
1

Statistical Tools in Collider Experiments

Multivariate analysis
in high energy physics

Lecture 4

Pauli Lectures - 09/02/2012

Nicolas Chanon - ETH Zürich



Outline

2

1.Introduction
2.Multivariate methods
3.Optimization of MVA methods
4.Application of MVA methods in HEP
5.Understanding Tevatron and LHC results



Lecture 4. Application of 
multivariate methods in HEP

3



Outline of the lecture

How are applied multivariate methods in high energy physics ?

- We will take the example of H→γγ searches at LHC
- Details on the physics and experimental problems for this channel
- It will be the occasion to introduce the exercises
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H→γγ at LHC : signal
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- H→γγ produced mainly via gluon fusion
- Branching ratio ~0.2%
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Fig. 1: The SM Higgs-boson production cross sections multiplied by decay branching ratios in pp collisions at√
s = 7 TeV as a function of Higgs-boson mass. All production modes are summed in the channels of H →

#+#−, && , orWW/ZZ(→ 4 fermions). In the H → bb channel, only the vector-boson associated production is
considered.

The present Report, in particular, covers updates on inclusive observables. The goal of this sec-
ond Report is to extend the previous study of inclusive cross sections to differential distributions. The
experimental analysis must impose cuts on the final state in order to extract the signal from background:
a precise determination of the corresponding signal acceptance is therefore necessary.

Various studies are performed in different Higgs-boson production modes (gg → H, qq′ → qq′H,
qq → WH/ZH, and qq/gg → ttH processes); the benchmark cuts for these processes have been
defined, and the differential distributions have been compared at various levels of theoretical accuracy,
i.e., at NLO/NNLO and with MC generators:

– In addition, many search modes for the Higgs boson are carried out in the exclusive mode, i.e., by
separating the events according to number of jets or the transverse momentum (pT) of the Higgs
boson. A particularly important channel is H → WW → lνlν in gg → H process, where the
events are classified in H+0, 1, 2-jet multiplicity bins to improve the signal-to-noise ratio. There
are large logarithms associated with the ratio of the Higgs-boson mass over the defining pT of the
jet: the theoretical error assignment in the exclusive jet bins has been extensively discussed, and a
precise prescription is given in this Report.

– The pT of the Higgs boson is a particularly interesting quantity, as it can be used as the dis-
criminant variable against the SM backgrounds. Possible large logarithms that can occur when
cuts are imposed should be studied carefully: for instance, the Higgs-boson transverse-momentum
spectrum in gg → H process has been studied at NLO accuracy and supplemented with next-to-
next-to-leading logarithmic (NNLL) resummation of small-pT logarithms. A systematic study of
the uncertainties of the shape of the resummed Higgs-boson pT spectrum has also been carried out.

– The differential distributions of the SM backgrounds (in particular the irreducible backgrounds
to Higgs-boson searches) have been studied extensively in this Report. In the searches at LHC,
most of the backgrounds in the signal regions are derived from measurements in control regions
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Fig. 2: Higgs branching ratios and their uncertainties for the low mass range (left) and for the full mass range
(right).
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Fig. 3: Higgs branching ratios for the different H → 4l and H → 2l2# final states (left) and for H → 4q, H → 4f

and H → 2q2l, 2ql#, 2q2# final states (right) and their uncertainties for the full mass range.

are correlated for MH > 500 GeV or small below, we only consider the simultaneous scaling of all
4-fermion partial widths. The thus obtained individual theoretical uncertainties for the branching ratios
are combined linearly to obtain the total theoretical uncertainties.

Finally, the total uncertainties are obtained by adding linearly the total parametric uncertainties
and the total theoretical uncertainties.

2.1.4 Results
In this section the results of the SM Higgs branching ratios, calculated according to the procedure de-
scribed above, are shown and discussed. Figure 2 shows the SM Higgs branching ratios in the low mass
range, 100 GeV < MH < 200 GeV, and in the “full” mass range, 100 GeV < MH < 1000 GeV, as
solid lines. The (coloured) bands around the lines show the respective uncertainties, estimated consid-
ering both the theoretical and the parametric uncertainty sources (as discussed in Section 2.1.3). More
detailed results on the decays H → WW and H → ZZ with the subsequent decay to 4f are presented in
Figures 3. The largest “visible” uncertainties are found for the channels H → !+!−, H → gg, H → cc,
and H → tt, see below.

In the following we list the branching ratios for the Higgs two-body fermionic and bosonic final
states, together with their uncertainties, estimated as discussed in Section 2.1.3. Detailed results for four
representative Higgs-boson masses are given in Table 3. Here we show the BR, the PU separately for

8



H→γγ at LHC : background
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- Huge background over 9 order of magnitude in cross-section
- Dijet, gamma-jet processes with jets faking photons
- Diphoton continuum

6 

Prompt diphoton production at hadron colliders 

•  Prompt photons = photons produced directly in perturbative 
scattering or via parton fragmentation (as opposed to non-
perturbative photon production in meson decays). 

•  At much smaller rate, prompt diphotons may originate from 
more exotic (and exciting!) production mechanisms: 

•  Higgs decay 

•  Extra dimensions 

•  SUSY 
•  … 

LHC (14 TeV) 

Other NP? 
6 6 

 Precise measurements of QCD !! production should 
puts us on solid footing to search for new physics: 
•  Validate/improve theoretical predictions for 

irreducible (QCD !!) background. 
•  Develop/demonstrate good control over reducible 

backgrounds. 

γ

γ
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H→γγ at LHC : issues
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- This channel suffers from small branching ratio and huge background. 
- But it has the best sensitivity at low mass
- Reason : CMS and ATLAS have very good resolution on the γγ invariant mass

Main issues for H→γγ :
- Vertex identification
- Energy resolution
- Photon identification
- Kinematics
- Analysis sensitivity

Hard interaction vertex

Position in the ECAL

Magnitude of the 4-
momentum depends 
on the reconstructed 
energy

Shape of the energy 
deposit
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CMS electromagnetic calorimeter
(ECAL)
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CMS Electromagnetic calorimeter (ECAL)

The ECAL is made of PbWO4 scintillating crystals

Barrel (EB) : 36 “supermodules” of 1700 crystals each (coverage |η| < 1.48)

Endcaps (EE) : 268 “supercrystals” of 25 crystals each (coverage 1.48 < |η| < 3.0)

Additionnaly, a preshower (ES) detector made of silicon strip sensors is located in
front of the endcap (coverage 1.65 < |η| < 2.6)

ECAL energy resolution (measured in
test-beams) :

σ(E)

E
=

a
p

E(GeV )
⊕

b

E(GeV )
⊕ c

a = 2.8% : stochastic term
b = 12% : noise term
c = 0.3% : constant term

Nicolas Chanon Photon commissioning in CMS at
√

s = 7 TeV 5 / 12
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The ECAL is made of scintillating crystals of PbWO4 :
-Barrel : 36 “supermodules” with 1700 crystals each (coverage |η|<1.48)
-Endcaps : 268 “supercrystals” with 25 crystals each (coverage 1.48<|η|<3.0)
Furthermore, a preshower made of silicon strip sensors is located in front of the endcaps 
(1.65<|η|<2.6)

Energy resolution (measured in electron 
test beam) :

a = 2.8% stochastic term
b = 12% noise term
c = 0.3% constant tern



Photon event display18 A Additional plots

Figure 20: Detail view of the photon candidate in the same event. Clustered ECAL crystals are
shown in yellow, unclustered energy in violet. The candidate has r9 > 0.94 and is considered
to be unconverted.
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Figure 21: Number of basic clusters included in EB (left) and EE (right) superclusters
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A Additional plots

Figure 18: Event display of a photon candidate passing the selection. The photon candidate

points out of the page and is isolated in ECAL (red), HCAL (blue) and the tracker (green).

Figure 19: R-φ view of the same event. The photon candidate is balanced by a jet on the other

side of the detector.

19

A Event display of a candidate conversion

Figure 26 shows the R−φ view of a fully reconstructed conversion candidate. The converted

γ is well isolated and well balanced in φ by the hadronic activity. The main characteristics

of the electrons of the converted γ are summarized in Table 2. The measured energies of the

ECAL superclusters may not be very accurate because both electrons are in the barrel-endcap

transition region while the GSF tracks are expected to give a better estimate of the electron

momenta.

Figure 26: R−φ view of a conversion candidate. Reconstructed electron tracks (purple), general

tracks (blue) and energy deposits in the ECAL (pink) are shown.

q 1st hit position pin ESC ηSC φSC E/p Eseed/ fbrem mva

x,y,z (cm) (GeV/c) (GeV) pout
e1 +1 -26.9859,4.17588,-62.7382 14.92 21.45 -1.567 2.941 1.438 0.995 0.351 0.743

e2 -1 -26.9857,4.17458,-62.7987 55.53 11.92 -1.563 3.080 0.215 0.915 0.765 0.621

Table 2: Characteristics of the two electron candidates of the fully reconstructed conversion.

The last column shows the multivariate analysis variable (mva) which is computed for all elec-

tron candidates and is used for the preselection of track driven electrons.

B Observation of the π0 → γγ signal with one leg reconstructed

from conversion candidates in 900 GeV data

Using the first CMS collision data collected at 900 GeV center of mass energy we also looked

for the signal due to π0s decaying into 2 photons, where one of the two legs is reconstructed

as a conversion. Only tracker driven conversion reconstruction [2] was used since only low

pT photons (< 3 GeV/c) were involved and most of the conversion tracks do not reach the

electromagnetic calorimeter. At such low transverse momenta ECAL seeded conversion recon-

struction [9] has a very low efficiency, being optimized for conversions of pT greater than 10

GeV/c.

The event selection is the same described in section 2.
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“Supercluster” commissioning
Photon commissioning
Photon identification
Converted photons

Electromagnetic energy deposits commissioning (CMS
NOTE-2010/012, PAS-EGM-005)

Energy deposits in ECAL crystals are agregated in superclusters.

Barrel : use a 5 crystal window in η around the most energetic crystals and a variable
window in φ (designed to recover bremsstrahlung photons and photon conversions)

Endcap : merge contiguous 5 × 5-crystal matrices around the most energetic crystals.
Preshower energy is included.

Energy is corrected for various effects : lateral leakage, ET -dependance of

bremsstrahlung and conversion processes, material budget in front of the ECAL

Nicolas Chanon Photon commissioning in CMS at
√

s = 7 TeV 7 / 12

Photons are reconstructed with energy deposits in ECAL crystals
- Barrel : take advantage of the 3.8 T magnetic field which bends the 

charged particles trajectory (in case of a photon conversion)
- Endcap : merge contiguous 5 × 5-crystal matrices around the most 
energetic crystals

10

Converted photons :
- Start from energy deposits in ECAL
- Track finding proceeds inward and outwards, taking 
into account electron energy loss by bremsstrahlung

- Select the e+/e- pair with the best vertex fit χ2

Reconstructing conversions
Here we use the ECAL-seeded conversion 
reconstruction.

• ECAL information can be used to seed a 
track-finding designed specifically to 
reconstruct conversion tracks.

• In the first step, we look for hits in the 
outer tracker layers which are consistent 
with an ECAL supercluster.  Tracks are built 
by looking inward and collecting hits.

• In the second step, we assume the 
innermost hit of the first track is the 
conversion vertex, and look outwards for 
hits from the second track.

• Track pairs are fitted to a common vertex 
imposing the constraint that they are 
parallel at the vertex, and the tracks are 
refit with the vertex constraint.

4
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H→γγ at LHC : vertexing

11

- Up to ~20 pile-up events per bunch crossing in 
2011

- How to identify the hard interaction vertex ?
- Usual vertexing algorithm uses reconstructed 

tracks. Choose the vertex having the highest 
sum pt squared.

For H→γγ we have additional information :
- ATLAS : calorimeter pointing (photon 

conversion tracks pointing)
- CMS : multivariate method using tracks + 

diphoton kinematics, combined with conversion 
information



H→γγ at LHC : energy resolution

12

- Higgs natural width is zero from an experimental 
point of view in the γγ channel

- So the experimental width is driven by how well 
the photon energy is reconstructed (once 
measured the position in the ECAL and the vertex 
found)

- CMS : PbWO4 crystals calorimeter, subject to loss 
of transparency

- Clustering of the energy deposited is affected by 
the tracker material in front of the ECAL

- Corrections to get back the reconstructed energy to 
the energy at the vertex might not be optimal

- CMS : energy regression
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8 Limit setting
The confidence level (CL) for exclusion or discovery is evaluated using the diphoton invariant

mass distribution as the observable for each of the event classes defined in Section 6. The results

in the 8 classes are combined in the CL calculation to obtain the final result.

Two statistical approaches are considered in evaluating limits: the modified frequentist ap-

proach (CLS) using the profile likelihood as a test statistic [18], and a Bayesian approach with

a flat prior for the signal strength. These two methods are generally expected to give similar

results and so provide a valuable cross check of the statistical procedures.

Both a binned and an unbinned evaluation of the likelihood are considered. While most of the

analysis and determination of systematic uncertainties are common for these two approaches,

there are differences at the final stages which make a comparison useful. The signal is model

taken from the MC after applying the corrections determined from data/Monte Carlo compar-

isons of Z → ee and Z → µµγ mentioned above, and the reweighting of the p
H

T
spectrum. In

the unbinned evaluation the signal model is parametric, based on analytic functions fitted to

the Monte Carlo, whereas the binned evaluation uses templates made with Monte Carlo events.

The comparison of results thus verifies that the parametric model describes the Monte Carlo

well. For the background, Monte Carlo is not used and the background is evaluated from a fit

to the data.

Given the narrowness of the Higgs mass peak which has a resolution approaching 1 GeV/c
2

in

the classes with best resolution, the search must be carried out in fine steps. At present steps of

500 MeV/c
2

are used.

All known sources of relevant systematic uncertainties have been described in the previous sec-

tions. Table 6 lists systematic uncertainties on the signal applicable to the individual photons,



H→γγ at LHC : photon 
identification

13

Why jets can fake photons ?
- Isolated boosted pi0 decaying to 2 photons 
can be reconstructed in one single 
supercluster
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Photon identification :
- Electron rejection : the energy deposit should not be matched 

to hits in the pixel detector
- The transverse shape of the energy deposits in ECAL should 

be compatible with a single photon shower
- Isolation : in a cone ΔR<0.4 around the photon, use ∑ET of 

energy deposits in ECAL, HCAL and ∑pT of the charged 
particles measured in the tracker

Isolation

TRK HCALECAL

!

jet

! π0 accompanied by other particles

! Isolation ∆R =
√

∆η2 + ∆φ2

" IsoTRK = ∑ pT in tracker

" IsoECAL= ∑ ET in ECAL

" IsoHCAL= ∑ ET in HCAL

! Low value of H/E identifies photons

! Suited for use an electron control sample

Variable Rout Rin ∆η
IsoTRK 0.4 0.04 0.015
IsoECAL 0.4 3.5 crystals 2.5 crystals
IsoHCAL 0.4 0.15 -

H/E 0.15 - -

"#

#

$

R

Rout

in

S.Ganjour Approval QCD-10-037 12



H→γγ at LHC : photon 
identification

14

- In CMS photon identification is achieved using cuts on :
- 3 cluster shape variables : H/E, transverse shape of the electromagnetic 

deposit, R9 = E3x3/Esupercluster
- 3 Isolation variables : ECAL+HCAL+tracker in 0.3, 0.4 cones according to the 

wrong and right vertex hypothesis, Tracker isolation alone



H→γγ at LHC : kinematics

15

- Photon pT threshold : usually 
asymmetric, pT>40,30 or 25 GeV

- cos(θ*) : can be discriminant in some 
kinematical regime

- Diphoton pT as discriminant variable : a 
myth for the gluon fusion
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Fig. 25: The transverse-momentum spectrum of the Higgs in MC@NLO+PYTHIA. The central scale is chosen
equal to MH in the upper plot, and to

√
p2T +M2

H in the lower plot. The bare PYTHIA result, normalised to the
HQT central value total cross section, is also shown.

– perturbative uncertainties, like the impact of scale and PDF variations;
– the impact of parton showering and non-perturbative effects on parton-level results; and
– non-perturbative uncertainties, and in particular the impact of fragmentation variations and the
effect of the underlying event and changes in its simulation.

4.3.1 Setup
In the following sections the SHERPA event generator [174] has been used in two modes: Matched
samples have been produced according to the POWHEG [123, 126] and MC@NLO [116] methods,
implemented as described in [157] and [159], respectively. In the following the corresponding samples
will be denoted as SHERPA–POWHEG and SHERPA–MC@NLO, respectively. Unless stated otherwise,
MH = 160 GeV and the following cuts have been applied to leptons (l = e, µ) and jets j:

– leptons: p(l)T > 15 GeV and |η(l)| < 2.5,
– jets (defined by the anti-kT algorithm [175] with R = 0.4): p(j)T > 25 GeV, |η(j)| < 4.5.

By default, for purely perturbative studies, the central PDF from the MSTW2008 NLO set [107] has been
used, while for those plots involving non-perturbative effects such as hadronisation and the underlying
event, the central set of CT10 NLO [104] has been employed, since SHERPA has been tuned to jet data
with this set. In both cases, the PDF set also fixes the strong coupling constant and its running behaviour
in both matrix element and parton shower, and in the underlying event.
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Fig. 75: Differential cross sections of the gg → H → "" process forMH = 120GeV: Higgs-boson transverse mo-
mentum (top left), Higgs-boson rapidity (top right), and cos θ∗ (bottom) for HNNLO, POWHEG, and POWHEG
reweighted withK(qT,H, YH).

far higher values, as much as 15% or more. Figure 76 shows, for the ’ATLAS’ acceptance criteria and
MH = 120 GeV, the distribution of δ values and δ as a function of θ∗.

At the beginning of this section it was shown that the cos θ∗ distribution was relatively insensitive
to the pT-reweighting. This means that it probably does not matter which (the pT-reweighting or the
interference correction) is performed first. It has been suggested [299] that the two steps should be
performed in both orders, and the difference, for example in the two distributions of the cumulative event
weights, should be taken as a theoretical systematic uncertainty.

In addition, the calculation performed in Ref. [298] takes only virtual QCD corrections into ac-
count, and the scattering angle used is that of the beam axis. To check the stability of the result for
those cases where the diphoton system sizeably differs from the framework used for the calculation, the
interference term is recomputed for signal events with a transverse momentum of the Higgs boson in
excess of 20 GeV. The overall variation of the term is of the order of 10%. This systematic uncertainty
on the O(3%) correction to the σ × BR can be neglected when considering the QCD scale, PDF, and αs

systematic uncertainties on the overall signal normalisation.

9.4 Background extraction and modelling
9.4.1 Background modelling biases and systematic uncertainties
The search for the Higgs boson in the diphoton channel relies, for both ATLAS [293,294] and CMS [295],
on analytic models of the background shape. The scope of these models is to have a reasonable fit of
the background diphoton invariant-mass distribution in the data to allow an accurate estimate of the
background in the signal region from the side bands. Various models were investigated, a single or
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Fig. 79: Differential cross sections for diphoton production from the sum of the quark–antiquark annihilation,
gluon-fusion, and gluon–(anti)quark scattering processes: Diphoton transverse momentum (top left), diphoton
invariant mass (top right), and cos θ∗ (bottom) for a combination of DIPHOX and GAMMA2MC, a combination of
MADGRAPH and PYTHIA, and the latter combination reweighted with K(M"" , qT,H).

and 5 GeV in M"" . Contiguous bins in the (qT,"" , M"" ) plane are then merged together to smooth out
statistical fluctuations (they could be alternatively fitted with smooth functions). TheK-factors obtained
by this procedure are shown in Appendix C (Table C.5). The differential cross-section distributions for a
combination of DIPHOX and GAMMA2MC, and a combination of MADGRAPH and PYTHIA after the
application of theK-factors are shown in Figure 79. It is interesting to note that the supplementary hard
jets in the MADGRAPH ""+jets samples allows the population of the high-qT," " and high-M" " regions,
which would have been forbidden by the LO kinematics of the PYTHIA Born samples had they been
used.

As expected, the 2DK-factors are found to accurately reproduce the transverse momentum and the
invariant-mass spectra of the diphoton system (see Figure 79) in the region where the H → "" searches
are performed (M"" > 100 GeV). They also accurately reproduce angular variables such as cos θ∗.
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H→γγ at LHC : diphoton categories

16

- CMS : 4 eta-r9 categories to improve mass resolution and s/b ratio
- ATLAS : 9 categories (eta / conversion / pt thrust)



H→γγ at LHC : analysis sensitivity

17

- Fit of the diphoton invariant mass distribution in data (how to choose the fit 
function ?)

- MC is not used to derive the sensitivity
- Unbinned CLs method

9
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Figure 2: Exclusion limit on the cross section of a SM Higgs boson decaying into two photons

as a function of the boson mass.
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Exercises

18

- Inspired by H->2photons searches in CMS

- Can be downloaded from the lecture webpage
- Provide signal and background samples
- Variables : kinematics, photon identification, energy resolution

3 steps :
- TMVA basics
- MVA application in the analysis
- Sensitivity estimation (next lecture)



Exercise I

19

Installing ROOT
- Simplest option is probably to download the binaries (just unpack it)
- Do not forget to source bin/thisroot.sh

Download the exercises on the webpage
- Pdf with instructions and questions
- The samples in the ROOT format

Having a look to the samples :
- root -l Sample.root

Running TMVA
- Go the the directory tmva
- Classifier training can be launched using TMVAClassification.C
- Once the classifiers trained, one can investigate with TMVAGui.C
- One can also have a look to the training output : TMVA.root



Samples

20

Samples provided were generated using Pythia :
- gg→H→γγ mH=120 GeV (100kevt generated) - forget other production 

mechanisms
- γγ Born (1Mevt)
- γγ Box (1Mevt)
- γ+Jet (20Mevt - lack of statistics)
- Dijet background was not generated (1000x more events would have been 
needed due to the small jet→γ misidentification rate)

Experiment simulation
- Events have been passed into a (home-made) program which emulates the 
experiment
- Energy smearing due to finite detector effects
- Energy deposits variables
- Important correlations taken into account



Variables

21

List of the variables :

Diphoton variables :
- Invariant mass
- pT of the diphoton system
- cos(theta*)

Variables for the highest pt and second highest pt photons :
- 4-Momentum
- Eta
- Cluster shape variables
- Isolation variables
- pdgId : photon or meson ?



Invariant mass

22

- In the exercise, the diphoton mass resolution is different from the one we get in 
reality, but the order of magnitude is the right one

- Look for a sharp peak in a steeply falling background
- After photon identification, the jet-jet and gamma+jet background is much 

reduced

16 Chapter 2. Physics Studies with Photons and Electrons

Figure 2.2: Di-photon invariant mass spectrum after the selection for the cut-based analysis.

Events are normalised to an integrated luminosity of 1 fb
−1

and the Higgs signal, shown for

different masses, is scaled by a factor 10.

Table 2.5: Selection efficiency for the Higgs signal in different mass windows.

Window Window Window Window Window

MH( GeV/c
2
) ±1 GeV/c

2 ±1.5 GeV/c
2 ±2.5 GeV/c

2 ±5 GeV/c
2

Total

115 17% 21% 25% 28% 29%

120 18% 22% 26% 29% 30%

130 18% 22% 27% 31% 32%

140 18% 23% 28% 32% 34%

150 28% 24% 29% 33% 36%

puted using all generated signal events. The signal contribution to the total number of events

is very small, particularly outside the mass region under study. The background can be esti-

mated by a fit to the data mass distribution.

The error on the background estimation comes from two sources:

• the statistical precision which decreases with the size of the mass range that is

used to perform the fit;

• the systematic error related to the shape of the function that is used to fit the

distribution.



Photon kinematics

23

- In the exercise, the photon Pt is smeared
- The reconstruction efficiency (η-dependent) is not taken into account. This 

gives more photons in the barrel-endcap transition region than expected 
experimentally

2.5 Photon identification and isolation 9
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Figure 10: Transverse energies of EB (left) and EE (right) reconstructed photons in the selected
sample. The purity increases with ET. The Monte Carlo results are normalized separately for
each plot to the number of entries in the data histogram.
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qT, cos(θ*)

24

- The diphoton transverse momentum is only LO+LL from Pythia here
- Can be used for the purpose of demonstration, but the discriminating power is 

much reduced in reality
- cos(theta*) can also be used, but it is difficult to make it very discriminant with 

the trigger thresholds actually used 
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Fig. 25: The transverse-momentum spectrum of the Higgs in MC@NLO+PYTHIA. The central scale is chosen
equal to MH in the upper plot, and to

√
p2T +M2

H in the lower plot. The bare PYTHIA result, normalised to the
HQT central value total cross section, is also shown.

– perturbative uncertainties, like the impact of scale and PDF variations;
– the impact of parton showering and non-perturbative effects on parton-level results; and
– non-perturbative uncertainties, and in particular the impact of fragmentation variations and the
effect of the underlying event and changes in its simulation.

4.3.1 Setup
In the following sections the SHERPA event generator [174] has been used in two modes: Matched
samples have been produced according to the POWHEG [123, 126] and MC@NLO [116] methods,
implemented as described in [157] and [159], respectively. In the following the corresponding samples
will be denoted as SHERPA–POWHEG and SHERPA–MC@NLO, respectively. Unless stated otherwise,
MH = 160 GeV and the following cuts have been applied to leptons (l = e, µ) and jets j:

– leptons: p(l)T > 15 GeV and |η(l)| < 2.5,
– jets (defined by the anti-kT algorithm [175] with R = 0.4): p(j)T > 25 GeV, |η(j)| < 4.5.

By default, for purely perturbative studies, the central PDF from the MSTW2008 NLO set [107] has been
used, while for those plots involving non-perturbative effects such as hadronisation and the underlying
event, the central set of CT10 NLO [104] has been employed, since SHERPA has been tuned to jet data
with this set. In both cases, the PDF set also fixes the strong coupling constant and its running behaviour
in both matrix element and parton shower, and in the underlying event.

38



R9 cluster shape variable

25

R9 = E3x3/Esupercluster
- High R9 : unconverted photon, very good energy resolution
- Low R9 : converted photon, poor energy resolution
- π0 also located at low R9
- R9 is very η-dependent

4 2 Supercluster and Photon reconstruction, corrections and observables

Figure 3 shows the distribution of the r9 observable used for the energy determination of pho-

ton candidates. The shape of the distribution is similar in data and Monte Carlo, so the fraction

of the sample of photon candidates lying above or below the typical 0.94 (0.95) cut agrees with

Monte-Carlo within 10%
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Figure 3: Ratio of the energy of the 3x3 matrix of crystals surrounding the most energetic crys-

tal to the total energy of the supercluster, for EB (left) and EE (right) superclusters. The Monte

Carlo results are normalized separately for each plot to the number of entries in the data his-

togram.

2.5 Photon identification and isolation

To increase the purity of the photon sample, we apply additional isolation and identification

requirements. The selection criteria and the cut values have been adjusted on the basis of

Monte Carlo simulation, in absence of a data-driven control sample, aiming to maximize the

background rejection while keeping the efficiency flat as a function of η and ET. This is a

robust selection intended to be used for commissioning and early analysis. By design, we use

a very similar isolation scheme to that used for electrons, so that photon ID efficiencies can be

measured on an electron control sample in data when sufficient statistics are available. The

photon selection is based on the following variables:

• The supercluster is required not to match pixel hits consistent with a track from the

interaction region.

• ECAL isolation: the sum of ECAL ET around the photon candidate in an annular

region of inner radius R =
�

(∆η)2 + (∆φ)2 = 0.06 and outer radius 0.4. A three-

crystal wide strip along φ is excluded.

• HCAL isolation: the sum of HCAL ET around the photon candidate in an annular

region of inner radius R = 0.15 and outer radius 0.4.

• Tracker isolation: the scalar sum of pT of tracks consistent with the primary vertex

in a hollow cone around the photon candidate in an annular region of inner radius

R = 0.04 and outer radius 0.4. The inner radius is chosen to avoid counting the

momentum of photon conversion tracks in the isolation sum.

• σiηiη is the η-η element of the η-φ covariance matrix, which provides another ex-

pression for the extent in η of the supercluster, similar to ση . (It is calulated with

4 2 Supercluster and Photon reconstruction, corrections and observables

Figure 3 shows the distribution of the r9 observable used for the energy determination of pho-

ton candidates. The shape of the distribution is similar in data and Monte Carlo, so the fraction

of the sample of photon candidates lying above or below the typical 0.94 (0.95) cut agrees with

Monte-Carlo within 10%
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Figure 3: Ratio of the energy of the 3x3 matrix of crystals surrounding the most energetic crys-

tal to the total energy of the supercluster, for EB (left) and EE (right) superclusters. The Monte

Carlo results are normalized separately for each plot to the number of entries in the data his-

togram.

2.5 Photon identification and isolation

To increase the purity of the photon sample, we apply additional isolation and identification

requirements. The selection criteria and the cut values have been adjusted on the basis of

Monte Carlo simulation, in absence of a data-driven control sample, aiming to maximize the

background rejection while keeping the efficiency flat as a function of η and ET. This is a

robust selection intended to be used for commissioning and early analysis. By design, we use

a very similar isolation scheme to that used for electrons, so that photon ID efficiencies can be

measured on an electron control sample in data when sufficient statistics are available. The

photon selection is based on the following variables:

• The supercluster is required not to match pixel hits consistent with a track from the

interaction region.

• ECAL isolation: the sum of ECAL ET around the photon candidate in an annular

region of inner radius R =
�

(∆η)2 + (∆φ)2 = 0.06 and outer radius 0.4. A three-

crystal wide strip along φ is excluded.

• HCAL isolation: the sum of HCAL ET around the photon candidate in an annular

region of inner radius R = 0.15 and outer radius 0.4.

• Tracker isolation: the scalar sum of pT of tracks consistent with the primary vertex

in a hollow cone around the photon candidate in an annular region of inner radius

R = 0.04 and outer radius 0.4. The inner radius is chosen to avoid counting the

momentum of photon conversion tracks in the isolation sum.

• σiηiη is the η-η element of the η-φ covariance matrix, which provides another ex-

pression for the extent in η of the supercluster, similar to ση . (It is calulated with



Brem cluster shape variable
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- A photon energy deposit is broader in ϕ than in η, due to the magnetic field 
which bent the conversion trajectory around the z axis

- The η-width is broader for a π0 than a photon
- The clustering algorithm is affected by the material in front of the ECAL : 

strongly η-dependant
- The photon energy resolution is strongly dependent on σϕ/ση

Outline
Introduction

CMS projected sensitivity to H → γγ channel
ECAL Calibration

Electromagnetic energy deposits commissioning
Conclusions

“Supercluster” commissioning
Photon commissioning
Photon identification
Converted photons

Electromagnetic energy deposits commissioning (CMS
NOTE-2010/012, PAS-EGM-005)

Energy deposits in ECAL crystals are agregated in superclusters.

Barrel : use a 5 crystal window in η around the most energetic crystals and a variable
window in φ (designed to recover bremsstrahlung photons and photon conversions)

Endcap : merge contiguous 5 × 5-crystal matrices around the most energetic crystals.
Preshower energy is included.

Energy is corrected for various effects : lateral leakage, ET -dependance of

bremsstrahlung and conversion processes, material budget in front of the ECAL

Nicolas Chanon Photon commissioning in CMS at
√

s = 7 TeV 7 / 12
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Figure 22: The φ/η width ratio used for energy corrections in EB (left) and EE (right).
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Isolation energy
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Isolation energy is defined in a ΔR cone of 
0.3 or 0.4 around the photon
- Tracker isolation : Sum pT of the tracks 

reconstructed inside the cone
- ECAL, HCAL isolation : Sum Et of the energy 

deposits inside the cone

Isolation energy is coming from :
- Underlying event
- Pile-up
- QCD/QED radiation

- Prompt photons are isolated
- Neutral mesons within jets are less isolated

- In the exercise, 0.3 and 0.4 cones are used

6 2 Supercluster and Photon reconstruction, corrections and observables
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Figure 4: N − 1 plot of the flag for presence of pixel seed in EB (left) and EE (right) photons,

used in the selection in the text. The Monte Carlo results are normalized separately for each

plot to the number of entries in the data histogram.
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Figure 5: Sum of the isolation variables (ECAL, HCAL, and tracks) for barrel (left) and endcap

(right) photon candidates, before applying photon isolation cuts. The Monte Carlo results are

normalized separately for each plot to the number of entries in the data histogram.
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To improve the H→γγ analysis sensitivity, one can use several multi-variate 
methods :

Vertexing MVA
- Used in CMS results since Summer 2011
- In the exercises, no pile-up. The vertex is assumed to be correctly reconstructed.

Energy regression
- Used in CMS results since Dec 13
- Can be tried with the samples provided in the exercises

Photon identification with MVA
- Photon identification performed with rectangular cuts for the moment
- Can be tried in the exercises

Kinematics MVA
- Only the invariant mass is used for the moment - no MVA
- Can be tried in the exercises
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- Last CMS results (Dec 13) were using a multivariate technique to improve the 
photon energy resolution

- Perform a regression from the reconstructed energy to the generated energy, 
using many geometrical variables and cluster shape variables

- This improved a lot the invariant mass resolution
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2
) for all 8 event classes combined. The line shows

the weighted sum of fits to the signal models in the individual classes.

8 Limit setting
The confidence level (CL) for exclusion or discovery is evaluated using the diphoton invariant

mass distribution as the observable for each of the event classes defined in Section 6. The results

in the 8 classes are combined in the CL calculation to obtain the final result.

Two statistical approaches are considered in evaluating limits: the modified frequentist ap-

proach (CLS) using the profile likelihood as a test statistic [18], and a Bayesian approach with

a flat prior for the signal strength. These two methods are generally expected to give similar

results and so provide a valuable cross check of the statistical procedures.

Both a binned and an unbinned evaluation of the likelihood are considered. While most of the

analysis and determination of systematic uncertainties are common for these two approaches,

there are differences at the final stages which make a comparison useful. The signal is model

taken from the MC after applying the corrections determined from data/Monte Carlo compar-

isons of Z → ee and Z → µµγ mentioned above, and the reweighting of the p
H

T
spectrum. In

the unbinned evaluation the signal model is parametric, based on analytic functions fitted to

the Monte Carlo, whereas the binned evaluation uses templates made with Monte Carlo events.

The comparison of results thus verifies that the parametric model describes the Monte Carlo

well. For the background, Monte Carlo is not used and the background is evaluated from a fit

to the data.

Given the narrowness of the Higgs mass peak which has a resolution approaching 1 GeV/c
2

in

the classes with best resolution, the search must be carried out in fine steps. At present steps of

500 MeV/c
2

are used.

All known sources of relevant systematic uncertainties have been described in the previous sec-

tions. Table 6 lists systematic uncertainties on the signal applicable to the individual photons,
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- In CMS Physics TDR vol. II, a photon identification NN was used :
- Uses ECAL, HCAL, Tracker isolation
- And R9 cluster shape variable

2.1. Benchmark Channel: H → γγ 21

2.1.5.3 Optimised use of kinematic variables to separate signal and background

In addition to the mass, there are kinematic differences between signal and background. In
particular the signal has a harder photon ET distribution than the background – the back-
ground can have a high mass by having a large η difference between the photon candidates.
Weak Boson Fusion and associated production of a Higgs with other massive particles en-
hance these differences between signal and background. The large, reducible backgrounds
often have photon candidates that are not well isolated.

As with the Higgs searches performed at LEP, higher performance can be achieved if the ex-
pected signal over background, s/b, is estimated for each event. This is particularly effective
if the s/b varies significantly from event to event. This is the case here due to wide variations
in photon isolation and photon ET. There is also significant dependence of the s/b on photon
conversion and on location in the detector.

One photon isolation variable NNisol for each photon, is combined with kinematic variables
to help separate signal and background. A neural net is trained to distinguish background
events, taken from the mass side-bands, from signal Monte Carlo events. There is no danger
of over-training since background events from the signal mass region are not used and inde-
pendent samples are used for the signal Monte Carlo. The input variables are devised to be
insensitive to the di-photon mass so that the background rejection due to the kinematics and
isolation is independent of the background rejection from the mass distribution.
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Figure 2.4: Distribution of the minimum value of the NNisol variables of the two photon
candidates. Events are normalised to an integrated luminosity of 7.7 fb−1 and the signal
(MH=120 GeV/c2) is scaled by a factor 50.

Six variables are used as inputs to a neural net. They are the isolation NN outputs NNisol for
the 2 photons, the transverse energies of the 2 photons, normalised to the di-photon mass,
the absolute value of the rapidity difference between the 2 photons, and the longitudinal
momentum of the photon pair.

The distributions of the input variables are shown for signal and background in Figures 2.4
and 2.5. Kinematic information that are likely to be highly sensitive to higher order correc-
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- In CMS Physics TDR vol. II, a global NN was used :
- ET/M of the two photons, pseudo-rapidity difference, pT of the diphoton system
- The two outputs of the NNisol

22 Chapter 2. Physics Studies with Photons and Electrons
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Figure 2.5: Distribution of the kinematic inputs to the neural network for signal and back-

ground sources. A value of the neural net output is required to be greater than 0.85. Events

are normalised to an integrated luminosity of 7.7 fb
−1

and the signal (MH=120 GeV/c
2
) is

scaled by a factor 50.

tions to the background simulation has not been used. Such information, like the ET of the

Higgs boson candidate, the ET transverse to the photon direction, and information about

additional jets will ultimately be useful but may not be reliable until better simulations or

actual data are available to train on.

The neural net is trained in each of the 6 categories independently. The net has 6 input

nodes, 12 intermediate nodes in a single layer, and 1 output node. The error function has

been modified from the standard to improve training toward a high signal over background

region. A minimum neural net output cut is applied that eliminates 1% of the signal in each

category and a function is fit to the distribution above that cut. These functions are used to

bin the data and to smooth the background in a limited region.

It is useful to examine the neural net output distribution for events from different sources

(Figure 2.6). Low NN outputs are dominated by photon candidates from jets which are

not well isolated. The large peak at 0.85 represents both signal and background where the

photon is relatively well isolated and the photon ET is MH/2, corresponding to events with

a large value of NNisol. Higher photon ET events are found in the peak near 1. There is an

enhancement of the signal, particularly for the WBF and associated production processes.

The background there is dominated by events with at least one jet interpreted as a photon.
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Figure 2.6: The neural net output for events in the barrel for each signal (MH=120 GeV/c
2
)

and background source. Events are normalised to an integrated luminosity of 7.7 fb
−1

and

the Higgs signal is scaled by a factor 50.

2.1.5.4 Estimation of signal to background ratio for each event

In order to get the most information out of each event, the signal over background is esti-

mated for each event. In the simplest analyses, cuts are applied to select only high signal

over background events and those are counted. Such a simple analysis looses information

because some of the events that are cut could contribute to the measurement and because

some of the events that are accepted are not used optimally.

Events in the mass peak for the Higgs mass hypothesis under consideration have high signal

over background expectation while events outside the peak have lower expected s/b. Simi-

larly, events at high NNkin output have higher s/b expectation. The kinematics and isolation

information in NNkin has been made independent of mass information so the two s/b ratios

can be multiplied to get a good estimate of the s/b expectation for the event:

�
s

b

�

est.
=

�
s

b

�

mass
×

�
s

b

�

kin

This is an estimate that is to bin signal and background events. If the estimate is bad, the

performance of the analysis suffers because good s/b events are not well separated from bad

ones. It is not possible for a bad estimate to make the analysis appear to perform too well.

The s/b estimate need not be normalised correctly, since it is a relative number used to bin

events.
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- ATLAS was also foreseeing a multivariate analysis for H→γγ using kinematics
- No classifier, use rather invariant mass, diphoton pT and cos(theta*) in a 3-

dimensional likelihood (as 3 different channels)
- Also considered 0, 1 and 2-jet bin cases

Table 16: H → γγ discovery potential for a Higgs boson mass of 120 GeV, various likelihood
setups and a simulated integrated luminosity of 10fb−1. The left column gives the discriminating
variables used in the fit, the second column the categories, the third (fifth) column the average
∆ lnL and its statistical uncertainty as derived from the toy MC samples, and the fourth (sixth)
column quotes the estimated Gaussian signal significance in units of one standard deviation. Due
to the background dominance, the variance of the significance in the toy experiments is approxi-
mately one. The fits have been performed with fixed Higgs boson mass (Higgs boson mass floating
within [112,128] GeV). The significance for floating Higgs boson mass has been obtained with
toy MC simulation (the ∆ lnL cannot be directly interpreted in terms of significance and is given
for completeness only). Due to the large number of required toy MC fits it has not been computed
for the most involved fit with highest expected significance.

Higgs boson mass fixed Higgs boson mass floating
Fit variables Categories �∆ lnL � Significance [σ ] �∆ lnL � Significance [σ ]

mγγ – 2.67±0.04 2.31±0.02 3.54±0.05 1.44±0.02
mγγ η 3.18±0.05 2.52±0.02 − −
mγγ η , Conversions 3.32±0.05 2.58±0.02 − −
mγγ η , Conversions, Jets 5.99±0.07 3.46±0.02 6.66±0.07 2.64±0.02
mγγ , |cosθ �| η , Conversions, Jets 7.33±0.08 3.83±0.02 − −
mγγ , PT,H η , Conversions, Jets 7.03±0.08 3.75±0.02 − −
mγγ , PT,H , |cosθ �| η , Conversions, Jets 8.49±0.08 4.12±0.02 9.25±0.09 −

6.5 Fit performance

Studies are performed involving large samples of toy MC simulation to assess the discovery potential for
fits using likelihood models of increasing complexity.6 The abundance of signal and background events
used in these fits is tuned to the NLO expectation for 10fb−1 of integrated luminosity, taking into account
the trigger and reconstruction acceptance.

The results for fits with fixed and floating Higgs boson mass (the latter only done for the mγγ -only
and the full fits) are summarised in Table 16. For each toy MC sample we perform two fits, one with
floating signal yield and another with zero signal to test the background-only hypothesis. The log-
likelihood difference, ∆ lnL , found in these fits, estimates the false discovery probability (p-value). The
�∆ lnL � values given in Table 16 are obtained from Gaussian fits to well-behaved pull distributions.
For fixed Higgs boson mass, the signal significance in terms of σ can be approximated by the quantity√
−2∆ lnL . For floating Higgs boson mass, the extra degree of freedom in the fit yields a higher value

of �∆ lnL �. However in this case the p-value and significance must be evaluated with toy MC simulation
of background-only samples. As expected, the obtained significances are lower than in the fixed mass
case, in spite of the higher �∆ lnL � values.

7 Discovery potential

This Section reports on the potential for the discovery of a Higgs boson in the mass range 120 < mH <
140 GeV using the event counting computation and the maximum likelihood fit formalism (see Sec-

6Although required for real data the evaluation of goodness-of-fit estimators is not discussed here, because the generated
toy data is intrinsically consistent with the underlying model.
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Figure 11: Signal (left) and background (right) distributions of the Higgs boson decay angle, |cosθ �|
(top), and the diphoton transverse momentum (bottom) for events with zero jets (full dots), one jet (open
circles) and VBF topology (full triangles, not shown for background because of a too low relative cross-
section). The corresponding PDF parametrisations are overlaid (see text).

the large majority of the events entering the fit are of that type. It is achieved by flexible parametrisations
with a sufficient number of parameters determined by the fit, ensuring a stable fit result with respect to
shape redefinitions.

The distribution of |cosθ �| for a scalar Higgs boson is uniform. However, acceptance effects, pri-
marily from the minimum pT requirements for the photons (See Section 5.1), suppress |cosθ �| values
towards one, where the photons are collinear with the Higgs boson lab frame momentum. The empirical
signal PDF is interpolated by a double Gaussian function. The phase space for background events from
t-channel graphs and quark or gluon fragmentation at NLO is enhanced for photons collinear with the
diphoton lab momentum, so that the background |cosθ �| distribution exhibits some clustering towards
large values. Acceptance suppression competes, however, with this enhancement thus reducing the dis-
crimination power of the variable. It is found that the |cosθ �| distributions differ significantly between
the γγ , γ j and j j backgrounds, with stronger enhancements at large |cosθ �| values for the backgrounds
originating from jet misidentification. The inclusive shape of these backgrounds is parametrised by the
sum of a positively defined third order polynomial and two Gaussian functions. The inclusive signal and
background distributions of |cosθ �| for events with and without jets are shown in Fig. 11.

The Higgs boson transverse momentum exhibits a strong rise at low values and a long exponential
tail beyond the maximum. The distribution is fitted by a sum of two bifurcated Gaussian functions
(distributions where below and above the center half Gaussian distributions with different widths are
used) and one symmetric Gaussian. The diphoton transverse momentum distribution for background is
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