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> Theoretical motivation

* Higgs boson and diphoton decay channel
> Description of CMS detector and trigger system
> Object reconstruction algorithm in CMS
> Higgs to diphoton analysis
> Results
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Standard Model is the most tested model
of elementary particles

Almost all the particles predicted by SM
were discovered during the last century
except one, the Higgs boson

In the year 2012, ATLAS and CMS
experiments jointly announced discovery
of a new particle of mass 125.09 GeV

®* Resembles the properties of Higgs boson
as predicted by SM

The particle was discovered mainly in
diphoton and four lepton decay channels

Following the discovery, during LHC Run2
(2015 — 2018) period, the emphasis is on

. %gf}%%ing the properties and couplings
of the Higgs boson to other particles
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Higgs production mechanisms:

q
gluon gluon fusion Vector boson fusion  Associate production Associate production
(ggH) (VBF) with top (ttH) with vector boson (VH)
Higgs decay channels:
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* Very small branching ratio (~ 0.2 %)

® Signture:
v Clean event topology with two highly energetic photons
v Narrow width of Higgs boson and high resolution in the reconstruction of diphoton mass

gives a clean signal over continuously falling combinatorial background

v Final state can be reconstructed with high resolution

* H -> yy signal: ® Backgrounds:
> Irreducible: pp -> y + 7y
v Almost 70% comes from Box Born process

Diphoton Born Diphoton Box
ot || i
—IaaAAN 2090 ANN
4 Y
> Reducible: pp -> y + jet, jet + jet .

23/01/2020
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> World's largest and most powerful
particle accelerator (27-kilometer
ring)

> The beams (p - p, p - Pb, Pb - Pb)
travel in opposite directions in
separate beam pipes at ultra-high
vacuum

> The beams are made to collide at
four locations around the
accelerator ring, corresponding to
the positions of the four detectors

v A Toroidal LHC AparatuS
(ATLAS)

v Compact Muon Solenoid (CMS)

v A Large Ion Collider Experiment
ALICE)

v LHCDb

ALICE

AD

- protons
ions
neutrons

West Area

v
)

A_TOF LNAC 27

LNAC3

antiprotons
p electrons
p neutrinos

--------

PS  Proton Synchrotron
SPS  Super Proton Synchrotron
LHC Large Hadron Collicer

AD  Antiproton Decelerator

n-TOF Neutron Time Of Flight

AWAKE Advanced Wakefield Experiment
CTF3  CLIC Test Facility 3
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Electromagnetic-
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Calorfmeter Superconducting
Solenoid Iron return yoke interspersecl
with muon chamlbers
Muon Electron Charged hadron (e.g. pion)
- — —- Neutral hadron (e.g. neutron)  -----. Photon

® Tracker Picture courtesy: CMS, CERN

® Hadron Calorimeter

> Measures momentum of charged particle
> Together with ECAL measures energy of

® Electromagnetic Calorimeter hadrons

> Measures energy of electrons and photons ® Muon Chamber

23/01/2020 > Measures momentum of muons 7



Compact Muon Solenoid detector

SILICON TRACKER
CMS Detector =« .um
~Im¥  ~B6M channels
Microstips (80-180um)
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CRYSTAL ELECTROMAGNETIC
Tracker . CALORIMETER (ECAL)
ECAL \ ~/ % BUNRENng Y

HCAL
Solenoid

PRESHOWER
R =i " 3 Y ¥ 4 Silicon srips
Muons ' ~16m? ~137k channels

~13000 tonnes
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SOLENOID -
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canying ~18000 A FORWARD

\ CALORIMETER

Steal + quanz fibres

HADRON CALORIMETER (HCAL : ~2k channels

Total weight : 14000 tonnes Brass + plastic scintillator J MUON CHAMBERS

Overall diameter ;150 m ~Tk channels Bamel: 250 Drift Tube & 480 Resistive Plate Chambers

Overall length 1287 m Endcaps. 473 Calhode Strip & 432 Reslslive Plate Chambers
Magnetic field 38T
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ECAL is the main sub-detector for —
iy
\\\\\\\\\\\\\w.....,

photon detection

® Made up of lead-tungstate (PbWO,)

crystals

® For extra spatial precision, the ECAL
also contains “Preshower” detectors
that resides infront of the each endcap

® Coverage for ECAL:

> Barrel (EB): [n| < 1.4442 ‘ ECAL pre-shower

> Endcap (EE): 1.566 < |n| < 2.5 Picture courtesy: CMS, CERN

® Designed to measure energy of “Electromagnetic objects” (electrons and photons)
which “shower” (deposit) their full energy in the ECAL crystals

® Excellent energy resolution : ~ 0.5 % for a 100 GeV photon

23/01/2020 9
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Trigger system allows us to record only interesting 40 MHz bunch crossing
events for further analysis *

> At designed luminosity of 103 cm? st at LHC with 61
a bunch crossing space of 25 ns p — p collision rate

\

trigger: Hardware level

Uses calorimeter and muon

is 40 MHz chamber informations
> Move the above box here \Output event rate: 100 kHZ)
> CMS uses a two level trigger system for recording ;
events with interesting physics with great 4 )
efficiency High level trigger (HLT):

Partial events reconstruction
Output event rate: 100 Hz
> Reduces event rate to 100 kHz U ‘ J

> Levell trigger (IL1): Hardware level trigger

- High Level Trigger (HLT): Uses partially
reconstructed object information Data storage

> Reduces event rate to ~100 Hz
23/01/2020 Change colour 10




Analysis flow in High Energy Physics niverse | B}

Raw data
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In CMS, all final state particles from p-p collision events are reconstructed

using “Particle Flow” (PF) algorithm

v Muons : hits in muon chambers matched with tracks in the silicon tracker

v Electrons : energy showers in the ECAL matched with tracks in the silicon

tracker

v Photons : energy showers in the ECAL, but no corresponding track in silicon

tracker

v Charged hadrons : energy tower in ECAL and HCAL matched with tracks in

the silicon tracker

v Neutral hadrons : energy towers in the ECAL and HCAL not associated to any

track in the tracker

v Jets, the experimental analogue of partons, are reconstructed by clustering

hadrons within a certain cone originating from same vertex
23/01/2020
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Shower in No associated The shower may

Eletromagnetic charged particle correspond to a
Calorimeter track photon object

® Photons are reconstructed in three steps:

HE N\

N

> Local maxima in energy are found among the ECAL
crystals above a threshold (called “Seed Crystal”)

a

¢ Adding crystals which have nnn

v At least one immediate neighbour -clustered h
crystal Seed Crystal

> A cluster topology is built around the seeded crystal

| ][

o | ]

[
N
/

v Energy above a threshold Super Cluster

¢ The aggregated clusters are called a
“Supercluster”

> Estimation of photon energy is made from the sum of
23/01/2020 13

calibrated energy for the super cluster in the ECAL
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Diphoton Vertex Identification

+
Photon Identification

23/01/2020
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Diphoton Identification

v

Event Classification

based on production mechanism

v

Background and Signal

modelling

v

Fitting the data

Y

Extracting mass and signal strength

14
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® HLT: HLT Diphoton30_18_R9Id_OR_IsoCalold_AND_HE_R9Id_Mass90
> Based on two L1 photon candidates with transverse momentum (pT) > 22 and 10 GeV

> Other selection cuts applied on:

¢ Transverse energy of the photons, diphoton invariant mass, shower shape
and isolation variables of the photons, hadronic energy over electromagnetic

energy

® Diphotons from the events passing the HLT are required to pass a set of offline

cuts called “preselection cuts”
Coverage in ECAL EB (|n]| > 1.4442), EE (1.566 < |n| <2.5)
Transverse momentum (pT) Lead (Sublead) photon > 30 (20) GeV
Invariant mass of diphoton pair (mw) > 90 GeV
Cuts on shower shape and isolation variables
Cut on hadronic energy over electromagnetic energy of photons (H/E)

Electron veto: no track should point to the shower of the photon

23/01/2020 15



Scale factors for Preselection Cuts i)}

catholique %== ¢
delouvain ¢

® Scale factor is defined as the ratio of the efficiency of the preselection cuts for data over
simulation

> Need to scale simulated events before comparing with data
® Scale factors for preselection cuts are measured in two different steps

> Scale factors are measured for Z -> ee events by “Tag n Probe” method in four different
bins of ECAL coverage and R9 (E, /E_) value for all cuts except “Electron veto”

] N | | C I
> « »” : o o o
For “Electron veto”, scale factor is measured R —_
) [ [ | N |
separately in Z -> puy channel - [
C ] [ ] CI I
® All the scale factors measured Data Simulation

> Secale factors measured from Eff. | Stat Eff. | Stat. Scale [ Stat. Unc. | Syst. Unc

N cvents Barrel; Ry =0.85 | 0.9488 | 0.0001 | 0.9499 | 0.0001 | 0.9988 | 0.0001 0.0009

Barrel; Ry <0.85 | 0.8471 | 0.0001 | 0.8423 | 0.0002 | 1.0057 | 0.0002 0.0010

Endcap; Rg =>0.90 | 0.9207 | 0.0004 | 0.9256 | 0.0002 | 0.9947 0.0004 0.0051

Endcap; Ro <0.90 | 0.5309 | 0.0001 | 0.5622 | 0.0003 | 0.9443 | 0.0005 0.0071

Data Simulation Ratio

Eff. Stat. Eff. Stat. Eff. Unc.
- Scale factors measured from [ Barrel; R, >0.85 | 0.9928 | 0.0003 | 0.9970 | 0.0005 | 0.9958 | 0.0006
A 4 Barrel; Ro <0.85 | 0.9741 | 0.0010 | 0.9795 | 0.0020 | 0.9945 | 0.0023
ppy events Endcap; Rg >0.90 | 0.9789 | 0.0009 | 0.9863 | 0.0015 | 0.9924 | 0.0017
Endcap; Rg <0.90 | 0.9360 | 0.0033 | 0.9574 | 0.0055 | 0.9777 | 0.0065

23/01/2020 16
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Diphoton vertex identification

is necessary for better mass resolution

® Multi Variate Analysis (MVA) is used for

vertex identification
> Takes as input kinematic variables of photons

> Among different available methods Boosted
Decision Tree (BDT) is used

v Vertex identification method is validated on
Z— ppy channel

® A second MVA is used to estimate probability of

correct vertex assignment

v If vertex assignment is within 1 cm in z
direction of true vertex, negligible effect on mass
resolution is observed

23/01/2020

- Zyel < 10 mm

selected

Fraction of |z

-Z,,l <10 mm

selected

Fraction of |z

11 CMS simulation Preliminary 13 TeV
E H-= yy(m, =125 GeV)
1* Data PU scenario (35.9 fb™
= e T T
- e o e A ——
0.9 :— Y
o8 /
Y - —4— True vertex efficiency
0.7
W Average vertex probability
0.65.
05:.|.|I.|.|I.|.|I.|.|I||.|
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Photon Identification
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Two different kind of background components for this analysis considered

> Irreducible: diphoton production from QCD

10:_ Phold, EB :
events £ —}— Sig: Moriond2017
- ---i--- Bkg: Moriond2017
4 107 —}+— Sig: ICHEP2016
> Reducible: Jets reconstructed as photons - i Bkg: ICHEP2016
(called “fake photons”)
> Both photon + jet & jet + jet events may o |
fake a H -> yy event Gedaded gl ol ole ble
mwva output
> Proper identification of prompt photons 100 CMIS Preiiminary 3597 (13 Tev)
crucial 5o BT iz Same ,
= T Y -
> To identify photons from jets, a BDT based il |
multivariate discriminator has been used e B ————————
® Photon ID BDT: Input variables E it B
> Shower shape variables E T
. . 10% = =
> Isolation variables g =
B b v b e b e by e b v b by v e b byl
> Super Cluster Variables _1_0._90'8 06 04 0= 0 BD(jf2sco?é4of t?\fphgign ID1

> Median energy density per unit area of ECAL per event
> xanepador level information is used to train the BDT to identify prompt photons 18
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> Photon ID BDT score for both the photons in
the “

cuts are further classified using a BDT classifier
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® Events are classified into different categories depending on the production mode
of Higgs
> For measuring different signal strength and coupling of the Higgs boson
> Tagged Categories:
¢ Additional selection criteria on extra particles in the final state topology to
explore production mode (ttH, VH, VBF)
> Untagged Categories:
* Mainly ggH events, where splitting is done in terms of different S/B and
di-photon invariant mass resolution, optimized to get greater sensitivity

® Sequence of tagging:
> The selected events are required to pass through a tag sequence in the following

order for categorization

Untagged

(ggH)

ttH || VH | VBF

14/11/2019
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® Selection for different tags:
¢ ttH Leptonic:
> Semi leptonic decay of top
> At least one lepton required
> At least two jets. One of the jet has to be
b-jet
¢ ttH Hadronic:
> Hadronic decay of top
> No leptons
> At least three jets
> At least one of the jets has to be a b-jet
> Score of the ttH hadronic multivariate discriminant
greater than 0.75
¢ VH tag:
¢ ZHLeptonic
* WHLeptonic
¢ VHLeptonicLoose
> Missing transverse energy < 45 GeV
¢+ VHMet

¢+ VHHadronic
23/01/2020 21
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® Selection for different tags:
¢+ VBF tag:
> Two jets along with two photons
> Separate MVA based analysis done for the
di-jets
> A final MVA is done taking di-jet MVA and
di-photon MVA as input
¢ Untagged (ggH):
> The remaining events are from ggH process. They are further classified into sub-categories based
on diphoton BDT score

CMS Preliminary 35.9 fb ' (13TeV)
c\l |||||||||||||||||||||||||||||||||||||||||||||||||
31 - + Data Simulation background SM H—= yny. mHz‘I 25 GeV
@10 [ jet jet . ooH
= v jet I VBF
;10° yy 1 vH
MC stat. uncert. [ ] ttH
10°
104
102
102
10
1 : : : ol
|||||I|||||||||||||||I|||||||||||||||||I||||||||| [
23/01/2020 O 01 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1 22

Transformed score of the diphoton BDT
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® Signal Model: _ CMS simuiation Preliminary | 13 TeV
. 5 . > 50— H=2>vyy 2 Untagged 3 ]
> Should give shape of diphoton mass in each & 4 ]
f) - Simulation B
category separately > °F ]
: . . : 5 L T moael .
> The idea is to describe the signal model by & E
r oy = 2.62 GeV .
some analytic function 20 - ; =
©  FWHM = 5.35 GeV ]
> Parameters are determined by fitting 0] E
simulated events for each category using ok AT T .
05 110 115 120 125 130 135 140
three Higgs mass points (mass) My (GeV)
S Preliminary 13 TeV
® Background Model: —— e
> Background model is extracted from data e
> Families of functions considered for
v Exponential -
v Bernstein polynomials 140__1s0__lso 170 120
: $
v Laurent series + A
v Power law function S —
my. (GeV)

14/11/2019 20
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® All possible source of uncertainties are considered. Some of them are listed below

Theoretical Uncertainties

® Parton density function Unc. (2 %)

® Strong coupling constant (a ) Unc. (3.7 %)

® Parton shower Unec. (7-9 %)
® H->vy branching ratio Unc. (2.08 %)

® (Gluon fusion contamination in VBF and
ttH (10 %) etc.

23/01/2020

Experimental Uncertainties

® Measurement of integrated luminosity
(6.2 %)

® Trigger efficiency (0.1 %)

® Photon energy scale and resolution (0.5 %)
® Photon preselection (4 %)

® Vertex finding efficiency (1.5 %)

® Photon ID BDT

® Non uniformity of light collection in ECAL
(0.07 %)

® Modelling of material budget infront ECAL
(0.17 %)

® Lepton identification ( 1 %)

® Jet energy scale and smearing (2 %) éte.
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> Mass spectra for all 4 untagged categories (ggH)
CMS Freiminary 35.9 fb' (13 TeV) CMS Freiminary 35.9 fb" (13 Te\)
‘.‘.-5. LI I LI I LI | TT T 1 | LI | LI I TTrT TT | LI } _I TT T | LB I LB I LI I TT T 1 | TT T 1 | TT T1T | TT T I_
® H=> vy D - H= vy =
O 8OEf,=125.4 GeV, [i=1.16 Untagged O © 2007, =125.4 GeV, fi=1.16 Untagged 1 ]
w  TOR + Data @0 + Data ]
S — S+B fit L 2000 S+B fit .
5 so@mr L B companent et C «ee-e. B component 3
50 [ =1 o 1500 — ] Ao =
40 E_ E =2 E
:m;— 1000 |~ -
0 C ]
- s00— -]
10 C s
=" [y nEEE BN BN PN PRI BT BT R
20%_ 150 ' ' ' B component subtracted 3
E 100%:
10 50
1] 4] 3 q
10 soEql | 3
100 110 120 130 140 150 160 170 180 100 110 120 130 140 150 160 170 180
My, (Gel) m,, (Ge\)
CMS pPreiminary 35.9 b7 (13 TeV) CMS Preiminary 35.9 ik (13 TeV)
a [T II_|; I';-Il;-ll TT I LI | LI | LI | TT 1T I TTrTT | Tr i1 ?];13{]{&]:—';_'; I|!-'.;-II T T I TTrrrT I LI I LI | LI | TT T TT | TT II_:
O 70007 =125.4 GeV, i=1.16 Untagged 2 O oo -, =125.4 GeV, fi=1.16 Untagged 3 =
- 5000 + Data o E + Data 3
= £ —— S4B fit 14000 S+B fit =
u:j 000 %, 000 eeeees B component @znm:— ------ B component -
= A o 1{'{'{{':_ ] Ao 3
4000 122 o = 1o 3
= a000 -
agnof c =
= 6000 — —
2000 c ]
= 4000 — =
1000 2000 =
Bl i e e e L [ =PI B EPEFIPE EPRPRPRE EPRPRPIT B P B |
E ) ) ' " B component subtracted 3 =00 E " B component subtracted
200 = 200 E-
100f 3 100
o ' f{z °F
'I-CI-CI:: { } = Eé_
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Mass spectra (VBF and ttH categories)
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> Mass spectra for all 3 VBF and 2 ttH categories
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> Mass spectra for the 5 VH categories
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Mass spectra (all categories combined)
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CMS Freliminary 35.9 1" (13 TeV) CMS Preliminary 35.9fb" (13 TeV)
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® A likelihood scan of the signal strength is performed, profiling all other nuisances

® The best fit signal strength measured for all categories combined using this method

1S
~ +0.15 +011 F0.09 +0.06
po=116"57; = 11675y (stat.) g g (Syst.) “gp5 (theo.)
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® Signal strength modifiers measured for each process (black points) for profiled
Higgs mass compared to the overall signal strength (green band) and to the SM
expectation (dashed red line)

CMS Preliminary 35.9 fo' (13 TeV)
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% Results (Summary) =)

® Best-fit signal strength

1 1a4005 _ 1 14011 (e ) F0.09 (oot +0.06
s = 11675, = 1167, (stat.) Ty g (syst.) Zggs (theo.)

® Signal strength measured in bosonic and fermionic components

_ +0.57

+0.20

” pggHttH = 1.19°078

® F'iducial cross-section measured:
> O fiducial = 84 & 11(stat) £ 7(syst) fb = 847 5 (stat+syst) fb
® Theoretical prediction for m = 125.09 GeV

> Ofid = 73.843.81b
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®*H ->ZZ -> 4] with 2016 data (CMS)

o

> p = 1051517 = 1.051573 (stat.) "o,

(sys.)

® Signal strength measured in bosonic and fermionic components

_ +1.37

o ivBrvH = 0.000,000  pgemun =
CMS Preliminary 35.9 fb™ (13 TeV)
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Results from other Higgs analysis (2)
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® ttH signal strength modifier for different decay channels (CMS)

Uncertainty

Parameter Best fit Stat Expt Thbed Thsi
p 8 8

_ 1.97+0.71 1042 10.46 1021 10.25

Ww* —0.64 041 —0.42 021 —0.12
ttH +0.57 +0.39 +0.36 +0.17 +0.12
—0.54 —0.38 —0.34 —0.17 ~0.03

0. 00+1 30 +1.28 40.20 10.04 40.09

uZ —0.00 —0.00 —0.00 —0.00
ttH +2.89 1282 +0.51 +0.15 1+0.27
—0.99 —0.99 ~0.00 —0.00 —0.00

9 97+0.86 40.80 10.15 1002 140.29

ut —0.74 —0.72 —0.09 —0.01 ~0.13
ttH 10.73 1071 40.09 4001 10.13
—0.64 —0.64 —0.04 —0.00 —0.05

0 28“ 09 10.86 10.64 +0.10 +0.20

Hr+ 0.96 —0.77 ~0.53 —0.09 —0.19
ttH +1.00 +0.83 +0.54 +0.09 +0.14
—0.89 076 —0.47 —0.08 —0.01

0.8 044 1023 10.24 1027 +0.11

JMhb —0.42 023 —0.23 027 —0.03
ttH 10.44 1023 10.24 10.26 +0.11
—0.42 022 —0.23 027 —0.04

5 59+1.01 40,54 140.53 1055 10.37

JM?’+f~3 TeV —0.88 ~053 —0.49 —0.49 ~0.13
ttH 10.87 1051 140.48 4050 40.14
—0.79 —0.49 —0.44 —0.44 —0.02

1.14+0-31 1017 1017 1013 10.14

P‘HTeV —0.27 —0.16 —0.17 —0.12 —0.06
ttH +0.29 +0.16 +0.17 +0.13 +0.11
—0.26 —0.16 —0.16 —0.12 —0.05

1.2610:31 10.16 10.17 +0.14 +0.15

e —0.26 ~0.16 —0.15 —0.13 —0.07
ttEl 10.28 4015 10.16 4013 4011
—0.25 ~015 —0.15 —0.12 —0.05

tiH(0bb)
7+8 TeV

13 TeV

Combined

5.1 fb" (7 TeV) + 19.7fo” (8 TeV) + 35.9 o™ (13 TeV)

e Observed
_C:MS — +1o (stat @ syst)
_'___.___ m— 10 (Syst)
B —— #20 (stat @ syst)
—
. -
——
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
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L
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®*H ->ZZ -> 41 with 2017 data of 41.5 /fb (CMS)

CMS Preliminary 41517 (13 TeV) CMS preiiminary 415 b (13 TeV)
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Results from other Higgs analysis (4)
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® ttH analysis only for diphoton decay channel with 2017 data of 41.5 /fb (CMS)

14/11/2019

upy = 1.3707 = 1.3752(stat.) g7 (syst.)
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®*H ->ZZ -> 41 with 2018 data of 59.7 /fb (CMS)

CMS Preliminary 59.7 b (2018 13 TeV) CMS Preliminary 59.7 b (2018 13 TeV)
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Results from other Higgs analysis (6)
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® H->ZZ -> 41 for whole Run2 combined together - 137.1 /fb (CMS)

CMS Preliminary 2016 + 2017 + 2018 137.1 1o (13 Tev) CMS Preliminary 2016 + 2017 + 2018 137.1 0" (13 TeV)
> 350 o T T | T T L % 4 :I'I TT | TTTTTTTTT | TTTTTTTTT | TTTTTTTTT | TTTTTTTTT | TT |'|:
) — — - .
a ¢ Data i C ¢ Data =
S.E N [1H(125) 7 Q 220 [C]H(125) .
~ 300 i, Ja9» 22,2y T  ~ 200F [Haa> 22,2y —
2 - BNg9»2Z,Zy* 7 0 r Moy~ 22,2y
S - EZ+X . G 1801 - MZ+X ]
> L ] > C ]
o 250f 1 i1eo- E
B ] 140 —
200 [ % — - ]
C 4 120 — ]
150 :— —: 100;— —;
- ] 80 =

N ] 40 .

50 - - H
- ; — 20— 7
C & - ]
0 00 0™ 80 100 120 140 160
m,, (GeV) m,, (GeV)
Expected Observed
0.08 0.09 0.07 0.08
Hinclusive | 1-007 g 0g (stat.) To g7 (syst.) | 0.947 57 (stat.) 57 (syst.)
0.10 0.09 0.09 0.09
HggH 1.00" g (stat.) Tog7(syst.) | 0.97 g (stat.) Tgo7(syst.)
0.54 0.27 0.45 0.16
HVBF 1.007 575 (stat.) Toya(syst.) | 0.647 55 (stat.) Type(syst.)
0.91 0.29 0.89 0.26
a0 Hvi 1.00% 5 (stat.) Toig(syst.) | 1.157 7, (stat.) Tgig(syst.) 37
1.16 0.19 0.92 0.11
Heerr e | 1.007 523 (stat.) "o (syst.) | 0.13F 75 (stat.) 5o (syst.)
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® Details of the analysis for Higgs decaying to two photons using data recorded by
CMS in the year 2016 are presented here

® Properties measured for the Higgs boson are really close to the SM perdicted one,
within the uncertainty

® Results from other CMS analysis for SM Higgs are also shown here

® All of these measurements are comparable to SM prediction taking into account

the uncertainties
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> HLT:
~ HLT_Diphoton30_18_R9Id_OR_IsoCalold_AND_HE_R9Id_Mass90
- Preselection cuts:

H/E o (5x5) R9(5x5) pfPholso  Trackerlso

.1nin

EB; R9>0.85 <0.08 - > 0.5 - -
EB; R9<0.85 < 0.08 <0.015 > 0.5 <4.0 <6.0
EE; R9>0.9 < 0.08 - > 0.8 - -
EE; R9<0.9 <0.08 <0.035 > 0.8 <4.0 <6.0
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> Tag n Probe method:

- “Tag” electron is selected from the event, which passes a set of tight cuts with
respect to the preselection cuts

> Electrons which passes the usual preselection cuts from the same event are
“Probe” electrons

> The invariant mass of the all possible pairs of electrons of the events are fitted
to extract amount of signal and background events. The ratio of signal events
over all selected events is the effeciency of the preselection cuts

Passing Probes Failing Probes
© 160 - % 9000
% E % £
- e y il ¢ = 7000
@ 120_— @ E
] B S 6000
o 100~ )| 2 E
i 5000
80— ¢ F
C 4000
- L] F
60; 3000
= o O o
a0 B
O 4 \ 2000
C 4

20 9 ‘,‘,‘a “\0‘ 1000~

S g ‘:i:::';"‘ | toafiagunmnyany ‘c‘i‘:::::l::]::’:e;"ﬂ::&;j: & F | | == | e e T e e e

%0 70 80 90 100 110 120 %0 70 80 90 100 110 120
Tag-Probe Mass (GeV/c?) Tag-Probe Mass (GeV/c?)
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> Vertex ID BDT:

> Sum of pT squared for diphotons
~ pT balance between two photons associated to the vertex
> Asymmetry of pT between the two photon

> If one or both of the diphoton is converted, the no. of conversions and pull
between longitudinal position of the reconstructed vertex and longitudinal
position of the vertex estimated using conversion tracks is used in addition

> Vertex Probability BDT:
> No. of vertices in the event
> Vertex ID BDT output
> Distance between chosen vertex and second and third choice

> Transverse momentum of diphoton system

1/2 42

0 . . .
- Number of photons with an associated conversion track
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Photon Identification Variables Université £
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> Input variables to Photon ID BDT:
> Shower shape variables:
- R9 (full5x5) : E, /E_ where E_ Supercluster energy
S4 ratio : E, /E_

0. : The energy weighted standard deviation of single crystal eta within SC

ieie

\4

A\

A\

Super cluster n width : The lateral extension of EM shower measured in terms

of crystal cells in the direction of eta
~ Super cluster ¢ width : Lateral extension of EM shower in direction of phi
- Covariance, : covariance of single crystal eta and phi within supercluster

- ES o0 ., : Standard deviation of shower spread in the x and y planes of preshower

-~ Isolation variables:

> pf Photon Isolation

> charged hadron isolation (wrt right vertex)

> charged hadron isolation (wrt wrong vertex)
> Super cluster n : n of the supercluster associated with the reconstructed photon
- Rho (p) : the energy median density per unit area in the event

- Ep,: energy of the super cluster

- Owtpato 43
> Photon ID BDT score
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Shower Shape Correction
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> Input variables for Photon ID BDT and its . .  Ef10 36.26 16 (13 TeV)
% 1800 ;CMS Pre!wwrary T b
Output are Compared between data and D 4 e00 i_ mi<1.479 FRSURORS SORNPR RN MRS SRR ST
i X . 1400 —- + Data 0000 kb b
simulation for electrons coming from Z ool WMIZ—eleMO) L
B validation purpose o i e e S e ' |
wo... . Before correction
> Discrepancies between data and simulation e L “"” ]
are observed for BDT output 2 ;
> Reasons: discrepancies between data and
simulation for several input variables of
BDT (malnly ShOWGI‘ Shape Varlables) g 1200:_ ..... = MsPrenmmary ......................................................................................
Y oool - mMml<1.4442 SRS W RN W S——
- +{ Data F
. . 800 :_ Z 5 ete (MC) ....................................................................... .
- Corresponding variables are corrected for SO NN DU RSP N S SN RS S
simulation by reweighting them with
respect to data using quantile method of

reweight

DataMC

> Photon ID BDT is retrained after applying

these corrections to the simulation
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> Following plots are for all variables seperated only in EB and EE
L4 L3 3 L3
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The transverse momentum of both the photons, rescaled for diphoton mass
Pseudorapidity of both the photons

Cosine of the angle between the two photons in the transverse plane, cos()
Photon identification BDT score of both the photons

Per-event relative mass resolution estimate, under the hypothesis that the mass
has been reconstructed using the correct primary vertex

Per-event relative mass resolution estimate, under the hypothesis that the mass

has been reconstructed using an incorrect primary vertex

Per-event probability estimate that the correct primary vertex has been used to
reconstruct the mass, based on the event-level vertex selection MVA

23/01/2020 46



catholique %25 ¢
delouvain =

Z Functions for Background model Universte | [}

e Sums of exponentials:
N

fn(x) & ) poela,

=1

e Sums of polynomials (in the Bernstein basis):
N N)> -
Pl ) e Z pibiin), where b; ) 1= ( i) x'(1— )7,
i=0

e [aurent series:
E : 9 —4+ (=1 (=1

e Sums of power-law functions:
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Expected events per category
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. : SM 125 GeV Higgs boson expected signal Bk
Pl SN ol ggHgg T tHq | tHW | WHep | ZHlep | WH had | ZH had | 7 | orin Gev )
Untagged 0 | 4583 | 80.19% | 11.75% | 1.83% | 040% | 0.47 % | 0.22% | 041% | 019% | 296% | 158% | 132|124 | 21.92
Untagged 1 | 48056 | 86.81% | 773% | 056% |[115% | 0.13% | 0.02% | 047% | 027% | 1.81% | 1.04% |147|132| 92421
Untagged 2 | 67045 | 89.76% | 548% | 044% [118% | 0.08% | 0.01% | 051% | 034% | 1.40% | 081% [ 194 | 1.68 | 2419.53
Untagged 3 | 61007 | 91.13% | 451% | 048% [107% | 0.07% | 0.01% | 055% | 030% | 1.21% | 0.69% |2.62| 228 | 4855.00
VBEO | 1001 |21.69% |77.09% | 034% |035% | 0.29% | 0.03% | 0.08% | 0.00% | 0.19% | 0.01% [ 151|130 | 160

VBE1| 864 |3358% |64.68% | 039% |052% | 0.36% | 0.04% | 013% | 003% | 024% | 007% | 166|138 | 325

VBE2 | 2776 | 50.14% | 46.46% | 0.81% | 073% | 0.53% | 0.07% | 020% | 0.06% | 0.71% | 027% | 161|136 | 188

ttH Hadronic | 585 |1099% | 070% | 77.54% | 202% | 4.13% | 2.02% | 0.09% | 005% | 0.63% | 1.82% | 148|130 | 240
ttH Leptonic | 381 | 190% | 005% | 87.48% | 008% | 473% | 3.04% | 153% | 115% | 0.02% | 0.02% [ 160|135 | 150
ZH Leptonic [ 049 | 000% | 000% | 256% | 0.00% | 0.02% | 0.13% | 0.00% |9730% | 0.00% | 0.00% | 165|143 | 012
WH Leptonic | 361 | 126% | 059% | 5.18% |018% | 3.03% | 0.73% | 8448% | 433% | 0.12% | 009% |164 | 143 | 209
VH LeptonicLoose | 275 | 9.16% | 270% | 2.34% | 057% | 1.81% | 0.13% | 63.62% | 1887% | 0.56% | 023% | 167|156 | 350
VH Hadronic | 969 |57.38% | 368% | 3.61% |035% | 1.39% [ 0.27% | 017% | 042% | 2047% | 1226% | 138 | 131 | 722
VHMet | 425 |[2363% | 246% | 1445% | 041% | 2.00% | 1.14% | 2517% | 2860% | 1.32% | 082% |155[138 | 349
Total | 1883.77 | 86.96% | 7.09% | 1.00% | 1.09% | 0.15% | 0.04% | 081% | 042% | 155% | 089% | 195 | 1.62 | 8264.73

Table 3: The expected number of signal events per category and the percentage breakdown per production mode in that category. The o, ¢y,
computed as the smallest interval containing 68.3% of the invariant mass distribution, and ¢y, computed as the width of the distribution
at half of its highest point divided by 2.35 are also shown as an estimate of the m., resolution in that category. The expected number of
background events per GeV around 125GeV is also listed.
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