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Introduction

@ Higgs! di-photon search at CMS simple in principle: Search
for a small but narrow mass peak on a large, smoothly falling
background

@ Di-photon channel is the most sensitive Higgs decay mode at
low masses, and allows for a relatively precise determination of
the mass in case of evidence/discovery

@ Standard Model search is carried out in inclusive and
vector-boson-fusion tagged channels, in two variations

© Cuts-in-Categories Analysis
(Phys.Lett.B710:403-425,2012): Photon selection and
signal extraction in 4 categories of detector region and
converted/unconverted

@ Multivariate Analysis (HIG-12-001): More sensitive version
of the analysis with photon selection and event classification
using multivariate techniques
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The CMS Detector

SILICON TRACKER
CMS Detector "o
~m’ ~B66M channels

Microstrips (80-180 +m)
Pixels ~200m? ~9.6M channels
CRYSTAL Ei TROMAGNETIC
Tracker = _ CALORIMETER (ECAL)

~76k scintillating POWO, crystals

Solenoid
PRESHOWER
Silicon strips
~16m? ~137k channels

RETURN YOKE
onnes

:RCONDUCTING
NOID

Niobium-titanium coil

carrying ~18000 A FORWARD

CALORIMETER
Steel + quartz fibres
HADRON CALORIMETER (HCAL) CEIEIIED
Total weight : 14000 tonnes Brass + plastic scintillator MUON CHAMBERS
Overall diameter :160m ~7k channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
Overall length 1287 m Endcaps: 473 Cathode Strip & 432 Resistive Plate Chambers
Magnetic field :38T
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ts-in-Categorie alysis Overview

o

© 00

Q
o

o

Primary Vertex Selection (Vertex Selection MVA)
o Recoil Tracks
o Converted Photons
Photon Selection
e m,./3(4) relative pr thresholds, Id/Isolation Cuts in Photon
Categories (2n" 2Ry)
Photon Trigger and Identification Efficiency
o Trigger Efficiency and ID/lIsolation Scale Factors from Z ! ee

o Electron Veto scale factors from Z ! puy
Multivariate Regression for EM Cluster corrections
Energy Scale and Resolution corrections from Z — ee

Event Classification
o Event Classes (2n" 2Rg+VBF Tag) exploiting different

resolution and S/B
Signal modeling from Monte Carlo with smearing and scale factors applied
Background modeling from fit to data

Statistical Interpretation
o Limits/Significance using maximum likelihood fit to m.,
distribution in 5 categories
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Primary Vertex Selection MVA

@ Per-vertex MVA to select hard interaction from pileup vertices (select Vtx
with highest MV,IA score)

@ Input Variables: = p%, two variables related to di-photon-recoil
balancing, Azcony/0conv (in case of reconstructed conversion)
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@ Inclusive vertex selection efficiency # 80 %
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Photon Selection

@ Geometric acceptance driven by overlap of Ecal and tracker
fiducial coverage: Barrel: |n| < 1.44, Endcap:
157 < |n| <25

o Relative pr thresholds of m,,/3(4) for the leading
(sub-leading) photon: Makes acceptance more uniform as a
function of Higgs mass and reduces kinematic shaping of the
background mass spectrum

@ Veto electrons

@ Need to discriminate between prompt isolated photons, and
fakes from jets (mainly collimated 7°/n° ! ~v decays)
@ Two handles:

o Shower Shape: Two photons from 7%/7° produce a wider EM
cluster on average.

e Isolation: Select against additional particles produced in the jet
alongside the leading 7°/n (some complications from pileup)
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Photon Selection: Cuts in Categories

Photon ID Efficiency

Photon selection consists of cuts on several shower shape and
isolation variables

Unconverted photons have less background and better
resolution, more fakes in general in the Endcap, so vary cuts
according to 4 photon categories (Barrel/Endcap”
Unconverted/Converted)
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Regression Energy Corrections

@ Photon energy reconstruction in CMS:
Ncrystals

Ee/y = Fey(X) Z G(GeV/ADC)" Si(t)" ¢" A;

@ Two main components to photon energy resolution which at least partly
factorize:
@ Crystal level calibration (ADCtoGEV, Intercalibration,
transparency corrections)
@ Higher level reconstruction (Shower containment, crack/gap
corrections, PU effects)
@ Shower containment is complex and not clear if/how different
contributions factorize

@ Best performance is obtained with multivariate regression using BDT
with cluster 7, ¢, shower shape variables, local coordinates, and number
of primary vertices as input

@ Regression is trained on real photons in Monte Carlo, using the ratio of
the generator level energy to the raw cluster energy
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Energy Scale and Resolution

@ Photon Energy Scale and Resolution in data measured with Z! ee
events, applying either final photon-trained regression corrections, or
equivalent electron-trained version

@ Monte Carlo is smeared to match data resolution

@ Data energy scale is adjusted to match Monte Carlo peak position in MC

@ Systematics on electron! photon extrapolation from reweighting shower
shape distribution and changing pr cuts on Z! ee sample, and
comparing results with electron vs photon trained regression corrections

T T T T 1
5000| CMS Preliminary - MC
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L=a7a 6" - dat;

Events/1.0 GeV
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(f) Barrel-Barrel (g) Barrel-Endcap
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Distribution: Data vs

@ Reasonable agreement in shape and normalization, but no precise
measurement in data of the prompt/fake fractions

@ Inclusive distribution is not optimal for bump-hunting (even by eye)
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[ 1 prompt y 1 fake v
[ 2fakey
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Event Classes

e For final limit/significance extraction, divide data into 4 event
classes based on detector region (barrel/endcap) and
converted vs unconverted photons, exploiting differences in
mass resolution and S/B

@ Unconverted photons are tagged using shower shape Ry
variable: Fraction of total cluster energy contained in a 3x3
grid of crystals

e Additional event class for VBF di-jet tagged events (caveat:
25-30% contamination from gg! h production with 70%
relative uncertainty, must be treated with care)

Both photons in barrel One or both in endcap Dijet
R§™ >0.94 | Rg™ <094 | Rg™ >094 | Ry™ <0.94 tag
SM signal expected | 25.2 (33.5%) | 26.6 (35.3%) | 9.5(12.6%) | 11.4 (14.9%) | 2.8 (3.7%)
Data (events/GeV) | 97.5(22.8%) | 143.4 (33.6%) | 76.7 (17.9%) | 107.4 (25.1%) | 2.3 (0.5%)
et (GeV) 1.39 1.84 276 3.19 1.71
FWHM/2.35 (GeV) 1.19 1.53 2.81 3.18 1.37
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Signal Modelling

@ Signal model constructed from Monte Carlo with efficiency
scale factors, and with the photon energy smeared to match
data resolution

e Empirical functional form fit to MC (sum of Gaussians), fit
interpolated between MC mass points

e Final signal model proper mix of gg! h, VBF production,
W /Z associated production, and tt associated production in
each category
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Background Modelling

@ Narrow mass peak and smooth background mass spectrum
means that background can be modelled directly from data

@ Non-trivial event classification, together with several possible
effects (kinematic turn-on of fake rate, efficiency, event class
fractions) combined with limited Monte Carlo description and
statistics (especially for fakes from jets) ! no reliable
first-principles prediction of the background shape

@ Logic: Use a functional form with sufficient freedom to cover
any reasonable background shape (smooth and continuous)

o Fifth order polynomial tested against many possible
background shapes, largest residual biases at least 5 times
smaller than statistical uncertainty (Second order polynomial
in di-jet tag category since yield is much smaller.)
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Events / (1 GeV)

a) All classes combined
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Cuts in Categories Results: Limits and p-values
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@ Excess at 124 GeV with contribution from VBF-tagged and
non-VBF-tagged events

Global significance 1.8 o , (Local significance 3.1 o)
05% C.L. exclusion for 128 < my, < 132 GeV

"More data are required to ascertain the origin of this excess. "
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Cuts in Categories Results: Best Fit Signal Cross Sect

@ Remember: No statistically
T significant signal, even if the

T
my, = 124 GeV CMS, Vs =7 TeV Higgs is there, these numbers
| I combined (68%) | L = 4.8 b 7] heavily driven by statistical
—&- Single class fluctuations of the background
B Dijet-tagged | (also true of the precise mass

o
| value of the p-value minimum)
Both photons in barrel, R;"‘">0.94

— @ Important: Quantity which is
I~ Both photons in barrel, RT"<0.94™ | shown here as o /osu corresponds
-t to scaling together all production
One or both in endcap, Rg’“"‘>0.94 mechanisms
——

@ A SM Higgs signal in di-jet tag
category has 25-30% expected

789 contamination from gg! h

fi production with large uncertainty,

cannot interpret directly as a VBF

cross section

One or both in endcap, F{g“"<0.947
i
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MVA Analysis Overvie

@ Primary Vertex Selection (Vertex Selection MVA)
o Recoil Tracks
e Converted Photons
e Per-event vertex probability estimate with additional Vertex
Probability MVA
@ Photon Selection
e m,./3(4) relative pr thresholds, Loose Preselection in
(2n" 2Rg) categories, Photon ID MVA to give per-object
photon /7 discriminator
© Photon Trigger and Identification Efficiency
o Trigger Efficiency and Preselection Scale Factors from Z | ee
o Electron Veto scale factors from Z ! ppuy

@ Multivariate Regression for EM Cluster corrections with per-photon resolution
estimate

@ Energy Scale and Resolution corrections from Z — ee
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MVA Analysis Overview (Continued)

@ Event Classification
e Train di-photon MVA on resolution and mass-factorized
kinematics
o Event Classes (4AMVA+VBF Tag) exploiting different
resolution and S/B
@ Signal modelling from Monte Carlo with smearing and scale factors applied
@ Background modelling from fit to data
@ Statistical Interpretation
a Limits/Significance using maximum likelihood fit to m.,
distribution in 5 categories
b Limits/Significance using complementary mass-sideband

background model with final two-input BDT combining mass and
diphoton MVA
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MVA Analysis Overview

EM Cluster
(RAW Energy,

Shower Shape,

Per-Photon

Estimate
Regression

Local/Global
Coords)

Reconstructed
Tracks

ECal and HCal
Deposits

Photon
Energy

(Cluster
Corrections)

Primary

Reconstruction

Primary
Vertex

Conversion
Reconstruction

MVA

!

Primary
Vertex
Selection

MVA

Photon ID
MVA
(Photon/Jet
discriminator)

Di-photon MVA

Categorized

Fits

}

Results

Results

Categorize

and Count

@ Strategy: Process available information into quantities with straightforward physical interpretations in

order to combine per-event knowledge of expected mass resolution and S/B into a single “Di-photon
MVA" variable
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Per-Event Vertex Probability

@ Per-event MVA trained to identify events where correct vs
incorrect primary vertex has been identified by per-vtx MVA
@ Inputs: pT , Ny, VIXMVA Q,AZ

vtx ; conversions

T e
CMS preliminary
Vs=7TeVL=1631"

107

fiLccans Say ]
-1 080604020 02040608 1

event

(h) Z' pp (i) v + jets(w/ conversion)

@ Vertex selection probability given by linear function of MVA
output
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Photon Identibcation: MVA

@ Start with a very loose pre-selection matching trigger requirements for
signal
@ Construct a multivariate discriminator using a BDT trained on prompt

photons vs fakes from jets in MC. Input variables are similar to CIC
cut-based identification

@ Only a loose cut (> " 0.3) on the ID MVA value, which is fed forward to
the final di-photon MVA

# of events/0.02
# of events/0.02

9% 05 00 0.5 0
Photon ID BDT output

(j) Barrel (k) Endcap
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Di-Photon MVA

@ Basic Strategy: Train di-photon mva on Signal and
Background MC with input variables which are to 1st order
independent of m,,

@ Goal is to encode all relevant information on signal vs
background discrimination (aside from m,., itself) into a
single variable

e Can then simply categorize on Di-photon MVA output (4
categories, with cut values optimized against expected limit
using MC background, plus additional category with VBF
Dijet tagging and loose cut on di-photon MVA)

@ Or alternatively employ combined cut and count MVA /mass
sideband procedure
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Di-Photon MVA Input Variables

@ Input variables cover kinematics (sans mass), per-event
resolution and vertex probability, and photon ID

@ Input Variables:

O pr/my,

Q@ p%/m,,

Om

Q n

© cosAg,,

Q on,/m,, (Right Vtx Hypothesis)

@ om/m,, (Wrong Vix Hypothesis)

Q pvtx

©Q IDMVA,

@ IDMVA,

@ 0, constructed from per-photon og estimate from regression,
adding also # 6 cm beamspot width contribution for wrong
vtx hypothesis

@ Per-event primary vertex selection probability p,s comes from
per-event vertex MVA
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Resolution

@ Since input variables are mass-independent, MVA is not
sensitive to mass resolution (since inclusive S/B in full mass
range does not change with resolution)

@ Correct this by weighting the signal invents during training by
1/resolution, taking into account right and wrong primary
vertex hypotheses weighted by the per-event probability

]-_Pvtx
o W., — . Pvtx
sig O'g-,ght/m’y + Urgrong/m'y’y

right 0— O'
@ Im 1 E1 E2
My~ +
wron, right \ 2 Vix 2
Mey~ My Mey~
o With o™ computed analytically from beamspot width and
calorimeter positions of the photons
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Di-Photon MVA Outpu

@ Lowest score region not included in the analysis

@ Di-photon MVA output for signal-like events can be validated with
z! ee events by inverting electron veto in the pre-selection

@ Analysis does not rely on MVA shape of Monte Carlo background

—o— Data
== Drell-Yan

3500

3000

2500

10000

# of events/0.04

—— Data (4.7 )

2000

1500

1000

500

g.LO -0.5 0.0 0.5 1.0
di-photon BDT output

02 04 06 08 1
di-photon BDT output

(1) Full Selection (m) Inverted e-Veto
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Event Classibcation

@ Events classified according to di-photon MVA output

@ Event class boundaries optimized against median expected
limit using Monte Carlo background, by iteratively scanning
for optimum event class boundary

@ Low-score region dropped completely from analysis (negligible
contribution to sensitivity)

@ Additional event class for VBF di-jet tagging, adding a loose
cut on the di-photon MVA output

Dijet

0 1 2 3 tag
SM signal expected | 3.4 (4.4%) | 19.3 (25.0%) | 18.7 (24.2%) | 33.0 (42.8%) | 2.8 (3.6%)
Data (events/GeV) | 4.5 (1.2%) | 55.1 (14.8%) | 81.3 (21.8%) | 229.1 (61.6%) | 2.1 (0.6%)
Oetf (GeV) 1.18 1.25 1.64 2.47 1.65
FWHM/2.35 (GeV) 1.09 1.09 1.43 2.08 1.32
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MVA Event Classes - Background Fits

— 24F .
o E CMS preliminary —#— Data
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> ENs=7TeVL=476fb
() | =10
o 20 £ B =20
1gEBT=0e —e— 1xSM m, =120 Ge|
— =
- E
= 16f
2 14fF
c
5]
>
L

n ; q
P00 120 140 160 180
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(n) BDT> 0.89 (pol4)

o 160 iCMS preliminary —#— Data

N [\s=7TeVL=4761" T Bt
210
& 1401 -
[ 0.72<=BDT<0.89 —e— 1xSM m, =120 Ge|
et F
— 120
Z

R T B VT R T R
m,, (GeV/c?)
(0) 0.72 <BDT< 0.89 (pol5)

e High S/B and best resolution events in high score categories
e Sufficient polynomial order chosen with toy studies category

by category
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MVA Event Classes - Background Fits
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MVA Event Classes - Background Fits
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MVA Results: Limits and p-values

Observed CLs Limit imis E Interpretation Requires LEE CHSp v
an Expecid GLa Lini CFM_S Pre "'I"I‘"la:?"s i ik VS=7TeVL=4761b"

AVAEE\\NY/ SN | *

107E N 1T I
| "
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x0gy 10°E —+— Observed Ensemble
E cat0-3 (Non-VBFTag)

cat4 (VBFTag)

"
10 115 120 125 130 135 140 145 150
m, (GeV/c?)

145150
m,, (GeV/c?)

o Expected sensitivity nearly 20% better than Cuts in Categories
analysis

@ Excess at 125 GeV with contribution from VBF-tagged and
non-VBF-tagged events

e Global significance 1.6 o , (Local significance 2.9 o)

@ 95% C.L. exclusion for 110.0-111.0, 117.5-120.5, 128.5-132.0,
139.0-140.0, 146.0-147.0 GeV.

@ "More data are required to ascertain the origin of this excess."
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MVA Results: Best Fit Signal Cross Sections

Dijet Tag —

Class 3 —

Class 2 [~

Class 1 |-

Class 0 —

Combined —

4 6
Best Fit o/og,,

Josh Bendavid (MIT)

@ Same caveats apply as for
Cuts-in-Categories results

@ Results of the two analysis
flavours consistent given change
in expected sensitivity, statistical
fluctuations and overlap between
the two sets of event samples and
categories
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Conclusions

Search for the Standard Model Higgs in di-photons at CMS
using the full 2011 dataset (# 5 fb~! at 7 TeV)

Complementary cuts in categories and more sensitive
multivariate analyses give consistent results

Expected exclusion approaching Standard Model cross section,
already exclude several disconnected regions

Most significant excess seen around 125 GeV, but global
significance less than 20 at the moment

Current analysis optimized for discovery/exclusion, NOT
measuring mass/couplings

Even if the Higgs is there, measuring properties with the
current analysis/dataset is strongly driven by statistical
fluctuations of the background

"More data are required to ascertain the origin of this excess. "
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8 TeV data-taking already under way, and ICHEP is coming
Data-taking this year: 50ns spacing, high intensity

bunches! 24" as much pileup as 2011

No major improvements foreseen to di-photon analysis, mainly
changes to accommodate the higher pileup

If current excess corresponds to a signal, first statistically
significant result likely to come from one or both Higgs
combinations

Discussions and work underway when and how to best present
measurements of couplings/mass/etc (Must also be wary not
to measure the mass of a statistical fluctuation)
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: MVA Event Classes - Signal Model

i) 1'8? - simulation gmﬁ&%rﬂ nay | % 2.0 —%- Simulation gmﬂzgﬂminary
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: MVA Event Classes - Signal Model
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Backup: MVA Event Classibcation - Link#oRy, pi’

Classes

2m o i 12 - i [
E —— All(p(y7) <40 GeV) i — Al (p(17) > 40 GeV)
2 botnEB, bothRO094 [ —— botmEs, botRe>09s Lol
1.8 —+— both EB, tboth R9>0.94 1 —— both EB, Iboth R9>0.94 I I
16[-  —— tboth EB, both R9>0.94 E —— tboth EB, both R9>0.94 }

—=— Iboth EB, Iboth R9>0.94 —=— Iboth EB, Iboth R9>0.94

(&) (P7" < 40 GeV) (h) (p7" > 40 GeV)

@ Highest score region is exclusively boosted events

@ Reasonable correlation with n" Rg event classification
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Backup: MVA P-Values

S} interpretation Requires LEE CMS preliminary
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Backup: MVA P-Values (Per Category)
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p: Di-Photon MVA Systematic Uncertainties

@ Shape systematic uncertainties on Photon ID MVA and o /E propagated
through as shape variation/category migration on di-photon MVA output

@ Shown here applied to background MC (not used in the analysis, large
uncertainties on k-factors/composition not shown here)
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‘ Sources of systematic uncertainty ‘ Uncertainty
Per photon Barrel Endcap
Photon identification efficiency 1.0% 2.6%
Energy resolution (Ac/Eac) Rg > 0.94 (low 1, high i7) | 0.22%,0.61% | 0.91%, 0.34%

Rg < 0.94 (low 7, high 77)
Energy scale ((Egata — Emc)/Emc)  Ro > 0.94 (low 7, high 1)
Ry < 0.94 (low 7, high 17)

0.24%, 0.59% | 0.30%, 0.53%
0.19%, 0.71% | 0.88%, 0.19%
0.13%, 0.51% | 0.18%, 0.28%

Photon identification BDT
(Effect of up to 11% event class migration.)

=+0.025 (shape shift)

Photon energy resolution BDT
(Effect of up to 8% event class migration.)

+10% (shape scaling)

Per event
Integrated luminosity 4.5%
Vertex finding efficiency 0.4%
Trigger efficiency One or both photons Rg < 0.94 in endcap 0.4%
Other events 0.1%
Dijet selection
Dijet-tagging efficiency VBF process 10%
Gluon-gluon fusion process 70%
Production cross sections Scale PDF

Gluon-gluon fusion

Vector boson fusion

Associated production with W/Z
Associated production with tt

+12.5% -8.2% | +7.9% -7.7%
+0.5%-0.3% | +2.7% -2.1%
1.8% 4.2%

+3.6% -9.5% 8.5%

Scale and PDF uncertainties
(Effect of up to 16% event class migration.)

(y, pr)-differential
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