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DARK MATTER!



DARK MATTER?

�3

[ATLAS experiment, event n. 55091306, recorded on July 14, 2012]



THE “WIMP’’ MIRACLE
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Relic dark matter abundance after thermal freeze-out:
[Planck coll. 2015, arXiv:1502.01589]

h�Avi = 3⇥ 10�26cm3s�1 ⇡ 1 pb

⌦DMh2 ' 3⇥ 10�27cm3s�1

h�Avi
= 0.1199± 0.0022

Weakly Interacting Massive Particle around                        ?⇤EW ' 100GeV

Thermally averaged annihilation cross section:
SM

SM�

�

[NASA / WMAP Science Team, after Planck 2013]
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PARTICLE DARK MATTER

Weak interactions with standard model suggest heavy mediator: 

Example: fermion dark matter

L(6)
e↵ = C(���)( � )M2

⌘ � q2 :

s-channel t-channel
�

� ⌘

SM

SM

⌘
�

�

SM

SMSM

SM�

�

C =
g2

M2
⌘

⌧ 1

q2

+ . . .

q



HIGGS-PORTAL DARK MATTER
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�

� H

H

� = Vµ :

� = S :

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

Z2 symmetry      DM candidate stable.

Renormalizable portal interactions:
Scalar DM

Vector DM

Effective portal interaction through mediator(s):

Fermion DM: Le↵ =
gS
⇤
(�̄�)(H†H) + i

gP
⇤

(�̄�5�)(H
†H)

L = (S†S)(H†H)

L = (VµV
µ)(H†H)

!

H =
1p
2

 p
2G+

v + h+ iG0

[e.g. Hambye, arXiv:0811.0172]

[Patt, Wilczek, hep-ph/0605188]

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



HIGGS PORTAL AT THE LHC
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invisible Higgs decay

[e.g. Djouadi et al., arXiv:1310.8214] [Craig et al., arXiv:1412.0258]

off-shell Higgs processes
very strong bounds very weak bounds

h⇤ �

�

30

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

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

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

FIG. 8: Contours of fixed Majorana relic density for frel = 1 (black solid), 0.1 (red dashed) and 0.01

(blue dotted). The grey shaded region is ruled out by due to an overabundance of dark matter. Left: A

close-up of the resonant annihilation region, m� ⇠ mh/2. Large values of �h�/⇤� are excluded by an

upper limit of 19% (pink solid) at 2� CL or 5% (pink dotted) at 1� CL on BR(h ! ��). Right: Relic

density contours for the full range of m�.

[Beniwal et al.,1512.06458]

BR(�h!��) > 0.192g
S
/⇤

[Endo, Takaesu, arXiv:1407.6882]
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UV-COMPLETE FERMION HIGGS PORTALS

mD � mS

h

h S

 S

gS =
y2

2mD

   Higgs portal at the LHC is “open’’ for mediator searches.

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, arXiv:1506.04149]
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hHi = v/
p
2

L = �mD D D �mS S S � (y DH S + h.c.)

Dark fermions mix through Yukawa interaction:

�0
l = cos ✓ 0

D � sin ✓ S

�0
h = sin ✓ 0

D + cos ✓ S

h

yp
2
sin(2✓)

�0
l

�0
l

SINGLET-DOUBLET MODEL

Mixing controls coupling to Higgs and gauge bosons:

�0
l

�0
l

Z

� g

2cW
cos

2 ✓

 D =

 !
 +
D

 0
D

m�0
l
, m�0

h
, yThree parameters: 
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SEARCH FOR (HIGGS-PORTAL) DARK MATTER

SM

SM�

�

relic abundance (annihilation)

high-energy colliders (production)

direct detection	
(scattering)

n

m�0
l
,m�0

h
, y
o

Bounds from indirect detection are weak. [Beniwal et al.,1512.06458]
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DIRECT DETECTION
SM

SM�

�

Spin-independent	
DM-nucleus scattering: 

�0 =
µ2
A

⇡
|Zfp + (A� Z)fn|2

The WIMP miracle

Testing the WIMP hypothesis

indirect detection

PAMELA, FERMI, AMS-II, IceCube,
HESS, ...

talks by C. de los Heros, M. Cirelli

colliders

LHC at CERN

talk by T. Plehn

direct detection

XENON, LUX, CDMS, CRESST, DEAP,
COUPP, EURECA,...
talk by J. Jochum

T. Schwetz 30

e.g. at the Large Underground Xenon experiment LUX

Measure recoil of atomic nuclei in shielded place.

p
k2 ' 10� 50MeV ⌧ M⌘

[picture taken at the Homestake Mine in Lead, SD]
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Figure 1: A compilation of WIMP-nucleon spin-independent cross section limits (solid

lines) and hints of WIMP signals (closed contours) from current dark matter experiments

and projections (dashed) for planned direct detection dark matter experiments. Also

shown is an approximate band where neutrino coherent scattering from solar neutrinos,

atmospheric neutrinos and di↵use supernova neutrinos will dominate [13].

results from other experiments. At this point, we do not have conclusive
evidence of a dark matter signal. Hence, it is necessary to have experiments
using several technologies and a variety of targets located in di↵erent loca-
tions to maximize the chances of discovery and to confirm any claimed dark
matter signal. Figure 1 presents the current limits and favored regions of
current experiments and projections of the parameter space we will be able
to explore with the next generation of experiments. As we look forward to
the next decade, it is clear that with a diverse portfolio we will be able to
explore parameter space all the way to the neutrino floor [13].

14

[Cooley, arXiv:1410.4960]

[LUX coll., arXiv:1512.03506]LUX experiment: �0(m� ⇡ 100GeV) . 10�45cm2

BOUNDS ON DM-NUCLEON INTERACTIONS

Currently strongest bound on weak-scale DM scattering:
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DARK FERMION-NUCLEON SCATTERING

Dirac singlet:

Majorana singlet:

gh� =
yp
2
sin(2✓)

gh� =
y

2
sin(2✓0)gZ� = 0

gZ� = � g

2cW
cos

2 ✓

h
�

� q

q
Z

�

� q

q

k

Effective interactions:

direct detection bounds      DM must be singlet-like,            .✓ ⇡ ⇡/2

fp,n ⇠
gZ� g

Z
q

M2
Z

fp,n ⇠
gh�
M2

h

mq

v

OV = (�̄�µ�)(q̄�
µq) OS = (�̄�)(q̄q)

SM

SM�

�
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RELIC ABUNDANCE

Dirac dark matter annihilation:

Direct detection strongly constrains DM annihilation rate.

Observed abundance: [Planck coll., arXiv:1502.01589]⌦�h
2 = 0.1199± 0.0022

Majorana dark matter :

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

✓

Co-annihilation prevents over-abundance:	
   small DM-mediator mass splitting

��̄ ! Z ! qq̄, `+`�

SM

SM�

�
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COLLIDER SEARCHES
SM

SM �

� Look for missing energy or production of mediators.

e.g. at the Large Hadron Collider

Mediator searches

q

q̄

⌘

⌘

`

j

/ET

. . .

q2 = s

Dark-matter production in	
proton-proton collisions:

�

�

j
q

q̄
/ET

Mono-jet searches

�(pp ! ��+X) =

Z
dsLij(s)�̂ij(s)

[ATLAS experiment, CERN]
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DARK FERMION SEARCHES AT COLLIDERS

q

q̄0

W ⇤

W ⇤

Z⇤

�+

�0
m

�0
l

�0
l

`�

`+

`+

⌫`

j

Soft leptons:      

/ET > 300GeV

pT (j1) > 300GeV

pT (`) < 20GeV

LHC Run II

Mono-jet signal is too small for LHC energies.

[Schwaller, Zurita, arXiv:1312.7350]

SM

SM �

�

[Giudice, Han, Wang, Wang, arXiv:1004.4902]

m0
m �m0

l , m
+ �m0

l . 30GeV

Similar to SUSY electroweakino searches:
[Gori, Jung, Wang, arXiv:1307.5952]

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



EWK-INO SEARCH WITH SOFT LEPTONS
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Emiss
T > 200GeV

pjT > 150GeV

p`1T : 5� 15, 15� 25GeV

p`2T < 15GeV

16 7 Summary
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CMS 

Figure 4: Cross section limits at 95% CL obtained from the search in the dilepton channel as a
function of the common ec±

1 /ec0
1 mass. The black lines with symbols correspond to the observed

limit, while the solid and dashed coloured lines represent the expected limit and the ±1s
bands corresponding to the experimental uncertainties, respectively. The flavour-democratic
(t-enriched) cases of the model are indicated by green (orange) lines and upward- (downward-
) pointing triangular symbols. The solid and dashed blue lines without symbols correspond to
the predicted cross section for chargino-neutralino production and its uncertainties.

most 80 GeV with respect to the LSP. At low mass splitting, lepton momenta are low, and the
b jets do not enter the acceptance. At higher values of Dm, the average lepton momentum
increases and soft b jets can be reconstructed. Therefore, signal regions are further divided
according to the pT of the leading lepton and the presence or absence of a soft b-tagged jet. In
the single-lepton search the transverse mass of the lepton-Emiss

T system is used as an additional
discriminant.

The main backgrounds to this search are W+jets and tt production. Contributions to the signal
regions from these and several nonleading background sources are estimated by using data
in control regions to normalize the simulated yields. These estimates are tested with data in
validation regions.

The observations in the signal regions are compatible with the SM background predictions.
In the absence of any indication of signal, cross section limits are set at 95% CL in the et–ec0

1
mass plane. These results are used to extract mass limits based on a reference cross section for
top squark pair production and assuming a 100% branching fraction for the four-body decay
et ! bff0 ec0

1. The most stringent limit on the mass of the top squark is obtained in the dilepton
channel: m(et) > 316 GeV at 95% CL for a mass splitting of 25 GeV. These results extend existing
limits in the four-body decay channel of the top squark [17, 18] and complement the analyses
performed in theet ! cec0

1 channel [16].

The results obtained in the dilepton channel are also used to set limits on models of chargino-
neutralino production in a compressed spectrum with a mass difference between ec0

2/ec+
1 and

ec0
1 of 20 GeV. Based on the 95% CL upper limit on the cross section in the case of flavour-

democratic leptonic decays of these particles, a lower limit on the common ec+
1 /ec0

2 mass is set
at 212 GeV. If chargino decays proceed exclusively via the t channel, and in the absence of the
ec0

2 ! enn decay mode, this limit increases to 307 GeV, well above existing limits [22].

[CMS, arXiv:1512.0800]

Di-leptons + ISR jet + missing energy:

Interpret these signatures in fermion Higgs portal context.

2 2 Detector description and event reconstruction

p

p

t̃

b
f

f́

�̃0
1

t̃

b
f

f́

�̃0
1

p

p

�̃+
1

`(⌫)

⌫̃(˜̀)

⌫(`)

�̃0
1

�̃0
2

`(⌫)

˜̀(⌫̃)

`(⌫)

�̃0
1

Figure 1: Signal models for top squark pair production with subsequent four-body decays
(left), and chargino-neutralino pair production with decays via sleptons and sneutrinos (right).
Antiparticle labels are suppressed.

lepton topology offers the second-highest branching fraction after the purely hadronic mode.
In this channel we consider only muons, which can be efficiently reconstructed and identified
with transverse momenta as low as 5 GeV. For the dilepton topology we require a second
lepton (electron or muon) of opposite charge. The single and double electron final states are
not used because they have reduced sensitivity compared to the muon channels due to the
higher pT thresholds required for electrons. In addition, selected events are required to have an
energetic jet compatible with the ISR signature, at most one additional jet of moderate to high
pT, no hard leptons, and a significant amount of Emiss

T . The dominant SM backgrounds to this
search are pair production of top quarks, W boson or Z/g⇤ production in association with jets,
and diboson (VV) production. Their contributions to the signal region (SR) are estimated by
correcting the predictions from simulation using the event yields observed in several control
regions (CRs) in data. Data are also used to validate this procedure and to derive systematic
uncertainties.

The results of the dilepton search are also interpreted in terms of the model of ec+
1 -ec0

2 pair
production discussed above. For small ec+

1 � ec0
1 mass splittings, the leptons in the final state

would be soft and therefore within the signal region of the dilepton search.

2 Detector description and event reconstruction

The CMS detector has been described in detail in Ref. [26]. Its central feature is a supercon-
ducting solenoid that provides a homogeneous field of 3.8 T in a volume containing a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and
scintillator hadron calorimeter. Muons are measured in gas-ionization chambers embedded in
the steel flux-return yoke surrounding the solenoid. The acceptance of the silicon tracker and
the muon systems extends to pseudorapidities of |h| < 2.5 and <2.4, respectively. The barrel
and endcap calorimeters cover the range |h| < 3.0 and are complemented by extensive forward
calorimetry. Events are selected for further analysis by a two-tier trigger system that uses cus-
tom hardware processors to make a fast initial selection, followed by a more detailed selection
executed on a dedicated processor farm.

The measurement of jets and Emiss
T is based on candidates reconstructed by the particle-flow

(PF) algorithm [27, 28], which identifies leptons, photons, and charged and neutral hadrons
by combining information from all subdetectors. The PF candidates are clustered into jets by
using the anti-kT algorithm [29] with a distance parameter of 0.5. Jets are required to have
pT > 30 GeV and |h| < 4.5, and to pass loose quality criteria [30] based on the energy fractions
associated with electromagnetically or hadronically interacting charged or neutral particles.
The negative vector sum of the transverse momenta of the PF candidates defines the value
of Emiss

T and the corresponding direction. Jet energies and Emiss
T are corrected for shifts in the

energy scale, contributions from additional, simultaneous proton-proton collisions (pileup),

[SW, arXiv:1605.05193]
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SUMMARY DARK DIRAC FERMIONS

IL
C

�m=0.1
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[Freitas, SW, Zupan, arXiv:1506.04149]

�m ⌘ (m0
h �m0

l )/m
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l
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SUMMARY DARK MAJORANA FERMIONS

Future direct detection experiments	
and/or a high-energy collider can test this model.
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⌦�0
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[Freitas, SW, Zupan, arXiv:1506.04149]
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electron-positron (ILC): 

proton-proton (FCC):

p
s = 500� 1000GeV

p
s = 100TeV

- fermion mediators: soft leptons (+ISR)

[Low, Wang, arXiv:1404.0682]

[Harris et al., arXiv:1509.02904]

- fermion mediators: soft leptons and jet(s)	
- boson mediators: jet(s)+missing energy

mFCC
max ⇡ 5⇥mLHC

max

enhanced cross section allows for sharper cuts

clean environment, less background
[Berggren et al., arXiv:1309.7342]

m⌘ .
p
s/2sensitivity to mediator masses

extended mass reach

[Bramante et al., arXiv:1412.4789]
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- Opportunity at LHC Run II:

Higgs-portal fermion dark matter

- Future lepton and high-energy hadron colliders	
  are helpful to test such models conclusively.

- Direct detection experiments provide

�

�

h

h

Search for resonant production of mediators with soft 
leptons and missing transverse energy. 

complementary information.
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VECTOR BOSON FUSION
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Sensitivity to fermion Higgs portal at 13-TeV LHC: 

Selection criteria from	
CMS Run-I search:
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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., arXiv:1603.07739]

8

dimension-seven operators also allow annihilation into pairs of photons as well as a Z boson and a photon (Z�).
To set limits on the EFT operators from indirect detection, we again apply the Fermi-LAT Pass-8/MAGIC dwarf

galaxy bound [64] for annihilation into final states other than photons pairs. Since annihilation into W boson or Z
boson pairs (WW or ZZ) results in nearly identical spectra of gamma rays for the purposes of this analysis, we sum
up the individual h�vi for these two annihilation modes to compare to the experimental limits. For annihilation to
fermions, we apply the b quark limits from Ref. [64]. Limits on annihilation to photon pairs are taken from the
Fermi-LAT Galactic Center line search [67], assuming an NFW profile. Note that this search for photon lines sets
stronger constraints on the relevant h�vi, but is only applicable for dark matter masses above 200 GeV. For operators
that result in multiple annihilation channels, the limit on ⇤ is extracted from the single strongest channel at any given
dark matter mass. The combined bounds are displayed in the right panel of Fig. 6.

III. SIMULATION TECHNIQUES AND VALIDATION

All models are implemented in FeynRules 2.3.1 [68] and the hard interaction is simulated in MadGraph5

2.2.3 [69]. This is followed by Pythia 6.4.28 [70] for hadronization, using the MLM parton shower matching
scheme [71] to avoid double counting. Jet-parton matching is performed up to three jets for all models we consider.
We note that production of the scalar and pseudoscalar mediators proceeds through a loop of top quarks. For heavy
mediators at high pT , the correct di↵erential spectrum can only been obtained if the top-quark loop is resolved, rather
than treated as an e↵ective interaction as it is in MadGraph [37, 72–74]. However, the VBF topology allows lower
/ET thresholds to be present in analysis selection compared to typical mono-X searches, and we expect the correction
factor from the resolved loop to be small.

We then simulate the CMS detector response and reconstructions usingDelphes 3.2.0 [75], which has been validated
against CMS results as described in Ref. [75]. We simulate 21 additional parton interactions (pile up) besides the
primary interaction per event for the 8 TeV dataset and 40 for the 13 TeV events. For the high luminosity LHC (HL-
LHC) up to 80 pile-up events up may occur but we expect that detector upgrades, e.g. track trigger and high granularity
calorimeter will allow analysis performance to be maintained. The planned increases in the LHC instantaneous
luminosity will require the trigger selection to be tightened. We do not attempt to predict such changes or their
impact; we anticipate they will be o↵set by improvements in analysis methodology, such as the use of kinematic
variable shapes to distinguish signal from background.

We validate this simulation framework by reproducing the results of the Run I CMS invisibly decaying Higgs bosons
search [76, 77]. To achieve this, we simulate SM VBF Higgs boson production for a range of Higgs boson masses,
mH , and estimate yields after applying the event selection detailed in Table II. We note the CMS Level 1 /ET trigger
uses the calorimeters only up to pseudorapidity |⌘| < 3, which we simulate by requiring the vectorial sum of the pT of
jets within this acceptance to be greater than the trigger threshold of 40 GeV. The remaining selection in Table II is

simply the o✏ine selection discussed in Ref. [77]. The /ET significance, /E
sig
T , defined as the /ET divided by the square

root of the scalar sum of the ET of all particles in the event, is reproduced by taking the ratio of the /ET to the square
root of the scalar sum of all the 4-vectors from Delphes.

/ET(trigger) > 40 GeV

Jet selection p
j1(j2)
T > 50 (45) GeV

|⌘j1,2| < 4.7
⌘j1 · ⌘j2 < 0
�⌘jj > 3.6

Dijet mass Mjj > 1200 GeV
/ET > 90 GeV
/E
sig
T /E

sig
T > 4 GeV1/2

��(/ET, j) > 2.3

TABLE II: VBF event selection, taken from the Run I CMS search for invisibly decaying Higgs bosons in VBF [77].

Our result of 248 ± 50 signal events for mH = 125 GeV agrees well with the expected yield of 273 ± 31 events by
the CMS Collaboration. The signal event yield obtained for VBF production is increased by by 8% to account for
the gluon fusion contribution estimated by the CMS collaboration. Kinematic distributions, including the /ET, �⌘jj ,

Mjj and /E
sig
T , were also compared to those in Ref. [77] and good agreement was seen.

We then derive 95% CL limits on the invisible branching fraction for a Higgs boson of mass 125 GeV. Two separate
limits are set, one using our estimated signal yield, and another using the CMS estimated signal yield. Both limits

[CMS-PAS-HIG-14-038]

h⇤ �

�

B(h ! inv) < 0.57 [95% CL]CMS:
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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]

fermion dark matter with scalar Higgs-portal coupling:
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FIG. 6: Allowed parameter space for the Majorana singlet-doublet model in the Higgs resonance region, with the
constraint ⌦�0

l
= ⌦DM. The solid lines indicate the correct DM density for di↵erent values of the Yukawa coupling y.

The red-shaded region is excluded by direct detection limits from LUX. Also shown are projected 95% C.L. limits from
3` searches at LHC14 with 3000 fb�1 (dotted horizontal lines and shading) and FCC-hh with 3000 fb�1 (dot-dashed
horizontal line and shading). The vertical lines depict the projected limits from h ! invisible measurements at LHC14
with 300 fb�1 (short dashed) and 3000 fb�1 (dotted), and at ILC with

p
s = 250 GeV (long dashed), as well as from

direct detection searches at XENON1T (red dotted). See text for details.

second is related to the need for a large enough signal production cross-section. For LHC14 with 3000 fb�1,
we estimate its 95% C.L. exclusion limit for this signature based on simulation results from the ATLAS
collaboration [65]. To account for the smaller cross-section in the Majorana singlet-doublet model compared
to the supersymmetric singlet-triplet scenario studied by ATLAS, we conservatively take the 5� rather than
the 95% C.L. contour from Fig. 10 in Ref. [65].6 For FCC-hh with

p
s = 100 TeV and 3000 fb�1, we adopt the

results from Sec. III.C in Ref. [66]. As evident from the horizontal bands in Fig. 6, the combination of LHC14
and FCC-hh results can cover most of the astrophysically allowed parameter space, except for relatively large
values of the Yukawa coupling y.

Alternatively, this scenario can be tested by measurements of the invisible Higgs width. For �0
l < mh/2, the

Higgs boson can decay into pairs of DM particles, h ! �0
l �

0
l , which escape undetected. Future LHC data will

be able to put strong limits on the invisible branching fraction of 17% with 300 fb�1 and 6% with 3000 fb�1,
under somewhat favorable assumptions for the systematic errors [64]. A much more precise constraint of
Br(h ! inv) < 0.3% is expected from ILC data taken at

p
s = 250 GeV (see Tab. 2.6 in Ref. [72]). The

corresponding bounds on the parameter space of the model are depicted by the vertical lines in Fig. 6. These
bounds do not depend on the heavy fermion mass, m0

m, since both the thermal relic density and the Higgs
invisible width are governed by the same h�0

l �
0
l coupling.

Finally, future direct detection searches by XENON1T [36] will probe most of the allowed parameter space,
as depicted by the red dotted lines in Fig. 6. Combining the projected limits from collider and direct detection
experiments, only the parameter region where the DM mass is very close to half the Higgs mass, 60.5 GeV .
m0

l . 62 GeV, and the mediator mass is very large, m0
m & 3 TeV, will remain inaccessible.

6 While this choice will underestimate the reach of LHC14, we note that the covered parameter space does not change much
between the 95% C.L. and 5� contours from Fig. 10 in Ref. [65].

[Freitas, SW, Zupan, arXiv:1506.04149]


