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Abstract

The Standard Model processtbfproduction is one of the most important backgrounds
to searches for Supersymmetry (SUSY) at the Large Hadrolid€o(LHC) at CERN. We
describe new and more detailed results on a method to estitnatcontribution ott —
bblv,qq events in SUSY searches with large missing transverse gnergtijets and veto
against leptons with the first 200 pbof integrated luminosity of the ATLAS experiment.
The performance of this method is evaluated with Monte Cdaa simulated at 10 TeV
centre-of-mass energy.



1 Introduction

High energy jets, missing transverse energy"'t9 and possibly leptons are the typical signature of R-
parity conserved SUSY events at the LHC. The observatiom exaess of events with these signatures
with respect to the Standard Model (SM) prediction may nestithe presence of SUSY. Due to the poor
knowledge of SM cross-sections, parton distribution fioms, underlying event and parton showering at
the LHC energy scale, as well as insufficient knowledge ofitector itself, a reliable prediction of the
SM backgrounds should be derived mainly from the experiaiatdta with reduced reliance on Monte
Carlo simulations.

In ATLAS the searches for a SUSY signal in events with a netl&indE'sS signature are classified
according to the number of reconstructed leptons (elestbomuons): the search with one reconstructed
lepton is referred to as the one-lepton mode, and the seppiyireg a veto against leptons is referred to
as the no-lepton mode. B

In this note we present a method to estimate the so-calleélsptonic top ¢t — bblv,qq, | = e,

H, T) background in the no-lepton mode. This method is similatht estimation of di-leptonic top
(tt — bbly,1v)) in the one-lepton mode [1].

Monte Carlo simulations show that tttecontribution to the SM background in the no-lepton mode is
about 65 % and the dominating contribution is the+ bblv,qq process mainly coming from the events
with a tau lepton (57 %) and events with a not identified etecor muon (24 %). The remainder are
events with an electron or muon outside of the detector aanep (11 %) and events with non-isolated
leptons (8 %).

Several data-drivett background estimation methods have been proposed [1]. -®Bgtonic top
background in the no-lepton mode can be estimated by rexgetse transverse mdssut (so-called
my-method) and by explicit reconstruction of the tau—jet yotfile tt — bbrv,qq component can be
estimated).

The method described in this note is based on the followiagsstA data-like sample for this study
is constructed from a mixture of Monte Carlo samplestpfV, Z and SUSY events, mixed according
to their cross-sections. A sample enriched in semi-lepttop eventsgeed samp)eis extracted from
the data-like sample by requiring one isolated lepton {edacor muon) and other kinematic criteria,
described in section 4. _

Theseed samplis used to estimate the following components oftthes bblv,qq background:

e tt — bbrv,qqevents where the tau lepton is in the same kinematic regiansiterse momentum,
pseudorapidity and isolation) as the leptons of the seeatgv&his fraction of thét background
is reproduced by replacing the electron or muon of the seextevith a tau lepton and simulating
the tau lepton decay.

o tt — bBevech andtt — bEuvuchevents where the lepton is in the same kinematic region as the
leptons of the “seed sample”, but not identified. This cdwitiion is reproduced by treating the
lepton of the seed event as if it had not been identified.

The events constructed from teeed samplevents by replacing the identified lepton with a tau or with
a non-identified lepton is referred to as gwntrol sample

The two components estimated in this analysis constitubeitab % of the total semi-leptonic top
background. The remaining components include the follgwin

UThe transverse mass; is defined by
m% =2 (‘pT‘E‘rlpiSS* Pt - p_rlniss)

wherep is the transverse momentum of the lepton p!ﬂfsis the missing-transverse-energy two-vector.
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o tt — bErquq_ events with the tau lepton outside of the kinematic regiotihefseed event leptons,

o tt — bBa/eq(T andtt — bt;uvuqq_ events with the lepton outside of the kinematic region of the
seed sampl&ptons.

These components are not directly estimable by this methigile, we choose to account for them by
applying a scale factor, calculated from Monte Carlo sirtioieof tt events, to the estimated event yield
derived from theseed sample

2 The no-lepton mode SUSY selection

We consider the following definition of the no-lepton mod&esgon. Events with a reconstructed elec-
tron or muon with transverse momentyp > 20 GeV and pseudorapidity)| < 2.5 are vetoed. At least
four jets withp; > 50 GeV andn| < 2.5 are required, at least one of them must hpye> 100 GeV.
The transverse sphericiS!rz) should be larger than 0.2 to discriminate against di-jentsye¢he missing
transverse energg"'sSis required to be larger than 80 GeV and larger thanh M, whereM,, is the
effective mass, defined as a scalar sum of transverse mormwietiita four leading jets, transverse mo-
menta of all identified leptons al’ﬁ{l”ss. In order to suppress QCD background, the minimal valueef th
difference in azimuthal angle between &#SSvector and each of the three highgstietsAg(j, EMs9)
should be larger than 0.2. The kinematic space defined byhibneeaselection is referred to the as the
signal region The definitions of the variables and objects used are giv§2].

3 Monte Carlo Data Samples

The Monte Carlo data samples used in this study are produceaapfcollisions with a center-of-mass
energy of 10 TeV. Thi events are generated with MC@NLO [3], [4] (hard procesges}pn showering
and fragmentation are simulated by the HERWIG+Jimmy geaefg], [6]. The value of 172.5 GeV is
used for the top quark mass. The production of W and Z bosadus jgts) is simulated by ALPGEN [7],
interfaced to HERWIG for showering and fragmentation psses. The masses of SUSY particles for
MSUGRA bulk region point SU3 and mSUGRA low mass point SU4j2]calculated with ISAJET [8]
and the event samples are generated using HERWIG. The sespbithe ATLAS detector is simulated
with a GEANT4-based [9] program.

4 Seed Sample selection

Theseed samplselection is designed to maximize the numbett ef bblv,qq events, while minimizing
contamination from other SM processes and, possibly, frtf¥5production. An additional require-
ment is that the efficiency of theeed samplselection should be weakly dependent onElﬁiH?Sin order

to get an unbiased prediction of the background. This requent is driven by the procedure of normal-
ization, described in Section 8. The efficiency of the seedpba selection is estimated in the Id&"ss
region, where the contribution of SUSY events is expectdaetemall, and is applied to the hign'ss
regions.

2)The transverse sphericity is defined as:
S = o2
- (At
whereA; andA, are the eigenvalues of the<2 sphericity tensoE“ = Yk Pyi pki . The tensor is computed using all jets with
In| < 2.5 andp; > 20 GeV.



The events of theeed samplare required to satisfy the following criteria: three or egets with
pr > 50 GeV and one isolated lepton witl > 20 GeV (electron or muon). To isolate— bblv,qq
events the reconstructed mass of the hadronically ol_ecaig'mguarkm{};”‘lgj has been used. The method
of reconstructing the mass of the top quarktin— bblv,qq event is described in [1], and is based
on the reconstruction of the longitudinal momentum of thetrieo assuming that the leptonic W has
decayed into the observed lepton and has produced all thewer?iss. The mass of the top quark
decaying leptonically is reconstructed by combining th&da, the neutrino and whichever jet gives
the closest reconstructed mass to the mass of a top quark.h&drenically decaying W is formed
from the remaining jets, choosing the jet pair with invariamass closest to the mass of the W-boson.
Finally, the hadronic top quark is reconstructed by conmgrihe W with whichever remaining jet gives
the reconstructed mass?o%d closest to top mass. For the events with E{&SS and lepton momentum
incompatible with W-boson decay hypothesis g is set to zero. m&s!is required to be within
65 GeV of the top mass.

5 Estimation of tt — bErqucT contribution

Thett — bbrv,qq events are produced at half the rate of thes bblv,qq events, wheré stands for
muon or electron. Taking into account this ratio the numidehe tt — bbrv,qq events in thesignal
regioncan be estimated from the sample with one reconstructett@bear muon. _

To take into account the additionBf™S and jet, each seed event is used to gendtate bbrv,qq
events. The reconstructed lepton is replaced with a taoregid 1000 tau decays are generated using
the TAUOLA package [10]. Pions, kaons and photons in hadrtau decays are considered as a single
additional jet (“true tau jet”). A lepton produced in the fepic tau decay is considered as an identified
lepton if it is produced in the allowed kinematic region fsgerse momentum; > 20 GeV, pseudo-
rapidity |n| < 2.5 and distance to the closest jet in threp planeAR > 0.4). The reconstructed initial
missing transverse energy is combined with the neutrirma the tau decay. The SUSY no-lepton mode
selection is applied to the resulting sample with recatedaelection variables. To correct for the lepton
identification efficiencye, each event is then re—-weighted with the factor §.1The lepton efficiency
is estimated from & Monte Carlo sample and parametrized as a function of theremiomentum and
pseudorapidity.

In order to check the simplifying hypotheses of this apphoae compared the distribution of the
transverse momentum of the “true tau jet” in t@ntrol sampleo the distribution of the transverse mo-
mentum of a jet matching the tau lepton in the Monte Carldhtintthe events from theignal region
The resultis shown in Fig. 1. Reasonable agreement is adxbérthe shape of the distribution, therefore
at this time no attempt has been made to simulate the detesjponse to the "true tau jet”. An uncer-
tainty arising from possible defective modeling in thisaare included in the systematic uncertainties
(Section 9).

Finally, we compare the distribution Efr“issin thesignal samplevith the estimate derived from the
data-like sample, see Fig. 2.

6 Estimation of thett background with non-identified leptons

6.1 Lost electron

The lost electron is defined as an electron with transverseentump, > 20 GeV, with|n| < 2.5 and
AR > 0.4, not identified by ATLAS electron identification algorithfhl] or rejected by the electron
criteria used in no-lepton SUSY search [2]. The electrommstructed by a standard ATLAS algorithm
[11] with the “medium” purity cuts is required to have thersaerse isolation energy in a cone of
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Figure 1: The distribution of transverse momentum of a jedpced by a tau lepton decay in
tt — bbrv,qq events. The open histogram shows Monte Carlo events witttlgx@ne tau lepton
produced in W boson decay, passing the no-lepton SUSY gwriedthe circles show the estimate
from the control sample(only tt component), produced from theeed samplavithout cut on
mid Both histograms are shown before cutsfap(j, E™™S), M, andS;. Monte Carlo events
(corresponding to an integrated luminosity of 1.6 ¥pare generated by MC@NLO. The step
at p; = 50 GeV is caused by the events with the tau jet transverse mtomeexceeding value
50 GeV. These events have higher probability to pass thepto#h mode SUSY selection due to
requirement of 4 jets witlp, > 50 GeV. The error bars show only the statistical uncertaohtpe
Monte Carlo sample.
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Figure 2: Distribution of transverse missing ener&}"i("% of tt — bblv,qq events produced by
MC@NLO (corresponding to an integrated luminosity of 1.6%ppassing the no-lepton mode
selection (open histogram) and fractions of events withuddpton (left hatching), a lost electron
(right hatching) and a lost muon (horizontal hatching), paned to the estimate of these fractions
from the data-like sample. Thmontrol sampleused for the estimations is derived from #eed
sample(only tt component) created without applying the cutrrﬁ?pd.

AR=0.2 smaller than 10 GeV. The lost electron in the prot¢ess bbeveqq is still visible in the detector
as a reconstructed jet (“electronic jet”). The “electroj@tt reconstructed along with the electron in the
seed events is used as a replacement for this electron. HTBEI!TFS is recalculated taking into account
the difference between transverse momenta of the recotstielectron and the “electronic jet”. The
weight% is applied to the event, reflecting the ratio of lost and idieat electrons. Finally, the no-
lepton mode selection cuts are applied.

6.2 Lost muon

Lost muons (defined similarly to the lost electrons) are tgdatated in the region close tp= 0, where

a gap in muon chamber coverage has been left open for seraivgén the region of transition between
Barrel and End Cap parts of the Muon Spectrometet, |fj| < 1.3, where a muon crosses fewer muon
chambers.

The ATLAS E¥“55algorithm [12] combines the transverse momenta of recoctsd objects (muons,
electrons, jets and photons) taking into account the enkrgges in the cryostat material and non-
associated clusters. For the calculation of the muon dariton (muon term) th(E?“SS algorithm uses
so called combined and stand-alone muons reconstructedstandard ATLAS muon reconstruction
algorithm [13]. Additional muon reconstruction algoritheused for muons in the transition region, and
calorimetric muons [14] are used in theg| < 0.1 region.

As the definition of a muon used by SUSY selection differs ftbmdefinition used in the calculation
of EM'SS care has to be taken for a fraction of events with the muosedidy the SUSY selection cuts
but present in the calculation &S,

The probability that the lost muon is included inE§"'sS as a function of the muon momentum
is shown in Fig. 3. This probability is calculated as a fractof events with theEI"'sS muon term
consistent with the generated momentum of the lost muon grtiwett — bblv,qq events passed the
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SUSY selection. The inclusion probability is shown sepayafor the muons lost in the region| < 0.1,

in the transition region, and in the rest of the Muon Specetam The overall probability of the lost muon
to be recovered by t@issalgorithm is about 5 % and 10 % for the| < 0.1 region and transition region
respectively, and about 30 % for the other parts of the MuatBpmeter.
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Figure 3. The probability of a muon which has not been foundhsy SUSY selection to be
included in theE?"SSestimation as a function of transverse momentum. The ptwsiseparately

the probability for events with a muon lost in thg < 0.1 region (circles), in the transition region
(triangles) and in the rest of the Muon Spectrometer (sg)are

To estimate the contribution ¢f events with a lost muon, each seed event with an identifiechmuo
is used to produce a pair of events, one with the muon incllilt[tradE%niSS and one with the muon not
included intoE™sS, The muon inclusion probability shown in Fig. 3 is used tdneate the relative
weight of each event in the pair. In addition, the weightirmgrection due to the muon identification
efficiency is applied and the no-lepton mode requirememsnaposed to the resulting events.

Figure 4 shows the comparison of the distribution of the meom of EI"'sSin the signal regionwith
three estimates — no correction to the origil§$]iSS of the seed events (implying that the lost muon is
always recovered bE'sS algorithm), with muon momentum addedE§"sS (lost muon is never recov-
ered byE?"SSaIgorithm) and by applying the muon inclusion probabilityadove. The best description
of the muon term oEMsS is obtained with the muon inclusion probability. This treant is still not
perfect at low values of the mucE{I“SSterm, but the discrepancy in this range has a negligibleetie
the estimation of the totd&"sS distribution, since the contribution of the muon term is §ma

The EfSs distribution of thett — bbuv,,qq events in thesignal regioncompared to this estimate is
shown in Fig. 2.

7 Purity of the Control Sample and Efficiency of themfi&s cut

As described above, the events of #eed samplare used to generatecantrol samplevhich consists
of the contribution ott — bbtv;qq events and events with a lost electron or muon.
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Figure 4: Distribution of the muon component B for tt — bbuv,qq events produced by
MC@NLO (corresponding to an integrated luminosity of 1.6%ppassing the no-lepton SUSY
search requirements except the cutdgrj, E#“iss), Mc¢+, andS; (open histogram). Open circles
show the estimate from the data-like sample with uncharﬁg}ﬁ'ﬁﬁ which corresponds to all lost
muons having been recovered IES?“SS algorithm. Filled circles show the estimate from the data-
like sample with the muon momentum added=8's (all lost muons are not recovered By''sS

algorithm) and squares show the estimate obtained applyeénmuon inclusion probability shown
in Fig. 3.



In addition tott — bblv,qq events, other SM events and possibly SUSY events are piiedbeiseed
sample increasing the number of events in tbentrol sampleand, as a consequence, the background
estimate. We consider the following sources of thatrol samplecontaminationtt — bbtv,qq events
with leptonic tau decayt — bblv,1v, events with one not identified lepton, W production in asstion
with jets, and SUSY events. The contributions of QCD and Dhdplus jets) production are found to
be negligible in thecontrol sample

Figure 5 shows the efficiency of tha{&d cut as a function of the purity of theontrol sample
The purity is calculated assuming the SM contribution oy avith the presence of SUSY signals
corresponding to mMSUGRA points SU3 or SU4. [2]

The efficiency is calculated as the ratio of the number of sventhecontrol samplederived from
theseed samplereated with and without thefia” cut. Amiadwindow of 65 GeV has been chosen which
corresponds to an efficiency of 57 %.
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Figure 5: Efficiency of then{ia! cut versus purity of the resultingontrol sampleas themla?
window is changed in the range 30 — 320 GeV. Circles corrasppora sample with no SUSY
signal, squares include also SU3 events, and trianglesdacEM sources and SU4 events. The
horizontal line marks the point chosen in the analys%i,d window of 65 GeV.

The contribution of SM processes other ttér+ bblv,qq is estimated from the Monte Carlo sim-
ulation and subtracted from tlwantrol sample The uncertainty of this contribution, dominated by the
uncertainty from the Monte Carlo, is considered as one ofsth@ces of systematic uncertainty, see
Section 9.

Figure 6 shows the distribution uﬂgapd of theseed samplbefore the cut on this variable. Each seed
event is re-weighted accordingly to its contribution to tleatrol sample The SUSY events contaminat-
ing thecontrol samplere rejected when reconstructing the longitudinal monmardtithe neutrino. The
EfMssand lepton momentum for those events failinfs cut are incompatible with the W-boson decay
hypothesis. The surviving SU4 peak around the top mass itodihe hadronic top quark reconstruction
which selects the configuration closest to the top mass.
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Figure 6: Distribution of the hadronic top mass for eventshefseed sampléefore the cut on
this variable. Each seed event is re-weighted accordints toontribution to thecontrol sample
The histograms are normalized to a luminosity of 200%pirhe arrows show the chosen window
for the hadronic top mass. The SM contributions are showréyatched histograms (stacked).
The SUSY contribution for the SU3 and SU4 mSUGRA points aexlaid. The entries atfo%dzo
correspond to the events with tE&"sS and lepton momentum incompatible with W-boson decay
hypothesis.
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Table 1: Monte Carlo estimate of the numbettoévents surviving the no-lepton mode selection
for an integrated luminosity of 200 pb (numbers in brackets) compared to the results of the data-
driven method described in this note. The method is appteti¢ data-like sample constructed
as a combination of generated SM processes only and wittdtiigan of mSUGRA points SU3
and SUA4. Individual contributions of estimated backgraufiti— bblv,qqg, with a lost electron

or muon) are also shown. The “total” is estimated as a sumeiritlividual contributions mul-
tiplied by RMC = 1.8. The last column shows the number of SUSY events passingothepton
SUSY selection. Uncertainties are only statistical, ekéepthe “total” column, where the first
uncertainty is statistical and the second is systematic.

tt — bbrv,qq | Loste Lost u total SUSY
(1519+15) | (30.0+£0.7) | (121+0.4) | (3559+2.3)
SM only 125+ 12 28+5 13+4 326+ 27+ 117
SM + SU3 130+ 12 28+5 13+4 339+28+122| 140+ 1
SM + SU4 288+ 18 42+ 6 16+5 719+464+295 | 1773+18

8 Results

In order to estimate the number tifevents in thesignal regionfrom the control sampleone has to
take into account the efficienas,., of the m& cut used for the selection of treeed sample The
normalization factor le_ 4 is applied to thecontrol sampledistribution to compensate the contribution
of the tt — bblv,qq events rejected by the{‘o""pd cut. This normalization factor is estimated from the
low-E'SS region (80 GeV<EMSS < 120 GeV), where the contribution of the SUSY process is exgec
to be small.

In contrast to the other data-driven methods described] iar{d [15], we do not compare tlw®ntrol
sampleto the data-like sample in thegnal regionfor low E?iss_ The normalization factor is estimated
by comparing twacontrol samplesone is produced from theeed samplereated without applying the
nﬁ‘oag’ cut, and the second is produced from feed samplereated Witt’r‘n{‘o‘”‘pd cut.

Figure 7 compares the normalized distributionl:'(-f,i‘l‘iSS in the control sampleto the Monte Carlo
prediction for thett — bblv,qq process in thesignal region Due to the possible presence of a SUSY
signal in theseed samplehe method could give a larger estimate of background tmatrte value. First,
the SUSY events can enter teeed sampleand, second, the presence of SUSY events can increase the
normalization factor. However, the over-estimate of thekigaound is much less than the SUSY signal
itself.

The estimated numbers tf events in thesignal regionin the presence of different SUSY signals
compared to the true number are shown in Table 1. The totabaupftt — bblv,qq events is estimated
as a sum of the individual contributions multiplied by fadRY'©, which takes into account categories of
tt — bblv,qq background not estimated by this method.

9 Systematic Uncertainties

The following sources of systematic uncertainties have loeasidered:

e Jet energy scale and resolution. The effect is estimatedatyyng the global jet energy scale by
5 % and the jet energy resolution by 10 %. These uncertaintzs propagated By, For the
part of theE!"*® not associated with the reconstructed jets and leptons plg ap uncertainty of
20 %.

11



[EY
o
w

B R R I U
— ti-bb qq v, Monte Carlo
-------------- SU3 signal _
------- SU4 signal I
—4— ti-bbqqlv, estimated
Over estimate due to SU3S
Over estimate due to SU4 ]|

=
o
)

[EEY
o

~ ATLAS preliminary
i Simulation

No. Events / 200pb™/ 40 GeV

| ’/‘ITi‘.x
500 600 70

1

NI ETRETTE AR
0 800 900 1000
E™S (GeV)

0 100 200 300 400

Figure 7: Distribution of transverse missing energjtievents passing the no-lepton SUSY search
cuts. The open histogram (solid line) shows the Monte Caslonate, circles show the result of
the data-driven estimation. The shaded histograms shoimt¢hease of data-driven estimates in
the presence of a SUSY signal (SU3 and SU4) and the dashedsliogy the SUSY signal stacked
on top of thett background.

e Subtraction of the SM contamination of tbentrol sample The contributions oV, tt — bbtv,qq
and di-leptonidt events are the dominant contaminations ofdbetrol sample The Monte Carlo
uncertainty foW boson production in association with jets, simulated by GIEN, used in this
study is 40 %, derived by considering variations of the matfement-parton shower matching
parameters. The same number is used for the uncertaintg oftiss-section af — bbrv,qqand
di-leptonictt contributions generated by MC@NLO.

e Monte Carlo uncertainty of the normalization fac®l, the factor which takes into account
categories oft — bblv,qq background not estimated by this method. This uncertagnggiimated
by comparing MC@NLO to ALPGEN generators.

e Statistical and systematic uncertainty of the normalirafactor. The statistical error on the nor-
malization factor takes into account the limited expectiedistics of thecontrol samplein the
normalization region. The systematic uncertainty of thenmadization factor takes into account
the presence of W (plus jets},— bbtv,qq and di-leptonidt events in the normalization region
for both thecontrol andsignal samplesAn additional contribution arises from the dependence of
the seed sampleelection efficiency ofMsS,

e The procedure of simulating the tau lepton decay and lostaumal electron uses some simplifi-
cations. For example, the detector response to the tau gegdycts is not simulated. This leads
to deficiencies in the estimate of the corresponding cautidh, see Fig. 2. This uncertainty is
calculated by comparing theontrol samplesstimate of the shape of the distributionstioévents
to the shape estimated from the Monte Carlo, separately ferbbrv,qq events and events with
a lost electron or a lost muon.

e The uncertainty on the lepton identification efficiency dilg influences the results because this
efficiency is used to weight the seed events. The electromanzh identification efficiency is
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Table 2. Breakdown of systematic uncertainties estimabedah integrated luminosity of 200
pbt.

Source Contribution [%)]
Jet Energy Scale 3
Jet Energy Resolution 2
EMsSscale 2
SM Background Subtraction 18
RVC 4
Norm. fact. stat. 23
Norm. fact. syst. 6
Simulation 12
Lepton identification 4
Total 36

varied by 1 % (absolute) and the difference in the number ehtsvestimated from the data-like
sample is added to the systematic uncertainty. The statisind systematic uncertainty of the
probability of muon inclusion int&™** (see Fig. 3) is also taken into account.

The various contributions to the systematic uncertaingysammarized in Tab. 2.

10 Conclusion

A new method to estimate the semi-leptonic top backgrounthénno-lepton SUSY search mode is
presented. The method relies on the selection of a sam;IIE+>fbblvI gqg events, which is used to
estimate the contribution of events with a tau lepton and with a lost electron or muon.

The systematic uncertainty of the method for a luminosity20® pb ! is estimated to be 36 %,
the statistical uncertainty 8 %. The main contribution te siystematic uncertainty comes from the low
statistics of thecontrol samplén the normalization region.

The method over-estimates ttie— bblv,qq background by about a factor 2 in the presence of
low-mass mMSUGRA SUSY (SU4), implying that if a signal is fduthe measured SUSY rate would be
underestimated.
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