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• Overwhelming evidence for 
Dark Matter but corresponding 
particle missing from SM

• When searching for Dark 
Matter, the big question is:
• How does it interact?

• All evidence for Dark Matter so 
far is gravitational
• Why look for it a colliders?
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Dark Matter @ the LHC
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Dark Matter Searches"
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• Why look for DM at colliders?

• Assumption that in early universe DM was 
in thermal equilibrium with SM matter

• some interaction with SM matter

• As universe expands and cools down, DM 
decouples

• DM abundance determined by annihilation 
cross section at freeze-out

• A particle with weak scale interactions and 
mass of O(100 GeV) gives relic density in 
agreement with our measurements

• “WIMP miracle”
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Introduction/Motivation

The WIMP Miracle

M. Lindner MPIK EPS-HEP, Venice, 5-12 July 2017 4

Evolution of original DM density: 

è Boltzmann equation

è thermal freeze-out 

BSM motivated new physics @TeV:
è automatically ~ correct abundance
è typical WIMP mass O(EW scale)

inflation è many e-folds 

Reheating è all particle types produced
Evolution of original plasma by:

- expansion (dilution)
- decays
- interactions à conversion processes

‣ DM and SM particles in thermal equilibrium in the past 
‣ As the Universe expands, the annihilation depletes the DM density and freeze out 
‣ DM abundance  determined by annihilation cross-section at freeze-out

Dark Matter?
Two big explanations : gravitational effects and matter (→ new particle!) 
Consider new particle approach to further characterize the DM
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• Simplified models
• Resolve the interaction

• Come with different assumptions for 
interactions/mediators

• Start with minimal assumptions
• Effective Field Theories

• Described in terms of Lorentz structure, 
DM mass and cut-off scale

• Need to be careful at LHC @ 13 TeV
• EFT only valid if Q2 << M

4

What interactions to probe?

• vector ψγμψ, 
• axial-vector (ψγμγ5ψ)

• scalar (ψψ)
• pseudo scalar (ψγ5ψ) 
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• Simplified models
• Resolve the interaction

• Start with minimal assumptions
• Effective Field Theories
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What interactions to probe?

We also typically need additional radiation (ISR) 
as WIMPs are invisible to the detectors
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• Typically parameterized by 5 parameters:

• mass of DM particle, m𝝌
• mass and width of mediator particle, 

mmed, 𝜞med
• coupling of mediator to SM sector, gq
• coupling of mediator to DM sector, g𝝌

• A/A-V: gq = 0.25, g𝝌 = 1
• S/P-S: gq = 1, g𝝌 = 1

• Searches focus on two main signatures:

• DM production via mediator
• Missing energy searches as a result 

of escaping DM particles
• Mono-X signatures

• X = jet, photon, W, Z, H,…

• Resonant production of mediator 
particle and decay back to SM 
particles

• di-jet, di-lepton,di-top,…
resonances

6

Simplified Dark Matter models
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• Systematic approach pursued through 
Dark Matter LHC Working group

• https://lpcc.web.cern.ch/content/lhc
-dm-wg-wg-dark-matter-searches-
lhc

• with involvement of both 
experimentalists and theorists

• Recommendations for models and 
their implementation

• Guidelines on how to compare collider 
searches with direct detection limits

• Recommendations for comparison of 
searches for heavy mediators of DM 
production
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CERN-LPCC-2016-001

Recommendations on presenting LHC
searches for missing transverse energy
signals using simplified s-channel models

of dark matter
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Simplified Dark Matter models

29 29 

Mono-W

Mono-Higgs

Mono-Z

Mono-top

Mono-jet Mono-photon 

Mono-Mania (at the LHC) … complemented by 
searches for “full”, UV-
complete models, such 
as

• Supersymmetry
• Kaluza-Klein extra 

dimensions
• Little Higgs models
• etc.

• …and of course there 
are also other DM 
candidates but this 
talk will mainly focus 
on WIMPs

Mono-mania @ the LHC…
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Mono-mania

med
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• Search for jets with missing energy
• Jets or boosted vector bosons (W,Z)

• Comparison of data with background 
prediction

10

Mono-jet & Mono-V Searches

14 5 Results and interpretation
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Figure 9: Observed E
miss
T distribution in the monojet (left) and mono-V (right) signal regions

compared with the post-fit background expectations for various SM processes. The last bin
includes all events with E

miss
T > 1250(750) GeV for the monojet (mono-V) category. The ex-

pected background distributions are evaluated after performing a combined fit to the data in
all the control samples, but not including the signal region. Expected signal distributions from
the 125 GeV Higgs boson decaying exclusively to invisible particles, and a 2 TeV axial-vector
mediator decaying to 1 GeV DM particles, are overlaid. Ratios of data with the pre-fit back-
ground prediction (red points) and post-fit background prediction (blue points) are shown for
both the monojet and mono-V signal regions. The gray bands in these ratio plots indicate the
post-fit uncertainty in the background prediction. Finally, the distribution of the pulls, defined
as the difference between data and the post-fit background prediction relative to the quadra-
ture sum of the post-fit uncertainty in the prediction, and statistical uncertainty in the data are
also shown in the lower panel.

the exclusion contours in the mmed–mDM plane for the scalar and pseudoscalar mediators. In
the case of the scalar mediator limits are computed on the combined cross section from the
monojet and mono-V signal processes. In the case of the pseudoscalar mediator limits are
computed assuming only the monojet signal process. Pseudoscalar mediator masses up to
400 GeV and DM masses up to 150 GeV are excluded at the 95% CL.

The exclusion contours obtained from the simplified DM models are translated to 90% CL up-
per limits on the DM-nucleon scattering cross sections using the approach outlined in Refs. [10,
33, 87]. The results for the vector and axial-vector mediators are shown in Fig. 13. The sensi-
tivity achieved in this search provide most stringent constraints for DM particle masses below
5 GeV for vector mediators. For axial-vector mediators, sensitivity achieved in this search pro-
vide stronger constraints up to 550 GeV DM particle masses. For pseudoscalar mediator, the
90% CL upper limits are compared in Fig. 14 with the indirect detection results in terms of the
velocity averaged DM annihilation cross section from the Fermi-LAT Collaboration [88], and
provide stronger constraints for DM masses less than 200 GeV.

• Main background from Z → νν + jets and 
W+jets production

CMS EXO-16-048 ATLAS EXOT-2016-27
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Mono-jet & Mono-V Searches
Vector Axial-Vector

Scalar Pseudo-Scalar

med

• Interpretation in simplified DM models
• s-channel with different mediators

• Set limits on allowed masses and 
coupling strength (next slide)

• Further interpretations in
• fermion portal models
• coloured scalar mediator models
• nonthermal dark matter model

C
M

S EXO
-16-048

ATLAS EXO
T-2016-27

mDM = 1 GeV
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• Interpretation in simplified DM models
• s-channel with different mediators

12

Mono-jet & Mono-V Searches

Scalar

20 6 Results and interpretation

Figure 12: Exclusion limits at 95% CL on µ = s/sth in the mmed–gq plane assuming vector
(left) and axial-vector (right) mediators. The widths shown on the axis correspond to mediator
masses above 400 GeV, where the top quark decay channel is fully open. For the mediator
masses below the top quark decay channel threshold the width is 9% less. The solid (dotted)
black line shows the contour for the observed (expected) exclusion. The solid red contours
around the observed limit represent one standard deviation due to theoretical uncertainties in
the signal cross section. Constraints from the Planck satellite experiment [97] are shown as dark
blue contours; in the shaded area DM is overabundant.

The exclusion contours obtained from the simplified DM models are translated to 90% CL472

upper limits on the spin-independent/spin-dependent (sSI/SD) DM-nucleon scattering cross473

sections using the approach outlined in Refs. [19, 36, 100]. The results for the vector and474

axial-vector mediators are compared with the results of direct searches in Fig. 13. This search475

provides the most stringent constraints for vector mediators, for DM particle masses below476

5 GeV. For axial-vector mediators, the sensitivity achieved in this search provides stronger477

constraints up to a DM particle mass of 550 GeV than those obtained from direct searches.478

For pseudoscalar mediators, the 90% CL upper limits as shown in Fig. 14 are translated to479

velocity-averaged DM annihilation cross section (hsvi) and are compared to the indirect de-480

tection results from the Fermi-LAT Collaboration [101]. The collider results provide stronger481

constraints for DM masses less than 150 GeV.482

6.1.1 Fermion portal dark matter interpretation483

The total production cross section in the fermion portal DM model has an exponential (linear)484

dependence on the mass of the new scalar mediator mfu (mass of the DM candidate mc). The485

middle diagram shown in Fig. 1 represents the main production mechanism for small mfu486

values, whereas the right diagram contributes to the total cross section for mfu > 1 TeV. The487

region where mfu < 2mc is not considered in the search, because of the reduced production488

cross section of the model. The upper limits on the signal strength are set as a function of mfu489

and mc. Figure 15 shows the exclusion contours in the mfu–mc plane, for which the coupling490

strength lu of the interaction between the scalar mediator and up-type quarks is fixed at unity.491

The results are also compared to constraints from the observed cosmological relic density of492

DM, obtained by the Planck satellite experiment, for the allowed values of mfu and mc [20]. In493

this search, mediator (dark matter) masses up to 1.4 (0.6) TeV are excluded.494

Vector Axial-Vector

C
M

S EXO
-16-048
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• Photon pT > 150 GeV
• Veto events with more than 1 jet
• Require angular separation between 

photon and missing energy

13

Mono-photon

ATLAS:
Eur. Phys. J. C 77 (2017) 393

Comparable CMS analysis:
JHEP 10 (2017) 073

Weaker sensitivity 
compared to 
mono-jet ISR 

searches

But also EFTs with 
direct couplings to 

photons
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• Search for dark matter candidates produced in 
association with a Z boson

• ATLAS: PLB 776 (2017) 318, arXiv:1708.09624

14

Mono-Z
CMS-EXO-16-052

Vector

Axial-Vector

Pseudo-
scalar

Scalar almost identical
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• Study of Higgs → invisible branching fraction 
in VBF, association with V and gluon fusion
production modes.

• As Higgs couples proportionally to mass, 
making it a viable portal to DM

• Only sensitive to DM masses < 0.5 mH

• Additional searches for Higgs in conjunction 
with DM in bb and γγ final states (→ backup)

• Higgs production in 
association with           
Z → ll

• Combination of          
H → invisible      
production modes

• B(H → inv) < 0.24 
@95%CL

15

Higgs as a portal to Dark Matter

CMS-HIG-16-016

CMS-EXO-16-052
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DM in association with heavy flavours

Scalar/
Pseudoscalar

mediators

Scalar

• Fixed DM 
mass

• Limit as fcn
of mediator 
mass

• Fixed 
mediator 
mass

• Limit as fcn
of DM mass

• DM in association with bottom or top quarks
• VBF like signature, b-jet tagging arXiv:1710.11412

• Interpretation in 
colour-neutral 
tt̄/bb+̄φ scalar and                
tt̄/bb+̄a pseudoscalar 
models

• Not yet sensitive to 
bb + φ/a production

• Also searches with 
single top 

• CMS EXO-16-051

Similar sensitivity 
to pseudoscalar

mχ= 1 GeV

mΦ = 10 GeV
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Mediator Searches
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• Search for resonance in dijet invariant 
mass spectrum

18

High-mass dijet resonances

1 TeV
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• Low mass mediators are difficult to 
constrain because of huge QCD dijet
background

• difficult/impossible to cope with total 
event rate

• Possible ways out:

• “Data scouting”: perform analysis on 
dataset that contains reduced event 
information (trigger level), allowing to 
store data at very high rate

• Trigger on high-pT ISR jet or photon 
and search for low mass resonance 
in recoil system

• Trigger on high-pT ISR jet and 
search for merged, boosted 
resonance in recoil, using jet 
subtructure

19

Low-mass dijet resonances
ATLAS 

Trigger Level 
Analysis

ATLAS-CONF-2016-030

ATLAS 
ISR search (photon)

ATLAS-CONF-2016-070
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• Resonance is produced with sufficiently 
high transverse momentum that its 
decay products are merged into a 
single jet with two-prong substructure.

20

Low-mass dijets– boosted topology

• Soft drop mass 
for jets in 
different pT
ranges

• Peak from Ws
and Zs clearly 
visible

• Sensitive to dijet
resonances with 
masses as low 
as 50 GeV

CMS-EXO-17-001
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• Z’ → e+e- and Z’ → μ+μ- searches

• Require high-pT same flavour, 
opposite charge dilepton pair

• Limits on Z’ mass of around          
4 - 4.5 TeV

21

Dilepton resonances (Z’)

JHEP 10 (2017) 182
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• Can combine searches 
for DM signal (missing 
energy) and those for 
mediators to constrain 
allowed model 
parameter space

22

The grand picture
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• Can combine searches 
for DM signal (missing 
energy) and those for 
mediators to constrain 
allowed model 
parameter space

• Exclusion strongly 
depends on choices 
for additional 
parameters, e.g., 
coupling to quarks but 
also leptons!

23

The grand picture
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• Can combine searches 
for DM signal (missing 
energy) and those for 
mediators to constrain 
allowed model 
parameter space

• Exclusion strongly 
depends on choices 
for additional 
parameters, e.g., 
coupling to quarks but 
also leptons!

24

The grand picture
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• Can combine searches 
for DM signal (missing 
energy) and those for 
mediators to constrain 
allowed model 
parameter space

• Exclusion strongly 
depends on choices 
for additional 
parameters, e.g., 
coupling to quarks but 
also leptons!
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The grand picture
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• Much weaker constraints on Scalar and Pseudo-Scalar mediators

• Exclusion only for very light DM and couplings gq = gDM =1.

26

The grand picture
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• Complementarity with Direct Detection clearly visible

• Sensitivity strongly depends on type of DM interaction

• Can be used to learn about underlying physics in case one or the 
other sees a signal

• Collider searches more powerful for small DM masses

27

Comparison with Direct Detection

Vector mediator
Dirac DM

gq=0.25, gχ = 1

Sp
in

-in
de

pe
nd

en
t

Sp
in

-d
ep

en
de

nt

Axial-vector 
mediator
Dirac DM

gq=0.25, gχ = 1



Henning Flaecher • DM UK Meeting • Bristol • 17th Jan 2018 

• Constraints on B(H → inv) can be 
translated to limits in scattering 
cross section vs DM mass plane 
to compare with direct detection 
experiments.

• Sensitive to masses < 0.5 mH

• very sensitive at low DM masses

28

Comparison with Direct Detection
CMS PAS HIG-16-016
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Pros and Cons: Collider vs Direct Detection

47 47 

DD and Collider Complementarity in nutshell ...

Wimp ‒ Nucleon Interaction

Spin-Independent (SI) Spin-Dependent (SD)

Basic Mediators

Vector
Besides low DM masses 

DD provides best sensitivity. 
Complementarity at 

low DM masses (<5 GeV)!  

Axial-vector
DD and collider are equal in overall 
sensitivity but probe different regions 

of parameter space!  
Complementarity in 

full parameter space!  

Scalar
Besides low DM masses 

DD provides best sensitivity. 
Complementarity at 

low DM masses (<5 GeV)!   

Pseudoscalar
Effectively no limits from DD above a 

few GeV in Mmed, Collider and ID 
probe region at larger Mmed.
Complementarity in Mmed!  from 

O. Buchmueller
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Outlook – Where next?
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Figure 2. Projected limits for the CMS mono-jet search (blue lines) and DD searches by LUX
(red line), LZ (red dashed line) and DARWIN (purple line) in the (Mmed,mDM) plane for an axial-
vector mediator with the coupling scenarios gq = gDM = 0.25, 0.5, 1.0, 1.45. For reference, the
discovery reach of DD experiments accounting for the coherent neutrino scattering background is
also displayed (green line). The region to the left of the various curves is excluded at 90% CL. Note
the change in scale in each panel.

Also shown are the projected limits from LZ and DARWIN assuming a 10 and 200 tonne

year exposure respectively, and the projected spin-independent limits from SuperCDMS

assuming a run with 108 Ge and 36 Si detectors at SNOLAB [49]. In the case of the

spin-independent interactions, the SuperCDMS projection extends the sensitivity of DD

experiments to lower values of mDM, so its inclusion provides a more complete comparison

with the collider limits. Similar conclusions regarding the comparison between the MSDM

and DD limits can be derived from projections in this plane. For spin-independent in-

teractions, the MSDM model with a s-channel vector mediator adds additional sensitivity

– 7 –
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Figure 3. Projected limits for the CMS mono-jet search (blue lines) and DD searches by LUX
(red line), LZ (red dashed line) and DARWIN (purple line) in the (Mmed,mDM) plane for a vector
mediator with the coupling scenarios gq = gDM = 0.25, 0.5, 1.0, 1.45. For reference, the discov-
ery reach of DD experiments accounting for the coherent neutrino scattering background is also
displayed (green line). The region to the left of the various curves is excluded at 90% CL.

only in the very low mDM region, whereas for spin-dependent interactions the axial-vector

mediator complements the LZ limits very well for DM masses below a few hundred GeV,

and extends sensitivity to the cross section beyond the neutrino limit for DM mass below

10 GeV in all coupling scenarios.

Both the choices of planes that compare the projected sensitivities of collider and DD

experiments provide accurate comparisons of the two search strategies in the MSDM on

an equal footing. Whereas the (Mmed,mDM) plane might be more familiar to the collider

community, the (�0
DD,mDM) plane is a more traditional way of displaying this comparison

– 8 –

Vector mediator
gq = gγ = 1

Axial-Vector mediator
gq = gγ = 1

from arXiv:1409.4075, Phys.Dark Univ. 9-10 (2015) 51-58
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Figure 2: Regions of [m(A0), "2] parameter space excluded at 90% CL by the prompt-like A0

search compared to the best existing limits [27, 37].

large resonance peaks observed in the data. The strategy proposed in Ref. [63] is used to123

select the background model and assign its uncertainty. This method takes as input a large124

set of potential background components, which here includes all Legendre modes up to 10th125

order and dedicated terms for known resonances, and then performs a data-driven model-126

selection process whose uncertainty is included in the profile likelihood following Ref. [64].127

More details about the fits, including discussion on peaking backgrounds, are provided128

in Ref. [59]. The most significant excess is 3.3� at m(A0) ⇡ 5.8GeV, corresponding to a129

p-value of 38% after accounting for the trials factor due to the number of prompt-like130

signal hypotheses.131

Regions of the [m(A0), "2] parameter space where the upper limit on nA0
ob[m(A0)] is132

less than nA0
ex [m(A0), "2] are excluded at 90% CL. Figure 2 shows that the constraints133

placed on prompt-like dark photons are comparable to the best existing limits below134

0.5GeV, and are the most stringent for 10.6 < m(A0) < 70GeV. In the latter mass135

range, a nonnegligible model-dependent mixing with the Z boson introduces additional136

kinetic-mixing parameters altering Eq. 1; however, the expanded A0 model space is highly137

constrained by precision electroweak measurements. This search adopts the parameters of138

Refs. [65,66]. Since the LHCb detector response is independent of which quark-annihilation139

process produces the A0 above 10GeV, these results can easily be recast for other models.140

This Letter also presents a search for long-lived dark photons in the mass range141

214 < m(A0) < 350MeV. The stringent min[�2
IP(µ

±)] criterion applied in the trigger142

makes contamination from prompt muon candidates negligible. The dominant background143

contributions to the long-lived A0 search are as follows: photon conversions to µ+µ� in144

the silicon-strip vertex detector (the VELO) that surrounds the pp interaction region [67];145

b-hadron decays where two muons are produced in the decay chain; and the low-mass146

tail from K0
S ! ⇡+⇡� decays, where both pions are misidentified as muons. Additional147

sources of background are negligible, e.g. kaon and hyperon decays, and Q-hadron decays148

producing a muon and a hadron that is misidentified as a muon.149

Photon conversions in the VELO dominate the long-lived data sample at low masses.150

A new method was recently developed for identifying particles created in secondary151

interactions with the VELO material, which is described in detail in Ref. [68]. A high-152

4

๏ No significant excess found

๏ First limit on dark photons for m(A') > 10 GeV

๏ Already competitive for m(A') < 0.5 GeV
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Figure 4: Three-dimensional distribution of �2
DF versus t versus m(µ+µ�), which is fit to

determine the long-lived signal yields. The data are consistent with being predominantly due to
b-hadron decays at small t, and due to K0

S decays for large t and m(µ+µ�) & 280MeV. The
largest signal-like excess occurs at m(A0) = 239MeV and ⌧(A0) = 0.86 ps.
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±)] criterion
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Figure 1: Prompt-like mass spectrum, where the categorization of the data as prompt µ+µ�,
µQµQ, and hh+ hµQ is determined using the fits described in the text.

to 0.7GeV at m(µ+µ�) = 70GeV.
The prompt-like A0 search strategy involves determining the observed A0

!µ+µ� yields
from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints
on "2. To determine n�⇤

ob[m(A0)] for use in Eq. 1, binned extended maximum likelihood
fits are performed using the dimuon vertex-fit quality, �2

VF(µ
+µ�), and min[�2

IP(µ
±)]

distributions, where �2
IP(µ) is defined as the di↵erence in �2

VF(PV) when the PV is
reconstructed with and without the muon track. The �2

VF(µ
+µ�) and min[�2

IP(µ
±)] fits

are performed independently at each mass, with the mean of the n�⇤

ob[m(A0)] results used
as the nominal value and half the di↵erence assigned as a systematic uncertainty.

Both fit quantities are built from features that approximately follow �2 probability
density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are
taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant
(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other
masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the
data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,
which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±

candidates that satisfy all of the prompt-like criteria. A correction is applied to the
observed µ±µ± yield at each mass to account for the di↵erence in the production rates of
⇡+⇡� and ⇡±⇡±, since double misidentified ⇡+⇡� pairs are the dominant source of the
hh background. This correction, which is derived using a prompt-like dipion data sample
weighted by pT-dependent muon-misidentification probabilities, is as large as a factor of
two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ background,
which involves muon pairs produced in Q-hadron decays that occur displaced from the
PV, are obtained from simulation. These muons are rarely produced at the same spatial
point unless the decay chain involves charmonium. Example min[�2

IP(µ
±)] fit results are

provided in Ref. [61], while Fig. 1 shows the resulting data categorizations. Finally, the
n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small
expected Bethe-Heitler contribution is subtracted [52].

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for
A0

!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is
performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).
The profile likelihood is used to determine the p-value and the confidence interval for

3

• Assume a dark sector, a collection of 
particles that are not charged directly 
under the SM strong, weak, or 
electromagnetic forces. 

• Dark photon, A′, whose coupling to the 
electromagnetic current is suppressed 
relative to that of the ordinary photon, γ, 
by a factor of ε

• Dark Photon would also couple to DM

• Search for Dark Photon decay to di-
muon pair in meson decays

31
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Figure 1: Prompt-like mass spectrum, where the categorization of the data as prompt µ+µ�,
µQµQ, and hh+ hµQ is determined using the fits described in the text.

The prompt-like A0 search strategy involves determining the observed A0
!µ+µ� yields91

from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints92

on "2. To determine n�⇤

ob[m(A0)] for use in Eq. 1, binned extended maximum likelihood93

fits are performed using the dimuon vertex-fit quality, �2
VF(µ

+µ�), and min[�2
IP(µ

±)]94

distributions, where �2
IP(µ) is defined as the di↵erence in �2

VF(PV) when the PV is95

reconstructed with and without the muon track. The �2
VF(µ

+µ�) and min[�2
IP(µ

±)] fits96

are performed independently at each mass, with the mean of the n�⇤

ob[m(A0)] results used97

as the nominal value and half the di↵erence assigned as a systematic uncertainty.98

Both fit quantities are built from features that approximately follow �2 probability99

density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are100

taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant101

(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other102

masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the103

data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,104

which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±
105

candidates that satisfy all of the prompt-like criteria. A correction is applied to the106

observed µ±µ± yield at each mass to account for the di↵erence in the production rates107

of ⇡±⇡⌥ and ⇡±⇡±, since double misidentified ⇡±⇡⌥ pairs are the dominant source of108

the hh background. This correction, which is derived using a prompt-like dipion data109

sample weighted by pT-dependent muon-misidentification probabilities, is as large as a110

factor of two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ111

background, which involves muons produced displaced from the PV and rarely at the112

same spatial point, are obtained from simulation. Example min[�2
IP(µ

±)] fit results are113

provided in Ref. [59], while Fig. 1 shows the resulting data categorizations. Finally, the114

n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small115

expected Bethe-Heitler contribution is subtracted [50].116

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for117

A0
!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is118

performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).119

The profile likelihood is used to determine the p-value and the confidence interval for120

nA0
ob[m(A0)], from which an upper limit at 90% confidence level (CL) is obtained. The signal121

PDFs are fixed using a combination of simulated A0
!µ+µ� decays and the widths of the122

3
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The prompt-like A0 search strategy involves determining the observed A0
!µ+µ� yields91

from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints92

on "2. To determine n�⇤

ob[m(A0)] for use in Eq. 1, binned extended maximum likelihood93

fits are performed using the dimuon vertex-fit quality, �2
VF(µ

+µ�), and min[�2
IP(µ

±)]94

distributions, where �2
IP(µ) is defined as the di↵erence in �2

VF(PV) when the PV is95

reconstructed with and without the muon track. The �2
VF(µ

+µ�) and min[�2
IP(µ

±)] fits96

are performed independently at each mass, with the mean of the n�⇤

ob[m(A0)] results used97

as the nominal value and half the di↵erence assigned as a systematic uncertainty.98

Both fit quantities are built from features that approximately follow �2 probability99

density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are100

taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant101

(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other102

masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the103

data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,104

which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±
105

candidates that satisfy all of the prompt-like criteria. A correction is applied to the106

observed µ±µ± yield at each mass to account for the di↵erence in the production rates107

of ⇡±⇡⌥ and ⇡±⇡±, since double misidentified ⇡±⇡⌥ pairs are the dominant source of108

the hh background. This correction, which is derived using a prompt-like dipion data109

sample weighted by pT-dependent muon-misidentification probabilities, is as large as a110

factor of two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ111

background, which involves muons produced displaced from the PV and rarely at the112

same spatial point, are obtained from simulation. Example min[�2
IP(µ

±)] fit results are113

provided in Ref. [59], while Fig. 1 shows the resulting data categorizations. Finally, the114

n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small115

expected Bethe-Heitler contribution is subtracted [50].116

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for117

A0
!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is118

performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).119

The profile likelihood is used to determine the p-value and the confidence interval for120

nA0
ob[m(A0)], from which an upper limit at 90% confidence level (CL) is obtained. The signal121

PDFs are fixed using a combination of simulated A0
!µ+µ� decays and the widths of the122

3

Using templates 
for min[χ2IP] 
(small mass dep)

→ from data at m(J/ψ) and m(Z) 
→ from simulation (validated)  
→ from same-sign dimuons (corrected)

(µQ is a muon from a heavy-flavour decay)
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Figure 4: Three-dimensional distribution of �2
DF versus t versus m(µ+µ�), which is fit to

determine the long-lived signal yields. The data are consistent with being predominantly due to
b-hadron decays at small t, and due to K0

S decays for large t and m(µ+µ�) & 280MeV. The
largest signal-like excess occurs at m(A0) = 239MeV and ⌧(A0) = 0.86 ps.
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Figure 5: E�ciency ratio ✏A0
�⇤ [m(A0), ⌧(A0)] for long-lived dark photons, integrated over decay

time. The sharp decrease at larger values of "2 is due to the stringent min[�2
IP(µ

±)] criterion
applied in the 2016 trigger.
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Future Dark Photon Searches (electron)
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๏ LHCb has excellent mass resolution 
• key with irreducible background (e.g. Drell-Yan)

๏ Soft triggers on µ pT (even softer after upgrade)

๏ New µµ trigger with online µ-ID
• Online calibration of µ-ID
• Only interesting part of the event to disk (turbo)  
→ no pre-scale down to threshold 2 mµ 

๏ Can search for Dark Photons (A') in µµ

• Kinetic mixing with off-shell photon (!2)
‣ inherits production mode
‣ can normalise to off-shell photon
‣ data-driven analysis!

• Today presenting first results 
• 2016 data sample of 1.6/fb at 13 TeV

γ*/A'
γ*/A'

The possibility that dark matter particles may interact via unknown forces, felt only1

feebly by Standard Model (SM) particles, has motivated substantial e↵ort to search for2

dark-sector forces (see Ref. [1] for a review). A compelling dark-force scenario involves3

a massive dark photon, A0, whose coupling to the electromagnetic current is suppressed4

relative to that of the ordinary photon, �, by a factor of ". In the minimal model, the5

dark photon does not couple directly to charged SM particles; however, a coupling may6

arise via kinetic mixing between the SM hypercharge and A0 field strength tensors [2–7].7

This mixing provides a potential portal through which dark photons may be produced8

if kinematically allowed. If the kinetic mixing arises due to processes whose amplitudes9

involve one or two loops containing high-mass particles, perhaps even at the Planck10

scale, then 10�12 . "2 . 10�4 is expected [1]. Fully exploring this few-loop range of11

kinetic-mixing strength is an important goal of dark-sector physics.12

Constraints have been placed on visible A0 decays by previous beam-dump [7–21],13

fixed-target [22–24], collider [25–27], and rare-meson-decay [28–37] experiments. The14

few-loop region is ruled out for dark photon masses m(A0) . 10MeV (c = 1 throughout15

this Letter). Additionally, the region "2 & 5⇥10�7 is excluded for m(A0) < 10.2GeV, along16

with about half of the remaining few-loop region below the dimuon threshold. Many ideas17

have been proposed to further explore the [m(A0), "2] parameter space [38–49], including18

an inclusive search for A0
!µ+µ� decays with the LHCb experiment, which is predicted19

to provide sensitivity to large regions of otherwise inaccessible parameter space using data20

to be collected during Run 3 of the LHC (2021–2023) [50].21

A dark photon produced in proton-proton, pp, collisions via �–A0 mixing inherits the22

production mechanisms of an o↵-shell photon with m(�⇤) = m(A0); therefore, both the23

production and decay kinematics of the A0
!µ+µ� and �⇤

!µ+µ� processes are identical.24

Furthermore, the expected A0
!µ+µ� signal yield is given by [50]25

nA0

ex [m(A0), "2] = "2
"
n�⇤

ob[m(A0)]

2�m

#
F [m(A0)] ✏A0

�⇤ [m(A0), ⌧(A0)], (1)

where n�⇤

ob[m(A0)] is the observed prompt �⇤
! µ+µ� yield in a small ±�m window26

around m(A0), the function F [m(A0)] includes phase-space and other known factors, and27

✏A0
�⇤ [m(A0), ⌧(A0)] is the ratio of the A0

!µ+µ� and �⇤
!µ+µ� detection e�ciencies, which28

depends on the A0 lifetime, ⌧ (A0). If A0 decays to invisible final states are negligible, then29

⌧(A0) / [m(A0)"2]�1 and A0
!µ+µ� decays can potentially be reconstructed as displaced30

from the primary pp vertex (PV) when the product m(A0)"2 is small. However, when ⌧ (A0)31

is small compared to the experimental resolution, A0
!µ+µ� decays are reconstructed as32

prompt-like and are experimentally indistinguishable from prompt �⇤
!µ+µ� production33

resulting in ✏A0
�⇤ [m(A0), ⌧(A0)] ⇡ 1. This facilitates a fully data-driven search and the34

cancelation of most experimental systematic e↵ects, since the observed A0
!µ+µ� yields,35

nA0
ob[m(A0)], can be normalized to nA0

ex [m(A0), "2] to obtain constraints on "2.36

This Letter presents searches for both prompt-like and long-lived dark photons produced37

in pp collisions at a center-of-mass energy of 13TeV, using A0
!µ+µ� decays and a data38

sample corresponding to an integrated luminosity of 1.6 fb�1 collected with the LHCb39

detector in 2016. The prompt-like A0 search is performed from near the dimuon threshold40

up to 70GeV, above which the m(µ+µ�) spectrum is dominated by the Z boson. The41

long-lived A0 search is restricted to the mass range 214 < m(A0) < 350MeV, corresponding42

to where the data sample provides potential sensitivity.43

1

off-shell photon phase-space A’/γ* eff ratio,
"=1 for prompt

Need to separate  
from background

LHCb-PAPER-2017-038 (soon in arXiv)
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• Comprehensive search programme
for dark matter is underway at LHC

• So far focused on WIMP signatures

• Guidance from simplified Dark 
Matter models

• Search strategy includes searching 
for DM production but also for 
mediators that couple to both SM 
and DM

• Long-lived signatures to be added to 
search portfolio

• Extend searches beyond WIMP 
signatures

32

Summary
• DM searches @ LHC a powerful tool

• In particular sensitivity to small DM 
masses

• Sensitivity strongly depends on 
assumptions made for DM 
interaction, spin structure of 
mediator and coupling strength

• In many ways complementary to 
direct detection searches

• This could be crucial  for 
understanding the underlying 
physics in case of a signal from 
either approach
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• Backup

33
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• Interpretation in simplified DM models
• Coloured scalar mediator models

• Interpretation in simplified DM models
• Fermion portal models

34

Mono-jet & Mono-V Searches
20 6 Summary

Table 3: Breakdown of the sensitivity by category in the 13 TeV mono-jet/mono-V search in
terms of the 95% CL upper limit on the invisible branching fraction of a 125 GeV SM-like Higgs
boson.

Category Expected Observed ±1 � s band Expected signal composition
mono-jet 0.57 0.74 [0.40-0.86] 72.82% ggH, 21.52% VBF, 3.31% WH, 1.94% ZH, 0.63% ggZH
mono-V 0.45 0.49 [0.32-0.64] 38.71% ggH, 7.05% VBF, 32.90% WH, 14.62% ZH, 6.72% ggZH
mono-V + mono-jet 0.40 0.53 [0.29-0.58] -

Figure 17: 95% CL expected (black dashed line) and observed (red solid line) upper limits on
µ = s/sth for Dirac DM particle with the coupling strength parameter to the up quark corre-
sponding to lu = 1 in the mfu � mc plane. Constraints from the Planck satellite experiment are
shown with the dark blue contours. DM is overabundant in the shaded area.

masses of MX1 = 1 and 2 TeV. Figure 18 shows the exclusion contours in the {l1, l2} plane.

6 Summary

A search for dark matter particles, invisible decays of standard model-like 125 GeV Higgs bo-
son, and extra dimensions is presented using events with jets and large missing transvers mo-
mentum in a

p
s = 13 TeV proton-proton collision data set corresponding to an integrated

luminosity of 35.9 fb�1. No significant excess of events is observed with respect to the SM
backgrounds.

Limits are computed on the dark matter production cross section using simplified models in
which dark matter production is mediated by spin-1 and spin-0 particles. Vector and axial-
vector mediators with masses up to 1.8 TeV are excluded at 95% confidence level. Pseudoscalar
mediators with masses up to 400 GeV are excluded at 95% confidence level. The limits are also
presented for fermion portal dark matter model in the plane of mfu

� mc for the coupling of
lu = 1. The exclusion up to 1.4 TeV on mfu

is observed. Furthermore, the results for the
nonthermal dark matter interpretation is presented in the coupling strength plane.

The search also yields an observed (expected) 95% confidence level upper limit of 0.53 (0.40)
on the invisible branching fraction of a standard model-like 125 GeV Higgs boson, assuming
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• Interpretation in colour-
neutral tt̄/bb+̄φ scalar and                
tt̄/bb+̄a pseudoscalar models

• Not yet sensitive to bb + φ/a 
production

35

DM in association with heavy flavours
Scalar Pseudo-Scalar

• Fixed DM mass
• Limit as fcn of 

mediator mass

• Fixed mediator 
mass

• Limit as fcn of 
DM mass
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• colour-charged scalar mediators (b-FDM)

36

DM in association with heavy flavours
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• Higgs production in conjunction with DM
• Higgs decay to bb

37

Mono-Higgs

CMS-PAS-EXO-16-054 

• Higgs production in conjunction with DM
• Higgs decay to γγ

Phys. Rev. Lett. 119 (2017) 181804
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• Search for resonance in dijet invariant mass 
spectrum

• ”bump hunt” not effective for very wide 
resonances

• Investigate di-jet scattering angle in this case

38

High-mass dijet resonances

DM mediator
would show 

up here

1 TeV
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• Complementarity with Direct Detection clearly visible

• Sensitivity strongly depends on type of DM interaction

• Can be used to learn about underlying physics in case one or the 
other sees a signal

• Collider searches more powerful for small DM masses

39

Comparison with Direct Detection


