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The Standard Model …
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Remarkable accuracy and predictive power


LHC/CMS extended sensitivity beyond 
expectations


H couplings: precision already <10% for 
most couplings with ~5% of expected HL-
LHC dataset 

HH: end of Run2, we reached the precision 
that HL-LHC studies predicted for 1000 fb-1 
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The Standard Model … how do we modify it?
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Dark sector Dark matter

Leptoquarks
New heavy 
resonances

Long lived 
particles

+
…

Remarkable accuracy and predictive power


LHC/CMS extended sensitivity beyond 
expectations


H couplings: precision already <10% for 
most couplings with ~5% of expected HL-
LHC dataset 

HH: end of Run2, we reached the precision 
that HL-LHC studies predicted for 1000 fb-1 

… But many outstanding open questions


direct searches for BSM particles coupling 
to SM sector

indirect searches from deviations between 
precision measurements and SM
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Dark sector Dark matter

Leptoquarks
New heavy 
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Long lived 
particles

+
…

Remarkable accuracy and predictive power


LHC/CMS extended sensitivity beyond 
expectations


H couplings: precision already <10% for 
most couplings with ~5% of expected HL-
LHC dataset 

HH: end of Run2, we reached the precision 
that HL-LHC studies predicted for 1000 fb-1

… But many outstanding open questions


direct searches for BSM particles coupling 
to SM sector

indirect searches from deviations between 
precision measurements and SM

(biased) focus on dark 
matter and CMS 
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The journey towards new physics
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Run 1 Run 2 Run 3 Run 4 …
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LHC/CMS sensitivity beyond expectations


first phase of LHC program to be completed soon

already >300 fb-1 (Run 2 + Run 3)


… but the future is already now


pushing the detector beyond its limits 

recording up to 63 simultaneous collisions/event  
(2.5x CMS design, 45% of HL-LHC) 


collecting data @7 kHz  
(70% of HL-LHC, 7x Run 2 normal operations)


Pushing physics boundaries across multiple frontiers 


searches, precision-, flavour-physics, …


A key technology driver


multiple data-taking strategies, artificial Intelligence, …
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Rich new physics program at CMS
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Hunt for dark matter - identikit 
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Empirical evidence of DM from astrophysical observations at different scales

- interacts gravitationally, long lived and neutral


- no information about its nature (what DM could be?)

Only measured quantitative property is DM mass abundance


- very large set of possible masses can account for observed relic density
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DM must have some non-gravitational interactions with SM particles


 

Dark sector: DM and mediator part of a separate “dark SM” (can be fairly 
minimal or composite)

GeV-TeV: 


- WIMP models, DM has small 
couplings to SM particles


- most minimal scenario, one DM 
and one mediator

MeV-GeV:


- avoid DM overproduction with new 
mediator below weak scale


- suff. small SM coupling for 
consistency with collider searches
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Dark sector: DM and mediator part of a separate “dark SM” (can be fairly 
minimal or composite)

GeV-TeV: 


- WIMP models, DM has small 
couplings to SM particles


- most minimal scenario, one DM 
and one mediator

MeV-GeV:


- avoid DM overproduction with new 
mediator below weak scale


- suff. small SM coupling for 
consistency with collider searches
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Hunt for dark matter - where and how to study it? 
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Energy frontier


- LHC

Intensity 

frontier


- fixed target


- beam dump

known physics

Mev- GeV sector less 
constrained. Can 

address many open 
physics problems

MeV-GeV:


- suff. small SM coupling and below weak scale


 high-intensities 

GeV-TeV: 


- extensions of the SM at the GeV-TeV scale


 high-energies


Dark sector: could be heavy, light, and/or long-lived

Assuming DM-SM interactions enables different searches


- indirect detection, products from DM annihilation 


- direct detection, nuclear recoil from DM-nuclei scattering


- colliders: DM production

SM

SM

SM

SM

SM

SM

annihilationproduction

scattering

Complementarity between experiments essential! 
 

eg. info about lifetime if DM discovered at colliders (~10-7s), 
particle properties compared with cosmological constraints
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Hunt for dark matter - investigation tactics
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We do not have information about the DM nature, how to hunt it? 

- remain very general and make very little assumptions, eg.“is it a 2D shape?”


- more assumptions and tests more specific models, eg.“is it a 2D shape, yellow color and 
with only 90° angles?”

dark matter
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Hunt for dark matter - phenomenology
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- one new mediator, one DM particle

Higgs boson could be the SM-DM mediator 

- limited parameters set (mDM, mmed, gq, gDM) 
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interaction type define 
most sensitive signatures

Energy frontiers: GeV-TeV Intensity frontiers: MeV-GeV 

- small couplings to SM, challenging to 
detect but guide to relevant interactions 

vector: dark vector boson (dark photon) 
mediator that mixes with SM photon


scalar: dark Higgs mediator, mixing with 
SM Higgs, which leads to couplings to 
fermions 


fermion: heavy neutral lepton (HNL) 
mediator, that can mix with SM neutrinos


pseudo-scalar: axion-like particle can 
have couplings to SM fermions or bosons 

Simplified models:  
SM/BSM mediator

Specific models:  
eg. 2 Higgs 

Doublet Model

simpler

Complete models:  
eg. MSSM

(less
 parameters

)
more co

mplex

(more parameters
)

Signatures

- invisible: production of DM through the decay of a portal/SM particles


- visible: dark mediator particles can decay back to SM particles (especially if sector’s lightest state)


- displaced (long-lived): production of dark sector particle with significant lifetime that decays visibly to SM
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The energy frontier
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inner tracker calorimeters magnet muon system
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Hunt for dark matter - how to detect it?

- electron (muon), from inner tracker tracks and energy in calorimeter (track in muon spectrometer) 


- photon, from energy deposits in electromagnetic calorimeter


- jets from quarks and gluons, partons hadronize in colour-neutral particles groups, so-called jet. 
Parton energy and momentum reconstructed clustering all particles from hadronization
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- electron (muon), from inner tracker tracks and energy in calorimeter (track in muon spectrometer) 


- photon, from energy deposits in electromagnetic calorimeter


- jets from quarks and gluons, partons hadronize in colour-neutral particles groups, so-called jet. 
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inner tracker calorimeters magnet muon system
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Hunt for dark matter - how to detect it?
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inner tracker calorimeters magnet muon system
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Hunt for dark matter - how to detect it?

- electron (muon), from inner tracker tracks and energy in calorimeter (track in muon spectrometer) 


- photon, from energy deposits in electromagnetic calorimeter


- jets from quarks and gluons, partons hadronize in colour-neutral particles groups, so-called jet. 
Parton energy and momentum reconstructed clustering all particles from hadronization
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- electron (muon), from inner tracker tracks and energy in calorimeter (track in muon spectrometer) 


- photon, from energy deposits in electromagnetic calorimeter


- jets from quarks and gluons, partons hadronize in colour-neutral particles groups, so-called jet. 
Parton energy and momentum reconstructed clustering all particles from hadronization 

Dark matter?

￼20

Hunt for dark matter - how to detect it?
inner tracker calorimeters magnet muon system
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- stable


- electrically neutral 


- massive 

Hunt for dark matter - how to detect it?

￼21
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DM could be produced at colliders (rare process) 

no direct trace in the detector, but could create a pT 
imbalance (MET)


conservation of momentum


- no info on longitudinal momentum of colliding partons

- but total initial parton pT=0


- need to be conserved after collision￼ 


- ￼  particles escaped detector carrying 

￼ 


￼  = missing transverse energy (MET)

∑ p T = 0

∑ p T! = 0

Emiss
T = − ∑ p T

| Emiss
T |

top

DM

DM

MET

Hunt for dark matter - signature at colliders

￼22

To see the invisible we need the visible … 

- need visible particle to which DM particle recoils against


- “mono-X searches”: X includes jets, vector bosons, top, …
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To see the invisible we need the visible … 

- need visible particle to which DM particle recoils against


- “mono-X searches”: X includes jets, vector bosons, top, …
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￼24

To see the invisible we need the visible … 

- need visible particle to which DM particle recoils against


- “mono-X searches”: X includes jets, vector bosons, top, …
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Hunt for dark matter - how to search it at colliders?�
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1- Selection: DM appears as events excess in MET tail wrt SM


- no striking signature, eg. mass peak, mT kinematic endpoint


- look for excess in region enriched in signal (signal region - SR)


2- Bkg: precise evaluation of SM processes in SR essential


- achieved through use of multiple control regions (CRs) 

3- Results: compare SM predictions with data


- Excess of events in data, did we find DM? 


- No excess, interpret result in terms of theory model parameters

accurate E calibration/resolution of visible objects ("fake" MET from mis-measured jets)


precise particle reconstruction and identification


mitigate effects from additional pp collisions (pile-up) 


MET thresholds affected by trigger (very high collision rates)

Experimental challenges for invisible signatures

Mmed

Li
m

its
 o

n 
σ/
σ t

h exp
±1σ
±2σ
obs.

26 January 2017 - PhD defense                                 Deborah Pinna - UZH  

Data analysis: strategy 
1. DM appear as event excess in MET tail wrt SM  

- look for excess in region enriched in signal 
(signal region - SR) 

2. Essential good modeling and evaluation of other 
processes in SR (background - bkg) 

- improve bkg description from region deprived of 
signal and enhanced in bkg (control region - CR) 

- CR must be kinematically similar to SR 

3. Compare SM predictions with data 

- excess of events in data. Did we find DM?  

                                                                        

SR

DM signal
SM bkg
data

MET

SM bkg
data

SM bkg
data

MET…

CRs

MET

26

DM signal
SM bkg
data

MET

SM bkg
data…MET

SM bkg
data
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- look for excess in region enriched in signal 
(signal region - SR) 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accurate E calibration/resolution of visible objects ("fake" MET from mis-measured jets)


precise particle reconstruction and identification


mitigate effects from additional pp collisions (pile-up) 


MET thresholds affected by trigger (very high collision rates)

Experimental challenges for invisible signatures
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Invisible signatures

Higgs
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DM

ATLAS: PLB842(2023)
CMS: HIG-21-007

DM

DM

W
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CMS: EXO-20-004 
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vDM
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W
l-(j) v(j)

http://cds.cern.ch/record/2771676?ln=en
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1 - Selection: events categorized based on jet nature

MET > 250 GeV

≥ 1 jets, pT (j1) > 250 GeV

ML technique to identify V 
hadronic decays

jet mass consistent with V

DM

DM

not selected as mono-V


≥ 1 jets, pT (j) > 100 GeV

b-tagged jets veto


DM

DM

mono-V mono-jet

2- Bkg: 

- Z(vv)+jets and W(lv)+jets from CRs


3- Results: combined fit of SRs, CRs


- systematic unc. included as nuisance parameters

[large-cone jet,  
eg. R=0.8]J j [small-cone jet,  

eg. R=0.4]

6. Results and interpretation 13
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Figure 3: Comparison between data and the background prediction in the monojet signal re-
gions before and after the simultaneous fit. The fit includes all control samples and the signal
region in all categories and both data taking years, and the background-only fit model is used.
The resulting distributions are shown separately for 2017 (left) and 2018 (right column). Tem-
plates for two signal hypothesis are shown overlaid as dark blue and dark red solid lines. The
last bin includes the overflow. In the middle panels, ratios of data to the pre-fit background pre-
diction (red open points) and post-fit background prediction (blue solid points) are shown. The
gray band in the lower panels indicates the post-fit uncertainty after combining all the system-
atic uncertainties. Finally, the distribution of the pulls, defined as the difference between data
and the post-fit background prediction divided by the quadratic sum of the post-fit uncertainty
in the prediction and statistical uncertainty in data, is shown in the lower panels.

SR mono-jet

prefit: as from simulation


post-fit: after allowing simulation to vary within unc and the 
scaling factors from CRs

￼28

CMS: EXO-20-004 

Hunt for dark matter - DM+jet/V search

http://cds.cern.ch/record/2771676?ln=en
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18

Figure 7: Exclusion limits at 95% CL on the couplings gc (left) and gq (right) for an axial-vector
mediator. In each panel, the result is shown as a function of the mediator mass mmed, with the
mass of the DM candidate fixed to mDM = mmed/3. In either case, only one coupling is varied,
while the other coupling is fixed at its default value (gq = 0.25 or gc = 1.0).

Figure 8: Upper limits at 95% CL on the signal strength µ = s/stheo as a function of mmed for
scenarios with scalar (left) and pseudoscalar (right) mediators and coupling values of gq = 1.0,
gc = 1.0, for a constant value of mDM = 1 GeV. The red solid line indicates the exclusion
boundary µ = 1. In the case of a pseudoscalar mediator, mmed values up to 480 GeV are ex-
cluded (440 GeV expected).

6. Results and interpretation 17

Figure 6: Exclusion limits at 95% CL on the signal strength µ = s/stheo in the mmed-mDM plane
for the coupling values of gq = 0.25, gc = 1.0 for an axial-vector (upper) or vector (lower) me-
diator. The blue solid line indicates the observed exclusion boundary µ = 1. The blue dashed
and dotted lines represent the expected exclusion and the the 68% confidence level interval
around the expected boundary, respectively. Parameter combinations with larger values of µ
(indicated by a darker shade in the color scale) are excluded. The observed exclusion reaches
up to mmed = 2.0 TeV for low values of mDM = 1 GeV (2.2 TeV expected). Yellow solid and
dashed lines represent the observed and expected exclusion boundaries from Ref. [20]. The
gray dashed line indicates the diagonal mmed = 2mDM, above which only off-shell mediator
production contributes to the jet+p

miss
T final state. The steep increase of the signal strength

limit above the diagonal leads to fluctuations of the exclusion contour, which are due to finite
precision in the interpolation method in this region. The gray solid lines represent parameter
combinations for which the simplified model reproduces the observed DM relic density in the
universe under the assumption of a thermal freeze-out mechanism [57, 76].

Simplified pseudo model Simplified axial-vector model

μ=𝜎/𝜎th, μ=1 exclude the theory value, μ<1 exclude 

below theory value, μ>1 does not exclude theory value


parameter: cannot scan all parameters at once. Fixed 
ones only affect xsec but not kinematic (selection)

here μ=𝜎/𝜎th, in on z axis (notice here log10(μ))


parameter: here we scan 2 parameters at the time

3- Results: interpretation in terms of DM model, upper limits at 95% CL on cross section

￼29

CMS: EXO-20-004 

Hunt for dark matter - DM+jet/V search

http://cds.cern.ch/record/2771676?ln=en
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mass of the DM candidate fixed to mDM = mmed/3. In either case, only one coupling is varied,
while the other coupling is fixed at its default value (gq = 0.25 or gc = 1.0).

Figure 8: Upper limits at 95% CL on the signal strength µ = s/stheo as a function of mmed for
scenarios with scalar (left) and pseudoscalar (right) mediators and coupling values of gq = 1.0,
gc = 1.0, for a constant value of mDM = 1 GeV. The red solid line indicates the exclusion
boundary µ = 1. In the case of a pseudoscalar mediator, mmed values up to 480 GeV are ex-
cluded (440 GeV expected).
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Figure 6: Exclusion limits at 95% CL on the signal strength µ = s/stheo in the mmed-mDM plane
for the coupling values of gq = 0.25, gc = 1.0 for an axial-vector (upper) or vector (lower) me-
diator. The blue solid line indicates the observed exclusion boundary µ = 1. The blue dashed
and dotted lines represent the expected exclusion and the the 68% confidence level interval
around the expected boundary, respectively. Parameter combinations with larger values of µ
(indicated by a darker shade in the color scale) are excluded. The observed exclusion reaches
up to mmed = 2.0 TeV for low values of mDM = 1 GeV (2.2 TeV expected). Yellow solid and
dashed lines represent the observed and expected exclusion boundaries from Ref. [20]. The
gray dashed line indicates the diagonal mmed = 2mDM, above which only off-shell mediator
production contributes to the jet+p

miss
T final state. The steep increase of the signal strength

limit above the diagonal leads to fluctuations of the exclusion contour, which are due to finite
precision in the interpolation method in this region. The gray solid lines represent parameter
combinations for which the simplified model reproduces the observed DM relic density in the
universe under the assumption of a thermal freeze-out mechanism [57, 76].
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A.2 Comparison of simplified model results to direct detection experiments813

The constraints placed on the s-channel simplified models imply bounds on the interaction814

cross section between DM candidates and nuclei. The fixed-coupling exclusion curves in the815

mmed-mDM plane are translated point-by-point using the formulae described in Ref. [76], which816

depends on the coupling choices gq = 0.25 and gc = 1.0 and depends on the specific signal817

model. The resulting curves in the mDM-sDM�nucleon plane are compared to the results from818

direct detection experiments (DD) in Fig. 18. Qualitatively, the result from this search is only819

weakly dependent on mDM so long as mDM < mmed/2, leading to stringent constraints also at820

low values of mDM. The sensitivity of most DD experiments is limited in this regime as the821

small value of mDM translates into a reduced signal-to-noise ratio for such experiments rela-822

tive to the case of more massive DM. Depending on the mediator coupling type, the resulting823

couplings between DM particles and nuclei are either spin dependent (axial-vector) or inde-824

pendent (vector couplings). In the spin dependent case, the sensitivity of DD experiments is825

limited relative to collider searches as a consequence of incoherence effects in the DM-nucleus826

scattering.827

Figure 18: Comparison of the simplified model constraints from this search (red line) to results
from direction detection experiments (blue lines). The comparison is shown separately for
vector (left) and axial-vector mediators (right), which translate into spin-independent and spin-
dependent DM-nucleon couplings.
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Figure 1: Representative Born-level Feynman diagrams for the benchmark signal model con-
sidered in this note: qq ! Z0 ! scc, and s ! W+W�.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungsten crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap detec-
tors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
outside the solenoid. The first level of the CMS trigger system [25], composed of custom hard-
ware processors, is designed to select the most interesting events within a time interval less
than 4 µs, using information from the calorimeters and muon detectors, with the output rate
of up to 100 kHz. The high-level trigger processor farm further reduces the event rate to about
1 kHz before data storage. A more detailed description of the CMS detector, together with a
definition of the coordinate system used and the relevant kinematic variables, can be found in
Ref. [26].

3 Data and simulated samples
The proton-proton (pp) collision data analyzed for this note were collected at a

p
s = 13 TeV

center-of-mass energy during 2016, 2017, and 2018, with integrated luminosities of 36.3, 41.5,
and 59.8 fb�1, respectively [27–29]. The average number of multiple interactions per event is
approximately 23 for the 2016 data, and 32 for the 2017 and 2018 data.

Events are written to disk if they satisfy the selection criteria of online triggers requiring one
or two leptons (electrons or muons) with a minimum transverse momentum (pT) requirement.
The lowest pT thresholds for the double-lepton triggers are 23 GeV for the leading lepton and
12 GeV for the trailing lepton. The single-lepton triggers in the 2016 data set have pT thresholds
of 25 GeV for |h| < 2.1 and 27 GeV for 2.1 < |h| < 2.5 for electrons, and of 24 GeV for muons.
In the 2017 data set, the corresponding thresholds are increased to 35 and 27 GeV, while in the
2018 data set they are 32 and 24 GeV. The trigger efficiency is measured using Z+jets events
and is larger than 90% for both electrons and muons over the given h range.

Monte Carlo (MC) simulated events are used for modeling both signal and background. Event
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Figure 3: Unrolled m`` -m` min,pmiss
T

T post-fit distributions in the di-leptonic channel for three
signal regions SR1 (top left), SR2 (top right), and SR3 (bottom), for the full data set. The his-
togram bins are spaced uniformly. Each group of five bins (from left to right) corresponds to
the m` min,pmiss

T
T distribution in a m`` region, placed in ascending order. The black line indicates

the signal prediction for ms = 160 GeV, mc = 100 GeV, mZ0 = 500 GeV.

14

Comparison to the observed DM relic density can indicate the preferred model parameters.
Therefore relic density calculations are preformed with the current dark Higgs model assump-
tions using MADDM [75]. When the dark Higgs mass is lower than the DM mass, DM an-
nihilation to two s is on-shell reducing the relic density compared to models with only Z0 as
mediator. In the case when ms ⇡ 2mc, the WIMPs can be converted to SM particles through
an on-shell dark Higgs resosnance. This reduces the relic density heavily. Gray lines in Fig. 5
indicate were the model parameters produce exactly the current measurement of the observed
relic density [7].

In this analysis only the decay of the dark Higgs boson to a pair of visible W bosons is consid-
ered; this decay mode is dominant in the phase space analyzed. In the case where ms � 2mc,
however, the dark Higgs boson decays predominantly to a pair of DM particles. The conse-
quence of this change of decay mode can be seen in Fig. 5: there is a boundary reflecting a
sharp drop of sensitivity in the upper-left (upper-right) plot corresponding to ms equal to twice
the DM particle mass of 100 GeV (150 GeV).

This analysis extends the search to a wider DM mass range than in previous results [23, 24],
from 100 GeV to 300 GeV. For mDM = 200 GeV and ms = 160 GeV, this analysis excludes up to
mZ0 ⇡ 2200 GeV, while for mZ0 = 700 GeV, it excludes ms masses up to ⇡ 350 GeV.
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Figure 5: Observed (expected) exclusion regions at 95% CL for the dark Higgs model in the
(ms, mZ0 ) plane, marked by the solid red (black) line. The expected ± 1s and ± 2s bands are
shown as the thinner black lines. Upper left: mc = 100 GeV, upper right: mc = 150 GeV,
lower left: mc = 200 GeV, lower right: mc = 300 GeV. The gray line indicates were the model
parameters produce exactly the observed relic density Wch2 = 0.12 [7].

10 Summary
A search for dark matter particles produced in association with a dark Higgs boson has been
presented. A sample of proton-proton collision data at a center-of-mass energy of 13 TeV is
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Figure 1: Representative Born-level Feynman diagrams for the benchmark signal model con-
sidered in this note: qq ! Z0 ! scc, and s ! W+W�.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungsten crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap detec-
tors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
outside the solenoid. The first level of the CMS trigger system [25], composed of custom hard-
ware processors, is designed to select the most interesting events within a time interval less
than 4 µs, using information from the calorimeters and muon detectors, with the output rate
of up to 100 kHz. The high-level trigger processor farm further reduces the event rate to about
1 kHz before data storage. A more detailed description of the CMS detector, together with a
definition of the coordinate system used and the relevant kinematic variables, can be found in
Ref. [26].

3 Data and simulated samples
The proton-proton (pp) collision data analyzed for this note were collected at a

p
s = 13 TeV

center-of-mass energy during 2016, 2017, and 2018, with integrated luminosities of 36.3, 41.5,
and 59.8 fb�1, respectively [27–29]. The average number of multiple interactions per event is
approximately 23 for the 2016 data, and 32 for the 2017 and 2018 data.

Events are written to disk if they satisfy the selection criteria of online triggers requiring one
or two leptons (electrons or muons) with a minimum transverse momentum (pT) requirement.
The lowest pT thresholds for the double-lepton triggers are 23 GeV for the leading lepton and
12 GeV for the trailing lepton. The single-lepton triggers in the 2016 data set have pT thresholds
of 25 GeV for |h| < 2.1 and 27 GeV for 2.1 < |h| < 2.5 for electrons, and of 24 GeV for muons.
In the 2017 data set, the corresponding thresholds are increased to 35 and 27 GeV, while in the
2018 data set they are 32 and 24 GeV. The trigger efficiency is measured using Z+jets events
and is larger than 90% for both electrons and muons over the given h range.

Monte Carlo (MC) simulated events are used for modeling both signal and background. Event
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Figure 3: Unrolled m`` -m` min,pmiss
T

T post-fit distributions in the di-leptonic channel for three
signal regions SR1 (top left), SR2 (top right), and SR3 (bottom), for the full data set. The his-
togram bins are spaced uniformly. Each group of five bins (from left to right) corresponds to
the m` min,pmiss

T
T distribution in a m`` region, placed in ascending order. The black line indicates

the signal prediction for ms = 160 GeV, mc = 100 GeV, mZ0 = 500 GeV.
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nihilation to two s is on-shell reducing the relic density compared to models with only Z0 as
mediator. In the case when ms ⇡ 2mc, the WIMPs can be converted to SM particles through
an on-shell dark Higgs resosnance. This reduces the relic density heavily. Gray lines in Fig. 5
indicate were the model parameters produce exactly the current measurement of the observed
relic density [7].

In this analysis only the decay of the dark Higgs boson to a pair of visible W bosons is consid-
ered; this decay mode is dominant in the phase space analyzed. In the case where ms � 2mc,
however, the dark Higgs boson decays predominantly to a pair of DM particles. The conse-
quence of this change of decay mode can be seen in Fig. 5: there is a boundary reflecting a
sharp drop of sensitivity in the upper-left (upper-right) plot corresponding to ms equal to twice
the DM particle mass of 100 GeV (150 GeV).

This analysis extends the search to a wider DM mass range than in previous results [23, 24],
from 100 GeV to 300 GeV. For mDM = 200 GeV and ms = 160 GeV, this analysis excludes up to
mZ0 ⇡ 2200 GeV, while for mZ0 = 700 GeV, it excludes ms masses up to ⇡ 350 GeV.
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Figure 5: Observed (expected) exclusion regions at 95% CL for the dark Higgs model in the
(ms, mZ0 ) plane, marked by the solid red (black) line. The expected ± 1s and ± 2s bands are
shown as the thinner black lines. Upper left: mc = 100 GeV, upper right: mc = 150 GeV,
lower left: mc = 200 GeV, lower right: mc = 300 GeV. The gray line indicates were the model
parameters produce exactly the observed relic density Wch2 = 0.12 [7].

10 Summary
A search for dark matter particles produced in association with a dark Higgs boson has been
presented. A sample of proton-proton collision data at a center-of-mass energy of 13 TeV is
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2m
𝛘=

mZ’v

boson fusion (VBF) followed by the Higgs boson decay into DM particles can also lead to events with
large Emiss

T and two or more jets. Especially the ggH signal has a contribution comparable to or even
stronger than the VH process, since its cross section is about 20 times larger and the jets originating from
initial state radiation are more central than in the VBF process. The free parameter of this model is the
branching ratio BH!inv.. The cross sections for the di�erent Higgs boson production modes are taken to
be given by the SM predictions.
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Figure 1: Examples of dark matter particle (�) pair-production (a) in association with a W or Z boson in a simplified
model with a vector mediator Z 0 between the dark sector and the SM [20]; (b) via decay of the Higgs boson H
produced in association with the vector boson [9–13]; (c) in association with a final-state Z 0 boson via an additional
heavy dark-sector fermion (�2) [15] or (d) via a dark-sector Higgs boson (hD) [15].

Two signal models describe DM production in the mono-Z 0 final state [15]. Both models contain a
Z 0 boson in the final state; the Z 0 boson is allowed to decay only hadronically. The Z 0

! tt̄ decay
channel, kinematically allowed for very heavy Z 0 resonances, is expected to contribute only negligibly to
the selected signal events and therefore the branching ratio BZ0!t t̄ is set to zero. In the first model, the
so-called dark-fermion model, the intermediate Z 0 boson couples to a heavier dark-sector fermion �2 as
well as the lighter DM candidate fermion �1, see Figure 1(c). The mass m�2 of the heavy fermion �2 is a
free parameter of the model, in addition to the DM candidate mass m�1 , the mediator mass mZ0, and the Z 0

couplings to �1�2 (gDM) and to all SM particles (gSM). The total Z 0 and �2 decay widths are determined
by the choice of the mass and coupling parameter values, assuming that the only allowed decay modes are
�2 ! Z 0�1, Z 0

! qq̄ and Z 0
! �2�1. Under these assumptions the decay widths are small compared to

the experimental dijet and large-radius-jet mass resolutions. In the second, so-called dark-Higgs model,
a dark-sector Higgs boson hD which decays to a �� pair is radiated from the Z 0 boson as illustrated in
Figure 1(d). The masses mhD , m�, mZ0 and the constants gSM and gDM are free parameters of the model.
The latter is defined as the coupling of the dark Higgs boson hD to the vector boson Z 0. Similar to the
dark-fermion model, the total decay widths of the Z 0 and hD bosons are determined by the values of the
mass and coupling parameters, assuming that the Z 0 boson can only decay into quarks or radiate an hD

4

gq=0.25

gDM=1

Simplified vector model

Vector mediator, Dirac DM

gq = 0.25, gl = 0, g𝛘= 1

ATLAS: ATL-PHYS-PUB-2021-006

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/


 Deborah Pinna - UW22 Sep 2025                                

low sensitivity to off-shell region due to 
strong reduction of production cross-section 

Can we recover the sensitivity? 


         visible decays


 

Hunt for dark matter - hints from indirect searches

￼40

2m
𝛘=

mZ’v
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large Emiss

T and two or more jets. Especially the ggH signal has a contribution comparable to or even
stronger than the VH process, since its cross section is about 20 times larger and the jets originating from
initial state radiation are more central than in the VBF process. The free parameter of this model is the
branching ratio BH!inv.. The cross sections for the di�erent Higgs boson production modes are taken to
be given by the SM predictions.
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Figure 1: Examples of dark matter particle (�) pair-production (a) in association with a W or Z boson in a simplified
model with a vector mediator Z 0 between the dark sector and the SM [20]; (b) via decay of the Higgs boson H
produced in association with the vector boson [9–13]; (c) in association with a final-state Z 0 boson via an additional
heavy dark-sector fermion (�2) [15] or (d) via a dark-sector Higgs boson (hD) [15].

Two signal models describe DM production in the mono-Z 0 final state [15]. Both models contain a
Z 0 boson in the final state; the Z 0 boson is allowed to decay only hadronically. The Z 0

! tt̄ decay
channel, kinematically allowed for very heavy Z 0 resonances, is expected to contribute only negligibly to
the selected signal events and therefore the branching ratio BZ0!t t̄ is set to zero. In the first model, the
so-called dark-fermion model, the intermediate Z 0 boson couples to a heavier dark-sector fermion �2 as
well as the lighter DM candidate fermion �1, see Figure 1(c). The mass m�2 of the heavy fermion �2 is a
free parameter of the model, in addition to the DM candidate mass m�1 , the mediator mass mZ0, and the Z 0

couplings to �1�2 (gDM) and to all SM particles (gSM). The total Z 0 and �2 decay widths are determined
by the choice of the mass and coupling parameter values, assuming that the only allowed decay modes are
�2 ! Z 0�1, Z 0

! qq̄ and Z 0
! �2�1. Under these assumptions the decay widths are small compared to

the experimental dijet and large-radius-jet mass resolutions. In the second, so-called dark-Higgs model,
a dark-sector Higgs boson hD which decays to a �� pair is radiated from the Z 0 boson as illustrated in
Figure 1(d). The masses mhD , m�, mZ0 and the constants gSM and gDM are free parameters of the model.
The latter is defined as the coupling of the dark Higgs boson hD to the vector boson Z 0. Similar to the
dark-fermion model, the total decay widths of the Z 0 and hD bosons are determined by the values of the
mass and coupling parameters, assuming that the Z 0 boson can only decay into quarks or radiate an hD
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boson fusion (VBF) followed by the Higgs boson decay into DM particles can also lead to events with
large Emiss

T and two or more jets. Especially the ggH signal has a contribution comparable to or even
stronger than the VH process, since its cross section is about 20 times larger and the jets originating from
initial state radiation are more central than in the VBF process. The free parameter of this model is the
branching ratio BH!inv.. The cross sections for the di�erent Higgs boson production modes are taken to
be given by the SM predictions.
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Figure 1: Examples of dark matter particle (�) pair-production (a) in association with a W or Z boson in a simplified
model with a vector mediator Z 0 between the dark sector and the SM [20]; (b) via decay of the Higgs boson H
produced in association with the vector boson [9–13]; (c) in association with a final-state Z 0 boson via an additional
heavy dark-sector fermion (�2) [15] or (d) via a dark-sector Higgs boson (hD) [15].

Two signal models describe DM production in the mono-Z 0 final state [15]. Both models contain a
Z 0 boson in the final state; the Z 0 boson is allowed to decay only hadronically. The Z 0

! tt̄ decay
channel, kinematically allowed for very heavy Z 0 resonances, is expected to contribute only negligibly to
the selected signal events and therefore the branching ratio BZ0!t t̄ is set to zero. In the first model, the
so-called dark-fermion model, the intermediate Z 0 boson couples to a heavier dark-sector fermion �2 as
well as the lighter DM candidate fermion �1, see Figure 1(c). The mass m�2 of the heavy fermion �2 is a
free parameter of the model, in addition to the DM candidate mass m�1 , the mediator mass mZ0, and the Z 0

couplings to �1�2 (gDM) and to all SM particles (gSM). The total Z 0 and �2 decay widths are determined
by the choice of the mass and coupling parameter values, assuming that the only allowed decay modes are
�2 ! Z 0�1, Z 0

! qq̄ and Z 0
! �2�1. Under these assumptions the decay widths are small compared to

the experimental dijet and large-radius-jet mass resolutions. In the second, so-called dark-Higgs model,
a dark-sector Higgs boson hD which decays to a �� pair is radiated from the Z 0 boson as illustrated in
Figure 1(d). The masses mhD , m�, mZ0 and the constants gSM and gDM are free parameters of the model.
The latter is defined as the coupling of the dark Higgs boson hD to the vector boson Z 0. Similar to the
dark-fermion model, the total decay widths of the Z 0 and hD bosons are determined by the values of the
mass and coupling parameters, assuming that the Z 0 boson can only decay into quarks or radiate an hD
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boson fusion (VBF) followed by the Higgs boson decay into DM particles can also lead to events with
large Emiss

T and two or more jets. Especially the ggH signal has a contribution comparable to or even
stronger than the VH process, since its cross section is about 20 times larger and the jets originating from
initial state radiation are more central than in the VBF process. The free parameter of this model is the
branching ratio BH!inv.. The cross sections for the di�erent Higgs boson production modes are taken to
be given by the SM predictions.
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Figure 1: Examples of dark matter particle (�) pair-production (a) in association with a W or Z boson in a simplified
model with a vector mediator Z 0 between the dark sector and the SM [20]; (b) via decay of the Higgs boson H
produced in association with the vector boson [9–13]; (c) in association with a final-state Z 0 boson via an additional
heavy dark-sector fermion (�2) [15] or (d) via a dark-sector Higgs boson (hD) [15].

Two signal models describe DM production in the mono-Z 0 final state [15]. Both models contain a
Z 0 boson in the final state; the Z 0 boson is allowed to decay only hadronically. The Z 0

! tt̄ decay
channel, kinematically allowed for very heavy Z 0 resonances, is expected to contribute only negligibly to
the selected signal events and therefore the branching ratio BZ0!t t̄ is set to zero. In the first model, the
so-called dark-fermion model, the intermediate Z 0 boson couples to a heavier dark-sector fermion �2 as
well as the lighter DM candidate fermion �1, see Figure 1(c). The mass m�2 of the heavy fermion �2 is a
free parameter of the model, in addition to the DM candidate mass m�1 , the mediator mass mZ0, and the Z 0

couplings to �1�2 (gDM) and to all SM particles (gSM). The total Z 0 and �2 decay widths are determined
by the choice of the mass and coupling parameter values, assuming that the only allowed decay modes are
�2 ! Z 0�1, Z 0

! qq̄ and Z 0
! �2�1. Under these assumptions the decay widths are small compared to

the experimental dijet and large-radius-jet mass resolutions. In the second, so-called dark-Higgs model,
a dark-sector Higgs boson hD which decays to a �� pair is radiated from the Z 0 boson as illustrated in
Figure 1(d). The masses mhD , m�, mZ0 and the constants gSM and gDM are free parameters of the model.
The latter is defined as the coupling of the dark Higgs boson hD to the vector boson Z 0. Similar to the
dark-fermion model, the total decay widths of the Z 0 and hD bosons are determined by the values of the
mass and coupling parameters, assuming that the Z 0 boson can only decay into quarks or radiate an hD

4

gq=0.25

gDM=1

Simplified vector model

Z
0

gq
q

q

𝛘
gDM

Z
0 𝛘

gq = 0.1

ATLAS: ATL-PHYS-PUB-2021-006

mediator


- narrow resonance

- wide resonance 

interplay changes

gq=
Did we exclude 

already 
everything? NO!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/


 Deborah Pinna - UW22 Sep 2025                                

Hunt for dark matter - LLPs → μ+jets search

￼43

LHCb: EPJC373(2022)

1- Selection: 1 displaced vertex from any 
PV containing 1μ

≥1 LLP candidates : ≥3 
tracks (1μ) with inv mass 
above B resonances

MVA techniques to recover 
sensitivity

2- Bkg:


- bb processes 
and material 
interactions

heavier particles → lower lifetime/boost

LLP

μ

PV
SV

373 Page 2 of 19 Eur. Phys. J. C (2022) 82 :373

h0

χ̃0
1

χ̃0
1

q

q

χ̃0
1

X

(b)(a)

Fig. 1 LLP production processes considered in this paper, where the
χ̃0

1 represents the LLP: a di-LLP production via a scalar particle h0; b
non-resonant, direct LLP production from quark interactions, where X
is a stable particle, with mass identical to the LLP. The LLP decays into
a muon and two quarks: χ̃0

1 → µ+qiq j (µ
−q̄i q̄ j )

designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system con-
sisting of the VELO which is a silicon-strip detector sur-
rounding the pp interaction region [16], a large-area silicon-
strip detector located upstream of a dipole magnet with a
bending power of about 4 Tm, and three stations of silicon-
strip detectors and straw drift tubes [17,18] placed down-
stream of the magnet. The tracking system provides a mea-
surement of the momentum, p, of charged particles with a
relative uncertainty that varies from 0.5% at low momentum
to 1.0% at 200 GeV/c. The minimum distance of a track to a
primary pp collision vertex (PV), the impact parameter, is
measured with a resolution of (15 + 29/pT)µm, where pT
is in GeV/c. Different types of charged hadrons are distin-
guished using information from two ring-imaging Cherenkov
detectors [19]. Photons, electrons and hadrons are identi-
fied by a calorimeter system consisting of scintillating-pad
and preshower detectors, an electromagnetic (ECAL) and a
hadronic calorimeter (HCAL) [20]. Muons are identified by
a system composed of alternating layers of iron and multi-
wire proportional chambers [21]. The online event selection
is performed by a trigger [22], which consists of a hardware
stage, based on information from the calorimeter and muon
systems, followed by a software stage, which applies a full
event reconstruction. During data taking an alignment and
calibration of the detector is performed in near real-time and
used in the software trigger [23]. The same alignment and
calibration information is propagated to the offline recon-
struction.

Simulation is used to model the effects of the detector
acceptance and the imposed selection requirements. In the
simulation, pp collisions are generated using Pythia8 [24,
25] with a specific LHCb configuration [26] and with par-
ton density functions taken from CTEQ6L [27]. The inter-
action of the generated particles with the detector, and its
response, are implemented using the Geant4 toolkit [28,29]
as described in Ref. [30]. The simulation includes pileup
events with an average of 1.1 pp visible interactions per
bunch crossing.

Several sets of signal events have been produced assuming
the processes illustrated in Fig. 1, where the χ̃0

1 plays the role

of a long-lived particle. For the first process considered, two
χ̃0

1 particles are obtained from the decay of the Higgs-like
boson produced by gluon fusion, gg → h0 → χ̃0

1 χ̃0
1 . For

the second process, the LLP is produced in a non-resonant
mode, qq̄ → χ̃0

1 X . Here X is a stable neutral particle with
the same mass as that of the χ̃0

1 state. This production of
a LLP in association with a stable particle X is included,
which enables probing the sensitivity to this topology, with
the signal LLP recoiling against such a particle.

The LLP decays into a muon and two quarks; the branch-
ing ratio of χ̃0

1 → µ+qiq j (µ
−q̄i q̄ j ) is set to be equal for

each quark combination (qi = u, c and q j = d̄, s̄, b̄), with
an equal proportion of µ+ and µ−.

In the following, the model name is indicated by the
values of mh0 , mχ̃0

1
and τχ̃0

1
; h125-chi40-10ps, for exam-

ple, corresponds to mh0 = 125 GeV/c2, mχ̃0
1
= 40 GeV/c2,

τχ̃0
1
= 10 ps. For the direct production, the Higgs mass is

omitted from this notation, such as for example in chi30-
10ps.

The most relevant background in this analysis is from
events containing heavy quarks. The background from heavy
quarks directly produced in pp collisions, as well as from W ,
Z , Higgs boson and top quark decays, is studied using the
simulation. The simulation of inclusive bb and cc events is
not efficient to produce a large enough sample to cover the
relevant high-pT muon kinematic region. Hence, a dedicated
sample of 20 × 106 (1 × 106) simulated bb (cc) events has
been produced with a minimum parton p̂T of 20 GeV/c and
requiring a muon with pT > 12 GeV/c and 1.5 < η < 5.0.
All the simulated background species are suppressed by the
multivariate analysis presented in the next section. Therefore,
a data-driven approach is employed for the final background
estimation.

3 Signal selection

Signal events are selected by requiring a vertex displaced
from any PV in the event and containing one isolated,
high-pT muon. Due to the relatively high LLP mass, the
muons from the LLP decay are expected to be more iso-
lated than muons from hadron decays. The events from pp
collisions are selected online by a trigger requiring muons
with pT > 10 GeV/c. The offline analysis requires that the
triggering muon has an impact parameter, IPµ, with respect
to any PV, larger than 0.25 mm and a transverse momentum,
pµT , larger than 12 GeV/c. Primary and displaced vertices are
reconstructed offline from charged particle tracks [31]. Gen-
uine PVs are identified by a small radial distance from the
beam axis, Rxy < 0.3 mm. Once the set of PVs is identified,
all the other vertices are candidates for the decay position
of LLPs. An LLP candidate is formed by requiring three
or more tracks including the muon and having an invari-
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Fig. 5 Expected (open dots and 1σ and 2σ bands) and observed (full dots) cross-section times branching fraction upper limits (95% CL) as a
function of τχ̃0

1
for the resonant production with mh0 = 125 GeV/c2, and, from a to e, mχ̃0

1
of 20, 30, 40, 50, and 60 GeV/c2

1% and 1.5% respectively, as obtained from bb and Z → bb
events. Pseudoexperiments are used to estimate the effect on
the cross-section calculation. For each theoretical model, ten
simulated signal events are added to the selected data after
a Gaussian smearing or after changing the mass scale. The
average deviation of the observed upper limits with respect
to the one obtained from the default signal and background
distributions is below 2%.

The background shape is deduced from data selected in
the poorly isolated region after reweighting, with weights
inferred from the data distributions obtained with relaxed
selection criteria. The overall uncertainty is estimated by
reducing by half the weights and running pseudoexperiments
as before. The average deviation of the observed upper limits
is below 14%.

6 Results

The 95% confidence level (CL) upper limits, expected and
observed, on the production cross-sections times branch-
ing fraction are computed for each model using the CLs
approach [42]. Statistical and systematic uncertainties on
the signal efficiencies are included as nuisance parameters
of the likelihood function, assuming Gaussian distributions.
Finally, the upper limit values are corrected by the factors
which account for the imperfect modelling of signal and
background templates.

The numerical results for all the models are given in
Tables 4 and 5. Figures 4, 5, 6 and 7 show the measured cross-
section times branching ratio upper limits, for different theo-
retical models. The decrease of sensitivity for relatively low
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Fig. 6 Expected (open dots and 1σ and 2σ bands) and observed (full dots) cross-section times branching fraction upper limits (95% CL) as a
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3- Results: combined fit to LLP reconstructed mass in SRs and CRs 
                     Upper limits at 95% CL on cross section

Massive long-lived particles (LLP) 

- (a) Higgs-like particle h0 produced by 
ggF, decays into two LLPs  

- (b) direct LLP production from quark 
interactions 
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Fig. 3 Reconstructed invariant mass of the LLP candidates. Subfig-
ures a, c, and e correspond to the signal selections which assume the
models h80-chi30-10ps, h200-chi20-10ps, and the non-resonant model

chi30-10ps, respectively. Subfigures b, d, and f are the correspond-
ing distributions for candidates selected in the background region. The
results of the fits are superimposed

region is considered negligible. The reconstructed mass dis-
tribution obtained from the background candidates is used
to constrain an empirical probability density function (PDF)
consisting of the sum of two negative-slope exponential func-
tions, one of them convolved with a Gaussian function. Shape
parameters and amplitudes are left to vary in the fit. It is pos-
sible that the mass distribution obtained after selection of the
background region does not represent exactly the background
component in the signal region. Hence, a correction is applied
before performing the fit: the mass distribution selected in the
background region is weighted with weights deduced from
the comparison of the candidate mass distributions of signal
and background regions obtained from data with a relaxed
MVA selection. This relaxed selection is required to have
sufficiently populated samples and to minimise the correla-
tion with the final distributions from which signal yields are

obtained. The consistency of this procedure is tested on bb
simulated events.

Examples of the invariant mass of the selected LLP can-
didates are shown in Fig. 3 for the signal and background
regions. The invariant-mass fit is performed simultaneously
on LLP candidates from the signal and from the background
regions. In the former, the numbers of signal and background
events are free parameters of the fit. The results of the fit are
shown in the figure. The sensitivity of the fit procedure is
studied by adding a small number of simulated signal events
to the data according to a given signal model. The fitted yields
are on average consistent with the numbers of added events.
The fitted signal yields, given in Tables 1 and 2 are compatible
with the background-only hypothesis for all the theoretical
models.
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Fig. 3 Reconstructed invariant mass of the LLP candidates. Subfig-
ures a, c, and e correspond to the signal selections which assume the
models h80-chi30-10ps, h200-chi20-10ps, and the non-resonant model

chi30-10ps, respectively. Subfigures b, d, and f are the correspond-
ing distributions for candidates selected in the background region. The
results of the fits are superimposed

region is considered negligible. The reconstructed mass dis-
tribution obtained from the background candidates is used
to constrain an empirical probability density function (PDF)
consisting of the sum of two negative-slope exponential func-
tions, one of them convolved with a Gaussian function. Shape
parameters and amplitudes are left to vary in the fit. It is pos-
sible that the mass distribution obtained after selection of the
background region does not represent exactly the background
component in the signal region. Hence, a correction is applied
before performing the fit: the mass distribution selected in the
background region is weighted with weights deduced from
the comparison of the candidate mass distributions of signal
and background regions obtained from data with a relaxed
MVA selection. This relaxed selection is required to have
sufficiently populated samples and to minimise the correla-
tion with the final distributions from which signal yields are

obtained. The consistency of this procedure is tested on bb
simulated events.

Examples of the invariant mass of the selected LLP can-
didates are shown in Fig. 3 for the signal and background
regions. The invariant-mass fit is performed simultaneously
on LLP candidates from the signal and from the background
regions. In the former, the numbers of signal and background
events are free parameters of the fit. The results of the fit are
shown in the figure. The sensitivity of the fit procedure is
studied by adding a small number of simulated signal events
to the data according to a given signal model. The fitted yields
are on average consistent with the numbers of added events.
The fitted signal yields, given in Tables 1 and 2 are compatible
with the background-only hypothesis for all the theoretical
models.
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Fig. 1 LLP production processes considered in this paper, where the
χ̃0

1 represents the LLP: a di-LLP production via a scalar particle h0; b
non-resonant, direct LLP production from quark interactions, where X
is a stable particle, with mass identical to the LLP. The LLP decays into
a muon and two quarks: χ̃0

1 → µ+qiq j (µ
−q̄i q̄ j )

designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system con-
sisting of the VELO which is a silicon-strip detector sur-
rounding the pp interaction region [16], a large-area silicon-
strip detector located upstream of a dipole magnet with a
bending power of about 4 Tm, and three stations of silicon-
strip detectors and straw drift tubes [17,18] placed down-
stream of the magnet. The tracking system provides a mea-
surement of the momentum, p, of charged particles with a
relative uncertainty that varies from 0.5% at low momentum
to 1.0% at 200 GeV/c. The minimum distance of a track to a
primary pp collision vertex (PV), the impact parameter, is
measured with a resolution of (15 + 29/pT)µm, where pT
is in GeV/c. Different types of charged hadrons are distin-
guished using information from two ring-imaging Cherenkov
detectors [19]. Photons, electrons and hadrons are identi-
fied by a calorimeter system consisting of scintillating-pad
and preshower detectors, an electromagnetic (ECAL) and a
hadronic calorimeter (HCAL) [20]. Muons are identified by
a system composed of alternating layers of iron and multi-
wire proportional chambers [21]. The online event selection
is performed by a trigger [22], which consists of a hardware
stage, based on information from the calorimeter and muon
systems, followed by a software stage, which applies a full
event reconstruction. During data taking an alignment and
calibration of the detector is performed in near real-time and
used in the software trigger [23]. The same alignment and
calibration information is propagated to the offline recon-
struction.

Simulation is used to model the effects of the detector
acceptance and the imposed selection requirements. In the
simulation, pp collisions are generated using Pythia8 [24,
25] with a specific LHCb configuration [26] and with par-
ton density functions taken from CTEQ6L [27]. The inter-
action of the generated particles with the detector, and its
response, are implemented using the Geant4 toolkit [28,29]
as described in Ref. [30]. The simulation includes pileup
events with an average of 1.1 pp visible interactions per
bunch crossing.

Several sets of signal events have been produced assuming
the processes illustrated in Fig. 1, where the χ̃0

1 plays the role

of a long-lived particle. For the first process considered, two
χ̃0

1 particles are obtained from the decay of the Higgs-like
boson produced by gluon fusion, gg → h0 → χ̃0

1 χ̃0
1 . For

the second process, the LLP is produced in a non-resonant
mode, qq̄ → χ̃0

1 X . Here X is a stable neutral particle with
the same mass as that of the χ̃0

1 state. This production of
a LLP in association with a stable particle X is included,
which enables probing the sensitivity to this topology, with
the signal LLP recoiling against such a particle.

The LLP decays into a muon and two quarks; the branch-
ing ratio of χ̃0

1 → µ+qiq j (µ
−q̄i q̄ j ) is set to be equal for

each quark combination (qi = u, c and q j = d̄, s̄, b̄), with
an equal proportion of µ+ and µ−.

In the following, the model name is indicated by the
values of mh0 , mχ̃0

1
and τχ̃0

1
; h125-chi40-10ps, for exam-

ple, corresponds to mh0 = 125 GeV/c2, mχ̃0
1
= 40 GeV/c2,

τχ̃0
1
= 10 ps. For the direct production, the Higgs mass is

omitted from this notation, such as for example in chi30-
10ps.

The most relevant background in this analysis is from
events containing heavy quarks. The background from heavy
quarks directly produced in pp collisions, as well as from W ,
Z , Higgs boson and top quark decays, is studied using the
simulation. The simulation of inclusive bb and cc events is
not efficient to produce a large enough sample to cover the
relevant high-pT muon kinematic region. Hence, a dedicated
sample of 20 × 106 (1 × 106) simulated bb (cc) events has
been produced with a minimum parton p̂T of 20 GeV/c and
requiring a muon with pT > 12 GeV/c and 1.5 < η < 5.0.
All the simulated background species are suppressed by the
multivariate analysis presented in the next section. Therefore,
a data-driven approach is employed for the final background
estimation.

3 Signal selection

Signal events are selected by requiring a vertex displaced
from any PV in the event and containing one isolated,
high-pT muon. Due to the relatively high LLP mass, the
muons from the LLP decay are expected to be more iso-
lated than muons from hadron decays. The events from pp
collisions are selected online by a trigger requiring muons
with pT > 10 GeV/c. The offline analysis requires that the
triggering muon has an impact parameter, IPµ, with respect
to any PV, larger than 0.25 mm and a transverse momentum,
pµT , larger than 12 GeV/c. Primary and displaced vertices are
reconstructed offline from charged particle tracks [31]. Gen-
uine PVs are identified by a small radial distance from the
beam axis, Rxy < 0.3 mm. Once the set of PVs is identified,
all the other vertices are candidates for the decay position
of LLPs. An LLP candidate is formed by requiring three
or more tracks including the muon and having an invari-
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Fig. 5 Expected (open dots and 1σ and 2σ bands) and observed (full dots) cross-section times branching fraction upper limits (95% CL) as a
function of τχ̃0

1
for the resonant production with mh0 = 125 GeV/c2, and, from a to e, mχ̃0

1
of 20, 30, 40, 50, and 60 GeV/c2

1% and 1.5% respectively, as obtained from bb and Z → bb
events. Pseudoexperiments are used to estimate the effect on
the cross-section calculation. For each theoretical model, ten
simulated signal events are added to the selected data after
a Gaussian smearing or after changing the mass scale. The
average deviation of the observed upper limits with respect
to the one obtained from the default signal and background
distributions is below 2%.

The background shape is deduced from data selected in
the poorly isolated region after reweighting, with weights
inferred from the data distributions obtained with relaxed
selection criteria. The overall uncertainty is estimated by
reducing by half the weights and running pseudoexperiments
as before. The average deviation of the observed upper limits
is below 14%.

6 Results

The 95% confidence level (CL) upper limits, expected and
observed, on the production cross-sections times branch-
ing fraction are computed for each model using the CLs
approach [42]. Statistical and systematic uncertainties on
the signal efficiencies are included as nuisance parameters
of the likelihood function, assuming Gaussian distributions.
Finally, the upper limit values are corrected by the factors
which account for the imperfect modelling of signal and
background templates.

The numerical results for all the models are given in
Tables 4 and 5. Figures 4, 5, 6 and 7 show the measured cross-
section times branching ratio upper limits, for different theo-
retical models. The decrease of sensitivity for relatively low
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Fig. 6 Expected (open dots and 1σ and 2σ bands) and observed (full dots) cross-section times branching fraction upper limits (95% CL) as a
function of mh0 and, from a to f, mχ̃0
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3- Results: combined fit to LLP reconstructed mass in SRs and CRs 
                     Upper limits at 95% CL on cross section

Massive long-lived particles (LLP) 

- (a) Higgs-like particle h0 produced by 
ggF, decays into two LLPs  

- (b) direct LLP production from quark 
interactions 
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9. Summary 9

other SM particles. The squared kinetic mixing coefficient e2 above 2 (9) ⇥ 10�7 is excluded
at mZD

= 2 (7)GeV. The presented results complement the previous CMS search at larger
masses [15].

Figure 5: Observed upper limits at 90% CL on the square of the kinetic mixing coefficient e in
the minimal model of a dark photon from the CMS search in the mass ranges 1.1–2.6 to 4.2–
7.9 GeV (pink). The CMS limits are compared with the existing limits at 90% CL provided by
the LHCb experiment [14] (blue) and BaBar experiment [12] (gray).

In the 2HDM+S scenarios, the limits from the high-pT selection are converted to an upper limit
on the mixing angle qH as a function of the light pseudoscalar boson mass. The recasting of the
limit is performed under the assumption of tan b = 0.5 according to the following relation:

spp!a · sin2(qH) · B · A = slimit, (2)

where spp!a is the production cross section of pseudoscalar a, slimit is the model independent
limit, B is the branching fraction of a ! µ+µ�, and A is the acceptance. The spp!a is computed
from the HIGLU generator at NNLO using the NNPDF3.0 PDF set [28] and assuming QCD
scales µ = 0.5ma, as in the LHCb search [42]. Uncertainties in the theoretical cross section
for pseudoscalar production via gluon fusion are found by varying the renormalization and
factorization scales by a factor of 2. These uncertainties are around 90% at ma = 1.18 GeV and
gradually reduce to 10% at ma > 4.2 GeV. The uncertainty in the gluon fusion acceptance is
estimated by comparing the values obtained between PYTHIA and MADGRAPH, and is found
to be about 30%.

Observed upper limits at 90% CL are presented in Figure 6. Values of sin(qH) above around
0.01 (0.08) are excluded at ma = 2 (7)GeV with fixed tan b = 0.5. The limits derived from this
search in the low-mass region are found to be competitive with recently reported results from
the LHCb experiment [42] below the charmonium peaks and better above them.

9 Summary
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proton collision data recorded by the CMS experiment at

p
s = 13 TeV in 2017 and 2018. The

search is performed in the dimuon mass region between 1.1–2.6 GeV and 4.2–7.9 GeV using
data collected with high-rate dimuon triggers in a dedicated dimuon scouting stream, corre-
sponding to an integrated luminosity of 96.6 fb�1. Compared with the previous prompt res-
onance search for larger resonance masses [15], a dedicated multivariate analysis method is
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with two sets of selections: the U(1S)-trained muon identification MVA with the transverse
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3- Results: fit to µµ invariant mass, upper limits at 90% CL on mixing coefficient ε

Dark photon: dark/SM sectors interaction through dark photon ZD, with kinetic mixing ε 
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CMS: EXO-21-005

1 - Selection: resonance as peak wrt SM invariant mass

1 opp.-sign μ pair, categories on pT(μμ)

dedicated μμ trigger: low pT thresholds, high rate, 
retain only 4-momentum, isolation, track information

muon identification based on MVA techniques 

2 - Bkg: 

- known resonances, D meson decays to kaons (from CR) 

9. Summary 9

other SM particles. The squared kinetic mixing coefficient e2 above 2 (9) ⇥ 10�7 is excluded
at mZD

= 2 (7)GeV. The presented results complement the previous CMS search at larger
masses [15].
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factorization scales by a factor of 2. These uncertainties are around 90% at ma = 1.18 GeV and
gradually reduce to 10% at ma > 4.2 GeV. The uncertainty in the gluon fusion acceptance is
estimated by comparing the values obtained between PYTHIA and MADGRAPH, and is found
to be about 30%.

Observed upper limits at 90% CL are presented in Figure 6. Values of sin(qH) above around
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Luminosity: determines size of coupling that can be probed


Energy: determines probed mass range


Invisible/visible: directly probe DM or mediator 

Complementarity essential! 


- results often presented in terms of different mediator masses, 
notation and model assumptions


Concerted effort to align models and representation to 
exploit complementary of energy- and intensity-
frontiers to discover DM/dark-sector

Hunt for dark matter - complementarity
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… also with direct-detection 


- accelerator-based directly characterize DM particle properties, 
explore relativistic DM production


- direct detection explores a combination of DM properties with 
their cosmological abundance, probe non-relativistic scattering 

Different type of interactions can be suppressed or 

enhanced based on velocity → complementarity
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Figure 2
Dark photon decay into visible !nal states: ε versus mA′ . Filled areas indicate existing limits from searches at
collider/!xed-target experiments [A1 (114), LHCb (115), CMS (116), BaBar (117), and NA48/2 (122)] and
old beam dump experiments [E774 (65), E141 (64), E137 (63, 103, 123)), NuCal (66, 67), and CHARM
(124)]. Bounds from supernovae (125) and (g − 2)e (44) are also included. Colored curves indicate projections
for existing and proposed experiments: Belle II (105), LHCb upgrade (126, 127), NA62 in dump mode (14)
and NA64++

e (81), FASER and FASER 2 (91), DarkQuest (85), HPS (128), Mu3e (130), and HL-LHC (131).
Figure adapted with permission from Reference 112; copyright 2021 Springer Nature Switzerland AG.

in dump mode (14) and NA64++
e (81) at the SPS, FASER and FASER 2 (91) at the LHC, Dark-

Quest (85) at Fermilab, HPS (128) at Jefferson Lab, DarkMESA (129) at Mainz, and the Mu3e
experiment at PSI (130). For masses above ∼100 GeV, projections are obtained for ATLAS/CMS
during the high-luminosity phase of the LHC (131).

From Figure 2 it is apparent that collider-based and beam dump experiments cover a fully
complementary region in the parameter space: Collider experiments are mostly sensitive to rel-
atively large couplings and masses, and beam dump experiments are sensitive to lower couplings
and masses below the order of a few GeV. The motivated range for ε of 10−5 to 10−3 and masses
less than 1 GeV will be covered in the short future mostly by LHCb, HPS, and Mu3e. Proton
beam dump experiments (NA62 in dump mode, DarkQuest, and possibly SHiP) will push the
exploration below ε ∼ 10−5.

5.1.3. Millicharged particle production. Millicharged particles arise, as discussed in Sec-
tion 2.2.2, in the case of a massless dark photon because the rotation of the mixing term leaves
the photon coupled to the dark sector particles χ with strength εe′. Searches are accordingly pa-
rameterized in terms of the mass mχ and the electromagnetic coupling (modulated by ε) of the
supposedly millicharged dark sector particle.

The physics of stellar evolution for horizontal branches, red giants, and white dwarves (132),
together with supernovae (133), provides bounds in the region of small masses (mχ < 1 MeV). In

www.annualreviews.org • The Search for Feebly Interacting Particles 299
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… also with direct-detection 


- accelerator-based directly characterize DM particle properties, 
explore relativistic DM production


- direct detection explores a combination of DM properties with 
their cosmological abundance, probe non-relativistic scattering 

Different type of interactions can be suppressed or 

enhanced based on velocity → complementarity
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DM nature 
(large region of parameter 

space of DM models excluded)

assume interaction 
with SM

DM/dark-sector production

benchmark models to 
interpret the results

different interactions/signature 
investigated


Rich DM physics program at high-energy and high-intensity experiments


- essential complementarity among experiments and with non-collider searches

- inputs from various signatures (mono-X, resonances, H→inv, visible, …)


Many new results/experiments expected in the near future!
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DM nature 
(large region of parameter 

space of DM models excluded)

assume interaction 
with SM

DM/dark-sector production

benchmark models to 
interpret the results

different interactions/signature 
investigated


Rich DM physics program at high-energy and high-intensity experiments


- essential complementarity among experiments and with non-collider searches

- inputs from various signatures (mono-X, resonances, H→inv, visible, …)


Many new results/experiments expected in the near future!
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DM nature 
(large region of parameter 

space of DM models excluded)

assume interaction 
with SM

DM/dark-sector production

benchmark models to 
interpret the results

different interactions/signature 
investigated


Rich DM physics program at high-energy and high-intensity experiments


- essential complementarity among experiments and with non-collider searches

- inputs from various signatures (mono-X, resonances, H→inv, visible, …)


Many new results/experiments expected in the near future!
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DM nature 
(large region of parameter 

space of DM models excluded)

assume interaction 
with SM

DM/dark-sector production

benchmark models to 
interpret the results

different interactions/signature 
investigated


Rich DM physics program at high-energy and high-intensity experiments


- essential complementarity among experiments and with non-collider searches

- inputs from various signatures (mono-X, resonances, H→inv, visible, …)


Many new results/experiments expected in the near future!
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DM nature 
(large region of parameter 

space of DM models excluded)

assume interaction 
with SM

DM/dark-sector production

benchmark models to 
interpret the results

different interactions/signature 
investigated


Rich DM physics program at LHC


- essential complementarity among experiments and with non-collider searches

- inputs from various signatures (mono-X, resonances, H→inv, visible, …)


Many new results/experiments expected in the near future!
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DM nature 
(large region of parameter 

space of DM models excluded)

assume interaction 
with SM

DM/dark-sector production

benchmark models to 
interpret the results

different interactions/signature 
investigated


Rich DM physics program at LHC


- essential complementarity among experiments and with non-collider searches

- inputs from various signatures (mono-X, resonances, H→inv, visible, …)


Many new results/experiments expected in the near future!

An eye towards the (near) future 
 

New physics working group (LHC BSM WG) 

guidelines and recommendations for the 
benchmark models, interpretation, and 

characterisation of BSM searches at the LHC  

first general meeting in 10-13 November 2025 
(indico)


https://indico.cern.ch/event/1550647/


Thank you!



Backup
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LHCb at LHC


- single-arm spectrometer originally devoted to heavy flavour physics, 
now a general purpose experiment


- triggers with low pT thresholds, probes rapidity region only partially accessible 
to other LHC experiments 


- excellent vertex, mass and lifetime resolution, particle identification

- can operate in collider and fixed target mode
- pp collisions: ~1/20 ATLAS/CMS, reduced luminosity by offset beam collisions

ATLAS and CMS multipurpose detectors at LHC


- goals: precision test of SM, search for new physics


- particle identification, energy and momenta measurements

- trigger system: select events interesting for physics analysis

- pp collisions


- Run2: 13 TeV, ~140 fb-1 | Run3: 13.6 TeV, already collected ~70fb-1


- more than 8.5 million Higgs boson produced!


- DM could be produced at colliders (rare process): 


- invisible signature: no direct trace in the detector, but … 


- can be inferred from pT imbalance (MET) 


- need visible particle to which DM particle recoils against “mono-X”

Collider experiments: ATLAS, CMS, LHCb �

D
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top

DM

DM

MET

D
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LHCb
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Despite the accuracy of the SM and its predictive power many open outstanding 
questions, eg.: 

- matter-antimatter asymmetry


- hierarchy problem


- describes only ~5% of the universe, explanations for DM are not provided


- gravitational force cannot be included in the current theoretical framework

26%

69%

5%

dark

energy

baryonDM

[arXiv:1311.0299] 

Rich new physics program at ATLAS and CMS
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https://arxiv.org/pdf/1311.0299.pdf

