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TOP QUARK PHYSICS*
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1. INTRODUCTION

The top quark, when it was finally discovered at Fermilab in 1995 [1, 2, 3], completed the three-

generation structure of the Standard Model (SM) and opened up the new field of top quark physics.

Viewed as just another SM quark, the top quark appears to be a rather uninteresting species. Produced

predominantly, in hadron-hadron collisions, through strong interactions, it decays rapidly without form-

ing hadrons, and almost exclusively through the single mode t+Wb. The relevant CKM coupling Vt~ is

already determined by the (three-generation) unitarity of the CKM matrix. Rare decays and CP violation

are unmeasurable small in the SM.

Yet the top quark is distinguished by its large mass, about 35 times larger than the mass of the
next heavy quark, and intriguingly close to the scale of electroweak (EW) symmetry breaking. This

unique property raises a number of interesting questions. Is the top quark mass generated by the Higgs

mechanism as the SM predicts and is its mass related to the top-Higgs-Yi&awa coupling? Or does it play
an even more fundamental role in the EW symmetry breaking mechanism? If there are new particles

lighter than the top quark, does the top quruk decay into them? Could non-SM physics first manifest
itself in non-standard couplings of the top quark which show up as anomalies in top quark production

and decays? Top quark physics tries to answer these questions.

Several properties of the top quark have already been examined at the Tevatron. These include
studies of the kinematical properties of top production [4], the measurements of the top mass [5, 6], of the

top production cross-section [7, 8], the reconstruction of t;pairs in the fully hadronic final states [9, 10],

the study of ~ decays of the top quark [11], the reconstruction of hadronic decays of the W boson from
top decays [12], the search for flavour changing neutral current decays [13], the measurement of the

W helicity in top decays [14], and bounds on t~ spin correlations [15]. Most of these measurements are

limited by the small sample of top quarks collected at the Tevatron up to now. The LHC is, in comparison,

atop factory, producing about 8 million t~pairs per experiment per year at low luminosity (10 fb-l/year),

and another few million (anti-)tops in EW single (anti-)top quark production. We therefore expect that
top quark properties can be examined with significant precision at the LHC. Entirely new measurements

can be contemplated on the basis of the large available statistics.

In this chapter we summarize the top physics potential of the LHC experiments. An important

aspect of this chapter is to document SM model properties of the top quark against which anomalous

behaviour has to be compared. In each section (with the exception of the one devoted to anomalous
couplings) we begin by summarizing SM expectations and review the current theoretical status on a
particular topic. This is followed by a detailed description of experimental analysis strategies in the

“Toappearin the Reportof the “1999CERNWorkshopon SM physics(and more) at the LHC.

This worksupportedin part by the U.S. Departmentof Energy,Divisionof HighEnergyPhysics,ContractW-3I-109-ENG-38



DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible
in electronic image products. images are
produced from the best available original
document.



,.

context of the ATLAS and CMS experiments. Particular emphasis is given to new simulations carried

out in the course of this workshop. In detail, the outline of this chapter is as follows:

In Section 2. we summarize Sh4 precision calculations of the top quark mass relations and of the

rotal top quark width. We then recall the importance of the top quark mass in EW precision measure-

ments. We discuss, in particular, the role of EW precision measurements under the assumption that a SM

Higgs boson has been discovered.

Section 3. deals with the ti production process: expectations for and measurements of the total

cross section, the transverse momentum and t: invariant mass distribution are discussed. A separate

subsection is devoted to EW radiative corrections to tf production, and to radiative corrections in the

Minimal Supersymmetric SM (MSSM).

The prospects for au accurate top quark mass measurement are detailed in Section 4. Next to

“standard” measurements in the Iepton+jets and di-lepton channels, two mass measurements are dis-

cussed that make use of the large number of top quarks available at the LHC: the selection of top quarks

with large transverse momentum in the lepton+jets channel and the measurement of lJ/@ correlations

in t+lJ/@X decays. This decay mode appears to be particularly promising and the systematic uncer-

tainties are analyzed in considerable detail.

Single top quark production through EW interactions provides the only known way to directly

measure the CKM matrix element vtb at hadron colliders. It also probes the nature of the top quark

charged current. In Section 5. the SM expectations for the three basic single top production mechanisms

and their detection are documented, including the possibility to measure the high degree of polarisation

in the SM.

The issue of top quark spin is pursued in Section 6. Here we summarize expectations on spin
correlations in ttproduction, the construction of observable sensitive to such correlations and the results

of a simulation study of di-lepton angular correlations sensitive to spin correlations. Possible non-SM

CP violating couplings of the top quark can be revealed through anomalous spin-momentum correlations

and are also discussed here.

As mentioned above, the search for anomalous (i.e. non-SM) interactions is one of the main moti-

vations for top quark physics. In Section 7. the sensitivity of the LHC experiments to the following cou-

plings is investigated: gt~ couplings and anomalous Wtb couplings in top production, flavour-changing

neutral currents (FCNCS) in’top production and decay.

Section 8. is devoted to rare top decays. The SM expectations for radiative top decays and FCNC

decays are documented. Decay rates large enough to be of interest require physics beyond the SM.

The two Higgs Doublet Models, the MSSM and generic anomalous couplings are considered explicitly
followed by A~AS and CMS studies on the expected sensitivity in particular decay channels.

Finally, the measurement of the top quark Yukawa coupling in t~H production is considered (Sec-
tion 9.). The SM cross sections are tabulated in the various production channels at the LHC. For the case

of a low mass Higgs boson, the results of a realistic study using a simulation of the A~AS detector are

discussed.

The following topics are collected in the appendices: b-quark tagging and the calibration of the

jet energy scale in top events; the direct measurement of the top quark spin (as opposed to that of a top
squark) and and of top quark electric charge; the total cross section for production of a fourth genera-

tion heavy quark, a compendium of Monte Carlo event generators available for top production and its
backgrounds.

The internal ATLAS and CMS notes quoted in the bibliography can be obtained from the collab-

orations’ web pages [16, 17]. Updated versions of this document, as well as a list of addenda and errat%
will be available on the web page of the LHC Workshop top working group [18].
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2. TOP QUARK PROPERTIES AND ELECTROWEAK PRECISION MEASUREMENTS

The top quark is, according to the Standard Model (SM.), a spin-112 and charge-2/3 fermion, transform-

ing as a colour triplet under the group SU (3) of the strong interactions and as the weak-isospin partner

of the bottom quark. None of these quantum numbers has been directly measured so far, although a

large amount of indirect evidence supports these assignments. The analysis of EW observable in 3

decays [19] requires the existence of a 2’3 = 1/2, charge-2/3 fermion, with a mass in the range of
170 GeV, consistent with the direct Tevatron measurements. The measurement of the total cross section

at the Tevatron, and its comparison with the theoretical estimates, are consistent with the production of

a spin-1/2 and colour-triplet particle. The LHC should provide a direct measurement of the top quantum

numbers. We present the results of some studies in this direction in Appendix B.

2.1 Top quark mass and width

In addition to its quantum numbers, the two most fundamental properties of the top quark are its mass mt

and width rt, defined through the position of the single particle pole m; = mt – i17t/2 in the perturbative

top quark propagator. In the SM rnt is related to the top Yukawa coupling

yt (p) = 23/4G~’2mt (1+ &(P)), (1)

where &(p) accounts for radiative corrections. Besides the top quark pole mass, the top quark MS mass

7Et(p) is often used. The definition of 7iit (p) including EW corrections is subtle (see the discussion in

[20]). As usually done in the literature, we define the ~ mass by including only pure QCD corrections:

7Ef(/J)= mt (1 + 6QCD(p))-1 . (2)

The conversion factor JQCD (p) is very well known [21]. Defining 7Et = mt (mt) and as = as
.—

~(mt)/T,

we have

~QCD (=t) =
4
~ a, + 8.2366a;+ 73.638a? +.. .

= (4.63+ 0.99+ 0.31+ O.11:~:~~)% = (6.05t~:~~)%. (3)

This assumes five massless flavours besides the top quark and we use as = 0.03475 which corresponds

to cz~(m~) = 0.119 and ~t = 165 GeV. The error estimate translates into an absolute uncertainty
of +180 MeV in mt — ~t and uses an estimate of the four-loop contribution. Note that the difference

between the two mass definitions, mt – ~t, is about 10 GeV. This means that any observable that is
supposed to measure a top quark mass with an accuracy of 1–2 GeV and which is known only at leading

order (LO) must come with an explanation for why higher order corrections are small ‘when the observ-

able is expressed in terms of that top quark mass definition that it is supposed to determine accurately.
We will return to this point in Section 4.

The on-shell decay width I?t is less well known, but the theoretical accuracy (< 1%) is more than

sufficient compared to the accuracy of foreseeable measurements. The decay through t~bW is by far
dominant and we restrict the discussion to this decay mode. It is usefi.d to quantifi the decay width in

units of the lowest order decay width with Mw and mb set to zero and lVt~l set to 1:

GFm~
r. = — = 1.76 GeV.

81r&

Incorporating it4w the leading order result reads

rLo (&d)~)/[vtb12 ( Mf$
=)70 1–37+23

)
= 0.885 I’O= 1.56 GeV.

(4)

(5)

Isection ~oor~lnators:M. Beneke,G. Weklein.
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Table 1: Correctionsto the top quark width 170(14w = O,lowestorder) in unitsof I’o.The bestestimateof r(t+bW)/lV,~12
is obtainedby addhg all correctionstogether.Parameters:as = 0.03475, A4w = 80.4 GeVand mt = 175GeV.

Mw # O correction at lowest order, see (5)

as correction, Ik?w = O

as correction, &fw # Ocomection

~~ correction, Mw = O [22, 23]

c& correction, Ivfw # Ocorrection [23]

EW correction [24]

–11.5%

–9.5%

+1.8%

–2.0%

+0.1%

+1.7%

The correction for non-vanishing bottom quark mass is about –0.2% in units of I’o. Likewise corrections

to treating the W boson as a stable particle are negligible. Radiative corrections are known to second

order in QCD and to first order in the EW theory. Table 1 summarises the known corrections to the

limiting case (4). Putting all effects together we obtain:

rft4mq//vtb12 z 0.807 ro = 1.42 GeV. (6)

The top quark lifetime is small compared to the time scale for hadronisation [25]. For this reason, top-
hadron spectroscopy is not expected to be the subject of LHC measurements.

2.2 Role of mt in EW precision physics

The EW precision observable serve as an important tool for testing the theory, as they provide an impor-

tant consistency test for every model under consideration. By comparing the EW precision data with the

predictions (incorporating quantum corrections) within the SM or its extensions, most notably the mini-

mal supersymmetric extension of the Standard Model (MSSM) [26], it is in principle possible to derive

indirect constraints on all parameters of the model. The information obtained in this way, for instance, on
the mass of the Higgs boson in the SM or on the masses of supersymmetric particles is complementary

to the information gained from the direct production of these particles.

In order to derive precise theoretical predictions, two kinds of theoretical uncertainties have to
be kept under control: the uncertainties from unknown higher-order corrections, as the predictions are

derived only up to a finite order in perturbation theory, and the parametric uncertainties caused by the

experimental errors of the input parameters. The top quark mass enters the EW precision observable as

an input parameter via quantum effects, i.e. loop corrections. As a dktinctive feature, the large numerical

value of mt gives rise to sizable corrections that behave as powers of mt. This is in contrast to the

corrections associated with all other particles of the SM. In particular, the dependence on the mass of the

Higgs boson is only logarithmic in leading order and therefore much weaker than the dependence on mi.

In the MSSM large corrections from SUSY particles are only possible for large splittings in the SUSY

spectrum, while the SUSY particles in general decouple for large masses.

The most important ret-dependent contribution to the EW precision observable in the SM and
the MSSM enters via the universal parameter Ap which is proportional to m: [27],

(Ap = w(o) N“(o) ), cl! In;— .—
M; M& ~~ = “16nw~c~@’

(7)

where the limit mb~() has been taken, Sw (cw) is the sin (COS)of the weak mixing angle, and X2(0)

and Zw (0) indicate the transverse parts of the gauge-boson self-energies at zero momentum transfer.

The theoretical prediction for A4w is obtained from the relation between the vector-boson masses

.
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and the Fermi constant,

()

M&
M& 1–= =~(l+Ar),

&GF
(8)

z

where the quantity Ar [28] is derived from muon decay and contains the radiative corrections. At one-

loop order, Ar can be written as Ar = Act – ~Ap + (Ar).l, where Acv contains the large logarithmic

contributions from the light fermions, and the non-leadlng terms are collected in (Ar)~l.

The leptonic effective weak mixing angle is determined from the effective couplings of the neu-

tral current at the Z-boson resonance to charged leptons, J~c = (v@G@fi)’’2[gvyu -~~~.~s],

according to
1

(

Re (gV)sin2 @t = ~ 1 –
)Re (gA) “

(9)

Insin26~gt the leading ret-dependent contributions enter via Jsin26$~t = – (c&E&)/(c~ – s~)Ap.

The precision observable i’vfw andsin26$~t are currently known with experimental accuracies of

0.05% and 0.07%, respectively [19]. lhe accuracy in Mw will be fi.uther improved at the LHC by about
a factor of three (see the EW chapter of this Yellow Report). Besides the universal correction Ap, there is

also anon-universal correction proportional tom? in the Zb~ coupling, which however is less accurately

measured experimentally compared to MW and sin2 t&’t. The strong dependence of the SM radiative

corrections to the precision observable on the input value of mt made it possible to predict the value of

mt from the precision measurements prior to its actual experimental discovexy, and the predicted value

turned out to be in remarkable agreement with the experimental result [5, 6].

Within the MSSM, the mass of the lightest CP-even Higgs boson, ‘mh, is a further observable

whose theoretical prediction strongly depends on mt. While in the SM the Higgs-boson mass is a free

parameter, mh is calculable from the other SUSY parameters in the MSSM and is bounded to be lighter

than Mz at the tree level. The dominant one-loop corrections arise from the top and scalar-top sector via
terms of the form GFm$ in (nql mi2 /m~) [29]. As a rule of thumb, a variation of mt by 1 GeV, keeping

all other parameters fixed, roughly translates into a shift of the predicted value of m~ by 1 GeV. If the

lightest CP-even Higgs boson of the MSSM will be detected at the LHC, its mass will be measurable

with an accuracy of about Amh = 0.2 GeV [30].

Due to the sensitive dependence of the EW precision observable on the numerical value of nzt,

a high accuracy in the input value of mt is very important for stringent consistency tests of a model,

for constraints on the model’s parameters (e.g. the Higgs boson mass within the SM), and for a high

sensitivity to possible effects of new physics. It should be noted that this calls not only for a high
precision in the experimental measurement of the top quark mass, but also for a detailed investigation

of how the quantity that is actually determined experimentally is related to the parameter mt used as

input in higher-order calculations. While these quantities are the same in the simplest approximation,
their relation is non-trivial in general due to higher-order contributions and hadronisation effects. A

further discussion of this problem, which can be regarded as a systematic uncertainty in the experimental

determination of mt, is given in Section 4.

2.3 Physics gain from improving Amk from Amt = 2 GeV to Amt = 1 GeV

During this workshop the question was investigated of how much information one could gain from the

EW precision observable by improving the experimental precision in mt from Amt = 2 GeV, reachable
within the first year of LHC running (see Section 4.2), to Amt = 1 GeV, possibly attainable on a longer

time scale (see Section 4.6).

In order to analyse this question quantitatively, we have considered the case of the SM and the

MSSM and assumed that the Higgs boson has been found at the LHC. For the uncertainty in Aahad (the
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Table 2: Comparisonof the current theoretical uncertainty from unknown higher-ordercorrections (Ath,o) in kfw and

sin2 8$# with the pNiUIM2tI’iCUIICf21tahIk frOmthe error in Acrhadand mt,

&heo ($(fkh,d) = 0.00016 Amt = 2 GeV Amt = 1 GeV

Ah4wlMeV 6 3.0 12 6.1

A sin2 t&” x 105 II 4 I 5.6 I 6.1 I 3,1 I

hadronic contribution to the electromagnetic coupling at the scale Mz) we have adopted 6(Aahad) =

0.00016, which corresponds to the “theory driven” analyses of [31].

Concerning the current theoretical prediction for Mw and sin2 O~#t in the SM, the theoretical un-
certainty from unknown higher-order corrections has been estimated to be about AiU?w = 6 MeV and

A sin2 O~~t = 4 x 10–5 [32]. In Table 2 the theoretical uncertainties for &fw and sin2 t9~~t from un-

known higher-order corrections are compared with the parametric uncertainty from the input parameters

Aah.d and mf for Amt = 2 GeV as well as Amt = 1 GeV. The parametric uncertainties from the other

parameters, supposing that the SM Higgs boson has been found at the LHC in the currently preferred

range, are negligible compared to the uncertainties from Ac2h~ and mt. The resulting uncertainties in

A!&vand sin2 d~~t have been obtained using the parameterisation of the results for these quantities given

in [33]. As can be seen in the table, for Amt = 2 GeV the parametric uncertainty in mt gives rise to the
largest theoretical uncertainty in both precision observable. While for sin2 (l~~t the uncertaintyinduced

from the error in mt is comparable to the one from the error in AQhad, for ikfw the uncertainty from

the error in mt is twice as big as the one from unknown higher-order corrections and four times as big

as the one from the error in Aahad. A reduction of the error from Amt = 2 GeV to Amt = 1 GeV

will thus mainly improve the precision in the prediction for h4w. The uncertainty induced in Mw by

Amt = 1 GeV is about the same as the current uncertainty from unknown higher-order corrections.

The latter uncertainty can of course be improved by going beyond the present level in the perturbative

evaluation of Ar.

In Fig. 1 the theoretical predictions for Mw and sin2 d~~t (see [34] and references therein) are

compared with the expected accuracies for these observable at LEP2/Tevatron and at the LHC (for the
central values, the current experimental values are taken). The parametric uncertainties corresponding to
6(A@h,d) = 0.00016 and Amt = 2 GeV, Amt = 1 GeV are shown for two values of the Higgs boson

mass, mH = 120 GeV and mH = 200 GeV, and the present theoretical uncertainty is also indicated

(here mH is varied within 100 GeV~ mH <400 GeV and Amt = 5.1 GeV). The figure shows that,

assuming that the Higgs boson will be discovered at the LHC, the improved accuracy in mt and MW at

the LHC will allow a stringent consistency test of the theory. A reduction of the experimental error in mt

from Amt = 2 GeV to Amf = 1 GeV leads to a sizable improvement in the accuracy of the theoretical
prediction. In view of the precision tests of the theory a fl.u-ther reduction of the experimental error in
Mw and sin2 d~~t would clearly be very desirable.

While within the MSSM the improved accuracy in mt and Mw at the LHC will have a similar
impact on the analysis of the precision observable as in the SM, the detection of the mass of the lightest

CP-even Higgs boson will provide a further stringent test of the model. The prediction for m~ within

the MSSM is particularly sensitive to the parameters in the t–~ sector, while in the region of large MA

and large tan /3 (giving rise to Higgs masses beyond the reach of LEP2) the dependence on the latter two

parameters is relatively mild. A precise measurement of mh can thus be used to constrain the parameters
in the t–; sector of the MSSM.

In Fig. 2 it is assumed that the mass of the lightest scalar top quark, m;,, is known with high

precision, while the mass of the heavier scalar top quark, m;,, and the mixing angle 19tare treated as free
parameters. The Higgs boson mass is assumed to be known with an experimental precision of *0.5 GeV

and the impact of Amt = 2 GeV and Amt = 1 GeV is shown (the theoretical uncertainty in the Higgs-
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mass prediction from unknown higher-order contributions and the parametric uncertainties besides the

ones induced by rnjz, 9; and rrq have been neglected here). The two bands represent the values of mi,, 8;
which are compatible with a Higgs-mass prediction of mh = 120.5 +0.5 GeV, where the two-loop result

of [35] has been used (the bands corresponding to smaller and larger values of miz are related to smaller

and larger values of the off-diagonal entry in the scalar top mixing matrix, respectively). Combining the

constraints on the parameters in the scalar top sector obtained in this way with the results of the direct

search for the scalar top quarks will allow a sensitive test of the MSSM. As can be seen in the figure, a
reduction of Amt from Amt = 2 GeV to Amt = 1 GeV will lead to a considerable reduction of the

allowed parameter space in the mj,-(?; plane.

3. tt PRODUCTION AT THE LHC2

The determination of the top production characteristics will be one of the first measurements to be carried

out with the large statistics available at the LHC. The large top quark mass ensures that top production

is a short-dktance process, and that the perturbative expansion, given by a series in powers of the small

parameter a~(mt) w 0.1, converges rapidly. Because of the large statistics (of the order of 107 top qumk

pairs produced per year), the measurements and their interpretation will be dominated by experimen-

tal and theoretical systematic errors. Statistical uncertainties will be below the percent level for most

observable. It will therefore be a severe challenge to reduce experimental and theoretical systematic

uncertainties to a comparable level. In addition to providing interesting tests of QCD, accurate studies of

the top production and decay mechanisms will be the basis for the evaluation of the intrinsic properties

of the top quark and of its EW interactions. An accurate determination of the production cross section,

for example, provides an independent indirect determination of mt. Asymmetries in the rapidity distri-

butions of top and antitop quarks [36] are sensitive to the light-quark parton distribution functions of the

proton. Anomalies in the total t~rate would indicate the presence of non-QCD production channels, to be

confirmed by precise studies of the top quark distributions (e.g. p~ and tfinvariant mass spectra). These
would be distorted by the presence of anomalous couplings or s-channel resonances expected in several

beyond-the-SM (BSM) scenarios. Parity-violating asymmetries (for example in the rapidity distributions

of right and left handed top quarks) are sensitive to the top EW couplings, and can be affected by the

presence of BSM processes, such as the exchange of supersymmetric particles. As already observed at

the Tevatron [5, 6], the structure of the .tf final state affects the direct determination of mt. Initial and

final-state gluon radiation do in fact contribute to the amount of energy carried by the jets produced in

the decay of top quarks, and therefore need to be taken into proper account when jets are combined to
extract mt. The details of the structure of these jets (e.g. their fragmentation function and their shapes),

will also influence the experimental determination of the jet energy scales (important for the extraction

of mJ, as well as the determination of the efficiency with which b-jets will be tagged (important for the

measurement of the production cross section).

It is therefore clear that an accurate understanding of the QCD dynamics is required to make fill

use of the rich statistics of tf final states in the study of the SM properties of top quarks, as well as to

explore the presence of possible deviations from the SM. In this section we review the current state of the

art in predicting the production properties for top quark pairs (for a more detailed review of the theory of
heavy quark production, see [37]). The study of single top production will be presented in Section 5.

3.1 Tools for QCD calculations

Full next-to-leading-order (NLO, O(@~)) calculations are available for the following quantities:

1. Total cross sections [38]

2. S@le-iIICIUSiVe PT and y S+MCW2 [39]

3. Double-differential spectra (mtt, azimuthal correlations A@, etc.) [40]

‘Sectioncoordinators:M.L. Mangano,D. Wackeroth,M. Cobal(ATLAS),J. Parsons(ATLAS).



All of the above calculations are available in the form of Fortran programs [40, 41], so that kinematical

distributions can be evaluated at NLO [42] even in the presence of analysis cuts.

Theoretical progress over the last few years has led to the resummation of Sudakov-type loga-

rithms [43] which appear at all orders in the perturbative expansion for the total cross sections [44, 45].

More recently, the accuracy of these resummations has been extended to the next-to-leading logarithmic

(NLL) level [46, 47]. For a review of the theoretical aspects of Sudakov resummation, see the QCD

chapter of this report. As will be shown later, while the inclusion of these higher-order terms does not

affect significantly the total production rate, it stabilises the theoretical predictions under changes in the

renormalisation and factorisation scales, hence improving the predictive power.

Unfortunately, the results of these resummed calculations are not available in a form suitable to

implement selection cuts, as they only provide results for total cross-sections, fully integrated over all

of phase space. The formalism has been generalised to the case of one-particle inclusive distributions

in [48], although no complete numerical analyses have been performed yet.

The corrections of O(@) to the full production and decay should include the effect of gluon

radiation off the quarks produced in the top decay. Interference effects are expected to take place between

soft gluons emitted before and after the decay, at least for gluon energies not much larger than the top

decay width. While these correlations are not expected to affect the measurement of generic distributions,

even small soft-gluon corrections can have an impact on the determination of the top mass. Matrix

elements for hard-gluon emission in tf production and decay (pp~W+ bW- ~g, with t and f intermediate

states) are implemented in a parton-level generator [49]. The one-gluon emission off the light quarks

from the W decays was implemented, in the soft-gluon approximation, in the parton-level calculation

of [50].

The above results refer to the production of top quarks treated as free, stable partons. Parton-
shower Monte Carlo programs are available (HERWIG [51], P1’mL4 [52], ISAJET [53]) for a complete

description of the final state, including the full development of the perturbative gluon shower from both

initial and final states, the decay of the top quarks, and the hadronisation of the final-state partons. These

will be reviewed in Appendix D. Recently, O(cr~) matrix element corrections to the decay of the top

quark (t~Wbg) have been included in the HERWIG Monte Carlo [54]. The impact of these corrections
will be reviewed in Sections 3.3 and 4.62.

3.2 Total ti production rates

In this section we collect the current theoretical predictions for cross sections and distributions, pro-

viding our best estimates of the systematic uncertainties. The theoretical uncertainties we shall consider

include renormalisation @~) and factorisation (~~) scale variations, and the choice of parton distribution

functions (PDF’s);

We shall explore the first two by varying the scales over the range po/2 < p < 2po~ where

P=PR=pFand

● PO = w for the total cross sections

● PO= 4m? + p+ for single inclusive distributions

● po= m? -1-(p~,t + pi;) /2 for double inclusive distributions

In the case of PDF’s, we shall c&sider the latest fits of the CTEQ [55] and of the MRST [56, 57] groups:

● MRST (a~(itfz) = 0.1175, (kT) = 0.4 GeV) (default)

● MRST(g .$) (as = 0.1175, (kT) = 0.64 GeV)

● MRST(g ~) (as = 0.1175, (Icz-) = O)

. MRST(cr~ $.$) (as = 0.1125, (k~} = 0.4 GeV)
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Fig. 3: tfproductionrates. Lefc scale dependenceat fixedorder (NLO, dashed lines in the lowerinset), and at NLO+NLL

(solidlines). Righ6 PDF dependence.See the text for details.

● MRST(a~ ~~) (as = 0.1225, (kT) = 0.4 GeV)

c CTEQ5M (as = 0.118)

● CTEQ5HJ (as = 0.118, enhanced weight for Tevatron high-& jets)

● CTEQ5HQ (as = 0.118, using the ACOT heavy flavour scheme [58].)

All our numerical results relative to the MRST sets refer to the updated fits provided in [57]. These give

total rates which are on average 590 larger than the fits in [56]. The total tiproduction cross section is

given in Fig. 3, as a function of the top mass. As a reference set of parameters, we adopt PO = mt and

MRST. Full NLO+NLL corrections are included. The upper inset shows the dependence of the cross

section on the top mass. A fit to the distribution shows that As/a - 5Amt/mt. As a result, a 590 mea-

surement of the total cross section is equivalent to a 1% determination of mt (approximately 2 GeV).

As will be shown later on, 2 GeV is a rather safe estimate of the expected experimental accuracy in the

determination of mt (1 GeV being the optimistic ultimate limit). It follows that 5% should be a minimal

goal in the overall precision for the measurement of a (ti). The scale uncertainty of the theoretical pre-
dictions is shown in the lower inset of Fig. 3. The dashed lines refer to the NLO scale dependence, which

is of the order of + 12!10.The dotted lines refer to the inclusion of the NLL corrections, according to the
results of [47]. The solid lines include the resummation of NLL effects, but assume a different structure

of yet higher order (NNLL) corrections, relative to those contained in the reference NLL results (this is
indicated by the value of the A parameter equal to 2, see [47] for the details). The scale uncertainty, after

inclusion of NLL corrections, is significantly reduced. In the most conservative case of A = 2, we have a

+6% variation. A detailed breakdown of the NLO O(a~ + cY~)and higher-order O(cv~) contributions,
as a function of the scale and of the value of the parameter A, is given in Table 3. A recent study [59]

of resummation effects on the total cross section for photo- and hadro-production of quarkonium states

indicates that allowing p~ # p~ increases the scale dependence of the NLL resummed cross-sections

to almost match the scale dependence of the NLO results [60]. Preliminary results of this study alSO
suggest a similar increase of scale dependence in the case of t~ production, if p~ and p ~ are varied inde-

pendently. This dependence carI however be reduced by replacing pR with pF as the argument of as in
the sub-leading coefficients of the resummed exponent [61].

The PDF dependence is shown on the right hand side of Fig. 3, and given in detail for rnt =

175 GeV in Table 4. The current uncertainty is at the level of +-10%. Notice that the largest deviations
from the default set occur for sets using different input v~ues of a~(~z). The difference between the
reference sets of the two groups (MRST and CTEQ5M) is at the level of 3%. It is interesting to explore

potential correlations between the PDF dependence of top production, and the PDF dependence of other



Table3: Resummationcontributionsto the total t~cross-sections(m, = 175 GeV) in pb. PDF set MRST.

NLL resummed, A=2 NLL resummed, A=O

p~ = p~ NLo O(&) NLO+NLL O(@’) NLO+NLL

ret/2 890 –7 883 –12 878

I mt 17961 29 825 I 63 859 I

I 2mt I 705 I 77 782 148 853

Table4 Total t~cross-sections(m, = 175 GeV) in pb. NLO+NLL(A = O).

PDF p=m~/2 p=mt p=2m~

MRST 877 859 853

MRST g ~ 881 862 857

MRST g $ 876 858 852

MRST as J. 796 781 777

MRST as ~ 964 942 934

CTEQ5M 904 886 881

CTEQ5HJ 905 886 881

processes induced by initial states with similar parton composition and range in z. One such example is

given by inclusive jet production. Fig. 4 shows the initial-state fraction of inclusive jet final states (with

Iql < 2.5) as a fimction of the jet-& threshold. For values of E. -200 GeV, 90% of the jets come
from processes with at least one gluon in the initial state. This fraction is similar to that present in ti

production, where 90% of the rate is due to gg collisions. On the right side of Fig. 4 we show the double

ratios:
[~(@/djeL J% > ~f’in)]pDF

[O(tf)/c7(jet, & > ~$’in)]MR~T
(lo)

As the plot shows, there is a strong correlation between the PDF dependence of the two processes. The

correlation is maximal for l?~in w 200 GeV, as expected, since for this value the flavour composition of
the initial states and the range of partonic momentum fractions probed in the two production processes are

‘in ~ 260 GeV the PDF dependence of the ratio o (t~/a (jet, & > l?~in)similar. In the range 180 S ET

is reduced to a level of Al 90, even for those sets for which the absolute top.cross-section varies by + 10Yo.

The jet cross-sections were calculated [62] using a scale @et.= E. s p~t. If we vary the scales for t~
and jet production in a correlated way (i.e. selecting p~et /p& = P’F/P&i), nO signific~t sc~e depen-
dence is observed. There is however no a-priori guarantee that the scales should be correlated. Unless
this correlation can be proved to exist, use of the inclusive-jet cross section to normalise the tf cross sec-

tion will therefore leave a residual systematic uncertainty which is no smaller than the scale dependence

of the jet cross section. We do not expect this to become any smaller than the PDF dependence in the

near future.

Combining in quadrature the scale and PDF dependence Of the total ~f cross section, we me left,
with an overall 12$Z0theoretical systematic uncertainty, corresponding to a 4 GeV uncertainty on the

determination of the top mass from the total cross section.

3.3 Kinematical properties of t~ production

We start from the most inclusive quantity, the top pT spectrum. The NLO predictions are shown in Fig. 5.

Here we also explore the dependence on scale variations and on the choice of PDF. The uncertainties are
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+15% and +10%, respectively. The reconstruction of top quarks and their momenta, as well as the

determination of the reconstruction efficiencies and of the possible biases induced by the experimental

selection cuts, depend on the detailed structure of the final state. It is important to verify that inclusive

distributions as predicted by the most accurate NLO calculations are faithfully reproduced by the shower
Monte Carlo calculations, used for all experimental studies. This is done in Fig. 6, where the NLO
calculation is compared to the result of the HERWfG Monte Carlo, after a proper resealing by an overall

constant K-factor. The bin-by-bin agreement between the two c~culations is at the level of 107o, which
should be adequate for a determination of acceptances and efficiencies at the percent level.

Similar results are obtained for the invariant mass distribution of top quark pairs, shown in the

plot of Fig. 6. The scale and PDF dependence of the NLO calculation are similar to those found for the
inclusive ~ spectrum, and are not reported in the figure.

Contrary to the case of inclusive p~ and &f,F spectra, other kinematical distributions show large

differences when comparing NLO and Monte Carlo results [42]. nis is the case of dMributions which

are trivial at LO, and which are sensitive to Sudakov-like effects, such as the azimuthal correlations or the
spectrum of the tf pair transverse momentum p;. These two distributions are shown in the two pIots of

Fig. 7. Notice that the scale uncertainty at NLO is larger for these distributions than for previous inclusive
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quantities. These kinematical quantities are in fact trivial at O(a~) (proportional to Mimctions), and

their evaluation at O(cr~) is therefore not a true NLO prediction. The regions p$~O and A~+r are

sensitive to multiple soft-gluon emission, and the differences between the NLO calculation (which only

accounts for the emission of one gluon) and the Monte Carlo prediction (which includes the multi-gluon

emission) is large. The region p$ >> mt is vice-versa sensitive to the emission of individual hard gluons,
a process which is more accurately accounted for by the full O(@) matrix elements included in the

NLO calculation than by the Monte Carlo approach. Notice that the average value of p; is quite large,

above 50 GeV. This is reasonable, as it is of the order of as times the average value of the hardness of

the process ((&fti} * 540 GeV). It is found that this large transverse momentum is compensated by the

emission of a jet recoiling against the top pair, with a smaller fraction of events where the p$ comes

from emission of hard gluons from the final state top quarks. The large-p: discrepancy observed in
Fig. 7 should be eliminated once the matrix element corrections to top production will be incorporated

in HERWIG, along the lines of the work done for Drell-Yan production in [63].

Emission of extra jets is also expected fi-om the evolution of the decay products of the top quarks
(b’s, as well as the jets from the hadronic W decays). Gluon radiation off the decay products is included
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in the shower Monte Carlo calculations. In the case of the latest version of HERWIG (v6. 1) [51], the

emission of the hardest gluon from the b quarks is evaluated using the exact matrix elements [54]. This

improvement, in addition to a few bug fixes, resolve the discrepancies uncovered in [49] between an

exact parton level calculation and previous versions of HERWIG. The matrix-element corrections do not

alter significantly most of the inclusive jet observable. As examples, we show in Fig. 8 the AR and the

jet multiplicity distributions for events where both W’s decay leptonically. More details can be found
in [64]. Jets are defined using the k~ algorithm [65], with radius parameter R = 1. As can be seen,

the impact of the exact matrix element corrections is limited, mostly because the extra-jet emission is

dominated by initial-state radiation.

The impact on quantities which more directly affect the determination of the top mass remains

to be fully evaluated. Given the large rate of high-& jet emissions, their proper description will be a

fundamental ingredient in the accurate reconstruction of the top quarks from the final state jets, and in the

determination of the top quark mass. A complete analysis will only be possible once the matrix element

corrections to the tf production will be incorporated in the Monte Carlos. Work in this direction is in
progress (G. Corcella and M.H. Seymour).

3.4 Non-QCD radiative corrections to tf production

The production and decay of top quarks at hadron colliders is a promising environment for the detection

and study of loop induced ,SUSY effects: at the parton Ievel there is a large center of mass energy $
available and owing to its large mass, the top quark strongly couples to the (virtual) Higgs bosons, a

coupling which is additionally enhanced in SUSY models. Moreover, it might turn out that SUSY loop

effects in connection with top and Higgs boson interactions less rapidly decouple than the ones to gauge

boson observable.

To fully explore the potential of precision top physics at the LHC and at the Tevatron [66] to detect,

discriminate and constrain new physics, the theoretical predictions for top quark observable need to be

calculated beyond leading order (LO) in perturbation theory. Here we will concentrate on the effects of

non-QCD radiative corrections to the production processes gg+~ and qij~t~, including supersymmetric

corrections. When searching for quantum signatures of new physics also the SM loop effects have to be

under control. The present SM prediction for tfobservable includes the QCD corrections as discussed
above and the EW one-loop contributions to the QCD ti$production processes [67, 68, 69]. The latter

modify the gt~(q~g) vertex by the virtual presence of the EW gauge bosons and the SM Higgs boson.

At the parton level, the EW radiative corrections can enhance the LO cross sections by up to $x 30%

close to the threshold W ~ 2mt when the SM Higgs boson is light and reduce the LO cross sections
with increasing 4 by up to the same order of magnitude. After convoluting with the parton distribution



functions (PDF’s), however, they only reduce the LO production cross section o(pp+~X) at the LHC

by a few percent [67]: up to 2.5(1.8)% for the following cuts on the transverse momentum pT and the

pseudo rapidity q of the top quark: p~ > 100(20) GeV and \ql <2.5.

So far, the studies of loop induced effects of BSM physics in tfproduction at hadron colliders
include the following calculations:

The 0(~) corrections within a general two Higgs doublet model (G2HDM) (=SM with two Higgs

doublets but without imposing SUSY constraints) to gij+f [70, 71] and gg~t~ [71]. In addition to the

contribution of the W and Z, the gt;(q~g) vertex is modified by the virtual presence of five physical

Higgs bosons which appear in any G2HDM after spontaneous symmetry breaking: H*, ho, A“, I@.

Thus, the G2HDM predictions for tf observable depend on their masses and on two mixing angles, /3

and a. The G2HDM radiative corrections are especially large for light Higgs bosons and for very small

(< 1) and very large values of tan B due to the enhanced Yidcawa-like couplings of the top quark to
the (virtual) Hlggs bosons. Moreover, there is a possible source for large corrections due to a threshold

effect in the renormalised top quark self-energy, i.e. when m~ N &fH+ + mb. k [71] the s-channel

Higgs exchange diagrams in the gluon fusion subprocess, gg~h”, H“+f, had been included. For

this workshop we also considered the gg~A”~t~ contribution [72]. A study of the s-channel Higgs

exchange diagrams alone, can be found in [73] (17°) and [74, 75] (H” and A*). They are of particular

interest, since they can cause a peak-dip structure in the invariant t;mass distribution for heavy Higgs

bosons, MHO,AO > 2mt, when interfered with the LO QCD t;production processes.

Tlie SUSY EW Cl(a) corrections within the MSSM to q~+t; [71, 76,77, 78] and gg+f [71,

79]. In [71] also the squark loop contribution to the gg~h”, 17° production process in the s channel

Higgs exchange diagrams has been taken into account. The SUSY EW corrections comprise the con-

tributions of the supersymmetric Higgs sector, and the genuine SUSY contributions due to the virtual
‘o two top squ~ks ;L,R ~d two bottom squ~ks ~L,R.presence of two charginos X*, four neutralinos x ,

The MSSM input parameters can be fixed in such a way that the tfobservable including MSSM loop

corrections depend on a relatively small set of parameters [71]: tan ~, MAO,m;l, m~L, Q:, p, Mz, where

LR mixing is considered only in the top squark sector, parametrized by the mixing angle @p m~l and

m~~ = m~- denote the mass of the lighter top squark and the bottom squark, respectively. The effects

of the supersymmetric Higgs sector tend to be less pronounced than the ones of the G2HDM: since su-

persymmetry tightly correlates the parameters of the Higgs potential, the freedom to choose that set of

parameters which yield the maximum effect is rather limited. On the other hand, they can be enhanced

by the genuine SUSY contribution depending on the choice of the MSSM input parameters. The SUSY

EW corrections can become large close to the threshold for the top quark decay t~i + jj”. They are
enhanced for very small (< 1) and very large values of tan@ and when there exists a light top squark

(m~l % 100 GeV).

The SUSY QCD CI(Q.) corrections to q~+t~ [78, 80, 81, 82, 83] and gg~ti [84]. So far,

there are only results available separately for the qtj+i% (Tevatron) and the gg+tf (LHC) production

processes. The combination of both is work in progress and will be presented in [85]. The SUSY QCD

contribution describes the modification of the gtf(q~g) vertex and the gluon vacuum polarisation due to

the virtual presence of gluinos and squarks. ‘Ihus, additionally to the dependence on squarks masses (and

on mixing angles if LR mixing is considered) the SUSY QCD corrections introduce a sensitivity of tf

observable on the gluino mass mj. As expected, the effects are the largest the lighter the gluino andlor
the squarks. Again, there are possible enhancements due to threshold effects, for instance close to the

anomalous threshold m$ = m; + m~l.

The t~ observable under investigation so far comprise the total t~ production cross section at;,

the invariant ti?mass distribution do/dMti and parity violating asymmetries ALR in the production
of left and right handed top quark pairs. At present, the numerical discussion is concentrated on the

impact of BSM quantum effects on tfobservable in p(~ ~tf_X. A parton level Monte CarlO program

for p~) +,f~W+W- I& (f~fi) (f~jj)bb is presently under construction [72]. This will allow a more
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Table 5: The relativecorrectionsto pp+tiX at the LHC when only including SUSY QCD one-loopcorrections[84] (with

PT >20 Gev, b?l < 2.5) Or OnlY the Ew One-lWI corrections Withinthe G2HDMand the MSSM[711(PT >100 GeV). For
comparisonthe SMpredictionis also listed.

SM (kfH = 100 GeV) G2HDM SUSY EW SUSY QCD

~la- - 2.5% ~ 470 ~ 10’%0 < 4%

realistic study of the sensitivity of a variety of kinematical distributions to SUSY quantum signatures in

the tfproduction processes, for instance by taking into account detector effects.

In the following we give an overview of the present status of BSM quantum effects in t; observ-

able at the LHC:

ot~ : In Table 5 we provide the relative corrections for ~ti at the LHC for different BSM physics

scenarios. They reflect the typical maximum size of the radiative corrections within the models under

consideration. As already mentioned there are possible enhancements due to threshold effects, which

can yield much larger relative corrections. However, they only arise for very specific choices of the

MSSM input parameters. The SIJSY EW one-loop corrections always reduce the LO production cross

sections and range from SM values, to up to % –570 for heavy squarks and up to % –20% close to
mt = m;l + mio. The SUSY QCD one-loop corrections, however, can either reduce or enhance at~.
The relative corrections are negative for small mj and increase with decreasing gluino and/or squark

masses. They change sign when approaching the threshold for real sparticle production and reach a
maximum at mj = 200 GeV of about +2Y0 [84]. Again, very large corrections arise in the vicinity of a

threshold for real sparticle production, mt = m~ + m;,. The SUSY EW and QCD one-loop corrections,
so far, have only been combined for the g~+tf production process and numerical results are provided

for the Tevatron pp collider in [78, 83]. To summarise, apart from exceptional regions in the MSSM

parameter space, it will be difficult to detect SUSY through loop contributions to the t; production

rate. If light sparticles exist, they are most likely directly observed first. Then, the comparison of the
precisely measured top production rate with the MSSM predictions will test the consistency of the model

under consideration at quantum level and might yield additional information on the parameter space, for

instance constraints on tan/3 and 0;.

da/dMtt : More promising are the distributions of kinematic variables. Here we will concen-

trate on the impact of SUSY quantum signatures on the invariant t~ mass distribution. Results for the

effects of EW one-loop corrections within the G2HDM and the MSSM on da/dikfti at the LHC are

provided in [71]. So far, the impact of the SUSY QCD one-loop contribution on da/h4tt has only

been discussed for the Tevatron pji collider [81], where it turned out that they can significantly change
the normalisation and distort the shape of da/dMtF. As already mentioned, there is the possibility for

an interesting peak-dip structure due to a heavy neutral Higgs resonance in gg~t~ within two Higgs

doublet models. The potential of the LHC for the observation of such resonances has been studied
in [74, 86]. In Section 3.5 the results of an ATLAS analysis of the observability of the H/A+T5 chan-

nel for different luminosities are presented. In Fig. 9 we show preliminary results for the invariant t;

mass distribution to pp+tf+W+ W- b;+(vee+) (dti)b~ at the LHC when including MSSM EW one-

loop corrections [72]. When MAO > 2mt the gg~ll”, AO~ti contributions can cause an excess of tf

events at It& slightly below MAO, when the Higgs bosons are not too heavy, and a dip in the distribution

slightly above kft~ = &fAO. For the choice of MSSM parameters used in Fig. 9 the peak vanishes fOr
MAO > 40() GeV and only a deficiency of events survives which decreases rapidly for increasing ~AO.

These effects cart be enhanced when the SUSY QCD contributions are taken into account.

ALR : Parity violating asymmetries in the distribution of left and right-handed top quark pairs
at hadron colliders directly probe the parity non-conserving parts of the non-QCD one-loop corrections

to the tf production processes within the model under consideration and have been studied at the Teva-
tron [77, 82, 87, 68, 81, 83] and at the LHC [88]. In Fig. 10 we show the left-right asymmetries ALR in
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the invariant mass distribution of (longitudinally) polarised top quark pairs in pp~tL,&,@, induced

by SM and MSSM EW one-loop corrections [88]. The parity violating asymmetry within the MSSM

results from the interplay of the supersymmetric Higgs sector (A!lH~) and the genuine SUSY contribu-

tions (~*, ~“). The contribution from the charged Higgs boson can either be enhanced or diminished

depending on the values of nz;l and @; Within the G2HDM the loop-induced asymmetries are most

pronounced for a light charged Higgs boson and very small and very large values of tan ~. At the LHC,
the G2HDM and MSSM EW one-loop corrections induce asymmetries in the total production rate of left

and right-handed top quark pairs of up to about 2.570 and 3.2$10,respectively, and thus can be consider-

ably larger than the SM expectation (SM: 1.270). When the squarks are non-degenerate in mass also the

SUSY QCD one-loop corrections induce parity violating asymmetries in strong tfproduction. So far,
there exist only studies for the Tevatron [82, 81, 83].

3.5 Measurement of t~ production properties

According to the SM, the top quark decays almost exclusively via t -+ Wb. The final state topology

of tf events then depends on the decay modes of the W bosons. Irt approximately 65.5?h of t~ events,



both W bosons decay hadronically via W ~ jj, or at least one W decays via W ~ Tv. These events

are difficult to extract cleanly above the large QCD multi-jet background, and are for the most part

not considered further. Instead, the analyses presented here concentrate on leptonic tfevents, where at

least one of the W bosons decays via W ~ Iv (1 = e, p). The lepton plus large l??’”, due to the

escaping neutrinos, provide a large suppression against multi-jet backgrounds. The Ieptonic events,

which account for approximately 34.570 of ail .t; events, can be subdivided into a “single Iepton plus

jets” sample and a “di-lepton” sample, depending on whether one or both W bosons decay leptonically.

As discussed below, the selection cuts and background issues are quite different for the various final state

topologies.

An important experimental tool for selecting clean top quark samples is the ability to identify &
jets. Techniques for b-tagging, using secondary vertices, semi-leptonic b-decays, and other characteristics

of b-jets, have been extensively studied. Both ATLAS and CMS expect to achieve, for a b-tagging

efficiency of 60Y0, a rejection of at least 100 against prompt jets (i.e. jets containing no long-lived

particles) at low luminosity. At high luminosity, a rejection factor of around 100 can be obtained with a
somewhat reduced b-tagging efficiency of typically 50%.

All the results presented in this section are obtained using for the signal the lW’lllW Monte Carlo

program. Most background processes have also been generated with Pmwu, with the exception of Wb~,

which has been produced using the HERWIG implementation [89] of the exact massive matrix-element

calculation.

3.51 Single lepton plus jets sample

The single Iepton plus jets topology, tf+ WWbj + (h) (jj)b~ arises in 2 x 2/9 x 6/9 % 29.6% of

all t~ events. One expects, therefore, production of almost 2.5 million single lepton plus jet events for

an integrated luminosity of 10 fb-l, corresponding to one year of LHC running at 1033 cm-2 s–l. The

presence of a high pT isolated lepton provides an efficient trigger. The lepton and the high value of J??;ig’

give a large suppression of backgrounds from QCD multi-jets and b~ production.

For the single Iepton plus jets sample, it is possible to fully reconstruct the final state. The four-
momentum of the missing neutrino can be reconstructed by setting Mu = O, assigning -E+ = 13~isS, and

calculating p;, with a quadratic ambiguity, by applying the constraint that A4~” = it!fw.

An analysis by ATLAS [30] examined a typical set of selection cuts. First, the presence of an
isolated electron or muon with pT >20 GeV and Iq] <2.5 was required, along with a value of ~& >

20 GeV. At least four jets with pT >20 GeV were required, where the jets were reconstructed using a

fixed cone algorithm with cone size of AR = 0.7. After cuts, the major sources of backgrounds were

W+jet production with W + lv decay, and Z+jet events with Z ~ /+1-. Potential backgrounds
from WJV, WZ, and 22 gauge boson pair production have also been considered, but are reduced to a
negligible level after cuts.

A clean sample of t~ events was obtained using b-tagging. Requiring that at least one of the jets be
tagged as a b-jet yielded a selection efficiency (not counting branching ratios) of 33.370. For an integrated

luminosity of 10 fb-l, this, would correspond to a signal of 820,000 tf events. The total background,

dominated by W+jet production, leads to a signal-to-background ratio (S/B) of 18.6. Tighter cuts can be

used to select a particularly clean sample. Examples of this will be given in Section 4.

3.52 Di-lepton sample

Di-lepton events, where each W decays leptonically, provide a particularly clean sample of t.fevents,

although the product of branching ratios is small, 2/9 x 2/9 % 4.970. With this branching ratio, one
expects the production of over 400,000 di-lepton events for an integrated luminosity of 10 fb-l.

The presence of two high ~ isolated leptons allows these events to be triggered efficiently. Back-
grounds arise from Drell-Yan processes associated with jets, Z + T+-r- associated with jets, VIVV+jets,
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and b~ production. ~pical selection criteria [30, 90] require two opposite-sign Ieptons within Iql <2.5,

with p~ >35 and25 GeV respectively, and with l?~is’ >40 GeV. For the case of Iike-flavour leptons
(e+e- and ~+p-), an additional cut llf~~ – &fzl >10 GeV was made on the di-lepton mass to remove

Z candidates. Requiring, in addition, at least two jets with pz’ >25 GeV produced a signal of 80,000

events for 10 fb- 1, with S/B around 10. Introducing the requirement that at least one jet be tagged as a

b-jet reduced the signal to about 58,000 events while improving the purity to S/B % 50.

3.53 Multi-jet sample

The largest sample of tf events consists of the topology tf ~ WWb~ ~ (jj) (jj) b~. The product of

branching ratios of 6/9x6/9% 44.4% implies production of 3.7 million multi-jet events for an integrated
luminosity of 10 fb-l. However, these events suffer from a very large background from QCD multi-jet

events. In addition, the all-jet final state poses difficulties for triggering. For example, the trigger menus

examined so far by ATLAS [30] consider multi-jet trigger thresholds only up to four jets, for which a jet

ET threshold of 55 GeV is applied at low luminosity. Further study is required to determine appropriate

thresholds for a six-jet topology.

At the Ferrndab Tevatron Collider, both the CDF and DO collaborations have shown that it is pos-

sible to isolate a tf signal in this channel. The CDF collaboration has obtained a signal significance over

background of better than three standard deviations [9] by applying simple selection cuts and relying on
the high b-tagging efficiency (& 46%). To compensate for the less efficient b-tagging, the DO collab-

oration has developed a more sophisticated event selection technique [10]. Ten kinematic variables to

separate signal and background were used in a neural network, and the output was combined in a second
network together with three additional variables designed to best characterise the tf events.

ATLAS has made a very preliminary investigation [30, 91] of a simple selection and reconstruction

algorithm for attempting to extract the multi-jet tisignal from the background. Events were selected by

requiring six or more jets with PT > 15 GeV, and with at least two of them tagged as b-jets. Jets were

required to satisfy Iq] < 3 (1VI < 2.5 for b-jet candidates). In addition, the scalar sum of the transverse
momenta of the jets was required to be greater than 200 GeV. The t~ signal efficiency for these cuts was

19.3%, while only 0.29% of the QCD multi-jet events survived. Whh this selection, and assuming a

QCD multi-jet cross-section of 1.4 x10-3 mb for pT(hMd process)> 100 GeV, one obtains a signal-to-

background ratio S/B x 1/57.

Reconstruction of the t~ final state proceeded by first selecting all-jet pairs, from among those jets
not tagged as b-jets, to form W ~ jj candidates. A x% was calculated from the deviations of the two

Tfjj values from the known value of Alw. The combination which minimised the value of x% was

selected, and events with Xk >3.5 were rejected. For accepted events, the two W candidates were then

combined with b-tagged jets to form top and anti-top quark candidates, and a x? was calculated as the

deviation from the condition that the top and anti-top masses are equal. Again, the combination with the

lowest x? was selected, and events with x? >7 were rejected. After this reconstruction procedure and

cuts, the value of S/13 improved to 1/8 within the mass window 130-200 GeV. Increasing the ~ threshold

for jets led to some further improvement; for example, requiring ~~ >25 GeV yielded S/B = 1/6.

The isolation of a top signal can be further improved in a number of ways, such as using a multi-
variate discriminant based on kinematic variables like aplanarity, sphericity or AR(jet-jet), or restricting

the analysis to a sample of high p? events. These techniques are undergoing further investigation, but

it will be very difficult to reliably extract the signal from the background in this channel. In particular,

the multi-jet rates and topologies suffer from very large uncertainties.

3.54 Measurement of the t~ invariant mass’spectrum

As discussed previously, properties of t~ events provide important probes of both SM and BSM physics.

For example, a heavy resonance decaying to t~ might enhance the cross-section, and might produce a
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peak in the &ftt invariant mass spectrum. Deviations from the SM top quark branching ratios, due for

example to a large rate oft j II+b, could lead to an apparent deficit in the t~ cross-section measured

with the assumption that BR(t + Wb) N 1.

Due to the very large samples of top quarks which will be produced at the LHC, measurements of

the total cross-section o(tf) will be limited by the uncertainty of the integrated luminosity determination,

which is currently estimated to be 5’%-10%. The cross-section relative to some other hard process, such

as Z production, should be measured more precisely.

Concerning differential cross-sections, particular attention has thus far been paid by ATLAS [30]

to measurement of the M?tt invariant mass spectmm. A number of theoretical models predict the existence

of heavy resonances which decay to t~. An example within the SM is the Higgs boson, which will decay

to ti provided the decay is cinematically allowed. However, the strong coupling of the SM Higgs boson

to the W and Z implies that the branching ratio to tf is never very large. For example, for &?H = 500

GeV, the SM Higgs natural width would be 63 GeV, and BR(17 ~ tf) x 17%. The resulting value of

o xBR for If ~ tf in the SM is not sufficiently large to see a Higgs peak above the large background
from continuum t~ production. In the case of MSSM, however, if A.4H,~ > 2mt, then BR(lf/A ~ tf)

% 100% for tan/? % 1. For the case of scalar or pseudo-scalar Higgs resonances, it has been pointed

out [73, 74] that interference can occur between the amplitude for the production of the resonance via

gg ~ H/A + tf and the usual gluon fusion process gg + tf. The interference’ effects become stronger

as the Higgs’ mass and width increase, severely complicating attempts to extract a resonance signal.

The possible existence of heavy resonances decaying to tf arises in Technicolor models [92] as well

as other models of strong EW symmetry breaking [93]. Recent variants of Technicolor theories, such as

TopColor [94], posit new interactions which are specifically associated with the top quark, and could give

rise to heavy particles decaying to ti.Since tiproduction at the LHC is dominated by gg fusion, colour

octet resonances (“colourons”) could also be produced [95].

Because of the large variety of models and their parameters, ATLAS performed a study [30, 96]

of the sensitivity to a “generic” narrow resonance decaying to t;.Events of the single lepton plus jets

topology t; + WWb~ ~ (Iv) (jj)b~ were selected by requiring ~~iss > 20 GeV, and the presence

of an isolated electron or muon with pT > 20 GeV and Iq I < 2.5. In addition, it was required that

there were between four and ten jets, each with pT > 20 GeV and Iql < 3.2. At least one of the jets

was required to be tagged as a b-jet. After these cuts, the background to the tfresonance search was
dominated by continuum t~production.

The momentum of the neutrino was reconstructed, as described previously, by setting Mv = O,

assigning E$ = E~ss, and calculating p: (with a quadratic ambiguity) by applying the constraint that
L& = kf~. The hadronic W ~ jj decay was reconstructed by selecting pairs of jets from among

those not tagged as b-jets. In cases where there were at least two b-tagged jets, candidates fort ~ Wb
were formed by combining the W candidates with each b-jet. In events with only a single b-tagged jet,

this was assigned as one of the b-quarks and each of the still unassigned jets was then considered as a

candidate for the other b-quark.

Among the many different possible jet-parton assignments, the combination was chosen that min-

imised the following X2:

X2 = (J’qb– w)2/a2(Mijd+ (MA – w)2/~2(Mub) + (~jj’– M’v)2/~2(wJ

Events were rejected if either &feVbor h’!(jjb disagreed with the known value of mt by more than 30 GeV.

For events passing the reconstruction procedure, the measured energies were resealed, according
to their resolution, to give the correct values of illw and mt for the appropriate combinations, This

procedure improved the resolution of the mass reconstruction of the tf pair to O(Nftt)/MtF % 6.6%. AS

an example, Fig. 11 shows the reconstructed &ftEdistribution for a narrow resonance of mass 1600 GeV.

The width of the Gaussian core is well described by the resolution function described above. The size
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for an integrated luminosity of either 30 or 300 fb-l.

of the tails, which are dominated by incorrect jet-parton assignments, is such that approximately 65% of

the events are contained within +2a of the peak.

The reconstruction efficiency, not including branching ratios, for t; -+ WWb~ + (1v) (jj)b~ was

about 2090 for a resonance of mass 400 GeV, decreasing gradually to about 15% for Mti = 2 TeV.

For a narrow resonance X decaying to t~, Fig. 12 shows the required ax BR(X + t~) for dis-

covery of the resonance. The criterion used to define the discovery potential was observation within a

*2a mass window of a signal above the tf continuum background, where the required signal must have

a statistical significance of at least 5U and must contain at least ten events. Results are shown versus &fx
for integrated luminosities of 30 fb-l and 300 fb-l. For example, with 30 fb-l, a 500 GeV resonance

could be discovered provided its ox BR is at least 2560 fb. This value decreases to 830 fb for Mx =
1 TeV, and to 160 fb for&lx = 2 TeV. The corresponding values for an integrated luminosity of 300 fb-l
are 835 fb, 265 t%, and 50 fb for resonances masses Mx = 500 GeV, 1 TeV, and 2 TeV, respectively.

Once predictions from models exist for the mass, natural width, and ~ x BR for a specific reso-
nance, the results in Fig. 12 can be used to determine the sensitivity and discovery potential for those

models. As discussed above, for the case of scalar or pseudo-scalar Higgs resonances, extra care must be

taken due to possible interference effects. While such effects are small for the case of a narrow resonance,
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they can be significant once the finite widths of heavy resonances are taken into account. For example,

ATLAS has performed an analysis [30, 97] of the decays H/A ~ ti in MSSM with tan/3 = 1.5 and

ikfH,A > 2mt. Assuming the ti continuum background is well known, a combined H + A signal would

be visible for Higgs masses in the range of about 370-450 GeV. However, the interference effects pro-

duce an effective suppression of the combined H + A production rates of about 30% for ikfH,A = 370

GeV, increasing to 70% for masses of 450 GeV, essentially eliminating the possibility to extract a sig-

nal for higher Hlggs masses, and thereby severely limiting the MSSM parameter space for which this

channel has discovery potential (see Fig. 13).

4. TOP QUARK MASS3

As discussed in Section 2.2 one of the main motivations for top physics at the LHC is an accurate

measurement of the top mass. Currently the best Tevatron single-experiment results on mt are obtained

with the lepton plus jets final states. These yield: mt= 175.9 + 4.8 (stat.) ~ 5.3 (syst.) (CDF) [6]

and 173.3 ~ 5.6 (stat.) & 5.5 (syst.) (D@ [5]. The systematic errors in both measurements are largely

dominated by the uncertainty on the jet energy scale which amounts to 4.4 GeV and 4 GeV for CDF

and D@, respectively. On the other hand, the systematic errors in the di-lepton channels are somewhat

less, but the statistical errors are significantly larger, by a factor of z 2, as compared to the lepton

plus jets final states. Future runs of the Tevatron with an about 20-fold increase in statistics promise a

measurement of the top mass with an accuracy of up to N 3 GeV [98]; in the lepton plus jets channel
the error is dominated by the systematic while in the di-lepton channels the limiting factor is still the

statistics.

Several studies of the accuracy which can be expected with the LHC experiments have been per-
formed in the past [99]. It is interesting to see whether one can use the large statistics available after a
few years of high-luminosity running to push the precision further. In particular, it is interesting to study

the ultimate accuracy achievable at a hadronic collider, and the factors that limit this accuracy.

In the following subsections, we begin with general remarks on the top quark mass and a very

brief review of the present status of the theoretical understanding of top quark mass measurement in the

threshold scan at a future e+e - collider. We then present the results of a recent studies of top mass’

reconstruction at the LHC. The techniques used include the study of the lepton plus jets final states

(inclusive, as well as limited to high-p~ top quarks), di-lepton final states (using the di-leptons from the

leptonic decay of both W’s, as well as samples where the isolated W lepton is paired with a non-isolated

3Section coordinators: M. F3eneke,M.L. Mangano, I. Efthymiopoulos(ATLAS),P. Grenier (ATLAS),A. Kharchilava
(CMS).
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lepton from the decay of the companion b hadron). A very promising analysis using the J/# from the

b hadron decay paired with the lepton from the leptonic decay of the W is discussed at the end. The

conclusions of these studies indicate that an accuracy of 2 GeV should be achievable with the statistics

available after only 1 year of running at low luminosity. An accuracy of 1 GeV accuracy could be

achieved after the high luminosity phase.

4.1 General remarks and the top mass measurement in e+e- annihilation

Although one speaks of “the” top quark mass, one should keep in mind that the concept of quark mass

is convention-dependent. The top quark pole mass definition is often implicit, but in a confining theory

it can be useful to choose another convention. This is true even for top quarks when one discusses mass

measurements with an accuracy of order of or below the strong interaction scale. Since different mass

conventions can differ by 10 GeV (see Section 2. 1), the question arises which mass is actually determined
to an accuracy of 1-2 GeV by a particular measurement.

The simple answer is that a particular measurement determines those mass parameters accurately

in terms of which uncalculated higher order corrections to the matrix elements of the process are small.

This in turn may depend on the accuracy one aims at and the order to which the process has already

been calculated. To clarify these statements we briefly discuss the top quark mass measurement at a high

energy e+ e- collider.

“The” top quark mass can be measured in e+ e- collisions by reconstructing top quark decay prod-

ucts in much the same way as at the LHC. In addition, there exists the unique possibility of determining

the mass in pair production near threshold. This is considered to be the most accurate method [100] and
it appears that an uncertainty of c$fit % 0.15 GeV can be achieved for the top quark iWS mass with the
presently available theoretical input [101]. This is a factor two improvement compared to the accuracy

that could be achieved with the same theoretical input if the cross section were parametrised in terms

of the top quark pole mass. The fundamental reason for this difference is the fact that the concept of

a quark pole mass is intriniscally ambiguous by an amount of order AQCD [102] and this conclusion
remains valid even if the quark decays on average before hadronisation [103]. In the context of pertur-

bation theory this ambiguity translates into sizeable higher order corrections to the matrix elements of a
given process renormalized in the pole mass scheme. This makes it preferable to choose another mass

convention if large corrections disappear in this way as is the case for the total cross section in e+ e- an-

nihilation, because the total cross section is less affected by non-perturbative effects than the pole mass

itself. Note, however, that despite this preference the position of the threshold is closer to twice the pole

mass than twice the ~ mass, hence a leading order calculation determines the pole mass more naturally.

It is possible to introduce intermediate mass renormalization that are better defined than the pole mass

and yet adequate to physical processes in which top quarks are close to mass shell [101, 104]. The con-

clusion that the top quark pole mass is disfavored is based on the existence of such mass redefinitions

and the existence of accurate theoretical calculations.

The situation with mass determinations at the LHC appears much more complicated, since the

mass reconstruction is to a large extent an experimental procedure based on leading order theoretical

calculations, which are not sensitive to mass renormalization at all. Furthermore the concept of invari-
ant mass of a top quark decay system is prone to “large” non-perturbative corrections of relative order

AQcD/mt, because the loss or gain of a soft particle changes the invariant mass squared by an amount

of order mtAQcD. The parametric magnitude of non-perturbative corrections is of the same order of

magnitude as for the top quark pole mass itself and cannot be decreased by choosing another mass renor-

malization prescription. For this reason, top mass measurements based on reconstructing mt from the

invariant mass of the decay products of a single top quark should be considered as measurements of the
top quark pole mass. From the remarks above it follows that there is a limitation of principle on the ac-

curacy of such measurements. However, under LHC conditions the experimental systematic uncertainty

discussed later in this section is the limiting factor in practice. A potential exception is the measure-
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Table6: Efficiencies(in percent)for the inclusivetisingleleptonplusjets signaland for backgroundprocesses,as a hmction

of the selectioncuts appfied.No branchingratiosare includedin the numbers.The lastcolumngivesthe equivalentnumberof

events for an integratedLuminosityof 10fb-l, and the signal-to-backgroundratio.

I Process

Z + jets

Ww

Wz

Zz

Total background

S/B

P5 >20 GeV as before, as before, events,

E@s’ > 2f) GeV phlS ~jet ~ 4 phlS Nb–jet ~ 2 per 10 fb-l

64.7 21.2 5.0 126000

47.9 0.1 0.002 1658

15.0 0.05 0.002 232

53.6 0.5 0.006 10

53.8 0.5 0.02 8

2.8 0.04 0.008 14

1922

ment of mt in the deeay mode lJ/@X discussed at the end of this section, since the systematic error

is estimated to be below 1 GeV and since the systematic error is to a large extent theoretical. It would

be interesting to investigate non-perturbative power corrections and principle obstructions to an accurate

mass measurement for this process. This analysis has however not yet been carried out in any detail,

comparable to the threshold scan in e+ e– annihilation.

4.2 mt in the lepton plus jets channel. Inclusive sample

The inclusive lepton plus jets channel provides a large and clean sample of top quarks for mass recon-

struction. Considering only electrons and muons, the branching ratio of this channel is 29.6Y0. Therefore,

one can expect more than 2 millions events for one year of running at low luminosity. A~AS performed

an analysis in that channel using events generated using PYTHIA [52] and the ATLAS detector fast simu-

lation package ATLFAST [105]. The top mass is determined using the hadronic part of the decay, as the

inVti@ mass of the three jets coming frOm the same top. ‘m~= ?7Zj jb. The leptonic top decay is USd to

tag the event with the presence of a high pT lepton and large E~”” . For the background processes, the

HERWIG [51, 89] generator was used for the background process Wb~.

The following background processes have been considered b~, W + jei% with W ~ lv, Z + jets
with Z + 1+4–, W W with one W ~ & and the other W ~ q?, WZ with W ~ /v and Z + q~,
ZZ with one Z + 1+1- and Z + q?, and Wb~ with W ~ lv, Events are selected by requiring an

isolated lepton with p~> 20 GeV and Iql< 2.5, E:iss >20 GeV, and four jets with p*> 40 GeV and

Iq\< 2.5, of which two of them were required to be tagged as b-jets. Jets were reconstructed using a
fixed cone algorithm with All= 0.4. Although at production level the signal over background is very
unfavorable, after the selection cuts and for an integrated luminosity of 10 t%-l, 126000 signal events

and 1922 background events were kept, yielding a value of S/13 = 65 (see Table 6).

The reconstruction of the decay W a j j is first performed. The invariant mass mjj of all the

combinations of jets (with p=> 40 GeV and lql< 2.5) that were not tagged as b-jets is computed and

the jet pair with an invariant mass closest to mw is selected as the W candidate. Fig. 14 represents the

invariant mass distribution of the selected jet pairs. The reconstructed W mass is consistent with the

generated value, the mass resolution being 7.8 GeV. Whhin a window of *2O GeV around the W mass;

the purity (P) and the overall efficiency (E) of the W reconstruction are respectively P=67% and E=l .790.
Additional pair association criteria such as requiring the leading jet to be part of the combination, did

not improve significantly the purity and have not been considered further in the analysis. W candidates,
retained if Imjj - Mw I <20 GeV, have then to be associated with one b-tagged jet to reconstruct the
decay t + Wb. To reconstruct the right combination, some association criteria have been tried, such as

choosing the b-jet furthest from the isolated lepton, the b-jet closest to the reconstructed W, and choosing
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the ~~b combination having the highest p~ for the reconstructed top. These various methods gave similar

results. Fig. 14 presents the invariant mass distribution of the reconstructed top when the ~~b combi-
nation having the highest P= haa been used as association criteria. No &fw constraint is applied for the

light quark jets. For an integrated luminosity of 10fb-l, the total number of reconstructed top is 32000

events, of which 30000 are within a window of +35 GeV around the generated top mass mt= 175 GeV.

The total number of combinatorial events is 34000, of which 14000 are within the mass window. The

number of background events coming from other processes is negligible. The ~jjb distribution fitted

by a Gaussian plus a thiid order polynomial yields a top mass consistent with the generated value of

175 GeV and a top mass resolution of 11.9 GeV. The resulting statistical uncertainty for an integrated
luminosity of lofb-l is hzt= 0.070 GeV.

The dependence of the top reconstruction algorithm on the top mass has been checked using

several samples oft; events generated with different values of mt ranging from 160 to 190 GeV. The

results, shown in Fig. 15, demonstrate a linear dependence of the reconstructed top mass on the generated

value: the data points are fitted to a linear function with X2/ndf = 6.7/8. The stability of the mass value
as a function of the transverse momentum of the reconstructed top (y~ (top)) was also checked. As shown

in Fig. 15, no significant p~(top) dependence is observed: the data points are fitted to a constant with
X2/ndf = 6.25/5. For more details of this analysis, see [106].
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The results presented above, obtained with a fast simulation package, have been cross-checked

with 30000 events passed through the ATLAS GEANT-based fill simulation package [107]. In fill

simulation, in order to save computing time, events have been generated under restrictive conditions at

the generator level. The comparison is done by using the same generated events which have been passed

through both the fast and fill simulation packages. The results, in terms of puiity, efficiency and mass

resolutions show a reasonable agreement between fast and full simulation. In addition, as it is shown in

Fig. 16, the shape and amount of the combinatorial background for the zrzjjb distributions are in good

agreement between the two types of simulations.

It has to be noted that for this analysis as well as for the other top mass reconstruction studies

performed within ATLAS, the jets were calibrated using the ratio p~(parton)fp~fiet) obtained from Monte

Carlo samples of di-jet events or H a b~ with T7ZH= 100 GeV. In that aspect this calibration does not
include all possible detector effects and corrections. More details can be found in Chapter 20 of [30] and

in Appendix A.

4.3 mt in the lepton plus jets channel. High p’r sample

An interesting possibility at the LHC, thanks to the large t~ production rate, is the use of special sub-

samples, such as events where the top and anti-top quarks have high p=. In this case, they are produced

back-to-back in the lab-frame, and the daughters from the two top decays will appear in distinct “hemi-

spheres” of the detector. This topology would greatly reduce the combinatorial background as well as the

backgrounds from other processes. Furthermore, the higher average energy of the jets to be reconstructed
should reduce the sensitivity to systematic effects due to the jet energy calibration and to effects of gluon
radiation. However, in this case a competing effect appears which can limit the resulting precision: as the

top p~ increases, the jet overlapping probability increases as well, which again tiects the jet calibration.

A~AS performed a preliminary study of this possibility using two different reconstruction methods:

● in the fimt one ~ ~dysis Simila to the inclusive case is done, with nat being reconstructed from

the three jets in the one hemisphere (m~=mjj~);

● in the second one, mt is reconstructed summing Up the energies in the c~orimeter towers in a large

cone around the top direction.

In the following paragraphs, highlights of these analyses are discussed.

4.31 Jet Analysis

High pT ti?events were generated using PYTHL4 5.7 [52] with a p~ cut on the hard scattering process
above 200 GeV. The expected cross-section in this case is about 120 pb, or about 14.5% of the total
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tf production cross-section. The selection cuts required the presence of an isolated lepton with p~>

30 GeV and Iql< 2.5, and E~iss >30 GeV. The total transverse energy of the event was required to be
greater than 450 GeV. Jets were reconstructed using a cone algorithm with radius AR=O.4. The plane

perpendicular to the direction of the isolated lepton was used to divide the detector into two hemispheres.

Considering only jets with p~> 40 GeV and Iql< 2.5, the cuts required one b-tagged jet in the same
hemisphere as the lepton, and three jets, one of which was b-tagged, in the opposite hemisphere. Di-jet

candidates for the W + jj decay were selected among the non-b-tagged jets in the hemisphere opposite

to the Iepton. The resultant mjj invariant mass distribution is shown in Fig. 17 (left). Fitting the six bins

around the peak of the mass distribution with a Gaussian, yielded a W mass consistent with the generated
value, and a mjj resolution of 7 GeV, in good agreement with that obtained for the inclusive sample.

Di-jets with 40 GeV<mjj <120 GeV were then combined with the b-tagged jet from the hemisphere

opposite to the lepton to form t -+ jjb candidates. Finally, the high p~(top) requirement was imposed by

requiring p~(jjb)> 250 GeV. With these cuts, the overall signal efficiency was 1.7Y0,and the background
from sources other than tf was reduced to a negligible level. The invariant mass distribution of the

accepted jjb combinations is shown in Fig. 17 (right). Fitting the six bins around the peak of the mass

distribution with a Gaussian, yielded a top mass consistent with the generated value of 175 GeV, and a

mjjb mass resolution of 11.8 GeV. For an integrated luminosity of 10 fb-l, a sample of 6300 events

would be collected in ATLAS, leading to a statistical error of dm$(stat.) = 40.25 GeV, which remains

well below the systematic uncertainty. As in the case of the inclusive sample, no strong p~ dependence

was observed and the reconstructed mass depends linearly on the Monte Carlo input value.

4.32 Using a large calorimeter cluster

For sufficiently high p~(top) values, the jets from the top decay are close to each other with a large

possibility of overlap. @ such a case it might be possible to reconstruct the top mass by collecting all the

energy deposited in the calorimeter in a large cone around the top quark direction. Such a technique has
the potential to reduce the systematic errors, since it is less sensitive to the calibration of jets and to the’

intrinsic complexities of effects due to leakage outside the smaller cones, energy sharing between jets,

etc. Some results from a preliminary investigation of the potential of this technique are discussed here.

More details of the analysis can be found in [30, 108].

Similar event selection criteria as in the previous case were used: an isolated lepton with pT>
20 GeV and Iql< 2.5, Ep”’ >20 GeV, one b-tagged jet (with AR=O.4 and p* >20 GeV) in the Iepton
hemisphere, and at least 3 jets in the hemisphere opposite to the lepton (AR=O.2, p=> 20 GeV) with
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one of them b-tagged. For the accepted events, the two highest p~ non-&tagged jets were combined

with the highest p~ b-jet candidate in the hemisphere opposite to the lepton to form candidates for the

jjb hadronic top decay. The selected -jjb combination was required to have p~> 150 GeV and Iql< 2,5.

With these selection cfiteri~ about 13000 events would be expected in the mass window from 145 to

200 GeV, with a purity of 90cZ0,for an integrated luminosity of 10fb– 1. The reconstructed invariant mass

of the jjb combination is shown in Fig. 18 (left). The direction of the top quark was then determined
from the jet momenta. Figure 18 (right) shows the distance AR in (q, +) space between the reconstructed

and the true top direction at the parton level, demonstrating good agreement.

A large cone of radius AR was then drawn around the top quark direction, and the top mass was

determined by adding the energies of all calorimeter “towers” within the cone. A calorimeter tower

has a size of 6q x 6#= 0.1 xO.1, combining the information of both the EM and hadronic calorimeters.

The invariant mass spectrum is shown in Fig. 19 (left) for a cone size AR= 1.3, and exhibits a clean
peak at the top quark mass. The fitted value of the reconstructed top mass is shown in Fig. 19 (right),

where it displays a strong dependence on the cone size. If initial (ISR) and final (FSR) state radiation in

PYTHIA are turned off, the fitted mass remains constant (to within 2910),independently of cone size.

The large dependence of the reconstructed top mass on the cone size can be attributed to the

underlying event (UE) contribution. A method was developed to evaluate and subtract the underlying

event contribution using the calorimeter towers not associated with the products of the top quark decay.
The UE contribution was calculated as the average l?= deposited per calorimeter tower, averaged over

those towers which were far away from the reconstructed jets of the event. As expected, the average
ET per calorimeter tower increases as more activity is added, especially in the case of ISR. However,

only a rather small dependence is observed on the radius AR used to isolate the towers associated with
the hard scattering process. The resulting value of the reconstructed mass (mCOne), with and without

UE subtraction, is also shown in Fig. 19 (right) as a function of the cone radius. As can be seen, after,
the UE subtraction, the reconstructed top mass is independent of the cone size used. As a cross-check,

the mean & per cell subtracted was varied by &lO% and the top mass recalculated in each case. AS

shown superimposed on Fig. 19 (right), these “miscalibrations” lead to a re-emergence of a dependence

of mt on the cone size. While the prescription for the UE subtraction does lead to a top mass which is
independent of the cone size, it should be noted that the reconstructed mass is about 15 GeV (or 8.6%)

below the nominal value, mt= 175 GeV, implying that a rather large correction is needed.
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To investigate if this correction can be extracted from the data without relying on Monte Carlo

simulations, the same procedure was applied to a sample of W+ jet events generated with a range of
p~ comparable to that of the top sample. The W was forced to decay hadronically into jets. The UE

contribution was estimated with the same algorithm as described above. The results agreed within 170
with the values determined for the high P=(top) sample. As in the case of the top events, the reconstructed

W mass after UE subtraction is independent of the cone size. The average value of mji after the UE

subtraction is about 8.5 GeV (or 10.690) below the nominal value of mw. The fractional error on mjj,

as measured with the W+jet sample, was used as a correction factor to mCW~ in the high p~(top) sample.

For a cone of radius AR= 1.3, the top mass after UE subtraction increases from 159.9 GeV to 176.0 GeV

after resealing. The resealed values of rncO.. are about 190 higher than the generated top mass. This

over-correction of mt using the value of mw measured with the same method, is mainly due to ISR

contributions. If ISR is switched off, the resealing procedure works to better than 170.

4.4 Systematic uncertainties on the measurement of mt in the single !epton pks jets channel

For the analyses presented above within A~AS, a number of sources of systematic error have been

studied using samples of events generated with PYTHIA and simulated mainly with the fast detector
package ATLFAST, but also using a relatively large number of fully simulated events in order to cross-

check some of the results. The results of these studies are summarised in Fig. 20 and discussed below.

Jet energy scale: The measurement of mt via reconstruction of t + jjb relies on a precise knowl-

edge of the energy calibration for both light quark jets and b-jets. The jet energy scale depends on a
xfitieti ~.f-nr.>n~ davcicc dfi=i$. .*hI&z3~ 9m.Jjqpv+i~~ ~~ thg $*.*7 :S+me: ?%??YW-.k*..,. .,.. ,,.
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different “miscalibration” coefficients were applied to the measured jet energies. A linear dependence

was observed.

b-qwzrkfiagmentt.ztion: The fraction of the original b-quark momentum which will appear as vis-

ible energy in the reconstruction cone of the corresponding b-jet depends on the fragmentation function

of the b-”quark. This function is usually parametrised in mm in terms of one variable, ~b, using the

Peterson fragmentation function [109]. To estimate the systematic error in mt, the “default” value for

~b (=-0.006) was varied within its experimental uncertainty (0.0025) [110, 19] and the difference in the

reconstructed mt was taken as the systematic error Jmt.

Initial atifinal state radiation: The presence of ISR or FSR can impact the measurement of mt,

To estimate the systematic error due to these, data samples were generated where ISR or FSR in the

~~ generator were switched off. In the case of FSR, a large mass shift was observed for a jet cone of
AR=O.4. This is reduced as expected when a larger cone is used. Clearly this case is rather pessimistic

since the knowledge in both ISR and FSR is typically at the level of 10’%. Therefore as a conservative
estimate of the resultant systematic en-ors in mt, 2090 of the mass shifts were used.

An alternative approach uses the measured jet multiplicity to search, event-by-event, for the pres-

ence of hard gluon radiation. Following the convention for this approach adopted at the Tevatron [5, 6],
the mass shift would be defined not by comparing events with radiation switched on and events with

radiation switched off, but by the difference, Amt, between the value of m determinedfrom event%
with exactly four jets and that determined from events with more than four jets. The systematic error

due to effects of initial and final radiation would then be considered as 6rnt= Amt/@. Such a calcu-

lation would yield systematic errors of approximately 0.4- 1.1 GeV, smaller than the more conservative

approach adopted here.

Background: Uncertainties in the size and shape of the background, which is dominated by “wrong
combinations” in ti events, can affect the top mass reconstruction. The resultant systematic uncertainty
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Fig. 22: Schematicsof the topdecayto leptonic final states with J/q!I.

yieldlng a statistical uncertainty on the measurement of mt of approximately +1 GeV. This technique

is insensitive to the jet energy scale. The dominant uncertainties arise from effects of ISR and FSR and

from the b-quark fragmentation, which sum up to about 1.5 GeV.

4.6 mt from t+l + J/~ + X decays

An interesting proposal [1 11] by CMS, explored in detail during the workshop [1 12], is to take advantage

of the large top production rates and exploit the correlation between the top mass and the invariant mass
distribution of the system composed of a J/@ (from the decay of a b hadron) Xd of the lepton (Y= e, p)

from the associated W decay (see Fig. 22).

The advantage of using a J/@ compared to the other studies involving leptons as presented above
is twofold: first, the large mass of the J/# induces a stronger correlation with the top mass (as will be

shown later). Second, the identification of the J/@ provides a much cleaner signal. In order to uniquely

determine the top decay topology one can tag the charge of the b deeaying to J/@ by requiring the

other b-jet to contain a muon as well. The overall branching ratio is 5.3 x 10–5, taking into account the

charge conjugate reaction and W + ev decays. In spite of this strong suppression, we stress that these

final states are experimentally very clean and can be exploited even at the highest LHC luminosities.

Furthermore, one can also explore other ways to associate the J/@ with the corresponding isolated

Iepton – for example by measuring the jet charge of identified b’s. One should say that all these methods

of top mass determination essentially rely on the Monte-Carlo description of its production and decay.

Nonetheless the model, to a large extent, can be verified and tuned to the data.

4.61 Analysis

In the following we assume a tfproduction cross-section of 800 pb for mt = 175 GeV. Events are sim-

ulated with the PYTHIA5.7 [52] or HERWIG 5.9 [51] event generators. Particle momenta are smeared

according to parameterisations obtained from detailed simulation of the CMS detector performance.

Four-lepton events are selected by requiring an isolated lepton with p*> 15 GeV and lql<2.4, and three

non-isolated, centrally produced muons of p= >4 GeV and Iq\ <2.4, with the invariant mass of the two

of them being consistent with the J/# mass. These cuts significantly reduce the external (non-tf) back-

ground, mainly 11%~ production, 4 which can be further reduced by employing, in addition, two central

jets from another W. The resulting kinematical acceptance of the selection criteria is’ 30%; this rather

small value is largely due to soft muons from J/@ and b. In one year high luminosity running of LHC,

corresponding to an integrated luminosity of 100 fb-l, and assuming trigger plus reconstruction effi-
ciency of 0.8, we expect about 105 x 800 x 5.3. 10–5 x 0.3 x 0.8 = 1000 events.

An example of the lJ/@ mass distribution with the expected background is shown in Fig. 23. The

background is internal (from the t; production) and is due to the wrong assignment of the J/@ to the
corresponding isolated Iepton. These tagging muons of wrong sign are predominantly originating from

4PYTHIAresultsindicatethat with the abovecuts this sourceof the backgroundcan be kept at a per cent level.
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Z3°/@ oscillations, b+c+p transitions, W(+c, ~)+p decays, n/K decays in flight and amount to

N 30% of the signal combinations. The shape of the signal ~J/@ events (those with the correct sign

of the tagging muon) is consistent with a Gaussian distribution over the entire mass interval up to its

kinematical limit of w 175 GeV. The background shape is approximated by a cubic polynomial. The

parameters of this polynomial are determined with “data” made of the wrong combinations of LJ/@ with

an admixture of signal. In such a way the shape of the background is determined more precisely and in

situ. Thus, when the signal distribution is fitted, only the background normalisation factor is left as a free

parameter along with the three parameters of a Gaussian. The result of the fit is shown in Fig. 23. We

point out that this procedure allows to absorb also the remaining external background (if any) into the
background fit fimction.
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As a measure of the top quark mass we use the mean value (position of the maximum of the

distribution) of the Gaussian, ~l~~~. In four years running at LHC with high luminosity the typical
errors on this variable, including the uncertainty on the background, are about 0.5 GeV. It is composed
of ~ ().5 GeV statistic~ enor ~d ~ ().15 GeV Systematic Contribution due to the uncertainty on the

measurement of the background shape.5

The measurement of the ilft~~ can then be related to the generated top quark mass. An example

of the correlation between the A!PZ and mt is shown in Fig. 24 along with the parameters of a linear

fit. For comparison, we also show the corresponding dependence in a more tradhional isolated lepton
plus p-in-jet channel. Not surprisingly, the stronger correlation, and thus a better sensitivity to the top

mass, is expected in the lJ/@ final states as compared to the isolated lepton plus p-in-jet channel. This

is because, in the former case, we pickup a heavy object (the J/@) which carries a larger fraction of the

b-jet momentum. The i$!ft~~ measurement error, statistical and systematic, scales as the inverse slope
value of the fit, which is a factor of 2 in our case. Hence the statistical error on the top mass in this

particular example is N 1 GeV.

It is appropriate to comment on the ways to obtain a larger event sample. Encouraging results

have been obtained in [113] to reconstruct the b+J/@eye- decays for low luminosity runs. The
extension of these studies for a high luminosity environment is very desirable. Another possibility would

be to relax the kinematical requirements. The choice of p~ cut on soft muons is not dictated by the

s~e s~tistical powerof the samplecan be further improved by exploiting full spectrum, rather th~ its Gaussian Pafi.



background considerations but by the trigger rates, and is set here to 4 GeV rather arbitrarily. For

example, the di-muon trigger with q-dependent thresholds which is available in CMS for low luminosity
runs [1 14] allows to significantly increase the kinematical acceptance, practically to the limit determined

by muon penetration up to the muon chambers. Therefore, the assessment of the trigger rates at high

luminosity with lower p~ thresholds and in multi-lepton events clearly deserves a dedicated study.

An even larger event sample can be obtained in three lepton final states, using instead the jet-charge

technique to determine the t~ decay topology instead of the tagging muon. The jet charge is defined as

a ~-weighted charge of particles collected in a cone around the J/0 direction. Obviously, this kind

of analysis requires detailed simulations with full pattern recognition which are under way. However,

particle level simulations performed with PYTHIA and with realistic assumptions on track reconstruc-

tion efficiency give event samples comparable to the muon-tag performance, with about 10 times less

integrated luminosity. In any case, through the LHC lifetime, one can collect enough events so that the

overall top mass measurement accuracy would not be hampered by the lack of statistics; it would rather

be limited by the systematic uncertainties which are tightly linked with the Monte-Carlo tools in use, as

will be argued in the following section.

4.62 Systematic

An essential aspect of the current analysis is to understand limitations which would arise from the Monte-

Carlo description of the top production and decay. It is important to realize that the observable used in

this study enjoys two properties: it is Lorentz invariant an it does not depend on the detailed structure of

the jets, but only on the momentum spectrum of the b-hadron and of the J/@ from its decay.

As a result, were it not for distortions of the f?J/@ mass distribution induced by acceptance effects

and by the presence of an underlying background, the measurement would be entirely insensitive with

respect to changes in the top production dynamics, and in the structure of the underlying event. As a

result, typical systematic such as those induced by higher-order corrections to the production process,

or by the ISR and by the structure of the minimum bias event, are strongly reduced relative to other
measurements of mt. This expectation will be shown to be true in the following of this section.

The main limitations to an accurate extraction of the top mass using this technique, are expected

to come from: i) the knowledge of the fragmentation function of the b hadrons contained in the b-jet

and, ii) the size of the non-perturbative corrections to the relation between the top quark mass and the

lJ/# mass distribution. The J/@ spectrum in the decay of the b-hadrons will be measured with high

accuracy in the next generation of B-factory experiments. It should be pointed out, however, that the

composition of b-hadrons measured at the ‘I’(4S) and in the top decays will not be the same. In this
second case, one expects a non-negligible contribution from baryons and from B, states. The size of the

relevant corrections to the inclusive J/# spectrum in top decays is not known, and, although expected to

be small, it needs to be studied. Additional effects, such as QED corrections to the W leptonic decay, W

polarisation and spin correlation effects can all be controlled and included in the theoretical simulations.

The rest of this section presents the results of a detailed study [1 12] of the systematic, mostly

based on PYTHIA.

Detector resolution: Here we have considered only Gaussian smearing of particle momenta and the effect

on the ~t~~~ measurement uncertainty is negligible. A possible nonlinearity of the detector response

can be well controlled with the huge sample of J/@, T and Z leptonic decays that will be available.

Background: The uncertainty would be mainly due to an inaccurate measurement of the background

shape and the systematic contribution of ~ 0.15 GeV quoted in previous section would scale down with

increasing statistics. For example, already with x 104 events the induced uncertainty is ~ 0.1 GeV.

PDF: Dependhg on the relative fraction of gluon/quarks versus z in various PDF’s the top produc-

tion kinematics might be different. No straightforward procedure is available for the moment to evalu-
ate uncertainties due to a particular choice of PDF. We compared results obtained with the default set



CTEQ~L [1 15] and a more recentCTEQ4L[116] parameterisations of PDF’s. The observed change in the

M~~ value is well within 0.1 GeV.

Top p~ spectrum: As shown in Section 3.3, one does not expect significant uncertainties in the prediction

of the top p~ spectrum. However, to see an effect we have artificially altered the top p~ spectrum by

applying a cut at the generator level. We found that even requiring all top quarks to have p= > 100 GeV

gives rise to only a la change (+0.7 GeV) in the fitted value of mt.

Initial state radiation: The lil~$ value is unchanged even switching off completely the ISR.

Top and W widths: Kinematical cuts that are usually applied affect the observed Breit-Wlgner shape
(tails) of decaying particles. Conversely, poor knowledge of the widths may alter the generated lJ/#

mass spectrum depending on the cuts. In our case, only a small change in the M1T4 value is seen
relative to the zero-width approximation.

W polarisation: A significant shift is found for the isotropic decays of W when compared to the SM

expectation of its w 70% longitudinal pohuisation. In future runs of the Tevatron the W polarisation

will be measured with a w 2~0 accuracy [98], and at the LHC this would be firther improved, so that it

should not introduce additional uncertainties in simulations.

tfspin correlations: A “cross-talk” between t and f decay products is possible due to experimental cuts.

To exarniue this effect in detail the 2+6 matrix elements have been implemented in PYTHIA preserving

the spin correlations [117]. No sizeable difference in the ilft~~ value is seen compared to the default

2+2 matrix elements.

QED bremsstrahhmg: Only a small effect is observed when it is switched off. Furthermore, QED radia-
tion is well understood and can be properly simulated.

Final State Radiation: A large shift of N 7 GeV is observed when the FSR is switched off. This is due
to the absence of evolution for the b quark, whose fragmentation function will be unphysically hard.

To evaluate the uncertainty we varied the parton virtuality scale mmim, the invariant mass cut-off below
which the showering is terminated. A i50% variation of it around the default (tuned to data) value of

1 GeV induces an uncertainty of ~~:~~GeV.

bfiagmentatio~ ticept FSR: As a default, in PYTHLAwe have used the Peterson form for the bquark

fragmentation function with &b= 0.005. V%iation of this value by A1O% [118] leads to an uncertainty

‘0”3 GeV (The ~ 10% uncertainty on &bis inferred from LEPISLD precision of N 1Yoon the average0f+0.25 “
scaled energy of 13-hadrons.) It should be pointed out that recent accurate measurements of the b-quark
fragmentation function [119] are not well fitted by the Peterson form.

The last two items of this list deserve some additional comments. While the separation between

the FSR and the non-perturbative fragmentation phases seems unnecessary, and liable to lead to an over-

estimate of the uncertainty, it is important to remark that our knowledge of the non-perturbative hadroni-

sation comes entirely from the production of b-hadrons in 2° decays at LEP and SLC. It is important to

ensure that the accuracy of both perturbative and non-perturbative effects is known, since the perturbative

evolution of b quarks from@ and top decays are not the same owing to the different scales involved. An

agreement between data and Monte Carlo calculations for the b-hadron fragmen~tion function at the 2°

does not guarantee a correct estimate of the b-hadron fragmentation fimction in top decays.

To be specific, we shall consider here the effects induced by the higher-order matrix element

corrections to the radiative top decays t+bWg [54]. These effects cannot be simulated by a change
in the virtuality scale mnin as explored above in the study based on PYTHIA, as they have a different

physical origin. The extended phase-space available for gluon emission after inclusion of the matrix-
element corrections leads to a softening of the b-quark, and, as a result, of the lJ/@ spectrum. For

simplicity, we study here the invariant mass of the system lilt. The resulting invariant mass distributions,

for mt= 175 GeV, with (HERWIG 6.1) and without (HERWIG 6.0) matrix element corrections are shown

in Fig. 25. The averages of the two distributions, as a function of the top mass, are given on the right
of the figure, and the difference of the averages are given in Table 7. Given the slopes of the correlation
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Fig. 25: L&l invariantmass of the B-lepton systemfor mt = 175 GeV,accordingto HERWIG 6.0 (dotted)and 6.1 (with

matrix element corrections, solid). Right linear fits to the average invariant mass (mBl) as a function of mt.

Table 7: Negative shift in the average invariant mass (mBl) after inclusion of matrix element corrections for the top decay in

HERWIG. L.ett averageoveralt valuesof m~t. Righti averageoverthe samplewith m~~ >50 GeV.

mt (m%!) - (m%) @l mBe) (m%:) - (m% (mBt >50 GeV)
171 GeV (0.891 + 0.038) GeV (0.479 * 0.036) GeV

173 Gev (0.844zE 0.038) GeV (0.479 & 0.034) GeV

175 GeV (0.843 A 0.039) GeV (0.510 & 0.035) GeV

177 GeV (0.855 + 0.039) GeV (0.466 * 0.035) GeV

179 GeV (0.792 * 0.040) GeV (0.427 * 0.036) GeV

between (mBl} and mt, we see that the corrections due to inclusion of the exact matrix elements are

between 1 GeV (for mBt >50 GeV) and 1.5 GeV (for the full sample).

More details of the analysis will be found in [64]. It is also found there that the dependence of

(mBt) on the hadronic center of mass energy, or on the partonic initial state producing the tfpair, is no

larger than 100 MeV. We take this as an indication that the effects of non-factorizable non-perturbative

corrections (such as those induced by the neutralisation of the colour of the top quark decay products)

are much smaller than the 1 GeV accuracy goal on the mass.

A summary of these studies is given in Fig. 26. One sees an impressive stability of the re-

sults for reasonable choices of parameters. The expected systematic error in the kft~$determination

is ~ ~~.~ GeV which translates into a systematic error on the top mass of c$mts ~~:~GeV.

In addition to the above studies, we also compared directly the results of HERWIG (v5.9) and

PYTHIA. Whh HERWIG we have tried various tunings from LEP experiments as well as its default

settings [51]. They all yield comparable results to each other and to PYTHIA results, and are within
~ t).5 GeV. This corresponds to a systematic uncertainty ~mt s 1 GeV.

4.7 Conclusions for the top mass measurement at the LHC

The very large samples of top quark events which will be accumulated at the LHC lead to a precision
measurement of the top quark mass. Different statistically independent channels have been investigated

and from the studies so far a precision of better than 2 GeV in each case can be obtained. In particular
for the lepton plus jets channel where the mt is measured directly reconstructing the invariant mass of

the ‘mjjb candidates, such a precision can be achieved within a year or running at low luminosity. For
the channels involving two or more Ieptons, data from several years have to be combined to limit the

statistical error in the measurement beyond the expected systematic errors.
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Fig. 26: Observed rn, shifts for the various systematic effects studied for the t!+ J/@channel.

WW the statistical error not being a problem, the emphasis of the work was devoted to estimate

the systematic error involved in each method. For each sample, the contributing systematic errors are

different, a fact which will allow important cross-checks to be made. The results indicate that a total

error below 2 GeV should be feasible. In the case of the Iepton plus jet channel the major contribution

to the uncertainty is identified in the jet energy scale (in particular for the b-jets) and in the knowledge

of FSR. When a special sub-sample of high p~ top events is used and the mt is reconstructed using a

large calorimeter cluster the FSR sensitivity is reduced, but further work is required to vdldate it. For

the channels usingtwo or more leptons for the top decay, the major contribution in the systematic error

comes from the Monte Carlo and from how well the kinematic observable used for the mass measurement

is related to the mass of the top quark.

In lJ/@ final states the top mass can be determined with a systematic uncertainty of S 1 GeV.

These final states are experimentally very clean and can be exploited even at highest LHC luminosities.

The precision would be limited by the theoretical uncertainties which is basically reduced to the one
associated with the t+ll meson transition. This method of top mass determination looks very promising,

and a final definition of its ultimate reach will rely on a better understanding of theoretical issues, and on

the possibility to minimise the model dependence using the LHC data themselves.

5. SINGLE TOP PRODUCTION

At the LHC, top quarks are mostly produced in pairs, via the strong process gg++$ (and, to a lesser
extent, qi@tF). However, there are a significant number of top quarks that are produced singly, via the

weak interaction. There are three separate single-top quark production processes of interest at the LHC,
which may be characterised by the virtuality of the ~ boson (of four-momentum q) in the process:

● t-channel: The dominant process involves a space-like W boson (q2 < O),as shown in Fig. 27(a)

[120]. The virtual W boson strikes a b quark in the proton sea, promoting it to a top quark. This

%ection coordinators: S. Willenbrock, D. O’Neil (ATLAS), J. Womersley (CMS).
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Fig. 27: Feynman diagrams for single-top quark production in hadron collisions: (a) t-channel process; (b) s-channel process;

(c) associated production (only one of the two diagrams for this process is shown).

Table 8: Total cross sections (pb) for single-top quark production and top quark pair production at the LHC, for m*=175

+2 GeV. The NLO t-channel cross section is tkom [125]. The IWO s-channel cross section is from [126]. The cross section

for the Wt process is from [124]; it is leading order, with a subset of the NLO corrections included. The uncertainties are due

to variation of the factorisation and renormalisation scales; uncertainty in the parton distribution functions; and uncertainty in

the top quark mass (2 GeV).

●

●

process: t-channel s-channel Wt t;

u(pb} 2454127 10.2 +0.7 51& 9 ~ 800

process is also referred to as W-gluon fision, because the b quark ultimately arises from a gluon

splitting to b;.

s-channel: If one rotates the t-channel diagram such that the virtual W boson becomes time-like,

as shown in Fig. 27(b), one has another process that produces a single top quark [121, 122]. The
ViItUdity Of the ~ boson iS g2 ~ (mt + ~b)2.

Associated production: A single top quark may also be produced via the weak interaction in

association with a real W boson (g2 = &f&), as shown in Fig. 27(c) [123, 124]. One of the initial

partons is a b quark in the proton se% as in the t-channel process.

The total cross sections for these three single-top quark production processes are listed in Table 8,

along with the cross section for the strong production of top quark pairs. The t-channel process has

the largest cross section; it is nearly one third as large as the cross section for top quark pairs. The s-

channel process has the smallest cross section, more than an order of magnitude less than the t-channel

process. The Wt process has a cross section intermediate between these two. We will argue that ~ three

processes are observable at the LHC. The t-channel and s-channel processes will first be observed at the

Fermilab Tevatron [127]; the Wt process will first be seen at the LHC.

There are several reasons for studying the production of single top quarks at the LHC:

The cross sections for single-top quark processes are proportional to lvtb 12. These processes pro-
vide the only known way to directly measure vtb at hadron colliders.

Single-top quark events are backgrounds to other signals. For example, single-top quark events

are backgrounds to some signals for the Higgs boson [128].

Single top quarks are produced with nearly 100% polarisation, due to the weak interaction [123,

129, 130, 131]. This polarisation serves as a test of the V – A structure of the top quark charged-

current weak interaction.

New physics may be discernible in single-top quark events. New physics can influence single-top

quark production by inducing non-SM weak interactions [129, 132,133,134, 135], via loop effects

[136, 137,138, 139, 140], or by providing new sources of single-top quark events [133, 137,141,

142].

In the next three subsections we separately consider the three single-top quark production pro-
cesses. The subsection after these dkicusses the polruisation of single top quarks. In the concluding

section, we discuss the accuracy with which vtb can be measured in single-top quark events at the LHC.



t-channel ;ingle-top production

1 Theory

e largest source of single top quarks at the LHC is via the t-channel process, shown in Fig. 27(a)

!0, 123, 125, 129, 143, 144, 145]. A space-like {q2 < O) W boson strikes a b quark in the proton sea,
~moting it to a top quark. As shown in Table 8, the cross section for this process is about one third that

the strong production of top quark pairs. Thus there will be an enormous number of single top quarks

)duced via the t-channel process at the LHC.

It is perhaps surprising that the cross section for the weak production of a single top quark, of

ler c&, is comparable to that of the strong production of top quark pairs, of order @. There are

~eral enhancements to the t-channel production of a single top quark that are responsible for this:

●

●

The differential cross section for the t-channel process is proportional to du/dq2 - l/(c12–M&)2,

due to the W-boson propagator. The total cross section is therefore dominated by the region

lq21 s kf~, and is proportional to l/lf~. In contrast, the total cross section for the strong
production of top quark pairs is proportional to 1/s, wheres ~ 4m~ is the parton center-of-mass

energy.

Since only a single top quark is produced, the typical value of the parton momentum fraction z is

half that of top quark pair production. Since parton distribution functions scale roughly like l/x

at small values of x, and there are two parton distribution functions, this leads to an enhancement

factor of roughly four.

e fact that the total cross section is dominated by the region Iq21~ M* also has the implication that

: final-state light quark tends to be emitted at small angles, i.e., high vapidities. This characteristic
.ture of the signal proves to be useful when isolating it from backgrounds.

The b distribution function in the proton sea arises from the splitting of virtual gluons into nearly-

.Iinear b; pairs. Thus it is implicit that there is a ~ in the final state, which accompanies the top quark

i the light quark. The final-state ~ tends to reside at small ~, so it is usually unobservable.

The total cross section for the t-channel production of single top quarks has been calculated at

.0 [125, 143];’ the result is given in Table 8. A subset of the NLO corrections is shown in Fig. 28(a).

is correction arises from an initial gluon which splits into a b~ pair. If the b~ pair is nearly collinear,

n this process contributes to the generation of the b dh-ibution function, which is already present at

ding orde~ hence, one does not include this kinematic region as a contribution to the NLO correction.

is is indicated schematically in Fig. 28(b). Only the contribution where the b~ pair is non-collinear is ●a

~perNLO correction to the total cross section. 7 The other corrections to this process, due to final-state
~virtual gluons, as well as corrections associated with the light quark, are also included in the cross

:tion given in Table 8.

The central value for the cross section is obtained by setting the factorisation scale* of the b distri-

ion function equal to p2 = —q2 + m?. The uncertainty in the NLO cross section due to the variation

the factorisation scale between one half and twice its central value is 4%. Due to the similarity with

?p-inelastic scattering, the factorisation scale of the light quark is p2 = –q2, and is not varied [125].

Since the ~ tends to reside at low pT, the dominant final state is Wbj, where the Wb are the decay
)ducts of the top quark, and the jet is at high rapidity. However, the ~ is at pT >20 GeV in roughly 40~o

the events, in which case the final state is Wbij. From a theoretical perspective, the optimal strategy

[o isolate both final states and thereby measure the total cross section, which has an uncertainty of
\y 4% from varying the factorisation scale, as mentioned above. However, the Wb~j final state has a

ge background from tf, and it has not yet been established by ATLAS or CMS that this signal can be

lated, although the analysis of [145] gives cause for optimism. Thus we focus on the Wbj final state,

‘The formalismfor separatingthe nearly-collinearand non-collinearregions,and for generatingthe b distributionfunction,
;developedin Refs. [146,58].
8Thefactorisationand renormalisationscalesare set equal.
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Fig. 28: (a) Initial-gluon correction to single-top quark production via the t-channel process (the diagram with the W and

gluon tines crossedis not shown); (b) the kinematicregionin which the gluon splits to a nearly-collinear~ pair (the double

line through the b propagatorindicates that it is nearlyon shell) is subtractedfrom the correction,as it is alreadyincluded at

leadingorder.

demanding that the; have pT < pTWt. For pTCut = 20 GeV,9 the cross section for this semi-inclusive

process is 164 pb, with an uncertainty of 10% from varying the factorisation scale [144], about twice

the uncertainty of the total cross section. Work is in progress to calculate the differential cross section

da/dpTE at NLO with the goal of reducing this uncertainty [147]. It would also be desirable to calculate

the total cross section at next-to-next-to-leading order (NNLO).

Additional theoretical uncertainties stem from the top quark mass and the parton distribution func-

tions. An uncertainty in the top quark mass of 2 GeV yields an uncertainty of only 2~0 in the cross section,

which is negligible. This is due to the fact that the cross section scales like l/iM~ rather than 1/s. The

uncertainty in the cross section due to the parton distribution fimctions is estimated in [148] to be 107o.

That analysis suggests that the uncertainty can be reduced below this value. Combining all uncertainties

in quadrature, we conclude that the total theoretical uncertainty is presently 15% in the Wbj cross sec-

tion (1170 in the total cross section). The discussion above suggests that this can be significantly reduced

with further effort.

5.12 Phenomenology

Studies of the t-channel process have been carried out by both ATLAS and CMS. We will first describe
the CMS study, and then that ofA~AS.

In order to reject the large tibackground in this channel, it is necessary to impose a cut on jet

multiplicity. Accurate modelling of jet response and resolution is therefore desirable, and so CMS [149]

used a full GEANT calorimeter simulation of the detector. The GEANT simulation also allows a more

realistic modelling of the rnissing-~ response of the detector, which is important in understanding the

mass resolution which can be obtained on the reconstructed t quark. The detailed calorimeter simulation

was combined with a parameterised b-tagging efficiency.

Signal events were generated using PYTHIA 5.72 [52], with rnt = 175 GeV and the CTEQ2L

parton distribution functions. Events were preselected at the generator level to have one and only one

charged lepton (with ~ > 25 GeV and Iql < 2.5) and one or two jets (generator-level jets were found

using the LUCELL clustering algorithm, which is part of PYI’EIIA).Generated events were then passed

through the parameterised b-tagging and the GEANT detector simulation. The CMS b-tagging perfor-
mance is taken from a study which used a detailed detector simulation combined with existing CDF data

on impact-parameter resolutions. The tagging efficiency for pT > 50 GeV is typically 50% for b-jets,
107o for c-jets, and 1–270 for light quarks and gluons. These efficiencies fall quite rapidly for lower

transverse momenta, and it was assumed no tagging could be performed for pT <20 GeV or Iql >2.4.
The generated luminosity corresponded to about 100 pb–l – only 30 hours of running at 1033cm-2s–l.

The t~ and WZ backgrounds were also generated using PYTHIA 5.72. The same pre-selections

were applied at the generator level, The W+ jets backgrounds were generated using the VECBOS

9ne CMS ~alysis presen~d below usesPT@t = 20 GeV, the ATLAS analysis uses PTcUt = 15 GeV.
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29: Reconstructedtop mass for signal plus backgrounds (open histogram) and backgrounds only (shaded). The back-

mds considered are t~, ~ + 2 jets and W’+ 3 jets. The verticalscaleis eventsper 6 GeV massbin per pb–~ of luminosity.

~erator [150], combined with HERWIG 5.6 [51] to fragment the outgoing partons. 10 W + 2 jets and

+3 jets processes were generated separately. Again, events were preselected to have a charged lepton
h pT >25 GeV and ITI <2.5, and to have a (parton-level) pT >15 GeV for the final-state jets.

●

●

●

●

●

●

●

Events were then selected which passed the following requirements:

one and only one isolated lepton (1 = e or p) with pT >20 GeV and Iql <2.5. This allows the
events to pass a reasonable Iepton trigger.

Missing pT >20 GeV, and transverse mass (of the lepton and missing p~) 50< mT <100 GeV.

These two requirements select W+lv candidates.

Exactly two jets with ~ >20 GeV and Iql <4. Requiring at least two jets reduces the 1?’+ jets

background, while requiring no more than two jets rejects the t~ background which naively would

produce four jets in the final state.

one jet with pT >20 GeV and Iql <2.5, the other jet wik pT >50 GeV and 2.5< Iql <4.0.

The requirement that the second jet beat forward vapidities tends to select the desired t-channel

process.

Leading jet pT <100 GeV. This helps to reduce the t~ background.

Exactly one b-tagged jet (given the b-tagging acceptance, this is always the central jet). This

requirement again reduces t~,and of course rejects W+ jets processes with light-quark or gluon
jets.

Invariant mass of the ‘two jets in the 80 – 100 GeV range. This rejects WZ events with Z~b~.

; single-top signal is then searched for in the invariant mass of the W and the b-tagged jet (which
uld peak at the top quark mass). The mass was reconstructed assuming the solution for the W

ematics which yields the lower Ip; 1. (It is possible to use other choices, for example the solution

(ch gives -tlie Wb m&s closest to fit i This “would “result in an apptiently better top mass “resolution
would also severely bias the background shape; the statistical significance of the signal would not be

moved.)

Figure 29 shows the reconstructed mass distribution for signal and background combined. The

ml is apparent as an excess over the background (the shaded histogram) around 160 GeV. (Since jet

‘me version of VECBOS used here, and its interface to HERWIG, were developed for use in CDF [151], and,were adapted
2MS by R. Vidal.
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energy scale corrections have not been applied to the simulated events, the top mass reconstructs to less

than its true value.) The signal-to-background ratio in a window of 160+20 GeV is 3.5 with a clear peak
visible in the PVb invariant-mass distribution. The number of signal events is 66 in 100 pb- 1, giving a

signal efficiency of 1.2% (after the TV+l?ti branching ratio). We then find that 10 fb-l would yield 6600

signal events (S) and 1900 background (13), sufficient for a statistical accuracy on the number of signal

events of ~~B-/S = 1.4%.

The largest background comes from Wcj with the charm jet mistagged as a b-jet. It would be

worthwhile to develop a b-tagging algorithm having greater rejection against such rnistags, even at the

cost of some signal efficiency. ‘he Wb~ background was found to be a small contribution to the W + 2

jets background at the parton level for the selection cuts employed here, and was therefore not explicitly

included in the analysis.

The use of the forward jet tag substantially improves the signal-to-background ratio, and allows

a clear reconstructed top-mass peak to be seen. However, it does not significantly improve ~~/S
[144]. One could therefore imagine omitting the forward jet requirement if the systematic uncertainty

could thereby be reduced.

Compared with earlier studies (for example [144]), this analysis uses more realistic jet and mis-

sing-p~ resolutions, and includes initial- and final-state gluon radiation. As a result, the top-mass res-

olution is worsened; but the resolution found here compares well with the result of a full simulation of

single-top production in CDF.

A study of the cross-section measurement for the t-channel process was also carried out by A~AS

[152]. Signal events were generated using the ONETOP parton-level Monte Carlo [153] with fragmen-

tation, radiation, and underlying event simulated by PYTHIA 5.72. Backgrounds containing top quarks
(t; and other single-top production) were also generated using ONETOP, while W+ jets and lVh6 back-

grounds were generated by HERWIG 5.6.11 These events were processed by the A~AS parameterised

detector simulation assuming a 60% b-tagging efficiency for b-jets, 10% for c-jets, and 1% for light
quarks and gluons. The events were then analysed with a view towards separating t-channel single top

from background and measuring its cross section.

Event selection criteria were divided into two types: pre-selection and selection cuts. The pre-
election criteria were as follows:

●

●

●

●

●

●

at least one isolated lepton with pT >20 GeV,

at least one b-tagged jet with pT >50 GeV,

at least one other jet with pT >30 GeV.

These were followed by the selection cuts:

two and only two jets in the event (a jet has ~ >15 GeV);

one jet is a central b-tagged jet;

the other jet is a forward (\ql > 2.5) untagged jet with pT >50 GeV.

The application of these cuts, and also the requirement of a reconstructed top mass between 150

and 200 GeV, yields the number of events shown in Table 9. The final signal efficiency is 3% and the

signal-to-background ratio is 2.4. This implies a statistical precision on the cross-section measurement of

~/S = 0.9% with 10fb-’ of data. Introducing other event selection variables (see [30, 154, 155])
it is possible to improve the signal-to-background ratio to nearly 5, but this does not improve the cross-

section measurement due to the small remaining signal efficiency.

Both the CMS and ATLAS studies indicate that it will be possible to observe t-channel single-top

production with a good signal-to-background ratio and a statistical uncertainty in the cross section of
less than 2?Z0with 10 fb-l. Thus the uncertainty in the extracted value of Vtb will almost certain]y be

dominated by systematic uncertainties, as discussed in the conclusions.

I]The Wb6background was generated using the matrix element from [89] interfaced to HERWIG 5.6.
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Table 9: Cumulative effect of cuts on t-channel signal and backgrounds. The first four rows of this table refer to cumulative

efficiencies of various cuts. The last two rows refer to the number of events for 10 tb- 1. Only events in which W + ev or ,UU

are considered in this table. Uncertainties quoted in this tabIe are due entirely to Monte Carlo statistics.

cut t-channel ti Wbb W+ jets

eff(%) eff(~o) eff(910) eff($lo)

pre-selection 18.5 44.4 2.53 0.66

njets=2 12.1 0.996 1.55 0.291

fwd jet

Iql >2.5 4.15 0.035 0.064 0.043

pT >50 GeV

Mt.b

150-200 GeV
3.00 0.017 0.023 0.016

~

(before cuts)
5.43 x 105 2.40 X 106 6.67 X 105 4.00 x 107

events/10 fb-l

(after cuts)
16515+49 455h74 155k17 6339%265

5.2 s-channel single-top production

5.21 ?heo~

The s-channel production of single top quarks is shown in Fig. 27(b) [121, 122,123,126,144, 145]. The

cross section is much less than that of the t-channel process because it scales like 1/s rather than l/Af&.

However, the s-channel process has the advantage that the quark and antiquark distribution functions we

relatively well known, so the uncertainty from the parton distribution functions is small. Furthermore,

the parton luminosity can be constrained by measuring the Drell-Yan process q@W*~lfi, which has

the identical initial state [122, 156].12

The total cross section for the s-channel process has been calculated at NLO [126]; the result is

given in Table 8. The factorisation and renormalisation scales are set equal to p2 = q2; varying each,
independently, between one-half and twice its central value yields uncertainties in the cross section of 2~o

from each source. The uncertainty in the cross section from the parton distribution functions is estimated

to be 470. The largest single source of uncertainty is the top quark mass; an uncertainty of 2 GeV yields

an uncertainty in the cross section of 570. The relatively large sensitivity of the cross section to the top
quark mass is a manifestation of the 1/s scaling. Combining all theoretical uncertainties in quadrature

yields a totaI uncertainty in the cross section of 796. This is much less than the present theoretical
uncertainty in the t-channel cross section.

The Yukawa correction to this process, of order ~Wm~/Vf&, is less @an one percent [126].
However, this correction could be significant in a two-Higgs-doublet model for low values of tan /3,

in which the Yi.dcawa coupling is enhanced [138].

5.22 Phenomenology

In order to evaluate the potential to separate the s-channel signal from its backgrounds, Monte Carlo

events have been processed by a fast (pammeterised) simulation of an LHC detector. At parton level the

signal and the t~ background were generated by the ONETOP Monte Carlo [153]. Radiation, showering,
and the underlying event were added by PYTHIA 5.72 [52]. The W+ jets and Wbb backgrounds were

generated using HERWIG 5.6 [51]. 13 Table 8 presents the cross sections assumed for the processes

lz~e ~ation lu~no~ity cm onlY be constrained, not directly measured, Withthis process. Since the neutino 10ngimdinal

momentum is unknown, the q2 of the virtual W cannot be reconstmcted.
‘sThe WtIiibackground was generated using the matrix element from [89] interfaced to I-IERWIG 5.6.
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Table 10: Cumulative effect of cuts on s-channel signal and backgrounds. The first five mws of this table refer to cumulative

efficiencies of various cuts. The last two rows refer to the number of events for 30 fb- 1. Only events in which W+ eu or pv

are considered in this table. Uncertainties quoted in this table are due entirely to Monte Carlo statistics.

cut s-channel t-channel Wt ti Wbb W+ jets

eff(%) eff(%) eff(%) eff(%) eff(%) eff (%)

pre-selection 27.0 18.5 25.5 44.4 2.53 0.667

njets=2 18.4 12.1 4.03 0.996 1.55 0.291

nbjet=2
2.10 0.035 0.018 0.023 0.034 0.0005

pT >75 GeV
~J’e~ ~T

>175 GeV
1.92 0.031 0.016 0.021 0.028 0.0005

Mevb

150-200 GeV
1.36 0.023 0.006 0.012 0.0097 0.00014

events/30 fb- 1

(before cuts)
6.66 x 104 1.63 X 106 4.5 x 105 6.9 X 106 2.0 x 106 “1.2 x 108

events1301%-1

(after cuts)
908 &35 375 &13 27& 15 853 & 175 194 +34 169 &76

containing top quarks. The cross section for the W+ jets background is norrnalked to that predicted

by the VECBOS Monte Carlo [150] and is taken to be 18000 pb.14 The Wb~ cross section is taken

from [144] to be 300 pb.

From a phenomenological standpoint the most important distinction between the s-channel and

t-channel sources of single top is the presence of a second h@-pT b-jet in the s-channel process. As

mentioned previously, in t-channel events the second b-jet tends to be at low pT and is often not seen.

Therefore, requiring two b-jets above 75 GeV pT will eliminate most of the t-channel background. Re-
quiring two high-pT b-jets in the event also suppresses the W+ jets background relative to the signal.

In addition to suppressing the t-channel background it is also necessary, as in other single-top

signals, to design cuts to reduce the W+ jets and tf backgrounds. In order to reduce contamination by

W+ jets events, the reconstructed top mass in each event must fall within a window about the known top

mass (150-200 GeV), and the events must have a total transverse jet momentum 15 above 175 GeV. Only

events containing exactly two jets (both tagged as b’s) are kept in order to reduce the tfbackground.

Table 10 presents the cumulative effect of all cuts on the s-channel signal and on the backgrounds.
Events from t-channel single-top production are included in this table as a background to the s-channel

process. From this table the predicted signal-to-background ratio for the s-channel signal is calculated

to be 0.56. The results also imply a signal statistical significance (S/@) of 23 with an integrated

luminosity of 30 fb-l. The statistical precision on the cross section, calculated from <~/S, is

5.5% with 30 fb-l.

This study indicates that, despite the large anticipated background rate, it should be possible to

perform a good statistical measurement of the s-channel single-top cross section. The accuracy with

which Vtb can be measured is discussed in the conclusions.

5.3 Associated production

5.31 Theory

Single top quarks may also be produced in association with a W boson, as shown in Fig. 27(c) [123, 124,

145]. Like the t-channel process, one of the initial partons is a b quark. However, unlike the t-channel

“This cress sectionis defined for events containing at least two jets, each with pZ’ >15 GeV and IvI <5.
15Scalar sum of the transverse momenmm of all jets in the event.



process, this process scales like 1/s. This, combined with the higher values of z needed to produce both

a top quark and a W boson, leads to a cross section for associated production which is about a factor of

five less than that of the the t-channel process, despite the fact that it is of order CVSQW rather than Q%.

The total cross section for associated production has been calculated at leading order, with a subset

of the NLO corrections included [124, 145]; the result is given in Table 8. This subset is analogous to the

initial-gluon correction to the t-channel process, discussed previously. The other corrections have not

yet been evaluated. 16 The initial-gluon correction contains an interesting feature which has no analogue

in the t-channel process. One of the contributing diagrams to the initial-gluon correction (gg~Wt~)

corresponds to gg~tf, followed by &W~. This should not be considered as a correction to associated

production, but rather as a background (it is in fact the dominant background, as discussed below). Thus,
when evaluating the initial-gluon correction, it is necessary to subtract the contribution in which the f is

on shell. This is done properly in [124].

The cross section is evaluated with the common factorisation and renormalisation scales set equrd

to p2 = s. The uncertainty in the cross section due to varying these scales between one half and twice

their central value is 15%. This uncertainty would presumably be reduced with a full NLO calculation.

The uncertainty in the cross section from the parton distribution functions is estimated to be 10% [148],17

although this could be improved with further study. The uncertainty in the cross section due to an

uncertainty in the top quark mass of 2 GeV is 470, relatively large due to the 1/s scaling of the cross

section. Combining all theoretical uncertainties in quadrature yields a total uncertainty at present of 1870,

the largest of the three single-top processes.

5.32 Phenomenology

The strategy for measuring the cross section for associated production (Wt mode) is similar to that for

the t-channel process, as they share the same backgrounds. However, the nature of associated production

makes it relatively easy to separate from W+ jets and difficult to separate from ‘tfevents. This difficulty
in removing the t; background does not preclude obtaining a precise cross-section measurement in this

channel, assuming the rate for tf can be well measured at the LHC.

Two studies designed to separate signal from background have been performed using two different

final states. The first is a study by ATLAS [30] which attempts to isolate Wt signal events in which one

W decays to jets and the other decays to leptons. The second study, which is presented in [124], attempts

to isolate signal events in which both W’s decay leptonically.

The first study presented here was done by A~AS using the same event sample described in

Section 5.1. Since the presence of a single isolated high-pT lepton is one of the preconditions of this

study, the second W must decay to two jets to be accepted by the event pre-selection. Therefore requiring

a two-jet invariant mass within a wind-ow around the W mass will serve to eliminate most events that
do not contain a second W. The two-jet invariant-mass distribution is shown in Fig. 30 and clearly

demonstrates the presence of a sharp peak in the associated-production signal and the tfbackground.

This effectively leaves t;as the only background to Wt events.

In addition to these special distinguishing features of the Wt signal, there are several simple

kinematic requirements which can be employed to reduce the ti background. By choosing events with

exactly three jets and with exactly one of them tagged as a b-jet, some rejection of the t~ background is

possible. Some firther rejection is obtained by limiting the selection to events with invariant mass less
than 300 GeV, where the invariant mass of an event is defined as the invariant mass obtained by adding

the four-vectors of all reconstructed jets and charged Ieptons (e and p). However, even with these cuts

the t;background is significantly larger than the Wt signal.

Table 11 presents the cumulative effect of all cuts on the Wt signal and on the tf and W+ jets

‘6Theanalogouscalculationfor Wc productionhas beenperformed in [157].
“This is the uncertainty in the gluon-gluon luminosity at W = (mt + Mw)/fi = 0.02, where @ = 14 TeV.
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kgrounds. The Wb~ and t-channel single-top backgrounds are virtually eliminated by the cuts and

are not included in the table. From this table the predicted signal-to-background ratio for the Wt

ml is calculated to be 0.24. After three years of running at low luminosity (30 fb– 1), this implies a

ml statistical significance (S/@) of 25 and a statistical error on the Wt cross section (/~/S)

1.4%.

The second study [124] was done at parton level and involved the separation of signal from back-

und in the mode in which both W’s decay to leptons. This signal contains two high ~ leptons and

y one jet (the b-jet produced from the top decay). In this decay channel it was found that, after apply-

detector acceptance cuts, requiring precisely one &tagged jet with ~ >15 GeV is enough to yield

gnal-to-background ratio of nearly unity. Also, the signal efficiency is significantly higher than in the
LAS analysis, allowing more total signal events to pass the cuts despite the lower branching ratio for

~decay mode. The statistical precision on the cross section measured in this analysis is 1.3% with

integrated luminosity of 30 fb-l. The acc~acy with which Vtb can be extracted is discussed in the

,clusions.

Polarisation in single-top production

1 Theory

:ause single top quarks are produced through the weak interaction, they are highly polarised [123,

~,130, 131, 144]. In the ultra-relativistic limit, the top quarks are produced in helicity eigenstates

h helicity – 1/2 (the top antiquarks have helicity +1/2), because the V – A structure of the weak

:raction selects quarks of a definite chirality. However, if the top quarks are not ultra-relativistic,

rality is not the same as helicity. Nevertheless, it was shown in [130] that there is a basis in which

top quark is 100% polarised, regardless of its energy. The top quark spin points along the direction
he d-type or ~-type quark in the event, in the top quark rest frame (the ~ spin points opposite this
:ction). In t-channel production, this is the direction of the final-state light quark (ub~dt) or the

m direction (~b+it). In s-channel production, this is the beam direction (u&t;). In associated
duction (gb~Wt), this is the direction of the d quark (or charged Iepton) from the W decay.

We focus our attention on the t-channel single-top process for the remainder of this section. The

quark polarisation in the t-channel process has been calculated at NLO [131]; the results below are
m from this study. In the case oft production, 8070 of the events have the d-type quark in the final

e. This suggests using the direction of the light-quark jet, as observed in the top quark rest frame, to
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Table 11: Cumulativeeffect of cuts on Wt signal and backgrounds. Pre-selection cuts are defined in the same way as for the

ATLASt-channel analysisdescribedearlier in this report. The first fiverows of this table refer to cumulativeefficienciesof
variouscuts. The last two rowsrefer to the numberof eventsfor 30 t%-’. Only events in which W+ eu or PU are considered

in this table. Uncertainties quoted in this table are due entirely to Monte Carlo statistics.

cut Wt ti W+ jets

eff(%) eff(~o) eff(~o)

pre-selection 25.5 44.4 0.66

njets=3
3.41 4.4 0.030

pT >50 GeV

nbjet=l
3.32 3.24 0.028

pT >50 GeV

Invariant Mass

<300 GeV
0.55 0.36 0.00051

65< Mjj <95 0.49 0.14 0.000085

events/30 fb-l

(before cuts)
5.3X105 ‘7.2x 106 1.2X108

events/30 fb-l

(after cuts)
2608 & 166 10616 + 625 102 +59

measure the spin. This has been dubbed the “spectator basis” [130]. The polarisation of the top quark

in this basis (defined as P = (PJt – iV~)/(iV~ + NJ)) is 0.89. However, the polarisation is increased to
nearly 1007o when the cuts used in the t-channel analysis are imposed. This is because the polarisation is

diluted by events in which the ~ is produced at high ~; but such events are elirnhiated by the requirement

of only two jets.

In the case of F production, 69% of the events have the d-type quark in the initial state. This

suggests using the beam direction to measure the f spin. However, it turns out that the spectator basis

again yields the largest polarisation, P = –O .87. This polarisation is increased to P = – 0.96 when cuts

are applied.18

Since the top quark decays via the weak interaction, its spin is analysed by the angular distribution

of its decay products. The most sensitive spin analyser in top decay is the charged Iepton, which has a

(leading order) angular distribution with respect to the top quark spin of

1 dr
–— = ;(l+COS 61)
I’ d cos Oe

(12)

in the top quark rest frame [158]. Hence the charged Iepton tends to point along the direction of the

spectator jet.

5.42 Phenomenology

The goal of this analysis is to estimate the sensitivity of ATLAS and CMS to the measurement of the

polarisation of the top quarks produced by the t-channel single-top process. The t-channel process was
chosen due to the large statistics available in this channel and the relative ease with which it is separated

from its backgrounds. The t-channel events produced by the ONETOP generator and passed through

PYTHIA and a parameterised deteetor simulation are analysed to attempt to recover the predicted SM

top polarisation in the presence of background and detector effects. Details of the study are presented
in [152, 154].

18Withcuts applied,the polarisationin the so-called“tpbeamlinebasis”is slightlyhigher,P = -0.97.
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The experimental measurement of the polarisation of the top quark is essentially a measurement

of the angular distribution of its decay products in the top quark rest frame. As explained above, the

most sensitive angle is between the charged lepton from top decay and the direction of the spectator jet,

in the top quark rest frame. In the absence of background or detector effects the anguhr distribution of

the charged lepton is given by

f(cos e~) = ;(l+Pcosel) (13)

where P is the polarisation of the sample and can range from – 1 to 1.

Experimentally, in order to measure the angular distribution of the charged lepton in the top quark

rest frame, it is necessary to first reconstruct the four-momentum of the top quark. However, the recon-

struction of the top four-momentum suffers from an ambiguity due to the unknown longitudinal momen-

tum of the neutrino produced in the top decay. Using the W and top masses as constraints,lg one can
reconstruct the top four-momentum, but the quaIity of the reconstruction is degraded by this ambiguity.

Once the top four-momentum has been reconstmcted, one cart determine the direction of the spectator

jet and the charged lepton in the top quark rest frame. The angle between these two directions is fle.

In order to extract the value of the top polarisation from the angular distribution, reference event

samples were created with 100% alignment with the polarisation axis (spin up, P = +1) and with

100% anti-alignment with the polarisation axis (spin down, P = – 1). These reference distributions
were compared to a statistically-independent data set with the predicted SM top quark polarisation. This

comparison was done by minimizing

(14)

where the subscript d represents quantities calculated for the data distribution and the subscript th refers

to the generated reference distribution. The theoretical value ~th (COS64) is calculated via

where fD and fu refer to the value of the generated theoretical distribution for the 1007o spin-down and

the 100% spin-up tops, respectively, and P is the polarisation of the top sample. The procedure returns

an estimate of the top polarisation and an error on that estimate. In this way the sensitivity to changes in

top polarisation can be quantified.

Moving from the parton-level simulation to a simulation which includes both hadronisation and

detector effects is certain to complicate the measurement of the polarisation of the top quark. In ad-

dition, the signal could be biased by an event selection designed to eliminate background and will be
contaminated by residual background events.

The first histogram in Fig. 31 shows the angular distribution for signal only, at parton-level. The

second histogram in Fig. 31 shows the angular distribution of the charged lepton after detector effects

have been simulated. In addition to effects associated with detector energy smearing, jet and cluster
definitions, etc., this distribution includes the effects of ambiguities in reconstructing the top quark due to

the absence of information about the neutrino longitudinal momentum. It does not, however, contain the
effects of any event selection in order to separate signal from background. This histogram demonstrates

that the effect of hadronisation and detector resolution changes the shape of the angular distribution but

still produces a highly asymmetric distribution.

In addition to the effects introduced by the detector resolution, the effect of applying the event-
selection criteria can be evaluated by applying them one at a time and observing the change in shape of

For the Moses of th~olarisation analysis the event-selection criteria are:
19TheW mass can be used to calculate the neutrino longitudinal momentum to within a two-fold ambiguity. Of these two

solutions the one which produces the best top mass is chosen.
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Fig. 31: Angular distribution of chaqged lepton in top rest frame for various data samples. The histograms progress from left-

to-right, top-to-bottom. The first histogram shows the parton-level dktribution. The second histogram is after the simulation of

detector and reconstmction effects. The final four histograms illustrate the influence of event selection criteria on the anguky

distribution. The effects of the cuts are cumulative and are the result of adding pre-selection cuts, a jet-multiplicity requirement,

a forward jet tag, and a top mass window, respectively.

● Pre-selection (trigger) cuts as in ATLAS t-channel analysis described previously;

● number of jets =2;

● forward jet (Iql > 2.5) with pT >50 GeV,

● reconstructed top mass in the range 150-200 GeV.

This set of criteria leads to a signal efficiency of 3.0%, corresponding to more than 16000 events in

10 fb-l of integrated luminosity. Fig. 31 demonstrates the effect of applying these cuts in a cumulative

manner. Again the asymmetry of the t-channel angular distribution is preserved, though more degrada-

tion is clearly evident, in particular near cos et = 1. The degradation is worse at these values of cos 61

because the leptons from these events are emitted in the direction opposite to the top boost. This reduces

the momentum of the leptons causing more of them to fail pT-based selection criteria.

Since ~+ jet events dominate the background remaining after cuts, they are taken as the only
background in this analysis. Fig. 32 shows the cumulative effect of cuts on the angular distribution of
the charged lepton from TV+ jets events. A peculiar feature of these events is evident in all of these

distributions. This is the tendency for events to be grouped near cos t9z= 1. The events which populate

this region tend to be the highest PT events. This shows that even basic jet and isolated-lepton definitions

and pre-selection cuts bias the angular distribution of TV+ jets events.

When the event-selection criteria described in the previous sections are applied, the signal-to-
background ratio (treating W’+ jets as the only background) is found to be 2.6. Using the methods

described earlier it is possible to estimate the polarisation of a mixed sample of t-channel signal and

TV+ jets background. The reference distributions for 1007o spin-down and 100% spin-up top quarks

mixed with background in a ratio of 2.6 are shown in Fig. 33. Also shown is the angular distribution

corresponding to a statistically-independent data sample with SM polarisation mixed with background
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Fig. 32: The effect of event selection cuts on the angular distribution of the charged lepton in Wj~ events. The effects of the

cuts are cumulative. The first distribution is the result of applying the pre-selection (trigger) cuts only. Further cuts are applied

cumulatively from left-to-right, top-to-bottom.

in the ratio 2.6. The X2 fimction presented in (14) is minimised to obtain an estimate of the polarisation

of the top. To estimate the precision for one year of data-taking, the fit was done with 3456 signal events
and 1345 background events, corresponding to 2 fb-l of integrated luminosity (W 1/5 of a year). For

this integrated luminosity the error on the polarisation measurement is 4.0%. Then, assuming the statis-

tics on the reference distributions, fD (COS81) and fu (COSt91),will lead to a negligible source of error,

this precision improves to 3.590. Projecting these results to one year of data-taking at low luminosity

(10 fb-l), assuming that the errors scale as the square root of the number of events, yields a predicted

statistical precision of 1.670 on the measurement of the top poltisation.

5.5 Conclusions on single top production

As mentioned in the introduction, single-top quark production is the only known way to directly measure

Vtb at a hadron collider. In this section we estimate the accuracy with which Vtb can be extracted at the

LHC, and dkcuss what will be required to achieve that accuracy.

There are four sources of uncertainty in the extraction of lV~b\2from the single-top cross section:

theoretical, experimental, statistical, and machine luminosity. As we have seen, the statistical uncertainty

with 30 fb-l of integrated luminosity is less than 270 for both the t-channel process20 and associated

production, and is 5.5% for the s-channel process (3% with 100 I%-l). It will be a challenge to reduce
the other sources of uncertainty to 5%, so we regard the statistical accuracy as being sufficient in all three

processes.

The traditional uncertainty in the machine luminosity is about 5% [159]. It may be possible to

reduce the uncertainty below this value using Drell-Yan data, but this relies on accurate knowledge of
the quark distribution functions. However, the process g@W*~i?fi involves the identiciil combination

‘Only 10 fb-l are requiredto achievethis accuracyin the t-channelprocess.
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Fig. 33: The first histogram shows the reference distribution for 1007. spin-up top quarks after detector effects and event-

selection criteria have been applied and the appropriate level of background has been mixed in. The second histogram shows

the reference distribution for 100% spin-down top quarks. The third histogram represents the expected SM distribution for a

statistically-independent sample of signal and background.

of parton distribution functions as the s-channel process, so it can be used to almost directly measure the

relevant parton luminosity, thereby avoiding the need to measure the machine luminosity [156].

The theoretical uncertainty is under the best control in the s-channel process. The theoretical

uncertainty is dominated by the uncertainty in the top quark mass; an uncertainty of 2 GeV yields an
uncertainty of 570. This is cut in half if the uncertainty in the top mass is reduced to 1 GeV. The small

uncertainty due to variation of the factorisation and renormalisation scales can be reduced to a negligible
amount by calculating the cross section at NNLO order, which should be possible in the near future.

The small uncertainty from the parton distribution functions can be further reduced as described in the
previous paragraph; this also obviates the need for a measurement of the machine luminosity.

The theoretical uncertainty in the t-channel process is presently dominated by the factorisation-

scale dependence and the parton luminosity. Although the scale dependence of the total cross section
is small (470), the uncertainty in the semi-inclusive cross section (a (PT~) < 20 GeV) is about 10!Yo.

This cart be reduced by calculating the pT spectrum of the ~ at NLO. It may also prove possible to

measure the total cross section, although this has yet to be demonstrated. It is therefore plausible that

the factorisation-scale dependence will be about 5% once the LHC is operating. It is also likely that the

uncertainty from the parton distribution functions will be reduced below its present value of 107o. The

parton luminosity could be directly measured using Wj production, which is dominated by gq~Wq,
and therefore involves the identical combination of pax-ton distribution functions as the t-channel process.

Again, this has the desirable feature of eliminating the need to measure the machine luminosity.

‘I’he theoretical uncertainty in the associated-production cross section can be reduced far below
its present value of 1870. A full NLO calculation should reduce the factorisation-scale dependence to

roughly 5Y0. It is likely that the uncertainty from the parton distribution functions will also be reduced.

Unless it is possible to measure the gg luminosity directly, the uncertainty from the parton distribution

Iimctions will be augmented by the uncertainty in the machine luminosity.

As far as experimental systematic uncertainties are concerned, the extraction of a signal cross
section requires knowledge of the backgrounds and of the efficiency and acceptance for the signal. These
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analyses require hard cuts on both signal and background, and so the processes need to be modelled and

understood very well.

For all of these processes, the major backgrounds are tf and W+ jets. The kwgest background
for the s-channel process (where a double b-tag is employed) and associated production is 6?. The tf

process can be isolated in other decay modes and in principle well measured. In the t-channel process

the biggest background comes from Wcj with the charm jet mistagged as a b-jet. Obviously it would be

worthwhile to develop a b-tagging algorithm having greater rejection against such rnistags, even at the

cost of some signal efficiency, given that the signal rate is large. It may be possible to understand the

W+jets backgrounds by comparing with a sample of Z+ jets events after applying similar selections to

those used to select the single-top sample in W+ jets. The Z+ charm rate will be suppressed compared

to the W+ charm rate since the latter is mostly produced from the strange sea, which is bigger than the

charm sea nonetheless, the cross section, kinematics, jet multiplicities and soon can all be compared to

“our simulations using the Z+ jets sample.

The forward jet tag is very effective in enhancing the signal-to-background ratio in the t-channel

process. This means that jets need to be found with good efficiency up to large vapidities, at least lql -4

in the calorimeter. Unfortunately these observations also imply that the background estimate is very

sensitive to the Monte Carlo predicting the correct mix of jet flavours and jet vapidities in the W+ jets

events. (we note that VECBOS generates very few jets in the tagging region, and so far there is no

collider data on forward jets in vector-boson events which could verify whether this is correct.) Of

course, effort applied to understanding W+ heavy -flavour jets backgrounds will pay off in many other

searches besides this one, and will be a very worthwhile investment. We dso look forward to the results

of ongoing efforts to improve the Monte Carlo simulation of vector-boson plus jet production [160].

Requiring exactly two jets (as was done here to reject the tibackground) also means that we will be very

sensitive to our knowledge of jet efficiencies, QCD radiation, etc. The cross-section measurement also
requires knowledge of the b-tagging efficiency. This should be measurable at the few-percent IeveI using

control samples of t~events selected with kinematic cuts alone.

As mentioned above, the purely statistical uncertainty in the cross-section measurement will be

less than 5%, as will most of the theoretical uncertainties. It will be a considerable challenge to reduce

the experimental systematic uncertainty to this level. At the present time, the experimental systematic

uncertainty in the ti$cross section at the Tevatron (which is a similar challenge in many respects, in-
volving jets, b-tagging, and background subtraction) is about 19% [10]. This toted is made up of many

components which are each at the 5% level, so while it will be a lot of work to reduce them, there is no

obvious “brick wall” that would prevent this.

Many of these systematic issues can also be addressed by comparing the t-channel and s-channel

single-top processes. It will be a powerfid tool to be able to measure vtb in two channels which have

different dominant backgrounds, different selection cuts, and a different balance between theoretical and

experimental systematic uncertainties.

We are only just now entering the era of precision top physics with Run H at the Tevatron. Single-

top production has not yet even been observed. We will learn a great deal over the next few years about

how to model top events and their backgrounds, and how to understand the systematic uncertainties. The

LHC will undoubtedly benefit from all this experience.

If all sources of uncertainty are kept to the 5% level or less, it should be possible to measure

1~~12 to 10% or less. We therefore regard the measurement of W* with an accuracy of 5% or less as an

ambitious but attainable goal at the LHC. We have also seen that a measurement of the polarisation of

single top quarks produced via the t-channel process will be possible with a statistical accuracy of 1.670

with 10 fb- 1. We have not attempted to estimate the systematic uncertain y in this measurement.



‘ “ 6. t~ SPIN CORRELATIONS AND CP VIOLATION’

For ti production at the LHC quantities associated with the spins of the top and antitop quark will

be “good” observable as well. The reason for this is well known. Because of its extremely short

lifetime Tt (see Section 2.1) the top quark decays before it can form hadronic bound states. Thus the

information on the spin of the top quark does not get diluted. As the spin-flip time is much larger

than Tt it is, moreover, very unlikely that the top quark changes its spin-state by emitting gluon(s) via a

chromomagnetic dipole transition before it decays. In any case this amplitude is calculable with QCD

perturbation theory. Hence by measuring the angular distributions and correlations of the decay products

oft and f the spin-polarisations and the spin-spin correlations that were imprinted upon the ti sample by

the production mechanism can be determined and compared with predictions made within the SM or its

extensions. Therefore these spin phenomena are an additional important means to study the fundamental

interactions involving the top quark.

In this section we are concerned with the production and decay of top-antitop pairs. At the LHC

the main tf production process is gluon-gluon fusion, q~ annihilation being sub-dominant. As the main

SM decay mode is t~W+b we shall consider here the parton reactions

gg, qij+ti+x+m+4f +x, (16)

where ~ denotes either a quark, a charged lepton or a neutrino. If the final state in (16) contains two,

one, or no high pT charged lepton(s) then we call these reactions, as usual, the di-lepton, single lepton,

and non-leptonic t; decay channels, respectively. To lowest order QCD the matrix elements for (16),

includlng the complete t;spin correlations and the effects of the finite top and W widths, were given in

[161, 162]. Spin correlation effects in t~production in hadron collisions were studied within the SM in

[162, 163,164,165,166,167, 168].

In order to discuss the top spin-polarisation and correlation phenomena’ that are to be expected

at the LHC it is useful to employ the narrow-width approximation for the t and ~ quarks. Because

I’t/mt <1 one can write, to good approximation, the squares of the exact Born matrix elements A4(~),
A = gg, qtj, in the form

.1 JU(A)12 cx Tr ~R(A)~] = p~/@~~~,pp,FP~P. (17)

The complete spin information is contained in the (unnormalised) spin density matrices l?(~) for the

production of on-shell tipairs and in the density matrices p, ~ for the decay of polarised t and f quarks

into the above final states. The trace in (17) is to be taken in the t and F spin spaces. The decay density
matrices will be discussed below. The matrix structure of l?(~) is

(A) @ ~dwhere u; are the Pauli matrices. Using rotational invariance the “structure functions” 13i , *

C’(?) can be further decomposed. A general discussion of the symmetry properties of these fimctions is

g~~en in [169]. The function A(}), which determines the tfcross section, is known in QCD at NLO [38].

Because of parity (P) invariance the vectors B(A), ~(~) can have, within QCD, only a component normal

to the scattering plane. This component, which amounts to a normal polarisation of the t quark, ~~, is

induced by the absorptive part of the respective scattering amplitude and was computed for the above

LHC processes to order C&[170]. (~~ = ‘P~ if CP invariance holds.) The size of the normal polarisation

depends on the top quark scattering angle and on the cm. energy. In the gluon-gluon fusion process Ti
reaches peak values of about 1.570. In tiproduction at the LHC the polarisation of the top quark within

the partonic scattering plane, which is P-violating, is small as well within the SM. Therefore the t and;

polarisations in the scattering plane are good observable to search for P-violating non-SM interactions
in the reactions (16) – see Section 3.4.

21Section coordinators: W. Bemreutber, A. Brandenburg, V. Simak (A~AS), L. Sonnenschein (CMS).
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The tf production by the strong interactions leads, on the other hand, to a significant correlation

(Al Using P- and charge-between the t and ~ spins. This correlation is encoded in the functions Cij .

conjugation (C) invariance they have, in the case of a t; final state, the structure

(19)

where p and kt are the directions of flight of the initial quark or gluon and of the t quark, respectively, in

the parton c.rn. frame. So far the functions c.‘~) are known to lowest-order QCD only (see, e.g., [164]).
For a t~X final state a decomposition similar to (19) can be made.

From (19) one may read off the following set of spin-correlation observable [164]:

(k, . s,) (iii. s~), (20)

(p osJ(p os;), (21)

St . s~, (22)

(p. st)(ii~. SF)+ (p . Si)(kt os,), (23)

where st, s; are the t and ~ spin operators, respectively. The observable (20), (21), and (23) determine

the correlations of different t, t spin projections. Eq. (20) corresponds to a correlation of the t and f
spins in the helicity basis, while (21) correlates the spins projected along the beam line. We note that the

“beam-line basis” defined in [166] refers to spin axes being parallel to the left- and right-moving beams
in the t and f rest ftames, respectively. The t; spin correlation in this basis is a linear combination of

(20), (21), and (23).

A natural question is: what is – assuming only SM interactions – the best spin basis or, equiva-
lently, the best observable for investigating the t~ spin correlations? For quark-antiquark annihilation,

which is the dominant production process at the Tevatron, it turns out that the spin correlation (21)

[164, 168] and the correlation in the beam-line basis [166] is stronger than the correlation in the helicity

basis. In fact, for@ annihilation a spin-quantisation axis was constructed in [167] with respect to which
the t and f spins are 100% correlated. At the LHC the situation is different. For gg~.t~ at threshold

conservation of total angular momentum dictates that the tf is in a ?SOstate. Choosing spin axes parallel

to the right- and left-moving beams this means that we have t~~L and t~;~ states at threshold. On the
other hand at very high energies helicity conservation leads to the dominant production of unlike helicity

pairs t~~~ and tLfR. One can show that no spin quantisation axis exists for gg~t; with respect to which
the t and ~ spins are 1007o correlated. The helicity basis is a good choice, but one can do better. This

is reflected in the above observable. Computing their expectation values and statistical fluctuations one

finds [164] that (22) has a higher statistical significance than the helicity correlation (20) which in turn is

more sensitive than (21) or the correlation in the beam-line basis.

The spins of the t and ~ quarks are to be inferred from their P-violating weak decays, i.e., from
t+bW++bl+v~ or bq~’ and likewise for ~ if only SM interactions are relevant. As already mentioned

and used in previous sections, in this case the charged lepton from W decay is the best analyser of the top

spin. This is seen by considering the decay distribution of an ensemble of polarised t quarks decaying

into a particle f (plus anything) with respect to the angle between the polarisation vector ft of the top,

quark and the direction of flight ~f of the particle f in the t rest frame. This distribution has the generic
form

(24)

where the magnitude of the coefficient RJ signifies the spin-analyser quality of f. The SM values for

some j, collected from [171, 172, 173, 174], are given in Table 12. The corresponding t decay density

matrix in the t rest frame is read off from (24) to be pa,~ = (U + HJ c . ~f)a,a. The distributions for
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Table 12: Correlation coefficient Xf for V - A charged current. In the last column I.e.j. stands for least energetic jet in the t

rest frame.
f ~+,d,~ ~&u,c _:41 :4; l.e.j. from q~’

Kf 1 –0.31 . . 0.51

the decay of polarised antitop quarks are obtained by replacing K,j+ – Ef in (24). The order ~~ QCD

corrections to the decays t~blv and t-+Wb of polarised t quarks were computed in [171] and [175],

respectively. For t, f polarisation observable these corrections are small.

From the above table it is clear that the best way to analyse the tf spin correlations is through

angular correlations among the two charged leptons Itl’- in the di-lepton final state. Using the produc-

tion and decay density matrices in (17), neglecting the l-loop induced QCD normal polarisation, and

integrating over the azimuthal angles of the charged leptons one obtains the following normalised double

distribution, e.g. in the helicity basis

1’ d20 _ 1 + cKl+~e. COS0+COSe– -
(25)

~ dcos6+dcos0– — 4
)

where ~e+ Et- = – 1 and 0+(()_) is the angle between the t(~ direction in the tf cm. frame and the

@(1-) direction of flight in the t(~ rest frame. The coefficient c, which is the degree of the spin

‘A) in (19) and it is related to [165]:correlation in the helicity basis, results from the Ci

(26)

For partonic final states and to lowest order in ct. one gets C = 0.332 for the LHC. (The number

depends somewhat on the parton distributions used. Here and below the setCTEQ4L[116] was used.)

The optimum would be to find a spin axis with respect to which ICI = 1. But, as stated above, this is not
possible for gg fision. k addition to (25), analogous correlations among 1+ from t and jets from Fdecay

(and vice-versa) in the single Iepton channels, and jet-jet correlations in the non-leptonic decay channels

should, of course, also be studied. While the spin-analysing power is lower in these cases, one gains in

statistics.

From the above example is quite obvious that, for a given tf decay channel, the t~ spin correlation
will be most visible when the angular correlations among the t and f deeay products are exhibited in
terms of variables defined in the t and i?rest frames. An important question is therefore how well the

4-momenta of the t and i quarks can be reconstructed experimentally? We brieff y discuss the results of
a simulation of the single lepton and di-lepton channels [176] which includes hadronisation and detector

effects using P~M [52] and the A~FAST [105] software packages. The transverse momentum of

every reconstructed object like a jet, a charged lepton, or the missing transverse energy of an event has to

exceed a certain minimum value p~. The detector acceptances impose further restrictions on the phase
space of the detected objects in pseudo-rapidity.

In the case of the single lepton tidecay channels one isolated lepton (e+ or p+) is required. From
the missing transverse energy of the event and the W mass constraint the longitudinal momentum PZ
of the neutrino can be determined up to a twofold ambiguity. It turns Out that in most cases the lower

solution of pZ is the correct one. To complete the event topology, four jets are demanded. Two of them

have to be identified as b-jets coming from top decay.

The two non-tagged jets are often misidentified due to additional activity in the detector from
initial and final state radiation. TO suppress the QCD background the invariant mass of the two jets has to

lie in a narrow mass window around the known mass of the W boson. After this cut the two-jet system

is resealed to the W mass. Finally there is a twofold ambiguity when the &jets are combined with the

reconstmcted W bosons. The combination which yields the lower reconstructed top mass turns out to be
the correct one most of the time.
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Fig. 34 Joint distribution d2N/d cos6+dcos0– generated Fig. 35: Same distributionas in the figure to the lefi, but
with default PYTHIA. The detector response was simulated including the SM ttspin correlations. The detector response

with CMSJET. was simulated with CMSJET.

In the case of the dklepton decay channels two isolated oppositely charged leptons are requested.
Moreover two jets have to be detected and tagged as b-jets. With the known top and W masses and with

the missing transverse energy of the event the unknown 3-momenta of the neutrino and anti-neutrino can

be computed using the kinematic constraints of the event. These result in a system of two linear and

four quadratic equations. The equations can be solved numerically and usually several solutions arise.

Since the experimentally determined momenta do not coincide with the corresponding variables at the

parton level the kinematic constraints have to be relaxed somewhat in order to improve the reconstruction

efficiency. The algorithm set up in [176] was used to solve these equations. The best solution can be

obtained by computing weights from known distributions. Following [176] the highest efficiency was

obtained using the weight given by the product of the energy distributions of vt and Ut and the cos d:
distribution in the tf cm. frame.

For the LHC running at low luminosity (,C = 1033 cm-z ‘1s ), about 4 x 105 ti?events per year
are expected in the di-lepton decay channels (1 = e, p). A fiu-ther simulation of these channels was

performed in order to study the joint distribution (25). PYTHIA 5.7 [52] was used for the event generation,
CMSJET [177] for the detector response and the algorithm of [176] for the reconstruction of the t, ~

momenta. The transverse momenta of the two isolated, oppositely charged Ieptons and of the two jets
were required to exceed 20 GeV. ‘l%e minimal missing transverse energy of the event was chosen to be

40 GeV. A further selection criterion was that each jet provides at least two tracks with a significance

of the transverse impact parameter above 3.0 to be tagged as b-jet. The processes were simulated in

two different ways. First the SM matrix’ elements of [75] for the reactions (16), which contain the ti
spin correlations, were implemented into PYTHIA. For comparison these channels were also simulated

with the PYTMA default matrix elements for gg, q{~ti which do not contain spin correlations. In both

simulations initial and final state radiation, multiple interactions, and the detector response was included.

In Figs. 34,35 we have plotted the resulting double distributions d21V/d cos 8+d cos O_. They have been

corrected for the distortions of the phase space due to the cuts. A fit to the distribution Fig. 35 according

to (25) yields the correlation coefficient C = 0.331 + 0.023, in agreement with the value C’ = 0.332
obtained at the parton level without cuts. A fit to Fig. 34 leads to C = –0.021 + 0.022 consistent with

C = O. Systematic errors, for instance due to background processes, e.g., Z*~l+l- accompanied by

two b-jets, remain to be investigated.



From these double distributions one may form one- or zero-dimensional projections, for instance

asymmetries as considered in [166, 165, 168]. Another approach is to study distributions and expectation
wdues of angular correlation observable which would be zero in the absence of the t; spin correlations.

A suitable set of observable is obtained by transcribing, for instance, the spin observable given above

into correlations involving the directions of flight of those final state particles that are used to analyse

the t and f spins. As an example we discuss the case of the single lepton channels t~bg~’, f+~l-fit.

One may choose to analyse the t spin by the direction of flight ~~ of the b-jet in the rest frame of the t

quark and the f spin by the momentum direction Q_ of the& in the laboratory frame. The latter is rather

conservative in that no reconstruction of the ~ momentum is necessary. Then (20)-(22) are translated into

the observable

01 = (q; “Pp)(d-“Fp), (27)

02 = (q; . k,)(q- . k,), (28)

03 = ~“~., (29)

where pP refers to the beam direction. The pattern of statistical sensitivities of the spin observable

(20)-(22) stated above is present also in these angular correlations. Computing the expectation values

(0;) and the statistical fluctuations A@i and those of the observable for the corresponding charge

conjugated channels, one gets for the statistical significance of these observable at the parton level

[164]: & w 0.007~, Sz N 0.025~, and S3 w 0.055~, where N~l- is the number of

reconstructed events in the specific single Iepton channel. The linear combination

04=03–01 (30)

has a still higher sensitivity than Cll, namely S3 % 0.073~. Even with 104 reconstructed bl- and

61+ events each one would get a 7.30 spin-correlation signal with this observable. The significance of

these observable after the inclusion of hadronisation and detector effects remains to be studied.

The results of the above simulations are very encouraging for the prospect of t, f spin physics. On

the theoretical side the NLO QCD corrections to the helicity amplitudes, and to the spin density matrices
should be computed in order to improve the precision of the predictions and simulation tools.

If t~ production and/or decay is affected by non-SM interactions then the correlations above will
be changed. One interesting possibility would be the existence of a heavy spin-zero resonance X. (for

instance a heavy (pseudo) scalar Higgs boson as predicted, e.g., by SUSY models or some composite

object) that couples strongly to top quru-ks. For a certain range of masses and couplings to tfsuch an

object would be visible in the t~ invariant mass spectrum [74, 75]. Suppose one will be fortunate and
discover such a resonance at the LHC. Then the parity of this state maybe inferred from an investigation

of tispin correlations. This is illustrated by the following example. As already mentioned above, close
to threshold gluon-gluon fusion produces a tfpair in a ?SOstate. On the other hand if the pair is produced

by the X. resonance, gg-+Xo~ti, then for a scalar (pseudo-scalar) X. the tf pair is in a 3P0 (?S.)

state and has therefore characteristic spin correlations. Let us evaluate, for instance, the observable
(22). Its expectation value at threshold is {St. s;) = 1/4 (–3/4) if tf is produced by a (pseudo)scalar

spin-zero boson, ignoring the gg+f background. An analysis which includes the interference with the

QCD tf amplitude shows characteristic differences also away from threshold. By investigating several

correlation observable (i.e., employing different spin bases) one can pin down the scaladpseudo-scalai

nature of such a resonance for a range of X. masses and couplings to top quarks [75].

Another effect of new physics might be the generation of an anomalously large chromomagnetic

form factor 6 (see Section 7.1) in the t~ production amplitude which would change the spin correlations
with respect to the SM predictions [178, 179] (see also [180, 18 l]). For the LHC with 100 fb- 1 integrated

luminosity one obtains from a study of asymmetries (that were also used in [179]) at the parton Ievel a

statistical sensitivity of 6K S 0.02.



The top quark decay modes t~bl?+vt, bq~’ might also be affected by non-SM interactions, for

instance by right-handed currents or by charged Higgs-boson exchange, and this would alter the angular

correlations discussed above as well. A Mlchel-parameter type analysis of the sensitivity to such effects

at the LHC remains to be done.

The large tfsamples to be collected at ‘the LHC offer, in particular, an excellent opportunity to

search for CP-violating interactions beyond the SM in high energy reactions. (The Kobayashi-Maskawa
phase induces only tiny effects in t~production and decay.) We mention in passing that such interactions

are of great interest for attempts to understand the baryon asymmetry of the universe. Many proposals

and phenomenological studies of CP symmetry tests in t~ production and decay at hadron colliders have

been made. The following general statements apply [169]: A P- and CP-violating interaction tiecting

t~production induces additional terms in the production density matrices l?(~) which generate two types

of CP-odd spin-momentum correlations, namely

k~. (St – SJ , (31)

and

k~ “ (St x s;) , (32)

and two analogous correlations where ki is replaced by p. The longitudinal polarisation asymmetry(31)
requires anon-zero CCP-violating absorptive part in the respective scattering amplitude. In analogy to the

SM spin correlations above, (31) and (32) can also be transcribed into angular correlations among the t

and f decay products, which may serve as basic CP observable (see below).

As to the modelling of non-SM CP violation two different approaches have been pursued. One is to

parameterise the unknown dynamics with form factors or, neglecting possible dependence on kinematic

variables, with couplings representing the strength of effective interactions [180, 182, 173, 183, 178, 179,

184, 185], and compute the effects on suitable observable. This yields estimates of the sensitivities to

the respective couplings. For instance if tiproduction is affected by a new CP-violating interaction with

a characteristic energy scale Acp > W then this interaction may effectively generate a chromoelectric

dipole moment (CEDM) dt of the top quark (see Section 7.1). Assuming 107 non-leptonic, 6x 106 single

lepton, and 106 tfdi-lepton events, the analysis of [185], using optimal CP observable, comes to the

conclusion that a 10 sensitivity of d(lle dt) N 5x 10–20g~ cm may be reached at the LHC. A detector-

level study of CP violation in tf decays with di-lepton final states was performed in [186].

Alternatively one may consider specific extensions of the SM where new CP-violating interac-

tions involving the top quark appear and compute the induced effects in t~ production and decay, in

particular for the reactions (16). We mention two examples. In supersymmetric extensions of the SM,
in particular in the minimal one (MSSM), the fermion-sferrnion-neutralino interactions contain in gen-

eral CP-violating phases which originate from SUSY-breakhg terms. These phases are unrelated to the
Kobayashi-Maskawa phase. The interaction Lagrangian for the top quark coupling to a scalar top ;1,2

and a gluino G reads in the mass basis

where g~ is the QCD coupling. A priori the phase & is unrelated to the analogous phases in the light

quark sector which are constrained by the experimental upper bound on the electric dipole moment of

the neutron. The CP-violating one-loop contributions of (33) to gg, tjq+tf were computed in [187, 185].

A non-zero CP effect requires, apart from a non-zero phase @t, also non-degeneracy of the masses of
;1,2. For fixed phase and il – ~2 mass difference the effect decreases with increasing gluino and scalar

top masses. Assuming the same data samples as in the CEDM analysis above, [185] concludes from

a computation of optimal CP observable that a sensitivity lot I ~ 0.1 can be reached at the LHC if the

gluino and squark masses do not exceed 400 GeV.



,.

0.04

0.02

0

-0.02

1’ ”’’’’”’”’’””’’’”’’’’’”’’””

-.- --- - -- -

0.04

0.02

0

-0.02

r“’’’’’’’ ”’’’’ ”’’’”’’’’ ”’’””rl

I I I I I

350 400 450 500 550 600 650 350 400 450 500 550 600 650
Mti GeV Mti GeV

Fig. 36: RighE differential expectationvalue ofQ1asafunction ofthet~invanant massat~=14 TeVforreducedYukawa

couplings: = l,ti~ = –l, and aHiggsbosonmassnzw =400 GeV. Tbedashed line represents the resonant andthesolid

line the sum of the resonantrmd non-resonant p contributions. Lefc same as figure to the left, but for the observable Q2 [86].

Another striking possibility would be CP violation by an extended scalti” sector manifesting itself

through the existence of non-degenerate neutral Higgs bosons with undefined CP parity. Higgs sector CP
violation can occur already in extensions of the SM by an extra Higgs doublet (see, for instance [188]). It

may also be sizable in the MSSM within a certain parameter range [189]. The coupling of such a neutral

Higgs boson p with undefined CP parity to top quarks reads

LY = –(~G~)112m~(a@ + i@yst) ~ , (34)

where at and iit denote the reduced scalar and pseudo-scalar Yukawa couplings, respectively (in the
SM at = 1 and tit = O). The CP-violating effects of (34) on gg, Qq+ti were investigated for light

~ in [190] and for ~ bosons of arbitrary mass in [191, 169] (see also [185, 86]). The exchange of q

bosons induces, at the level of the ti states, both types of correlations (32), (31) (the CP asymmetry

ANLR = [N (t~~~) – N(t~f~)]/(all to considered in [190] corresponds to the longitudinal polarisation

asymmetry (kt . (s; – St) )). If the mass of ~ lies in the vicinity or above 2mt the s-channel P-exchange

diagram gg~~-+t; becomes resonant and is by far the most important w contribution.

Simple and highly sensitive observable and asymmetries were investigated for the different ti

decay channels in [86]. For the dl-lepton channels the following transcriptions of (31) and (32) maybe

used:

Ql=@l+- &04-, (35)

Q2 = (it - fit) “ (&- x q+)/2 , (36)
,.A

where kt, ki are here the t,i momentum directions in the ti cm. frame and ~+ ,~- are the 1+, l–

momentum directions in the t and ~ quark rest frames, respectively. Note that Q 1 = cos 0+ – cos t9_
where O+ are defined after (25). When taking expectation values of these observable the channels

1+, 1’- with /,1’ = e, p are summed over. The sensitivity to the CP-violating product of couplings

?’CP ❑ –@t of heavy Higgs bosons is significantly increased when expectation values of (35), (36) are
taken with respect to bins of the t; invariant mass &ftt. llvo examples of these “differential expectation

values” are shown in Fig. 36. In order to estimate the measurement errors we have used a sample of di-
lepton events, obtained from a simulation at the detector level using the same selection criteria as in the

simulation described above, and determined the resulting error on the expectation value of Q1, choosing

kft~ bins with a width of 10 GeV. With 2 x 105 reconstructed di-lepton events in the whole Aft; range
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we find that the error on (Q 1)~tt is slightly below l% for a bin at, say, llt~ = 400 GeV. In addition one

may employ the following asymmetries which are experimentally more robust than (Qi):

~[Qi) _ iVtt(Q; > O) – iVtl(Q~ < O)
—

lVel
9 (37)

where i = 1,2 and lVtt is the number of di-lepton events. From an analysis of these observable and

asymmetries and analogous ones for the single lepton channels at the level of partonic final states the

conclusion can be drawn [86] that one will be sensitive to l~cP I ~ 0.1 at the LHC. This will constitute

rather unique CP tests.

7. TOP QUARK ANOMALOUS INTERACTIONS22

In the SM the gauge couplings of the top quark are uniquely fixed by the gauge principle, the structure

of generations and the requirement of a lowest dimension interaction Lagrangian. Due to the large top

mass, top quark physics looks simple in this renormalisable and unitary quantum field theory. Indeed,

● the top quark production cross section is known with a rather good accuracy (N (10 – 15) ~o),

● there are no top hadrons (mesons or baryons),

● the top quark decay is described by pure (V —A) weak interactions,

● only one significant decay channel is present: t-MW+ (other decay channels are very suppressed

by small mixing angles).

This simplicity makes the top quark a unique place to search for new physics beyond the SM. If anoma-

lous top quark couplings exist, they will affect top production and decay at high energies, as well as

precisely measured quantities with virtual top quark contributions.

We do not know which type of new physics will be responsible for a future deviation from the SM

predictions. However, top quark couplings can be parametrized in a model independent way by an effec-

tive Lagrangian. The top quark interactions of dimension 4 can be written (in standard notation [192]):

(38)

plus the hermitian conjugate operators for the flavour changing terms. T’a are the Gell-Mann matrices

satisfying Tr (2WT*) = dab/2. Gauge invariance fixes the strong and electromagnetic interac~$Z(38)
and hemiticity implies real diagonal couplings v:, a:, whereas the non-diagonal ones vt~’ ~atq’ can

w — ~, with Vtq the Cabbibo-Kobayashi-Maskawabe complex in general. Within the SM vt~ = atq –

(CKM) matrix elements, v~ = ~ – ~ sinz Ow, a: = ~, and the non-diagonal Z couplings are equal

to zero. ~pically modifications of the SM couplings can be traced back to dimension 6 operators in
the effective Lagrangian description valid above the EW symmetry breaking scale [193, 194, 195] (see

also [196, 132, 197]). Hence, they are in principle of the same order as the other dimension 5 and

6 couplings below the EW scale. However, in specific models the new couplings in Eq. (38) can be

large [198]. Moreover, the present experimental limits are relatively weak and these couplings can show

up in simple processes and can be measured with much better precision at the LHC.

The dimension 5 couplings to one on-shell gauge boson, after gauge symmetry breaking, have the

generic form: [199] :

22Section coordinators: F. del Aguila, S. Slabospitsky, M. Cobal (ATLAS), E. Boos (CMS).
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plus the hermitian conjugate operators for the flavour changing terms. G~V is dpG~ – 8vGj (see, how-

ever, below) and similarly for the other gauge bosons. We normalise the couplings by taking A = 1 TeV.

E is real and positive and ~, h are complex numbers satisfying for each term I~12 + \hl 2 = 1. As in

the dimension 4 case these dimension 5 terms typically result from dimension 6 operators after the EW

breaking. They could be large, although they are absent at tree level and receive small corrections in

renormalizable theories. At any rate the LHC will improve appreciably their present limits.

There are also dimension 5 terms with two gauge bosons. However, the only ones required by

the unbroken gauge symmetry SU(3) c x U(1) Q, and taken into account here, “methe strong couplings

with two gluons and the EW couplings with a photon and a W boson. They are obtained including

also the bilinear term g. j ‘b’G~G~, with f abcthe SU(3)G structure constants, in the field strength G~V
in (39) and the bilinear term – ie (A~lV~ – AVW~ ) in W~V, respectively. We do not consider any other

dimension 5 term with two gauge bosons for their size is not constrained by SU(3)C x U(l)Q and/or

they only affect to top quark processes with more complicated final states than those discussed here. We

will not elaborate on operators of dimension 6, although the first q2 corrections to dimension 4 terms

could be eventually observed at large hadron colliders [134]. In this section we are not concerned with

the effective top couplings to Higgs bosons either.

In what follows we study the LHC potential for measuring or putting bounds on the top quark
anomalous interactions in (38), (39) through production processes. Results from top quark decays are

presented is Section 8. The t; couplings to gluons are considered first, since they are responsible for

tf production. Secondly we discuss the top quark couplings i%W. In the SM this coupling is not only

responsible for almost 1007o of the top decays but it also leads to an EW single top production mode,

as reviewed in Section 5.. Finally we deal with the t flavour changing neutral currents (FCNC). The -@t

and Ztf vertices have not been considered here because e+ e– and ~+p– colliders can give a cleaner

environment for their study.

With the exception of the summary Table 23, we will quote limits from the literature without

attempting to compare them. In Table 13 we illustrate statistics frequently used and which we will refer

to in the text when presenting the bounds. As can be observed, the number of signal events, and the limit

estimates, vary appreciably with the choice of statistics. We do correct for the different normalizations

of the couplings used in the literature.

Table 13:Limitson the numberof signaleventsS obtainedwith differentstatistics.B is the numberof backgroundevents.In
the other columnswe gather S for (1) 99% CL (3 a) measurement,~ ~ 3; (3): 99% CL (3 ~) limit, ~ > 3; rind(5):

99% CL for the Feldman-Cousins (FC) statistics [200]; and similarly for (2), (4), and (6), for the 9570 CL (1.96 a), respectively.

I

~ i i: i :: : i

7.1 Probes of anomalous gt~ couplings

The combination yK~t f; (see (39)) can be identified with the anomalous chromomagnetic dipole mo-
ment of the top quark, which, as is the case of QED, receives one-loop contributions in QCD. Therefore,

its natural size is of the order of Q,/~. As we observed above, when this coupling is non-zero a direct
gg~t four-point vertex is induced as a result of gauge invariance.



Table 14: Attainable la limits on Re(d:) and lm(d~), through Tss, AE and Q33 for one year of the LHC running at low

luminosity (10 tb-l ) [204].

I Observable I Attainable 10 limits

T33 lRe(dt)l = 0.899x 10-17gscm

AE {Im(dt)l = 0.858x 10-18g,cm

Q33 lInz(dt)/ = 0.205 x 10-17g,cm

On the other hand the combination ~&#t can be identified as the anomalous chromoelectric

dipole moment of the top quark. Whhin the SM this can arise only beyond two loops [201]. On the

other hand it can be much larger in many modeIs of CP violation such as muki-Higgs-doublet models and

SUSY [202]. Therefore, such a non-vanishing coupling would be a strong indication of BSM physics.

Considering the gluonic terms in (38), (39) for the process of light quark annihilation into it one

obtains [181, 203]

doqq

[
—=* 2_~2(1_z2)_8mt

32m~ ~2 ~2 “

dt 1—4t(f&+f%)+T(%) Ihl + ;(wm – ~2) ,A
(40)

S being the incoming parton total energy squared, z being the cosine of the scattering angle 0“ in the cms

of the incoming partons, and ~ = ~=.

The squared matrix element forgg annihilation is a more complicated expression; we refer to [181,
204] for exact formulas. If the (anomalous) couplings are assumed to be fimctions (form-factors) of q2

and then corrected by operators of dimension higher than 5, the gg annihilation amplitude would be eval-

uated at different scales (for the ;(ti) and S channels), and an additional violation of the SU(3)c gauge

invariance could be made apparent. For a detailed discussion of this problem see, for example, [181] and

references therein.

The effects ii.ssociated with ~~tj~ were examined in [181, 205, 206]. As shown in [134] they will

be easily distinguishable from the effects of q2 corrections to the strong coupling due to operators of

dimension 6, which are relatively straightforward to analyse [195] in t; production since the effective

coupling would be a simple resealing of the strength of the ordinary QCD coupling by art additional q2-

dependent amount. It was shown in [206] that the high-end tail of the top quark pT and M,t distributions

are the observables most sensitive to non-zero values of ~~t~~, with a reach for 6 = %wtfi as sm~l
as H 0.03. For these values of ~, only a minor change in the total ti rate is expected (see Fig. 37).

The effect of a non-zero &th~t was analysed, in particular, in [204, 207, 172]. It was shown in [204]
that information on & h~t could be obtained by studying the following correlation observable between

f+~– lepton pairs produced in tf in di-lepton decays:

T33 = 2(p~ – pl)3(p~ X pt)3,

AE = EZ – Et,
22

Q43 = 2(Pz+Pt)s(Pz– Pt)3 – ~(Pz – P;).

Table 14 shows the 10 sensitivities of these correlations to Re(dt) and Im(dt) (where, dt s g, ~&h~t).

Quantitatively, T33 and Q33 enable us to probe Re(dt) and Im(dt) of the order of 10-17g.cm, respec-
tively, and AE allows us to probe Im(dt) down to the order of 10–lsg.cm (see [204] for details).

7.2 Search for anomalous Wtb couplings

The Wth vertex structure can be probed and measured using either top pair or single top production
processes. The total tf rate depends very weakly on the Wtb vertex structure, as top quarks are dom-

inantly produced on-shell [208]. However, more sensitive observable, like C and P asymmetries, top

polarisation and spin correlations provide interesting information, as discussed in Section 6. The single
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Fig. 37: Cross section for tf production (solid) at the LHC as a function of K. The part of the cross section arising from the

gg(q~) fihilation is shown by the dash-dottti (dotted) curve (see PM] for debils).

top production rate is directly proportional to the square of the Wtb coupling, and therefore it is poten-

tially very sensitive to the Wtb structure. In single top events the study of the top polarisation properties

potentially provides away to probe a Wtb coupling structure [209]. The potential to measure anomalous

Wtb couplings at LHC via single top from the production rate and from kinematical distributions has
been studied in several papers [195, 210,135, 30].

In the model independent effective Lagrangian approach [193, 194, 195] there are four indepen-

dent form factors describing the Wtb vertex (see [195] for details). The effective Lagrangian in the

unitary gauge [21 1, 208, 135] is given in (38), (39). As already mentioned the (V – A) coupling in the

SM carries the CKM matrix element Vtb which is very close to unity. The value of a (V+ A) coupling

is already bounded by the CLEO b ~ try data [212, 213] at a level [195, 213] such that it will be out

of reach even at the high energy ~e colliders. Since we are looking for small deviations from the SM,

in the following vt~ and a% will be set to vt~ w = ~ and an analysis is presented only for the two= a~b

‘magnetic’ anomalous couplings F“z = *K~(–jty* – ihy”), FR2 = *Kg(-ft~ + il$~).

Natural values for the couplings IFL(R)21are in the region of = N 0.1 [196] and do not exceed the
unitarity violation bounds for IFL(R)2I N 0.6 [194].

Calculations of the complete set of diagrams for the two main processes pp + b~YVand pp ~

b~W + jet have been performed [135] for the effective Lagrangian in (38), (39), using the package Com-

pHEP [214]. The calculation includes the single-top signal and the irreducible backgrounds. Appropriate

observable and optimal cuts to enhance the single-top signal have been identified through an amdysis of

singularities of Feynman diagrams and explicit calculations. The known NLO corrections to the single

top rate [126, 125] have been included, as well as a simple jet energy smearing. The upper part of Fig. 38

presents the resulting 2 u exclusion contour for an integrated luminosity of 100 fb-l, assuming e, p ~d
~~1 decays of the W-boson. The combined selection efficiency in the kinematical region of interest,

including the double b-tagging, is assumed to be 50yo. Figure 38 demonstrates that it will be essential to
measure both processes pp + b~FVand pp + b6W + jet at the LHC. The allowed region for each single

process is a rather large annuli, but the overlapping region is much smaller and allows an improvement
of the sensitivity on anomalous couplings of an order of magnitu& with respect to the Tevatron. Since

the production rate is large, even tier strong cuts, expected statistical errors are rather small, and the

systematic uncertainties (from luminosity measurements, parton distribution functions, QCD scales, mt,
. . . ) will play an important role. As it is not possible to predict them accuratdy before the LHC startup,
we show here how the results depend on the assumed combined systematic uncertainty. Figure 38 (lower

part) shows how the exclusion contours deteriorate when systematic errors of l% and 5’% are included.
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Fig. 38:Limitson anomalous couplings after optimised cuts from two processes pp + biiWand pp + &W+ jet (upper

plot). Dependence of the combined limits on the values of systematic uncertainties (lower plot).

Note that a systematic error of 10% at the LHC will diminish the sensitivity significantly and the allowed

regions will be comparable to those expected at the upgraded Tevatron.

The rate of single top production at LHC is different from the rate of single anti-top production.

This asymmetry provides an additional observable at LHC that is not available at the Tevatron and which

allows to reduce systematic uncertainties.

The potential of the hadron colliders can be compared to the potential of a next generation e+e-

linear collider (LC) where the best sensitivity could be obtained in high energy -ye-collisions [208, 215].

The results of this comparison are shown in Table 15. From the table we see that the upgraded Tevatron

will be able to perform the first direct measurements of the structure of the Wtb coupling. The LHC

with 570 systematic uncertainties will improve the Tevatron limits considerably, rivalling with the reach

of a high-luminosity (500 fb-l) 500 GeV LC option. The very Mlgh energy LC with 500 fb-l luminosity
will eventually improve the LHC limits by a factor of three to eight, depending on the coupling under
consideration.
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Table 15: Uncorrelated limits on anomalous couplings from measurements at different machines.

FL2

Tevatron (A~Y,. a 10%) –0.18 . . . +0.55

LHC (A,Y,, R 5%) –0.052 . . . +0.097

~e (~~ = 0.5 TeV) –0.1 . . . +0.1
ye (~se+ ~. = 2.0 TeV) –0.008 . . . +0.035

FR2

–0.24 . . . +0.25

–0.12 . . . +0.13

–0.1 . . . +0.1

–0.016 . . ~ +0.016

7.3 FCNC in top quark physics

In the previous subsections, we analysed top quark anomalous couplings as small deviations from the

ordinary SM interactions (gt~ and tWb vertices). Here we consider new processes which are absent at

tree-level and highly suppressed in the SM, namely the FCNC couplings tVc and tVu (V = g, ~, Z).
The SM predicts very small rates for such processes [216] (see Table 16). The top quark plays therefore

a unique r61e compared to the other quarks, for which the expected FCNC transitions are much large~

the observation of a top quark FCNC interaction would signal the existence of new physics. As an

illustration, Table 16 shows predictions for the top quark decay branching ratios evaluated in the two-

Higgs doublet model [217], the SUSY models [218], and the SM extension with exotic (vector-like)

quarks [198].

Table 16: Branching ratios for FCNC top quark decays as predicted within the SM and in three SM extensions.

E
B(t-+qg)
B(t~q7)

B(t~qZ)

SM two-Higgs [217] SUSY [218] Exotic quarks [198]

5 x 10-11 m 10-5 ~ lo—3
-5 x 10-4

5 x 10–13 N 10–7 - 10—5 - 10—5
~ ~o-13 ~ 10-6 - 10—4 ~ 10—2

In the effective Lagrangian description of (38), (39) it is straightforward to calculate the top quark

decay rates as a fimction of the top quark FCNC couplings:

(41)

(43)

For comparison, Table 17 collects the rare top decay rates normalised to ~~g = @~ = Iv; 12+ \afi 12=

z = 1, and for the SM. We assume mt = 175 GeV, A = 1 TeV, a = ~, a$ = 0.1 and sum the%q

decays into q = u, c. In this ‘extreme’ case with the anomalous couplings equal to one the top can decay
into a gluon or a Z boson plus a light quark q = u, c and into the SM mode bW at similar rates.

7.31 Current Constraints on FCNC in top quark physics

Present constraints on top anomalous couplings me derived from low-energy dat~ direct searches of top

rare decays, deviations from the SM prediction for tf production and searches for single top production

at LEP2.

Indirect constraints: The top anomalous couplings are constrained by the experimental upper
bounds on the induced FCNC couplings between light ferrnions. For example, the 7P term in the Ztq
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Table 17: Top quark decay widths and corresponding branching ratios for the anomalous couplings equal to one and for the

SM. In the fourth line we gather the values of the corresponding anomalous couplings giving the same decay rates as in the SM.

Top decay mode

PV+b (c+ ‘u)g (C+u)y (c+ U)z. (c+~)z.

FCNC coupling I 1 1 I 1 1

I’(GeV) - - ! 1.56 I 2.86 0.17 I 2.91 0.14

B’ ‘ 0.20 0.37 0.022 0.38 0.018

FCNC coudin~ 8 x 10-6 3 x 10-6 4 x 10-7

rsM((%vj “ 1.56 8 X 10-11 8 X 10-lZ 2.2 x 10-13

BsM 1 5 x 10-11 5 x 10-13 1.5 x 10-13

vertex generates an effective interaction of the form [219]

1–75
L.ff = &aijfiyPTfjZp + h.c.,

where fi,j are two different light down-type quarks. The one-loop estimate of the vertex gives:

(44)

(45)

where V~jarethe CKM matrix elements. Then, using the results of [219] and the experimental constraints

from [192] on ~~ap+p-, the lYL-Ks mass difference, BO – @ mixing, IJ~l+&X and b+s~, one

obtains:

a~d <2 x 10–5, Ubd <4 x 10–4, U6S <1.4 x 10-3, (46)

and, taking v = 250 GeV, mt = 175 GeV and A = 1 Tell

lv~ + ail <0.04, Iv:+ a~l <0.11. (47)

vt: —a; do not contribute to aij for massless external fermions. However, bow chir~ities of fie Ztq
vertex contribute, for instance, to the vacuum polarization tensor IIfiv (q2 ). Thus, using the recent value

for the p pamrneter, p = 0.9998+ 0.0008 (+0.0014) [192], the following 2U limit is obtained:

J-< O*15 (48)

CDF results: The CDF collaboration has searched for the decays t~yc(u) and t+ Zc(u) in the
reaction @ ~ FtX at&= 1.8 TeV, obtaining the following 95% CL limits [13]:

BR(t~q) + BR(t~uy) < 3.2%, BR(t-+cZ) + BR(Hu2) < 33% . (49)

These translate intolhe bounds on the top anomalous couplings

& <0.78, Jlv;lz+la;l’ <0.7’3 (50)

tf production via FCNC Constraints on the vertex gtq can be derived form the study of the tf-

pair production cross-section. Imposing that the i%-pair production cross-section, including the possible

effect of anomalous couplings, should not differ from the observed one (assumed in this study to be

a~~p = 6.7 + 1.3 pb [6]) by more than 2 pb, leads to the constraint [220]:

9
~ <0.47 TeV-l. (51)
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Table 18: Short summaryof the LEP 2 resultsfor e+e- ~ tij.Thetheoretical value ~th is evaluated assuming the limit on

the conesponding anomalous coupling in (50).

Collab. G (GeV) .C(pb-l) U=XP(95%CL) ~th

DELPHI 183 GeV [222] 47.7 <0.55 pb <0.15 pb
ALEPH 189 GeV [221] 174 <0.60 pb <0.30 pb

DELPHI 189 GeV [223] 158 <0.22 pb <0.30 pb

904
N“

‘r 0.35

~ 0.3

~0.25

: 0,2

‘r
-0.15
z
m 0.1

0.05

DELPHI upper limit (preliminary)
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~

Fig. 39: Upper limit on brrmchlng fraction of t+Zq resulted from LEP 2 data. Dashed curve corresponds to tc~~= O, while

solid one corresponds to ~~q c 0.78.

FCNC at LEP 2: Since 1997, LEP2 has run at cms energies in excess of 180 GeV, making the

production of single top quark cinematically possible through the reaction:

(52)e+ e– ~ -y*(Z*) ~ ~.

Two LEP experiments [221, 222, 223] have presented the results of their search for this process. A short

summary of these data is given in Table 18. The production cross section is very sensitive to the top

quark mass, atq N (1 – +)2 (see [224] for details). Therefore, the upper limit on the corresponding

branching ratio depends from the exact value of mt as well, as shown in Flg.39. The current constraints

on the top quark FCNC processes are summarised in Table 19. Note that the LEP2 limit is slightly
better then that given by CDF (49). These constraints should further improve once the data from the
highest-energy runs are analysed.

7.4 Search for FCNC in top quark production processes

FCNC interactions of top quarks will be probed through anomalous top decays (as discussed in Sec-
tion 8.), and through anomalous production rates or channels, as discussed in the remainder of this



Table 19: Currentconstraintson top quark FCNC interactions.

t+g q BR< 17% K:q <0.47 (other FCNC couplings zero)

t+y q BR< 3.2%

+

(other FCNC couplings zero)

t+z q BR< 22s I I%ql + latOI <0.55 (other FCNC couplings zero)

Table 20: Upper bounds on the anomalous couplings K:U and n~= from single top production processes. Tbe symbols 2+ 1

and 2+2 correspond to the reactions quark-gluon fision, and single top production, respectively [225, 142].

mm
section.

7.41 Deviationsfiom SM expectations for t~production

As shown in the previous subsection, the FCNC tgq-vertex contributes to gg~t~ transitions, and to a

possible enhancement of the top quark production at large l?t and &ftt. A recent study [220] shows that

at the LHC the sensitivity to these couplings is equivalent to that found with the data of Run 1 at the
Tevatron:

(*)LHc=($)FNAL=05Tev-’ (53)

7.42 ‘Direct’ top quark production (2~1)

The ‘quark-gluon’ fusion process [225] g + u(c)~t is characterised by the largest cross-section for top

quark production through FCNC-interactions assuming equal an;malous couplings. At the LHC, using

the CTEQ2L structure functions [1 15], these cross sections for ~ = 1 TeV-l are equal to:

(r(ug+) N 4 X 104 pb , a(tig++) ~ 1 X 104 pb , a(cg+t) R 6 X 103 pb. (54)

Note that a(ug+t) is about 50 times larger than the SM t~cross section. The major source of background

to this is the W+ jet production. The additional background due to single top production, when the

associated jets are not observed, should not exceed 20% of the total background and was therefore

ignored. To reproduce the experimental conditions, a Gaussian smearing of the energy of the final leptons
and quarks was applied (see [225] for details). Cuts on the transverse momentum (pT > 25 GeV),

pseudo-rapidity (Iqjl < 2.0, Iqll < 3.0), and lepton-jet separation (AR ~ 0.4) were applied. A b-

tagging efficiency of 60% and a mistagging probability of 1YO were assumed.

The criterion S//m z 3 was used to determine the minimum values of anomalous couplings.
The couplings tgu and tgc have been considered separately. The resulting constraints on & and& are
given in Table 20, which also contains the results of an analysis done for the Tevatron.
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Fig. 40 2+2 single top quark production.

7.43 Single top quark production (2+2)

Single top quark production in 2+2 processes has been studied as well [142]. There are four different

subprocesses, which lead to one top quark in the final state together with one associated jet (see Fig. 40

and [142] for detailed considerations):

qq+tq, gg+tij, qq+tq, qg+tg (55)

The major background comes from W + 2 jets and W + b~ production, as well as from single top

production. In addition to the cuts and tagging rates used in the above analysis of ‘direct’ top production,
additional cuts on the reconstructed top mass (145 GeV < lf~~ < 205 GeV), on ~ b > 35 GeV,

and on jet-jet and lepton-jet separation (A Rjj > 1.5, A Rlj > 1.0) were applied here to improve

the signalhackground separation. The corresponding limits on anomalous couplings in the top-gluon
interaction with c or u quarks are given in Table 20.

7.44 tZ and ty production

All the anomalous couplings may contribute to the processes qg + Z(y), and were considered in [226,

227]. The left diagram in Fig. 41 corresponds to the Z(~)tq coupling, while the right one shows the top-

gluon anomalous coupling (the corresponding t-channel diagrams are not shown). For all the calculations

presented here, the MRSA PDF set [228] with Q2 = .$was used. The resulting total cross sections for

@= ~-= lare[227]:

(7(?4g+y t) = 73 pb, CT(cg+t) = 10 pb,

O(IJ g-+Z t) = 746 pb, a(cg~Z t) = 114 pb.

Different background sources (W+ jets, Z+ jets, ZW+ jets, lVb~+ jets, tf,and Wt production) were

considered. The experimental conditions were simulated by a Gaussian smearing of the lepton, photon

and jet energies (see [227] for details). Cuts on the transverse momenta, p~ (1, j, y) > (15, 20, 40) GeV,

on pseudo-rapidities, Iqj,t,vI <2.5, and on lepton-jet-photon separation (AR ~ 0.4) were applied. A b-
tagging efficiency of 60% and a mistagging probability of 1% were assumed. It was found that b-tagging

plays an essential role in tracing the top quark and reducing backgrounds.

It has been shown that the best limits on the top quark FCNC couplings can be obtained from the

decay channels Zt+@_C M and -yt~~ lvb (see [226] and [227] for details). Upper bounds at 95%

CL are derived using the FC statistics [200]. Table 21 collects the corresponding limits on eight top

anomalous couplings. Like in previous cases the bounds on u and c couplings were obtained under the
assumption that only one anomalous coupling at a time is non-zero. The analysis was done for both

Tevatron and LHC but with different optimized cuts.
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Table 21: Upper bounds on top anomalous couplings (see (38,39)) from Zt and yt production. We have corrected for the

different normalizations used in [226, 227].

L (i-b-l.)
/$:u

,

Tevatron

Run 1 Run 2

1.8 2.0

0.1 2

0.31 0.057
—

0.86 0.18

0.49 0.13

—

1.71 0.43
— —

LHC

14.0 14.0

10 100

0.0097 0.0052

0.020 0.011

0.013 0.0060

0.037 0.018

0.016 0.0078

0.032 0.016

0.040 0.018
0.097 0.046

a—
-1

Fig. 42: Diagram describing like-sign top quark pair production

7.45 Like-sign tt (~~) pair production

Additional evidence for a FCNC gtq coupling can be sought through the production of like-sign top pairs

(see Fig. 42).

pp+ttx, pp-+ffx (56)

The ATLAS collaboration performed a detailed investigation of this reaction for the case of high lumi-

nosity, .f&t = 100 fb-l (see [30] and [220] for details). All the three anomalous couplings contribute to

this process and the kinematics of the tt-pair is almost the same as for the conventional t~-pair production.

An experimentally clean signature of tt (t~ production is the production of like-sign high pT

leptons plus two hard b-jets. The main sources of background are g~’~tfW and gg~W*g’W*g’. The
expected cross sections for the signal (with F#q = & = \v: \2 + \a~ 12= 1) and background processes

are equal to:

CT(tt) = 1920 pb, u (tq = 64 pb,
a(w+t~ = 0.5 pb, @V-ti) = 0.24 pb,
~(W+W+qg) = 0.5 pb, @V-lV-qg) = 0.23 pb.

CTEQ2L structure functions [115] were used with the evolution parameter Q2 = m? for the signal
and Q2 = m% for the background calculations. PYTHIA 5.7 [52] was used for the fragmentation and

all events were passed through the ATLFAST detector simulation. An additional reducible like-sign
di-lepton background is due to ti events with a b semi-leptonic decay. The initial selection required

therefore two like-sign isolated leptons with pT >15 GeV and Iql <2.5 as well as at least two jets with

PT >20 GeV md lql <2.5. horder to get abetter signallbackground separation jets withpT >40 GeV
(with at least one tagged as a b-jet) were required (see [30, 220] for other cuts). The potential reach of

this study, using the S//~ ~ 3 criterion, is given in Table 22.
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Table 22: The limits on anomalous couplings from an improved ATLAS analysis [30, 220] of like-sign top-pair production at

the LHC for the case of high luminosity, .&t = 100 fb-l. The contribution from the UP” term in the Ztq vertexis ignored.

K:u n:= & I& Jlw + 142 JM12 + Ml’
0.078 0.25 0.14 0.32 0.27 0.85

Table 23: Summary of the LHC sensitivity to the top quark anomalous couplings @’g,fc~qand lv~ 12+ la~u12.The ~sulting

constraints are presented in terms of ‘branching ratio’, I’(t+qV)/rsM(= 1.56 (2eV). The results for the Tevatron option are

also given (see text for explanation). 2+1, 2+2, tV, and t t stand for quark-gluon fusion, single top production, t+ -y(Z)

production, and like-sign top-pair final states, respectively. The ‘decay’, ‘A~AS’, and ‘CMS’ labels denote the results obtained

from the study of top decay channels, documented in Section 8.

E~(TeV)
,c(fb-1)

tug

tcg

tu-f

tcy

tuz

tcz

1.8
0.1

3.1 x 10-3
6.2 X10-3
1.8 x 10–1

4.4 x 10-2
8.8 x 10-2

—

7.9 x 10-2

4.5 x 10-1

—

Tevatron

2
2

3.3 x 10-4
6.2 X 10-4
6.0 X 10-3
1.9 x 10-2

3.5 x 10-3
7.8 X 10-3

1.9 x 10-2

3.5 x 10-r

3.2 X 10-2
1.1 x 10-2

.-

1.1 x 10-2

2
30

7.8 X10-5
1.5 x 10-4

2.7 X 10-3

8.3 X 10-4
2.0 x 10-3

2.7 X10-3

5.2 X10-3

5.2 X10-3

14
10

1.0 x 10-5
3.4 x 10-5
1.7 x 10-4

1.5 x 10-2
6.5 X 10-5
1.6 X 10-4
7.3 x 10-4

—

1.6 X 10-1
1.8 X 10-s
3.0 x 10-3
1.9 x 10-4
8.6 x 10-5
1.5 x 10-4
1.7 x 10-2
1.9 x 10-4
8.6 x 10-5
4.8 X 10-4
5.8 X 10-4
1.9 x 10-1
6.5 X 10-4
1.4 x 10-3
1.9 x 10-~
5.8 X 10-4

1.9
6.5 X 10-4
1.4 x 10-3

14
100

3.2 X 10-6
1.1 x 10-5
5.0 x 10-5

5.6 X 10-3
2.1 x 10-5
4.9 x 10+’
2.2 x 10-4

5.7 x 10-2
3.9 x 10-g
1.1 x 10-3
4.8 X 10-5
4.0 x 10-5
3.5 x 10-5
5.5 x 10-3
4.8 X 10-5
4.0 x 10-5
1.1 x 10-~
1.9 x 10-4
6.8 x 10-2
1.0 x 10-4
1.4 x 10-4
4.8 X 10-4
1.9 x 10-4
6.7 X 10-1
1.0 x 10-4
1.4 x 10-4

2+1 [225]
2+2 [142]
tv [226, 227]
decay [229]
tt [220,30]
2+1 [225]
2+2 [142]
tv [226,227]
decay [229]
tt [220,30]
tv [226, 227]
tt [220, 30]
A=AS [30]
CMS [230]
tv [226, 227]
tt [220, 30]
A~AS [30]
CMS (2301
tv ~226;227]
decay [219]
tt [220, 30]
AWS [30]
CMS [230]
tv [226, 227]
decay [219]
tt [220, 30]
ATLAS [30]
CMS [230]
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7.5 Conclusion on tqV anomalous couplings

Table 23 presents a short summary of LHC sensitivities to anomalous FCNC couplings of the top quark.

For comparison, we present also the estimates of the corresponding sensitivities at Tevatron. For com-

pleteness we anticipate and include here the results from rare decays discussed in the next section (see

also [219, 229]). To unify the description of the LHC potential to detect top anomalous couplings from

production and decay processes, all results in Table 23 are expressed in terms of limits on top decay

branching ratios: 17(t~qV) /rsM (= 1.56 GeV). The results were obtained using mt = 175 GeV,

as = 0.1, and a = 1/128. When needed the limits quoted in the table have been resealed to the different

luminosities and to the S/~~ ~ 3 criterion by using a simple linear extrapolation of the available

bounds (see [30, 230] and Section 8.). The limits on the top anomalous couplings from tV production

in Table 21 were obtained using the FC prescription [200] and have been multiplied by a factor of W,

which roughly relates this prescription with the statistical criterion adopted in Table 23 [226, 227].

At present, only few cases (like-sign top-pair production, t~qZ and t+q-y decays, see [30, 230])

were investigated with a more or less realistic detector simulation (ATLFAST and CMSJET). Other in-

vestigations were done at the parton Ievel (the fired quarks were considered as jets and a simple smeruing

of lepton, jet and photon energies was applied). Of course, more detailed investigations with a more

realistic simulation of the detector response may change these results.

The most promising way to measure the anomalous FCNC top-gluon coupling seems to be the

investigation of single top production processes, as the search for t+gq decays would be overwhelmed

by background from QCD multi-jet events. At the same time, both top quark production and decay would

provide comparable limits on top quark anomalous FCNC interactions with a photon or a Z-boson. In

general, the studies shown above indicate that the LHC will improve by a factor of at least 10 the Tevatron

sensitivity to top quark FCNC couplings. Of course, the results presented here are not complete, since
other new kinds of interactions may lead to the appearance of unusual properties of the top quark. For

example, recently proposed theories with large extra-dimensions predict a significant modification oft;

pair production (see, for example, [231] and references therein). It was found that the exchange of spin-2
Kaluza-Klein gravitons leads to a modification of the total t~ production rate as well as to a noticeable

deviation in the f?T and itlt~ distributions with respect to the SM predictions. Naturally, we may expect

also the modifications of spin-spin correlations due to graviton exchange.

It has to be stressed that different types of new interactions may affect the same observable quan-

tity. Only a careful investigation of different aspects of top quark physics may provide a partial separation

of these interactions.

8. RARE DECAYS OF THE TOP QUARK*3

The production of 107 – 108 top quark pairs per year at LHC will allow to probe the top couplings to

both known and new particles involved in possible top decay channels different from the main t4W.
Thanks to the large top mass, there are several decays that can be considered, even involving the presence

of on-shell heavy vector bosons or heavy new particles in the final states. On a purely statistical basis,

one should be able to detect a particular decay channel whenever its branching ratio (BR) is larger than

about 10–6 – 10–7. In practice, we will see that background problems and systematic will lower this

potential by a few orders of magnitude, the precise reduction being dependent of course on the particular,

signature considered. We will see, that the final detection threshold for each channel will not allow the
study of many possible final states predicted in the SM, unless new stronger couplings come into play.

8.1 Standard Model top decays

In this section, we give an overview of the decay channels of the top quark in the framework of the SM.

In the SM the decay t+bW is by far the dominant one. The corresponding width has been discussed in

‘Section coordinators:B. Mele,J. Dodd(ATLAS),N. Stepanov(CMS).



Section 2.1. The rates for other decay channels are predicted to be smaller by several orders of magnitude

in the SM. The second most likely decays are the Cabibbo-Kobajashi-Maskawa (CKM) non-diagonal

decays t~sWand t~dW. Assuming lVt~l N 0.04 and lVt~\ s 0.01, respectively [192], one gets

BR(t~sW) N 1,6x 10-3 and BR(t-wlW) w 1 x 10-4 (57)

in the SM with three families. From now on, for a generic decay channel X, we define

r(t+x)
BR(t~X) = r(t+W)SM - (58)

The two-body tree-level decay channels are the only ones that the LHC could detect in the framework of

the SM. With the exception of higher-order QED and QCD radiative decays, the next less rare processes

have rates no larger than 10-6.

Z(H)
‘.

‘\ \

Fig. 43: Feynman graphs for the decay t+bWZ (t+bWH).

At tree level, the decay t+bWZ (Fig. 43) has some peculiar features, since the process occurs

near the kinematical threshold (mt - Mw + Mz + mb) [232, 233, 234, 235]. This fact makes the W

and Z finite-width effects crucial in the theoretical prediction of the corresponding width [233]. Because

the W and Z are unstable and not observed directly, more than one definition of the t4WZ branching

ratio is possible. If defined according to

(59)

including a consistent treatment of W and Z width effects, the branching ratio is to a very good approx-

imation given by the double resonant set of diagrams (shown in Fig. 43), since the background to the

neutrino decay of the Z is negligible. One obtains [235], for mt = 175 GeV,

BR(t+bWZ) = BR.e~(t-WVZ) = 2.1 X 10-6. (60)

However, the signature @vPve~. is not practical from an experimental point of view. In [233], a first
estimate of BR(t-+bWZ) was given on the basis of the definition

r(t+bl’’vz) = ~
I’(&+bpvfle+e-)

R(W~pvP)BR(Z~e+ e-)’
(61)
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which involves experimentally well-observable decays, but includes contributions to the numerator from

t~bW~ decays (with ~~e+e- ) and other “background” diagrams. The estimate for the corresponding

branching ratio is

13&t (t+bWZ) = 6 X 10-7, (62)

for m~ = 175 GeV, assuming a minimum cut of 0.8114z on the e+e–-pair invariant mass. This cut tries

to cope with the contribution of background graphs where the e+e– pair comes not from a Z boson but

from a photon.

If the Higgs boson is light enough, one could also have the decay t~bW2if (Fig. 43), although the

present limits on mH strongly suppress its rate. For mH 2100 GeV, one gets [233]:

BR(t+HVH) ~ 7 X 10-8. (63)

Finally, the decay t+cWW is very much suppressed by a GIM factor ~ in the amplitude. One then
w

gets [234]:

‘ BR(t-+cWW) N 10-13. (64)

One can also consider the radiative three-body decays t~bWg and t~bWT. These channels suffer
from infrared divergences and the evaluation of their rate requires a full detector simulation, including

for instance the effects of the detector resolution and the jet isolation algorithm. In an idealised situation

where the rate is computed in the t rest frame with a minimum cut of 10 GeV on the gluon or photon

energies, one finds [236]:

BR(t--WVg) = 0.3 , BR(t--WV~) = 3.5 X 10-3. (65)

The FCNC decays t~cg, t~cy and tjcZ occur at one loop, and are also GIM suppressed by a

factor ~ in the amplitude. Hence, the corresponding rates are very small [249]:
w

BR(t-+cg) H 5 X 10-11 , BR(t-M~) & 5 X 10-13 , BR(t-+cZ) e 1.3X 10-13 (66)

For a light Higgs boson, one can consider also the FCNC decay t~cll . A previous evaluation of its

rates [249] has now been corrected. For mH ~ 100 (160) GeV, one gets [237]:

BR(t+cH) & 0.9 X 10 -13 (4 x lo–q. (67)

To conclude the discussion of rare SM decays of the top quark, we point out here the existence

of some studies on semi-exclusive t-quark decays where the interaction of quarks among the t decay

products may lead to final states with one hadron (meson) recoiling against a jet. In [238] decays with

an T meson in the final state and decays of the top through an off-shell W with virtual mass Afw* near
to some resonance &f, like n+, p+, 1{+, D:, were considered. An estimate for the latter case is

(68)

The typical values of the corresponding branching ratios are too small to be measured:

BR(t+m) N 4.10-8 , BR(t--%D,) ~ 2010-7. (69)

In Table 24 we summarize the expected decay rates for the main top decay channels in the SM.

8.2 Beyond the Standard Model decays

The fact that a measurement of the top width is not available and that the branching ratio BR(t~bW)

is a model dependent quantity makes the present experimental constraints on the top decays beyond the
SM quite weak. Hence, the possibility of t decays into new massive states with branching fraction of

order BR(t~bW) is not excluded. Apart from the production of new final states with large branching

fractions, we will see that new physics could also give rise to a considerable increase in the rates of many

decay channels that in the SM framework are below the threshold of observability at the LHC.
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Table 24: Branching ratios for the main SM top decay channels.

channel BRsM channel BRsM

bW 1 Sw 1.6.10-3

dw ~ 10–4 bWg 0.3 (E9 >10 GeV)
bWy 3.5” 10-3 (Ev >10 GeV) bWZ 2. 10-6

Cw+ w- -J 10-13 bw+H <10-7
L

99 5.10-11 9’Y 5.10-13

qz 1.3.10-13 CH <10-13

8.21 4th fermionfamily

Extending the SM witia4th fefionftily cmdterconsidembly afewtdecaychmels. First of

all, when adding a 4th family to the CKM matrix the present constraints on the lV&I elements are con-

siderably relaxed. In particular, IVt.l and lVt~l can grow up to about 0.5 and 0.1, respectively [192].

Correspondingly, assuming lVtbl N 1 for the sake of normalisation, one can have up to:

BR4(t~sW) ~ 0.25 and BR4(t~dW) w 0.01, (70)

to be confronted with the SM expectations in (57).

‘h fermion family could also show up in the t direct decay into a heavy b’The presence of a 4,

quark with a relatively small mass (rob/ = 100 GeV) [239]. This channel would contribute to the

t~cWW decay, with a rate:

BR(t~W+b’(~W-c)) N 10-3 (10-7) at mbf = 100 (300) GeV, (71)

to be confronted with the SM prediction in (64).

8.22 Two Higgs Doublet models (2HDM’s)

The possibility that the EW symmetry breaking involves more than one Higgs doublet is well motivated

theoretically. In particular, three classes of two Higgs doublet models have been examined in connection
with rare top decays, called model I, II and III. The first two are characterised by an ad hoc discrete

symmetry which forbids tree-level FCNC [240], that are strongly constrained in the lightest quark sector.

In model I and model II, the up-type quarks and down-type quarks couple to the same scalar doublet

and to two different doublets, respectively (the Higgs sector of the MSSM is an example of model II).

In model III [241, 242], the above discrete symmetry is dropped and tree-level FCNC are allowed. In

particular, a tree-level coupling tclf is predicted with a coupling constant s ~-/v (where v is the
Higgs vacuum expectation value).

Since enlarging the Higgs sector automatically implies the presence of charged Higgs bosons in
the spectrum, one major prediction of these new frameworks is the decay t+bll+, possibly with rates

competitive with BR(t~bW) for rn~+ S 170 GeV. In the MSSM, one expects BR(t~blf+) N 1, both
at small and large values of tan ~. The interaction Lagrangian describing the 14+t &vertex in the MSSM

is [243]:

‘Htb=A!fwH+ [f(mtcot@PL + mbtaII~pR) b+ U(mttanOPR) g] + h.c., (72)

where PL,R = 1/2(1 T 75) are the chiral projector operators.

At tree level the corresponding decay widths of t~bl!l+, H+-Mv, and H+~t~ (or, analogously,
of H+~c@ are equal to [243]

r(t+bH+) = 922
64~h4Wmt lwb’2A’’2 (1a%) x



where A(a, b, c) = a2+b2+c2– 2(ab+ac+bc), andmHEm~+.

Consequently, if mH < mt – mj, one expects lf+~~+v (favoured for large tan/3) and/or

ll+~cS (favoured for small tan ~) to be the dominant decays. Hence, for tan/3 > 1 and ll+~~+v

dominant, one can look for the channel t~bilf+ by studying a possible excess in the T Iepton signature

from the t pair production [244]. On the other hand, if tan ~ <2 and mH >130 GeV, the large mass

(or coupling) of the t-quark causes BR(lf+~t*~~W+b6) to exceed BR(If+~cs) (Fig. 44, see [245]

for details).

a’
~ 0.4
.1

.

Fig. 44: Branching fractions for three H+ decay modes for two values of m~q vs. tan/3,

As a consequence, new interesting signatures at LHC such as leptons plus multi-jet channels with

four b-tags, coming from the gluon-gluon fusion process gg~tblif-, followed by the H- +fb decay,

have been studied [246]. These processes could provide a viable signature over a limited but interesting

range of the parameter space.

One should reeall however that both BR(t+blI+) and BR(H+~W+ b~) are very sensitive to
higher-order corrections, which are highly model dependent [247].

In model III, the tree-level FCNC decay t-+ch can occur with branching ratios up to 10-2 [242].

In [248], the rate for the channel t~ch.~cWW(cZZ) has been studied. Accordingly, BR[t+cWW)

can be enhanced by several orders of magnitude with respect to its SM value. In particular, for an on-

shell decay with 2&fw s mh s mt, one can have up to BR(t~cWW) N 10-4 from this source. The
same process was considered in a wider range of models, where the decay t~cWW can oeeur not only

through a scalar exchange but also through a fermion or vector exchange [239]. In this framework, the

ferrnion exchange too could lead to detectable rates for t~cWW, as in (71).
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In 2HDM’s, the prediction for the FCNC decays tacg, t~c~ and t+cZ can also be altered.

While in models I and II the corresponding branching fractions cannot approach the detectability thresh-

old [249], in model III predicts values up to BR(t~cg) N 10–5, BR(t~c~) N 10-7 and BR(t~cZ) &

10-6 [217].

By fiulher extending the 2HDM’s Higgs sector and including Higgs triplets, one can give rise to a

vertex IUVZ at tree level in a consistent way [250]. Accordingly, the t~bWZ decay can be mediated

by a charged Higgs (coupled with mt) that can enhance the corresponding branching fraction up to

BR(t--%WZ) - 10-2. Large enhancements can also be expected in similar models for the channels

t+sWZ and t+dWZ.

8.23 Minimal Supersymmetric Standard Model (MSSM)

Supersymmetry could affect the t decays in different ways. (Here, we assume the MSSM frame-

work [26], with (or without, when specified) R parity conservation.)

First of all, two-body decays into squarks and gauginos, such as t~~lj, t~;l~~, t~{l~~, could

have branching ratios of order BR(t-%W), if allowed by the phase space (see, i.e. [251] for references).

QCD corrections to the channel ta~lj have been computed in [252] and were found to increase its width

up to values even larger than 17(t4W). Three-body tdecays in supersymmetric particles were surveyed

in [251].

The presence of light top and bottom squarks, charginos and neutralinos in the MSSM spectrum

could also give rise to a CP asymmetry of the order 10–3 in the partial widths for the decays tabW+

and i~~W- [140, 253].

Explicit R-parity violating interactions [254] could provide new flavou-changing t decays, both

at tree-level (as in the channels t+?b and t+d~~ [255]) and at one loop (as in t~cti [256]), with

observable rates. For instance, BR(t~cfi) PJ 10–4 – 10–3 in particularly favorable cases.

Another sector where supersymmetric particles could produce crucial changes concerns the one-

loop FCNC decays t~cg, tacy, t~cZ and tac17 , which in the SM are unobservably small. IiI the

MSSM with universal soft breaking the situation is not much affected, while, by relaxing the universality
with a large flavour mixing between the 2“d and 3rd family only, one can reach values such as [257, 258]:

BRMssM(t~cg) w 10-6 , BRMssM (t+c~) w 10-8 , BRMssM(t~cZ) N 10-8, (76)

which, however, are still not observable. The introduction of baryon number violating couplings in

broken R-parity models could on the other hand give large enhancements [218], and make some of these
channels observable:

BRE(t~cg) w 10-3 , BRE(t~c~) * 10-5 , BRE(t~cZ) w 10-4. (77)

A particularly promising channel is the FCNC decay t~ch in the framework of MSSM, where

h = ho, Ho, AO is any of the supersymmetric neutral Higgs bosons [259]. By including the leading
MSSM contributions to these decays (including gluino-mediated FCNC couplings), one could approach

the detectability threshold, especially in the case of the light CP-even Higgs boson, for which one can

get up to:

BRMSSM(t~ChO) N 10-4. (78)

8.24 Anomalous couplings

In the framework of the top anomalous couplings described in Section 7., one can predict large enhance-

ments indifferent FCNC top decay channels. While the t+cg, t~cy, and t~cZ processes are amdysed
in section 7., here we concentrate on the possible FCNC contributions to the top decays into two gauge
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bosons, t~qVV, where V is either a W or a Z and q = c, u:

t+qw+z. , Agl!v+w- , t-+qzz. (79).

In the SM, the first two decays occur at tree level, while t~qZZ proceeds only through loop contribu-

tions. We will see that within the present experimental limits on the top anomalous couplings, the rates

for these processes can be large with respect to the SM prediction, but are still below the detectability

threshold at the LHC.

The FCNC contribution to the first channel in (79), for the anomalous coupling ~. x 0.3, has a

rate of the the same order of magnitude as the SM BR(t~bWZ) [260]:

BRFCNC (t+cWZ) N 10-6 R BRsM(t~bWZ). (80)

Top anomalous FCNC interactions with both a photon and a Z-boson contribute to the second

process in eq.(79). Contrary to the SM case this amplitude has no GIM suppression. As a result, the

corresponding branching ratio can have almost the same value as that of the t~qWZ decay [260]:

BRFCNC (t-MW+ W-) = 10-7 ~ BRs~(t~cWW). (81)

For the t~qZZ decay mode, a coupling ~Z ~ 0.3 gives a branching ratio much greater than the

corresponding SM one ( ~ 10-13 [260]):

BRFcNc (t~qZZ) w 10-8> BRsM(t~qZZ), (82)

but still too small to be detected at LHC.

In summary, the observation of any of these decays at LHC would indicate new physics not con-

nected with the top FCNC interactions (see, for example, [248]).

8.3 ATLAS studies of (rare) top quark decays and couplings

In A~AS various analyses have been performed on top decays, using the PYTHIA Monte-Carlo inter-

faced to a fast detector simulation (A~FAST). In the following, the most relevant results are reported.

8.31 BR(t~ bX) and measurement Of lvbl

The SM prediction BR(t~ W+b) x 1 can be checked by comparing the number of observed (1 or 2)

b-tags in a i%sample. The first b-tag is used to identify the event as a t~ event, and the seeond b-tag (if

seen) is used to determine the fraction of top decays producing a b quark. Within the three-generation

SM, and assuming unitarity of the CKM matrix, the ratio of double 6-tag to single b-tag events is given

by:

Rzb/lb = BR(t~ Wb)/BR(t~ Wq) = \vtb12/(lvtb12+ lvt,12+ lki12) = l~b12 (83)

The CDF collaboration has used the tagging method in Ieptonic t; events to obtain the result

Rzbflb = 0.99+ 0.29 [261], which translates to a limit of lvtbl >0.76 at the 9590 CL assuming three-

generation unitarity. If this constraint is relaxed, a lower bound of ]V~bl >0.048 at the 95% CL is
obtained, implying only that lvtbl is much larger than either lVt~l or \Vt~l.

The LHC will yield a much more precise measurement of R2b11b. For eXample, t~ events in the
single Iepton plus jets mode can be selected by requiring an isolated electron or muon with pT >20
GeV, E~is’ > 20 GeV, and at least four jets with pT > 20 GeV. Requiring that at least one of the
jets be tagged as a b-jet produces a clean sample of tievents, with S/B = 18.6, with the remaining
background coming mostly from W+jet events [30]. Assuming a b-tagging efficiency of 60%, a sample

of 820000 single b-tagged events would be selected for an integrated luminosity of 10 fb– 1. Of these,
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276000 would be expected to have a second b-tag, assuming the SM top quark branching ratios. This

A~AS study indicates that the statistical precision achievable would correspond to a relative error of

6R2b/lb/%b/Ib (Stat.) = 0.2% for an integrated luminosity of 10 fb-l. The final uncertainty will be

dominated by systematic errors due to the uncertainty in the b-tagging efficiency and fake b-tag rates, as

well as correlations affecting the efficiency for b-tagging two different jets in the same event. Further

study is needed to estimate the size of these systematic uncertainties.

8.32 BR(t~ WX)

The measurement of the ratio of di-lepton to single lepton events in a tfsample can be used to determine

BR(t~ WX). In this case, the first lepton tags the t~ event, and the presence of a second lepton is used

to determine the fraction of top quark decays producing an isolated lepton, which can be then be related

to the presence of a W (or other leptonically decaying states) in the decay. The SM predicts that R2111z=
BR(W ~ Iv) x 2/9 where 1 = (e, p). Deviations from this prediction could be caused by new physics,

for example, the existence of a charged Higgs boson. The dominant H+ decays in such instances are
usually considered to be If++ TV or H+ ~ C,F. In either case, the number of isolated electrons and

muons produced in top decay would be reduced, andR2Z111 would be less than the SM prediction.

A study performed by A~AS [30] shows that with an integrated luminosity of 10 fb-l, a clean

sample of about 443000 t~ events in the single lepton plus jets mode could be selected by requiring an

isolated electron or muon with pT >20 GeV, 13y”6’ >20 GeV, and at least two b-tagged jets with pT

> 20 GeV. To determine R2z/lz, one then measures how many of these events have a second isolated
electron or muon, again with pT >20 GeV, and of the opposite sign to the first lepton. Assuming the

SM, one would expect a selected sample of about 46000 di-lepton events with these cuts. Given these
numbers, the statistical precision achievable would correspond to a relative error of 6Rzzlu/Rzzlll (stat.)

= 0.5% for an integrated luminosity of 10 fb-l. Further study is required to estimate the systematic

uncertainty on R2z11zdue to the lepton identification and fake rates.

8.33 Radiative Decays: t+ WbZ, t+ WbH

The ‘radiative’ top decay t+ WbZ has been suggested [233] as a sensitive probe of the top quark mass,

since the measured value of nq is close to the threshold for this decay. For the top mass of (173 + 5.2)

GeV [192], the SM prediction, based on the Z+ee signature and a cut m.. > 0.8iWz (see Section 8.1),
is BF&t (t+ T4%Z) = (5.4$”:) x 10–7 [233]. Thus, within the current uncertainty Jmt % 5 GeV, the

predicted branching ratio varies by approximately a factor of three. A measurement of BR(t~ WbZ)

could therefore provide a strong constraint on the value of mt. Similar arguments have been made for

the decay ta lVbH, assuming a relatively light SM Higgs boson.

A~AS has studied the experimental sensitivity to the decay A WbZ [30, 262], with the Z
being reconstructed via the leptonic decay Z-W (1 = e, p), and the W through the hadronic decay

W+ jj. The efficiency for exclusively reconstructing t-+WbZ is very low, due to the soft ~ spectrum

of the b-jet in the t+ WbZ decay. Instead, a semi-inclusive technique was used, where a WZ pair

close to threshold was searched for as evidence of the t+ WbZ decay. Since the ta WbZ decay is

so close to threshold, the resolution on mwz is not significantly degraded with respect to the exclusive
measurement. The selection of Z+ [1 candidates required an opposite-sign, same-flavor lepton pair,

each lepton having pT > 30 GeV and Iql <2.5. The clean Z+ 11signal allows a wide di-lepton mass
window to be taken (60 GeV < met < 100 GeV) in order to have very high efficiency. Candidates for

W+ jj decay were formed by requiring at least two jets, each having pT >30 GeV and Iql <2.5, and

satisfying 70 GeV < mjj <90 GeV. The 11j j invariant mass resolution was O[mwz] = 7.2 + 0.4 GeV,

and the signal efficiency was 4.3Yo.

The dominant backgrounds come from processes with a Z boson in the final state, primarily
Z+jet production, and to a much lesser extent from WZ and t; production. In order to reduce the



Z+jet background, an additional cut requiring a third lepton with pT >30 GeV was made. For the

signal process t~ ~ (WbZ) (Wb), this cut selects events in which the W from the other top decays

Ieptonically. After this selection, and with a cut on mwz of +10 GeV around the top mass, the total

expected background was reduced to% 1.5 events (mostly from WZ production) per 10 fb-l. Requiring

at least five events for signal observation leads to a branching ratio sensitivity of order 10-3. Since the

background has been reduced essentially to zero, the sensitivity should improve approximately linearly

with integrated luminosity. However, even with a factor of ten improvement for an integrated luminosity

of 100 fb-l, the sensitivity would still lie far above the SM expectation of order 10-7 – 10–6.

Given this result, observation of the decay t+ Wb17 does not look possible. The current LEP

limit on mH implies that the Higgs is sufficiently heavy that, in the most optimistic scenario that the

Higgs mass is just above the current limit, BR(t~ Wbll) s BR(t~ WbZ). As mH increases further,

BR(t~ Wb27) drops quickly. Assuming mH % mz, one would have to search fort+ Wb17 using

the dominant decay I++ b~. The final state suffers much more from background than in the case of

t+ WbZ, where the clean Z ~ 1+1- signature is a key element in suppressing background. Although

BR(ll~ @ in this mH range is much larger than BR(Z ~ /+1- ), the large increase in background
will more than compensate for the increased signal acceptance, and so one expects the sensitivity to

BR(t~ WMY) to be worse than for BR(t~ WbZ). The decay t+ lVZI12has therefore not been studied

in further detail.

8.34 t+ H+b

Limits on the mass of the charged Higgs have been obtained from a number of experiments. An indwect
limit obtained from world averages of the T branching ratios excludes at 90% CL any charged Higgs with

mH+ <1.5 tan ,L?GeV [263], where tan@ is the ratio of the vacuum expectation values of the two Higgs

doublets. CLEO indirectly excludes mH+ <244 GeV for tan,0 >50 at 95% CL, assuming a two-Higgs-

doublet extension to the SM [212], while the LEP experiments directly exclude mH+ <59.5 GeV/c2 at

95% CL [264]. Searches at the Tevatron have extended the region of excluded [mHA, tan ~] parameter

space, particularly at small and large tan ~, and set a limit on the branching ratio BR(t~ H+b) <
0.45 at 95% CL [265]. Run 2 at the Tevatron will be sensitive to branching fractions BR(t~ H+b) >

11% [266].

A~AS has performed an analysis of the experimental sensitivity to the t+ Il+b decay, followed

by H++ TV, in the context of the MSSM [30, 267]. Since the relevant t+ H+b branching ratio is

proportional to (m; cot2 ~.+ m? tan2 @ (see (73)), for a given value of mHA the branching ratio for

such decays is large at small and at large tan ~, but has a pronounced minimum at tan ~ w <= w

7.5. The exact position of this minimum and its depth is sensitive to QCD corrections to the running

b-quark mass.

In the A~AS amdysis, an isolated high-~ Iepton with I q I <2.5 is required to trigger the ex-
periment, which in signal events originates from the semi-leptonic decay of the second top quark. One

identified hadronic tau is then required, and at least three jets with pT >20 GeV and I q \ <2.5, of which

two are required to be tagged as b-jets. This reduces the potentially large backgrounds from W+jet and

b~ production to a level well below the t~ signal itself. These cuts enhance the ~-lepton signal from H*
decays with respect to that from W decay, and select mostly single-prong ~-decays. After the selection

cuts and the ~ identification criteria are applied, t+ H+ b decays appear as final states with an excess of

events with one isolated ~-lepton compared to those with an additional isolated electron or muon.

A signal from charged Higgs-boson production in tfdecays would be observed for all values of
mH* below mt – 20 GeV over most of the tan@ range. For moderate values of tan /3, for which the

expected signal rates are lowest, the accessible values of mH~ are lower than this value by 20 GeV. The
limit on the sensitivity to BR(t~ H+b) is dominated by systematic uncertainties, arising mainly from

imperfect knowledge of the ~-lepton efficiency and of the number of fake ~-leptons present in the final
sample. These uncertainties are estimated to limit the achievable sensitivity to BR(t~ H+b) = 370.
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For charged Higgs masses below 150 GeV and for low values of tan ~, the H*+ cs and H++ cb

decay modes are not negligible. In the same mass range, the three-body off-shell decays H*+ hW*,

H*+ AW* and H*+ bt”~ MW also have sizeable branching ratios. When the phase-space increases,
for 150 GeV < mH* < 180 GeV, both the bbW and the hW* mode could be enhanced with respect

to the rv mode. Decays into the lightest chargino ~~ and neutralino ~~ or decays into sleptons would

dominate whenever cinematically allowed. For large values of tan/3 the importance of these SUSY

decay modes would be reduced. However, for values as large as tan/3= 50, the decay H*+ ?fi would

be enhanced, provided it is cinematically allowed and would lead to r’s in the final state. Their transverse

momentum spectrum is, however, expected to be softer than that of r’s from the direct H*+ TV decays.

The II*+ es decay mode has been considered as a complementary one to the II*+ TV channel
by ATLAS for low values of tan/3. In the A~AS analysis, one isolated high pT lepton with I q I <

2.5 is required to trigger the experiment, which in signal events originates from the semi-leptonic decay

of the second top quark. Two b-tagged jets with pT > 15 GeV and I q \ <2.5 are also required, with

no additional b-jet. Finally, “at least two non-b central jets with I ~ I <2.0 are required for the H*+ cs

reconstruction, and no additional jets above 15 GeV in this central region. Evidence for H* is searched

for in the two-jet mass distribution. The mass peak from an Z@ decay can be reconstmcted with a

resolution of 0 = (5 – 8)GeV if the mass of the H* is in the range between 110 and 130 GeV. In this
mass range, the peak sits on the tail of the reconstructed W+ jj distribution from t; background events

which decay via a Wb instead of a If*b. In the mass range 110< H* < 130 GeV, the II* peak can

be separated from the dominant W+ j-j background, with S/B N 4-5% and S/@ N 5. This channel

is complementary to the H*+ TV channel for low tan ~ values. Whereas the H* ~ TV channel allows

only the observation of an excess of events, it is possible to reconstruct a mass peak in the H++ cs

decay mode.

The H++ hW*, H++ AW* and 27*+ bt”~ bbl$’ have not been studied so far by A~AS. Whh

the expected b-tagging efficiency, these multi-jet decay modes are very interesting for a more detailed
investigation.

8.35 t ~ Zq decay

The sensitivity to the FCNC decay t + Zq (with q = u, c) has been analyzed [268] by searching for a

signal in the channel tf ~ (Wb) (Zq), with the boson being reconstructed via the Ieptonic decay Z ~ 11.

The selection cuts required a pair of isolated, opposite sign, same flavor leptons (electrons or muons),
each with pT >20 GeV and Iql <2.5 and with lrn~~– mz I <6 GeV. The dominant backgrounds come

from Z + jet and WZ production. Not only cuts were applied on the Zq final state, but also on the Wb

decay of the other top quark in the event, to further reduce the background. Two different possible decay
chains have been considered: the first (“leptonic mode”) where the W decays leptonically W ~ lv,

and the second (“hadronic mode”) with W ~ jj. The hadronic W decay signature has a much larger

branching fraction, but suffers from larger backgrounds. The search in the leptonic mode required, in
addition to the leptons from the Z boson decay, a further lepton with pT >20 GeV and Iq] <2.5, ll?~igs

> 3(I GeV, and at least two jets with pT >50 GeV and Iql <2.5. Exactly one of the high pT jets was
required to be tagged as a b-jet. The invariant mass spectrum of each Zq combination was then formed

from the Z ~ 11candidates taken with each of the non b-tagged jets. The Zq invariant mass resolution

was 10.1 GeV. Combinations were accepted if mz~ agreed with the known top mass within + 24 GeV.

Assuming an integrated luminosity of 100 fb-l, 6.1 signal events survive the cuts with 7 background

events. A value of BR(t~Zq) as low as 2 .10-4 could be discovered at the 50 level.

The search in the hadronic mode required, in addition to the Z ~ 11candidate, at least four jets

with PT >50 GeV and Iql <2,5. One of the jets was required to be tagged as a b-jet. To further reduce
the background, the decay t + jjb was first reconstructed. A pair of jets, among those not tagged as a

b-jet, was considered a W candidate if \mjj – MwI <16 GeV. W candidates were then combined with
the b-jet, and considered as a top candidate if lmj~b – rnt I <8 GeV. For those events with an accepted
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t ~ jjb candidate, the invariant mass of the Z candidate with the remaining unassigned high pT jets was

calculated to look for a signal from t ~ Zg decays. Combinations were accepted in case Imz~ - m~ I

<24 GeV. Assuming an integrated luminosity of 100 fb-l, one would get 0.4 signal events, with 2
background events.

8.36 t + -yqdecay

The FCNC decay t ~ yq (with q = u, c) can be searched for as a peak in the Alv j spectrum in the

region of mt. The requirement of a high pT isolated photon candidate in tf + (V%) (yq) events is

not sufficient to reduce the QCD multi-jet background to a manageable level. Therefore, the t ~ Wb

decay of the other top (anti-) quark in the event was reconstructed using the Ieptonic W ~ & decay

mode, and looking for the tf+ (VVb)(yq) ~ (lvb) (yq) final state. For the event selection, the A~AS

collaboration [30, 262] required the presence of an isolated photon with pT >40 GeV and lql <2.5, an

isolated electron or muon with ~ >20 GeV ~d lql <2.5, and Ey”SS >20 GeV. Exactly 2 jets with M

>20 GeV were required, in order to reduce the tibackground. At least one of the jets was required to
be tagged as a b-jet with PT >30 GeV and Iql <2.5. The t + /vb candidate was first reconstructed.

The combination was accepted as a top quark candidate if m&b agreed with mt within +20 GeV. For

these events the t -+ ~q decay was sought by combining the isolated photon with an additional hard jet

with pT >40 GeV and Iql <2.5. The invariant mass of the yj system was required to agree with the

known value of mt within +20 GeV. l%e m~j resolution with the cuts described above was 7.7 GeV, and

the signal efficiency (not counting branching ratios) was 3.3%, including a b-tagging efficiency of 60%.

The background (155 events for an integrated luminosity of 100 fb-l) is dominated by events with a real

W ~ lV decay and either a real or a fake photon. These processes include t~,single top production,

W + jets and Wbb production. The corresponding 50 discovery limit is

BR(t + yq) = 1.0 X 10-4. (84)

8.37 t + gq decay

The search for a FCNC tgq coupling (with q = u, c) through the decay t + gq was analyzed in [229]

for the Tevatron. However, as can be seen from Table 23 in Section 7., the sensitivity for such a coupling

turns our to be much larger in the tproduction processes than in the decay t + gq, whose signal will be

overwhelmed by the QCD background. We refer the reader to Section 7. for a detailed discussion of this

point.

8.4 CMS studies of FCNC top quark decays and t+ H+b

The CMS sensitivity to t ~ Y(Z) (u, c) decays was studied recently (see [230] for details). The

PYTHIA 5.7 [52] generator was used for the signal and background simulations and the detector re-

sponse was simulated at the fast MC level (CMSJET [177]). For the t ~ T (u, c) signal the exact 2 -+ 5
matrix elements gg (qij) + t~ -+ ~u(c) + W*b(+ lvb) were calculated and rncluded in PYTHIA. The

t ~ y(Z) (u, c) decays would be seen as peaks in the Nfv(z),jet spectrum in the region of mt. To separate
the signal from the background one has to exploit the presence of the additional top decaying to the Ivb

in the same event. The signature with the hadronic decay of the additional top was found to be hopeless.

8.41 t + -Y(u,c)

In order to separate the (~q) (M) final state from the backgrounds several selection criteria were
found to be effective. First, the presence of one isolated photon with 13t ~ 75 GeV and Iql ~ 2.5, one

isolated lepton (p, e) with Et ~ 15 GeV and Iql ~ 2.5, and at least two jets with Et ~ 30 GeV and

Iql Z 2.4 iS ~quired. One top qu~k hm to be reconst~cted from the photon ~djet (~v,j~t c w * 15
GeV), the corresponding jet is not allowed to be b-tagged. On the contrary, the jet with maximal Et,



which is not involved in the (~, jet) system has to be b-tagged, should have l?t ~ 50 GeV and contribute

to another reconstructed top quark (Mlvj c mt A25GeV). There must be no additional jets with Et ~ 50
GeV. The b-tagging efficiency was assumed to be 6070 for the purity 1%(10’%) with respect to the gluon

and light quark jets (c-quark jets). After this selection, approximately 270 background events dominated

by the tf and W + jets, including Wb~, survive for the integrated luminosity of 100 fb-l, while the signal

efficiency is 9.lYo. The S/B ratio is about 1 for BR(t + -y(u, c)) = 10-4 and the 5 u discovery limit is

as low as 3.4 x 10-5 for 100 fb-l.

8.42 t ~ Zq

The t ~ Zq signal was searched for in the t; ~ (l@)@ final state. Three isolated leptons with

Et ~ 15 GeV and Iql <2.5, and exactly two jets with Et ~ 30 GeV and \ql <2.5 are required. The

pair of the opposite-sign same-flavour leptons has to be constrained to the Z mass (&ftl c hlz + 6 GeV)

and one jet, combined with the reconstructed Z, has to form the top system (&f’-j c mt + 15 GeV).

This jet is not allowed to be the b-jet, but the last “free” jet in the event has to be b-tagged. For the

integrated luminosity of 100 fb-l just N 9 background events coming from the WZ, tfZ and Z + jets

processes survive. The signal efficiency is about 6.8’% which corresponds, however, only to -12 events

for BR(t ~ 2(u, c)) = 10-4. The indication is that one can reduce the background rate to the nearly

zero level tightening the selection criteria. In particular, requiring in addition Etmiss ~ 30 GeV and a

harder jet involved in the top (1~’) system (Et ~ 50 GeV) one can reduce the background to the leveI

of -0.6 events still keeping w 3.7% of the signal (6.6 events for BR(t ~ 2(u, c)) = 10–4 and 100

fb-l). One can conclude that the t ~ 2(u, c) signal should be very clean but, due to the low signal event

rate, only N 3 x 100fb-l of integrated luminosity would allow one to probe BR(t ~ Z(u, c)) as low as

10-4, provided the present background understanding is correct and the detector performance will not

be deteriorated during the long run. The 5a reach for 100 fb-l is N 1.9 x 10–4.

8.43 t+ ll+b

CMS has investigated the production of the light charged Higgs, m@ < ?%, h ~~eventsUsfigthedew

chain t&ll*bWb~(r*v.b) + (AA) [269]. The lf*~rv branching ratio is large ~9890 in this mass
range for tan @ >2 and only slightly dependent on tan ~. The t~ll+b branching ratio is large both at

high and at low tan ~ values and has a minimum of wO.8% around tan@ N6. Since the Higgs mass
cannot be reconstructed in this process the signal can be only inferred from the excess of r production

over what is expected from the SM t~Wb, W*~~*v decay.

An isolated lepton with pt >20 GeV is required to identify the top decay and to trigger the

event. The r’s are searched starting from calorimeter jets with Et >40 GeV within IVI <2.4. For the

~ identification the tracker information is used, requiring one hard isolated charged hadron with pt >30

GeV within the cone of AR <0.1 inside the calorimeter jet. The algorithm thus selects the one prong T

decays.

The main backgrounds are due to the tf events with tf~WbWb~(#v7b) + (~vb) and W +
jet events with W-wv. The tt background is irreducible, but can be suppressed by exploiting the

~ polarisation effects [270]. Due to the ~ polarisation the charged pion from ~-m* v decay has a

harder pt spectrum when coming from l@~w than from W*~Tv. The decay matrix elements with

polarisation [271] were implemented in PYTHIA [52]. Due to the polarisation, the efficiency of the above

r selection is significantly better for If+ ~~v (N 19’%0)than for W* ~Tv (w670).

The events were required to have at least one b-jet with Et > 30 GeV tagged with an impact
parameter method [272]. This b-tagging suppresses efficiently, by a factor of-70, the background from

W+jet events. The efficiency for t~ events is -35%. The expected 5a discovery range for 10 fb-l
in the MSSM (mA, t an ~) parameter space was found to be: m.4 < 110 GeV for all tan@ values and

somewhat extended (m.4 S 140) for tan ~ ,$ 2.
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8.5 Conclusions on rare top deeays

In the framework of the SM, the top rare decays (that is any channel different from taqW) are definitely

below the threshold for an experimental analysis at LHC. On the other hand, LHC experiments will be

able to probe quite a few predictions of possible extensions of the SM.

An extended Higgs seetor will be looked for through the tree-level decay t~bfl+. ATLAS esti-

m@es its sensitivity to this channel in the MSSM, through an excess in the tau lepton signal, to be around

BR(t~ll+b) =3% (that is almost 4 times better than what expected from Run 2 at the Tevatron). This

would allow to probe all values of m@ below mt – 20 GeV over most of the tan ~ range. For low

tan /?, the complementary decay mode I-l*~cs has been considered. In the mass range 110< H* <

130 GeV, the H* peak can be reconstructed and separated from the dominant W~jj background.

For CMS, using the ~ excess signature, the expected 5U discovery range for 10 fb-l in the MSSM

(mA, tan ~) parameter space is mA <110 GeV, for all tan@ values, and somewhat extended (mA s
140), for tan ~ s 2.

Other interesting signatures like 17*+AW*, H*~AW* and lY*~bt*~MW are very promising
in particular parameter ranges, but have not yet been thoroughly investigated.

A~AS has studied its sensitivity to the radiative decay taWbZ. This has been found to be at

most of the order 10-4, that is insufficient for the study of a SM signal (~ 10-6), but possibly useful for

exploring the predictions of some extended Higgs-sector model, for which BR(t~WqZ) S 10-2. On

the other hand, the radiative Higgs decay t~WblY seems out of the reach of LHC in any realistic model.

The LHC reach for the FCNC decays t~qZ, t~qy and t+g has also been thoroughly in-
vestigated. Apart from the t~qg, which is completely overwhelmed by the hadronic background, both

ATLAS and CMS have a sensitivity of about 2 x 10-4 to the t~qZ channel, while the CMS reach for

the t~qy channel is about 3.4 x 10-5, that is slightly better than the A~AS sensitivity (1.0 x 10-4),

assuming an integrated luminosity of 100 fb-l. These thresholds could be largely sufficient to detect

some manifestation of possible FCNC anomalous couplings in the top sector.

A~AS has also investigated its sensitivity to a measurement of \Vtbl through a determination

of the rate BR(t~bX), by comparing the number of observed (1 or 2) b-tags in a t: sample. Within

the three-generation SM, the ratio of double b-tag to single b-tag events is Rzbl~~ = lVtb12. LHC will

allow a much more precise determination of R2bllb with respect to the Tevatron (where, presently, one

gets \Vtbl >0.76 at the 95% CL). @ a purely statistical basis, the expected relative error on Rzbllb is

~R2b/lb@2b/lb (Stat.) = 0.2% for an integrated luminosity of 10 fb-l, that would imply a relative error
on Ivtb I of about 10/m . On the other hand, the final uncertainty will be dominated by systematic errors

related to the b-tagging. Further study is needed to estimate the size of these systematic uncertainties.

9. ASSOCIATED TOP PRODUCTION24

The associated production of a Higgs boson (both SM-like and MSSM) with a top-antitop pair, is one of
the most promising reactions to study both top quark and Higgs boson physics at the LHC.

The pp + tFHchannel can be used in the difficult search for art intermediate mass Higgs (m~ &
100 – 130 GeV), as first proposed in [273]. In this mass region, the associated top production cross
section is quite high but still smaller than the leading gg + II and qq ~ Hqq cross sections by two

orders and one order of magnitude, respectively. However, since the final state t;~ signature is extremely

distinctive, even such a small signal production rate can become relevant, especially if identifying the

Higgs through its dominant H ~ b~ decay becomes realistic, as will be discussed in the following.

Associated .@/ production will furthermore provide the first direct determination of the top quark
Yukawa coupling, allowing to discriminate, for instance, a SM-like Higgs from a more general MSSM

Higgs. Processes like gg ~ H or H ~ y-y are also sensitive to the top Yukawa coupling, but only

24Section coordinators: A. Belyaev, L. Reina, M. Sapinski (ATLAS), V. Drollinger (CMS),
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Fig. 45: Cross section for t~ff production at the LX-fCas a
functionof the Higgsmass, for P = m~.

Fig. 46: Diagrams for gg+tfll, the leading parton
level process forpp ~ t;~.

through large top loop corrections. Therefore loop contributions from other sources of new physics can

pollute the interpretation of the signal as a meastiement of the top Yukawa coupling.

In the following we will concentrate on the case of a SM-like Higgs boson, whose top Y&awa

coupling (yt = 2314Gj’2mt) is enhanced with respect to the corresponding MSSM (scalar Higgs) cou-

pling for tan @ > 2, the region allowed by LEP data. Predictions for the MSSM case can be easily

obtained by resealing both the till coupling and any other coupling that appears in the decay of the

Higgs boson.

The cross section for pp j till at LO in QCD has been known for a long time [274] and has

been confirmed @dependently by many authors. We have recalculated it and found agreement with the

literature. Of the two parton level processes (q~ + tf~ and gg ~ till), gg ~ t;ll dominates at

the LHC due to the enhanced gluon structure function. The complete gauge invariant set of Feynman

diagrams for gg ~ tfll is presented in Fig. 46. The corresponding analytical results are too involved to

be presented here. The numerical results for X= 14 TeV and a few values of the QCD scale p are given

in Table 25, and illustrated in Fig. 45 as functions of mH, for p= mH. For consistency, we have used the

leading order CTEQ4L PDFs [115] as well as the leading order strong coupling constant (for reference,

&O(P = ~z) = 0.1317 for A(5)Q~~ = 0.181). The cross section, as expected from a LO calculation,
shows a strong scale dependence, as can be see in Table 25, where results for p = mH , mt, mH + 2mt
and W are presented. In comparison with p = 2mt + mH, for p = mH we have 80-50% higher cross
sections, when 100 GeV < mH <200 GeV. Since the choice of the QCD scale at LO is pretty arbitrary,

and since we expect NLO QCD corrections to enhance the LO cross section, we decide to use p = mH in

Fig. 45 and in the following presentation. These calculations have been performed independently using

the CompHEP software package [275] and MADGRAPH [276]+HELAS [277].

The NLO QCD corrections are expected to enhance the cross section, but their complete evaluation

is still missing at the moment. Associated top production is in fact the only Higgs production mode for
which the exact NLO QCD corrections have not been calculated yet. ne task is very demanding, since

it requires the evaluation of several one loop five-point functions for the virfual corrections and the
integration over a four-particle final state (three of which massive) for the real corrections.

For hwge mH, the cross section for tf~ has been c~culated including a complete resummation

of potentially large logarithms, of order in (m~/mt), to all orders in the strong coupling [278]. These
effects can almost double the cross section for mH = 1 TeV.
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Table 25: Leading order cross sections for tiH production at the LHC.The individualparton levelchannels(qq + till and

gg + W) as wellas their sum are given for a few values of the renormalization scale p.

rnH [GeV] 9q [fbl 99 [fbl qq+gg[fb] qq+gg[fb] qq+gg[fb] qq+gg[f%]
~=m~ ~=mH fi=mH p=mt /L=zm~~mH /L.&

100 348. 990. 1340. 1070. 765: 685.
110 279. 740. 1020. 840. 596. 534.
120 227. 558. 785. 674. 473. 422.

130 186. 428. 613. 542. 379. 338.
140 153. 334. 487. 445. 308. 273.

150 128. 263. 391. 367. 251. 224.

160 107. 210. 317. 306. 207. 184.

170 90.5 169. 260. 257. 173. 152.

180 76.8 139. 216. 218. 145. 128.

190 65.7 115. 181. 187. 124. 108.

200 56.4 97.1 153. 162. 106. 92.4

300 15.0 29.5 44.5 55.7 33.2 28.4

400 5.11 15.6 20.7 29.6 16.2 13.8

500 2.04 9.51 11.5 18.4 9.32 7.98

600 0.909 6.00 6.91 12.1 5.73 4.93

700 0.439 3.86 4.29 8.20 3.63 3.14

800 0.226 2,50 2.72 5.62 2.34 2.04

900 0.122 1.65 1.76 3.90 1.54 1.35

1000 0.0684 1.10 1.16 2.73 1.02 0.900

For an intermediate mass Higgs, the K factor (ONLo/uLo) has been estimated in the Effective

Higgs Approximation (EHA) [279]. l%e EHA neglects terms of 0 (mH/@) and higher and works

extremely well for e+ e– + t~~ already at ~= 1 TeV. However, it is a much poorer approximation in

the pp ~ tfH case, since it does not include the t -channel emission of a Higgs boson for gg + t;lf.
Indicatively, at & = 14 TeV, for a SM-like Higgs boson with mH cx 100 – 130 GeV, the EHA gives

K& 1.2 – 1.5, with some uncertainty due to scale and PDF dependence. Only the complete knowledge

of the NLO level of QCD corrections will allow to reduce the strong scale and PDF dependence of the

LO and EHA cross sections. For the following analysis we choose to use the pure LO cross section
with no K-factor, both due to the uncertainty of the result and for consistency with the corresponding

background cross sections. However, one should point out that, due to the choice of a quite low QCD

scale (p.= mH), a sort of eflective K-factor has been automatically included in our analysis.

In the following subsection we present the analysis and results from the A~AS collaboration as

well as a discussion of the main backgrounds. The analysis mainly focuses on the search and study

of an intermediate mass Higgs boson. To introduce the study, it is useful to discuss and qualitatively

understand the size of the possible irreducible backgrounds in the 100< mH <140 GeV mass region.

Given the relatively small number of events that will be available, one should try to consider all

possible decay channels of the Higgs boson in the intermediate mass region: H ~ b;, ~F, -y~, WW

and 22. The corresponding irreducible backgrounds are: 1) tib~, 2) t.f~7, 3) tfy-y, 4) ti%VW, and 5)
tIZZ. The number of events expected from signal and background signatures for 1)-5) are presented in

Fig. 47. This figure shows the number of sigmd and background events in each bin of the corresponding

inVti~t mass: kfbb , MTT, MTT, Mww or Mzz. They are obtained multiplying the tfll cross section

by the respective Higgs boson branching ratios. In order to take into account finite mass nxolution
effects, we have chosen 10 GeV bins for the MVT distribution and 50 GeV for the others. The presented



Table26: Leading-ordercrosssectionsfor various ti~X backgrounds.

t~bb tfTF tiyy tiww tizz
cuts [qbl ~ 3 /%1 <3 lq~l <2.5

E; >15 GeV E$ >15 GeV E; >15 GeV

mbb’>90 GeV N& >90 GeV
c1[fb] qq 41.2 2.9 2.73 0.50 1.11

99 846. 15.7 1.82 1.52 0.567

qq+gg 887. 18.6 4.55 2.53 1.68

numbers correspond to 30 fb– 1 of integrated luminosity. The corresponding total cross sections are given

in Table 26.

Cross sections for backgrounds 1)-3) were calculated with the kinematic.cuts shown in Table 26,

while for processes 4) and 5) no cuts were applied. We have used CTEQ4L PDF and p2 = &fxx, where

XX is b~, #r-, -yy, W+ W- or 22 depending on the channel. One can see that the tib~ signature

has the highest signal (and background) event rate. It has been the object of the study of the ATLAS

collaboration and will be discussed in the next section. The t~y~ channel has also been the subject

of [280] where signal as well as reducible and irreducible backgrounds have been studied in details at the

parton level. However, one can see that other signatures could also be interesting and helpful in searching

for the Higgs boson and measuring the tFH Yukawa coupling, and should be taken into account in future

studies.

9.1 ttH : Analyses and Results

The ATLAS collaboration has studied several channels in which the discove~ of a SM-like Higgs boson

would be possible and obtained a quite complete Higgs discovery potential [30]. One of the most impor-
tant channels for discovery of a low mass Higgs boson (100 – 130 GeV) is the tiH, H + b~ channel,

in which it is possible to obtain quite large signal significance [281] and also to measure the top-Higgs

Yukawa coupling.

The final state of this channel consists of two W bosons and four b–jets: two from the decay of

the top quarks, and two from the decay of the Higgs boson. In order to trigger signal events, one W

boson is required to decay leptonically. The second W boson is reconstructed from the decay to a q’~
pair. This channel could be also investigated with both W bosons decaying Ieptonically. However, for

this signature the total branching ratio is much smaller and, in addition, it is more difficult to reconstruct

two neutrino momenta from the measured missing energy.

In the analysis both top quarks are fully reconstructed, and thk reduces most of the W+jets back-
ground. The reconstruction is done using strategies similar to those discussed in Section 3.5 for the

kinematic studies of t~ production. The main backgrounds for this process are:

● the irreducible continuum ti%~ background;

● the irreducible resonant tfz background, which is not very important for this channel as it has a

very small cross section;

● the reducible backgrounds which contain jets misidentified as b-jets, such as tf’j,Wjjjjjj;

WWb@j, etc.

After the reconstruction of the two top quarks, it has been found that the most dangerous back-

ground is tfb;(56% of all tf+jets background). In Table 27 we give a xBR, where BR represents the
product of the branching ratios for t a Wb, WI ~ h, W2 ~ ql~2,and H ~ b& We aiso give
the number of events expected after the reconstruction procedure for 3 years of low luminosity oper-

ation (b-tagging efficiency c~ = 60?10; probability to mistag c-jet as b-jet q = 107o; probability to
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Fig. 47: Number of events for t~H signal (solid line) and background tt~-,tf~y,ttwW, tiZZ signatures (histogram), as a

function of the corresponding invariant masses A4XX, assuming 30 fb- 1 of integrated luminosity at ~ = 14 TeV. The bin size

is 10 GeV for tbe &177distribution and 50 GeV for the others.

mistag any other jet as b-jet ~j = l?lo; ~~~ > 15 GeV, lepton identification efficiency ~e = 9070;

p~p >20 GeV), and after one year of high luminosity operation (for high luminosity the b-tagging effi-
ciency is degraded to ~~ = 50% (c., ej and Et remain unchanged), the threshold on jet reconstruction is
raised to pT > 30 GeV and the electron ~ threshold is raised to p? >30 GeV). Combined results are

also shown.

Figure 48 shows the signal and background shapes for mH = 120 GeV and 100 fb-l of integrated

luminosity obtained with combined detector performance (30 fb-l with low luminosity and 70 fb-l with

high luminosity). On the other hand, Fig.49 illustrates the signal shape for mH = 100 GeV, as obtained

by using the full (GEANT) simulation of the detector. In this figure, the shaded area represents the true

signal where both b-jets come from the Higgs boson, and the solid line stands for the signal obtained
through the method that we described above. The combinatorial background, which comes Ilom taking

at least one b-jet from a top instead the one from the Higgs, is quite large and the signal purity is at the
level of 60% for low Luminosity.

For the fast simulation the mbb peak mass resolution is o~~~ = 19.0 GeV, while for the fill

simulation, including the influence of electronic noise and the threshold on cell energy, a resolution

‘m bb
=20.0 GeV has been obtained.
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Table 27: Cross sections mukiplied by branching ratios and numbers of events after all cuts, includkg the *3o m~b mass win-

dow cut, for 30 fb-l (low luminosity detector performance), 100 fb-l (high luminosity detector performance) and combined

100 fb-* (30 fb-l with low luminosity and 70 fb-lwith high luminosity detector performance) of integrated luminosity.

crx BR nr. of
process (pb) reconstructed events

low lurni high Iumi combined

tfH, mH = 120 GeV 0.16 40 62 83

tii-+ jets 87 120 242 289

Wjjjjjj 65200 5 10 12

tfz 0.02 2 5 6
total background - 127 257 307

S/B 0.32 0.24 0.27

S/flB) : 3.6 3.9 4.8

s~+~~[stotal - 59% 50% -

~ytf’yt (stat.) - 16.2% 14.4% 11.9%

Similar analyses have been performed for the t~H, H ~ ~~ channel. Since the signal rate for this

channel is very small, it will not be useful during the low luminosity period. However, thanks to the high

purity of the signal, it will be possible to obtain between 4 or 5 signal events above 1 event from i%yy

background per one year of high luminosity operation [282]. To increase the signal rate, WH and ZH
with H ~ ~~ channels have been included into the analysis and 14 signal events above 5 background

events (WyqJ, ZVY, t~~y and I@-y) are expected for one year of high luminosity operation [30].

The statistical uncertainty in the determination of the top-Higgs Yukawa coupling yf is given in

the last row of Table 27. These results assume that the theoretical uncertainty is small, as we expect to

be the case by the time the LHC turns on. Many statistical uncertainties of the direct measurement of

Yt,such m thosemsociatedwith uncertainties in the integrated luminosity and in the tireconstruction
efficiency, could be controlled by comparing the tfH rate with the tfrate.

To conclude, the tiH, H ~ b~ and H ~ y~ channels are very useful for Higgs boson discovery

as well as for the measurement the of top-Higgs Yukawa coupling.

9.11 A closer look at the tfb~ background: CompHEP versus PYTHIA

It is necessary to stress that the correct understanding of the tFb~background is one of the main points

of this study. One can simulate this background using PYTHIA, by generating events of top pair produc-

tion and emitting b~ pairs from the gluon splitting after the initial and final state radiation. In order to

understand how good or bad this approximation is, one needs to calculate and simulate the complete ti%~
process. We have done this using the CompHEP package [275].

In order to compare CompHEP and PYTHIA on the same footing, one should take into account

the effects of the initial and final state radiation in CompHEP. This has been done through a CompHEP-

PYTHIA interface [283]. We use parton level events generated by CompHEP and link them to PYTHIA in

order to include initial and final state radiation effects as well as hadronization effects.

Table 28 presents parton level CompHEP and PYTHIA cross sections including branching ratios
of the W-boson decay, for the same choice of structure fimction (CTEQ4L [115]) and QCD scale (P2 =

m~+p~(average)). We can see a good agreement for the total cross sections between the exact calculation
and the gluon splitting approximation.

In Fig. 50 we present the distribution of b-jet separation in t~b~ events. One can see a quite

good agreement between CompHEP and PYTHIA. Figures 51 and 52 compare the transverse momentum
distributions of the most energetic b-jet and of the least energetic b-jet in tfh~ production, as reproduced
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Table 28: Results for the t~ background, assuming an integrated luminosity .Cint = 30 1%-1: CompHEP (ISR and FSR

included) versus PYTHIA (default).

Seleetion CompHEP PYTHIA CompHEP / PYTHIA

4 b-quarks with 92000 events 87600 events 1.05

PT >15 GeV/c; Iql <2.5 0 = 3.1 pb u = 2.9 pb

AR(b,b) >0.5 54000 events 48900 events 1.10
b-quarks not from top decay 59% of prev. Step 56% of prev. Step

using PYTHIA and CompHEP respectively. These distributions also confirm that PYTHIA describes well

the t~h~ background.

9.2 Summary and conclusions for tZH production

The associated production of a Higgs boson with a top-antitop pair is important for the discovery of an

intermediate mass Higgs boson (mH ? 100 – 130 GeV) and provides a direct determination of the top-

Higgs Yukawa coupling. From studies of the couplings and of the CP-parity of the Higgs boson [284] it

will be possible to discriminate, for instance, a SM-like Higgs boson from a generic MSSM one.

The ATLAS analysis has focused on the tfll, H + b~ channel for the low luminosity run of the

LHC (30 fb-l of integrated luminosity). The results presented in Section 9.1 are very encouraging and
indicate that a signal significance of 3.6 as well as a precision of 16V0in the determination of the Yi.dcawa

coupling can be reached (for 7??,H= 120 GeV). Better results can be obtained from the high luminosity

run of the LHC (100 fb-l of integrated luminosity), when also the high purity $FH, H -+ ~~ channel is

available.
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A APPENDIX: b-TAGGING AND JET E-SCALE CALIBRATION IN TOP EVENTS25

For the reconstruction of the top events and in particular for the precision measurement of the top mass
two important aspects in the detector performance have to be considered:

● the b-quark jet tagging capabilities and efficiency in top events, and

● the jet energy scale calibration for the light quark jets but in particular for the b-jets.

In both experiments A~AS and CMS several studies have been made on these, highlights of which are

presented here. From the preliminary results available so far, there is confidence that the numbers used
or implied in the analyses presented in this report are realistic. Needless to say that these are preliminary

results and several detailed studies need to be performed with the final detector simulations and the first

LHC data.

=Section coordinator I. EfthYrniOPOulOs
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Al b-jet tagging in the top events

ATLAS has done extensive studies for the b-tagging performance using jets from the decay of 100 and

400 GeV Higgs bosons ([30], Chapter 10). In Fig. 53 the rejection factors for the light quark jets versus

the b tagging efficiency and the jet p~ are shown.

Typically in the ATLAS analyses discussed here, and in particular for the fast simulation studies,

an overall b-jet tagging efficiency of 6090 (50Yo) for low (high) luminosity of LHC is used. The rnis-

tagging inefficiencies for the c-jets (or other light quark jets) were 10% (1%) for the p~ range interesting

for the top physics. Although most of the studies were done with events from the Higgs decays, the
results were verified with the top events themselves and no significant differences were found.

A2 Absolute jet energy scale calibration

Determining the absolute jet energy scale at LHC will be a rather complex issue because it is subject
to both physics (initial-final state radiation, fragmentation, underlying event, jet algorithm etc.) and

detector (calorimeter response over a wide range of energies and over the full acceptance of the detector,

non-linearities at high energies, e/h ratio etc.) effects. All these have to be understood at the level of a

fraction of a percent in terms of systematic uncertainties as required for the precision measurements of

the top mass.

ATLAS has done an extensive study of the possible in situ jet scale calibration methods using

specific data samples available at LHC ([30], Chapter 12). In general, good candidate event classes at

LHC will be:

● reconstruction of W ~ j-j decays within tie top events themselves [12] to obtain the light quark

jet calibration and,

● events containing a Z boson decaying into leptons balanced with one high-pT jet to cross-check

the”light quark jet calibration but in addition to calibrate the b-jets and extend the energy reach to

the TeV range.

In Fig. 54 the results obtained are shown. As can be seen (left plot) for the case of W s jj events,
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once the jet 4-vectors are resealed using the Lfw constraint the required 170 uncertainty is reached for

jets with p~> 70 GeV up to several hundred GeV. The lower and upper end of this range will depend on

how well residual systematic effects can be controlled in the data and the Monte Carlo simulation [285].

The use of the Z + jets sample in LHC is a bit less straightforward than at the Tevatron [286]

due to the ISR radiation which produces an additional high-p~ jet which degrades the quality of the

p~-balance between the Z boson and the leading jet. In Fig. 54 (right) the variation of the average

fractional imbalance between the pT of the leading jet and the Z boson as a function of the pT of the jet.
Resealing the jet pT to satisfy ~ balance with the Z boson and applying tight selection criteria (jet veto

and difference in azimuth 64 between the reconstructed Z and the leading jet) the desired goal of +170

systematic uncertainty on the absolute jet energy scale can be achieved for jets with pT > 50 GeV and

up to the TeV range [287].

However, as shown in Fig. 54 (right), it is possible, taking advantage of the large rate and requiring
tight event selection criteria, to obtain the required precision for jets with p~ >40 GeV and up to the TeV

range.

Clearly more studies are needed, and will be done in the years to come, to understand the limita-
tions of the proposed methods and to devise possible improvements.

B APPENDIX: DIRECT MEASUREMENT OF TOP QUANTUM NUMBERS26

B1 Top spin and experimental tests

Evidence to date is circumstantial that the top events analysed in Tevatron experiments are attributable

to a spin-112 parent. The evidence comes primarily from consistency of the distribution in momentum

of the decay products with the pattern expected for the weak decay t ~ b + W, with W ~ 1’+ v or

W a jets, where the top t is assumed to have spin-1/2.

‘Section coordinators: E.L. Berger, U. Baur.
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It is valuable to ask whether more definitive evidence for spin-1/2 might be obtained in future

experiments at the Tevatron and LHC. We take one look at this question by studying the differential

cross section dcr/dMtf in the region near production threshold [288]. Here A& is the invariant mass of

the t~ pair. We contrast the behaviour of t~ production with that expected for production of a pair of

spin-O objects. We are motivated by the fact that in electron-positron annihilation, e+ + e– ~ q + ~,

there is a dramatic difference in energy dependence of the cross section in the near-threshold region for

quark spin assignments of O and 1/2.

For definiteness, we compare top quark t and top squark ; production since a consistent phe-

nomenology exists for top squark pair production, obviating the need to invent a model of scalar quark

production. Moreover, top squark decay may well mimic top quark decay. Indeed, if the chargino ~+

is lighter than the light top squark, as is true in many models of supersymmetry breaking, the dominant

decay of the top squark is i?~ b + ~+. If there are no sfermions lighter than the chargino, the chargino

decays to a W and. the lightest neutralino ~. In another interesting possible decay mode, the chargino

decays into a lepton and slepton, ~+ ~ I+fi. The upshot is that decays of the top squark may be very

similar to those of the top quark, but have larger values of missing energy and softer momenta of the

visible deeay products. A recent study for Run II of the Tevatron [289] concluded that even with 4 fb-l

of data at the Tevatron, and including the LEP limits on chargino masses, these decay modes remain

open (though constrained) for top squarks with mass close to the top quark mass.

At the energy of the CERN LHC, production of tipairs and of ~~pairs is dominated by gg subpro-

cess, and the threshold behaviors in the two cases do not differ as much as they do for the qij incident

channel. In Fig. 55(a), we show the partonic cross sections &(W) as functions of the partonic sub-

energy W for the gg channel. In Fig. 55(b), we display the hadronic cross sections for pp ~ tiX and

pp ~ f;X at proton-proton center-of-mass energy 14 TeV as a fi.mction of pair mass. We include the

relatively small contributions from the qij initial state. After convolution with pr@on densities, the shape

of the ~~pair mass distribution is remarkably similar to that of the t; case.

Based on shapes and the normalisation of cross sections, it is difficult to exclude the possibility that

some fraction (on the order of 1070) of top squarks with mass close to 165 GeV is present in the current

Tevatron tfsample. The invariant mass distribution of the produced objects, MtF, is quite different at the

partonic level for the qtjinitial state (dominant at the Tevatron), but much less so for the gg initial state
(dominant at the LHC). However, after one folds with the parton distribution fimctions, the difference in

the q? channel at the Tevatron is reduced to such an extent that the Mt~ distribution is not an effective

means to isolate top squarks from top quarks.

Ironically, the good agreement of the absolute rate for tf production with theoretical expecta-

tions [45, 47] would seem to be the best evidence now for the spin-1/2 assignment in the current Tevatron

sample.
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A promising technique to isolate a top squark with mass close to mt would be a detailed study

of the momentum distribution of the top quark decay products (presumably in the top quark rest frame).

One could look for evidence of a chargino resonance in the missing transverse energy and charged lepton

momentum, or for unusurd energy or angular distributions of the decay products owing to the different

decay chains. One could also look for deviations from the expected correlation between angular distri-

butions of decay products and the top spin [167].

As a concrete example of an analysis of this type, in Fig. 56 we present the distribution in the

invariant mass X of the bottom quark and charged lepton, with X2 = (p~ + pl+ )2, where the bottom

quark and Iepton’ are decay products of either a top quark with mi = 175 GeV or a top squark ~ +
~+b ~ W+~Ob ~ l+vt~ob, with mi = 165GeV, m%+ = 130 GeV, m%o =40 GeV, and mb = 5 GeV.

The X distribution is a measure of the degree of polarisation of the W boson in top quark decay [290],
and the figure shows that the different dynamics responsible for top squark decay result in a very different
d~stribution, peaked at much lower X. The areas under the curves are normalised to the inclusive tf and

~i$rates at the LHC.

In this simple demonstration potentially important effects are ignored such as cuts to extract the t;

signal from its backgrounds, detector resolution and efficiency, and ambiguities in identifying the correct

b with the corresponding charged Iepton from a single decay. Detailed simulations would be required
to determine explicitly how effective this variable would be in extracting a top squark sample from top

quark events. Nevertheless, such techniques, combined with the large t~ samples at the Tevatron Run II

and LHC, should prove fruitful in mling out the possibility of a top squark with mass close to the top

quark mass, or alternatively, in discovering a top squark hidden in the top sample.

B2 Direct Measurement of the Top Quark Electric Charge

In order to confirm that the electric charge of the top quark is indeed Q~oP = 2/3, one can either me~ur~

the charge of the b-jet and W boson, or attempt to directly measure the top quark electro-magnetic

coupling through photon radiation in

pp+tt’y, Pfk+tt, t+Wb7. (85)

Since the process pp+tiy is dominated by gg fusion at the LHC, one expects that the ti-ycross section is
approximately proportional to Q~OP.For radiative top decays the situation is more complicated because
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the photon can also be radiated off the b-quark or the W line.

The charge of the b-jet can most easily be measured by selecting events where the b-quarks are

identified through their semi-leptonic decays, b~lvc with/ = e, p. The small semi-leptonic branching

ratio of the b-quark (Br(b-Mvc) R 10$10)and wrong sign leptons originating from B – ~ mixing are the

main problems associated with this method. For a quantitative estimate realistic simulations are needed.

Nevertheless, we believe that the enormous number of top quark events produced at the LHC should

make it possible to use semi-leptonic b-tagging to determine the electric charge of the top quark.

In our analysis, we focus on top charge measurement through the photon radiation processes listed

in (85), concentrating on the Iepton+jets mode,

pp+ytvj jbk (86)

We assume that both b-quarks are tagged with a combined efficiency of 40%. Top quark and W decays

are treated in the narrow width approximation. Decay correlations are ignored. To simulate detector

response, the following transverse momentum, rapidity and separation cuts are imposed:

p~(b) >15 GeV, Iy(b)l <2, (87)

~(l) >20 GeV, lq(~)l <2.5, (88)

~(j) >20 GeV, IWI <2.5, (89)

PT(Y) >30 GeV, lqcYJl <2.5, (90)

$T >20 GeV, all AR’s >0.4. (91)

In addition, to suppress contributions from radiative W decays, we require that

nz(jj~) >90 GeV and ?72T’(&;*T) >90 GeV, (92)

where mT is the cluster transverse mass of the ly system.

1.

2.

3.

The events passing the cuts listed in (88) - (92) can then be split into three different subsamples:

By selecting events which satisfy

m(bjjy) >190 GeV and mT(b@; IT) > 190 GeV, (93)

radiative top quark decays can be suppressed and an almost pure sample of tf~ events is obtained

(@ cuts”).

For

mT(bl,#7; #T) < 190 GeV and m(b2,1jjy) >190 GeV, (94)

the process pp+t~, t+=Wb-y, W+& dominates (“t+ Why, W-&v cuts”).

Requiring

mT(b&y; #T) >190 GeV and 150 GeV < m(b2,1jjy) <190 GeV, (95)

one obtains an event sample where the main contribution originates from the process pp~tf,

t+Wb~, W+jj (“t+Wb~, W+jj cuts”).

For mt = 175 GeV, QtoP = 2/3, and f~dt = 100fb-l, one expects about 2400, 11000 and 9400 events
in the regions of phase space corresponding to the three sets of cuts. We have not studied any potential

background processes. The main background should originate from WY+ jets production and should be
manageable in a way similar to the W+ jets background for regular t~ production.

The differential cross section for the photon transverse momentum at the LHC is shown in Fig. 57.

Results are shown for mt = 175 GeV and three “top” quark charges: QtoP = 2/3, QtoP = –4/3, and
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different “top” quark charges.

Qtw = 1/3. For Qtw = –4/3, the “top” quark decays into a W- and a b-quark instead of t~w+b.
x Qt.P = 1/3, the “b’’-quark originating from the “top” decay is a (exotic) charge –2/3 quark. In the

t~-y region @q. (93) and Fig. 57a), the pp~-yl’vjjb~ cross section for a charge –4/3 (1/3) “top” quark

is uniformly a factor % 3.3 larger (% 2.3 smaller) than that for QtOP = 2/3, reflecting the dominance

of the gg~t~-y process for which the cross section scales with Q&. On the other hand, for the pp~t~,

t~lt%y, W4V selection cuts @q. (94) and Fig. 57b), the cross section for QtOP = –4/3 is a factor 3

to 5 smaller than that for a charge 2/3 top quark, due to destructive interference effects in the t~Wby
matrix element. E QtoP = 1/3, the interference is positive, and the cross section is about a factor 2 to 2.5

larger than for QtOP = 2/3. The results for the t~Wby, Wajji selection cuts ((95)) are similar to those

shown in Fig. 57b, and are therefore not shown here. Note that the photon pT distribution for radiative

top decays is much softer than that for t~7 production.

From our (simplified) calculation we conclude that the large number of double-tagged 7&jjb~

events, together with the significant changes in the t~~ and the ti?,t+YVby cross sections should make it
possible to accurately determine QtOP at the LHC.

C APPENDIX: 4th GENERATION QUARKS*7

For completeness, we present here results for the total cross section of possible heavy quarks above the
top quark mass. The scale and PDF dependence are shown in Fig. 58. The uncertainty due to the choice

of scale is comparable to that of the tfcross section, although the effects of the higher order corrections

are more and more important at large masses (see Fig. 59). The uncertainty induced by PDF changes

becomes very large at large masses, in particular if one considers sets such as CTEQ5HJ which have

harder gluons. Notice however that the relative effect due to the resummation corrections depends only
very weakly upon the choice of PDF’s (cf. Section 3.2).

mSection coordinator M.L, Mangano
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D APPENDIX: MONTE CARLO TOOLS28

D1 Parton shower Monte Carlos

General purpose Monte Carlo event generators lie HERWIG, lW’lllL4 and ISA.TET are essential tools

for measuring the top quark cross section, mass and other production and decay properties. They are
complementary to the QCD tools described in Section 3.1 since, although they are less reliable for

inclusive quantities like the total cross section, they provide a fully exclusive description of individual

events at the hadron level. These can be artalysed in exactly the same way as experimental data and can be

put through full or fast detector simulations to estimate experimental systematic. In certain kinematic

regions, particularly the quasi-elastic limit in which accompanying radiation is suppressed, they give

more reliable QCD predictions than the available calculations. They include approximate treatments of

higher order perturbative effects, hadronisation, secondmy decays and underlying events.

The three programs we discuss have the same basic structure, although the precise details vary

enormously. Events are generated by starting with the hardest (highest momentum scale) interaction,

described by exact QCD (or EW) matrix elements. This is usually only done to leading order so describes

28section ~oordinato~: M.L. Mangano, M. Seymour.



. .

a 2+2 scattering process. The production of multi-parton final states is described as the emission of

additional partons from the incoming and outgoing partons of the hard process. This is simulated by a

parton shower algorithm in which the partons evolve downwards in some energy-like scale accordhg to

perturbatively-calculable probabilistic distributions. When the evolution scale becomes small the running

coupling grows, phase space fills with (mostly soft) partons and perturbation theory breaks down. At this

point a model of the non-perturbative physics is needed: the perturbative emission is cutoff by a fixed

infrared cutoff and the system of partons is confined into hadrons. Having treated all outgoing partons

we are left with the remnants of the incoming protons, stripped of the partons that participated in the hard

process. These remnants can interact with each other, to produce additional soft hadrons in the event,

known as the underlying event.

Parton shower algorithms are developed by studying the amplitude to emit an addhionid parton

into a given process. This is enhanced in two kinematic regions: collinear, where two massless partons

are much closer to each other than any others or where a massless parton is close to the incoming proton

direction; and soft, where a gluon is much softer than any other parton. In both cases the enhanced terms
are universal, allowing a factorisation of emission by a system of partons from the process that produced

them. In the collinear case, this factorisation works at the level of cross sections, so it is not surprising

that a probabilistic approach can be set up. In the soft case however, the factorisation theorem is valid

at amplitude level and it turns out that in any given configuration, many different amplitudes contribute

equally. It therefore seems impossible to avoid quantum mechanical interference and so to set up the

evolution in a probabilistic way. The remarkable result though is that, due to coherence between all the

coloured partons in an event, the interference is entirely destructive outside angulru-ordered regions of

phase space. This means that the soft emission can be incorporated into a collinear algorithm, simply

by choosing the emission angle as its evolution variable, as is done in HERWIG. The most important
effects of coherence can be approximately incorporated by using some other evolution variable, like

virtuality, and vetoing non-angular-ordered emission, as is done in PYTHJ.A.If the colour-coherence is

not treated at all, one obtains the wrong energy-dependence of jet properties. Such models, like ISAJET,

are completely ruled out by e+ e– annihilation data. Colour coherence effects are also important in

determining the initial conditions for the parton evolution, resulting in physically-measurable inter-jet
effects [292], which are also in disagreement with ISAJET.

Since the top quark decays faster than the typical hadronisation time, its width cuts off the parton

shower before the infrared cutoff. Its decay then acts as an additional hard process and the resulting
bottom quark (and two more partons if the W decays hadronically) continue to evolve. Addkional coher-

ence effects mean that radiation ftom the top quark is suppressed in the forward direction (the dead cone

effect), as is radiation in the W direction in the top decay. These effects are again included in HERWIG,

partially included in PYTHIA and not included in ISAJET. Since the top quark is coloured, the b quark in
its decay is colour-connected to the rest of the event, meaning that its properties are not necessarily the

same as in a ‘standard’ b production event. As mentioned in Section 4.6 and as discussed in more detail

in [64], such non-universal effects are small.

Although parton showers are reliable for the bulk of emission, which is soft and/or collinear, it is

sometimes the rare hard emissions that are most important in determining experimental systematic and

biases. Such non-soft non-collinear emission should be well described by NLO perturbation theory, since

it is far from all divergences. However, it is not straightfonvard to combine the advantages of the parton

shower and NLO calculation, so it has only been done for a few specific cases. Most notable for hadron-.
hadron collisions are the Drell-Yan process, for which matrix element corrections are included in both

HERWIG and PYTHIA, and top decay, which is included in HERWIG and discussed earlier in Section 4.62

in this report. The corrections to Drell-Yan events are particularly important at high transverse momenta,
where the uncorrected algorithms predict far too few events. It is likely that implementing corrections to

ti?pair production would cure the analogous deficit at high p; seen in Fig. 7.

Hadronisation models describe the confinement of partons into hadrons. Although this process
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is not well understood from first principles, it is severely constrained by the excellent data from LEP,

SLD and HERA. The string model, used by PYTHIA, and the cluster model, used by HERWIG, both
take account of the colour structure of the perturbative phase of evolution, with colour-connected pairs

producing non-perturbative singlet structures that decay to hadrons. The biggest difference between these

models is in how local these colour-singlet structures are. In the string model they stretch from a quark

(or anti-di-quark) via a series of colour-connected gluons to an antiquark (or di-quark). In the cluster

model each gluon decays non-perturbatively to a quark-antiquark pair and each resulting quark-antiquark

singlet (coming one from each of two colour-connected gluons) decays to hadrons. The independent

fragmentation model, used by ISAJET, on the other hand, treats each parton as an independent source of

hadrons and is strongly ruled out by e+e– data, for example on inter-jet effects in three-jet events, the

so-called string effect. Of the other two models, PYTHIA gives the better description of e+ e- data, but

HERWIG also gives an adequate description, despite having a lot fewer adjustable parameters.

Models of the underlying event are not strongly constrained by either theoretical understanding or

experimental data. Two extreme models are available and the truth is likely to lie between them. In the

soft model, used in HERWIG, the collision of the two proton remnants is assumed to be like a minimum
bki.s hadron-hadron collision at the same energy. A simple parametrisation of minimum bks data (from

UA5 [293]) is used with little additional physics input. In the mini-jet model, used in PYTHIA and
available as an additional package for HERWIG, on the other hand, the remnant-remnant collisions act as

a new source of perturbative scattering, which ultimately produce the hadrons of the underlying event.

To avoid regions of unstable perturbative predictions and problems with unitarity, a cutoff must be used,

l%,~i~N 1 Gev. presumablyfor a complete description, some soft model should describe the physics
below pt,~;n such that the results do not depend critically on its value. Unfortunately no such model

exists at present. Although the two models give rather similar predictions for average properties of the
underlying event, they give very dfierent probabilities for the rare fluctuations that can be most important

in determining jet uncertainties. This is an area that needs to be improved before LHC running begins.

D2 Parton-level Monte Carlos

With few exceptions (e.g. 3 or 4-jet final states in e+e- collisions) multi-jet final states are not accurately

described by the showerMC’s described above. This is because emission of several hard and widely sep-
arated partons is poorly approximated by the shower evolution algorithms, and exact (although perhaps

limited to the tree level) matrix elements need to be used to properly evaluate quantum correlations.
Parton-level Monte Carlos &e event generators for multi-pm-ton final states, which incorporate the exact

tree-level matrix elements. They can be used for parton-level simulations of multi-jet processes, under

the assumption that each hard parton will be identified with a final-state physical jet with momentum

equal to the momentum of the parent parton. Selection and analysis cuts can be applied directly to the
partons. In some cases, the partonic final states can be used as a starting point for the shower evolution

performed using a shower MC such as HERWIG, PYTHIA, or ISAJET. For a discussion of the problems
involved in ensuring the colour-coherence of the shower evolution when dealing with multi-parton final

states, see [294].

In the following, we collect some information on the most frequently used parton-level MCS used
in connection with top quark studies.

D21 VECBOS29

VECBOS [150] is a Monte Carlo for inclusive production of a W-boson plus up to 4 jets or a Z-boson

plus up to 3 jets. VECBOS is therefore a standard tool used in the simulation of backgrounds to tf

production. The matrix elements are calculated exactly at the tree level, and include the spin correlations
of the vector boson decay fermions with the rest of the event. Various parton density Ilmctions are

29VECBOS au~ors: F.A.Bercnds,I-t.Kuijf,B. Tauskand W.T.Giele. contacts: gkk@fn@JV
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available and distributions can be obtained by using the kinematics of the final state, available on an

event-b y-event basis together with the corresponding event weight. The code and its documentation can

be obtained from:

http: / /www-theory. fnal. gov/people/giel e/vecbos. html

Documentation on the use of VECBOS within ATLAS can be found in [295].

D22 CompHEP30

CompHEP is a package for the calculation of elementary particle decay and collision properties in the

lowest order of perturbation theory (the tree approximation). The main purpose of CompHEP is to gener-

ate automatically transition probabilities from a given Lagrangian, followed by the automatic evaluation

of the phase-space integrals and of arbkt.ry distributions. The present version has 4 built-in physical

models. Two of them are the versions of the Standard Model (SU(3)XSU(2)XU(1)) in the unitary and

t’Hooft-Feynman gauges. The user can change the models or even create new ones.

1.

2.

3.

The symbolic part of CompHEP allows the user to perform the following operations:

to select a process by specifying incoming and outgoing particles for the decays of 1 + 2,...,1 +

5 types and the collisions of 2 + 2,...,2+ 4 types,

to generate Feynman diagrams, calculating the analytical expressions for the squared matrix ele-

ments,

to save the algebraic symbolic results and to generate the optimized Fortran and C codes for the

squared matrix elements for further numerical calculations.

The numerical part of CompHEP allows to convolute the squared matrix element with structure timctions

and beam spectra to introduce various kinematic cuts, to introduce a phase space mapping in order to
smooth sharp peaks of a squared matrix element, to perform a Monte Carlo phase space integration by

VEGAS, to generate events and to display distributions for various kinematic variables. Recently, an

interface with PYTHIA has been created [283]. This allows to perform realistic simulations of the process

including hadronisation effects as well as the effects of the initial and final state radiation.

The CompHEP codes and manual are available from the following Web sites:

http: //theory .npi .msu. su/~comphep

http: / /www. if h. de/~pukhov

D23 ALPHA31

ALPHA is an algorithm introduced in [296] for the evaluation of arbitrary multi-parton EW matrix el-

ements. This algorithm determines the matrix elements from a (numerical) Legendre transform of the

effective action, using a recursive procedure which does not make explicit use of Feynman diagrams. The

algorithm has a complexity growing like a power in the number of particles, compared to the factorial-
like growth that one expects from naive diagram counting. This is a necessary feature of any attempt

to evaluate matrix elements for processes with large numbers of external particles, since the number of
Feynman diagrams grows very quickly beyond any reasonable value.

An implementation of ALPHA for hadronic collisions was introduced in [294], where the algorithm

was extended to the case of QCD amplitudes (see also [297]). The main aim of the hadronic version of

ALPHA is to allow the QCD parton-shower evolution of the multi-parton final state, in a way consistent

with the colour-coherence properties of the soft gluon emission dynamics. This is achieved by evaluating

the QCD amplitudes in an appropriate colour basis [294], such that the assignment of a specific colour

flow configuration on an event-by-event basis. The pattern of colour flow defines the colour currents

30COmPHEp~U~om: A Mov, E. BOOS, M. Dubinin, V. Edneral, V. Ilyin, D. Kovalenko> A. ~ukov~ V. SaVri*~

S. Shichanin, A. Semenov. Contacts: pukhov @theory.npi.rnsu.su, ilyin@heory.npi. rnsu.su
31ALpHA au~om: F. Camvaglios, M. Morefi. ‘I’he version for hadronic collisions received additional co*~butions from

M.L. Mangano and R. Pittau. ContacG moretti@fe.infn.it
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required to implement the angular ordering prescription which embodies, at the leading order in the l/~C

expansion, the quantum coherence properties of soft-gluon radiation, as discussed in Appendix D1. A
version of the code is being completed [298], which incorporates the evaluation of Wb~ + n jets (n ~ 4),

with all b-mass effects included. This program will allow a complete evaluation of the W+ multijet

backgrounds to single top and tf production. The code contains 3 modules: the first for the generation

of parton-level events, with the assignment of partonic flavours, felicities and colour flows. The second

for the unweigthing of the events, and the third for the parton-shower evolution of the initial and linal

states, done using the HERWIG MC. The code will soon be available from the URL:

http: / /home. tern. ch/~mlm/alpha
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