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experiment at LHC.



F.Errico - Ph.D Thesis Defense, Bari 09/11/2018 !3

Overview

Search for resonances decaying into muon pairs with the CMS 
experiment at LHC.

Higgs !
Boson!

(125 GeV)

New!
resonances!
(TeV order)



F.Errico - Ph.D Thesis Defense, Bari 09/11/2018 !4

Overview

Search for resonances decaying into muon pairs with the CMS 
experiment at LHC.

Higgs !
Boson!

(125 GeV)

New!
resonances!
(TeV order)



F.Errico - Ph.D Thesis Defense, Bari 09/11/2018 !5

Overview

Search for resonances decaying into muon pairs with the CMS 
experiment at LHC."

Why have I chosen muons?"

# Provide the cleanest signal over the background "

✦ The only charged particles that reach the outermost 
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Overview

Search for resonances decaying into muon pairs with the CMS 
experiment at LHC."

Why have I chosen muons?"

# Provide the cleanest signal over the background "

✦ The only charged particles that reach the outermost 
sub-detectors "

✦ Little interaction with detector material "

CMS detector has a dedicated system to detect muons
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The Compact Muon solenoid
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Integrated Luminosity: 
40.8 fb -1 in 2016 
49.8 fb -1 in 2017
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Muon reconstruction



F.Errico - Ph.D Thesis Defense, Bari 09/11/2018 !9

Muon reconstruction

Muon track :!
muon reconstructed using !
hits in the tracker detector
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Muon reconstruction

StandAlone Muon: !
muon reconstructed using !

information inside the muon system
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Muon reconstruction

Global Muon: !
muon reconstructed combining track and standAlone muon
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Since 2012, the Higgs boson has been observed in di$erent 
channels: bb, diboson, diphoton, %%"

Higgs to !! observation still misses 

This decay channel is important: direct way to measure the 
Higgs-muon Yukawa coupling strength and compare it to the 
muon mass 

Low mass search: !
the SM Higgs Boson
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Since 2012, the Higgs boson has been observed in di$erent 
channels: bb, diboson, diphoton, %%"

Higgs to !! observation still misses 

This decay channel is important: direct way to measure the 
Higgs-muon Yukawa coupling strength and compare it to the 
muon mass 

Published results, considering !
inclusive production mechanism , !
are: 2.45 upper limit on !/! SM "
and 0.9 Standard Deviations*

Low mass search: !
the SM Higgs Boson

*arXiv: Search for the Higgs boson decaying to 
two muons in proton-proton collisions at 13 
TeV

https://arxiv.org/abs/1807.06325
https://arxiv.org/abs/1807.06325
https://arxiv.org/abs/1807.06325
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Search for Standard Model Higgs produced via Vector Boson 
Fusion  and decaying into two muons !

!14

Low mass search: !
the SM Higgs Boson
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Search for Standard Model Higgs produced via Vector Boson 
Fusion  and decaying into two muons !

&VBF = 3.78 pb"

This decay has a small branching ratio: 2.18 x 10-4!

Low mass search: !
the SM Higgs Boson
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Search for Standard Model Higgs produced via Vector Boson 
Fusion  and decaying into two muons !

&VBF = 3.78 pb"

This decay has a small branching ratio: 2.18 x 10-4!

~36 /fb collected during 2016!
 Ñ> expected ~30 events

!17

Low mass search: !
the SM Higgs Boson
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New approach to distinguish signal events from the backgrounds:!

Use multivariate analysis (MVA) distribution (instead of Higgs 
mass) to extract limits using

Low mass search: !
the SM Higgs Boson
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New approach to distinguish signal events from the backgrounds.!

Use multivariate analysis (MVA) distribution (instead of Higgs 
mass) to extract limits using 

Two approaches:"

# Binary tree (BDTG) = binary tree !
structured classiÞer in which !
repeated left/right (yes/no) !
decisions are taken on one !
single variable at a time until a !
stop criterion is fulÞlled

Low mass search: !
the SM Higgs Boson
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New approach to distinguish signal events from the backgrounds.!

Use multivariate analysis (MVA) distribution (instead of Higgs 
mass) to extract limits using 

Two approaches:"

# Binary tree (BDTG)!

# Neural network (MLP) =!
a simulated collection of !
inter-connected neurons, with each !
neuron producing a certain response !
at a given set of input signals

Low mass search: !
the SM Higgs Boson
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Low mass search: !
event selection

Event selection  tuned for muon with pT around few hundred GeV  
and below TeV"

At trigger level, at least one muon must have p T > 24 GeV "

For the o'ine reconstruction: "

! Jets: pT_q1 > 35 GeV and pT_q1 > 25 GeV"

! 2 opposite charged, isolated muons with:"
! pT_!1  > 30 GeV, pT_!2  > 10 GeV"
! |#! | < 2.4"

! 115 < mLL < 135 GeV"

! m(q1q2) > 250 GeV and |$#(q1q2)| > 2.5 [to select VBF-like event] "

! b-tag discriminator < 0.80
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Low mass search: !
background

All background processes are estimated using Monte Carlo (MC)"

" Drell-Yan production (Z/(*) of ) +) - pairs + jets: it is the dominant 
(~88%) and irreducible SM background"

" Top - antitop quark (ttbar),  single top quark (tW), and diboson 
(WW, ZZ, WZ): two prompt leptons from di$erent particles + jets 
(~12%). "

" W+jets events in which at least one lepton candidate is a 
misidentiÞed jet (<0.5%)
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Low mass search: !
data - MC comparison
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Low mass search: !
MVA output

BDTG MLP
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Low mass search: !
results
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Previous* results: 2.45 &/&SM and 0.9 Standard Deviations

VBF best results using MLP:  2.35 upper limit on &/&SM and 0.94 
Standard Deviations"

This strategy will be used to improve published results for 2019 
winter conference.
* with inclusive production mechanism
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High mass search: !
new resonances

! Many models developed beyond the Standard Model:"
�# Sequential Standard Model (SSM)"
�# Grand UniÞed Theory (GUT)"
�# Warped Extra Dimensions (WED)"

! New bosons are introduced: "
�# Spin-1:"

! ZÕSSM"
! ZÕ"  GUT "

�# Spin-2:"
! Kaluza-Klein graviton"

These results have been also re-interpreted in the contest of Dark 
Matter sector."

New resonances have mass of the order of TeV.  "
New algorithm developed to improve high-pT muon reconstruction.
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High-p T muon

The measurement of the muon transverse momentum is 
sensitive to the alignment of the tracker and of the muon 
chambers."

It is known that tracker+muon Þts can improve the 
momentum resolution at p T > 200 GeV compared to the 
tracker-only Þt."

Reconstruction of high-p T muons requires a careful 
treatment of the information from the muon system."

Specialised algorithms for high-p T muon reconstruction 
have been developed.
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According to muon p T di%erent algorithms can be used to reconstruct 
the muon:"

! For pT < 200 GeV Ñ> tracker muon is chosen"

! For pT > 200 GeV Ñ> several algorithm can be chosen:"
" Tracker muon"
" Global muon"
" Picky = all tracker hits, while a selection is applied to muon hits"
" TPFMS (track plus Þrst muon station) = hits from the tracker and 

the innermost muon station with hits"
" DYT(dynamic truncation) = takes into account possible energy 

losses from radiative processes and tries to avoid &hits 
produced after a large energy loss in the muon system"

TuneP algorithm chooses among these algorithm the best one 
according track Þt ! 2/ndf and " pT / p T.

High-p T muon
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High mass search: !
event selection

Event selection  tuned for muon with pT of the order of TeV "

! Muon selection: "
�# At trigger level, muon candidates selected with p T above 50 GeV"
�# Muons reconstructed using TuneP algorithm"
�# O#ine reconstruction: p T > 53 GeV and |$| < 2.4 "
�# Dedicated high p T  muon selection and isolation.  "

! Dimuon selection:"
�# vertex constrain and comics rejection"
�# opposite charged"

! Analysis split in two eta categories (improve sensitivity and isolate 
problems):"

�# Barrel - Barrel (BB): both muons in the barrel (best mass resolution 
and momentum scale; small uncertainties)"

�# Barrel - Endcap & Endcap - Endcap (BE): at least one muon in the %
endcap
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High mass search: !
background

Accurate simulation and estimation of the background:"

# Estimated using Monte Carlo (MC): !

✦ Drell-Yan (DY) production (Z/(*) of ) +) - pairs: it is the dominant 
(~85%) and irreducible SM background"

✦ Top - antitop quark (ttbar),  single top quark (tW), Drell-Yan %+%- 

and diboson (WW, ZZ, WZ): two prompt leptons from di$erent 
particles (~15%). "

# Estimated from data (data driven technique): !

✦ W+jets, (+jets and multijets: events in which at least one lepton 
candidate is a misidentiÞed jet (0.3%)
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High mass search: !
background
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The observed invariant mass spectra for 2016 (left) and 2017 (right), 
together with the predicted SM backgrounds. In the bottom panel, 

data/MC ratio
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High mass search: !
mass resolution

! Distribution evaluated: (MLLReco  / M LLGen) - 1 
! Function used to Þt the distribution: Cruij# 

Cruij# = Gaussian with asymmetric exponential tails (to model the 
experimental resolution)"

$ Resolution deÞned as the " of the Cruij# function
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High mass search: !
mass resolution
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High mass search: !
results

In the absence of a signal, limits are set on the parameter R" which 
is the ratio of the cross section for dimuon production through a ZÕ 
boson to the cross section for dimuon production through a Z boson

Systematics considered (same for 2016 and 2017):"

! selection and reconstruction e&ciency = 1.5% (BB) and 6.5% (BE)"

! trigger e&ciency = 0.3% (BB) and 0.7% (BE)"

! mass resolution = 15%"

! mass scale = 1% (BB) and 3% (BE)
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High mass search: !
Spin-1 & Spin-2 limit

The upper limits at 95% C.L. on the product of production cross section and branching fraction for 
di!erent resonances relative to the product of production cross section and branching fraction of a Z. 
The shaded bands correspond to the 68 and 95% quantiles for the expected limits. 

Spin-1 Spin-2

ZÕ"  = 4.00 (2.77*) TeV"

ZÕSSM = 4.60 (3.22*) TeV 

GKK(0.1) = 4.39 (3.03*) TeV"

GKK(0.05) = 3.80 TeV"

GKK(0.01) = 2.30 (1.26*) TeV*Last CMS published results obtained combing 
Run I data at 7-8 TeV with 2015 data at 13 TeV
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High mass search: !
Dark Matter limit

mMed > 0.5 - 1.5 TeV mMed > 3.0 - 3.8 TeV

First results  on the 95% C.L. expected and observed exclusion limits on the masses of a mediator 
boson and of a DM particle. The lines with the hatching represents the excluded regions. The solid 
grey lines, marked as Ò"h2>0.12Ó, correspond to parameter regions that reproduce the observed 
DM relic density in the universe, with the hatched area indicating the region where the DM relic 
abundance exceeds the observed value.

V2:!
Vector Model

A2:!
Axial - vector!
Model
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Conclusion
Search for resonances decaying into muon pairs with the CMS 
experiment at LHC have been presented."

The search has been performed in two mass range."

! At low mass, search for the Higgs boson produced via VBF and 
decaying into muon pairs"

�# MVA technique has been implemented to extract Þnal limits"

�# New results: 2.35 upper limit '/' SM and 0.94 Standard Deviation 
(previous results, using inclusive production mechanism were 2.45 
'/' SM  and 0.9 Standard Deviation)"

�# Analysis presented to the CMS Collaboration, during CMS 
Collaboration Meeting in Budapest on the 4th of October 2018



F.Errico - Ph.D Thesis Defense, Bari 09/11/2018 !39

Conclusion
Search for resonances decaying into muon pairs with the CMS 
experiment at LHC have been presented."

The search has been performed in two mass range."

! At low mass, search for the Higgs boson produced via VBF and 
decaying into muon pairs"

! At high mass, search for new resonances predicted beyond the 
Standard Model and decaying into muon pairs:"
! Spin-1 ZÕ'  (predicted in the GUT) and ZÕSSM (predicted in the SSM) have limits 4.0 

TeV (previous published was 2.90) and 4.60 TeV (3.40) respectively."
! Spin-2 graviton (predicted in the Extra-Dimension model) has limit 2.30 (1.41), 3.80 

and 4.39 (3.03) TeV according to constant coupling of 0.01, 0.05 and 0.1."
! Spin-1 results have been re-interpreted in the contest of the Dark Matter where a 

new particle is introduced as mediator of the interaction Dark Matter - Standard 
Model."
" In the V2 model, the mediator has mass up to 1.5 TeV according to DM mass."
" In the A2 model, up to 3 - 3.8 TeV according to DM mass."

! Analysis approved on the 2nd of November 2017 and presented during!
La Thuile conference last February.
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As main contributor: 

! The CMS Collaboration, ÓSearch for the Higgs boson decaying to two muons in proton-proton 
collisions at $\sqrt{s}$ = 13 TeV", arXiv:1807.06325 [hep-ex]"

! The CMS Collaboration, ÒSearch for high-mass resonances in dilepton Þnal states in proton-proton 
collisions at $\sqrt{s}$ = 13 TeVÓ, JHEP 06 (2018) 120, 10.1007/JHEP06(2018)120"

! The CMS Collaboration, ÒSearch for a high-mass resonance decaying into a dilepton Þnal state in 13 
fb$^{-1}$ of pp collisions at $\sqrt{s}$ =13 TeV Ó, CMS-PAS-EXO-16-031"

�#  F. Errico, ÒSearch for high-mass resonances in the dilepton Þnal state in p-p collisions at $\sqrt{s}$ 
=13 TeV" (Proceeding for La Thuile conference)"

�#  F. Errico, ÒSearch for new massive resonances in dilepton mass spectra in p-p collisions with Run I 
and Run II data at CMS" (Proceeding for EPS-HEP 2017) conference"

�#  F. Errico, ÓSearch for narrow resonances in dilepton mass spectra in p-p collisions at $\sqrt{s}$ = 
13 TeV and combination with 8 TeV data", IL NUOVO CIMENTO 41 C (2018) 12, DOI 10.1393/ncc/
i2018-18012-1 (Proceeding for IFAE 2017 conference"

Within the CMS collaboration, I am also author of more then 190 publications. 

Analysis Note 
# ÒSearch for High-Mass Resonances Decaying to Muon Pairs in pp Collisions at $\sqrt(s)$ = 13 TeV 

with the full 2016 data set of 37 $fb^{-1}$ and combination with 2015 result Ó, CMS AN-2016/391."
# ÒSearch for High-Mass Resonances Decaying to Muon Pairs in pp Collisions at $\sqrt{s}$ = 13 TeV 

with 2016 data", CMS AN-2016/197. !40

Publications related !
to this thesis
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School & conference
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Thank you
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Backup
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MVA variables
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Hmumu systematics

# Luminosity: 2.5%"

# Trigger and selection e*ciency: 3%"

# JES & JER: scaling UP and DOWN the SF"

# Pileup: 5%"

# Statistics of simulation: shape variations for the distributions are 
considered by shifting each bin content up or down by its 
statistical uncertainty 
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High mass search: !
event selection

�# SSM: introduces a new U(1) group, the existence of a new 
boson, ZÕSSM, with the same features of the SM Z boson"

�# GUT: E6 Ñ> SO(10) x U(1)"  Ñ>(SU(5) + U(1)#)x U(1)"  Ñ> !
SUSM + U(1)# x U(1)"!

�# RS Extra dimension:  5 dimensions; only Gravity can see 
the 5th.!
The metric is not linear:!
k ~ Mp [Planck Mass                            GeV]!
k / Mp = constant coupling of Graviton to SM

ds2 = e! 2krc!y!! " #dx" dx# + r2
cdy2

MP = " c/G # 1019
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High mass search: !
momentum scale

Muon momentum is sensitive to the detector alignment: large e%ect for 
high-pT muons "

Generalised end point method used to determine the momentum bias:(
bias injected in simulated events in order to match the q/p T  distribution 
measured in data (as a function of ! and ").

Bias that minimise the 
di%erences in bins of ! and " 
between simulation and data. 

pT > 200 GeV for |!| < 2.1 
pT > 100 GeV for |!| > 2.1
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High mass search: !
momentum scale

To estimate the e$ect of the q/p T  bias to the dimuon mass, a bias is 
applied to each muon
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PDFs

f(m) = N $ e
! (m! øm)2

2$2 + %(m! øm)2

Gauss : "

Cruij$ :"

Crystal Ball : "

BreitÐWigner : 

1

$ 2&
e! (x! " )2

/2$2



F.Errico - Ph.D Thesis Defense, Bari 09/11/2018 !50

High mass search: !
limit

A new Spin-1 resonance is introduced as mediator of the interaction 
Dark Matter - Standard Model."

The mediator could be a (pseudo-)scalar, vector, or axial-vector 
particle."

(Pseudo-)Scalar mediator are not relevant in the leptonic Þnal state 
as the branching fraction into leptons would be very small because 
of their small Yukawa couplings."

The two relevant models are"

# V2: Vector model with small couplings to leptons: g DM = 1.0, !
gq = 0.1, gL = 0.01 [                         ]"

# A2: Axial-vector model with equal couplings to leptons and 
quarks: gDM = 1.0, gq = gL = 0.01 [                          ]"

% & Z' !" ø' ( " '

% & Z' !" ø' ( " (5'


