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Abstract

The most copious background in the search of much new physics beyond Stan-
dard Model results from the production of the resonant bbZ — p* ™~ final state. In
order to evaluate and control this background an experimental method is proposed,
following a preliminary study [1].

The method takes advantage from the large suppression of the electron decay
channel for the signal to be searched, and from the universality of the weak coupling
in 7 decay.

The method is based on the study of a sample of experimental data, for the
channel bbZ — eTe™ , not depending on the background channel itself, and in
principle avoiding theoretical uncertainties and their propagation to Monte Carlo.
The different impact of inner bremmstrahlung (IB) and of detector response on
the measured rates of Z decays to electrons and muons is investigated using a full
simulation of the ATLAS detector. The extension to other final states as 777~ and
heavy flavours, is straightforward.



1 Introduction

The production and decay of Z bosons may constitute an irreducible background in the search
for new physics beyond the Standard Model.

In hadron collisions in the TeV region, as at Large Hadron Collider(LHC), the theoretical
cross sections of Z production as well of other Standard Model processes suffer, at this moment,
from large uncertainties. Therefore, the a priory evaluation with Monte Carlo techniques of
the background suffers from the same uncertainties.

For a better understanding of the problem, as an example, we consider the search of Minimal
SuperSymmetric neutral Higgs, namely h (CP-even) and A (CP-odd) decaying to u*p~ , h/A—
ptp. Values of my, and my less than 92.8 GeV and 93.4 GeV have been excluded at LEP [2].
The search at LHC will extend from these values up to the highest value allowed in this scenario,
my ~ 135 GeV. In this this search one has to disentangle the signal A, h — p*u~ from the
Z— ptp~ background produced with a cross section, which is approximately hundred times
larger than the signal [1], [3].

The Monte Carlo simulation of these processes, taking account of all correction loops, is
complex and will demand an enormous theoretical effort and a careful tuning on experimen-
tal data. As a consequence, the systematic error in the background evaluation, due to the
theoretical uncertainty, has to be taken in account. A review of the up-to-date Monte Carlo
implementations for LHC is summarized in Ref. [4].

In this note, a strategy has been developed on the combined use of Monte Carlo and data
to allow a realistic evaluation of that background at LHC.

2 Method

Fig. 1 and Fig. 2 show diagrams corresponding to Z boson production associated with two
b-jets and followed by a decay to u™pu~.

The proposed method exploits the two following points (at the level of particle generation):
a) the rate of A, h — ete™ is expected to be suppressed with respect to the signal A, h — p*u~

2
by a factor (%) ,

b) the rate of the background bbZ — ¥y~ is equal to the rate of bbZ — e*e™ because of
the production diagrams which are the same, and of the lepton coupling universality in the Z
decay. As a result, barring detector efficiency factors, the number of bbZ — ete™ gives directly
the number of background events bbZ — pu*p~.

Unfortunately, the method can’t be applied straightforward, because of the different inner
bremmstrahlung (IB) associated to the two leptons. Moreover the detector response is different
depending whether the final state contain electrons or muons. This implies that the number of
selected e™e~events has to be corrected for the IB photons (see Section 4) and for the acceptance
and resolution of the calorimeter and muon spectrometer (see Section 5) before being used as
number of background events.

3 Monte Carlo Samples

A sample of Z produced in association with two b-jets and decaying in electron and muon pair
has been used in this study. The event generator used is AcerMC(2.3) [5] for bbZ — ptpu~



Figure 1: Subset of the diagrams contributing, at “tree level”, to the process
99 — Z/7"bb — ptuTbb.

I

Figure 2: Diagrams contributing, at “tree level”, to the process qq — Zbb — 't~ bb.

and bbZ — eTe™ processes. The hadronization process is described with the PYTHIA (v.6.226)
Monte Carlo, whose parameters have been set by ATLAS Collaboration [6]").

Monte Carlo events are generated for center-of-mass energy, /s= 14 TeV. The ATLAS
detector response [7] is simulated using the GEANT program [8], [9] which takes into account the
effects of energy loss, multiple scattering and showering in the detector, through the ATHENA
interface (v.10.01).

A number of events corresponding to three years of data collection with an expected lumi-
nosity of [£dt = 30fb™!, have been simulated, that is &~ 600000 events in each of two channels,
with a cross section of o & 22.8pb.

A cut-off < 60 GeV is applied at generator level on the two leptons, £7¢~, invariant mass. A
low energy cut is fixed on IB photons at Pr > 5 GeV. This lowest energy to observe a photon
cluster in the calorimeter.

DUsing PHOTOS package for IB generation.
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Figure 3: At particle level: a) Number of IB photons in bbZ — p*pu~(top left). b) Number
of IB photons in bbZ — eTe™ (top right). c) Transverse momentum, Pr, distribution of 1B
photons in bbZ — utp~, < Pr >= 16.18 GeV (bottom left). d) Transverse momentum, Pr,
distribution of IB photons in bbZ — ete™, < Pr >= 16.43 GeV (bottom right).

4 Particle Level

In this section the characteristics of the two samples are compared at particle level, before
simulating the detector response, and the effect of the inner bremmstrahlung is discussed.

The inner bremmstrahlung is the emission of photons, Yprem , near the Ze*e~or Zu™ p~ vertex.
The presence of such photons changes the kinematic configuration of the decay, in particular
the lepton 4-momenta. The impact of this effect on the Higgs mass resolution with the ATLAS
detector has been studied in Ref. [10]. Here we discuss the IB impact on the most sensitive
variable of our analysis, the reconstructed invariant mass, M,,+,- or Mc+.-. The same method
can be easily extended to any other variable.

4.1 1B Photons

Due to the difference between electron and muon mass, more photons are expected to be emitted
by electrons than by muons. In Fig. 3, the number of Y. is reported for the bbZ — ptpu~
(left) and bbZ — ete~ (right) samples. The corresponding number of events entering this
analysis is listed in Table 1.

The number of events with bremmstrahlung photons is larger in ete~events than in u*p~as



bbZ—pu*p~ | bbZ—ete”

Nyen 590575 536382

Nyen(Yorem = 0) 541425 499939
Nyen(Yorem = 1) 47413 80679
Nyen(Yorem = 2) 1698 5544
Nyen(Yorem = 3) 37 211
Ngen(’}/brem - 4) 1 9

| < Pl > [GeV] | 16.18 | 16.43 |

Table 1: Number of IB photons, Yy.em,at particle level.

expected. In the electron sample, 85.2 % of the events are without IB photons, 13.7 % have
1 Yorem, 0.94% 2 Yprem. In the muon sample, 91.6% of the events are without IB photons, 8%
have 1 Yorem; 0.2% 2 Yprem-

The average transverse momentum of the radiated photons is close in the two distributions,
< Pfrrem >=16.18 GeV for electrons and < P*™ >= 16.43 GeV for muons, as expected from
the bremmstrahlung energy loss. This result is obtained at particle level without any cut except
those mentioned in Section 3, as shown in Fig. 3.

4.2 Invariant Mass

The effect of inner bremmstrahlung, distorting the lepton four momentum, is expected to have
some impact on the invariant mass (Me+e-, M+, ) distributions, different in the two samples.
The invariant mass distributions are shown in Fig. 4 (top) for all generated events (u*p~on the
left, ete~on the right) before correcting for the bremmstrahlung. The distributions obtained
after summing up the four-momentum of Y, to the total lepton four-momentum are also
shown, see Fig. 4 (bottom). The difference due to the inner bremmstrahlung is not visible,
concerning less than 15% of events.

To control the method validity, the distributions of Fig. 4 are shown for the sub-sample
of events with at least one radiated photon, see Fig. 5. After including IB photons, the mass
distributions are Breit-Wigner shaped. For the same sub-sample, Fig. 6 shows the ratio be-

tween the number of events with Z decaying to ™ p~and the number of events with Z decaying
NZ*)H“’,J/*
N,

—etem
tion. The adéition of photon four-momentum reduces the difference between Mg+~ and M+~
distributions, and the ratio of number of events become more regular.

Fig. 7 in a logaritmic scale shows that the summing of Ve four momentum moves the
events towards higher masses.

The ratios of the invariant mass distributions for muon and electron events, before and after
IB correction, are given in Fig. 8 (bottom) for all generated events; there (top and centre) we
report as well, for convenience, the information of Fig. 4.

The two ratio distributions are shown overlaid in Fig. 9. The red-dots distribution, cor-
responding to the corrected invariant mass distribution, shows more stable behavior, that is
a necessary condition to evaluate the number of Z — u*pu~ from the number of Z — eTe”
produced.

In conclusion, at the generator level the difference due to the inner bremhstrahlung between

to ete™, ( ) before (blue marks) and after (red marks) the bremmstrahlung correc-

bt
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Figure 4: At particle level: distributions of invariant mass M,+,-, Mete- (top). The corre-
sponding quantities M+ Me+e-~ after including IB photons (bottom). The gaussian fit is
shown as solid line.
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Figure 5: At particle level: distributions of invariant mass M+ ,-, M+~ for events containing
at least one IB photon (top). The corresponding quantities M+ -, Mc+e-~ after correction for
IB photons (bottom). The effect of the photon energy cut, Pr > 5 GeV (Section 3), is clearly
visible on the right hand side of the distributions
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Figure 6: At particle level: ratio between the number of events with Z decaying to p*pu~and

Z—ete—
and after (red symbols). Only events containing a radiated photon are included.

the number of events wih Z decaying to ete™, (%), before IB correction (blue symbols)

the distributions of Mg+, and M+, reduces to a difference in spread. More precisely the
spread decreases from ~ +30% to less than =~ +12% for masses between 100 and 140 GeV ,
which implies that corrections factors should not be important.

This encouraging result has to be verified after simulation of the detector response to elec-
trons and muons, as will be discussed in the following sections.

5 Detector Simulation

After the study of bbZ—put .~ and bbZ—ete~events at generator level, the effect of the detector
response, its acceptance and resolution should be considered. The ATLAS detector response
is simulated using ATHENA program, as described in Section 3, including GEANT4, which
take in account the effects of energy loss, multiple scattering and showering in the detector.
The differences on detection and reconstruction of electrons and muons are discussed in the
following section.

5.1 Leptons

The electrons and muons involve different detectors, electromagnetic calorimeter and muon
spectrometer, implying different momentum resolution, angular acceptance and efficiency. In
Fig. 10, the number of muons (on the left) and the number of electrons (on the right) gen-
erated and reconstructed is shown. The transverse momentum generated and reconstructed
from detector is shown in the lower part of Fig. 10. The average momentum reconstructed is
< Pr >=37.83 GeV for muons and < Pr >= 42.61 GeV for electrons, respectively. The re-
construction efficiency is higher for muons than for electrons. All distributions shown, either at
generator level (hatched color), or after simulation and reconstruction (full color), are without
cuts.
The following criteria were followed in the analysis, respectively, for muons and electrons:

8
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Figure 8: Distributions for all events, at particle level, of the invariant mass, M,+,- (top),
centre)
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e Muons are reconstructed as tracks, in both the inner detector and the muon spectrometer
(so named combined reconstruction), with Pr > 10 GeV and |n| < 2.5.

e Electrons are reconstructed as clusters, in the electromagnetic calorimeter, with Pp >
10 GeV and |n| > 2.5, with a track associated (inside Anp = 0.025 and A¢ = 0.05). A
cluster size of 5x5 cells is used to measure the electromagnetic energy. To achieve the
best performance, the energy measured by the electromagnetic calorimeter and the angles
(0, ») measured in the tracker, are used.

5.2 Photons

An energy deposit in the electomagnetic calorimeter is identified as a photon and used in the
analysis if the fullowing conditions are fulfilled.

e Photons are reconstructed as clusters in the electromagnetic calorimeter, with Ep >
10 GeV and rapidity |n| > 2.5, without any track associated (inside An = 0.025 and
A¢ = 0.05). A cluster size of 5x5 cell is used to measure the electromagnetic energy. If
the photon reconstruction efficiency drops in the energy range 5 GeV < E1 < 10 GeV,
the demand to reconstruct the highest possible number of vy, suggests the use of the
lowest possible threshold.

The number of reconstructed photons (full color) is shown in Fig. 11 compared to the
number of generated photons without any cut (hatched). In next section we shall try to
identify IB photons among all v’s of the events.

2)The lower Pr used, with respect to Ref. [3] is to study purposes.

10
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Figure 10: Distributions at generator level (hatched color) and after simulation in the detector
and reconstruction (full color), without cuts, for:

a) Number of muons in bbZ — p*pu~ events (top, left). b) Number of electrons bbZ — ete~
events (top, right). c¢) Transverse momentum, Pr, of muons in bbZ — pu*u~ events (bottom,
left). d) Transverse momentum, Pr, of electrons in bbZ — e*e™ (bottom, right).
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Figure 11: Distributions at generator level (hatched color) and after simulation in the detector
and reconstruction (full color), without cuts, are shown for: a) Number of photons in bbZ —
wu~ events(left). b) Number of photons in bbZ — ete™ events(right).
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Figure 12: At generator level level: distribution of the transverse momentum, Pr versus the
angular distance between 7 and lepton, AR (see text) a) for all photons in bbZ — p*u~
events (top, left). b) for all photons in bbZ — e*e™ events (top, right). c) for IB photons in
bbZ — pFp~ events (bottom, left). d) for IB photons in bbZ — e*e™ events (bottom, right).
The samples considered for ¢) and d) are sub-samples of the whole sample ( 25317 ptp~and
24564 ete™).

5.3 Bremmstrahlung Photons Identification

The method described in Section 4, presents an intrinsic difficulty in the application to real
data: the identification of IB photons. Their selection from the v background is based on their
different kinematics characteristics.

In Fig. 12, at generator level, the transverse momentum PJ is shown as a function of
AR = /An? + A¢?, the angular distance between v and lepton for all photons (upper section)
and for IB photons (lower section), respectively for u*u~ and ete™ events. The 2-dimensional
plots show no substantial difference in Pr depending whether the v was an IB one, or not. It
should be noticed that AR~ 0.09 corresponds to 5x5 times the cluster size (0.125 x 0.125) in
the electromagnetic calorimeter of ATLAS.

The distance AR from lepton is plotted in enlarged scale, at generator level, in Fig. 13 for
all photons in u*p~events (top, left), eTe~events (top, right) and for IB photons in 1~ events
(bottom, left), eTe~events (bottom, right). Based on these considerations, a natural choice is
to consider as IB 7’s those in a cone around the lepton direction, with AR < 0.15 for muons
and AR < 0.25 for electrons.

The considerations that can be drawn for the two samples are:

12
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Figure 13: At particle level: distributions of AR, angular distance between an IB photon and
a lepton (see text) a) for all photons in bbZ — u*u~ events (top, left). b) for all photons in
bbZ — ete™ events (top, right). c) for IB photons in bbZ — u*u~ events (bottom, left). d)
for IB photons in bbZ — ete™ events (bottom, right) .

e Electrons. If the photon is emitted close to an electron in the calorimeter, only one

cluster is reconstructed and the combined four-momentum is measured. In this analysis,
as already mentioned, the four-momentum of a photon in the angular cone AR < 0.15 is
summed up to electron one.

Muons. In the case of muons hard photons with transverse energy Et > 5 GeV are
taken in account in the angular cone AR < 0.25. Accounting for low energy photons by
collecting the energy in a cluster around the muon would be spoiled by calorimeter noise
and energy resolution.

In the p*p~ sample, an electromagnetic cluster originating from a radiated 7 close to
a muon track, could be mis-identified as an electron. Fig. 14 shows the distribution of
the angular distance AR of the false electron from the muon. In the following analysis,
electrons inside a cone of AR < 0.001 from muon track are considered as mis-identified
IB photons, and recovered. With this procedure, 166 IB photons are recovered in the
sample.

In conclusion we can identify a v as radiated from the lepton if the following conditions are
fulfilled:

13
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e IB photons are reconstructed only for the events with at least two leptons reconstructed
in the detector, in the fiducial volume |n| > 2.5 and with transverse momentum Pr >
10 GeV and at least a photon with Et > 5 GeV reconstructed inside a cone AR < 0.15
for muon and AR < 0.25 for electron around the track.

bbZ—pu*p~ | bbZ—ete”

Nyen 590575 586382

Nreco 364756 273780
Nyeco(y = 0) 362372 271535
Nieeo(y=1) 2378 2228
Nreco(’)/ = 2) 6 17
Nyen(y = 3) 0 0

Table 2: Number of bremmstrahlung -~ reconstructed.

In Table 2 | the reconstructed events are listed, according to the number of . recon-
structed. The sample of events is reduced to 61.7 % of generated events for muon sample and
46.7 % for electron, due to detector acceptance and selection cuts on the lepton Py and |n| range,
(Section 5.1). 99% of the events reconstructed in both samples are without a separated Yyrem Te-
constructed. In the muon sample, 7% of IB photons are recovered from mis-identification as
electrons.

In conclusion, the IB effect is more important in the electron sample. However, the ypen , if
emitted close to the electron, constitutes with the electron an unique electromagnetic cluster and
the number of photons reconstructed separately is ~ 1%. The same percentage of reconstructed
photons holds for the muon sample.

14
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Figure 15: At reconstruction level: distributions of the reconstructed invariant mass M,+,-,
Me+e- (top). The same distributions after including the IB corrections (bottom). The gaussian
fit is shown as a solid line.

6 Results

The effect of IB photons reconstructed as separate electromagnetic clusters has been studied
for the invariant mass distribution for both the electron and the muon sample. It should
be reminded that our samples are bbZ — p*u~ or bbZ — ete™. In those events where a
semileptonic b decay occurs with the same flavour as one of the Z decay products, more than
one invariant mass combination is possible, namely three. Often, the value of M;,, associated
to this combination of one lepton originating from 7Z and another one from b decay sits far
from my. Only opposite charge muon pair are considered for invariant mass combinations. The
higher efficiency in muon detection increases the number of fake combinations in the muon
sample.

The invariant mass distributions of e"e~and u*p~from Z decays are reported in Fig. 15 for
the full sample of selected events of both channels (Section 5), without correction for IB photons
(top), and with the correction (bottom), which is obtained by summing their four-momentum
to the one of the lepton from which they were radiated.

This effect concerning a little percentage of event is clearly not visible in the full sample,
but it is interesting to investigate the events with a probable IB photon, to control the validity
of the method. In Fig. 16, only those events are plotted.

The correction for IB photons is effective in this sub-sample shifting the events on the tail
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Figure 16: At reconstruction level: distributions of the invariant mass M,+,-, M+, for
events containing at least a one IB photon ( top). The same quantities after correcting for the

reconstructed IB photons(bottom).

16



Fezonstiuction vl witn biemm &

DM"

Rezongiraction level n bremm 2 E

e -

H
I [TTIT [T T

.
RSB RURIIRIRITRIRI IR

ii it S
T vl T ] W L L] Tir T "

reconstrcton leve wih bremin i

I
w

Generalon level no bremm radiate !

!
i

VM-?I—H—I‘%&H‘-II LU L L L

- E E E
«H—ll-'l—ll—li—“—ui—lllllllllllllllllllllll

" i ; TR W "
W i) W ]

Reconstiuction kvl ne bremm Rezonstuction kvl wilh biemm

Ratio

Ratio
I

4 el 2 y RaloZ 2

"
Hu'f‘#,\ﬂw.“f'

| B E B R B e ) B |

kY
o
1\
7
3

Figure 17: Distributions of invariant mass M,,+,-, Mc+.-, and their ratio for all reconstructed
events, before correcting for the IB photons (left) and after correction (right) .

towards the Z mass. The purpose of the gaussian line is to drive the reader’s eye. This method
apparently corrects better the muon than the electron sample, because an IB photon in this
sample is mostly reconstructed as a unique cluster with the electron.

Fig. 17 shows the invariant mass distributions of p*u~and eTe™ and their ratio for the
whole sample before adding the IB photons (left); the same quantities after the IB correction
are also shown (right).

The ratio higher than unity in the mass region below my can be explained as the number
of events with IB photons reconstructed as separated clusters is higher in the muon than in
the electron sample, where they are mostly absorbed in electron clusters. A difference on
reconstruction efficiency between muons and electrons explains an additional 15% of difference
(Tab.2), together with the higher number of muons reconstructed from b decays, giving origin
to fake combinations. The structure around Z peak is in large part due to the different detector
resolutions between electrons and muons.

In most of the events of the ete~sample, the IB radiation is taken in account in the energy
measured in the calorimeter, because only one cluster is reconstructed and the combined four
momentum is measured. The correction to the rest of the sample is negligible. The ratio
is a quite regular function of M;,, in the region of our interest between 97.5 GeV and 140
GeV allowing the use of the eTe~sample as control sample with reasonable correction factors.
This can be seen, clearly, in Fig.18 where the two ratio distributions (bottom of Fig. 17) are
reported overlaid. A straight line is drawn for reader’s eye.
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All events of the reconstructed sample are included. The black solid line is for viewing purposes.

7 Conclusions

In this paper a strategy based on combined use of Monte Carlo and experimental data to
correctly predict a background at LHC is presented In particular, the study of the associated
Z production and decay in the channel bbZ — ¥~ has been studied using a control sample
of bbZ — ete™ events. The effect of IB radiation has been investigated and corrected for; the
impact in the event reconstruction is not large. The ratio of the number of reconstructed events
from the two samples in the region of mass higher than my, interesting for new physics search,
is stable and does not imply large correction factors.
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