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Introduction

The ability to detect a Standard Modell Higgs boson of intermediate mass
within one year of LHC running time? is one of the design goals of the ex-
periments proposed for the LHC. In spite of the small event rate [1] the
H® — 4+ decay mode is a most promising candidate to determine the in-
variant mass of the Higgs.

Since the total decay width of the Higgs in this mass range is smaller than 10
MeV [1], the signal in the invariant mass spectrum would appear as a small
resonance peak, the width of which only depends on the detector resolution,
peaking above a continuous distribution of background events, originating
either through competitive processes or misidentified events [2]. Therefore,
powerful electromagnetic calorimetry, which allows a measurement of energy
and direction of photons with very good resolution, is essential to meet the
challenge of detecting such a Higgs within a rather short running time.

In this report we present the results of Monte Carlo studies on this subject
using a CeF; crystal calorimeter, similar to that considered for the L3P3 ex-
periment [3]. Using the results on background reduction from [2] we studied
the sensitivity of the significance of the Higgs signal to changes of the detec-
tor parameters (calibration error and electronic noise) as well as to effects
due to the LHC machine parameters (pileup and vertex uncertainty).

1

Method

A sample of Higgs events ( for my = 100 GeV) originating from pp collisions
at LHC energy (2 x 8 TeV) was generated using the multiprocess genera-
tor PYTHIA56 [4]. The Higgs bosons were forced to decay into two pho-
tons, whose showering in an electromagnetic calorimeter composed of CeF3

lSOGC‘, < M]{{gg‘ < 150GeV
2One year of LHC running time at a luminosity of 1.6 x 103%cm~2s"! is equivalent to

an integrated luminosity of 105pb—!.
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crystals was simulated fully using the GEANT program package [5]. The
detector under study was cylindrical in shape, with the crystals pointing to
the interaction region. Its main parameters were as follows:

inner radius 3m

radiation length 25Xp=41.25cm

region of acceptance In| < 1.0

granularity An = A¢d = 52-2% = 0.01

front face of crystals 3x 3cm? at = 0.0 to 4.6 x 3cm? at n = 1.0

total number of crystals 125600

The photon energy was reconstructed using an algorithm which performs
clustering in a 5 x 5 crystal matrix around the crystal with the locally
highest energy deposit. To determine the invariant mass given by

Mpyige, = \/2E’-,1E.,2(1 — c030..,)

the opening angle ©.., between the two photons was obtained from the space
vectors pointing from the geometrical center of the detector (nominal inter-
action point) to the center of gravity of each of the two clusters [6].
The invariant mass spectrum M., of reducible (QCD jets) and irreducible
(99 — v, 9§ — 77, and quark bremsstrahlung) background events, gene-
rated with PYTHIA and fullfilling an optimized set of criteria [2] was taken
as background data *.
The number of signal events was normalized to the Higgs production cross
sections of [1], to which a higher order QCD correction factor of 1.5 [7] was
applied leading to a signal cross section after selection and acceptance cuts
(2] of

OHigas—yy = 17.1fb,
equivalent to 1710 events per year.

The total cross section for the background data remaining after selection and
acceptance cuts was found to be

Ototal background = 6'8Pb;

with the initial cross sections of the various contributing processes given by
PYTHIA also corrected by a factor of 1.5 due to higher order QCD effects

[7].
Since, as shown in [2], the QCD background can be reduced to a level considerably
below that of the irreducible background, it has been neglected from further consideration.
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In the mass region between 90 and 110 GeV a fit consisting of a linear func-
tion added to a gaussian was made to describe the resulting signal plus back-
ground distribution (fig. 1). In each mass bin the number of background
events was given by the value of the fitted linear function. The number
of Higgs events was then obtained as the difference between the total and
background events in the bin. The mass window over which the number of
signal and background events was integrated was optimized to maximize the
significance®

N signal

v/ N, background

S =

Intrinsic Detector Properties

The energy resolution of the high energy photons in scintillating CeF3 ma-
terial is determined by fluctuations of the leaking energy. In the case of the
detector under study there were effects of longitudinal (25 X, of CeFj3) and
lateral (5 x 5 crystal matrix) leakage, which causes on the average 2.9% of
the energy of each photon to escape detection. The width of the distribution
of the leaking energy, shown in fig. 2, determines the energy resolution®:

9E
E - 0.2%.

Due to the highly granular pointing geometry, the angle between the two
photons could be determined with a precision of
AO.,., = 1.80mrad

assuming the interaction point to be known exactly (fig. 3). The resulting
intrinsic invariant mass resolution (fig. 4 unshaded) is

AMHigaa
—2 = 0.17%
MHt'gga °

corresponding to a significance of 19.3 with respect to the background (see
fig. 1).

Detector and Collider effects
The resolutions quoted above for a practically ideal detector, are degraded

5 All significance numbers given in this report are related to one year of LHC running
time corresponding to an integrated luminosity of 105pb—1.

SThis as well as all further resolution values were obtained by a gaussian fit to the
central part of the relevant distribution using the bins within full width half maximum.
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by additional effects particular to the detector (electronic noise, calibration
error) and to the LHC machine parameters (pileup and vertex uncertainty).
We have assigned nominal values to these parameters: electronic noise of 20
MeV /crystal, calibration error of 0.5% and a time constant of 40 nsec for the
pileup of energy in the calorimeter. We have considered two nominal values
for the vertex uncertainty: o, = 6cm, corresponding to the r.m.s. length of
the proton bunches, and o, = lcm, that may be reached by a determination
of the vertex position from the tracks of the charged particles in the events
[9]. As an example, Fig. 4 (shaded distribution) shows how the signal reso-
lution becomes worse if these additional effects (¢, = 6cm) are considered.
For an investigation of the influence of one particular effect on the H® — v
signal shape and significance, the corresponding parameter was allowed to
vary while the others were kept constant.

Electronic Noise

We assumed that the readout of the scintillating crystals will be performed
by photodicdes at the back of each crystal. To simulate the effect of the noise
of such diodes on the energy measurement, we added a noise contribution to
the energy deposited in each crystal. The noise was generated according to a
gaussian distribution with a mean of 0 MeV and o = E,,,,. Figs. 5a,b show
the variation with E,,,. of the Higgs mass resolution and of the significance
of the Higgs signal. Both these quantities would become significantly worse
if noise fluctuations would exceed 40 MeV per crystal. We assume that such
fluctuations can be limited to a non-critical value of about 20 MeV /crystal
through the use of low noise photodiodes.

Calibration Error

As shown in figs. 6a,b the Higgs mass resolution as well as the significance
strongly depend on the precision of the detector calibration. Moreover a good
vertex reconstruction (o, ~ lem) will lead to a strong increase in signal sig-
nificance only if the calibration error is kept below 1%. The enormous rate
of inclusive Z° production at the LHC” will provide an excellent calibration
source in the high energy region. Thus an accuracy of 0.5% may be within
reach.

T~ 10° per year with pr > 40GeV (8]
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Pileup Effects

Assuming a bunch spacing of 15nsec, the LHC running at a luminosity of
L = 1.6 x10*cm~2s~! will produce on average 20 proton-proton interactions
per crossing. Thus each Higgs event will be overlayed by 19 additional mi-
nimum bias events involving particles with mostly low transverse momenta.
The majority of the charged particles of such events will be swept away by
the strong detector magnetic field of 2-3 Tesla. Thus pileup effects on the
photon energy measurement will result mainly from neutral particles, i.e.
additional photons. PYTHIA studies with minimum bias events show that
a 5x5 crystal matrix would additionally see an average energy of less than
40 MeV per bunch crossing (fig. 7a) so that this effect by itself would cause
a negligible change in the significance of the Higgs signal. However, be-
cause of the very short time interval of 15 nsec between two successive bunch
crossings, the effect becomes significant, since the decay time of the scintilla-
ting crystals® as well as the shaping time of the readout amplifiers will both
be of the same order as the time between two bunch crossings. Thus, upon
readout, a certain amount of energy piled up from previous events will be
additionally recorded.

To simulate this effect we generated a sample of so called superevents - i.e. a
superposition of 19 PYTHIA minimum bias events - and recorded the neutral
energy impinging on a fixed 5 x 5 crystal matrix at 7 = 1°. The energy signal
E° for a particular bunch crossing was assumed to decay exponentially with
a time constant 7. Thus the pileup energy in the i'* event is given by

E‘ - Z E?_J % e_(z'xlinnec)

previous events j

As the time constant = increases, the pileup energy contaminating the energy
measurement in a § x 5 crystal matrix also rises with large fluctuations (figs.
7b-c). The influence of these fluctuations on the Higgs mass resclution and on
the significance is shown in fig 8 a,b. A significant benefit from an accurate
determination of the z-vertex will be realized only if fast electronics provide
a time constant of less than about 40 nsec.

Vertex Uncertainty

The uncertainty in the z-coordinate of the proton-proton interaction (¢, =6cm)
due to the longitudinal extension of the proton bunches at the LHC corres-
ponds to an uncertainty of the Higgs production vertex and thus influences

B~ 20 to 30 nsec [3]
9Within the region of acceptance of the assumed calorimeter (0 < n < 1.), we found
the pileup energy as well as the number of particles to be practically independent of 7.



the reconstruction of the angle ©,, between the two photons. Assuming
that the proton-proton vertex position follows a gaussian distribution, Fig. 9
shows that the precision of the ©,., reconstruction becomes worse by almost
an order of magnitude when the vertex uncertainty is taken into account.
Figs. 10a,b show that greater precision in the determination of the z-vertex
results in a pronounced improvement in the Higgs mass resolution and sig-
nificance. Recent investigations [9] show that it is possible to determine the
two photon vertex by using the information of the central tracker on the
charged tracks accompanying the two photons. Reconstruction of the vertex
with an accuracy of 0, = lcm rather than o, = 6cm (no reconstruction)
would result in an increase of the significance of the Higgs signal by a fac-
tor of 1.23. To recover this factor in case the vertex is not reconstructed
an additional running time of 6 months at the peak LHC luminosity of
L = 1.6 x 10*em~25"! would be necessary.

Conclusions

The detection of the Higgs particle through its decay into two photons has
been simulated fully for an electromagnetic calorimeter consisting of CeFj
crystals. The simulation based on the PYTHIA generator and the GEANT
program package included the effects of background as well as the influence
on the signal of detector and LHC machine parameters. The calorimeter, 25
radiation lengths deep and covering the region |7| < 1.0, was characterized
by its fine granularity (An x A¢ = 0.01) and large distance from the inter-
action point (inner radius of 3m).

Assuming that the event vertex can be located with an accuracy o, = lem
(for example through the method described in Ref. 9), we find that an inte-
grated luminosity of 10°pb~! will result in the detection of a 100 GeV Higgs
with a significance of ~ 13 as long as the electronic noise does not exceed 20
MeV/crystal, a calibration error of 0.5% or better can be achieved, and the
time constant for energy pileup in the calorimeter can be limited to values
smaller than ~ 40nsec. In the absence of vertex reconstruction (o,=6cm,
the r.m.s. length of the proton bunches), the Higgs signal significance for the
detector and machine parameter values quoted above is diminished to ~ 10.
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Figure 1 : Invariant mass spectrum of two photon final states

in presence of a Higgs boson of mass 100 GeV after one year
of LHC running time. For the reconstruction of the Higgs
signal only the intrinsic energy and spatial resolution of the
detector were taken into account.
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Figure 2 : Difference between reconstructed and true energy
of photons originating from Higgs decay, normalized to the
true photon energy. The intrinsic detector resolution of the
energy measurement is determined by leakage effects.
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Figure 3 : Angular resolution for the reconstruction of the
opening angle ©.,., between the two photons from Higgs de-
cay
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Figure 4 : Invariant mass spectrum of two photon final states
from a 100 GeV Higgs for an ideal detector (unshaded) and
in the presence of detector and LHC machine effects (shaded
distribution)
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Figure 5.a : Influence of electronic noise on the Higgs mass

resolution
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Figure 5.b : Influence of electronic noise on the significance of

the Higgs signal
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Figure 6.a : Influence of calibration error on the Higgs mass
resolution
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Figure 6.b : Influence of calibration error on the significance

of the Higgs signal
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Figure 7.a : Distribution of pileup energy for a total shaping
time of Onsec. Note the change in the scale.
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Figure 8.a : Influence of pileup effects on the Higgs mass reso-
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Figure 8.b : Influence of pileup effects on the significance of

the Higgs signal
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Figure 9 : Influence of vertex uncertainty on the reconstruc-
tion of the opening angle ©.,, between the two photons from
Higgs decay
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