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The Large Hadron Collider (LHC) will be a "top factory”, smeabout 8 millions of ttbar events
will be produced in 100 days of running at low luminosity $3€m~2s-1), which corresponds
to an integrated luminosity equal to 10fh This large amount of data will allow an accurate
measurement of the top quark mass, with a precision at the ¢dvl GeV/&, dominated by
systematic uncertainties. The physics goals of this acgundll be recalled. The principle of
this measurement in all decay channels of the ttbar progluetill be described. The estimate
of the main systematic uncertainties (energy scale, fiat sadiation) in these several channels,
assuming nominal running conditions, will be given.
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1. Introduction

At LHC, the top quark will be produced mainly in pairs throutite hard procesgg — tt
(90%) andqq — tt (10%) ; the corresponding cross-section, at the nextaduey order, is equal
to 833 pb : therefore, we expect roughly 8 millitnpairs to be produced with 100 days at low
luminosity (corresponding to an integrated luminosity 0ff—1).
Within the SM, the top quark decays almost exclusively.998) into a W boson and a b-quark. De-
pending on the decay mode of the W bosonsttleeents can be classified into three channels : the
lepton plus jets channel (B.R: 30 %, considering only electrons and muons), the dileptamaél
(B.R. ~ 5 %) and the fully hadronic channel (B.R. 44 %). The top mass measurement can be
performed in these three channels : the different methadexaiained, with their advantages, their
disadvantages, and their corresponding systematic errors

2. Motivations for an accurate measurement of the top mass

2.1 Theoretical motivations

Electroweak precision observables in the Standard Modé) éhd the Minimal Supersymet-
ric Standard Model (MSSM) depend on the value of the top méssrefore, a high accuracy in
the top mass measurement is needed for concistency teste 8tandard Model, constraints on
the Higgs mass within the SM and a high sensitivity to phybiegond the Standard Model. The
most important top mass dependence contribution to thetrBleeak observables arises via the
one-loop radiative correction terdr [1], related to the W mass through the following relation :
mg, = m(l + Ar). The top mass arises i via terms proportional to?/m2, while the
Higgs mass gives rise to terms proportional totag/m, : therefore, the dependence on the Higgs
mass is much weaker than the dependence on the top mass.

The relation thus obtained is used as an indirect estimatieedfliggs boson mass, relying on W
boson and top quark masses measurements as accurate atepasgi = 91f§g Gev/Z, m, <
186 GeV/é at 95% C.L., for the current value of the top masg,=172.7+2.9 GeV/@)[2]. The
allowed region in thertyy,, m) plane is displayed in Figure 1, for different Higgs bosorsses, in
the SM and in the MSSM.

2.2 What would bring a precision on the top mass of the order ol GeV/& ?

In order to ensure a similar contribution to the indirect meament of the Higgs mass, the
precision onm,, and my must fulfil the following relation :Am, ~ 0.71072Am,,. At LHC, we
expect to reach an accuracy of 15 Me¥/bn my and 1 GeV¢? on m. With these precision
measurements, the relative precision on a Higgs boson nidd$ @GeV/E would be of the order
of 18% [4].

3. Definition of the systematic errors on the top mass measuneent

For the top mass analyses presented here, performed withiA&.or CMS, several system-
atic uncertainties have been estimated. The main sourcesas, common to several analyses,
are briefly described below.
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Figure 1: Current experimental results fox, andm,,, and expected accuracies at the next generation of
colliders, with lines of constant Higgs boson masses in taadrd Model, and in the MSSM [3]

3.1 Jet energy scale

When the top quark is reconstructed via its hadronic decay {ivb —> jjb), the accuracy of
the measurement of its mass relies on a precise knowledde efniergy calibration for both light
jets and b-jets. The energy of the two light jets can be catiifal precisely event by event using
an in-situ calibration based on the W mass constraint [5]leanthe b-jet energy scale has to be
calibrated independently : therefore, their contribugioa systematic errors are always estimated
separately.

A jet energy scale calibration at the level of 1%, for bothtigets and b-jets, should be reached
at LHC : the corresponding errors on the top mass measuregigt below correspond to this
level of precision. The estimation of an absolute jet ena@ple uncertainty has been carried out
applying different miscalibration coefficients to the restiucted jet energies ; a linear dependence
has been observed.

3.2 Initial and final state radiation

The presence of initial state radiation (ISR) of incoming@as and final state radiation (FSR)
from the top decay products has an impact on the top mass reeasut. In order to estimate the
uncertainty due to these radiations, the top mass has bésmniteed with ISR (FSR) switched on,
at the generator level, and ISR (FSR) switched off. The ayatie uncertainty on the top mass is
taken to be 20 % of the corresponding mass shifts : this shmidconservative estimate, assuming
that ISR and FSR are known at a level of order of 10 % [8].

3.3 b-quark fragmentation

The systematic error due to an imperfect knowledge of thedrigfragmentation has been es-
timated by varying the Peterson parameter of the fragmentatnction (equal to -0.006) within its
experimental uncertainty (0.0025) : the consecutive siifthe top mass is taken as the systematic
error on the top mass.
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| Process | Cross section (pb) Number of events @ 10 i (millions) ||
| Signal | 250 | 2.5 millions |
bb — v + jets 2.216¢ 22 16
W + jets — v + jets 7.81C 78
Z+ jets— 111~ + jets 1.2 16 12
WW — v + jets 17.1 0.17
WZ— lv + jets 3.4 0.034
ZZ S 1+ jets 9.2 0.092

Table 1: Main backgrounds to the lepton (I =) + jets tt signal

3.4 Background

The background of the top quark reconstruction is dominatesvrong combinations it
events themselves (FSR, wrong association of the W to thresymonding b-jet,..). Varying the
background shape and size in the fitting procedure of the gsmdistribution gives access to the
resulting uncertainty on the top mass measurement.

4. Top mass measurement in the lepton + jets channel

The lepton plus jets channel will provide a large and cleampda oftt events and is probably
the most promising channel for an accurate measuremeneabghmass. The main backgrounds
are summarized in Table 1, with their corresponding crossms®s and expected number of events
at 10 fb-1. Before any selection, the signal over background ratid th@order of 164. Events
are selected by requiring one isolated lepton (electronummywith p; > 20 GeV/c andn| < 2.5,
E?“SS> 20 GeVt?, and at least 4 jets witp; > 40 GeV/c andn| < 2.5, of which two of them are
required to be tagged as b-jets. Jets used for these anatgsisconstructed with AR = 0.4 1
cone algorithm. After these cuts, S/B becomes much moraifabate : S/B~ 30.

4.1 Top mass measurement using the hadronic top decay ([6F][ [9])

The top mass is estimated here from the reconstruction ointlagiant mass of a three-jet
system : the two light jets from the W and one of the two b-jdtse determination of this com-
bination of three jets proceeds in two steps : the choiceeto light jets, and the choice of the
b-jet associated to the reconstructed hadronic W.

4.1.1 Reconstruction of the hadronic W [6]

Events kept after the selection described above have atteabght jets above a given thresh-
old on their transverse momentum. In a first step, we selech#uronic W candidates in a mass
window of +50,,;; around the peak value of the distribution of the invarianssnaf the light jet
pairs, made with events with only two light jets.(;; is the width of this distribution).

In order to reduce the incidence of a light-jet energy missaeement (due to the energy lost out

AR = \/A®2 + An?
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of cone) on the precision of the top mass measurement, dtuieaibration of these jets is per-
formed, through g? minimization procedure ([5], [7]). This minimization is plfed event by
event, for each light-jet pair combination. The expresbrx?, given by equation (4.1), is the
sum of three terms : the first (and leading) one correspontigetoonstrain of the jet pair invariant
massm; to the PDG W massnf, ) ; the others correspond to the jet energy correction factor
o; (i = 1,2), to be determined by this minimizatiow;(i = 1.2) is the resolution on the light jet
energy).

o, (mylag,ap) —my)?  (Ep(l—ay)?  (Ep(l—ay))?
_ - + 52 2

X (4.2)
The x? is minimized, event by event, for each light jet pair ; théatiget pairj4, j, correspond-
ing to the minimaly? is kept as the hadronic W candidate. This minimization pace also leads

to the corresponding energy correction factaysa,. The hadronic W is then reconstructed with
the light jets chosen by thig? minimization.

4.1.2 Top mass reconstruction

Several methods have been investigated to choose the @icathe two candidates, and
the one giving the highest purity has been kept : the b-jaicated to the hadronic W is the one
leading to the highegp, for the top.

The reconstructed three jets invariant mass is shown inr€igu : the mass peak (17641 0.6
GeVIc?) is in reasonable agreement with the generated value (1¥8c3e the width is equal to
11.9+ 0.7 GeV£?. The overall efficiencies and purities, with respect todept jets events, are
summarized in Table 2 : we expect with this method 64 000 evant0 fo, corresponding to a
statistical error equal to 0.05 Gey?/
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Figure 2: Top mass distribution, with the contribution from wrong Whdoinations, in green, and, in red,

from wrong b-jet associations. This analysis has been padd using the MC@NLO generator and the full
simulation of the ATLAS detector.
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Efficiency (%) | b purity (%) | W purity (%) | Top purity (%) ‘
full mass window 2.70+0.005 | 56.0+0.9 63.2+ 0.9 405+ 0.9
mass window Wi'[hirt1:30mmp 1.82+ 0.04 69.1+ 0.8 75.8+ 0.8 58.6+ 0.8

Table 2: Total efficiency and W, b and top purity of the final selecteshess(MC@NLO, full simulation of
the ATLAS detector), with respect to lepton (electron, mudats events

4.1.3 W + jets background contribution

The dominant remaining background to lepton + j¢tevents comes from W + jets events.
The contribution to the top mass measurement is negligithie values of the mass peak (176:1
0.6 GeV£? for signal only, 176.2 0.6 GeV£t? for signal plus background) and of the width (11.9
+ 0.7 GeV£? for signal, 12.14 0.7 GeV£? for signal plus background ) are identical.

4.2 Top mass measurement using a kinematic fit [7]

An alternative method for the top mass measurement in theriggus jets channel consists
in reconstructing the entirg final state, in order to reduce the systematic error due to. FRR
hadronic part is reconstructed in a similar way to the prnevigection. The leptonic side can not be
directly reconstructed due to the presence of the undeteetetrino, but can be estimated in three
steps :

* pr(v) = EP'S

e p;(v) is obtained by constraining the invariant mass of the lepi@utrino system to the
PDG W mass value : this kinematic equation leads to py(@) solutions

¢ the remaining b-jet is associated to the reconstructed W

The top mass determination is performed through a kinenfiaticelying on ax? based on
mass constraintsi(;; = miPe=m,, ; m;jp = M,;,) and kinematic constraints (energy and direc-
tion of leptons and jets can vary within their resolutioriEe minimization of this¢? is performed
event by event, for the twp,(v) solutions : the one giving the lowgr is kept. The top mass is
determined as the linear extrapolationnagf,(x?) for x? = 0.

With an efficiency equal to 1.1 %, we expect with this methoddR6 events at 10 ft, corre-
sponding to a statistical error equal to 0.1 Ge&V/This analysis has been performed using a fast
simulation of the ATLAS detector, and will be checked withudl simulation. Another approach,
developped by CMS, is described in J.Heyninck’s contridouto the TOP2006 Workshop.

4.3 Top mass measurement using largp; top events ([7] [10])

Thanks to the large amount tf events produced at LHC, a subsample of lepton + tiets
events, where the top quarks hav@agreater than 200 GeV/c, can be studied. The interest of
such events is that the top and the anti-top are producedtbdukck in the laboratory frame, so
that their daughters will appear in distinct hemispherethefdetector : therefore, the combinato-
rial background should be strongly reduced.
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Because of the higlp;(top), the three jets in one hemisphere tend to overlap. ®&ocowne this
problem, the top quark is reconstructed in a large caloemedne AR in [0.8 - 1.8]), around the
top quark direction.

A strong dependence of the reconstructed top mass with tee sige has been observed and
can be attributed to the Underlying Events (UE) contributievaluated to 45 MeV ina 0.1 X 0.1
calorimeter tower with the full simulation of the ATLAS deter. After UE subtraction, the top
mass is independent of the cone size, but lower than the gfexetop mass by 25 % , as can be
seen in Figure 3. A mass scale recalibration, based on threriadV, is then applied and leads to
an average top mass value consistent with the generateel (g&le Figure 3).

With an efficiency equal to 2 % with respect to this subsampleexpect with this method 3600
events at 10 fb!, corresponding to a statistical error equal to 0.2 @&V/
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Figure 3: Fitted top mass reconstructed in a large calorimeter alasta function of the cluster size, for a
subsample of events withy (top) > 200 GeV/c, before and after UE subtraction, on thie Téfe plot on the
right shows the effect of the mass scale recalibration. @&haysis has been performed using the PYTHIA
generator for signal, and the full simulation of the ATLASeldor.

4.4 Systematic uncertainties on the top mass measurementtime lepton + jets channel

The systematic uncertainties on the top mass measurenesuamarized in Table 3, for
the three methods explained above. It is possible to getfrideoerror due to the light jet energy
scale thanks to the in-situ calibration ; the dominant ébation comes from the FSR and the b-jet
energy scale.

5. Top mass measurement in leptonic final states with % ([11])

A last top mass determination can be carried out in the lejds channel where a\B/arises
from the b-quark associated to the leptonic decaying W (€igl). The large mass of thel¥d/
induces a strong correlation with the top mass, as will bevehioelow. To solve the ambiguity
between the two b-jets, a charge tagging of the b decaying#tdsJapplied, requiring a muon
of the same electric charge as the isolated lepton in the otjet. The overall branching ratio
(5.3 10°%) is low : therefore, this analysis will be performed at higiminosity (18*cm—2s~1).
Four-lepton events are selected by requiring an isolaggdewith p. > 15 GeV andn| < 2.4, and
three non-isolated muons witly >4 GeV/c andij| < 2.4, with the invariant mass of two of them
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Source of uncertainty Hadronic top | Kinematic fit | High p; top sample
SMyop (GEVIR) | dmyp (GeVIG) | dmyp, (GeV/E)
Light jet energy scale (1 % 0.2 0.2
b-jet energy scale (1 %) 0.7 0.7
b-quark fragmentation 0.1 0.1 0.3
ISR 0.1 0.1 0.1
FSR 1. 0.5 0.1
Combinatorial background 0.1 0.1
Mass rescaling 0.9
UE estimate £ 10 %) 1.3
Total 1.3 0.9 1.6
Statistical error 0.05 0.1 0.2

Table 3: Systematic errors on the top mass measurements, in thelefgts channel, for the three methods
described above
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Figure 4. Diagram of thet decay to semi-leptonic final state withH/

being consistent with the ¥/ mass. These cuts reduce the external background to a mégligi
contribution, and lead to an efficiency of 30%, correspogdim 1000 events per year at high
luminosity.

An example of the I3 mass distribution is shown in Figure 5 : the background ismsaly
combinatorial, due to a wrong assignment of th¢ 8 the corresponding isolated lepton. The
measurement of the l/mass, given by the peak position of the fitted distributias to be related
to the generated top mass : these two masses are lineardlated, as can be seen in Figure 5.
A statistical error of the order of 0.5 GeV/is expected on the W mass measurement after 4
years at high luminosity, and the systematic error, dorethdity the uncertainty on the b-quark
fragmentation, is lower than 0.4 GeV/avhich translates into a statistical error on the top mass
measurement of 1 Ge\lcand a systematic error lower than 0.8 GeVlic

6. Top mass measurement in the dilepton channel [7]

The dilepton channel is very clean, with a lower contribaitdd combinatorial background, but
it can only provide an indirect top mass measurement, beaafuhe presence of two undetected
neutrinos in the final state. Events are selected requivdeptons of opposite charge, wigg >
20 GeV/c andr| < 2.5, anE™ss> 40 GeV and 2 b-jets withy, > 25 GeV/c andrj| < 2.5. After
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Figure 5: Lepton-JW invariant mass reconstructed from a fast simulation of tMSQletector after four
years at high luminosity (left). Correlation between theorestructed I3 mass and the generated top quark
mass (right). This study has been performed with a fast sitioul of the CMS detector [9].

this selection, the ratio of signal over background is adolid.
The final state reconstruction relies on a set of six equstfon the six unknown components
of momenta of neutrino and antineutrino, based on kinentatitservation laws and assuming a
given top mass value. This set of equations can provide rharedne solution; then, weights are
computed from kinematic Monte Carlo distributions of thieiables (co§y,, E, andEy), and
the solution corresponding to the highest weight is kepts Weight is computed for several input
top masses, and the top mass estimator corresponds to tiraunaxnean weight.

With an efficiency of 6.5 %, 20 000 events are expected at 18, fbhe statistical error on the
top mass measurement is negligible (0.04 Géy//Ghe systematic error, equal to 1.7 Ge¥//is
dominated by the uncertainty on the parton distributiorcfiem (1.2 GeV/@).

7. Top mass measurement in the all hadronic channel ([7])

The main advantage of this channel is a full kinematic retranson of both sides, and its
main disadvantage is the huge QCD multijet background :rbeday selection, the ratio of signal
over background is very low (18). Events are selected requiring at least six jets with> 40
GeV/c, and fj| < 3, and at least two b-jets with; > 40 GeV/c, andrj| < 2.5. The final state
reconstruction proceeds in two steps : first, the choice efwho light jets pairs to form the two
W bosons is performed through the minimization gf%@based on the W mass constraint. Both
W candidates are then associated to the right b-jet minimiaix? based on the equality of the
top masses on both sides. In order to improve the signal aekgoound ratio, the analysis can be
restricted to a sample of high; (> 200 GeV/c) top and anti-top : this ratio is finally favouleb
(S/B ~ 18). The top mass distribution is displayed in Figure 6. Therall efficiency, within
the 130-200 GeVFktop mass window, is equal to 0.08%, corresponding to 3300ts\at 10 fb
~1 and a statistical error equal to 0.18 Ge¥//Ehe systematic error, of the order of 3 GeX//is
dominated by the contribution of FSR (2.8 Ge¥)ic

8. Conclusion

Various top mass measurement methods have been invegtigatdl decay channels of the
top quark. The very large sample tifevents that will be accumulated will allow a precision
measurement after only one year of data taking at low lunitings0 fb—?1) : the statistical error on
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Figure 6: Top mass distribution in the all hadronic channel, for thghtp; top sample. The shaded area
corresponds to the remaining QCD background. This studpéeas performed with a fast simulation of the
ATLAS detector [7].

the top mass is negligible in all these methods except thkadéhvolving leptonic final states with
J/W¥. These analyses are differently sensitive to the variousces of systematic uncertainties :
therefore, this will allow reliable cross-checks betweles Yarious methods. The top quark mass
should be measured at LHC with a precision of the order of 1/&e\h the lepton plus jets
channel.
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