables:
B(h ! invisible) . 30% [ATLAS & CMS]

2m� < Mh



THERMALLY PRODUCED DARK MATTER
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Thermally averaged annihilation cross section:

h
�

�

SM

SM
gS gS ⌧ gew : h�Avi ⌧ h�Avith

h�Avith = 3⇥ 10�26cm3s�1 ⇡ 1 pb

Observed relic abundance only at resonance:

Collider bounds (                 ):

2m� ⇡ Mh

2m� < Mh

Annihilation and nucleon scattering through same process:
strong bound from direct detection gS <<< gew



THE END?
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32

a). Pure scalar interaction, cos ⇠ = 1.

b). Equally mixed scalar-pseudoscalar interaction, cos ⇠ = 1/
p
2.

c). Pure pseudoscalar interaction, cos ⇠ = 0.

FIG. 10: Direct search limits on the Majorana model parameter space. The grey shaded region is ruled

out by the relic density constraint. The regions excluded by LUX (XENON1T) experiment are delineated

with dashed blue (dotted blue) lines and dark (light) shadings. Left: A close-up of the resonant

annihilation region, m� ⇠ mh/2. The pink shaded region is excluded by an upper limit of 19% on

BR(h ! ��). Right: The full mass range of m�.

[Beniwal et al.,1512.06458]

Need light mediators for thermally produced!
Higgs-portal dark matter.
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h

h S

 S

gS =
y2

2mD

h

h

y

y

 D

 T

 D

h

h

h

↵

S

 S

 S
h

h

y

y
 S

 S

 D

singlet-singlet singlet-doublet doublet-triplet

[Lee et al., 2008, …]

[Mahbubani, Senatore, 2005, …] [Dedes, Karamitros, 2014]
[triplet-quadruplet: Tait, Yu, 2016]

mD . few 100GeV

[Freitas, SW, Zupan, 1506.04149]

similar to SUSY:    bino-higgsino         higgsino-wino
[Arkani-Hamed, Delgado, Giudice, hep-ph/0601041]



MAJORANA SINGLET-DOUBLET MODEL
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Lm � mD�c
D✏�D � 1

2
mS�S�S � y(H†�D�S � �S�

c
D✏H) + h.c.

Mixing through electroweak symmetry breaking:

Weyl fermions                                                         :                    �D ⇠ (2, 1/2), �c
D ⇠ (2,�1/2), �S ⇠ (1, 0)

�0
l

�0
m

�0
h

�±

Singlet dark matter Doublet dark matter

�0
l = sin ✓�0

D + cos ✓�S , �0
h = cos ✓�0

D � sin ✓�S

�0
h

�±

�0
m

�0
l
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small mixing with doublet

Relic abundance:

✓ ⇠ yv

mD �mS

�0
l

�±

W±

g sin ✓

h
�0
l

�0
l

y sin(2✓)

�0
l

Higgs and gauge couplings

Nucleon scattering:!
Higgs mediation suppressed for            . Z mediation absent.  �0

l ⇡ �S

χ0
l

χ0
l

W −

W +

χ−

χ0l

χ0l

Z

Z

χ0m,h

χ0l

χ0l

Z

Z

χ0m,h

FIG. 1: Feynman diagrams for the dominant annihilation channels in the Majorana DM models.

In the limit mT ,mD, |mT �mD| � mZ the radiative splittings are given by

�m+
T =

g2

8⇡
(mW � c2WmZ), �m+

D =
e2

8⇡
mZ . (35)

The corrections to the o↵-diagonal elements in the mass matrix have been neglected above,

which is justified for yv ⌧ |mT �mD|. The one-loop corrections can also be neglected for the

calculation of the mixing angles.

III. THERMAL RELIC DENSITY

As described above, we assume that the fermionic Higgs portal is responsible for ex-

plaining the entire dark matter density through thermal freeze-out in the early universe.

For the Majorana models (sections II B 0 b and IIC 0 c), the main channels for the pair

annihilation of the neutral DM candidates involve WW and ZZ final states. These processes

are mediated by one of the other fermion states in the t-channel, see Fig. 1, since the diagonal

Z�0
l �̄

0
l couplings vanish exactly. For the Majorana singlet-doublet model, annihilation via

s-channel Higgs-boson resonance is also a viable option for m0
l ⇡ mh/2. In this case, resonant

enhancement from the Higgs-boson propagator leads to a su�ciently large annihilation cross-

section to produce the correct relic density. The dominant annihilation final states are then

given by the leading Higgs decay modes, i. e. bb̄, WW ⇤, gg and ⌧+⌧�.

In contrast, for the Dirac singlet-doublet model, the DM annihilation mainly proceeds

through s-channel Z-boson exchange. Only at very large DM masses, m0
l ⇠ O(1 TeV), anni-

hilation intoWW and ZZ final states through t-channel fermion exchange becomes important.

In the singlet-doublet models (both for the Majorana and Dirac cases), the lightest neutral

fermion is constrained to be mostly singlet, to avoid the strong direct detection bounds for

doublet dark matter (see next section). However, the singlet nature of DM in these models also

suppresses the annihilation cross-section, thus typically yielding too large of a relic density.

11

Pair annihilation suppressed, need co-annihilation.

m0
l & 100GeV, mD �m0

l . 30GeV, 0.01 . y . 0.1
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�0
m

lightest state is pure doublet

h

�0
m

�0
m

�±

W±
�0
m

g

Higgs and gauge couplings

Nucleon scattering:!
No spin-independent interaction at tree level.

Relic abundance:!
�0
m

�±

W±
SM

SM

Strong co-annihilation with charged state. 

loop-induced splitting
m± �m0

m

m0
m & fewTeV; m0

l , y variable
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q

q̄0

W ⇤

W ⇤

Z⇤

�+

�0
m

�0
l

�0
l

`�

`+

`+

⌫`

j

Vector boson fusion might be complementary.
[Dutta et al., 1411.6043] [Berlin et al., 1502.05044]

: soft leptons and missing energy      mD �m0
l . 30GeV

[Schwaller, Zurita,1312.7350][Giudice et al., 1004.4902]
Similar to SUSY electroweakino and slepton signals.

[Gori, Jung, Wang, 1307.5952] [Porod et al., 1705.06583]
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