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“We propose to build a general purpose detector

designed to run at the highest luminosity at the LHC.

The CMS (Compact Muon Solenoid) detector has

been optimized for the search of the SM Higgs boson

over a mass range from 90 GeV to 1 TeV, but it also

allows detection of a wide range of possible

signatures from alternative electro-weak symmetry

breaking mechanisms.”

Abstract of the CMS Letter of Intent, submitted to the

LHC Experiments Committee (LHCC) on 1 October 1992



“Significant advances [in science] will be marked by the
confirmation of bold conjectures or the falsification of
cautious conjectures.”

A. F. Chalmers
What is this thing called Science? (1999)



Beyond Standard Model 
Physics with CMS
SELECTED RESULTS
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Heavy Resonances
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LHC High Energy
q Heavy particles production
q Decay to high momentum particles
◦ Boosted Topologies

q Experimental Challenge:
◦ Jets overlap
◦ Leptons overlap

SPRACE: Searches for boosted topology
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SEARCH FOR HEAVY RESONANCES DECAYING TO TWO
HIGGS BOSONS IN FINAL STATES WITH 4 b QUARKS

ANGELO S. SANTOS, for the CMS COLLABORATION
Universidade Federal do ABC (UFABC) — Angelo.Santos@cern.ch

OVERVIEW

Several beyond the standard model studies postulate the existence of warped extra dimensions considering a scalar radion with mass in the TeV
scale. In this analysis we search for a spin-0 radion X resonance analyzing a decay chain of X ! HH ! bb̄bb̄ with boosted Higgs bosons.

BOOSTED TOPOLOGY

The present study considers predictions of warped extra dimensions
with radion resonance of masses between 1 and 3 TeV. In a boosted
regime, the Higgs bosons (H) in the topology X ! HH ! bb̄bb̄

have large momentum. The decay product of each H boson is a pair
of b quarks, whose hadronization turns out to be jets very close to
each other, being identified as a single large jet. Then the final state
appears with 2, 3 or 4 jets, depending on how merged is each b-jet
pair after the reconstruction of events.
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Multijet and tt̄ are the domi-
nant backgrounds, but are sig-
nificantly removed after select-
ing events based on the fla-
vor of jets (from b-tagging tech-
nique, its mass and substruc-
ture. The spectrum of a sin-
gle jet pT for signal of radion
appears in the failing tail of ob-
served and background events.

SELECTIONS

In order to remove background and enhance the signal of radion, se-
lection of events are applied in the following order:

good primary vertex
at least 2 jets with pT > 40 GeV
jets with |h| < 2.5
angular separation between two jets (|hjj| < 1.3)
invariant mass of two jets (dijet mass) is mjj > 1 TeV
jets mass with 110 < mj < 135 GeV
2 b-tagged jets and � 1 double b-tagged jets

After requiring events with |h| < 2.5, pT > 40 GeV for both jets and
|hjj| < 1.3, efficiencies as a function of the dijet mass appear to have
dependence with:

jet mass (110 – 135 GeV)

– 12 to 9% in signal
– 4 to 0.1% in data

jet mass + jet b-tag

– 9 to 4% in signal
– ⇡ 0.01% in data
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Jets are classified as a function of their substructure (t21) depending
on the probability to have one (t21 ! 0) or two jets (t21 ! 1):

“high-purity” jets (HP) have t21 < 0.5
“low-purity” jets (LP) have t21 < 0.75

BACKGROUND MODELING

The background is estimated fitting the dijet mass of observed events
using a modified exponential function with normalization NB consider-
ing 100 < mj < 135 GeV and slope a based on 60 < mj < 100 GeV:

dNBackground

dmjj
= NB a e

�a(mjj�1000GeV)

Events are categorized according to the “jet-purity”:
HPHP: two “high-purity” jets
HPLP and LPHP: one “high-purity” jet
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RESULTS

No excess of data is found. Exclusion limits at 95% confidence level
on the production cross section are computed for mX between 1.15
and 3.0 TeV, extending significantly beyond 1.5 TeV the reach of pre-
vious searches. A radion with scale parameter LR = 1 TeV decaying
into HH is excluded for 1.15 < mX < 1.55 TeV for the first time in direct
searches.
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Searches for Diboson Resonances
Different channels and different strategies

q Merged jets

q b-tagging

q tau-tagging

q High-energy leptons
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Search for X à VV, VH, HH
q V = W or Z boson

q Benchmark models

◦ WED radion (HH)

◦ WED bulk graviton (ZZ, WW)

◦ HVTB W’, Z’ (WH, ZH, WW, ZZ)

Can shed light on the electroweak symmetry 
breaking phenomena

q Is it really just the Higgs, W, Z and photon?

Studied at CMS since beginning of Run 1
q Coordinated efforts / combinations of all 

analyses now standard
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Strategies to Search for Dark Matter

Direct detection
q DM-nucleus scattering

Indirect detection
q DM Annihilation products

Collider production
q Production of DM at the lab (e.g. LHC)

◦ Clear strategy for WIMP

◦ Sensitive to a large DM mass range
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Anihilation in early universe



Dark Matter Searches at LHC
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The nature of Dark Matter is still unknown

q Atomic hypothesis: it is a particle!

One of the most challenging quests of Science

High profile analysis for LHC Run 2

Mono-X is the signature of choice

q SM particle X recoils against DM

◦ Typically some form of Initial State Radiation (ISR)

q Infer the existence of DM 

◦ Large amount of missing energy (imbalance)

The monojet

q The most promising channel

10

X = jets = g, q
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p

p

DM

DM



Modeling Dark Matter Production at the LHC
Model-independent search
q Contact Interaction
◦ Limited at LHC energies

q Simplified Models
◦ DM: pair-produced Dirac fermion
◦ Mediator: (vector or scalar), NWA
◦ Minimal flavor violation
◦ Parameters: 

Coupling structure, Mmed, MDM, gsm, gDM

Benchmark model search
q SUSY
q Inert Two-Higgs Doublets Model

SÃO PAULO RESEARCH AND ANALYSIS CENTER 118 May 2018



Simp. Model DM Diagrams for Monojet
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Monojet Search – 2016 data (1712.02345)
Main backgrounds
q W à + jets (missing lepton)
q Z à + jets

Subdominant backgrounds
q QCD multijets
q Top quark, SM dibosons

Estimation
q Bosons: control regions + transfer factors

◦ W / Z / gamma symmetry from SM
◦ Binned likelihood simultaneous fit 

q Multijet:        extrapolation method
q Top, SM dibosons: simulation
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DM Search in CMS – Data/Background  
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Number of Extra Dimensions
2 3 4 5 6

 [T
eV

]
D

M

2

4

6

8

10

12

14

16

 (13 TeV)-135.9 fb

CMS Preliminary
Observed 95% CL

Median expected 95% CL

68% expected

95% expected
-1CMS, 8 TeV, 19.7 fb



Summary and Perspective
SPRACE group has large experience on searching for Beyond Standard model physics

Experience in Search for heavy resonances:
q Boosted objects
q Several final states

◦ ! jet
◦ b-jet
◦ Leptons

Focus now on search for Dark Matter

Monojet channel
q Rich channel to look for Missing ET  signature
q Looking to include all kinds of jet on the analysis (fat jet, b-jet, gluon jet …)


