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Abstract 

We present the results of a detailed simulation of QCD jet background 
to the process pp ---+ HOX(Ho --t 'i''i')' Two cylindrical large radius crystal 
calorimeter designs with high granularity have been investigated. From an 
analysis of 2 Inillion QCD events for each of the two detector options (inner 
radii of 2.5 m and 3 m) we obtain rejection factors of 7.5 x lOi and 6 x 108 

respectively. The QeD jet background has thus been reduced to a level 
significantly lower than the irreducible background in both designs. 

1Supported by the German Bundesminsterium fUr Forschullg und Technologie under 
contl'act no. 056AC16P. 



1.Illtroduction 

The process HO --+ II provides the most promising signal to search for 
the Higgs boson in the mass region between 90 and 150 GeV [1] [2]. The final 
state cOllsists of two isolated photons with high transverse nlomenta. At pp 
c.olliders there is a number of high rate processes leading to the same final 
state, the so called irreducible background: gg --+ i'l, qij --+ ii and quark 
bremsstrahlung. Furthermore, because of fluctuations in jet fra.gnlentation 
and in shower development in the calorimeter, the QCD jet processes can 
also lead to a similar experimental signature, particularly in case nl0st of 
the energy of the parent parton is carried by a single ?r0 

, The cross sections 
for these processes are listed in Table 1 [3] [4]. The irreducible background 
has a, cross section which is three orders of magnitude higher than that of 
the signa.l. The signature for the Higgs particle is a peak in the two photon 
invariant tnass spectrum over the continuous distribution of the background 
processes. The width of this peak is dominated by experimental factors .. The 
detection of the signal sets severe requirements for the performance of the 
electronlagnetic (e. m.) calorimeter [5]. 

Compared to the cross section of the irreducible background, the cross 
section of QCD jet processes is 1.6 x 106 times larger. This value, however, is 
subject to considerable theoretical uncertainties resulting from QCD higher 
oI'der corrections [6] (200% ) and uncertainties in the structure functions [7] 
(.50%) and the fragmentation functions [8] (40%). The ba.ckground to the 
Higgs signal resulting from QCD jet' processes must at 1ea,st be reduced to a 
level comparable to that of the irreducible background. Taking into account 
the uncertainties mentioned above, a suppression factor of the order of 101 is 
needed. For a reliable estimate of such a large rejection factor, a sitnulation 
based on a large data sample is required. In the following we present such 
an analysis performed for two CeF 3 crystal· calorimeter geonletries sinlilar 
to those discussed by the L3P collaboration [2J. Prelhllinary results of this 
analysis using a silnpIe shower shape cut have already been presented in Ref. 
[2]. 

2.The detector set up 

Both crystal caloritneters considered here have a, cylindrical geollletry but 
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with different inner radii (R=2.5 In, 3 m). The pseudorapidity coverage is 
1171 < 1.3 and 1171 < 1 respectively. The crystals point to the intera.etion re
gion and have a front size of 3 x 3 em2 and a length of 41.25 enl (25 Xo for 
CeF3)' The resulting granularity is D.Tf x D.<P = 0.012 x 0.012 at R=2.5m and 
0.01 x 0.01 at R=3m. A tracking detector based on conventional technology 
in a solenoidal magnetic field of 3T (2T)2 is assumed to fill the large inner 
cavity. The Inain paralneters for both detector designs are shown in Ta.ble 2. 

3.The analysis 

Two million QeD jet events each ha.ve been generated using the PYTHIA 
program [9J with 

pf.arton > 40 (40) GeV, lt7partonl < 1.6 (1.2) (1) 

for the 2..5 m (3 m) design. Distribution (1) in Fig. l(a,b) shows the cross 
section of QCD jet events as a function of the parton-parton invariant n1MS 
for the two detector geometries respectively. 

For the following analysis a signal event is defined as a pp --+ HO +X 
with HO --+ "rY for nlHO = 100 Ge\T overlayed with 19 minimum bias events3, 

which are expected at standard LHC running conditions [11]. 

3.1 Preselection 

To reject the majority of events which cannot possibly fake the HO --+ II 
decay, a preselection based on generator level information is first applied. 

In the case of Higgs decay candidates, both photons are expected to have 
large transverse momenta: typically PT > 40 Ge V is demanded for the high
est energetic and PT > 25 GeV for the less energetic photon [1]. Clea.rlyonly 
jets with la,rge e.m. energy can fa.ke such photons. To hnpose a. requirenlent 
on the e.m. energy content of the jet, we group the crystals into cells of size 

2Numbers outside parentheses refer to the R:2.5m geometry, t.hose in pa,rentheses t.o 
t.he R=3m geometry. 

3The parameters for the generation of the minimum bias event.s have been obt.ained by 
tuning the PYTHIA results to CDF and UAl/UA2 data [10] 
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0.12 x 0.12 in the "1 - <p plane and sum the energy of all photons (nlostly 
fronl ?To decays) and electrons in each cell. We then select events having: 

~ 1 cell with e. m. energy Eem > 30 GeV and 
(2) 

~ 1 other cell with Eem > 20 GeV 

In total 12K (10K) events in the 2.5 m (3 m) options have been accepted in 
this step of the preselection, corresponding to distri bu tion (2) in Fig.1 ( 8" b) 4. 

The e. m. energy in the jets comes mainly from ?TO decays. In contrast to 
the well isolated photons from Higgs decay, most 1r°'s in jets are accol11panied 
by severa'! charged hadrons. The number of tracks in the central tracking de
vice can be used to strongly reduce the remaining jet background. 
To this purpose, we first conlbine into a single cluster aU e. 111. particles that 
are within a distance of 0.06 of each other in the "1- 4> plane. The cluster di
rection is determined by the center of gravity of its constituent particles and 
the nominal interaction point. For each cluster in a pair satisfying criterion 
(2), we then impose the requirement: 

Ntrack < 5 (3) 

where N track is the number of charged tracks with PT > 2 Ge V in an area 
of 0.4 x 0.4 in the 7] - <p plane centered on the cluster direction. 

Fig.2{a,b)5 COlnpares for QCD jet events a.nd signal events the distribu
tion of the number of charged tracks accompanying the two nlost energetic 
e. m. clusters. The distributions in Fig.2 suggest imposing the requirement 
Ntrack < 2 in order to discriminate between Higgs decays and QCD jets. 
However, to take into account fragmentation uncertainties as well a.c; centra.! 
tracking inefficiencies, we have imposed the nluch looser condition (3). A to
tal of 1004 (1270) events remain after this cut. Distribution (3) ill Fig.l(a,b) 

4We have checked t,hat. the st.eep fall-off of the fragmentation fUllction leads t.o a neg
ligible cont.ribution of jet events wit,h 25 < pf.arton < 40 GeV t.o our background event 
sample 

5111 t.his and aU subsequent figures only the distribut.ions for t.he 2.5m geometry a.re 
shown. 
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shows the cross section as a function of the invariant mass of the two 1110st 
energetic e. m. clusters for the QeD events. 

3.2 Calorimetric selection 

\Ve now investigate the differences in energy flow of QeD jets and signal 
photons observed with a crysta.l calorimeter. The events passing the prese
lection have been fully simulated in the Cl'ystal calorinleter geolnetries with 
the GEANT program package [12]. The two highest energetic e. m. shower 
candidates ill the jets are reconstructed fronl the energy deposits with the 
sanle algorithm used for the reconstruction of Higgs decay photons [5): The 
two crystals with the highest energy deposits are taken as the central crys
tals of the showers, provided the distance between them in the '7 - ¢ plane 
is greater than 0.2. The energy deposition E5X5 in the 5 x 5 crystal matrix 
around the central crystal is defined as the e. m. shower energy of photon 
candidates in the calorimeter. 

The requirement on the transverse momentum of the two photons 

p:p > 40 GeV, PF > 25 GeV (4) 

used in the selection of HO ---+ II events is also imposed on QeD jet 
events. 205 (211) events remain after this cut, leading to a suppression fac
tor of 5 mainly in the low mass region ( my')' < 100 GeV). The cross section 
of these events corresponds to distribution (4) in Fig.l{a,b). 

Conlpared to e. m. showers in jets, photons from Higgs decay are well 
isolated in the calorimeter. To suppress the background we therefore require 
that the peripheral shower energy fraction «(EO.4XO.4-E5X5)!Esxs) is limited: 

(EO.4XO.4 - Esxs)/E5X5 < 0.08 for the higher energy jet 
(.5 ) 

(EO.4XOA - ESX5 )!E5X5 < 0.12 for the lower energy jet 

where EO.4XO.4 is the energy deposition in an area of 0.4 x 0.4 in the" - (j) 

plane around the center of gravity of the e. 111. shower. Fig.:3(a,b) COlll

pares the distribution of the peripheral shower energy fraction for the two 
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QeD jets and the Higgs photons in signal events. For the higher energy 
jet 19 (1.5) events satisfy the isolation criterion. The corresponding nUlnber 
for the lower energy shower is 21 (14). The resulting suppression factor is 
11 (14) for the higher energy jet and 10 (15) for the lower energy jet. The 
cross section corresponding to the remaining QCD jet background is shown 
as distribution (5) in Fig.l(a,b). It is derived from distribution (4) by scaling 
with the product of the suppression factors resulting frool the application of 
the isolation criterion on each jet, since there is no correlation between the 
shower development in the individual jets. 

At this point the QCD jet background has been reduced below the level of 
the irreducible one ( Distribution (i) in Fig.l(a,b) ). Exploiting the fine gra
nularity and superior energy resolution of the calorimeter, further background 
suppression can be obtained by conlparing the lateral shower developnlent 
of jets to that of photons from Higgs decay. To this purpose, the itnpact 
point of the photon candidates on the central crystal is reconstructed with 
an improved center of gravity nlethod [13]. The fraction of deposited energy 
in each crystal of the 5 x 5 matrix surrounding the central crystal depends on 
the position of the impact point. Dividing the sUlface of the central crystal 
in a 4 x 4 grid, leads to a classification of the photon candidates in 16 cat
egories acc.ording to their impact point position. The distribution of the jet 
energy alnong the crystals of the 5 x 5 luatrix is compared to that of Higgs 
photons in the same category. The cOluparison is made by means of a set of 
,\:2 functions [13] , defined as: 

2 ~ (Xi,k - X~k)2 
k = 1. ..16Xk =,l....,; ("Y)2 ' 

;=1 (I1r i,k 

Ei,k "y E2k 
X'k - -- X:,k = E""1., - E' . 

5x5 5x5 

Here Ei,k (EZk ) is the energy deposited in the ith crystal of the nlatrix by 
a jet (photon) with impact point in the kth region of the central crystal and 
(O'i)i,k is the r.m.s. value of the x7.k-distribution, detern1ined in a separate 
high statistics study with GEANT [14]. The condition 

x~ < 60 (6a) 

6 



leaves 8 (2) of the higher energy jets, while 2 (1) events pass the selec
tion for the lower energy jet. The rejectjon of the lower energy jet is lnore 
significant, because on average the opening angles between the two photons 
fronl the decays of associated 1iM S are larger. The finer granularity of the 3 m 
geometry results in more effective rejection of 1jo,S, since overla.pping photon 
showers from the decay of single 01' several1io,s can be better distinguished 
froin that of a single photon even at the energies characteristic for HO ---t ..../'Y 
decay. 

A further suppression can be achieved by taking into account the energy 
deposition in the detectors behind the e. m. calorimeter, since for purely 
e.In. showers approximately only 3% of the photon energy leaks out of the 
ba.ck of a detector with a. length of 2.5Xo• For this energy, EleBkage, Fig.4(a,h) 
compares the fraction Eleakage/E5x5 for the two most energetic jets sa.tisfying 
the isolation requirement (5) and for Higgs photons in signal events. R.equir
ing for the fractional energy leakage 

Eleakage/ E 5X5 < 0.08 for the higher energy shower 
(6b) 

Eleakage/ ESX5 < 0.15 for the lower energy shower 

an additional suppression factor of 3 is obtained. 

The final distribution (6) in Fig.1(a,b) is obtained by scaling distribution 
(5) by the product of the rejection factor~ resulting frolll the application of 
the shower shape and the energy leakage cuts (conditions (6a) and (6b) on 
each of the two jets separately, leading to a residual QeD jet rate well below 
the level of the irreducible background. The error bars in distribution (6) 
reflect the uncertainties in the rejection factors due to statistical fluctuations 
and to the presently limited knowledge of the fragmentation process. 

An overall suppression factor of 7.5 x 107 (6 x 108 ) is thus achieved for a 
calorhneter radius R.=2..5 TIl (3 TIl). 

The effect of the cha,rged t.ra,ck veto (:3) as well as the energy flow pat. tern 
requirclucnts (5) a,nd (6) on the signal efficiency is obviollsly approxiJnat.ely 
independent of the Higgs Ula.ss in the range 90 < mR < 150 GeV. \Vithin 
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the geoll1etrical acceptance of the detector, they lead to a signal selection 
efficiency of 93%. It should be noted that the transverse mOll1enturll re
quirements chosen here are optimized for mH = 100 Ge V . Taking those, as 
well as the detector coverage also into accouut, the overall efficiency for the 
Higgs signal is 27% (19%) at mH = 100 GeV for the R=2.51n (3 m) geometry. 

Conclusioll 

The background suppression procedures described in this paper combine 
a fa.st rejection, based on simple track and energy deposit infornlatioll (re
quirements 1-4) and implemented on the generator level, with a detailed 
analysis of the energy flow pattern of the events (requirements .5 and 6), 
accurately measured in a highly segmented crystal calorimeter. A total of 
4 million QeD jet events have been analysed, half of them in a cylindrical 
calorimeter with an inner radius R=2.5 m, and the other half in a similar 
calorimeter with R=3 m' Suppression factors of 7.5 x 10" and 6 x 108 in total 
have been obtained for the two cases. Thus for both detector options the 
QeD jet background can be reduced to a level significantly lower than the 
irreducible background. It is evident that the larger radius detector design 
provides a better rejection power. 
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Table 1: Conlparison of cross sections(p;a:r > 40, PTlin > 25 GeV,I'11 < 1.3) 

Process q 
!'"--

H 
U --+" 2.8 X 10-11 mb 

Irreducible background 0.95 x 10-8 nlb 
QeD 2 jets 1.5 x 10- 41 rob 

Table 2: The Dlain parameters for the two detector options 

Parameter 2.5 m Option 3 m Option 
Radius 2..5 nl 3m 
B-field 3T 2T 

1711 coverage 1.3 1.0 
Granularity 0.012 x 0.012 0.01 x 0.01 

10 




2000000 events generated 

R =2.5 m 
1111 s 1.3 

(1) 
(1) QeD 2 Jet events 

(1) 

. ..(2) Jets with large e.m. energy 
10 4 (I) ......... .......".-....,1._-.- ....--_.. 
O

3 ...(a).~~~J.ets after charged-voro··· .~....-;1 I ......... (I). 
••• w •••• 

I ••••••, 

;_ •••• -. 't _ ••••••••••::~: ,:,:~1.' ."1..... .. 

10 
2 

·1"·:(4) E:x~x> 40 GeV & ~!;';~·b-evt.....r=l. 
10 

1 

·1 
10 

-2 
10 

·3 
10 

·4 
10 

• (I). 
(I) 

....... .. 

!~} -,to aft!~~:aola~I.C?~.. ...... . 
r.----io' ........ -_ ••• : ......, 

(I) Irreducible background • 

t t t --;--t--t-+ 
(6) nO after shower shape & 1eataJIfE 

60 80 100 120 140 160 

Myy(GeV) 

Figure la: The rejection of the QeD jet background in the 2.5 n1 geolnetry 
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Figure 1 b: The rejection of the QCDl~et background in the 3 111 geoluetry 
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Figure 2a: Track lltunber distribution (P T > 2 GeV) for Higgs signa.l events 
(left scale) and QeD background (right scale). In this and all followi ng 
figures the index '1' refers to the nl0st energetic. e.nl. duster/shower. 
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Figure 2b: Track l1unlber distribution (P T > 2 GeV) for Higgs signal events 
(left sca.le) and QeD background (right scale). In this and all follo'wjng figures 
the iudex '2' refers to the second highest energetic e.n}. duster/shower. 
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Figure 3a.: The peripheral shower energy fraction for the higher energy 
shower in Higgs signal events (left scale) and QeD background events (right 
sca.le ). 
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Figure 3h: The peripheral shower energy fraction for the lo\\'er energy shower 
in Higgs signal events (left scale) and QeD background events (right scale). 
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Figure 4a: The energy leakage fraction of the e.li!. calori111eter; left scale: 
Higgs signal, right sca1e: QeD background. 

17 



- 50 
-

- Signal events 	 
-

~:;~, QCD Jet events - 40 

. 

. 
- 30 
-
-50 

- 20 
. 

Cut 	 3f...k =O.O~ 
-25 

- 10 
--+ ..-: 

-
18 
~::[.1 ti ~~ 
:~I I I b .. I I b 0 

o 0.2 0.4 0.6 0.8 1 1.,2 1.4 1.6 1.8 2 


Figure 4b: The energy leaka.ge fraction of the e.m. caloritneter~ left scal(': 
Higgs signal, right scale: QeD background. 
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