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Abstract

We have carried out a detailed study of the inclusive search for the Higgs boson in theH → γγ chan-
nel with the CMS detector at LHC. The analysis is based on full Monte Carlo simulation. Though
for the moment we have only simulated data to work with, we have designed an analysis that can
determine the background from real data and will thus only depend on signal Monte Carlo when data
will be available. This largely reduces the systematic error and, together with the excellent energy
resolution of the CMS electromagnetic calorimeter, enables a search that would otherwise be very dif-
ficult because of the large amount of expected background. We have studied both a standard cut-based
search and a more optimized analysis that takes advantage of the wide range of signal/background
expectations as function of the possible selection cuts. Since discovery in this channel is expected to
take one or more years of LHC running, such optimized analyses should be studied to minimize the
time to discovery and to assure that the experiment is competitive in this important measurement.
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1 Introduction
TheH → γγ channel has been studied since the initial planning of the LHC and SSC as an important channel for
the discovery of Higgs particles at masses between the LEP limit and about 150 GeV [1]. The signature sought
in the inclusive analysis is two highEt isolated photons with an invariant mass consistent with the Higgs mass.
Discovery of a Higgs in this low mass range is more difficult than at higher masses since the dominant decay
mode of the Higgs isbb̄ which is hard to separate from background. Theγγ decay mode can be identified well
experimentally but has a small branching fraction of about 0.002 in the most important mass range. The signal
rate is rather small compared to backgrounds with two real photons (irreducible), and backgrounds in which on or
more of the photons are due to misidentified particles from jets (reducible). After the selection, for an integrated
luminosity of 20fb−1 and for a Higgs boson mass of 120 GeV, we expect approximately 350 signal events in a
mass window of 2 GeV over 7000 background events.

The rates of the various backgrounds are quite uncertain at LHC energies. Nevertheless, it has long been understood
that H → γγ can be identified as narrow mass peak above a large background. The background rate can be
determined from the region outside the peak. A low mass Higgs can then be discovered in this channel and its
mass can be measured well.

In this study we present two complementary inclusive analyses for theH → γγ channel: a standard cut based
analysis and a high performance, discovery-oriented analysis, based on the method described in [2, 3]. Both are
carried out with our present knowledge of the expected background, estimated with full detector simulation. When
data will be available we will not make use of Monte Carlo background information and only the signal Monte
Carlo will be used. We concentrate on the first years of LHC operation when the luminosity will be2 × 1033

cm−2sec−1.

We extend the idea of measuring the rate of background by using the mass regions adjoining the Higgs peak to
also measure the characteristics of the background that can be used to help separate background from signal. The
H → γγ channel is particularly well suited for this technique because the signal is small compared to the expected
background and can be confined to a narrow mass region thanks to the excellent photon energy and position
resolution of the CMS detector [4].

This study requires a comprehensive understanding and simulation of the CMS detector. In particular, the elec-
tromagnetic calorimeter is used to make the primary measurements of photon energy and position. The tracker is
used to measure the position of the interaction at which the Higgs candidate was produced. The tracker, ECAL
and HCAL are used to determine if the photon candidate is well isolated. While we will be able to measure back-
ground characteristics from data, the signal must be well simulated to perform our analysis. This implies a detailed
understanding of the detector performance as well as its calibration.

By using photon isolation and photon kinematic information, significant additional discrimination between signal
and background can be achieved. The optimized analysis can be trained1) to use this information to discriminate
between signal and background by comparing data in mass sidebands with signal Monte Carlo.

In this approach, the expected purity in terms of signal/background, corresponding to each event, can be estimated
based on these quantities and each event then can be used optimally to evaluate the likelihood of a signal plus
background hypothesis compared to a background-only hypothesis.

We will show that such a discovery-oriented analysis can be performed. Since we do not yet have data, we must
use simulated backgrounds. With this simulation, we can calculate a benchmark performance of such an analysis.
It is not our main goal to predict exactly what luminosity will be required to discover the Higgs. The rate and
characteristics of the backgrounds are quite uncertain at this time and such a prediction would therefore have a
large uncertainty. Rather, we study the statistical and systematic uncertainties of a future discovery based on the
type of analysis proposed.

1) Training can include the optimization of cuts or variables for use in discrimination. In this study we have used a neural net,
however, likelihood variables or other techniques may prove to be better in the future.
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2 Higgs Boson Production and Decay
The inclusiveH → γγ analysis by its nature studies all channels in which the Higgs boson decays into two photons.
Since this analysis focuses on the measurement of the photons, the different production channels are not separated
by tagging with other particles. For this analysis we have simulated the largest production modes in the Standard
model. The Higgs boson is produced through gluon fusion, that is the dominant process, qqH through Weak Vector
Boson Fusion (WBF), associated with W or Z bosons, and associated with att̄ pair. In each case we study the
mode in which the Higgs decays to two photons. In general, these are isolated highEt photons. The cross sections
for the different production processes [5] and theH → γγ branching ratios [6] are summarized in Table 1.

Table 1: Next to Leading Order cross sections for the different Higgs boson production processes andH → γγ
branching ratios.

MH 115 GeV 120 GeV 130 GeV 140 GeV 150 GeV
σ (gg fusion) 39.2 pb 36.4 pb 31.6 pb 27.7 pb 24.5
σ (WVB fusion) 4.7 pb 4.5 pb 4.1 pb 3.8 pb 3.6
σ (WH, ZH, tt̄H) 3.8 pb 3.3 pb 2.6 pb 2.1 pb 1.7
Totalσ 47.6 pb 44.2 pb 38.3 pb 33.6 pb 29.7
H → γγ Branching Ratio 0.00208 0.00220 0.00224 0.00195 0.00140
Inclusiveσ ×B.R. 99.3 fb 97.5 fb 86.0 fb 65.5 fb 41.5 fb

While some of the channels may have additional leptons, jets or missing energy, we have not taken advantage of
those signatures. Such splitting into identifiable channels will take place in the future and will certainly improve
the performance of the analysis. For the moment these channels are investigated individually in other studies [7, 8].
Figure 1 shows an event display of aH → γγ event withMH=120 GeV.

3 Backgrounds
Backgrounds with two real highEt photons are called “irreducible”, although their effect can be somewhat reduced
due to kinematic differences from signal processes in which high mass particles are produced. Two photons can
be produced from two gluons in the initial state through a “box diagram” or from initial quark and anti-quark
annihilation. These backgrounds have reasonably small cross sections, approximately 80 pb each, and are therefore
straightforward to simulate.

Backgrounds in which at least one final state jet is interpreted as a photon are called “reducible” and are much
harder to simulate since jets are copiously produced at the LHC and Monte Carlo samples that correspond to order
of 5-10 fb−1 are much too large to fully simulate. Selections at generator level have been devised in order to be
able to select multi-jet andγ plus jets events that contribute to the background of theH → γγ channel and reject
events that have negligible chance of producing background to the final analysis.

Forpp → γ + jet, a loose pre-selection at generator level2) was employed.

Theγ + jet sample can be viewed, from the selection point of view, as coming from two different sources: one
where another photon is radiated during the fragmentation of the jet (two prompt photons), the other where there
is only one prompt photon in the final state and the other photon candidate corresponds to a mis-identified jet or
isolatedπ0 (one prompt plus one fake photon). In both analyses described in the following we will separate these

2) Electrons, positrons and photons were considered. The first step of the selection was to look for seed particles with a
pt larger than 5 GeV and|η| < 2.7. Candidate electromagnetic calorimeter trigger tower energies were then estimated
by adding all the electromagnetic particles found within|∆η| < 0.09 and |∆φ| < 0.09 from the seed. Trigger tower
candidates within|∆η| < 0.2 and|∆φ| < 0.2 of each other were then suppressed and only the candidate with the highest
pt was retained. Finally the level-1 double photon electromagnetic trigger was simulated by requiring two such candidates
with transverse energies larger thatpt1LV1 andpt2LV1 respectively. The cutspt1LV1 andpt2LV1 were chosen to be 30 and
20GeV and events have been generated with a value ofp̂⊥ > 30 GeV.
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Figure 1:H → γγ event produced in gluon fusion withMH=120 GeV observed in the CMS detector.

two types of background. For the first type we have the additional requirement of a second prompt photon at
generator level, withEt larger than 10 GeV.

For pp → jets, a tighter set of cuts at the particle kinematics level was carefully studied. We devised a selection
based on the generated particles aimed at selecting events which could produce two electromagnetic clusters con-
sistent with isolated photons in the detector. In order to apply cuts on the invariant mass of the two candidates we
estimate lower and upper limits to the energy of the candidates that will be reconstructed after the simulation. First
of all of we look for seed candidates. We consider the following particles:γ, e±, π0, η, η′, ρ, ω that could produce
electromagnetic showers consistent with photons3) in the detector. The seeds should satisfy the cuts:

• ptseed > ptseedmin

3) We found that their contribution ofK0
longto the events selected at analysis level is negligible while the number of events to

be simulated is approximately doubled soK0
longwere not included as seeds.
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• |ηseed| < ηseedmax

In order to take into account the fact the super-clusters have a sizable spread inη andφ and that more than one
particle can contribute to the reconstructed energy we do not use these seeds as photon candidates but we sum
up all the final stateγs ande±s around their direction. We define the photon candidate as the vector sum of the
momenta of theγs ande±s that satisfy:

• ptγ > ptγmin

• |ηγ | < ηγmax

• pte > ptemin

• |ηe| < ηemax

• (∆R < ∆Rγ−seed, ∆R =
√

(∆η2 + ∆φ2)) or (|∆η| < |∆η|γ−seed and|∆φ| < |∆φ|γ−seed)

We ignore the energy that may be deposited in the electromagnetic calorimeter by charged hadrons.

In addition we sum up theγs ande±s within a narrow cone around the seed direction in order to estimate the
lowest possible energy that could be reconstructed for the candidate. These should satisfy:

• ptγ > ptγmin

• |ηγ | < ηγmax

• pte > ptemin

• |ηe| < ηemax

• ∆R < ∆Rnarrow

We will refer to this energy as “narrow cone energy”. In order to evaluate the effect of tracker isolation, stable or
long lived charged particles around the direction of the photon candidates are counted using the following cuts:

• pttk > pttkmin

• ∆R < ∆Rtkmax

• |ηtk| < ηtkmax

This set of cuts defines a “candidate photon”. Finally we require that at least a pair of candidate photons in the
event satisfy:

• pt1 > pt1min

• pt2 > pt2min

• Ntkcone1,Ntkcone2 ≤ Ntkconemax

• Ntkcone1 + Ntkcone2 ≤ Ntksummax

• |η1|, |η2| < ηcandmax

• Invariant mass of the pair> Mγγmin

• Invariant mass of the pair (using the narrow cone energies)< Mγγmax
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Table 2: Cuts and selected cross sections of the selections for thepp → jets andpp → γ + jet processes. The last
line of the table, corresponding to the selection ofpp → γ + jet is added for completeness. The generator level
selection actually used in this analysis is that described in the footnote 2.

Selection Selection Selection Selection Selection Selection
A B C B’ C’ D

ptseedmin(GeV) 5 5 5 5 5 5
ηseedmax 2.6 2.6 2.6 2.6 2.6 2.6
ptγmin(GeV) 0.0 0.0 0.0 0.0 0.0 0.0
ηγmax 2.8 2.8 2.8 2.8 2.8 2.8
ptemin(GeV) 2.0 2.0 2.0 2.0 2.0 2.0
ηemax 2.8 2.8 2.8 2.8 2.8 2.8
UseK0

long Yes No No No No No
ptK0

longmin(GeV) 1.0 – – – – –

ηK0
longmax 2.8 – – – – –

|∆φ|γ−seed 0.4 0.4 0.4 0.3 0.4 0.3
|∆η|γ−seed 0.15 0.15 0.15 0.12 0.15 0.12
∆Rγ−seed 0.2 0.2 0.2 0.0 0.2 0.0
∆Rnarrow 0.02 0.02 0.02 0.02 0.02 0.02
pttkmin(GeV) 1.6 1.6 1.6 1.6 1.6 1.6
ηtkmax 2.2 2.2 2.2 2.2 2.2 2.2
∆Rtkmax 0.2 0.2 0.2 0.2 0.2 0.2
pt1min(GeV) 37.5 37.5 37.5 37.5 37.5 37.5
pt2min(GeV) 22.5 22.5 22.5 22.5 22.5 22.5
ηcandmax 2.6 2.6 2.6 2.6 2.6 2.6
Ntkconemax 3 2 1 2 1 0
Ntksummax 6 3 1 3 1 0
Mγγmin(GeV) 70 90 100 80 90 95
Mγγmax(GeV) 250 250 200 14000 14000 14000
pp → jets
σ selected (pb) 1.0× 105 1.4× 104 4.6× 103 2.0× 104 4.4× 103 1.5× 103

pp → γ + jet
σ selected (pb) 1.5× 103 4.5× 102 2.0× 102 6.2× 102 2.5× 102 1.2× 102

Various cuts were studied and we ultimately picked the selection labeled as C’ in Table 2 along with a generator
level cut onp̂⊥ of 50GeV. This led to a rejection factor of 6000 before simulation with an inefficiency of selection
of 20% compared to a loose pre-selection for analysis. In fact, events rejected by this selection have rather lowEt

photons and we assume that the effect of the lost events is negligible in the final optimized analysis.

All Monte Carlo samples used in the analysis are summarized in Table 3. All events, for signal and background,
were generated with PYTHIA [9], simulated with the Geant [10] based CMSIM [11] or OSCAR [12], and recon-
structed with ORCA version 8.7.3 [13]. Pile-up events from minimum bias interactions were added to the hard
interaction, assuming a luminosity of2× 1033 cm−2sec−1 and a beam crossing rate of 40 MHz.

In addition we apply K-factors to take into account the expected differences between the lowest order cross sections
given by PYTHIA and the NLO cross sections of the different background processes [14, 15, 16, 17, 18]. The K-
factors used for each background are summarized in Table 4 and are estimated to have an uncertainty of 20-30%.
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Table 3: Monte Carlo samples used in theH → γγ analysis with LO cross section from PYTHIA and total corre-
sponding integrated luminosities of the analyzed samples.

Process p̂⊥ Higgs Mass Cross Pre-selected Events Int Lum.
(GeV) (GeV) Section Cross section Analyzed (fb−1)

(pb) (pb)
H → γγ (gg fusion) - 120 - - 181K -
H → γγ (WB fusion) - 120 - - 193K -
H → γγ (gg fusion) - 115–150 - - 20K -
H → γγ (WB fusion) - 115–150 - - 20K -
H → γγ (WH,ZH,ttH) - 115–150 - - 20K -
pp → γγ (born) > 25 - 82 44 920K 30
pp → γγ (box) > 25 - 82 31 668K 20
pp → γ + jet > 30 - 5× 104 2.5× 103 5.5M 2.2
pp → jets > 50 - 2.8× 107 4.7× 103 4.5M 1.0
Drell Yan ee - - 4× 103 4× 103 460K 0.1

Table 4: Background K-factors applied to PYTHIA cross sections.

pp → γγ (born) 1.5
pp → γγ (box) 1.2
pp → γ + jet (2 prompt) 1.72
pp → γ + jet (1 prompt+ 1 fake) 1
pp → jets 1

4 Outline of the Analysis
Two analysis are presented: a cut-based analysis and a highly optimized analysis in which the expected signal to
background ratio is calculated for each event. The analysis performance is determined by the efficiency and thes/b
ratio, defined as the expected signal divided by the expected background in each bin of the final distribution that
is used to compute the confidence level for discovery or exclusion. For the cut-based analysis this is the invariant
mass distribution while for the optimized analysis the final distribution is obtained with the procedure that will be
outlined in the following.

By dividing the cut-based analysis in various categories with different levels of sensitivities (s/b ratio) results
improve toward those that are obtained with the optimized analysis, that is equivalent to a continuous splitting into
categories. If the maximums/b ratio in the optimized analysis is limited to that achieved in the cut-based analysis,
the performances of the two analyses are nearly identical.

The optimized, discovery-oriented analysis is very interesting in theH → γγ channel because it is useful to mit-
igate the effect of the large background and because the Higgs signal appears in a narrow mass peak allowing us
to train the analysis on the background in the mass side-bands. Thus, the analysis will not be at all limited by the
poor simulation of the background once data will be available.

5 Common Analysis Tools
In this section we describe a series of analysis tools that are common to the two analyses:
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5.1 Trigger

H → γγ events are selected with extremely high efficiency both by the Level-1 and High Level triggers that are
described in details in reference [19].Since in the analysis selection we apply tighterEt and isolation cuts, the
inefficiency due to the trigger is negligible.

5.2 Photon Reconstruction

Photons are reconstructed with the standard ECAL software4) using the hybrid clustering algorithm in the barrel
and the island algorithm in the end cap [20]. At this level the photon reconstruction efficiency is over 99.5% for
photons in the region covered by the ECAL.

New energy corrections for photons were developed and improve the energy resolution compared to previous
corrections developed for electrons. These energy corrections depend on the pseudo-rapidity and shower shape
of the super-cluster. In particular corrections are applied as function of the shower shape variableR9, that will
be defined in subsection 5.4, of the impact parameter within the crystal, estimated by the ratio of the energy in
the highest energy crystal in a super-cluster and the energy contained in the3 × 3 array centred around it, of the
vicinity to super-module borders and of the pseudo-rapidity of the photon. We try to recover in this way the energy
lost due to particles not reaching the electromagnetic calorimeter because of photon conversion and curvature in
the magnetic field or due to the leakage in crystal and inter-module borders.

The energy resolution of reconstructed photons is excellent for photons that do not convert or that convert late in
the tracker. Energy resolution deteriorates somewhat for photons that convert early in the tracker. Nevertheless,
the photon energy resolution is substantially less affected by tracker material than is the electron energy resolution
and the Higgs reconstruction in the calorimeter is quite reliable even for converted photons.

For signal events the energy response of the individual crystals of the ECAL have been smeared by the expected
precision that will be obtained after the calibration withW → eν events based on an integrated luminosity of 10
fb−1, as described in [21]. The precision is 0.3% in the central part on the barrel, growing up to 1.0% at the edge
of the barrel and in the endcaps.

For the moment we did not use the tools that have been developed to identify and reconstruct photon conversions
in the tracker [22] and we also did not use the silicon preshower detector located in front of the ECAL endcaps to
performπ0 identification. In future the inclusion of these tools will improve the performance of the analysis.

5.3 Primary Vertex Identification

The bunch length at LHC has a standard deviation of∼ 75 mm that results in a longitudinal spread of interaction
vertices of∼ 53 mm. If the mean longitudinal position is used (nominal vertex), the invariant mass of a two-photon
state, such as theH → γγ, is smeared by about 1.5 GeV, due to the mis-measurement of the angle between the two
photons related to the uncertainty of the photon directions.

The two highEt photons coming from the Higgs boson decay are produced in association with other tracks that
may come from the underlying event and initial state gluon radiation or from the other particles produced with the
Higgs boson in the case of WBF fusion, WH or ZH production andtt̄H production.

The charged tracks associated to the Higgs production vertex are typically harder than those coming from minimum
bias interactions. Therefore the vertex can be identified by reconstructing the primary vertices in the event and
selecting the one that most likely corresponds to the Higgs boson production, based on charged tracks.

The variable that we use to identify the primary vertex are:

• Pmod
tvtx :

∑
|Pt|, sum of the moduli of the transversept of all tracks with longitudinal impact points within 5

mm;

4) The clustering developed to efficiently measure electrons works very well on isolated photons.
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• Pvec
tvtx: |

∑
Pt|, modulus of the sum of the transversept vectors of all tracks with longitudinal impact points

within 5 mm from each other;

In both cases all tracks with apt larger than 1 GeV and with the absolute value of the pseudo-rapidity less than 2.4
are used.

We then choose the vertex with at least 2 tracks associated and with the largestPmod
tvtx . In case the vertex with

largestPmod
tvtx does not have also the highestPvec

tvtx we select the first ifPmod
tvtx1/Pmod

tvtx2 > Pvec
tvtx1/Pvec

tvtx2. If this
relation is not satisfied we select the second one.

At low luminosity (2 × 1033 cm−2sec−1) we are able to identify the right vertex within 5 mm from the real
one in about 81% of the cases. Clearly these results may be affected by possible deviations of the structure of the
underlying events from our current predictions. Table 5 shows the efficiency of the vertex determination, computed
after the selection described in section 6.1, for the Higgs signal and for the different BG samples.

Table 5: Vertex reconstruction efficiency for the different signal and background processes.

Process Efficiency (%)
H → γγ gluon-gluon fusion 80
H → γγ WBF fusion 89
Gluon fusion 72
Quark annihilation 71
γ + jet (eg03gamjet) (2 promptγ) 76
γ + jet (eg03gamjet) (1 promptγ + 1 fake) 85
QCD hadronic jets 90

As one can expect the best results are obtained for events without real hard photons in the final state and for those
with pairs of photons with large total transverse momentum that consequently have highpt recoiling objects.

5.4 Photon Isolation

Detailed studies of photon isolation optimization have been previously carried out [23, 24]. Fake photon signals due
to jets can usually be rejected by looking for additional energetic particles in a cone around the photon candidate.
Charged pions and kaons can be detected in the tracker or in the calorimeter. Neutral pions and other particles
decaying to photons can be detected in the ECAL. The hadron calorimeter may be important for detecting charged
particles not efficiently reconstructed in the tracker, particularly at highη, or other particles like neutrons orK0

long.

The variables with the best discrimination in the tracker have been found to be:

1. the sum of trackpt for tracks withpt above a given threshold in a cone or between two cones of size∆R
around photon candidate;

2. the angle, from the ECAL cluster, to the1st nearest track above somept threshold;

3. the number of tracks above a given threshold, within a cone around the photon candidate;

In the three cases the separation between the track and photon direction is measured by∆R =
√

(∆η)2 + (∆φ)2.
Different cone sizes have been considered and tracks have been used when theirpt exceeds a given thresholdpmin

t .

To study isolation in the ECAL we used basic clusters and super-clusters [20] reconstructed with the Island al-
gorithm even though the super-clusters in the barrel were reconstructed using the hybrid algorithm. Island basic
clusters were found to be significantly better for this purpose. The variables with the most discriminating power in
the ECAL have been found to be:
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1. the sum ofEt from basic ECAL clusters, in a cone of radius∆R around the candidate super-cluster, exclud-
ing all the energy in the super-cluster;

2. The sum ofEt from basic clusters between two cones around the photon candidate(∆Rmin < ∆R <
∆Rmax);

3. The simple shower shape variableR9 which is defined as the fraction of the super-cluster energy found
inside the 3 by 3 array of crystals centred around the highest energy crystal.

The only type of isolation variable that is used in the hadron calorimeter is the sum ofEt from towers in a cone of
radius∆R around the photon candidate.

In addition to these we use a neural network to define a discriminating variableNNisol that combines the various
isolation variables into a single result for each photon candidate. It provides a continuous variable that we can cut
on to improve the signal to background ratio. We used the following isolation variables as inputs to the Neural
Network:

• the angle to the first track above anEt of 2 GeV;

• the ECAL transverse energy in a cone of radius∆R < 0.3 excluding the candidate super-cluster energy;

• the shower shape variableR9;

• Et sum in the HCAL in a cone of of radius∆R < 0.35;

• the sum ofEt in the tracker in a narrow cone of∆R < 0.2.

At high photon efficiency, this output variable is significantly better than any single isolation variable, reaching an
efficiency ratio of 50 at 90% photon efficiency. For the optimized analysis, we are interested in very large rejection
factors as well. At 50% photon efficiency, the signal to background efficiency ratio is above 200.NNisol is one of
the key inputs to the optimized analysis enabling the estimation ofs/b for each event.

We should also note that none of these neural net results uses any of the kinematic variables such as the super-
clusterEt. The Neural Net output for isolation can then be simply combined in an analysis with other background
rejection techniques that make use of kinematic information.

5.5 Separation into Categories based on Lateral Shower Shape and Pseudo-rapidity

The shower shape variableR9 has been shown to be very useful in discriminating between photons and jets.
Because it looks in a small3× 3 crystal area inside the super-cluster it can provide information about narrow jets
and even aboutπ0s. Signal photons sometimes have low values ofR9 due to conversions, but there is no doubt
that this provides additional isolation information about the super-cluster.

Photon conversion in the material of the tracker affects both the energy resolution for the photon and our ability
to distinguish a photon from a jet. Photons with large value ofR9 either did not convert or converted late in the
tracker and have good energy resolution. Photons that did convert early have lower values ofR9 and worse than
optimum energy resolution.

In the following we will separate the events into categories with differentR9 so that we can take advantage of
better mass resolution when we expect it, yet still use all of the events since the mass resolution varies by at most
a factor of two. This separation also tends to put background events involving jets into categories with lowerR9.
Singleπ0s will also tend to give lowerR9.

We also expect that photons detected in the endcaps will have worse energy resolution and higher background than
photons detected in the barrel so that it is useful to separate events with one or more photons in the endcaps from
those with both photons in the barrel.
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5.6 Calculation of Confidence Levels

The confidence levels are computed by using the Log Likelihood Ratio frequentistic method, as described in [25],
for a given Higgs mass hypothesis.. To evaluate how much the outcome of the experiment is signal-like we
use as test-statistics the Log Likelihood Ratio (LLR) which compares the likelihood of the data to come from a
background-only distribution to the likelihood to come from a signal-plus-background distribution. Given the ex-
pected signal and background distributions in the final discriminating variable (the mass for the cut-based analysis),
the LikelihoodL of the outcome of the experiment is defined as:

L(x) =
n∏

i=1

e−(xsi+bi)(xsi + bi)ni

ni!

where the index i runs over all the bins of the discriminating variable distribution,ni is the number of observed
events in bini, the quantitiessi andbi are the expected signal and background events in bini and the argumentx
is zero for the background only hypothesis and 1 for the signal plus background hypothesis.

The Log Likelihood ratio LLR=log(L(b))/ log(L(s + b)) is:

n∑
i=1

[si − ni log(1 + si/bi)]

.

The LLR of the data is compared to the outcome of random experiments simulated by means of the expected signal
and background distributions of the discriminating variable. A large number of “gedanken” experiments is carried
out in the two hypotheses: background only (index “b”) and signal plus background, where a Higgs signal of mass
mH is added to the background, (index “s+b”).

If we definePb(x) andPs+b(x) as the normalized distributions of the two sets of experiments, the discovery
confidence level1− CLb and the exclusion confidence levelCLs are given by:

1− CLb =
∫ LLRobs

−∞
Pb(x)dx

CLs+b =
∫ ∞

LLRobs

Pb(x)dx

CLs = CLs+b/CLb

whereLLRobs is the value of the estimator computed from the data. To evaluate the discovery and exclusion
potential we use, in place of the data, the median estimators of the signal plus background and background only
experiments.

A plot of the distribution of the estimator, corresponding to a median discovery significance of about 5 sigma, is
shown in Figure 2. For a 5 sigma discovery, we want about 0.26 background-only trials in a million to have a more
signal-like estimator than the median estimator for thes+ b trials. The plot also shows that significant fluctuations
are possible in the data that could cause the luminosity needed for discovery to be either substantially larger or
substantially smaller than that expected from the median.

5.7 Effect of Systematic Errors

When we want to include the systematic errors we simply randomize the background and signal expectation by
the systematic error when generating random experiments while we keep their expectations at the nominal value
for the computation of the log likelihood ratio estimator. If necessary we include the correlations among the errors
on the different analysis bins. We observe that there is no effect of the signal systematic error on the median LLR
of signal-plus-background experiments nor on that of background-only experiments. Of course the distribution
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Figure 2: Distribution of background-only (solid histogram) and signal-plus-background (black squares) LLR
estimators for millions of random trials used to compute the confidence level. The arrow indicates the median of
the signal plus background distribution.

corresponding to the signal-plus-background experiments is enlarged by the systematic error on the signal and
this makes the exclusion more difficult. On the other hand the effect of the systematic error on the background
is very large, because of the very small signal over background ratio of at least part of the events selected for the
confidence level calculation. The mean of the distributions is still unchanged but the widths are enlarged both for
background-only experiments and for signal-plus-background experiments. The result is that both discovery and
exclusion sensitivities are decreased.

6 Cut-based Analysis
In this analysis we simply search for a mass peak in the two-photon invariant mass distribution. We select events
passing the double photon High Level Trigger. We then apply a tighter selection that requires two isolated highEt

photons.

6.1 Selection

We require that there are two photon candidates with pseudo-rapidity|η| < 2.5 and with transverse energies larger
than 40 GeV and 35 GeV respectively and that satisfy the following isolation requirements:

• no tracks withpt larger than 1.5 GeV/c must be present inside a cone with∆R < 0.3 around the photon
candidate5);
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• the totalEt of all ECAL island basic clusters with0.06 < ∆R < 0.35 around the direction of the photon
candidate, regardless of whether they belong to the super-cluster or not must be less than 6 in the barrel and
3 GeV in the endcaps;

• the total transverse energies of HCAL towers within∆R < 0.3 around the photon candidate must less than
6 GeV in the barrel and 5 GeV in the endcaps.

In order to further reduce the background that is higher when at least one of the photons is detected in the elec-
tromagnetic calorimeter endcaps and to increase the performance of the analysis in the forward region we apply
additional isolation requirements when at least one of the candidates has|η| > 1.4442. For these events we require
that also the candidate in the barrel satisfies the tighter isolation selection that is applied to photons in the endcaps:
EC AL isolation< 3 GeV and HCAL isolation< 5 GeV.

Finally, in case that there are more than two candidates that satisfy the above requirements, the two with the highest
transverse energy are used.

Figure 3: Di-photon invariant mass spectrum after the selection for the cut-based analysis. Events are normalized
to an integrated luminosity of 1fb−1 and the Higgs signal, shown for different masses, is scaled by a factor 10.

Figure 3 shows the mass distribution after the selection. The efficiency for a 120 GeV Higgs boson is 30.% and
the total expected background is 178 fb/GeV. The number of expected background events for the different types of
background is reported in Table 6 while the Higgs efficiency in different mass windows is reported in Table 7, the
efficiency is computed using all generated signal events. As we can see from the figure, the signal contribution to
the total number of events is very small, compared to the background, particularly outside the mass region under
study. The background can therefore be estimated by a fit to the data mass distribution.

5) We only consider tracks with hits in at least two layers of the silicon pixel detector, therefore converted photons are may be
rejected only if they convert before the second pixel layer
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Table 6: Expected background after the selection for Higgs boson masses between 115 and 150 GeV, expressed in
fb/GeV

MH=115 GeV MH=120 GeV MH=130 GeV MH=140 GeV MH=150 GeV
Process fb/GeV fb/GeV fb/GeV fb/GeV fb/GeV
pp → γγ (born) 48 44 36 29 24
pp → γγ (box) 36 31 23 16 12
pp → γ + jet
(2 prompt) 43 40 32 26 22
pp → γ + jet
(1 prompt and 1 fake) 40 34 22 19 14
pp → jets 29 27 20 18 14
Drell-Yan ee 2 2 1 1 1
Total background 203 178 134 109 86

Table 7: Selection efficiency for the Higgs signal in different mass windows.

Mass window Mass window Mass window Mass window Mass window
MH(GeV) ±1 GeV ±1.5 GeV ±2.5 GeV ±5 GeV 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%

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.

It will always be impossible to know the exact functional form of the background shape and we must estimate
this error by assuming a true function, simulating a distribution and then using a different function to fit the data.
Clearly this error grows with the size of the mass range used. For a reasonable mass range of±10 − 20 GeV
excluding +3 and -5 GeV from the Higgs boson mass under study and for an integrated luminosity of 20fb−1 we
estimate the statistical and systematic errors to be respectively 0.4% and 0.5%. The statistical error decreases with
the integrated luminosity while the systematic error is constant.

6.2 Splitting into Categories

By changing the cuts or adding new discriminating variables to this analysis we did not obtain large improvements
in the sensitivity of the analysis. We can see this for example from the fact that we are not able useR9, that is a
very powerful variable, to reject events without loosing in performance. This happens because the increase ins/b
ratio does not compensate the loss in efficiency.

The only way we can improve the sensitivity of the analysis is to keep all selected events and split the sample into
different categories with differents/b ratios.

We then consider three possibilities:

• one single category;
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• four categories from 2Rmin
9 ranges (Rmin

9 larger or smaller than 0.93) times 2 pseudo-rapidity regions
|η|max in barrel or endcaps;

• twelve categories from 3Rmin
9 ranges (Rmin

9 > 0.948, 0.9 < Rmin
9 < 0.948 andRmin

9 0.9) times 4 pseudo-
rapidity regions (|η|max < 0.9, 0.9 < |η|max < 1.4442 , 1.4442 < |η|max < 2.1 and|η|max > 2.1).
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Figure 4: Invariant mass spectrum after the selection relative to the cut-based analysis with four categories defined
in the text: barrel with largeR9 (a), barrel with smallR9 (b), endcaps with largeR9 (c) and endcaps with smallR9

(b), Events are normalized to an integrated luminosity of 1fb−1 and the Higgs signal, shown for different masses,
is scaled by a factor 10.

Figure 4 shows the mass spectrum after the selection in the four categories. We can observe how the signal
over background ratio is much larger in the best category and also that the composition of the background varies
between the different samples: irreducible backgrounds dominate for largeR9 and reducible backgrounds are
larger for smallR9.

Table 8 instead shows, for the 12 category analysis, the fraction of events along with the maximum s/b ratio in each
category.

Table 9 shows the integrated luminosity needed to obtain5σ discovery or95% CL exclusion for a 120 GeV mass
Higgs boson with the different analyses. The effect of the systematic errors is also shown. We want to stress again
that in the three cases (one, four and twelve categories) the event selection is the same and that the differences in
performance come from the splitting of the total sample in different sub-samples with different sensitivities (s/b).

Figure 5 shows the integrated luminosity needed to obtain5σ discovery or95% CL exclusion and the discovery
sensitivity with an integrated luminosity of 30fb−1 in the Higgs boson mass range between 115 and 150 GeV.

We limited ourselves to splitting by means ofR9 and pseudo-rapidity. Important further improvements could be
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Table 8: Fractions of events in each of the 12 categories and maximums/b in the mass region of 120 GeV.

|η|max| < 0.9 0.9 < |η|max| < 1.4442 1.4442 < |η|max| < 2.1 |η|max| > 2.1
frac. s/b frac. s/b frac. s/b frac. s/b

Rmin
9 > 0.948 15.5% 14.7% 13.1% 9.0% 10.8% 6.1% 8.5% 4.5%

0.9 < Rmin
9 < 0.948 9.4% 12.2% 6.8% 6.8% 6.7% 4.8% 2.7% 2.8%
Rmin

9 < 0.9 8.3% 7.6% 11.1% 4.3% 5.4% 3.2% 1.7% 2.2%

Table 9: Integrated luminosity needed to discover or exclude the Higgs boson with mass 120 GeV with or without
taking into account the systematic errors (fb−1).

Analysis 5 σ 5 σ 3 σ 3 σ 95% 95%
discovery discovery evidence evidence exclusion exclusion
no syst syst no syst syst no syst syst

counting exp. 27.4 48.7 10.0 13.2 4.5 6.5
1 category 24.5 39.5 8.9 11.5 4.1 5.8
4 categories 21.3 26.0 7.5 9.1 3.5 4.8
12 categories 19.3 22.8 7.0 8.1 3.2 4.4

obtained by splitting into categories using the transverse energies of the photons or the transverse momentum of
the Higgs boson candidate. For the moment we chose not to use these variables in order to be complementary with
the optimized analysis that will be discussed in the next section.

6.3 Systematic errors

We have seen that when we do not split into categories and we use the full mass distribution, the total error on
the signal is approximately 0.65% and is due to the uncertainty of the function fit to the side-bands of the mass
distribution, estimated to be 0.5%, plus the statistical error on the fit that is approximately 0.4% for an integrated
luminosity of 20fb−1.

An error of 0.65% has a very large effect on the discovery CL when we use only one category. The reason is that a
large fraction of signal events corresponds to a very lows/b (of the order of a percent). The effect can be reduced
by applying a cut on the signal over backgrounds/b. This corresponds to using events in a mass window around
the analyzed mass, untils/b becomes smaller than the chosen cut. The optimal cut for this analysis is 0.02. This
cut is also applied when systematic errors are not included.

When we split into categories the number of background events in each category is reduced on average by 1/Ncat

on average and this increases the statistical error on the background estimation by approximately a factor
√

Ncat

and this error is completely uncorrelated between the different categories. The error related to the uncertainty of
the fit function remains constant and it is also uncorrelated between the different categories because, due to the
different cuts the true background shapes are different and are described by completely different functions. The
total error is then less than the total error reduced by 1/Ncat. This reduces the effect of the systematic error on the
discovery.

The total systematic errors on the background are estimated to be at 20fb−1:

• 0.65% 1 analysis

• 0.95% 4 analysis

• 1.5 % 12 analysis
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Figure 5: Integrated luminosity needed for a5σ discovery or95% CL exclusion (left) and discovery sensitivity
with an integrated luminosity of 30fb−1 (right) with the cut-based analysis with 12 categories.

and their statistical part decreases with the square root of the integrated luminosity.

The effect of the systematic error on the background estimation is also related to thes/b of the analysis. A more
sensitive analysis, for which a larger part of the signal has a highers/b ratio, is less affected by the same relative
uncertainty on the background.

Clearly our current understanding of the background is affected by larger uncertainties such as: cross section, di-
photon kinematic distributions and efficiency of the selection (mainly affected by jet fragmentation, pile-up and by
the structure of the underlying events). All of this results in a large uncertainty on the background rate that on the
other hand will be known very precisely when we will start taking data.

The systematic error on the signal, that as has been mentioned has no effect on the discovery CL, is due to the
theoretical uncertainty of the cross section (+15 -12% from the scale variation and +4 -5%), to the measurement of
the integrated luminosity (∼5%), to the trigger (∼1%), to the analysis selection (that will be measured for example
with Z→ µµγ) and to the uncertainties on the photon energy resolution. Other effects that could modify our ability
to discover the Higgs boson are: the uncertainties on the structure of the underlying events, that could change the
efficiency of the primary vertex determination and the amount of material in the tracker before the electromagnetic
calorimeter.

We have considered the effect on the performances of the analysis of an increase of 20% of the tracker material.
The main effects on such change on the analysis would be:

• increase of the inefficiency of the track isolation requirements for early photon conversions, before or inside
the second layer of the pixel detector.

• increase of the inefficiency of ECAL isolation cut;

• decrease of the value ofR9 for all photons that would cause a migration of events from more sensitive
categories to less sensitive categories.

We estimated that such change would increase the luminosity needed to achieve a given discovery CL of approx-
imately 6%. Given that the amount of tracker material will be known with a precision of∼2% [26] the related
systematic error is less than 1%.
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In the following we will use a conservative 20% systematic error on the signal. Its primary effect is on the exclusion
limit and not discovery potential, since the signal rate is directly measured from data in case of discovery.

6.4 Results of the Cut-Based Analysis

The results are shown in Table 9 for a 120 GeV mass Higgs boson with the different analyses. We can observe
how the performance increases and the effect of the error on the background estimation decreases with the number
of categories.

Figure 5 shows the integrated luminosity needed for discovery and exclusion for all the mass range studied between
115 and 150 GeV when we use the 12-category analysis. We can discover the Higgs boson with mass between 115
and 140 GeV with less than 30fb−1 and exclude it at 95% CL with less than 5fb−1 in the same mass range.

The final thing we want to remind is that all the above results have been obtained assuming a calibration of the
ECAL with the precision given in [21], that is 0.3% in the central part on the barrel, growing up to 1.0% at the edge
of the barrel and in the endcaps, after having collected an integrated luminosity of 10fb−1. If instead we could
calibrate the whole ECAL with a precision better than 0.5% over all the solid angle, the results would improve in
such a way that approximately 10% less integrated luminosity would be needed for discovery.

7 Optimized Analysis Estimatings/b for Each Event
In the optimized analysis six categories are used, three in which both photons are in the barrel and three in which at
least one photon is in an endcap. The three categories are defined, as for the cut-based analysis, to have the lowest
R9 photon candidate withR9 > 0.948, 0.948 > R9 > 0.90 andR9 < 0.90 respectively. They are numbered from
0 to 5: first the 3 barrel categories with decreasing values ofR9 then the 3 endcap categories again with decreasing
values ofR9.

7.1 Mass Distributions in Categories

The di-photon mass distributions enable the separation of signal from background. Signal peaks sharply at the
Higgs mass while the backgrounds are quite smooth. This allows us to estimate the amount of background under
the peak well. Events near the Higgs mass hypothesis have a large expected signal to background ratio while events
outside the peak have a much lowers/b expectation.

The mass plots in the six categories are shown in Figure 6 for signal and background. The best mass resolution
and the bests/b ratio in the peak is found in category 0, with highR9 in the barrel.

7.2 Loose Selection of Events for Optimized Analysis

First of all we apply isolation requirements to photon candidates prior to the computation of the neural network
isolation variablesNNisol:

• the transverseEt of the photon candidates must be larger than 40 GeV and the absolute value of their
pseudo-rapidity less than 2.5;

• no tracks withpt larger than 1.5 GeV/c must be present inside a cone with∆R < 0.1 around the photon
candidate;

• the totalEt of all ECAL island basic clusters with∆R < 0.3 around the photon candidate, excluding those
belonging to the super-cluster itself must be less than 5 GeV;

• the total transverse energies of HCAL towers within∆R < 0.35 around the photon candidate must be less
than 35 GeV;
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Figure 6: The distribution of di-photon mass for background and signal in the six categories with arbitrary normal-
ization. The three barrel categories are shown on the top and the corresponding three endcap categories are shown
on the bottom. The signal plots, shown forMH=120 GeV, are as a function of mass difference from the true MC
Higgs mass.

• the sum of the transverse momenta of charged tracks within∆R < 0.2 around the photon candidate must be
less than 100 GeV.

Before optimizing the final analysis, some additional cuts are applied. These both simplify the neural network
training and slightly improve the performance:

• we require that the events pass the double photon High Level Trigger;

• we require that the isolation neural net output be greater than 0.25 for both photons.

7.3 Optimized 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 back-
ground photon rate decreases withEt while the signal extends to higher photonEt. The background can have a
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high mass by having a largeη difference. Weak Boson Fusion and associated production of a Higgs with other
massive particles enhance 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 we estimate the expected
signal over background,s/b, for each event. This will be particularly effective if thes/b varies significantly from
event to event. We find this to be the case for this analysis due to wide variations in photon isolation and photon
Et. There is also significant dependence on photon conversion and on location in the detector.

In this step of the analysis, we combine one photon isolation variableNNisol for each photon, with kinematic
variables to help separate signal and background. A neural net is trained to distinguish background events 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 we can easily use independent samples for the signal Monte Carlo.
The input variables are devised to be insensitive to the di-photon mass so that background rejection due to the
kinematics and isolation is independent of the background rejection from the mass distribution.
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Figure 7: Distribution of the minimum value of theNNisol variables of the two photon candidates. Events are
normalized to an integrated luminosity of 7.7fb−1 and the signal (MH=120 GeV) is scaled by a factor 50.

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

1. NNisol1

2. NNisol2
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Figure 8: Distribution of the kinematic inputs to the neural network for signal and background sources. A value of
the neural net output is required to be greater than 0.85. Events are normalized to an integrated luminosity of 7.7
fb−1 and the signal (MH=120 GeV) is scaled by a factor 50.

3. Et1/Mγγ

4. Et2/Mγγ

5. |η1 − η2|

6. PL

The distributions of the input variables are shown for signal and background in Figures 7 and 8. We have not
used variables or kinematic information that are likely to be highly sensitive to higher order corrections to the
background simulation such as theEt of the Higgs boson candidate or more particularly theEt transverse to the
photon direction. We also have not used information about additional jets. Certainly this type of information will
ultimately be useful but may not be reliable until we have better simulations or actual data to train on.

The neural net is trained in each of the six categories independently. The net has six input nodes, twelve intermedi-
ate nodes in a single layer, and one output node. We have modified the error function from the standard to improve
training toward a high signal over background region. Figure 9 shows the distributions of neural net output for
signal and background in category 0. 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. In the Figure the cut value is indicated by
the end of the fit lines. These functions will be used to bin the data and to smooth the background in a limited
region.
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Figure 9: The distribution of kinematic neural net outputs forMH=120 GeV Higgs signal (solid) and background
(dashed) in category 0 with arbitrary normalization. The fit functions are also drawn.

It is useful to see the source of events in the neural net output distribution. Figure 10 plots the various signal and
background sources versus the neural net output. Low NN outputs are dominated by photon candidates from jets
which are not well isolated. The large peak represents both signal and background where the photon is relatively
well isolated and the photonEt is aroundMH/2, corresponding to events with a large value ofNNisol. Higher
photonEt events are found in the peak near 1. There is an enhancement of the signal there for all types of signal
but particularly for the WBF and associated production processes. The background there is dominated by events
with at least one jet interpreted as a photon.

7.4 Estimation of Signal to Background Ratio for Each Event

In order to get the most information out of each event, we wish to estimate the signal over background for that
event. We will count events at highs/b separately from events at lows/b. In the simplest analyses, cuts are applied
to select only highs/b 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.

In our case, events in the mass peak for the Higgs mass hypothesis under consideration have highs/b expectation
while events outside the peak have lower expecteds/b. Similarly, events at highNNkin output have highers/b
expectation. We have made the kinematics and isolation information inNNkin independent of mass information
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Figure 10: The neural net output for events in the barrel for each signal (MH=120 GeV) and background source.
Events are normalized to an integrated luminosity of 7.7fb−1 and the signal is scaled by a factor 50.

so we can multiply the twos/b ratios together to get a good estimate6) of thes/b expectation for the event:(s

b

)
est.

=
(s

b

)
mass

×
(s

b

)
kin

We now bin signal and background in exactly the same way, according to thes/b estimate. Histograms are made
in each of the six categories. We will use these histograms to calculate confidence levels that data are consistent
with a background-only hypothesis or with a signal-plus-background hypothesis.

To help understand why the event by event use of ans/b estimate improves the performance of the analysis,
Figure 11 shows the variation of the inverse,b/s, in category 1 by plotting the background events in a±8 GeV
mass window versus the confidence level that the event is consistent with signal. This CL is just computed from the
NN output such that the signal distribution in this plot is rigorously flat and has a value of 1. The 10% of the signal
that is in the range0 < CLsig < 0.1 has a very bads/b while the 10% of the signal in the range0.9 < CLsig < 1
has a goods/b which can improve by a factor of about 10 when mass information is also used.

6) Note that this is only an estimate that is used in the same way to bin signal and background. If the estimate is bad, the
performance of the analysis suffers because goods/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. Thes/b estimate need not be normalized correctly. It is only
a relative number used to bin events from signal and background. The actual signal to background ratio will be computed
from the binned events.
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Figure 11: Background events plotted versus the confidence level, computed from the NN output for an event
to be consistent with signal in category 0. The signal (MH=120 GeV) is rigorously flat in this variable. The
normalization is such that the y-axis givesb/s in a 16 GeV mass window.

We may also note in the figure that MC statistics for the background are low and pose a significant challenge for
this analysis.

7.5 Smoothing the Background

TheH → γγ channel has the good feature that the mass is essentially independent of isolation and suitably chosen
kinematic variables. Assuming that mass and NN output are uncorrelated, background can be smoothed well even
in regions with fairly low statistics.

The background expectation in a bin must be reliably estimated in order to correctly calculate confidence levels.
Downward fluctuations in the background estimation can have a significant impact on the CL. With the current
simulation statistics, we have about one seventh of the statistics on important backgrounds that we will have in
the data at the time we would discover the Higgs, therefore, problems with background estimation are even more
difficult now than they will be when the experiment will be performed.

The background distributions are very regular in the mass variable. We therefore can reliably smooth the distribu-
tion in mass. We do this by spreading each event over a±5 GeV region according to the functions fit to the mass
distribution. We could use a wider mass region but this would interfere7) with the training of the analysis on an

7) For now, we have erred on the side of independence of the training and analysis samples. This may not be optimal in the
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independent sample in the mass side-bands.

We also smooth the background distribution in the neural net output over a region of±0.05 using the fit functions.
It is therefore quite important that the background fit functions accurately represent the neural net distribution. In
the smoothing process, we are careful to maintain the normalization of the background to high accuracy.
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Figure 12: The di-photon mass distribution for each source for barrel events with kinematic neural net output
greater than 0.85. Events are normalized to an integrated luminosity of 7.7fb−1 and the signal (MH=120 GeV) is
scaled by a factor 10.

With this two-dimensional smoothing, the background statistics are dramatically enhanced and accurate back-
ground expectations are obtained except in the regions with extremely small amounts of background. In such
regions, we must combine bins until sufficient background statistics are available8). This combination clearly
reduces the sensitivity of the analysis but cannot be avoided without a more detailed understanding of the back-
ground. This will be a goal for this analysis in the future. At this time, we require at least 20 Monte Carlo
background events in a bin to use the background estimate. Since our current MC statistics is about seven times
lower than the statistics we expect to have in the data, significant performance improvements are expected to come
from our ability of using highers/b bins.

The mass distributions for various neural net cuts are shown to understand the signal we have and to see the
importance of background smoothing in an analysis such as this.

end when a good estimation of background in very low background regions is important.
8) If a s/b bin has too few MC background events contributing to it, we combine it with the nearest (lowers/b) bin. We

continue to do this until there is sufficient statistics.
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Figure 13: The di-photon mass distribution for events in the barrel (top) and for endcap events (bottom) with
kinematic neural net output greater than 0.85 andR9 > 0.948 for each signal (MH=120 GeV) and background
source. Events are normalized to an integrated luminosity of 7.7fb−1 and the signal is scaled by a factor 10. Both
the signal rate and the purity are seen to be lower for endcap events.
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Figure 14: The di-photon mass distribution for each source for barrel events with kinematic neural net output
greater than 0.97. Events are normalized to an integrated luminosity of 7.7fb−1 and the signal (MH=120 GeV) is
scaled by a factor 10.

Figure 12 shows the mass distribution for barrel events with a cut on the neural net output at 0.85. This cut simply
excludes most of the obviously non-isolated candidates. One can see that all of the backgrounds are important at
this level.

Figure 13 shows the barrel and endcaps mass distribution with the same cut but only for category 0 which has the
most narrow photon showers in the calorimeter. We see that the total signal and signal to background are smaller
in the endcaps. Figure 14 shows the mass distribution for barrel events with a tight cut at 0.97. Here we can clearly
see the importance of background smoothing which has not been applied for this distribution. Figure 15 shows
the mass distribution for neural net output greater than 0.97 in category 0. Again it is clear that smoothing in two
dimensions is needed to get a reasonable estimate of the background. It is useful to note that even in this very
high s/b region, the largest contribution to the signal is from gluon fusion and that all three signal sources are
represented.

7.6 Combination of Categories into Finals/b Distribution

At this point we have signal and background binned ins/b in six categories. We could simply use these to
calculate the confidence level, however, it seems most useful, in light of future plans to analyze separate channels,
to combine the categories into ones/b plot. We combine the six histograms into one which can be used to calculate
confidence levels. In principle, this is the same as combining results from different channels or even from different
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Figure 15: The di-photon mass distribution for each source for barrel events with kinematic neural net output
greater than 0.97 andR9 > 0.948. Events are normalized to an integrated luminosity of 7.7fb−1 and the signal
(MH=120 GeV) is scaled by a factor 10.

experiments in a way that makes optimal use of all channels and does not pollute high quality channels with data
of lesser purity.

We combine the six histograms into one final histogram based on the actual signal to background in each bin.

The final binning of data intos/b bins is shown in figure 16. The plot extends from very lows/b to a small number
of events withs/b > 1.

One can estimate the relative contribution of each barrel or endcap category by comparing the total LLR with the
one computed excluding one category at a time. The six categories have rather widely varying contributions to the
Log Likelihood Ratio and hence to the performance of the analysis. Table 10 shows the fraction of signal compared
to the fraction of the LLR for each category.

Some of the categories have fairly small effect on the analysis. This remains true after the application of systematic
normalization uncertainties described below. It is clear that photons which convert cause a significant deterioration
of the performance of this analysis. We hope to mitigate this somewhat by using the reconstructed conversions in
the future, however, the poorer mass resolution cannot be recovered and we don’t expect a big effect.
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Figure 16: The final distribution of binned signal (MH=120 GeV) and background inlog(s/b) for an integrated
luminosity of 7.7fb−1. Here the Higgs signal is normalized to the integrated luminosity and the statistics benefits
of the smoothing of the background. Signal and background events are added independently.

Table 10: Performance in the six categories forMH = 120 GeV.

Category Signal % LLR %
0 27.8 48.0
1 16.1 24.8
2 21.7 11.9
3 16.6 9.7
4 9.0 4.1
5 8.8 1.5
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7.7 Systematic Errors

In the optimized analysis there will also be an important systematic error on the background interpolation under
the Higgs mass peak. We estimate that this will be a 1% uncertainty on the background normalization. This
normalization uncertainty primarily affects the lows/b region.

Again, to reduce the effect of this shift in normalization it is best to impose a minimum cut ons/b to eliminate
bins with a large amount of background and little signal. For all analyses we requires/b > 0.02.

The systematic error on the signal does affect the estimate of the amount of luminosity needed for a discovery.

7.8 Results of the Optimized Analysis

We have performed most of our development and studies for a Higgs mass of 120GeV. For this mass, we find that
a five sigma discovery can be made with about 7fb−1 luminosity.

A 1% background normalization uncertainty corresponds to a increase of the luminosity needed for a 5 sigma
discovery from 7fb−1 to 7.7fb−1.

Of course there is a great deal of uncertainty in this benchmark estimate of luminosity due to our poor understand-
ing of the backgrounds we will have when the LHC starts running, however, this is not considered a systematic
error on this analysis since we propose to measure the background from the data.

Figure 17 shows the luminosity needed for a five sigma discovery and the discovery sensitivity with an integrated
luminosity of 30fb−1 for several Higgs masses. These should be treated as benchmark numbers at this time not
precise predictions of what will happen. Nevertheless, it seems possible to discover, or at least have strong evidence
for a low mass Higgs in the first good year of running.
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Figure 17: Integrated luminosity needed for a5σ discovery (left) and discovery sensitivity with an integrated
luminosity of 30fb−1 (right) with the optimized analysis. The results from the cut-based analysis in 12 categories
are also shown for comparison.

One important result can be gleaned from table 10. The net effect of events in which one or more of the photon
candidates is in the endcaps is only about 15%. This may help with prioritization of calibration and analysis effort.
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8 Measurement of the Higgs boson mass
If the Higgs boson will be discovered in theH → γγ channel the we will be able to measure its mass. We have
studied the mass measurements with the cut based analysis with two different methods:

• measurement from the∆Log(likelihood) using all events;

• measurement from the∆Log(likelihood) using the cut-based analysis split in 12 categories.

The expected statistical errors are shown in Table 11 for an integrated luminosity of 30fb−1. The statistical errors
simply scale with1/

√
Int L. The errors are slightly asymmetric, due to the tail of the reconstructed Higgs mass

distribution at lower masses, the positive error being approximately 10% smaller than the negative. The Table
shows the average between the two.

Table 11: Expected statistical errors on the Higgs boson mass measurement for 30fb−1.

MH=115 GeV MH=120 GeV MH=130 GeV MH=140 GeV MH=150 GeV
All events 184 MeV 184 MeV 201 MeV 222 MeV 298 MeV

0.16% 0.15% 0.15% 0.16% 0.20%
12 categories 127 MeV 139 MeV 129 MeV 156 MeV 204 MeV

0.11% 0.12% 0.10% 0.11% 0.14%

As we can see the statistical error will be 0.1 to 0.2% already with 30fb−1, when the significance of the discovery
would be 5 to 6σ with the cut based analysis. Of course this measurement will be affected by the uncertainty of
the absolute scale of the photon energy measurement that will be derived for example by the measurement of the
Z mass in the radiative Z decays Z→ µµγ.

9 Summary
With a standard cut-based analysis with less than 30fb−1 of integrated luminosity we can discover the Higgs boson
with 5σ significance between the LEP lower limit and 140 GeV. Approximately 5fb−1 are needed to exclude its
existence in the same mass range if the SM Higgs boson does not exist in that mass range.

We have also demonstrated that theH → γγ channel can be used to discover a low mass Higgs with an integrated
luminosity not too different from that needed for higher mass Higgs, 7.7fb−1 at 120 GeV. Because of the excellent
mass resolution expected in the di-photon channel, we can measure the background rate and characteristics from
the data at masses away from the Higgs mass hypothesis.

We have presented here an inclusive analysis. In future we will identify the various signal channels by looking for
additional jets, leptons, or missing energy. This will clearly improve the sensitivity of the analysis. For the moment
these channels are investigated individually in other studies [7, 8].
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