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LHC: A powerful probe for dark matter

DM existence well established, identity unknown.  
→ One of the most important questions of particle physics today 
Four probes for dark matter physics: 
• Direct search by DM-nucleon scattering 
• Indirect search of DM annihilation products 
• Production at colliders 
• Astrophysical & cosmological observations 

Collider searches have 
• Competitive sensitivity to direct searches. 
• Ability to characterize the DM interaction  

in detail. 
• Interaction spin/parity, coupling, etc.
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is
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Common framework for LHC DM searches

LHC DM searches = ETmiss + X (=j, W, Z, γ, H, tt, bb, t, etc.) 

ATLAS/CMS Dark Matter Forum recommendations  
(July 6, 2015 1507.00966) 
• Categorizes physics of ETmiss + X final states. 
• Provides common bases for interpreting search results. 
• Recommends use of simplified models with minimal particle 

content wherever applicable.  
→ Well-defined set of model parameters.  
     Typically MDM, Mmediator, gSM, gDM 

• Focus on Dirac fermion DM, vary spin/parity  
of mediator
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, m

c

, g
c

, gq).
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The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and g

c

. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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q(x) denotes the Heaviside step function, and b f =

r

1 � 4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = g

c

= 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.

https://arxiv.org/abs/1507.00966


Dark matter searches at CMS
4

X Data set CMS ID Available since Published

Jets, W/Z(qq) 2015 EXO-16-013 Apr 2016 Preliminary

t→μνb 2012 B2G-15-001 Apr 2016 Preliminary

bb 2015 B2G-15-007 Mar 2016 Preliminary

Jets 2012 EXO-14-004 Mar 2016 JHEP, Submitted

Z(ℓℓ) 2012 
(2015)

EXO-12-054 
(HIG-16-008)

Nov 2015 
(Mar 2016)

PRD, Accepted 
(Preliminary)

tt (1ℓ) 2012 B2G-14-004 Apr 2015 JHEP 06 (2015) 121

γ 2012 EXO-12-047 Oct 2014 PLB 755 (2016) 102

W(ℓν) 2012 EXO-12-060 Aug 2014 PRD 91 (2015) 092005
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Flagship: Jets+ETmiss + mono-W/Z(qq)
Signature = large ETmiss + high-pT jets. 
Sensitive to most generic class of DM signals. High rate. 
• “Fat jet” category for boosted W/Z(qq): ETmiss, pTj1 > 250 GeV. 
• Inclusive category: Remaining ETmiss > 200 GeV & pTj1 > 100 GeV. 
Fit background and signal predictions to data ETmiss distributions. 
→ Resolve kinematic differences among DM models.
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Jets+ETmiss + mono-W/Z(qq) results [13 TeV]

No excess observed. Limits set on  
cross sections in simplified models. 
Fix gq = 1 = gDM = 1, scan in Mmed & MDM 

More 13 TeV data needed to supersede 8 TeV.
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, m

c
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c

, gq).
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The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and g

c

. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = g

c

= 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.

EXO-16-013
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Jets+ETmiss + mono-W/Z(qq) results [13 TeV]

Recast simplified model cross sections  
to DM-nucleon scattering cross section. 
Vector mediator → spin-independent  
Axial-vector mediator → spin-dependent 
Sensitivity complementary to / better than direct searches.
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Jets + ETmiss with razor variables [8 TeV]

Another approach for ≥2 jets + ETmiss 

Use razor R2 (~ETmiss wrt event transverse mass) 
Similar sensitivity* to jets+ETmiss
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Monophoton [8 TeV]

ETmiss > 140 GeV & γ pT > 145 GeV. 
Fit bkgd and signal predictions to data  
pTγ distribution. 
Less sensitive than jets+ETmiss, but an 
important cross check when DM is found.

9

EXO-12-047 *EFT limits. Monojet reference outdated.

200 400 600 800 1000

Ev
en

ts
/G

eV

-310

-210

-110

1

10

 (8 TeV)-119.6 fb

CMS γ, Z(ll)γγ), νµ+jet, W(γ
Beam halo

 MisIDγ →jet
 MisIDγ →electron

γν l→γW
γνν →γZ

Data
Bkg. uncertainty

=2 TeV, n=3)
D

SM+ADD(M

 [GeV]TE
200 300 400 500 600 700 800 900 1000

D
at

a/
SM

0.5
1

1.5
2

2.5

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-12-047/index.html


 [GeV]χm
1 10 210 310

]2
 [c

m
 Nχ

σ
46−10

44−10

42−10

40−10

38−10

36−10

34−10

32−10

30−10

28−10

90% CLSpin dependent

 SS→

CMS invisible Higgs: H 

LUX 2013

CDMSlite CMS monophoton (D5)
CMS monojet (D5)

D5: untruncated
 = 1

q
g
χ

gD5: truncated, 
C3: untruncated

 = 1
q

g
χ

gC3: truncated, 

 (8 TeV)-119.7 fb

CMS
χχ-l+l → χχ Z→ pp

Mono-Z(ℓℓ), W(ℓν) [8 TeV]

Z(ℓℓ) 
• e+e- or μ+μ 
• |Mℓℓ-MZ| < 10 GeV 
• ETmiss > 80 GeV 
• Fit to MTℓℓ distribution 
W(ℓν) 
• 1 μ pT > 45 GeV or  

1 e pT > 100 GeV 
• 0.4 < pTℓ/ETmiss < 1.5 
• Fit to MTℓ distribution
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Z(ℓℓ)+ETmiss ZH interpretation [13 TeV]

Probing spin-0 mediator with SM Higgs-like couplings. 
Strategy similar to 8 TeV Z(ℓℓ)+ETmiss. 
Sensitive down to σ×BR ~ σSMZH(125).
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bb/tt + ETmiss [13/8 TeV]

Spin-0 mediator (Φ) with minimal flavor violation  
→ g(SM-Φ)∝Yukawa 
→Enhanced bb/tt-DM associated production 
bb+ETmiss 

• 1 or 2 b-tagged jets pT > 50 GeV 

• ETmiss > 200 GeV 
tt+ETmiss 

• ≥3 jets, ≥1 b-tagged 
• ETmiss > 320 GeV 
• MTℓ > 160 GeV 
• MWT2 > 200 GeV
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bb/tt + ETmiss results [13/8 TeV]

bb+ETmiss: 
Bkgd + signal fit to multiple control regions  
+ signal region. 
Results cast in terms of simplified model σ  
as a function of mediator mass. 
tt+ETmiss: 
Counting experiment. 
Presented as EFT limits.
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Summary and prospects

• CMS dark matter search is in full swing. 
• Result interpretation scheme standardized.  
→ Easier comparison among collider searches 
AND with direct searches to 
• Establish complementarity. 
• Identify uncovered territories. 

• Collider DM searches has competitive sensitivity to 
direct searches even for generic models. 

• Many more 13 TeV results in the pipeline.  
Updates, combinations, etc.
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BACKUPS



Jets+ETmiss control regions

CRs: 2μ/e, 1μ/e, γ. 
Remove ℓ/γ from 
event as ETmiss proxy. 
Bkgd estimations 
connected between 
CRs and SR  
→ Simultaneous fit to 
constrain SR bkgd.
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Nonrelativistic limit for 
t-channel DM-quark scattering
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μnχ: nucleon-DM reduced mass 
Δu = -0.42, Δd = 0.85, Δs = -0.08

From Buchmueller, Dolan, Malik, and McCabe (1407.8257)



Razor variables

Clusterize all visible objects in the event into two 
“megajets” j1 and j2.
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Mono-Z(ℓℓ), W(ℓν)
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Monotop
Probes FCNC and new colored, charged resonance. 
1 μ, 1 b-tagged jet pT > 70 GeV, ETmiss > 100 GeV. 
Signal extraction from fit to MTμ distribution. 
Limits set on σ×BR for invisible mass (FCNC case)  
and resonance mass.
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