Available on CMS information server

CMS NOTE 2006/110

The Compact Muon Solenoid Experiment

CMS Note

Mailing address: CMS CERN, CH-1211 GENEVA 23, Switzerland

CER/W
\

/S

30 May 2006

Search for a neutral Higgs boson with WH / ZH,

H— ~~ channel

M. Lethuillier, O. Ravat, J.-L. Agram, C. Baty, S. Gascomf{in, S. Perries

Abstract

Institut de Physique Nucléaire de Lyon, CNRS-IN2P3, Usii&Lyon 1, F69622 Villeurbanne

The associated productions WH and ZH of a Higgs boson degagto a photon pair are studied
using a full detector simulation, with systematic uncenties taken into account. One year of LHC
running at high luminosity (integrated luminosity tf0 fb 1) allows an observation ab3of the SM

Higgs boson from the LEP lower limit up tt6 GeV /c2. Three years of running at high luminosity
allows a & discovery from the LEP lower limit up tv48 GeV/c%. In addition, this channel may be
one of the recovery channels in case of a light higgs gluojghsatenario.



1 Introduction

Compared to the gluon-gluon fusion changeel» H — ~~ [1], the associated production channels WH/ZH suffer
from a much lower production cross section. Several adgasténowever, make these channels attractive when the
decay of the gauge boson results in a charged lepton: ragain additional relatively high transverse-momentum
lepton greatly reduces the significant QCD background imthéopology and improves the primary vertex re-
construction [2]. In the context of supersymmetric modeiaximal mixing in the stop sector could result in a
strong suppression of thgg — h signal, which the associated production channels wouldeatubject to [3].
The searched-for final state comprised of 2 isolated phadodsat least one isolated electron or muon is close
to that of the other associated production chantiédl[4]. The 2-photon signature of a Higgs boson decay has
also been studied in association with two forward jets [SfteAone year of high luminosity running, from 88 to
25 eventsWH — [vvyy (with [ = e or ) and from 15 to 4 event8H — [+~ (with [ = e or i) are expected for
Higgs boson masses in the rangeé — 150 GeV /c?. Prior generator-level studies in the context of the Steshda
Model [6] and of the MSSM [7] show the possibility of a discoyén this channel. This was confirmed by two
ATLAS studies, using a fast simulation, published in [8, Bie results presented in this note are the continuation
of the work documented in [10].

2 Event generation and preselection

All the processes considered in this study have been sietlddtthe leading order. Signal events were generated by
the matrix element generator COMPHEP [11] for Higgs bosossearanging from 90 to 188V /2, in steps of
5GeV/c?. At each mass value, 10000 events were generated. Totatsestions have been rescaled accordingly
to the NLO calculation [12]. K-factors from 1.15 to 1.16 at#a@ned on the whole mass range. Branching ratios
for H — ~v were taken from HDECAY program [13]. The irreducible baakgnds from the process&g~~ et

Z~~ were also generated with COMPHEP, with the same K-factgptiexpas those pertinent to the signal. Frag-
mentation and hadronization was performed by PYTHIA [14].

The following five most significant reducible backgroundsevestained due to their capacity to mimic they
signal:

- ~-jet production: one prompt photon, one lepton faked withijet or from a semi-leptonic decay of B
meson, and the other photon either radiated by the outgaiagkgor faked by &° (or i, w) within a jet;

- v prompt diphoton production from gluon fusion or quark ariaiion: the lepton is either a fake or a B
semi-leptonic decay from a jet radiated in the initial state

- W~ production: one prompt photon, one lepton coming from the &Wag, and the other photon either
radiated by the lepton or faked in a jet radiated by one ofrift@al quarks;

- tt pair production: one lepton from a leptonic decay of a W, dadckivo photons are either a bremsstrahlung
of a top, or radiated by the lepton, or a fake within a jet, oebattron coming from the other W or from a
semileptonic decay of B meson and of which track was not aesi¢o the calorimeter cluster;

- bb pair production: the lepton is coming from one semileptatécay, one photon may be radiated by this
lepton, and most probably the two photons are mimicked byrakliadrons within jets. The probability to
get two isolated photons is much smaller compared to othekgraunds, but is largely compensated by the
very high cross-section.

All these backgrounds have been generated with PYTHIA aauditg) order cross-sections are considered, except
for thett production where a NLO cross section of 840 pb is used [15].

To ensure an efficient generation and preserve sufficietistita of the most signal like events, a preselection
is applied at generator level. Three electromagnetic cite$ or two electromagnetic candidates and one muon
candidate withEr > 20 GeV and|n| < 2.7 are required. For backgrounds generated with PYTHIA, actele
magnetic candidate is obtained by clustering electronspdietions in aAn = 0.09, A¢ = 0.09 window. Muon
candidates are either, T, w, or K particles. The cross-sections, the number of gengate preselected events
and the statistical weight for each reducible backgrourdgaren in Table 1. For backgrounds generated with
COMPHEP, the electromagnetic and muon candidates areysttmplphotons and the electron or muon from the
hard process. The selection at this level is necessary td dixergence problems in COMPHEP.
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Table 1: Preselection at generator level for reducible amknds.

pr bin Cross-section Number of Number of Equivalent
(GeV/e) (pb) generated events preselected event$ luminosity (fo—1)
~y 30-100 107.8 6.4 107 139 500 597
Ty > 100 1.95 5.9 109 109 500 3008
Wy | 30-100 5.54 2.0 107 80 000 3683
Wry > 100 0.25 1.1 108 20 000 4181
bb 30-100 1.8 108 4.6 108 25323 0.26
bb > 100 1.3 10% 5.2 108 80 000 0.40
tt - 86.2 1.2 108 80 000 13.3
~-jet | 30-100 1.210% 1.7107 5726 0.14
~v-jet | > 100 1.8 103 4.4 108 79873 2.52

3 Event reconstruction

The events were generated assuming a pile-up rate cormisgdo high luminosity phasel(= 10** cm~2s71).
Full detector simulation and reconstruction has been useskd on GEANT 3 [17].

4 Trigger selection

The default trigger tables at high luminosity are used. Evare required to pass the global Level 1 trigger [19].
Only the double photon stream of the High Level Trigger (HIST3elected [20]. The transverse energy thresholds
are asymmetric and set to 35 and@6V /c. The trigger efficiencies for the preselected signal evargshigher
than 95% on the whole Higgs boson mass range (90 tod&0/c?). The efficiencies reach 98% for signal
events preselected with three electromagnetic candidat&92% for those preselected with two electromagnetic
candidates and one muon candidate. The number of eveniag#ss trigger selection is given in Table 3 for
signal and irreducible backgrounds and in Table 4 for rddladdackgrounds.

5 Offline event selection
5.1 Analysis method

The goal of the first part of the analysis is to eliminate thexiimam possible number of reducible background
events with large statistical weight (especiallyand~-jet backgrounds).

A very loose preselection is applied: at least two offlinetphs and one electron or muon has to be reconstructed
by the standard algorithms. Four discriminant combinedbizes are then constructed using a likelihood ratio
method to estimate:

¢ the isolation of the photons
¢ the quality of the lepton reconstruction
¢ the isolation of the lepton

e the QCD / multi-jets nature of the event

The reference histograms for the four likelihoods are abpiced on independent simulated event samples at this
same level of preselection. The input reference histogrased in the likelihood are not produced consecutively
(i.e. not produced with the subset of events selected by the cub@mrevious likelihood) in order to limit
the integrated luminosity necessary for an optimizatiotheflikelihood based on real data taken from the,
sidebands as it will be shown in section 6.1. The expectexs it signal and background events at this level are
given in Table 2.

Table 2: Cross-section times branching ratio times sele@tfficiency after the loose preselection applied before
the four likelihood calculations. The preselection regsitwo offline photons and one offline electron or muon.

WH ZH | Wyy | Zyy | v | wy bb tt ~-jet
o x BRx e(fb) | 0.373 | 0.040 | 7.038 | 7.681 | 56.9 | 13.6 | 63524 | 1714 | 21495




Sequential cuts are then applied on these 4 discrimantolasiaAfter the strong suppression of multi-jets back-
grounds bb, tt andy-jet), some kinematical variables (lepton/photon angled momentum, magnitude and
direction of the missing transverse energy) can be used@mddioed into a final likelihood to discriminate more
signal-like backgroundsX v+, Zv~, vy, W+). No kinematical variable is used in the 4 first likelihoodsavoid
correlations between these variables and the di-photos siase it would degrade the performance of the likeli-
hood optimization in then.,, sidebands.

5.2 Photon reconstruction and isolation

Photons are reconstructed with the standard CMS offlineidthgos. Photon candidates with a matching seed in the
pixel detector are rejected. The two photons with the higinassverse energy are selected. The photon candidates
identified in multijet background events come largely froeutial hadrons#°, i, w) within the jets. Photons
produced in the decays of these hadrons are strongly catliwgh the jet direction. Therefore electromagnetic
and hadron calorimeter isolation should permit strongriigsoation between these hadron-decay photons and
prompt isolated signal photons. Detailed studies of thetgghdsolation criteria have been previously carried
out for theH — ~+ inclusive analysis [22, 23]. Several variables which eaterthe calorimetric energy in the
neighbourhood of a photon were tested:

e ECAL SimpleCone: Sum the transverse energy of the basiterkifeconstructed with the “island” algo-
rithm [21]) within a coneA R < 0.3 around the photon, excluding the basic clusters belongitiget photon
supercluster (see Figure 1);

e ECAL BiCone: Sum the transverse energy of the island basgtets within a double coried8 < AR < 0.3
centred on the photon (see Figure 2);

e SCISO: Sum the transverse energy of the island basic clustighin a double con®.08 < AR < 0.35
centred on the photon, excluding the basic clusters i < 0.03 band (see Figure 3). This isolation
variable is similar to the one used by default for electronsig objects in ORCA The Phi ring is used to
exclude from the isolation method the clusters due to thmbsé&rahlung;

e HCAL Iso: Sum of the transverse energy of the HCAL towers imith coneAR < 0.3 around the photon
(see Figure 4);

e HCAL nTowers: Number of HCAL towers hit withinin a coneR < 0.3 around the photon (see Figure 5).

The use of isolation criteria involving the pixel detectoasvalso considered. This enables slightly increased
discrimination power but at the price of a non-negligibledan signal efficiency. Since the goal is to preserve
the highest efficiency possible before entering the secantdgb the analysis (use of kinematical variables), the
criteria were not adopted.

To combine the isolation variables, a likelihood ratio noetlis used. For each observablg the likelihood ratio
Li(z;) is defined as:

Liw;) = 2712

wheref* and fB are the probability density functions for the signal andlihekground. A global discriminant
variabley is then constructed as the product of the individual likediti ratiosC;(z;). Theoretically, the combina-
tion of several discriminant variables is optimal only if kidimensional functions are used in the likelihood ratio.
Nevertheless, with weakly correlated variables, we wiltlg® following approximation:

B fs(xla"':xn) - fS(:El)X...XfS(ﬁL‘n

Another approach is to apply weights to the individual likebd ratio to take into account the correlations [24]. To
search for the best performance, the curves giving the kidficiency versus the expected background (obtained
by varying the cut ory) are compared for different combinations of variablesairehg those which yield the
best rejection accompanied by high signal efficiend0(— 95%). The best performance is obtained with a
combination of the ECAL SimpleCone and the HCAL Iso variabier both photons. The distribution of the
resulting discriminant variablg is shown in Figure 6. We apply the criteritwy(y; ) > —0.4 which is particularly
effective againsbb pair production (rejection factor of 76) as well as againptquark pair production (rejection
factor of 30). On the other hand the backgrounfet is only reduced by a factor of 4 due to the presence of
genuine isolated photon.

Bwl,...,a:n Bﬂjl BZBn -
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5.3 Quality of the lepton reconstruction

The standard offline algorithms are used to reconstruct ldetrens and the muons. Sometimes several tracks
are matching the same electron supercluster. The trackthgtimomentum closest to the supercluster energy is
chosen. The lepton candidate is then defined as the electronan with respectively the higheBY measured by
the electromagnetic calorimeterr. We then seek to verify good reconstruction quality for #ygtdbn candidate
and to reject fake leptons produced within jets. In the cdseultijet events, the density of particles within a jet
is such that the calorimetric deposits from photons or m¢btdrons are frequently erroneously associated with a
track and are wrongly identified as electrons.

Numerous variables involving the calorimetry and the teaiclystem were tested. The four variables yielding the
most significant discriminating power are:

e E../p: the ratio between the electron energy as measured indgbtra@magnetic calorimeter and its mo-
mentum measured by the tracker. This ratio should tend @svhwhen the calorimetric deposit has been
correctly associated to a track. The distribution of thigatale is shown in Figure 7;

e E.4/E: the hadronic energy fraction;

e Ap trk-clus: The distance i between the track and the associated supercluster. Thie gabuld tend
towards 0O in the case of a correct association. The angleiiis ptot considered due to bremsstrahlung.
Under the influence of the magnetic field, the electron tenddidtance itself in phi from the radiated
photons. The distribution of this variable is shown in Fig@r

¢ 19: The ratio between the sum of the energies of 9 crystal8 (Batrix centred on the maximum-energy
crystal) and the energy of the corresponding superclubkés.ratio is related to the shower shape. Electrons
having experienced little bremsstrahlung have their gneogcentrated in the shower center (see Figure 9).

The four variables are combined in a likelihood. The disititn of the output variablg, is shown in Figure 10.
Acutlog(y2) > —0.6 is applied.

In the case of muons the purity obtained by the standard Clé@struction algorithms has already proven suffi-
cient; therefore, no additional criteria are applied .

5.4 Lepton isolation

In most of the reducible backgrounds, the identified lepsanfake lepton or a lepton from a B semi-leptonic decay
within a jet, far less isolated than a lepton coming from a WZ @lecay. The same variables as those studied for
photons are tested. For the electron, the method is quitiasito the photon case. For muons, the muon track is
extrapolated through the magnetic field to the calorimétee only difference is that no cluster is associated to the
muon, so no basic clusters are removed during the calcolafithe ECAL SimpleCone variable and the energy
deposited by the muon in the calorimeter is not substradtbdt is why the ECAL BiCone variable offers better
performance than the SimpleCone one. The best combinatmitained with (ECAL BiCone + HCAL Iso0). The
distributions are presented in Figures 11 and 12. In additiee number of pixel lines within a conkR < 0.3,
presented in Figure 13 improves the discriminative powetheflikelihood. In the future, some performance
improvement of the lepton isolation is expected by usingftifidracker information as it was done in [24]. The
distribution of the output variablg; of the likelihood is shown in Figure 14. A clig(ys) > —0.3 is applied.

5.5 Multi-jet events rejection

The rejection ofr® faking signal photons, effective against QCD backgrouhds,been accomplished by a neural
net procedure exploiting the information on the laterafife@f the electromagnetic shower. The distributions of
the discriminant variable for the two photon candidatessamvn in Figures 15 and 16.

Variables involving the multiplicity of reconstructed elojs in the electromagnetic calorimeter reinforce the dis-
criminating power. In particular, the number of seed clissteconstructed by the island algorithm, as shown in
Figure 17. The distribution of the combined variappleobtained by a likelihood ratio method is given in Figure 18.

Acutlog(ys) > —0.8 is applied on this variable.



Table 3: Production cross-section times branching ratid,coss-section times branching ratio times preselection
efficiency after each stage of the event selection for siyfral; = 120 GeV /c?) and irreducible backgrounds. All
values are shown in fb. Errors are statistical only.

WH ZH Wy Zyy
o x BR 0.810 0.137 - -

Preselections x BR X € 0.460 0.0440 13.58 18.92
Double photons HLT 0.439+ 0.005 | 0.0423+ 0.0004 | 8.80+ 0.04 | 12.13+ 0.07
At least 2 offline photons | 0.4154 0.005 | 0.04004 0.0004 | 8.2340.04 | 10.01+4 0.06
Er(y1) > 35 GeV 0.411+ 0.005 | 0.0394+ 0.0004 | 7.47+0.04 | 7.30+ 0.05
Photons isolation 0.3874 0.005 | 0.0370+ 0.0004 | 7.144-0.04 | 6.51+ 0.04
At least 1 offline lepton 0.348+ 0.004 | 0.0362+ 0.0003 | 5.94+0.04 | 4.80+ 0.03
Lepton quality 0.3314 0.004 | 0.0350+4 0.0003 | 5.5640.04 | 4.58+ 0.03
Lepton isolation 0.299+ 0.004 | 0.0318+ 0.0003 | 4.83+0.04 | 4.11+0.03
QCD rejection 0.281+ 0.004 | 0.02734+ 0.0003 | 4.50+0.04 | 3.53+ 0.03
AR(yyl) > 0.3 0.2814 0.004 | 0.02724 0.0003 | 4.4940.04 | 3.52+ 0.03
80 < myy < 160 0.271+ 0.004 | 0.0259+4 0.0003 | 2.04+ 0.02 1.42+ 0.02

Table 4: Production cross-section times branching ratid,coss-section times branching ratio times preselection
efficiency after each stage of the event selection for rddieitiackgrounds. Contributions of the differ@at bins
are summed. All values are shown in fb. Errors are statisticly.

vy Wy bb tt ~-jet (jet)
o x BR 1.1x10° 5.79<103 1.78x10° 86.2x10° 1.21x108
Preselections x BR X € 270.1 26.5 2.96x10° 6.00x 103 7.16x10%
Double photons HLT 197.7+1.0 | 16.84+ 0.1 | 77120+ 764 | 1948+ 17 | 35045+ 256
At least 2 offline photons | 194.4+ 1.0 | 15.24+ 0.1 | 71935+ 738 | 18724+ 17 | 32038+ 244
Er(y1) > 35 GeV 187.0+ 0.9 | 13.6+0.09 | 51991+ 627 | 1069+ 13 | 31098+ 241
Photons isolation 161.6+ 0.8 | 9.97+0.07 6824 72 31.2+2.2 | 72354115
At least 1 offline lepton 39.1+ 0.4 | 8.52+0.07 523+ 63 27.0+2.0 | 4751+ 93
Lepton quality 27.3+ 0.3 | 7.98+0.07 311+ 49 23.5+1.9 | 2552+ 68
Lepton isolation 9.8+0.2 | 6.59+ 0.06 (0.87) 1424+ 1.5 209+ 20
QCD rejection 7.6+0.2 | 5.74+0.06 (0.003) (0.35) (6.6)
AR(yyl) > 0.3 7.6+0.2 | 570+ 0.06 (0.002) (0.31) (5.3
80 < my4 < 160 3.24+0.1 | 2.40+0.04 (0.001) (0.26) (3.7)

5.6 Kinematical selection - Final likelihood

The results of the sequentials cuts applied on the 4 combaxéables are presented in Tables 3 and 4. The multijet
backgrounds are entirely suppressed. The cut factonsat&thod is applied in order to estimate the contribution
of these backgrounds which are reduced to zero due to fimitistats. The photon isolation criteria is temporarily
removed in order to estimate the efficiencies of the last ¢efgon isolation and beyond). These efficiencies are
then applied to the number of events remaining before thewhich have removed all of them. The estimations
obtained by this method are indicated between parenthesksbies 3 and 4. After rejecting events outside the
80-160GeV /c? di-photon mass window, the expected rate of events is:

o x BR x € (Signal}= 0.297 £+ 0.003 fb
o x BR x e (Backgroundy 13.1 £ 2.6 fb

Some simple kinematical variables are used to form a finaliikod. The reference S/B histograms are produced
using half of the statistics available after the sequestdéction (35990 MC events for signals and 10630 MC
events for background). The more discriminant variable® eeen identified such as the transverse energy of the
photons (see Figures 19 and 20), the transerve calorime¢egye of the electron or the transverse momentum of
the muon (see Figure 21), theR distances between lepton and each photon (see Figures 2Z3andheAR
distances between the two photons (see Figure 24) is syraonglelated with the di-photon reconstructed mass
used to derive the statistical significances, so it is not kethe final likelihood. The missing transverse energy
also improves the discrimination, in particular its magdé (see Figure 25) and its phi angle (see Figure 26) with
the direction of the first photon. The distribution of theukisig combined variablg; is shown in Figure 27 for a
Higgs boson mass of 128eV /2.

) The missing transverse energy was calculated using thetiiteiCone Algorithm for jet clustering with a cone size o6 0.
and apr > 15 GeV /c threshold for the jets.



5.7 Statistical method and optimization

The statistical methods developed by the LEP Higgs workiogig [25] are used in this analysis to optimize the
selection criteria and determine the statistical signifieaof the final results. It will never be possible to exclude
with an absolute certainty the presence or absence of al gigrtae following, the background-only hypothesis
(the null hypothesis) will be notetlands + b will be used for the signatbackground hypothesis). Therefore

a Confidence Level (CL) is introduced to characterize th8ssizal significance of the exclusion or discovery.
The first step to obtain this CL is to select the most discratiing observables. These variables are then used to
construct the test-statisti¥ which classifies the experiments according to their moress background like or
signak-background like nature. The test-statistic will also bedusedetermine the confidence level to exclude the
b or s + b hypothesis.

Test-statistic - the test-statistic is chosen to increase monotonicallyrfore signal like experiments. The prob-
ability of rejecting a false hypothesis at a given confidelesel is maximized by using a likelihood ratio as
test-statistic:

X = £s+b

Ly

The most obvious information which has to be introduced thilikelihood function is the counting rates of the
expected signal and background events. The andb rates follow a Poisson probability:

e (5t (5 + b)" /n!

X =
e=bbn /n!

wheren is the number of observed events. The separative power tkélidood function can be improved by the
addition of other discriminating variables such as the nstrwicted di-photon mass. If this additional variablies
distributed likeS(z) and B(z) for respectively the signal and background events thenettestatistic is defined
by :

x - e—(s+b) (s-l-b)"/n' H?:l Ss(zj)sizB(zj)
B e~bbn/n! [1j—, B(z;)
T sS(x;)
_ s 1 J
‘ 1}( + i35

This result is easily extended to the case of a multi-chaseesich:

N oni 5:S;(xi;)
X = o Stot 1 i\ Lij
¢ H H < * biBi(fEij)>
i=1 j=1
whereN is the number of channels to be considergdhe number of observed candidates in the chainreland
b; the expected signal and background rates for the chansg} the total expected number of signal eventg,

the value of the discriminating variable obtained for thedidate; of channel, S; andB; the probability density
functions of the discriminating variable for the signal ahd background of the channel

Definition of the Confidence Level - The test-statistic increases monotonically for increasingly signal-like
experiments. The CL in the + b hypothesis can therefore be defined as the probability that & experiment
gives a valueX of the test-statistic lower than the obsenégl; :

Xobs d
CLuss = Posy (X < Xops) = / Prs gy

wheredP;.,/dX is the probability density function of the test-statistitie case of signalbackground experi-
ments. The confidence level in the null hypothesis is defiryed b
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Xobs dP,
CL, =P ngos:/ Y% ax
b b( b ) 0 dxX

A 50 discovery will be established when the probability CL; that a background only experiment gives a more
signal like result than the observation is less thanx 10~7.

The CL in the signal hypothesis is defined using a modifiedufeatjst renormalization :
CLS = CLs+b/CLb

and the presence of signal will be said to be excluded at a Qhleql — CL;,.

Choice of the working point - To form the test-statistic, the two obvious variables toulsed are the recon-
structedy~ invariant mass and the kinematical likelihood variaple The limited statistics of the MC events
prohibit however the use of a two-dimensional method fordétermination of the Higgs boson discovery poten-
tial. So, only the shape of the reconstructedmass distribution will be used along with a cut on the comtbine
likelihood variabley;. The choice of the optimal working point (i.e. thecut value) will be that which maximizes
the discovery potential. Figure 28 illustrates the optatian process fomu = 120 GeV/c? and an integrated
luminosity of 100 fb~!. For each tentative cut on the global variapiethem.., distribution is drawn for signal
and background and is used as input for the confidence leleilaion. The statistical significance obtained as a
function of the cut ony; is shown in Figure 29. The cut g3 which maximize the significance is chosen. This
optimal working point is a function of thexy hypothesis but is independent of the integrated luminpagyar as
systematic uncertainties are not taken into account. 8atttistical significance can be easily traced as a function
of the luminosity as shown in Figure 36 for ally hypothesis. The list of the optimal working points obtaified

the different Higgs boson mass hypotheses is given in Tabl&éé significance and the expected number of signal
and background events are given for a luminositg @ fb—'. For they-jet, tt andbb backgrounds, the rate is
estimated by the method of cut factorization described étice 5.6.

Table 5: Optimal working points for the different Higgs basuass hypotheses. The significance and the expected
number of signal and background events are given for anriated luminosity ofl 00 fb 1.

my working point
(GeV/c?) log(y) > significance| WH | ZH | Wyy | Zyy | Wy | vy | ~v-jet tt bb

90 0.24 5.660 389 | 3.2 66.2 429 | 51.6 | 14.7 1.3 0.37 13 x 10—°
95 0.28 5.18¢0 34.0 | 2.8 63.8 | 37.7| 488 | 123 | 1.4 | 0.28| 13x10~°
100 0.28 5270 322 | 26 62.6 | 394 | 48.2 | 134 1.6 0.30 16 x 10~5
105 0.53 4920 252 | 2.2 47.2 26.1 | 322 74 1.1 0.19 7 %1075

110 0.56 4.730 226 | 2.0 43.0 252 | 283 | 7.6 1.2 0.16 7 %1075

115 0.41 4.300 221 | 1.8 49.3 | 309 | 33.0 | 10.2 1.7 0.16 10 x 10~5
120 0.35 4.090 20.7 | 1.6 51.2 36.2 | 345 | 124 1.9 0.15 10 x 105
125 0.59 4.010 171 | 14 36.3 21.2 | 236 | 7.0 1.3 0.12 7 %1075

130 0.68 3.640 146 | 1.3 30.7 | 169 | 187 | 6.0 1.4 | 0.10 4 %x10°5

135 0.82 3470 131 | 1.2 24.9 13.2 | 15.0| 5.0 1.2 0.07 3x 1075

140 0.99 3.350 114 | 1.0 18.9 10.3 | 10.6 | 3.7 1.0 0.04 1x10°5

145 1.18 3.13¢0 9.7 0.8 13.8 6.5 7.9 2.9 0.7 003 | <1x107°
150 0.83 2870 104 | 0.9 20.2 11.7 | 123 | 5.4 1.1 0.03 3 x 1075

6 Use of real data in sidebands - Systematic uncertainties

The signal searched for is characterized by a strongly pkdikghoton invariant mass. Furthermore, at the optimal
working points, then.., distribution of the background is smooth and flat. When regadvill be there, this will
allow us to use the data takerin,., sidebands to optimize the likelihood analysis and to esérntee background.

6.1 Likelihood optimization with sideband events

No kinematical observables were used to construct the fomngpy likelihoods aimed at rejecting multijet events.
If the shapes of the distributions of the variables used inlittelihoods are sufficiently similar for different di-
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photon mass regions, then data taken outside the signanregin be used to optimize the likelihood. Only
the signal MC will be used, and the analysis does not rely enMIC background avoiding the possibly large
related uncertainties. To test the method, a sample of “fakédata” is used, i.e. the number of MC events
for each background is equal to the expected number of ef@ntsgiven luminosity. The size of the sample
is limited by the equivalent luminosity of the MC samplesgwoed. The same preselection as in the standard
analysis is used: two offline photons and one electron or nawenrequired. The reference S/B histograms for
the likelihoods are produced with the events taken irethe: m.,, < 80 GeV/c? band. The total number of MC
events available in this band is given in Table 6. This talde ahows that the equivalent integrated luminosity
corresponding to the fake data sample is limited to 132'phy the statistics available for tHsh background.
The composition of the sample is given in the last column d&fi@®. The dominant contribution afh events
amounts to 87%y-jet events represent 9%, andevents 4%. The reference S/B histograms of the likelihood
ratio method are produced with these events and the fouabl@iablesy,, y-, ys3, y4 are then calculated for
the events in th&0 < m., < 160 GeV/c? band. The performance is compared to the results obtainétkin
sames80 — 160 GeV/c?> band by the standard analysis optimized with the full MCistias available without
any cut onm,.. The distributions of the photon isolation combined vaeag are shown in Figure 30 for
these two cases and Figure 31 illustrates the comparisdregbdérformance obtained by the two methods. For
the four global discriminant variables, up to 20% loss ofcédficy is observed for the same rejection power. The
degradation of the performance is mainly due to the inseffiicstatistics ofj-jet andtt events in 132 pb' of data:
~200~-jet events is clearly insufficient to get the full discriration power of the combined variables against this
background. To increase the size of the “fake data sampéslagken experiments were generated. The absence
of correlations between the variables used in the likelihisaassumed. The distributions of these variables in the
20 < m~ < 80 GeV/c? sideband are fitted and used to generate pseudo-experimbetperformance obtained

is represented in Figure 31. An integrated luminosity of 5'flwill be sufficient to optimize the four primary
likelihoods with the real data taken in the,., sideband and to reproduce the results obtained when usrfglth
MC statistics.

Table 6: Results of the preselection in #e< m.., < 80 GeV/c? sideband.

Nb of selected oc X BR X ¢ Equivalent Number of events
MC events (fb) luminosity (fo=1) for 132 pbr!

Wy 11772 3.393 3469 0

7y 21805 4.126 5285 1

vy 3945 18.5 213 2

Wry 11375 6.22 1829 1

bb 4682 35501 0.132 4682

tt 11149 1682 6.63 222
~-jet 1935 3523 0.549 465

6.2 Background measurement from Data

After the selection by the final likelihood at the optimal wimg points, then ., distribution of the background

is smooth enough to be easily fit. When the real data will beethi¢ will be possible to take a.,, window
centred on theny hypothesis, then fit the real data outside this window tarestt the background within the
signal window. If the number of events in the sideband is sieffit, this method can be applied and considerably
simplify the estimation of the uncertainties on the expett@ckground rate. The MC can be used to optimize the
method (size and position of the window, bin width, choicéhaffit function...) and to estimate the uncertainty on
background: then. ., distribution is used to generate thousands of signal+backgl pseudo-experiments. These
faked data are fit excluding a mass window around the maximsishawn in Figure 32. The numbe/f,f,j; of
background events in the signal region is given by the imatlegfrthe fit function in this mass window. The full
statistics MC distribution is fit over the whole mass rangeeﬁumber]\fbf‘,ff of predicted events in the signal
region is the integral of the fit function in the signal massidaw. The relative error on the measure is given
by the ratioN,fk’; /N,f‘,ff and is represented in Figure 33 for 10000 pseudo-experifi@na120 GeV /c? Higgs
boson mass hypothesis and integrated luminositie)ofh~' and300 fb~'. The mean of the gaussian fit to
the Ng‘,;; /N,f‘,ff distribution gives the rescaling factor to apply to backgrd. This factor is related to the width
of the signal window. A too narrow window increases this spafactor, background is surestimated due to the
signal events in the tail. A too large window will reduce thegision of the fit. 10000 gedanken experiments
have been generated for eaely hypothesis at each luminosity point. For all Higgs bosonsessthe best results
correspond to a symmetric window &f8 GeV/c?, a bin width of4 GeV/c? and a second order polynomial



fit function. The relative uncertainty obtained on the baokmd estimation is represented as a function of the
luminosity in Figure 34 for a Higgs boson masslaf) GeV /c?. For a luminosity ofl00 fb—! and a Higgs boson
mass 0f120 GeV/c?, the background is measured with a precision of 11%, and avighnecision of 6.6% for
300 tb~'. The background uncertainty for eael; hypothesis can be parametrized by:

AB _ a(mn)
B VL

The measured(my) values are given in Table 7.

with £ in fb™!

Table 7: List of thex parameters used to parametrize the relative uncertaintiyeobackground measured by the
sideband fit.

mi 90 | 100 | 110 | 120 | 130 | 140 | 150
a(mp) | 0.96 | 0.96 | 0.95 | 1.14 | 1.13 | 1.83 | 1.76

6.3 Systematic uncertainties for signal and cross-sectianeasurement

The following sources of error were considered:

¢ the theoretical cross-section error due to the scale @miahe scales are varied between 0.5 and 2 times the
central scales with equal renormalization and factomzescales identified. The central scales¥ér— VH
is given by the invariant VH mass. The errori8% for WH and ZH production for all considered Higgs
boson masses [12];

e the error on the structure functions of protons: the partemsiy function of the CTEQ collaboration has
been used [27]; The PDF uncertainty for the associated ptmigg — VH at the LHC is almost constant
and of the order of 4% over a Higgs boson mass range betweeantO®00GeV /2 [28];

e the error on the measured luminosity is expected to be 3%ufoinosity above 30 fb!;

¢ the error on the lepton or photon reconstruction and ideatifin has been estimated to 1% for each photon
and lepton [29];

¢ the error on the missing transverse energy: the error aradai0% for lowpr jets and unclustered energy,
and to 3% for highpr jets. A value of 5% is used and propagated in the final likelthoThis results in a
-1.08% +0.49% variation of the final signal rate faf; = 120 GeV/c?.

The quadratic sum of all these errors gives a 6% total erréherexpected signal rate.

6.4 Effect of systematic uncertainties on confidence levels

To propagate the systematic uncertainties on the confidemek the signal and background expectation values
are randomized when computing the probability density fions of the test-statistic as described in [25, 26]. The
probability distributions of the systematic uncertaiat@&e assumed to be Gaussian. The systematic uncertainty
on the background comes from the sideband fit procedurerideddn section 6.2, and is equal to 11 % for
a 120 GeV/c® Higgs boson and an integrated luminosity 1860 fb=!. The signal systematic uncertainty has
both theoretical and instrumental origins, as describegktion 6.3, and is equal to 6%. There is no observed
effect of the signal systematic uncertainty on the confiddagel in the case of signal+background experiments
and background-only experiments. Figure 36 shows thesstati significance as a function of the integrated
luminosity of the LHC running at high luminosity’(= 1034 em~2s~1). The effect of the systematic uncertainty
on the confidence level is represented by the grey band. Bheallee to the systematic uncertainty is rather limited:
for a120 GeV /c? Higgs boson, the significance drops from 4.09 to 3.97 for gegirated luminosity of00 fb=1,

and from 7.09 to 6.88 fa300 fb 1.
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7 Cross-section measurement

In the case of a Higgs boson discovery, this channel will leselds measure the cross-section times the branching
ratio: )

N, _N-NJ"
€sel L €sel L
whereNN; is the number of signal events given by the difference betvire total numbeV of observed events
and the numbet;/* of background events measured by the sideband fit. The batitms to the total error
on the cross-section measurement are the statistical @mrtie total number of observed events = v/N),
the error on the background estimation with the sidebandhié,error on the measured luminosity and finally
the error on the selection efficiency (uncertainty on lefgibaton identification and missing transverse energy, as
described in 6.3). The expected precision ondheBR measurement is represented as a function of the integrated
luminosity in Figure 35. For @20 GeV /c? Higgs boson, the product of the cross-section and branchtrgwill
be measured with a precision of 35% after one year of LHC mmat high luminosity, and with a precision of
19% after three years of high luminosity running.

0s X BR =

8 Results for the Standard Model Higgs Boson

Figure 37 represents the statistical significance as aifimof my for three luminosity scenario and Figure 38
represents the integrated luminosity required to reactvengstatistical significance as a functionmaf;. The
bands correspond to tHer systematic uncertainty. One year of high luminosity rugrétiows an observation
at 3 of the SM Higgs boson from the LEP lower limit up 1d6 GeV/c? and three years of running at high
luminosity allows a & discovery from the LEP lower limit up to48 GeV /2.

9 MSSM Interpretation

Within the context of the MSSM, the gluon fusion productioaynbe strongly suppressed. The top loop contri-
bution togg — h may be partially cancelled by the stop loop, when the stopsrizasmall,i.e. for large mixing
angle in the stop sector, whereas the partial width — ~+) is dominated by the W boson loop which cannot
be cancelled more thaim0% by chargino loops for Higgs boson masses greater thaitzeV /c? [3]. For a stop
mass o200 GeV/c?, thegg — ~+ process may be so heavily suppressed that it would be ugetessliscovery

if ma is below500 GeV/c? [30].

The thresholds for 95% CL s3and % sensitivity for the analysis are shown in Figure 39 as a fonaif my. The
expectedr x BR for WH — vy as a function ofna and tar are represented in Figure 40 for no mixing and
maximal mixing scenarios. The cross-section sensitiiithe analysis seems to be sufficient to help covering the
MSSM parameter space in case of gluophobic scenario, basitdbe confirmed with a detailed study based on a
full scan of the MSSM parameter space.

10 Conclusion

The possibility to discover a Higgs boson produced in asgimei with a W or Z boson and decaying into two
photons has been studied with full simulation and deteasponse. High luminosity pile-up has been used and
both signal and background uncertainties have been inglusfeer three years of LHC running at high luminosity,
the SM Higgs boson can be discovered with Significance between thel4.4 GeV/c? LEP lower limit and

148 GeV/c?.
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Figure 1: Sum of the transverse energy of island badtigure 2: Sum of the transverse energy of island basic
clusters withAR < 0.3 from the highesEr photon, clusters with0.08 < AR < 0.3 from the highesE
excluding basic clusters belonging to the photon sgphoton at the preselection level.
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Figure 3: Sum of the transverse energy of island badtégure 4: Sum of the transverse energy of the HCAL
clusters with).08 < AR < 0.35 from the highesEr towers withAR < 0.3 from the highesEr photon at
photon, excluding basic clusters in&n| < 0.03ring the preselection level.
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AR < 0.3 around the highedt+ photon at the pres- ton isolation. The cutog(y:) > —0.4 is applied in
election level. the analysis.
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number of background events in the signal region is givernbyritegral of the fit function in this window. Three
gedanken experiments are represented for an integrateddsity of 300 fb-! and a120 GeV/c? Higgs boson
mass hypothesis, one gives a good accuracy of the backgestinthtion £2.9%, top plot), one a typical precision
(6.9%, middle plot) and the last a poor estimatidﬁ.qté/% bottom plot).
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Figure 33: Ratio between the number of background eventgisignal region estimated by the fit of real data in
sideband and the number of expected background events lgyvéire full statistics MC formy = 120 GeV/c?
and integrated luminosities @60 fb—! (left) and300 fb~! (right).
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Figure 34: Relative uncertainty on the background efigure 35: Precision on the measurement of the prod-
timation by the sideband fit method as a function afict of cross-section and branching ratio as a function
the integrated luminosity with LHC running at highof the integrated luminosity with LHC running at high
luminosity for a Higgs boson mass 620 GeV /2. luminosity for a120 GeV/c? Higgs boson.
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Figure 36: Statistical significance for different Higgs bnsnass hypotheses as a function of the integrated lumi-
nosity with LHC running at high luminosity. Thier systematic uncertainty is represented by the grey band.
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Figure 37: Statistical significance as a functiomaf Figure 38: Integrated luminosity needed foradis-
after 30 fo™!, 1 year and 3 year of high luminositycovery, and for a 3@ observation as a function afy.
running. Thelo systematic uncertainty is representedhe 1o systematic uncertainty is represented by the
by the grey band. grey band.
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Figure 39: Analysis sensitivity to th& H — 1v~~ cross-section as a functionofy; after one year (left) and three
years (right) of high luminosity runnning. THe systematic uncertainty is represented by the grey band.
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Figure 40: Expected cross-sectionsY8H — lvvy+ as a function ofna and tans in the no mixing scenario (left)
and in the maximal mixing scenario (right) of the MSSM.
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