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Abstract

The current uncertainty on the parametrization of the pactoontent of the proton (PDF’s) af-
fects the potential for the discovery of new physics at LH@e Btudy of Z boson production in
association with a b-jet can considerably reduce such taingy. In addition, this process represents
a background both to the search for the Higgs boson and forySid®icles. We present an update,
based on the full simulation data sample produced for thedrBhysics Workshop, of a preliminary
study [1] in the case where the Z boson decays‘in
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1 Introduction

The production of electroweak gauge bosams (;Z ; ) together with jets containing heavy-quarks
(c, b) is an important signal at the hadron colliders. Thepdst process involves a boson and one
heavy-quark jet. In this work, the production of Z boson vio#é taken into accountgg ! ZzZQ
(where Q is a b or c quark). The cross sections at the nexidgamder, see [2], will be used to
estimate the number of expected events and finally a congmawith the Tevatron experiment will
be done.

The Feyman diagram of the production of a Z boson and a heaaykget viagQ ! ZQ, shown
in figure 1, can probe the parton distribution function (PDF}he b quark, because the initial state
involves a b quark from the sea. In addition, this channekely vnportant because it is a possible
background forgb ! hk where the Z boson and the Higgs boson decay to the same fatal st
(o; © ; * ), seefigure 2 [3].
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Figure 1:Associated production of a Z boson  Figure 2: Associated production of the Higgs
and a single highter heavy quark (Q=c,b). boson and a single hight: bottom quark.

The Z boson with a heavy-quark jet is a possible backgroun&€SY events characterized by
multiple jets, leptons, and missing transverse enargy=°. Looking at the plot of the “effective
mass” shown in figure 3, defined as the scalar sum of the missiagyy and the transverse momenta
of the hardest jets, the Z+jets channels represents onesifsigmificant Standard Model background.
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Figure 3: M ¢¢ distribution for the signal (open circles) and for the sumatif Standard Model
backgrounds (histogram); the latter includes(solid circles), W+jets (triangles), Z+jets (downward
triangles), and QCD jets (squares), [4].

Z+jet events will be used to calibrate the calorimetric jgtigy measurements, profiting from the
high statistics and a relative low and well known background



Performing an “in situ calibration”, it will be possible talibrate the calorimeters using jets
reconstructed in the experiment. This aspect will not b&uthed in this note, for more details see [5]
and [6].

2 Study of the Parton Distribution Function (PDF)

At the LHC, every measurement will be deeply affected by thesuntainties related to the knowledge
of PDFs, since the production cross section in a protoneprabllision is given by the convolution
of the partonic cross sections with the PDFs.

Since the kinematic space accessible at the LHC will be muchder than at previous experi-
ments, it will possible to study the PDF's both at the Elestak mass scale (W and Z Mass), where
the low x-gluon contribution will be more significant, andtaé TeV scale where the high x-gluon
will be the dominant contribution.

Figure 4 shows the kinematic region in the plareq ?) at different values of and mass scale
for different experiments. It is important to underline titlee plane for LHC will be greater than at
previous experiments and that there will be some regionssaitole both by LHC and the experiments
at HERA representing a good cross check for the first measamemat LHC.
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Figure 4:LHC kinematical plane in comparison with other experiments

In this paper we will focus on the possibility to study the BfPusing the Z boson production in
association with a jet.

The knowledge of the b PDF is directly related to the uncetieé on the Z production cross
section. At LHC, the contribution to the total Z productionrh i !z will be about 5%, see plot
in figure 6, consequently a precision of1% in the measurement of the Z boson cross section will
imply a precision of the b PDF of at least20%. The results obtained by HERA are now far from
this level of accuracy, see [7].

The sensitivity to the b PDF is enhanced in processes sublss shown in figure 1, involving the



production of a Z boson in association with a b quark. At LHCaexpect to have a very large statistics
of such events, providing a measurement that will mainlyethelpon systematic uncertainties. Some
preliminary studies on the; distributions for the jets for different sets of events gated with
different PDFs have shown that we could have differencelsaridw pr region of the order of 5%,
see plots in figure 5 for the andp; distributions. The measurement will be sensitive if theexystic
uncertainties can be kept below this level.
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Figure 5:(a) distribution of the b-jets in Zb events (ATLFAST)b)distribution of the b-jets in Zb
events (ATLFAST).
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Figure 6:Contribution of thed ! 7 to the total Z production at LHC as function of the rapiditges
[71.

As said before, the main leading order contribution will heedo thegQ ! zQ channel.
The possible sources for ZQ production, see table 1, are:



g0 ! ZQ
calculated at the leading order and at the next-to-leadidgrowvia the subprocesses:

- 90 ! ZQ,
- ! 29,
- g0 ! ZgQ,
—gg! ZQQ,
qa! z2QQ

calculated only at the leading order with one Q out of deteatceptance. Figure 7 shows the
Feynman diagrams, where one of the Q quark is missed or twagkgare together in a single
jet. Nevertheless, this process is more significant at Tewdhan at LHC.

! Zgjga! Zqg
calculated at the leading and next-to-leading order fonev&+j or Z+jj.

gg! 2

this process allow the emission of one Q collinear to the bgiaiding to ZQ in the final state.
This approach, witl , non equal to zero, however, has some problems with the edicns,
in fact the perturbation theory results less convergegtif M ; =m , ) instead of s) anditis
much more difficult to obtain the next-to-leading order eation. This case is not included in
this study.
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Figure 7: (a)Feynman diagrams for Zj production vigy ! Zgandgg ! Zg, where q are light
quarks.(b) Feynman diagrams fat; ! 2Q0Q.

Table 1 gives the cross sections of the processes deschbegd at the leading and next-to-leading
order, from the study [2]. We defined the process Zb as sigmdlte other processes as possible
backgrounds.

The motivations to study this process at LHC appear moresatiftom the comparison with the
Tevatron cross sections. First of all, we notice that thal toioss section for Z+b production is about
1090 pb at LHC, a factor of about 50 larger than at the TevaWdmalso remark that the contribution
to Z+b production fromgb ! 7 I which is the most important for the sensitivity to the b PI3F,
much more significant at the LHC. Finally, at the LHC, the tiglaimportance of processes other
than Z+b (such as Zc, Zg and Zg) is less relevant then at thatiGey in addition, the probability of
mis-tagging a light jet as a heavy quark is smaller, theeetbe LHC provides a cleaner environment
for the extraction of the Z+b signal. And the total cross eecfor Zc production is more important
at Tevatron (about 0 greater than Zb) than at LHC (about8greater than Zb).



Cross Section(pb) Tevatron LHC
Process ZQ inclusive

go! zb 134 09 08 0.8  1040" 2" 193,

qq! Zkb 6.83 49.2

gc! Zc 203718 0a"13 1390 100%50" g0

qq! Zcc 13.8 89.7

Zj inclusive

9q! Za,q@! Zg 10107 55" 3" 1, 15870" 500" 505 *200

Table 1: Next-to-leading-order inclusive cross sectidn) fpr Z Boson production in association with
heavy-quark jets at the LHC?(é = 14T eV pp) and Tevatron( s = 1:96T eV pp). The calculations
are limited to the case of ajetin arange > 156 ev andj j< 25 (LHC) or j j< 2:0 (Tevatron).
The labels on the columns mean: ZQ = Z plus one jet, which amtaheavy quark, while Zj=Z
plus one light jet, which does not contain a heavy quark, T process Zb represents the signal of
this study while all the other processes some possible bachkds.

Finally, due to a relatively smaller contribution eff ! 7zQ¢Q and, for Zj events, a smaller
probability of mis-tagging a light jet as a heavy quark, LH®@\pdes a clearer environment for the
extraction of the Zb signal.

DO [8] has provided some measurements of the cross sectian (Z+bjet)/(Z+jet) within a
kinematical region similar to the one in this note. The resllin agreement with the same ratio
obtained in CDF, [9], and with the NLO calculations reported].

In the following calculations, the values of the cross setdj shown in table 1, will be used.

3 Simulated Data Sample

All the samples used have been generated using the PYTHIAd@amlo package [10] and [11]. The
contribution from virtual photon production (Drell-Yan)as switched off, and only the decays of the
Z boson to muons were enabled.

The simulation of the data has been performed using, for #tectbr description, the Rome
Layout, defined for the Atlas Physics Workshop held on Juris20 Rome.

In detail we used:

Z + jetwith z ! about 500k eventsafn ich 004290 reco1004%Z JE T 01002Q m um u)

W + jetwithw ! lepton + about 300k events
(um ich 004285 xecol004 W JE T 010020_lepnu for the systematics studies)

Only the decaysy ! andz ! have been considered. The W +jet process, with
w ! , has been used to estimate the systematics errors due tagtiagging.

The events have been analyzed using the combined Ntupldsigao by RecExCommon, the
official Atlas software reconstruction package inside ATNFE In this package there are dedicated
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algorithms for the reconstruction of different triggerjetts like jets, leptons, photons or B-tagging
algorithms to identify jet flavor. In particular, for the Bgging we used the Cone algorithm, explained
in detail in section 9. While for the muon identification, thare two packages: MOORE and MUID,
that perform the muon reconstruction in the Muon Spectreméicluding the corrections due to the
multiple scattering and the energy loss in the inert matesadescribed in detail in [12], [13] and
[14].

4 Event Selection Criteria

The selection reported in this work, defined a strategy tectgin the first place, events with Z and
one jet, then to identify in these events a Z boson associeitbdh jet from a b quark. Two different
and independent b-jet identification algorithms have besrdu “the inclusive b-tagging” and “the
soft muon tagging”, described below.

The signal was defined as the events containing a Z bosonidgdayo a couple of muons and
a b jet with apr 156ev andj j 25. The background samples containing respectively a c-
jet within the same cuts, or a jet originating from a light duar a gluon in the same range, were
considered separately. The NLO cross-sections computttbia 1 were used for the signal and for
these two classes of background, while the cross-sectimndiy PYTHIA was taken for the events
with a jet from light quark or gluon.

In the section below the selection performaces of Z+jet &vetith the two b-tagging algorithms
are presented.

The quality of the event selection has been estimated ubmgatio variables:efficiencyand
purity. The efficiency is defined as the ratio between the numberlettesl signal events over the
total number of events while the purity is given by the rataivleen the number of events with a
b-quark and the number of selected signal events.

The number of expected events is estimated using the fomilijawhere we used the cross sec-
tions at the NLO, taking into account the different efficiescof selection: ... due to the geometric
acceptance, ., for the cuts applied for the di-muon invariant mass and fynallfor the selection
of the sample with the jet of a particular flavor.

N, = 2% BR(Z! ) L ke s b

N. = 2 BR(Z! ) L L s c
P ythi

Nowm = oﬂ{erla BR (z ! ) L dec  cuts  oth

An estimation of the number of events expected Jofb * of integrated luminosity has been
provided.

4.1 Z+jet Events

The selection of these events will be primarly affected yttigger efficiency. The trigger efficiency
(2mu20 trigger menu) is high and about 95% [16], thanks topitesence of one or more high:
muons in the event. This is the major advantage of this cHamitie respect to the other events with
b quarks.



Concerning the efficiency of the muon reconstruction athami MUID, has a selection efficiency
in the pr range of the muons from Z boson decay of more than 95% fox 2:5.

The sample of Z+jet events was selected requiring two higimuons satisfying the following
kinematic cuts, and at least one jet:

two muons of opposite charge,
both muons withe 20 GeV,
di-muon invariant mass inthe range M 110 GeV,

and one jet.

In the case where there are more than two muons satisfyingutseall the possible combinations
for di-muon invariant mass have been taken into accounhdiseéone has been chosen.

To define the geometric acceptance of the detector and therame of reconstruction software,
these additional cuts have been required:

two muonsinj § 235,
onejetiny § 25andpT > 15GevV.

Figure 8 shows the di-muon invariant mass plots obtained bgitdtCarlo Truth (a) and by MUID
(b) respectively after these cuts.
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Figure 8:(a) Di-muon invariant mass from MonteCarlo information) ame plot but obtained with
the reconstruction package MUID. The same cuts are appligde plots, requiring two muons with
< 2:5and with apr > 20 GeV. The dark (blue) histogram represents the events wafinaok.



4.2 Z+b-jet Events
4.2.1 Secondary Vertex b-Tagging

The inclusive b-tagging algorithm is used to identify thegeb flavor, see [15] for additional infor-
mation about the algorithm. b
The jet is identified with the Cone algorithm witR = (

)2+ ()2 = 07, and requiring:

at least one track selected in the tracker for jet tagging,

cut on the b-tagging weight. > 3. Tracks from B-hadrons decays are expected to have on
average a large and positive transverse impact paramagt@nd a large and positive longitu-
dinal impact parametet,, but less discriminating. Combining the longitudinal arakverse
significance in the functionir . = Py, (S,, -, )=Pu (Sa, », ) @nd applying the previous cut on the
likehood function is possible to discriminate b-jet fromHit jets.
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Figure 9: (a) Py distribution of jets obtained after the cuts on the di-muovariant mass and the
b-tagging jet selection. The dark area represents the tddmggets. (b)P+ spectrum of jets obtained
after the cuts on the di-muon invariant mass and the jet. T{sgjbares - hptjet5) and c¢ (dotted line -
hptjet4) jets are shown separately with respect the totalgample (line and black triangle - hptjet).

The obtained purity and the expected number of events amtezpin table 2. Figures 9 show
thep; spectrum of jets in the selected events, while the figuresiddistributions of the eta and phi
variables for the jets selected by the b-tagging algoritfithe fact that b-tagged jets tend to have a
higherp; implies that the effiency and purity of the selected samplerave after the additional cut
ofthep; > 15G ev. The relative quantity of b-jets with respect of the totaimher of selected jets is
about 60% while the contamination from c-jets is about 20%liithe P range, as shown in detail
in the table 3.



B-TAGGING

CUTS Efficiency
inj j< 25 49.%
pr > 20Gev and70 < M ass < 110G eV 59.5%
B-tagging Algo 56.2
Purity 60.7
Number of b Events 176642
Number of Background Events 204265

Table 2: The efficiencies, the purity and the number of egtihavents with the full simulation for
the b-tagging algorithm. The number of events is calculdbedB0 £fb * of integrated luminosity.
The b,c jets selected satisfied the cutsoprand : pr > 156ev andj § 25

B-TAGGING
Pr RangeinGeV bjets% cjets%
15-25 54.2 17.2
25-35 63.2 15.4
35-45 75.6 14.6
45-55 58.2 20.3
55-65 58.7 214
65-75 59.8 21.1
75-200 47.8 24.7

Table 3: Population of b-jets and c-jets, dividedrin range, after the B-Tagging selection and the
additional cuts on the jets of. pr > 15Gev andj § 25
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Figure 10:(a) Eta distribution of jets obtained after the cuts on therdion invariant mass and the
b-tagging jet selection. The b (dash line) and c (dotted)ljets are shown separately with respect
the total jets sample (full line). (b) Phi distribution oft$eobtained after the cuts on the di-muon
invariant mass and the b-tagging jet selection, shown vhighdame labels.

A first estimation of the ratio between the Z+bjet cross sectiver the total production cross sec-
tion of Z+jet is given, taking into account the results obéal for the 3¢b * of integrated luminosity
and only for the inclusive B-Tagging selection.

The cross section ratio is defined as the ratio of the numbeverits obtained after the b-tagging
selection over the total number of Z+jet events multiplied the ratio of the selection efficiencies
and the ratio of the purities of the samples. In detail:

Z+bjet  Np 19et f1p 4074 06

= —— = 0:035 )
Z + jet N ot 1bjet 1 114881 0%

Ratio=

where onejet= onebjet = 1= BTag 0%, SEE [15]fs 1 b=1 fc1p fightoquarkt b 0%. The
statistical error (stat)is less thar0o ¢ due to the high statistics and the systematic erraryst)
is still under evaluation, it is expected to be 10%. The value of the ratio obtained by the DO
measurement for80pb !, is:R = 0:019 0:005(stat) [8].
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SOFT MUON TAGGING

CUTS Efficiency
ing j< 2:5 49.%
pr > 20Gev and70 < M ass < 110G &V 59.55
Third Muon Algo 1.2
Purity 37.%
Number of b Events 22630
Number of Background Events 68088

Table 4. The Efficiencies, the purity and the number of evestsnated with the full simulation for
the soft muon tagging algorithm. The b,c jets selectedfgadishe cuts orpr and : pr > 15G ev
andj j 2:35. The number of expected events are calculated for an irtestyhaminosity of 30tb *.

4.2.2 Soft Muon Tagging

The soft muon tagging provides an independent way from thalustagging algorithm to identify
the b-jet using the muon from the semileptonic decay of a beme

At this stage, we have only looked for a third muon in the Mug@e@&rometer that has been
reconstructed by MUID. Typically, the muon inside the bgah reach the middle station of the Muon
Spectrometer to be reconstructed. The efficiency of thiscsieln is intrinsically low, depending on
the few muons that can reach the Spectrometer after hav@1®8sgeV in the calorimeters, but the
purity obtained is rather good, introducing a cut on thegvanse momentum of the muon the purity
increases. The simple request of a third muon in the soft rtagging implies an underestimation of
the relative background.

In the table 4 the purity and the number of expected event8ddib ! of integrated luminosity
are given.
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Figure 11: Third muonp- distribution obtained after all cuts and requiring at leaste jet. The
muonP- is reconstructed in the Muon Spectrometer using the MUIDmstruction algorithm.
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4.2.3 Further Studies on the b Jets Discriminants

The major source of background in our selected events igsepted by c-jets tagged as b-jets.

We have studied which variables can be used to better digzimthe signal events with respect
the background events after the b-tagging algorithms (sieé b-tagging and soft muon tagging)
have been applied.

Taking into account the results of ZEUS, H1 and CDF, we hawesitigated, as possible discrim-
inating variable, the muon transverse momentum relatitbaaxis of associated jet.

The relative momentum is given by:

el = b jsin (arocos(— P ) (3)
B byet]

The b events show to havegf ' values greater than the ¢ events, as it is shown in the plots in
figure 12 due to the bigger mass of the b quark. Further vagahlill be studied to have a good
discriminator between signal and background for the seteevents.

ATLAS (Full Simulation)

Number of Events
[%) . o -}
(=3 =] (=] (=]
L Y B

n
=3

L8 Ml Pl L
35 4 45 5
Pt Rel in GeV

(@) (b)

Figure 12:(a) Thept < distributions for charm (dark plot, less spread, with thexinaum less than 1
GeV) and beauty (more spread and flat) events. This plots e obtained using the MonteCarlo
information for the jets and the muons. (b) Draft of ¢

5 Systematic effects on the selection

Given the large statistics of the available data samplesmtbasurement will be limited by system-
atic effects which will be mainly due to the knowledge of tleestion efficiency and background
estimation.

We have investigated the possibility to control these ¢ffelirectly from data sample itself.
The b-tagging efficiency can be checked usirgnriched samples. Based on previous experience at
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Tevatron and LEP, we can expect a relative uncertainty ofiabt.

The background in the selected sample is mainly due to mygetd jets froncand light quarks. This
can be controlled by looking at the number of tagged jets ta damples that in principle should not
containk-jets at first orderw +jets, for example, are such a kind of events.

Thew +jet events will be available with large statistics, moreojets produced in association
with w boson will cover the fulkr range of the signal.

On this bases we decided to us# ajets sample (generated using PYTHIA [10] and processed
with a complete simulation of ATLAS detector, based on GEANTL9]) to estimate systematic
uncertainties on-tagging.

We analyzed only events containing a muon framdecay within the following kinematic cuts (that
are the same cuts used to select muons frodecay in thez +jet sample):

at least one muon in the event with:

- pr > 20 GeV,
- J < 2.5;
at least one reconstructed jet.

After this selection on muons, we looked for events whereast one jet is tagged asget. In
this way it has been possible to calculate the number of agiged jet with respect to the total number
of jets as function of the jegb- .

As we can see in figure 13 we expect to estimate the backgroon rhis-tagging with a relative
uncertainty at the level of few percent over the fujl range of the signal.

This result is in good agreement with previous results oleghiusing fast simulation onwa +jet
sample [17].

O‘Q.OQ
o~
e
CO.OS — A,l.LAS - ~= =
IS (Full Simulation)
So.o7 | Wjet Events
= [
ax
a:0.08 —
=
Sses |
ax
o
.04 —

o L I I I I I I I I |
150

=l
Pt (Gev)

Figure 13: Systematics due to mis-taggingtgjets evaluated from fraction of b-tagging jets in the
W+jets sample: relative error on background level per 5 Gelfj bin.

The systematics due to the calibrations of the detectocgrding to the same studies [5, 6] will
be of the order of few percent, this value is under invesibgatnd will be checked using the data
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simulated for the Computing System Commissioning CSC-06rther studies are in progress to
define the energy scale and resolution of the reconstrueted |

6 Conclusions and outlook

In the LHC physics program, the Z+jet analysis has an importale, it represents a clear and high
statistics channel to perform studies on the PDFs in paatican the b-PDF, and consequently to
improve the precision of the other production cross sestmintopics signatures as Higgs or SUSY.
The high statistics expected after all the analysis chalimnavide a sample of a relevant purity with
a small statistical error. The measurement will be affegi@acipally by the systematic uncertainties.

Further studies will follow on the analysis of the data sasimulated with the underlying and
minimum bias events at low luminosity.

A more complete analysis concerning systematic effectstlamdmpact of the varies sets of pdf
is already being done with the CSC data.
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Phi Distribution of Reconstructed Jets
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