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Abstract. Higgs boson production with subsequent decay to photons was searched for in the data collected
by the DELPHI detector at centre-of-mass energies between 183 GeV and 209 GeV, corresponding to a
total integrated luminosity of nearly 650 pb~'. No evidence for a signal was found, and limits were set on
h%Z° and h°A° production with h° decay to photons. These results were used to exclude regions in the
parameter space of fermiophobic scenarios of Two Higgs Doublet Models.

1 Introduction

In the Standard Model (SM), the decay of the Higgs boson
to photons is mediated by heavy charged particles (namely
W+ bosons and top-quarks). The corresponding branching
ratio BR(h® — ~v) is below 0.1%. At LEP, this search
is thus motivated by extensions of the SM. Many of the
proposed models may enhance the BR(h — ~7), either by
enlarging the h%v+ coupling [1] or by reducing the coupling
of the Higgs boson to fermions [2].

We investigate the fermiophobic scenario of Two Higgs
Doublets Models (2HDM) [2], in which the lightest CP-
even Higgs boson decays to photons and can be produced
together with a Z° or a CP-odd Higgs boson, AY. The
Higgs decay modes analysed in this paper are he — 4y
and A® — bb or A% — hYZ°. However, we consider also
results for h? — A%AY and for long-lived A°, as described
in [3]. All LEP2 data with centre-of-mass energies above
180 GeV are analysed and the results reported here update
those in [3].

The results on h°Z% production with h® — ~+ have
been interpreted in several frameworks: previous analyses
of DELPHI data can be found in [4] and results from the
other LEP experiments can be found in [5]. In all cases,
h®Z° production with subsequent h® — ~+ decay has been
used as a benchmark in the search for particles with SM
Higgs-like couplings to bosons but no coupling to fermions.

In Sects. 2 and 3, the 2HDM fermiophobic scenario and
the data samples used will be introduced; the general selec-
tion of events with isolated photons will then be presented
(in Sect. 4), before going into the analysis dedicated to each
of the h® boson production mechanisms and the different
final states. The results obtained for h°Z° production and
h° A° production (in Sects. 5 and 6, respectively) are then
combined to exclude regions in the parameter space of the
2HDM fermiophobic scenario, in Sect. 7.

2 The 2HDM fermiophobic scenario

General Two Higgs Doublets Models without explicit CP
violation are characterized by five physical Higgs bosons:
two neutral CP-even bosons (h° and H?), two charged
bosons (H*) and one neutral CP-odd boson (A°). To-
gether with the masses, the important parameters describ-
ing 2HDMs are the mixing angle in the neutral CP-even
sector («) and the ratio of the vacuum expectation values
of the two Higgs doublets (tan (3).

The couplings of the Higgs doublets to fermions could
be realized in different ways, one possibility is that only
one of the doublets couples to fermions. The coupling of
the lightest CP-even boson to a fermion pair is then pro-
portional to cos . If @ = 7/2, this coupling vanishes and
h° becomes a fermiophobic Higgs [2]: it decays to pairs of
other Higgs bosons or massive gauge bosons when kine-
matically allowed, or to two photons in a large region of
the parameter space.

In 2HDMSs, the main mechanisms for the production
of neutral Higgs bosons at LEP are ete™ — h%Z% and
ete™ — hYA°, both proceeding via Z° exchange. The two
processes have complementary cross-sections proportional
to sin?§ and cos?d, respectively, where § = o — 3. The
sind factor rescales the h®Z°Z° vertex with respect to
the SM one.

It must be noticed that there are two different Higgs
potentials which conserve CP [2] (referred to as potential
A and B), each of them a function of seven parameters —
the masses of the Higgs bosons, the o and 3 angles and
the sum of the squares of the vacuum expectation values
for the two doublets. The choice of the potential does not
affect the Higgs interactions with gauge bosons or fermions
but leads to different Higgs-Higgs couplings and thus dif-
ferent phenomenologies. In particular, the decay width of
h® — 77, to which diagrams with H* loops significantly
contribute, can be changed.

For potential A, the branching ratio of the lightest
CP-even Higgs to two photons BR(h® — ~v) depends
on Mo, and weakly on sin? §. Under the assumption that
Mpyo ~ 1TeV/c? and that h° does not decay to other
Higgs particles, the BR(h® — ~v) for sin®§ = 1 can be
obtained using the SM couplings to bosons and no cou-
pling to fermions. For other values of sin?§, it increases
with respect to this benchmark model. For potential B,
the BR(h® — ~v) depends also on M40 and Mg+ and
there can be large cancellations between the several loop
contributions for some values of these parameters. In both
cases, h' — A%A° is dominant when Mo > 2M 4.

The widths for the A° tree level decays (to ff, Z°h°
and W*H T) are independent of the potential but depend
on M40, Mo and sin? 6. For low values of sin®§, also A°
becomes fermiophobic and light A° bosons can thus be
long lived.

The low values of sin?4 lead also to different mass
configurations, according to the choice of potential. For
potential A they imply Mo ~ 0 and for potential B Mo ~
M 0.
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Table 1. Average centre-of-mass energies and integrated luminosities of the analysed
samples. The sample with 1/s=206.5 GeV corresponds to the data collected after the

damage on the TPC

year 1997 1998 1999 2000
Vs (GeV) 182.6 188.6 191.6 1955 199.6 201.6 205.0 206.5 206.8
L (pb™1) 49.3 153.0 25.1 76.0 82.7 40.2 80.0 59.2 81.8

3 Data samples

The data analysed were taken by the DELPHI detector
at LEP in the years from 1997 to 2000. The correspond-
ing average centre-of-mass energies (1/s) and integrated
luminosities (£) are shown in Table 1.

In the year 2000, the centre-of-mass energies ranged
from 200 GeV to 209 GeV, while most of the luminosity
was collected at around 205 GeV and 207 GeV. In the last
part of the running, DELPHI suffered irreparable damage
to one of the sectors of the main tracking device, the Time
Projection Chamber (TPC), representing 1/12 of the ac-
ceptance. These data were analysed separately, to isolate
any systematic difference.

The DELPHI apparatus and performance are described
in detail in [6,7]. The tracking system of DELPHI con-
sisted of the TPC and a Vertex Detector (VD) closest to
the beam pipe and was supplemented by extra tracking
detectors, the Inner and Outer Detectors in the barrel re-
gion, and two Forward Chambers. It was embedded in a
magnetic field of 1.2 T, aligned parallel to the beam axis.
The most important subdetectors for the present analysis
were the electromagnetic calorimeters covering different
polar angle regions®: the luminosity monitor (STIC) for
0 below 11°, the Forward ElectroMagnetic Calorimeter
(FEMC) between 11° and 35° and the High density Pro-
jection Chamber (HPC) above 42°. The regions in between
the FEMC and the HPC and the HPC intermodular divi-
sion at # = 90° were equipped with hermeticity counters —
scintillators covered with lead, so that photons could also
be tagged there. In the azimuthal intermodular divisions
of the HPC, at mod(¢,15°)=7.5°, the detection of pho-
tons could be complemented by the use of the Hadronic
CALorimeter (HCAL). The hadronic calorimeter covered
98% of the total solid angle, down to 11°, and the whole
detector was surrounded by muon drift chambers. The ma-
jor hardware change with respect to the description in [7]
was the inclusion of the Very Forward Tracker [8] which
extended the coverage of the Vertex Detector down to a
polar angle of 11°. Together with new tracking algorithms,
and new alignment and calibration procedures, this led to
an improved track reconstruction efficiency in the forward
regions of DELPHI. The tracking algorithms for the barrel
part of DELPHI were also changed to recuperate efficiency
in the damaged TPC sector.

L The polar angle, 6, is defined in relation to the beam axis.
In all cases the complementary value (180° — ) is also assumed.
The azimuthal angle, ¢, is the angle in the plane perpendicular
to the beam direction.

Events corresponding to the SM processes and Higgs
production signals were fully simulated for each data set.
The main background processes were generated with
KK2f [9] (for eTe™ — qq(v)), KoralZ [10] (for eTe™ —
vi(y) and ete” — 717 (y)) and Bhwide [11] (for the
Bhabha scattering), all of which include a detailed descrip-
tion of the initial state radiation. These processes constitute
irreducible sources of background, and thus their accurate
description is a crucial point in the analysis. In a previous
paper [3], the ¢g() background had been simulated with
Pythia 6.1 [12]; KK2f has a more accurate description of
the initial state photon radiation and gives a 30% increase
in the cross-section for the production of ¢¢ with two pho-
tons at high polar angle. It also has a better match to the
DELPHI data as shown in the next sections.

Other SM processes give smaller contributions to the
studied channels. All the 4-fermion processes (including
neutral and charged currents) were generated as described
in [13], using the WPHACT generator [14], and comple-
mented with samples of multiperipheral production of
ete” ff events generated with BDK/BDKRC [15] in the
regions dominated by virtual photon collisions. The QED
ete™ — ~v process and Compton events were generated
with RADCOR [16] and TEEG [17], respectively. The
hadronization and fragmentation in hadronic final states
was performed by Pythia [12].

Signal processes corresponding to the different analysed
final states were generated according to Pythia 6.1 [12] at
the different average centre-of-mass energies, for different
values of the Higgs bosons masses (from 3 to 120 GeV /c? for
the hY boson and 10 to 170 GeV/c? fro the A° boson). They
were cross-checked with a dedicated generator HZHA [18].

All the generated data sets at the different centre-of-
mass energies were passed through the DELPHI simulation
and the same reconstruction chain as data [7]. Dedicated
samples of all the above processes were used to simulate
the effect of the damaged TPC sector. Its impact on the
analyses was found to be negligible within the statisti-
cal uncertainties.

4 Selection of events with isolated photons

The selection of events with isolated photons is common to
all analyses and is described in this section. First a general
selection was applied and then isolated photons and leptons
were reconstructed.

Only events with visible energy in the polar angle region
above 20° greater than 0.1,/s were accepted. In addition,
all events were required to contain at least one charged or
neutral object with energy above 5 GeV in the same polar
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angle region. This vetoed most of the contamination from
virtual photon collision events.

Charged particles were classified as ‘good’ if they had
measured momentum greater than 0.1 GeV/c and their
tracks were reconstructed with impact parameters to the
interaction point below 4 cm in the transverse plane and
4/sin@ cm in the beam direction. Energy deposits in the
calorimeters unassociated to charged particles were re-
quired to be above 0.3 GeV to be classified as neutral par-
ticles.

The reconstruction of photons was done in several steps,
starting from the showers in the electromagnetic calorime-
ters. The procedure described in [7] was followed to identify
tight photon candidates in the HPC. This algorithm selects
electromagnetic energy deposits with shower profiles com-
patible with those of photons. However, showers close to the
HPC divisions were accepted as loose photon candidates
even if they failed the transverse shower profile criteria
(and/or the longitudinal shower profile criteria if their en-
ergy was above 25 GeV). In the forward region, all STIC
energy deposits with polar angle satisfying 6 < 11° were
taken to be tight photon candidates®. An algorithm was
used to correct for the effects of photon conversion and
shower development in the detector material in front of
the FEMC, as explained below. Electromagnetic deposits
close in space were clustered together and the association
with reconstructed charged particle tracks was used for
electron/photon discrimination. Tight photon candidates
were required to have no association to VD track elements,
nor to signals from different combinations of other tracking
detectors (depending on the shower polar angle). Care was
taken to exclude those tracks which were likely to come
from the development of showers outside the calorimeter.
Loose photon candidates were allowed to have two associ-
ated tracks. In addition, the ratio of electromagnetic energy
to the total energy around the cluster —in an angular region
defined by |Af| < 15° and |A¢| < min(15°,6° cot Ociuster)
— was required to be above 90%.

The identification of isolated photons started from the
candidates defined above and used a double cone centred
around the photon axis, as explained below. Only isolated
photons with energies above 5 GeV were considered. The
selection criteria depended on the topology of the event
and were as follows.

For the topology with photons only, the total energy
inside a cone with half-angle of 10° was associated to the
photon, while, to ensure isolation, the total energy between
10° and 12° was not permitted to exceed 5 GeV.

For the other topologies, the criteria were different for
loose and tight photon candidates. For loose photon can-
didates, the half-angle of the inner cone was of 5° and
the energy between 5° and 15° was not permitted to ex-
ceed 1 GeV. In the case of photons tightly identified by the
shower profile analysis, no further association was done and
only the external cone was kept. The angle of the external
cone, «, was varied according to the energy of the pho-
ton candidate, down to 3° for £, > 90GeV. The energy

2 Energy depositions below 3° were discarded from the events,
to avoid contamination from off-momentum beam electrons.
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limit inside the cone was rescaled to sina/sin15° GeV,
but one energetic particle was accepted inside this cone
(and excluded from the energy calculation).

The identification of isolated photons in the barrel
region required also that there was no HPC layer with
more than 90% of their electromagnetic energy, while the
hadronic energy depositions above 3 GeV must be concen-
trated in the first layer of the HCAL.

The reconstruction of isolated leptons followed the same
double cone criteria, starting from good charged particles
with momentum above 4 GeV/c. The total charged parti-
cle momentum and energy deposition inside the inner cone
around the charged particle track were associated, and an
external cone used to ensure isolation. Isolated charged par-
ticles associated to signals in the muon chambers, and for
which the ratio between the energy deposited in calorime-
ters and the measured momentum was less than 20%, were
identified as tight muon candidates. Electromagnetic show-
ers associated to good charged particles, reconstructed with
algorithms similar to those of photon reconstruction, were
considered as tight or loose electron candidates.

The separation between electrons and photons convert-
ing in the tracking system relied on the information from
the VD and its association to isolated charged particles.
A VD track element was defined as at least two signals in
different layers of the detector, which were associated to an
isolated particle if aligned within 3° of its azimuthal direc-
tion (10° in the forward region). Isolated charged particle
tracks not associated to VD track elements were consid-
ered as candidates for photons converting in the tracking
system. At most one converted photon candidate was al-
lowed per event, except for the 71~y topologies where
no recovery of converted photons was performed.

5 Search for h°Z° production
5.1 Two photons and jets

In h°Z° production, the final state with highest branch-
ing fraction is the one corresponding to the Z° decay to
hadrons, and k" decay to photons. The preselection of this
topology required that at least six good charged particles
were present and the visible energy in the polar angle region
above 20° was greater than 0.24/s. All selected charged and
neutral particles, except for isolated photons and leptons,
were clustered into two jets using the DURHAM jet al-
gorithm [19]. Two isolated photons were required in the
event, and extra isolated particles were allowed only if their
transverse momentum with respect to one of the jets was
less than 20 GeV/c.

The main irreducible background to this search was qq
production with two photons coming predominantly from
initial state radiation: at LEP2, about half of the ¢qg events
were radiative return events, with an effective collision
energy around Myzo. Very small contributions from other
sources, namely W W~ production, were also present.

After the selection of the two isolated photons in the
event, further requirements on their isolation and polar
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angle reduced both Initial and Final State Radiation (ISR
and FSR) contributions. The most energetic photon had
to have at least 15% of the beam energy, the minimum
transverse momentum of the photons with respect to the
jets had to be above 7.5GeV/c and the minimum polar
angle above 30°.

To improve the resolution on the invariant mass of the
photon pair, a kinematic fit imposing energy-momentum
conservation and constraining the jet-jet invariant mass to
the ZY mass was performed according to [20]. The main
inputs to the fit are the directions and energies of the
photons, which are considerably less well measured if the
photons are not well contained in the calorimeters. o, the
relative error on the measured energy E7;°**, was obtained
from calorimeter resolution studies. It was set to 100% for
photons reconstructed in the calorimeter boundaries, and
events in which both photons had o = 100% were rejected.
For the other events, a partial x? was constructed as:

Gy 1y (B
ndof 2 . = aEE;nfaS

=1,

(1)

If both photons were well contained in the calorimeters,
it was required that X%v /ndof was below 5. If one of the
photons was not well contained, the information from the
jets had a larger weight and it was the global x?/ndof of
the fit (defined in [20]) that was required to be below 5.

At this stage, the contribution from non-¢g(y) events
becomes almost negligible. The characteristics of the radia-
tive return events were then used to reduce the background
further. In most of these events, the photons are in the for-
ward part of the detector and, usually, one of the photons
carries most of the energy necessary to bring the Z° boson
on-shell: )

s—M

Eret = 27\/; . (2)
Only events in which the energy difference between the two
photons was lower than 0.70E,.; were kept. Figure 1 shows
the sum and difference of the two photon energies normal-
ized to the radiative return energy. In the final sample, one
of the photons was required to be inside the HPC accep-
tance.

Table 2 shows, for the data collected in the year 2000,
the evolution with the selection criteria of the number of
selected data events, corresponding SM background and
efficiencies for two Higgs signals of different masses. The
contribution of the irreducible gqq background is shown
separately. The numbers of selected events in all data and
simulated samples at the final selection level are shown in
Table 5. The reconstructed jet-jet invariant masses and the
fitted vy masses are also shown in Fig. 1.

5.2 Two photons and two charged leptons

The production of A°Z° with subsequent decays h® — vy
and Z° — [+~ was analysed for all the three charged lepton
flavours. A common preselection required the presence of
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Fig. 1. h°Z° — yv¢g. The top plots show the sum (left) and
difference (right) of the two photon energies divided by the ra-
diative return energy before the cut on the energy difference (in-
dicated by the arrow). The bottom plots show the reconstructed
invariant jet-jet mass (left) and the fitted Higgs mass (right).
The full data set (dots) is compared to the SM background
(shaded area) and two h°Z° signals: with M,0=50 GeV/c* and
M,0=100 GeV/c? (thick lines), shown with arbitrary normal-
ization

two isolated photons and two isolated leptons in events
with at most five good charged particles and visible energy
in the polar angle region above 20° greater than 0.2,/s.
The most energetic photon was required to have energy
greater than 0.11/s and the polar angle of the leptons was
required to be above 20° (except for the ones identified as
muons).

The background processes for these channels include
ete” — Z%/y* — 171~ and the t-channel Bhabha scat-

Table 2. h°Z° — ~vqq selection in the year 2000: the evolution
of the data sample with the analysis cuts is shown for the full
2000 data set, compared to the total expected background (and
the ¢@ background) and the efficiencies for Higgs masses of
50 GeV/c? and 100 GeV/c?. The errors on the backgrounds are
statistical only. The absolute statistical error on the efficiencies
is 1-2%

Selection Data Background qq effso  effioo
2 photons 338  341.5 +£9.5 296.5 £9.2 60% 60%
no-ISR/FSR 23 22.9 +0.3 21.2 £0.3 39%  45%
7Z fit 12 12.4 £0.2 123 £0.2 31%  41%
AE 9 8.7 +£0.2 8.6 £0.2 26% 40%
HPC 9 8.4 +0.2 8.3 £0.2 26% 40%
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Table 3. h°Z° — 171~ selection in the year 2000: the evolu-
tion of the data sample with the analysis cuts is shown together
with the total expected background (with the corresponding sta-
tistical errors) and the efficiencies for Higgs masses of 50 GeV /c?
and 100 GeV/c? (with 1-2% statistical error)

Selection Data Background effsg effigo
2 photons 24 28.8 +1.1  36% 36%
no-ISR/FSR 5 5.3 £0.5 22% 31%
E-p fit + Mo 0 1.6 £0.2 17%  27%

tering, which has a very large cross-section. To reduce the
number of events with FSR, the minimum transverse mo-
mentum of each photon with respect to any of the leptons
was required to be greater than 5 GeV/c. The contribution
from events with ISR, namely from radiative return to the
Z9, was reduced requiring that both photons had polar
angles above 30°, that there was at least one photon in
the HPC, and imposing that the difference between the
energies of the two photons was below 0.7E,¢; (see (2)).

A kinematic fit imposing energy-momentum conserva-
tion and using the measured directions of the four particles
in the event was performed, to rescale the energies of leptons
and photons. Partial x?/ndof associated to the leptons or
to the photons were defined, as in (1), for the photon ener-
gies and lepton momenta; events were accepted only if one
of the two was below 10. Only events for which the fitted
di-lepton invariant mass was between 60 and 120 GeV/c?
were kept.

Table 3 presents the number of selected events in the
year 2000 data and the corresponding SM background ex-
pectations, at each selection level, together with the effi-
ciencies for two Higgs masses. The selection efficiencies for
the different leptonic decays of the Z° vary between 13% for
777~ and 38% for utpu~ for a Higgs mass of 100 GeV /c2.
The final invariant mass spectra are shown in Fig. 2, and
the corresponding numbers of selected events in each data
set are given in Table 5.

5.3 Two photons and missing energy

h%Z% production with the Z° decay into neutrino pairs
leads to purely photonic final states with large missing en-
ergy. All purely photonic candidate events were allowed
to have at most 5 good charged particles, none of them
associated to VD track elements or to signals in the muon
chambers. Charged particles not associated to energy de-
posits above 5GeV had to have momenta below 5 GeV/c
and the minimum transverse momentum of each individual
particle with respect to the other particles reconstructed
in the same hemisphere had to be greater than 5GeV/c.

Cosmic rays leaving energy deposits in the calorime-
ters are an important source of background for final states
with photons and missing energy. Most cosmic ray events
crossing the tracking system were removed by requiring
all charged particles in the event to satisfy the impact pa-
rameter selection criteria defined in Sect. 4. Cosmic ray
events crossing the detector outside the tracking devices
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Fig. 2. h°Z° — 41T~ (top) and h°Z° — yyvi (bottom). The
invariant masses M, at the last selection level for all analysed
data (dots) are compared to the SM background expectations
(shaded histogram), and h°Z° signals of 50 and 100 GeV/c?
(top), shown with arbitrary normalization

were vetoed by requiring that the total unassociated energy
deposition in the event was less than 10% of the energy
of the isolated photons. Events in which more than 98%
of the energy of the photon candidates was reconstructed
from depositions in the hadronic calorimeters were also
vetoed. In addition, the direction of photons reconstructed
in the HPC was required to be consistent within 25° with
the hypothesis that the particle was coming from the pri-
mary vertex.

After this preselection, only events with two photons re-
constructed with polar angles above 25° and well contained
either in the FEMC or in the HPC were kept.

The main background process for this channel is the
production of v pairs (either through Z° or W+ boson ex-
change) with the emission of ISR photons. Even though the
cross-section is low, these events constitute an irreducible
source of background. The background from the QED re-
action ete™ — ~47y(v), which has a large cross-section,
was much reduced by appropriate kinematic requirements.
Most of the QED events were vetoed by imposing that
the angle between the two photons was lower than 178°
and that the energy of the most energetic photon was be-
low 0.4+/s. Additional criteria were applied to events with
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Table 4. h°Z° — v selection in the year 2000: the evolution of the data sample
with the analysis cuts is shown, together with the total expected background (and the
QED and viyy expectations) and corresponding statistical errors. The efficiencies
for Higgs masses of 50 GeV/c? and 100 GeV/c? are shown in the last two columns,

and have associated statistical errors of 1-2%

Selection Data  Background QED voyy effso  effioo
preselection 1077 1121.2 £7.9 1110.6 £7.9 10.6 0.8 60% 64%
2 vs: 6, ¢ [35°,42°] 879 9245 £7.2  915.7 £7.1 88 £0.7 50%  56%
Qyy < 178° 206 200.0 £3.3 191.2 +£3.2 8.8 £0.7 50% 56%
QED veto 13 9.0 +£0.7 1.2 £0.3 7.8 £0.7 48% 53%
Z fit 6 6.6 £0.6 0.5 £0.2 6.1 £0.6 44% 50%

Table 5. Number of selected events for h° Z° production and corresponding background
expectations for the three topologies and all data samples considered. The errors on

the background are statistical only

Vs Y47 Relan v

(GeV)  DATA MC DATA MC DATA MC
183 4 2.64 £0.12 - - 2 1.59 £0.65
189 8 6.85 £0.33 1 1.70 +£0.44 5 4.82 £0.55
192 0 1.17 £0.05 0 0.27 £0.07 1 0.93 £0.13
196 4 3.24 £0.15 2 0.62 £0.15 2 2.29 +0.26
200 4 3.15 £0.15 0 0.60 £0.15 2 2.31 £0.24
202 3 1.66 £0.08 0 0.25 £0.07 1 0.99 £0.15
205 3 3.13 £0.10 0 0.61 £0.16 2 2.40 £0.29
206.5 3 2.20 £0.10 0 0.29 £0.07 4 1.58 £0.22
207 3 3.11 4+0.14 0 0.69 £0.17 0 2.58 £0.31
TOT 32 27.15 £0.47 3 5.03 £0.55 19 19.49 +1.06

photons in the less efficient regions of the electromagnetic
calorimeters. If one of the photons was either within 1.5°
of an azimuthal modular division of the HPC, or its po-
lar angle corresponded to the HPC edges, (defined by the
intervals [42°,44°] and [87°,88°]), the acoplanarity® was
required to be above 3° and 5°, respectively. If there was
one converted photon in the FEMC, the acoplanarity was
also required to be above 3°, in order to account for the
larger deflection of charged particles in the forward region.
Any signal observed in the hermeticity counters in between
the FEMC and the HPC was required to be within 20° of
a reconstructed photon.

A kinematic fit was then performed imposing the Z°
mass on the invisible system, after requiring that the miss-
ing mass of the selected event was larger than 20 GeV /c?.
The global x?/ndof [20] resulting from the fit was required
to be below 5.

The results of the selection in the year 2000 data set
are summarized in Table 4, where the SM expectations
were corrected for trigger efficiencies?. The invariant mass

3 The acoplanarity between two objects is defined as the
complement of the angle between them in the plane transverse
to the beam direction.

4 The trigger efficiencies for events with two photons in the
barrel part of DELPHI were of 96%-98%; in the forward part,
as for other final states, they were of ~100%. In the other
channels the effect of this correction is thus negligible.

spectra at the final selection level are shown in Fig. 2, and
the corresponding numbers of selected events in each data
set are given in Table 5.

5.4 Results on h°Z° production

A good agreement between data and SM expectations was
found in all analysed channels, with a total of 54 events
selected and 52+1 expected. The numbers of selected events
per channel and centre-of-mass energy are shown in Table 5.

Limits on the production cross-section of h°Z° with
h® = v, as a function of Mo, were obtained by combin-
ing all the channels and centre-of-mass energies using the
Modified Frequentist Likelihood Ratio method [21], tak-
ing into account the measured and expected M., invariant
mass distributions. The charged lepton flavours were added
in a single channel for each centre-of-mass energy.

The signal samples generated with Pythia 6.1 were
cross-checked with samples generated with HZHA and
found to be compatible within the statistical uncertainty
of 1%. Different fragmentation/hadronization models were
also compared, and found to have negligible impact in the
qq7y selection. Extra systematic effects could come from
the parameterization of the expected invariant vy mass dis-
tributions. They were found to be small when compared
to the statistical uncertainty on the total background ex-
pectations. To account for all effects, a systematic error
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Fig. 3. 95% CL upper limit on the h°Z° production cross-
section x BR(h® — v7) normalized to the SM value. Both the
observed (full line) and the expected limits (dashed line) are
shown. Also shown is the fermiophobic BR(h® — «v) (dotted
line), obtained by keeping the SM couplings of the Higgs to
boson pairs and setting the h° f  couplings to 0. A 95% CL mass
limit is given by the intersection of the cross-section limit and the
BR(R® — ~7) curve at 104.1 GeV/c? (104.6 GeV/c? expected)

of + 3% was assigned to the signal efficiency used in the
limit calculation.

Figure 3 shows, as a function of the Higgs boson mass,
the 95% Confidence Level (CL) upper limit on BR(h® —
vv) times the ratio of the h°Z% production cross-section
to the SM one. This ratio is equal to sin? § in 2HDMs (see
Sect. 2). For the range of masses studied, and taking the
model in [2] as a reference, the width of the Higgs boson
is always below the mass resolution of the analyses®.

In a model where the Higgs couplings to bosons have SM
values, but the couplings to fermions vanish, a 95% CL lower
limit on the h? boson mass is given by the intersection of
the cross-section limit and the prediction for BR(h® — )
(also shown in Fig. 3), at 104.1 GeV /2. The expected limit
in this case is 104.6 GeV /c%.

6 Search for h°® A° production
6.1 Two photons and two b-jets

The search for h®A° — 4~bb is very similar to the one for
h°Z° — 4yvqq (see Sect. 5.1). Similar criteria were applied,
differing mainly in the kinematic fit performed. In the h°A°
case less constraints were used: the jet-jet invariant mass
was left free and an additional ISR photon was allowed
in the beam direction. In fact, if Mo + Mo < Mgo, a
significant part of the signal events may correspond to
radiative returns to the Z° with subsequent Z% — h9A°.

5 For Mo = 100GeV/c?, the mass resolutions were of 1%
for the leptonic channel, 2.5% in the hadronic channel, and
3.5% in the missing energy channel.
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Fig. 4. h®A° — ~4~bb analysis. The reconstructed A° and h°
masses at the final selection level are shown in the top plots for
data and expected SM background in all data sets. The lower
plots show the fitted jet-jet mass for events selected in both
the h®A° and h°Z° analyses and the distribution of the b-tag
variable just before the cut at —2

Since M 40 has to be fitted without constraints, the global
x%/ndof becomes an important selection criterion: it was
required to be below 10 in all cases. Tighter requirements
on partial X%A, /ndof and global x?/ndof were still apllied
as discussed for the h°Z° case.

In the next stage, it was required that the energies of
the two photons satisfied |E,1 — E 2| < 0.70|Ey1 + E,2].
Again, at least one of the photons had to be in the HPC and
the combined b-tagging of the event, as defined in [22], was
required to be above —2. Figure 4 shows the agreement of
the b-tagging variable in data and SM simulation, together
with the mass distributions obtained for the bb and v+ pairs.

The total numbers of selected data and background
events in the analysis of the year 2000 data are shown
in Table 6. The non-qq background is larger compared to
the case with the Z° mass constraint: it consists mainly
of semi-leptonic W+TW ™ events. Table 6 shows also the
efficiency obtained for ete™ — hYA® with Mo = Mo
and Mo = 100 GeV/c?. The numbers of selected events
at the final analysis level are given in Table 8.

6.2 Three or more photons and jets

Within the framework of general 2HDM, the main decay
channel of A° is bb. However, when kinematically allowed,
the decay to h°Z° becomes dominant in a large region of
parameter space. This can lead to final states with a fermion
pair and four photons. Only the Z° decay to quark pairs,
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Table 6. h° A — ~4~bb analysis: the comparison of data and
MC events selected at each analysis level for the year 2000 data.
The qg(v7y) contribution is shown separately. The efficiency for
the selection of a h°A° signal with Mo = 100GeV/c? and
M 0 = Mzo produced at /s=206 GeV is shown in the last
column (the corresponding statistical error being of 1-2%)

Selection Data Background qq effi00
no-ISR/FSR 23 22.9£0.3 21.2£0.3 53%
fit 19 20.1+0.3 19.14+0.3 49%
AFE 14 17.1£0.3 16.1£0.2 49%
HPC 14 16.5+0.3 15.5£0.3 49%
b-tag 7 6.91+0.2 6.41+0.2 46%

which has the highest branching ratio, was analysed. At
least three isolated photons were required and at most one
converted photon was allowed.

Two of the photons had to be above 30° in polar angle
and have a transverse momentum with respect to any of
the jets greater than 7.5 GeV /c. The jet-jet invariant mass
was required to be in the range 50 to 130 GeV/c?. The
difference between the energy of any of the photons and
the energy carried by all the others had to be below 0.33 Fyet
(defined in (2)). Finally, one of the photons was required
to be in the HPC, and at least three photons were required
to be above 15° in polar angle.

The numbers of selected events in the 2000 data sample
and the corresponding SM expectations are given in Table 7.
The efficiencies for the signal were as high as 60% for
high masses, and above 40% for most of the considered
range. Since only three photons were required, no mass
reconstruction was attempted and the result is based on the
numbers of selected events at this stage (given in Table 8).

6.3 Results on h° A° production

The numbers of selected events in each data set and for
both channels are shown in Table 8. Limits were extracted
with the same algorithm as for h°Z°. In the bbyy channel
the reconstructed mass values were used, while for the
qqyyy(7y) there was no attempt to reconstruct the masses,
and a pure counting experiment was performed. Searches
in both channels had similar sensitivity to the signal.

Table 7. h° A° — qgyyv(7) analysis: the comparison of selected
data and MC at each analysis level for the year 2000 data
is shown. The efficiency for the selection of a h°A° signal
with Mo = 35GeV/c? and Mo = 135 GeV/c® produced at
v/$=206 GeV is shown in the last column (the corresponding
statistical error being of 1-2%)

Selection Data Background qq eff
no-ISR/FSR 6 4.22 £0.14 4.00 £0.14 66%
Z° mass 3 3.31 £0.13 3.07 £0.12 66%
AFE 2 1.85 £0.10 1.65 +0.08 64%
HPC 1 0.86 £0.07 0.73 £0.06 62%
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Table 8. Selected events for h® A° production and correspond-
ing background expectations for the two topologies and all
data samples considered. The errors on the background are
statistical only

Vs bbryy aqyyy(v)

(GeV)  DATA MC DATA MC
183 2 1.90 £0.10 0 0.23 +0.04
189 3 5.82 +0.30 0 0.74 +£0.11
192 1 0.94 +0.05 0 0.13 £0.02
196 4 2.82 £0.14 1 0.29 £0.05
200 3 2.91 +0.15 1 0.35 £0.05
202 1 1.50 +0.07 0 0.16 £0.02
205 6 2.43 £0.09 1 0.32 £0.04
206.5 1 1.85 £0.09 0 0.20 £0.03
207 0 2.59 +0.10 0 0.34 £0.05
TOT 21 92.76 +0.42 3 2.75 +£0.15

To extract upper limits on cos?§ (defined in Sect. 2),
reference cross-sections computed with HZHA [18] were
used. For the h® — ~v decay, the branching ratio com-
puted with sin® § = 1 and shown in Fig. 3 was used. This
represents a conservative assumption since BR(h? — )
increases for lower sin® §. Depending on the point in pa-
rameter space under consideration, the limit was derived
assuming a 100% branching fraction for the dominant de-
cay channel of the A° (bb or h°Z°). The limits are almost
independent of the other model parameters, if the masses
Mo and Mpy+ are high enough not to open new decay
channels as A° — HE*WT,

Figure 5 shows the limits on sin?§ as a function of
M0, obtained for two different M 40 values — they strongly
depend on the mass hypothesis used for A°.

h°A° (115)

DELPHI
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Fig. 5. 95% CL limits on the h°Z° and h® A° production cross-
sections expressed in terms of sin?§. Values above the h®Z°
curve and below the h°A° curves (shown for two different M 4o
values: 50 GeV/c? and 115GeV/c?) are excluded
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Fig. 6. The shaded areas correspond to regions excluded at
95% CL for all § values. The plot is divided into regions according
to the dominant decay modes of h® and A°, as explained in
the text. The exclusions from LEP 1 data, based on the total
and invisible width of the Z°, are also shown

7 Exclusion in the 2HDM parameter space

The combination of the results on h°Z% and h°A° pro-
duction is illustrated in Fig. 5. The upper limits on sin® &
for a given Mo and the upper limits on cos? § for a given
(Mpo,M 40) pair are combined to exclude regions in the
(Mpo,M 40) plane for all § values.

Figure 6 shows the 95% CL exclusion in the plane
(Mo, M 40) divided into separate regions according to the
different kinematics:

I. Mo > Mpo + Mgo

The main decay channels in this region are h® — v~y
and A — h%ZY. Thus the vvZ° and ¢gyyv(7) topologies
are the relevant ones. The vertex A°h%ZY is proportional
to cosé and thus the decay A — h%Z° is dominant only
for sin? § < 0.95. However, for higher sin? § values, these
mass combinations are excluded by the limits on h°Z°
production.

II. Mh0/2 < Mo < Mpo + Mo

h% — ~v and A° — bb are the dominant decays in
most of the parameter space. However, the decay A° — bb
is suppressed as sin? § approaches 0, and the A° becomes
stable, and thus invisible, for sin? § < 1075, The exclusion
in this region comes from the search for h? A° production,
the results of a vy + E,,;s analysis (described in [3]) being
used. This allows all the mass region excluded by the com-
bination of the h°Z° and bbyy analyses for higher sin®
values also to be excluded for low sin®¢.

II1. 2M), < Mo < Mpo/2

The decay h® — A% A°, kinematically allowed, becomes
dominant. The A° still decays to bb, as long as 2M;, < M 4o,
and this gives rise to 6-fermion final states. This decay is
relevant also for non-fermiophobic 2HDMs, and the results
published by DELPHI in [23] are used. For very low sin”
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there is a region of totally invisible final states for which
the results on the invisible Z° width, obtained at LEP1,
are used, as explained in [3].

The LEP1 results on the total Z° width are also used
to cover the region where the two masses are below the
reach of the present analysis [3].

These exclusions are valid for all the allowed param-
eter space in the case of potential A, but only for
Mpy+ > 500GeV/c? or sin®§ > 0.1 in the case of po-
tential B. For lower values of both Mg+ and sin® 4§, the
BR(h® — ~7) can vanish due to cancellation of the different
loop contributions.

For the two potentials considered, the exclusions ob-
tained for invisible A° (which are more restrictive than the
ones for visible final states, in region III) apply only to
small mass regions. This is because sin?§ < 10~¢ implies
M0 ~ 0 in potential A and a band of Mo ~ M40 in po-
tential B. Both mass bands are in principle outside region
IIT but, since their precise width is not known, the region
of exclusion for invisible A° is also shown.

8 Conclusions

Around 650 pb~! of LEP2 data collected by DELPHI, at
centre-of-mass energies between 183 and 209 GeV, were
analysed in the search for Higgs bosons decaying into pho-
tons. In the context of 2HDM, both h°Z° and h° A° produc-
tion were searched for, and a large variety of final states
involving photons and fermions was considered. No evi-
dence for new physics was found.

Lower limits were set on the mass of a particle with
Higgs-like couplings to bosons and decaying to two photons.
In a model where the Higgs couplings to bosons have SM
values, but the couplings to fermions vanish, a 95% CL
lower limit on the h° boson mass is set at 104.1 GeV /c?;
the expected limit in this case is 104.6 GeV /c?. Exclusions
at 95% CL were also derived in the mass plane (Mo, M 40)
of the fermiophobic 2HDM scenario.

Acknowledgements. We are greatly indebted to our technical
collaborators, to the members of the CERN-SL Division for
the excellent performance of the LEP collider, and to the fund-
ing agencies for their support in building and operating the
DELPHI detector. We acknowledge in particular the support
of Austrian Federal Ministry of Education, Science and Cul-
ture, GZ 616.364/2-111/2a/98, FNRS-FWO, Flanders Institute
to encourage scientific and technological research in the in-
dustry (IWT), Belgium, FINEP, CNPq, CAPES, FUJB and
FAPERJ, Brazil, Czech Ministry of Industry and Trade, GA
CR 202/99/1362, Commission of the European Communities
(DG XII), Direction des Sciences de la Matiere, CEA, France,
Bundesministerium fiir Bildung, Wissenschaft, Forschung und
Technologie, Germany, General Secretariat for Research and
Technology, Greece, National Science Foundation (NWQO) and
Foundation for Research on Matter (FOM), The Netherlands,
Norwegian Research Council, State Committee for Scientific
Research, Poland, SPUB-M/CERN/P03/DZ296 /2000, SPUB-
M/CERN/PO3,/DZ297/2000, 2P03B 104 19 and 2P03B 69
23(2002-2004) JNICT — Junta Nacional de Investigagdo Cienti-



324

The DELPHI Collaboration: Search for fermiophobic Higgs bosons in final states with photons at LEP 2

fica e Tecnoldgica, Portugal, Vedecka grantova agentura MS SR,
Slovakia, Nr. 95/5195/134, Ministry of Science and Technology
of the Republic of Slovenia, CICYT, Spain, AEN99-0950 and
AEN99-0761, The Swedish Natural Science Research Council,
Particle Physics and Astronomy Research Council, UK, De-
partment of Energy, USA, DE-FG02-01ER41155, EEC RTN
contract HPRN-CT-00292-2002.

References

1.

K. Hagiwara, R. Szalapski, D. Zeppenfeld, Phys. Lett. B
318, 155 (1993); K. Hagiwara et al., Phys. Rev. D 48, 2182
(1993)

A. Barroso, L. Briicher, R. Santos, Phys. Rev. D 60, 035005
(1999); L. Briicher, R. Santos, Eur. Phys. J. C 12, 87 (2000)
DELPHI Coll., P. Abreu et al., Phys. Lett. B 507, 89 (2001)
DELPHI Coll., P. Abreu et al., Phys. Lett. B 458, 431
(1999)

ALEPH Coll., R. Barate et al., Phys. Lett. B 487, 241
(2000); L3 Coll., P. Achard et al., Phys. Lett. B 534, 28
(2002); OPAL Coll., G. Abbiendi et al., Phys. Lett. B 544,
44 (2002)

DELPHI Coll., P. Aarnio et al., Nucl. Instr. Methods A
303, 233 (1991)

DELPHI Coll., P. Abreu et al., Nucl. Instr. Methods A
378, 57 (1996)

DELPHI Silicon Tracker group, P. Chochula et al., Nucl.
Instr. Methods A 412, 304 (1998)

S. Jadach, B.F.L. Ward, Z. Was, Comput. Phys. Commun.
130, 260 (2000)

10

11

12.

13.

14.

15.
16.

17.
18.

19.

20.

21.

22.

. S. Jadach, B.F.L. Ward, Z. Was, Comput. Phys. Commun.
79, 503 (1994)

. S. Jadach, W. Placzek, B.F.L. Ward, Phys. Lett. B 390,
298 (1997)
T. Sjostrand et al., Comput. Phys. Commun. 135, 238
(2001)
A. Ballestrero et al., Comput. Phys. Commun. 152, 175
(2003)

E. Accomando, A. Ballestrero, Comput. Phys. Commun.
99, 270 (1997); E. Accomando, A. Ballestrero, E. Maina,
Comput. Phys. Commun. 150, 166 (2003)

F.A. Berends, P.H. Daverveldt, R. Kleiss, Comput. Phys.
Commun. 40, 285 (1986); 40, 271 (1986)

F.A. Berends, R. Kleiss, Nucl. Phys. B 186, 22 (1981)
D. Karlen, Nucl. Phys. B 289, 23 (1987)

P. Janot HZHA, in: Physics at LEP2, ed. G. Altarelli,
T. Sjostrand, F. Zwirner, CERN Report 1996-001 Vol. 2
(1996), p.309

S. Catani et al., Phys. Lett. B 269, 432 (1991)

DELPHI Coll., P. Abreu et al., Eur. Phys. J. C 2, 581
(1998)

A.L. Read, Modified frequentist analysis of search results
(The CLs Method), in: Workshop on Confidence Limits,
ed. F. James, L. Lyons, Y. Perrin, CERN Report 2000-005
(2000), p. 81

DELPHI Coll., J. Abdallah et al., b-tagging in DELPHI
at LEP, CERN-EP/2002-088, accepted by Eur. Phys. J. C
DELPHI Coll., J. Abdallah et al., Searches for neutral
Higgs bosons in extended models, CERN-EP/2003-061,
submitted to Eur. Phys. J. C



