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Channels with multi-b-jet final states are very important in the discov-
ery strategies for the Higgs boson search in ATLAS experiment at LHC.
Excellent jets reconstruction efficiencies and mass resolution capability of
the di-jet system are crucial aspects of the detector performance for the
signal observability in these channels. Full simulation and reconstruction
of the four representative channels with b-jets in final states is discussed:
WH, ttH with H — bb and A — Zh, H — hh with h — bb. These
channels are used as benchmark ones to study the different complexity of
events, level of combinatorial background from signal itself and universal-
ity of the algorithms used for jets reconstruction and energy calibration at
the wide range of energy/mass scales. Equivalently important aspect of
this study is to verify applicability of the fast detector simulation, based
on parametrisation of main features of the detector, for studying signal
and background rates for the above channels. For that reason the detailed
comparisons of the expected efficiencies and acceptances in full (based on
Geant 3) and fast simulations are shown at the different stages of the se-
lection procedures. In general good agreement is found between results
obtained in both approaches.
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1. Introduction

ATLAS is a multi-purpose detector designed for investigation of proton-
proton collisions at energy 14 TeV in center of mass, at LHC accelerator [1].
One of the main goals of the detector is Higgs boson search. Channels with
multi-b-jet final states seem to be very important for the search for the Higgs
boson both in Standard Model and its Supersymmetric extensions [1]:

e In the low mass range, below 130 GeV, discovery potential relays on the
ttH production. This channel is equivalently performant for searches
of the Standard Model (SM) Higgs and of the lightest Higgs boson
in the Minimal Supersymmetric Standard Model (MSSM). Selection
criteria require reconstruction of both top quarks, in the hadronic and
leptonic decay mode. The signal evidence is expected to show up as a
peak in the myy, distribution of the spectator di-b-jet system. Just four
identified b-jets accompanied by an isolated lepton and di-jet system
consistent with the hadronic W-boson decay are required in the final
state.

e Much less promising, but nevertheless used as a reference channel for
optimizing detector performance, is the WH production. Here, two
b-jets from Higgs decay are required to be accompanied by the isolated
lepton from W-boson decay. This channel is used as a benchmark
one for two mass values, my = 100 GeV and mpy = 400 GeV. The
second mass point is not expected to be accessible in WH production,
however, both give good benchmark scenario for studying in the wide
range the jets transverse momenta, the energy /mass scale calibration,
di-jets system resolution and b-tagging capability.

e The A = Zh, Z — IT1=, h — bb, is promising for the MSSM Higgs
boson discovery at low tan 8 and for masses below top-pair threshold
(350 GeV). Here it is studied for the reference values of m4 = 300
GeV, my, = 80 GeV. Search strategies require reconstructed Z — £/~
decay and two b-tagged jets. Reconstruction of the h — bb mass peak
and A — Zh peak is crucial for the possible observability of this signal.

e The H — hh — 4b is promising in the similar range of the MSSM
parameter space. Here it is studied for the same choice of the Higgs
boson masses: mpyg = 300 GeV and mp = 80 GeV. Search strategies
require four b-tagged jets. Reconstruction of the double A — bb decay
and H — hh peak is crucial for the possible observability of this signal.
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For all above channels, in addition to the excellent b-tagging, the good
resolution of the reconstructed mass distribution is a key element for dis-
covery of the Higgs boson. The expected resolution and acceptance of the
selection criteria is studied here with the full and fast simulation of the
ATLAS detector. The same physical events, generated with Pythia 5.7 [7],
were used in both simulation chains to allow event-by-event comparison. As
the above processes represent different levels of the complexity of the events
topology, mass of the resonances and jets energy scale, all together they
form a representative sample for quantifying expected performance of the
detector. Such comparison qualifies credibility of the background studies
done in most cases with the fast simulation only.

2. The WH — lvbb channel

The H — bb decay mode is a dominant one for the Higgs masses below
mass of the W-boson pair, with a branching ratio of ~ 90%. The observa-
tion of this characteristic signature would be important for both the Higgs
boson discovery and for the determination of the nature of any resonance
observed in this mass region. The associated production with W or tt pair,
giving an isolated lepton as an additional signature remains as the only pos-
sible production process to observe the signal in the bb decay mode above
the huge QCD two-jet background. The Higgs boson signal might be just
reconstructed as a peak in the invariant jet-jet mass spectrum of tagged
b-jets.

Prospects for the observability of the Higgs boson in the WH associated
production has been studied already for ATLAS TP [3], Physics TDR [1]
and [6]. Recently this channel has been discussed also in the context of
comparison between TeVatron and LHC physics potentials [4].

Although the expected sensitivity is rather weak for this channel alone,
it serves as an excellent benchmark process for studying ATLAS detector
capability for b-jets tagging and di-b-jets system reconstruction.

A sample of W H events was simulated with the full and fast simulation
of the ATLAS detector. Selection criteria, foreseen by the search strategies,
require presence of an isolated lepton with pt > 20 GeV, two b-tagged jets
with pt > 15 GeV and veto on any additional jet in the full rapidity range.
Table T shows sequential and cumulative acceptances of the above selection
criteria. In general good agreement, on the level of 15%, is found between
results obtained from both simulations streams.

Figure 1 shows reconstructed peak in the myy, distribution for events from
the fast and full simulation passing selection criteria as specified in Table 1.
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TABLE 1
Acceptances of selection criteria for WH, H — bb events with my = 100 GeV,
with the full and fast simulation of ATLAS detector.

Partial accept. | Cumulative accept.
Selection full fast full fast
Njet > 2 72% 70% 72% 70%
2 b-jets (perfect b-tagging) 61% 62% 44% 43%
1 lepton with pt > 20 GeV 66% 66% 29% 29%
and |n| < 2.5
Jet veto 56% 57% 16% 16%
Mass window my, = 100 20 GeV | 82% 86% 13% 15%
X/ ndf 9734 | 5 F X/ ndf 8671 | 4
600 — Constant 4748 - Constant 406.9
B Mean 96.98 L Mean 97.24
r Sigma 9.285 Sigma 10.76
- 400 -
00 — fast L full
| 200
200 |[— |
0 L | | o L | |
0 50 100 150 200 0 50 100 150 200
m,, (GeV) m,, (GeV)

Fig.1. The myy distribution of di-b-jet system, reconstructed for events processed
with fast simulation (left plot) and full simulation (right plot) of the detector.

The reconstructed peak position of the distribution reproduces the value
of the generated Higgs mass with precision of 3% !. Results are very well
consistent between the full and fast simulations of the detector. This is a very
encouraging fact as the jet energy calibration consists of two steps: calibra-
tion on detector effects (linearity, energy resolution, granularity, electronic
noise, non-compensation of electromagnetic and hadronic calorimeters, etc.)
and calibration on physics effects (final state radiation, outside-cone energy
loss and loss from semileptonic decay) which must be used even for a per-
fect detector. In both simulation the same physics calibration function were
used, what means that fast simulation parametrizes well the detector effects.

! This result does not represent yet ultimate precision expected for ATLAS detector [1].



Higgs Boson in Multi-b-Jets Final States Reconstruction with. . . 1321

The resolution from the full simulation is about 15% worse then the
resolution from fast simulation, with only slightly higher fraction of the
non-gaussian tail. Peak positions are different by 1%. Within the mass win-
dow of £20 GeV (that corresponds to £20, assuming 10% mass resolution)
cumulative acceptance of 13% (resp. 15%) is achieved with the full (resp.
fast) simulation. These include acceptance for 2 b-labelled jets, isolated
single lepton 2, jet-veto and mass window.

To simulate more realistically performance of the detector an electronic
noise should be added to simulated energy deposition in each cell of the
calorimeter. This noise comes from 200000 channels of electromagnetic
calorimeter and it might spoil measurements of quantities, which use infor-
mation from many cells like jet energy and Eaﬂniss. In simulation parametrized
noise is added to each cell with Gaussian distribution with o™ correspond-
ing to the characteristic of the electronics. Afterwards only cells with energy
greater than the threshold value, expressed in 0", are counted for the re-
construction of the jet energies. For this simulation the cut on the cell energy
was optimized at the level of 16™°%¢ (see [12] for more detailed discussion).

The Higgs boson will be not accessible in the associated WH production
for the mass of 400 GeV because of very low branching ratio. Nevertheless, it
is used as the benchmark signature for studying reconstruction performance
in the wider range of the energy/mass scale.
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Fig. 2. The ph 9"** and ARy, distributions for the Higgs mass of 400 GeV (dashed)

and 100 GeV (solid).

2 In all these analyses, the isolated single lepton (lepton track and isolation selection)
is always reconstructed with the fast simulation only. It was checked in [1] that for
isolated leptons fast and full reconstructions agree very well.
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Fig. 2 shows comparison of the distributions for the transverse momenta
of the b-quarks from Higgs decay, pff_quark, and the cone separation between
pair of the b-quarks for the Higgs mass of 100 GeV and 400 GeV. With
the Higgs mass increasing from 100 GeV to 400 GeV the average transverse
momentum of b-jets rises from 56 GeV to 136 GeV. The peak position of
the distribution of the cone separation of the pair of b-jets is shifted towards

back-to-back configuration, from ARy, = 2.7 to ARy, = 3.0.

TABLE II
Acceptances of selection criteria for WH, H — bb events with mg = 400 GeV,
with the full and fast simulation of ATLAS detector. Compared is also acceptance
assuming a resolution ¢ = 10% mpg.

Partial accept. | Cumulative accept.
Selection full fast full fast
2 b-jets (perfect b-tagging) | 72% 78% 72% 78%
Mass window
mp, = 400 £ 70 GeV (full) | 70% - 50% -
mpp = 400 £ 50 GeV (fast) - 75% - 58%
mp, = 400 £ 80 GeV 76% 88% 55% 69%
F 7/ ndf 9728 | 3 [ 2/ ndf 1422 | 12
- Constant 193.4 = Constant 138.0
L Mean 390.3 150 I Mean 405.5
200 |— Sigma 24.10 L Sigma 32.97
i ot E full
L 100 |—
100 - B
i 50
0 L N L ! 0 Li—m i \
0 200 400 600 0 600
m,, (GeV) m,, (GeV)

Fig.3. The myy distribution of di-b-jet system, reconstructed for events processed
with fast simulation (left plot) and full simulation (right plot) of the detector.

With the same physics calibration as for the my = 100 GeV case, pre-
cision on the reproduction of the invariant mass my, peak position is better
than 3% (see Fig. 3). The amount of tails outside the +£20 window is of
25-30% (see Table IT). Reconstructed distributions are asymmetric and have
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large tails for low mass values due to final state radiation, and this effect can
be partially corrected by adding so called “neighbour” jets in a cone about
V (An? + A¢?) = 0.9 around. Expected my, resolution is better then 10%
of the mass of the Higgs, ie. about 25 GeV (resp. 33 GeV) for the fast (resp.
full simulation case). In £20 GeV mass window about 75% of events from
the fast simulation and about 70% from the full simulation are accepted. In
+80 GeV mass window the acceptances are 88% (resp.78%) for fast (resp.
full) simulation.

3. The ttH channel

Prospects for the observability of the Higgs boson in the t#H associated
production has been studied in [9]. The analysis was recently completed by
the discussion of the background estimation based on the parton shower and
matrix element calculations [13]. The expected sensitivity is very promising
at LHC: above 50 for an integrated luminosity of 100 fb~! for this channel
alone and Higgs mass below 120 GeV.

The selection procedure is rather complicated. It requires four b-tagged
jets (from top-quarks and Higgs decay) accompanied by an isolated lepton
and di-jet pair consistent with the mass of W-boson. Both semileptonic
and hadronic decays of top-quarks are required to be fully reconstructed.
Evidence of the Higgs boson is searched for as a peak in the my, spectrum
of remaining b-quarks.

Sequential steps of the selection procedure are following [9]:

e Require at least 6 reconstructed jets in rapidity range |n| < 2.5 with
pt > 20 GeV, four of them identified as b-jets. They have to be
accompanied by isolated lepton with pt > 20 GeV.

e Require that exists solution for the W — fv mass equation which al-
lows to reconstruct semileptonic W decay (longitudinal momentum of
neutrino calculated from transverse missing energy). In both simula-
tion streams only information from fast reconstruction is used.

e Require that exists di-jet system of the non-b-tagged jets consistent
with the W-boson hadronic decay (Fig. 4).

e Optimize matching of the b-jets with the existing combinations of the
W — jj and W — fv and recalibrating m; to W-mass.

e Require both top-quarks being reconstructed inside the respective mass
windows (Fig. 6 and Fig. 5).

e Reconstructed mass of the remaining pair of b-jets in the mass window
(Fig. 7).
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Table III collects partial and cumulative acceptances of the selection
procedure. In total, fast simulation gives acceptances being 5%-10% higher.
Obtained resolutions for top-pair reconstruction are in both, hadronic and
leptonic modes, on the level of 5% m;. This is understandable, as the best
combinations with two out of four b-jets is always searched for. As the dom-
inant background to this channel is the ¢£jj production, similar resolutions
are expected also for the reconstruction of the background events.

TABLE III

Acceptances of selection criteria for ttH, H — bb events with mg = 100 GeV, with
the full and fast simulation of the ATLAS detector.

Partial accept.

Cumulative accept.

Selection full fast full fast
Njet > 6 37% 37% 37% 37%
4 b-jets (perfect b-tagging) 49% | 4% 18% 17%
1 isolated lepton 84% 84% 15% 14%
Solution for W — v exists 64% 65% 9.6% 9.1%
2 jets in mass window
mj; = 80 % 30 GeV 70% 1% 6.8% 6.5%
Both tops in mass window
myy = 175+ 15 GeV (full)
and 59% - 4.0% -
mjp = 175 £ 17 GeV (full)
my,p = 175+ 16 GeV (fast)
and - 62% - 4.0%
mjp = 175 £ 17 GeV (fast) -
Miyb, Mjjp = 175 + 18 GeV 65% 66% 45% 44%
the other 2 b-jets in mass window
Mpp = 100 £+ 30 GeV
with +20 window for tops 57% 60% 2.3% 2.4%
with +18 GeV window for tops | 59% 61% 2.6% 2.6%
2 b-jets in mass window
Mpp = 100 + 40 GeV
with +20 window for tops 63% 68% 2.5% 2.8%
with +18 GeV window for tops | 64% 68% 2.9% 3.0%

The difference less than 10% in the estimated total efficiency still in-
dicates good agreement between full and fast simulations. The amount of
expected tails is systematically only by 3% to 10% worse with the full sim-
ulation for each of the reconstructed resonances.
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A similar lost in acceptance should be observed for the top-pair recon-
struction with the full simulation of the ¢t background which is dominant
background to discussed signal. These would lead to the significance (S/v/B)
being lower only by 5% if estimated with the full simulation.

From Table IIT and figures 4-7 one can see that fast and full simulation
lead to results agreeing within 10% in sense of acceptances and mass reso-
lutions. This is very encouraging taking into account complicated topology

of this channel and several steps of the reconstruction procedure.

[ Constant 353.2 r Constant 3329
L Mean 77.02 + Mean 78.09
Sigma 15.15 — Sigma 13.19
a0 g 400 |- g
full B fast
. 300 |
200 200 |—
- 100
0 \ \ o L \ \
0 50 100 150 0 50 100 150
m; (GeV) m; (GeV)

Fig.4. Mass distributions of the 2 jets from W decay. Results from the full simu-
lation (left) and fast simulation (right) are shown.

- X/ naf 1757 | 3 B X'/ndf 1051 / 4
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Fig.5. Full simulation: mass distribution for reconstructed top quarks in the
t — lvb and t — jjb channels.
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Fig.6. The same as Fig. 5 but for the fast simulation of the ATLAS detector.
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Fig. 7. Mass distributions of the di-b-jet system of the remaining two b-jets. Results
from the full simulation (left) and fast simulation (right) are shown.

4. The A — Zh channel

The A — Zh — 2£2b is promising for the MSSM scenario with small
tan 8 and Higgs mass below threshold for the A — ¢t decay. Here it is
studied for the following values of the Higgs boson masses: my4 = 300 GeV
and myp, = 80 GeV. Search strategies require reconstruction of the Z-boson
leptonic decay, two b-tagged jets, reconstruction of the h— bb and A — Zh
decays. Dominant background for this channel is Zbb and other contributing
backgrounds are ZZ, Zjj and tt.

In the presented analysis leptonic decay of Z-boson is reconstructed only
with the fast simulation of the detector. Resolution obtained from the fast
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simulation for Z — #¢ channel agrees well with the one expected from the full
simulation of the detector [1] . Therefore results obtained on the reconstruc-
tion of the resonant mygy, distribution with this mixed full/fast reconstruc-
tion should be very close to the one expected with the full reconstruction
only.

The following selection, with acceptances shown in Table IV, is expected:

e Reconstructed Z-boson leptonic decay from two isolated lepton with
pr > 20 GeV.

e At least two jets, reconstructed with pr > 15 GeV and identified as
b-jets.

e The mass of the bb pair within mass window my, = my, + 18 GeV for
fast simulation and full simulation.

e The myyy, invariant mass within mass window mypp = m 4 £ 20 GeV,
after applying the h-boson mass constraint to pair of b-tagged jets,
and Z-boson mass constraint to pair of electrons.

TABLE 1V
Acceptances of selection criteria for A — Zh with h — bb and Z — (1{~ events,
with the full and fast simulation of ATLAS detector.

Partial accept. | Cumulative accept.
Selection full fast full fast
2 b-jets (perfect b-tagging) 55% 58% 55% 58%
2 isolated electrons with pr > 20 GeV | 79% 79% 43% 46%
bb-pair in mass window
mp, = 80 + 18 GeV 86% 88% 37% 40%
70~ - pair in mass window
my = 91.2 + 6 GeV 81% 81% 30% 33%
mypy With mp, mass constraint
myups = 300 £ 20 GeV 82% 83% 25% 27%
mypy with my and mz mass constraints
mupe = 300 £ 20 GeV 80% 82% 24% 27%

Table IV shows very good agreement between acceptances obtained with
both simulation chains. The expected resolutions are below 10% of the mass
of the reconstructed resonances h — bb and A — Zh — [1bb.

Fig. 8 and Fig. 9 show my, and myy, distributions in fast and full simu-
lation for reconstructed angle and jet energies 3.

3 PYTHIA 5.7 which was used to generate this channel, produce A-bosons with a long
tail for high values of mass ma. A cut on generated A-boson mass lower than 320 GeV
was applied.
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Fig.8. The my, (left) and myp, (right) distributions with fast simulation of the
ATLAS detector. The mp-mass constraint is used.
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Fig.9. The same as Fig. 8 but with the full simulation.
5. The H — hh channel

The H — hh — 4b is promising for the MSSM scenario with small
tan B and Higgs mass below threshold for H — t¢ decay. Here it is studied
for the following values of the Higgs boson masses: mpyg = 300 GeV and
myp, = 80 GeV. Search strategies require four b-tagged jets; reconstruction of
the double h — bb decay and reconstruction of the H — hh decay. The jet
spectrum in this channel is relatively hard, with an average pt of 100 GeV
for the hardest and 36 GeV for the fourth jet. As the dominant background
comes from continuum QCD multi-b-jet production, optimized resolution
of the resonant peaks (in my, and myy, distributions) and relatively high
threshold on the reconstructed jets are the only handles to suppress this
background *:

4 For the analysis presented here we adopt thresholds which are lower than the ones
foreseen by the present LVL1 trigger menu.
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The following selection is foreseen:

e At least four jets, reconstructed with pr > 30 GeV and identified as
b-jets.

e The best combination of two pairs of b-tagged jets to have a pair
of invariant mass within mass window my, = my £ 20 GeV, where

o = 7.8 GeV for fast simulation and 8.9 GeV for full one.

e The mypy, invariant mass within mass window my, = my + 26 GeV,
after applying the h-boson mass constraint to both pairs of b-tagged
jets.

Acceptances of these cuts are collected in Table V.

TABLE V
Acceptances of selection criteria for H — hh with both h — bb events, with the
full and fast simulation of ATLAS detector.

Partial accept. | Cumulative accept.
Selection full fast full fast
4 b-jets (perfect b-tagging) 14% | 13% 14% 13%
(with pp > 30 GeV and 5] < 2.5)
Both pairs in mass window
mpp = 80 £ 20 GeV 67% 65% 9.4% 8.5%
(o values in text)
4 b system in mass window

Mpppp = 300 £ 26 GeV 79% 77% 75% 65%
150 — ¥2/ndf 7395 /| 4 r ¥2/ndf 02428 | 1
Constant 105.2 Constant 86.81
Mean 76.51 Mean 293.3
B Sigma 7.745 100 = Sigma 1208
100 — fast | fast
50 —
50 —
0 ‘ 0 | ‘ | |
0 50 100 150 200 200 250 300 350 400 450
m,, (GeV) My (GEV)

Fig.10. The my, (left) and mppep (right) distributions with fast simulation of the
ATLAS detector. The mp-mass constraint is used.
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Fig.11. The same as Fig. 10 but with the full simulation.

In Fig. 10 and Fig. 11 one can see my, and myppy distributions for full and
fast simulations. Also in this comparison both simulation streams agree very
well; the largest difference in cumulative acceptance and width of h — bb
resonance, does not extend 15%.

6. Conclusions

Several channels from the Higgs searches scenarios with multi-b-jet final
state were studied with the fast and full simulations. They represent a
rich sample of events with different energy/mass scales and complexity of
topology.

In general good agreement between results from the full and fast simula-
tion was found on the expected resolution for reconstruction of the resonant
peaks and the overall acceptances. It was shown also that the proposed
calibration algorithm for the detector and physics effects works well in the
large range of the jets energy scale.

With the final estimates, agreement better then 3% on the reconstructed
position of the resonance was achievable in the mass range 100-400 GeV. Up
to 10% agreement was also found on the level of expected tails for each of the
reconstructed resonances. In the most complicated but most promising case
of ttH reconstruction, final acceptance was lower by less then 10% only by
the end of the selection with the full simulation of the detector with respect
to the one achieved on the fast simulation level.
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