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DM evidence

DM production
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Dark matter phenomenology 

!5

Which type of events do we study at colliders? different types of interactions can be assumed 
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X based on Mediator Sensitivity at HL-LHC Result for HL-LHC

jets CMS-EXO-16-037, 12.9 fb-1 13 TeV spin-1, spin-0 3000 fb-1, HL detector parameters CMS-FTR-16-005

tt CMS-EXO-17-014, 35.9 fb-1 13 TeV spin-0 3000 fb-1 planned

t Pheno paper, Phys. Rev. D 96, 035031 spin-0 3000 fb-1, HL detector parameters planned

Z CMS-EXO-XX-YYY, 35.9 fb-1 13 TeV spin-1 3000 fb-1 planned

Results and plans discussed in this talk



4-6 April 2018 - HE/HL LHC                                 Deborah Pinna - BU  

Dark matter phenomenology 

!6

Which type of events do we study at colliders? different types of interactions can be assumed 
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jets CMS-EXO-16-037, 12.9 fb-1 13 TeV spin-1, spin-0 3000 fb-1, HL detector parameters CMS-FTR-16-005

tt CMS-EXO-17-014, 35.9 fb-1 13 TeV spin-0 3000 fb-1 planned
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Results and plans discussed in this talk



4-6 April 2018 - HE/HL LHC                                 Deborah Pinna - BU  

Data analysis: strategy 
1. DM appear as event excess in ETmiss 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) 
 

3. Compare SM predictions with data 

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

- no excess, interpret result in terms of theory 
model parameters 
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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?  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DM+jet search
Signature: large ETmiss and ≥1 high-pT jet

CMS-FTR-16-005

DM

DM

monojet
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DM+jet: event selection and strategy 
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Select events
leptons veto 
no b-tagged jets 

ETmiss > 200 GeV 

hight pT jet 

𝛥Φ(jet, ETmiss) > 0.5

monojet

DM

DM

Z(vv) and W(lv)+jets main background 
contributions 

- about 90% of total bkg 

bkg description improved from data in Z(ll) and 
W(lv)+jets enhanced CRs

Result with 2016 data

12 6 Results and interpretation
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Figure 6: Observed E
miss
T distribution in the monojet (left) and mono-V (right) signal regions

compared with the background expectations for various SM processes evaluated after perform-
ing a combined fit to the data in all the control samples, but excluding the signal region. The
last bin includes all events with E

miss
T > 1160 (750) GeV for the monojet (mono-V) category.

Expected signal distributions for a 125 GeV Higgs boson decaying exclusively to invisible par-
ticles, and for a 1.6 TeV axial-vector mediator decaying to 1 GeV DM particles, are overlaid. The
ratio of data and the post-fit background prediction is shown for both the monojet and mono-V
signal regions. The gray bands in these ratio plots indicate the post-fit uncertainty in the back-
ground prediction. Finally, the distributions of the pulls, defined as the difference between data
and the post-fit background prediction relative to the post-fit uncertainty in the prediction, are
also shown in the lower panels.

gDM = 1. The spin-1 mediators are assumed to interact with SM quarks with coupling strength
gq = 0.25. The spin-0 mediators are assumed to couple to the quarks through SM-like Yukawa
interactions with the coupling strength modifier gq = 1. The width of the mediators is deter-
mined assuming they interact only with the SM particles and the DM particle. The choice of
all the signal model parameters follows the recommendations from Ref. [78] (Sec. 2.1 and 2.2).
Uncertainties of 20 and 30% are assigned to the inclusive signal cross section in the case of the
spin-1 and spin-0 mediators, respectively. These include the renormalization and factorization
scale uncertainties, and the PDF uncertainty.

Upper limits are computed at 95% CL on the ratio of the signal cross section to the predicted
cross section, denoted by µ = s/sth, with the CLs method [79, 80], using the asymptotic ap-
proximation [81]. Limits are obtained as a function of the mediator mass, mmed, and the DM
mass, mDM. In the case of the vector, axial-vector and scalar mediators, limits are computed
on the combined cross section due to the monojet and mono-V signal processes. In the case
of the pseudoscalar mediator, limits are computed assuming only the monojet signal process.
The mono-V signal process (Fig. 2, right), in which a pseudoscalar mediator couples directly to
vector bosons, is ill-defined without making additional assumptions [82] and therefore is not
included. Figure 8 shows the exclusion contours in the mmed–mDM plane for the vector and

CMS-EXO-16-037

CMS-FTR-16-005
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DM+jet: event selection and strategy 
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Select events
leptons veto 
no b-tagged jets 

ETmiss > 200 GeV 

pT (jet) > 250 (200) GeV  

𝛥Φ(jet, ETmiss) > 0.5

monojet

DM

DM

CMS-FTR-16-005

physics reach with 3000 fb-1  

simulate aspects of the upgraded CMS detector based on Phase-2 Technical Proposal 

different systematic scenarios

Sensitivity at HL-LHC

https://cds.cern.ch/record/2020886
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Strategy sensitivity studies at HL-LHC 

higher trigger thresholds expected at 
HL-LHC  

0 pileup scenario 

- analysis sensitivity dominated by 
events at large ETmiss 

- high pileup effects are not expected 
to cause significant sensitivity 
decrease 

monojet signal and V+jets bkg samples 

- generated at 14 TeV  

- processed through DELPHES 
simulation with Phase-2 detector 
expected performance 

DM+jet: results 

!11

5.2 Systematic uncertainties 13

Table 3: Summary of the event selection criteria used to select monojet events for this analysis.
Event selection
AK4 jets pT (j1) > 250 for AV (200 for PS), |h| < 2.5
Df(jet, Emiss

T ) Df > 0.5
veto electrons pT > 10, |h| < 2.4
veto muons pT > 10, |h| < 2.5
veto taus pT > 18, |h| < 2.3
b-jet veto ‘Loose’, pT > 15, |h| < 2.5
E

miss
T E

miss
T > 200 GeV

the E
miss
T distribution after requiring large E

miss
T and a jet. This E

miss
T distribution is the discrim-

inating variable, displayed in Fig. 7 after the full event selection from Tab. 3. Also shown are
signal examples for the scenario of an axial vector interaction for the example DM and me-
diator masses given in the legend. The signal-to-background ratio improves with increasing
E

miss
T . The dominant background is due to Z(nn) and W(`n)+j and is taken from simulation. It

is labeled V+jets in Fig. 7.
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Figure 7: Distribution of the discriminating variable, E
miss
T , after full event selection. The V+jets

background is taken from simulation. Two signal examples are shown for the axial vector
model with the model parameters given in the legend.

5.2 Systematic uncertainties

The region of E
miss
T dominating sensitivity to the two signal models chosen for the ECFA projec-

tions are different and hence the sources of systematic uncertainties. For the axial vector model,
the tail of the E

miss
T distribution plays the dominant role while for the pseudoscalar model it is

bulk/low E
miss
T region that provides the greatest sensitivity.

• For the axial vector model, the E
miss
T range is extended to 2.4 TeV while presently

the maximum E
miss
T bin is at 1.2 TeV. The ”current systematic” scenario is where the

same systematic uncertainties on the E
miss
T distribution in the current monojet analy-

sis are used for the ECFA analysis with the extended E
miss
T range, so the uncertainty

V+jets taken from simulation

CMS-FTR-16-005
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Interpretation in terms of simplified model with Dirac DM upper limits at 95% CL on cross section

DM+jet: results interpretation 
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5.3 Projected exclusion reach 15
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Figure 8: Projected exclusion limits at 95% C.L. for 3000 fb�1 of HL-LHC statistics for two
simplified dark matter models using the monojet analysis. On top the axial vector mediated
simplified DM model (gDM =1, gSM =0.25), on the bottom the pseudoscalar mediated model
(gDM =1, gSM =1). The limits are shown for three systematic scenarios. For the AV model:
a ”current” scenario assumes that the level of systematic control in the high E

miss
T region is

the same as the Run-2 analysis [18], while the ”current/2” scenario scales it down by a factor
of 2, and the ”current/4” scenario by a factor of 4. For the PS model: a ”current” scenario
where the low E

miss
T region is dominated by systematic uncertainties and the uncertainties in the

high E
miss
T region are taken from the Run-2 analysis and scaled by luminosity, the ”current/2”

scenario is the nominal systematics scaled down by a factor of 2, and the ”luminosity scaled”
scenario takes the uncertainties from the current analysis and scales by luminosity for the full
E

miss
T range.

Dominating sensitivity region: tail of the ETmiss distribution 

Systematic uncertainties scenarios: 

current systematic, systematic uncertainties on ETmiss distribution as in arXiv:1703.01651 

current/2, current systematic scenario reduced by a factor 2 

current/4, current systematic scenario reduced by a factor 4

can be compared to limits on spin-dependent 
DM-nucleon scattering cross sections

CMS-FTR-16-005
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Interpretation in terms of simplified model with Dirac DM upper limits at 95% CL on cross section

DM+jet: results interpretation 

Dominating sensitivity region: bulk/low ETmiss distribution 

Systematic uncertainties scenarios: 

current systematic, ETmiss <500 GeV lepton identification/iso efficiency in lepton CRs (1% 
per leg), ETmiss >500 GeV statistics in CRs (from arXiv:1703.01651 scaled to lumi) 

current/2, current systematic scenario reduced by a factor 2 

current/4, current systematic scenario reduced by a factor 4

velocity suppressed cross section for DM-
nucleon scattering, colliders important probe

5.3 Projected exclusion reach 15
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Figure 8: Projected exclusion limits at 95% C.L. for 3000 fb�1 of HL-LHC statistics for two
simplified dark matter models using the monojet analysis. On top the axial vector mediated
simplified DM model (gDM =1, gSM =0.25), on the bottom the pseudoscalar mediated model
(gDM =1, gSM =1). The limits are shown for three systematic scenarios. For the AV model:
a ”current” scenario assumes that the level of systematic control in the high E

miss
T region is

the same as the Run-2 analysis [18], while the ”current/2” scenario scales it down by a factor
of 2, and the ”current/4” scenario by a factor of 4. For the PS model: a ”current” scenario
where the low E

miss
T region is dominated by systematic uncertainties and the uncertainties in the

high E
miss
T region are taken from the Run-2 analysis and scaled by luminosity, the ”current/2”

scenario is the nominal systematics scaled down by a factor of 2, and the ”luminosity scaled”
scenario takes the uncertainties from the current analysis and scales by luminosity for the full
E

miss
T range.

pseudoscalar interaction

gq=1 gDM=1

CMS-FTR-16-005



DM+tt search
Signature: large ETmiss and 2 top-quarks
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DM+tt: event selection and strategy 
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Select events
2 lepton: isolated ee, µµ, eµ 
≥ 2 jets, ≥ 1 b-jet  

ETmiss > 50 GeV

DM+tt

DMDMDM

DM

Analysis strategy with 2016 data

multivariate discriminant built from MET-related and spin-
sensitive variables 

- BDT discriminant distribution used to extract results 

nature of mediator from spin correlation properties of the tt 
system 

- scalar interaction has SM-like tt spin 

- pseudoscalar interaction shows significant deviations 

10 6 Analysis strategy
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Figure 5: The (a) Df(pmiss
T , ``) and the (b) log of the kinematic reconstruction weight (ln w) dis-

tributions for events passing selection requirements. The distributions of two example signals
(scalar and pseudoscalar mediator, mf/a = 100 GeV) with mc = 1 GeV are scaled up by a factor
of 200. The ee, eµ and µµ channels have been combined. Uncertainties are statistical only.
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Figure 6: The (a) Dh`+,`� and (b) cos F`+`� distributions for events passing selection require-
ments. The distributions of two example signals (scalar and pseudoscalar mediator, mf/a =
100 GeV) with mc = 1 GeV are scaled up by a factor of 200. The ee, eµ and µµ channels have
been combined. The last bin contains overflow. Uncertainties are statistical only.
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DM+tt: results interpretation 
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Planned
Interpretation in terms of simplified model with Dirac DM upper limits at 95% CL on cross section

gq=1 gDM=1

scalar/pseudoscalar interaction

t
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t
t
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g
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Strategy sensitivity studies at HL-LHC

Projections of limits from current analysis scaling result to 3000 fb-1 lumi 
include estimate of systematic uncertainties expected at HL-LHC 

Sensitivity estimate on the discrimination between scalar and pseudoscalar mediator 
hypotheses

20 9 Results
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(c) BDT discriminant: scalar mediator
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(d) BDT discriminant: pseudoscalar mediator
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(e) ANN discriminant: scalar mediator
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Figure 13: The expected and observed limits for the three different strategies for scalar (left)
and pseudoscalar models (right) with mc = 1 GeV and gq = gc = 1.
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DM+top search
Signature: large ETmiss and 1 top-quark

DM

DM

Planned
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DM+top: phenomenology 
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Planned
Simplified model describing DM+tt production also predicts DM+single top processes (DM+top) 

- not been investigated yet at colliders
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mediated by  
virtual t-channel W

associated production with W boson

mediated by  
virtual s-channel W

Note 

- up to now only FCNC processes (mono-top) 

- DM+top process has non-boosted topology

D.P, A. Zucchetta, 
M. R. Buckley, F. Canelli 
Phys. Rev. D 96, 035031

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.035031
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DM+top: event selection 
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What is the impact of the new channel on existing analyses? 

- consider similar existing data analysis and asses DM+top sensitive 

- compare to DM+tt 2015 data analysis (CMS-PAS-EXO-16-005) 

- MET trigger 
- leptons veto: e,µ 
- ≥ 4 jets, ≥ 2 b-jet 

- MET > 200 GeV 

major bkg: tt(1l), W+jets, Z(vv)
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- 1 lepton: isolated e,µ 
- ≥ 3 jets, ≥ 1 b-jet 

- MET > 160 GeV 

major bkg: tt(2l), W+jets

D.P, A. Zucchetta, 
M. R. Buckley, F. Canelli 
Phys. Rev. D 96, 035031

Planned

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.035031
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DM+top: sensitivity

 (GeV)φm
10 20 30 40 50 100 200 300 1000

th
σ/

σ

0.4

1

2
3

10

20
30

100

200
300

1000

Observed
Expected

Observed
Expected

  (13 TeV)-12.2 fb

 + DMtt

 + DMt + DM, single t/tt

hadronic + single lepton channel

 (GeV)φm
10 20 30 40 50 100 200 300 1000

th
σ/

σ

0.05
0.1
0.2

1
2

10
20

100
200

1000

-1Expected, L = 35 fb
-1Expected, L = 300 fb

-1Expected, L = 35 fb
-1Expected, L = 300 fb

 + DMtt

 + DMt + DM, single t/tt

hadronic + single lepton channel

Scalar
m𝛘=1 GeV  
g𝛘=gq=1

Scalar
m𝛘=1 GeV  
g𝛘=gq=1

D.P, A. Zucchetta, 
M. R. Buckley, F. Canelli 
Phys. Rev. D 96, 035031

Upper limits on DM production cross section  

following similar approach of CMS DM+tt analysis: 

- no shape information → counting experiment 

- data and SM bkg events from CMS-EXO-16-005 

Sensitivity projection:  

2016 dataset of 35 fb-1 
2023 dataset of 300 fb-1  

Assumptions 

- 2015 PU scenario (11 on average for BX) 

- signal uncertainty proportional to lumi 

- bkg uncertainties scale as √lumi

improvements in range 30% to factor 2 
without optimizing selection for DM+top

Planned
Impact on existing limits: improvements obtained including DM+top events in addition to DM+tt 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.035031
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DM+top: sensitivity
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D.P, A. Zucchetta, 
M. R. Buckley, F. Canelli 
Phys. Rev. D 96, 035031

Upper limits on DM production cross section  

following similar approach of CMS DM+tt analysis: 

- no shape information → counting experiment 

- data and SM bkg events from CMS-EXO-16-005 

Sensitivity projection:  

2016 dataset of 35 fb-1 
2023 dataset of 300 fb-1  

Strategy sensitivity studies at HL-LHC: 

limits projections using DM+tt analysis selection 
200 and 0 PU scenarios, 14 TeV and 3000 fb-1 lumi 
signal and background simulation including 
Phase-2 detector expected performance  
scale systematic uncertainties to HL-LHC scenario

Planned
Impact on existing limits: improvements obtained including DM+top events in addition to DM+tt 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.035031
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DM evidence

DM production

DM nature
assume weak 

interaction  
with SM

different interactions/channels investigated
DM discovery one of top priorities of HL-LHC

describe process in most general 
way: simplified models

Summary 

DM+jets: 
CMS-FTR-16-005

DM+tt: planned
DM+top: planned
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DM evidence

DM production

DM nature
assume weak 

interaction  
with SM

different interactions/channels investigated
DM discovery one of top priorities of HL-LHC

describe process in most general 
way: simplified models

Summary 

DM+jets: 
CMS-FTR-16-005

DM+tt: planned
DM+top: planned
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