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Top quark physics and QCD: Progress since the TESLA TDRy

A. Brandenburg, Institut für Theoretische Physik, RWTH Aachen, D-52056 Aachen, Germany
and DESY Theory Group, D-22607 Hamburg, Germanyz

Abstract

I review progress on investigations concerning top quark
physics and QCD at a future linear e+e� collider that has
been achieved since the presentation of the TESLA tech-
nical design report [1] in spring 2001. I concentrate on
studies that have been presented during the workshop se-
ries of the Extended Joint ECFA/DESY Study on Physics
and Detectors for a Linear Electron-Positron Collider.

INTRODUCTION

Since the presentation of the TESLA technical design
report [1] in spring 2001, important progress has been
achieved and reported in the top quark/QCD working group
of the Extended Joint ECFA/DESY Study on Physics and
Detectors for a Linear Electron-Positron Collider. The
common aim of these studies is to improve theoretical pre-
dictions and perform more realistic simulations in order to
obtain an accurate understanding of top quark interactions
and QCD phenomena at a linear collider. A basic issue is a
precision determination of two fundamental parameters of
the Standard Model, namely the top quark mass mt and the
strong coupling constant �s. These parameters as well as
the top quark width can be extracted from a scan of the t�t
threshold cross section with high accuracy, and I will report
on the progress of the simulation of such a scan and of the
refinements in the theoretical computation of the thresh-
old cross section. Before that, I will summarize a recent
study on the importance of a very precise measurement of
mt. Further topics covered here include new studies on top
quark production and decay in the continuum and a sum-
mary of QCD-related studies. I concentrate on work re-
ported at the ECFA/DESY workshops. A summary of top
quark and QCD studies presented at the last International
Linear Collider Workshop (LCWS02) is given in [2].
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WHY DO WE WANT TO KNOWMT VERY
PRECISELY?

The physics impact of a very precise measurement of the
top quark mass with Æmt . 100 MeV has been recently
studied in detail [3]. An accurate knowledge ofmt strongly
affects tests of the Standard Model (SM) and its extensions
using electroweak precision observables. This is demon-
strated in Fig. 1, where the prospective experimental errors
of MW and sin

2
�e� at the LHC/LC and the GigaZ option

of the LC are compared to theoretical predictions within the
SM and the Minimal Supersymmetric extension of the SM
(MSSM). Since these observables receive radiative correc-
tions � m

2
t , an improvement from Æmt= 2 GeV (a value

to be obtained at the LHC) to Æmt= 100 MeV leads to a
significant reduction of the allowed parameter space both
in the SM (about factor of 10) and in the MSSM (about a
factor of 2). This will be very important in the effort to
constrain new interactions in using electroweak precision
observables. A precise knowledge of mt also improves the

Figure 1: The predictions for MW and sin2 �e� in the SM
and the MSSM (SPS1b). Figure taken from [3].

indirect determination of the top quark Yukawa coupling
from electroweak precision observables. Further, if one
wants to obtain constraints on the MSSM by comparing
a precise measurement of the Higgs boson mass with the
theoretical predictions of mh in this model, a precise value
of mt is mandatory due to the strong dependence (� m

4
t )

of mh on the top quark mass. For further details and other



applications of a precision measurement of mt, see [3].

TOP QUARK PAIR PRODUCTION CLOSE
TO THRESHOLD

Update of t�t threshold scan simulation

Recently, an updated t�t threshold scan simulation has
been performed [4]. It comprises several new features
as compared to previous studies. First, three observables
have been considered: the total cross section, the position
of the peak of the top quark momentum distribution, and
the forward-backward asymmetry. Second, a multiparam-
eter fit with up to four parameters (mt; �s; �t and the
top quark Yukawa coupling �t) has been performed. Fi-
nally, apart from experimental systematic errors an esti-
mate of the theoretical error in the cross section predic-
tion has been included in the fits. An integrated luminosity
of L = 300 pb

�1 was distributed equally among 10 scan
points, where one of them was placed well below threshold
in order to determine directly the background. A theoreti-
cal error on the total cross section of ��=� = 3% was as-
sumed in the simulation (see below for a discussion). The
results may thus give a good impression about the final ex-
perimental accuracy of the determination of the parameters.
The expected scan results are shown in Fig. 2. From a two

Figure 2: Expected scan result for the cross section, the
peak of the top quark momentum distribution and the
forward-backward charge asymmetry. Figure taken from
[4].

parameter fit for�s and mt the following estimates of their
errors were obtained:

�m1S
t = 16 MeV; ��s = 0:0012: (1)

Here, m1S
t denotes the 1S mass of the top quark, the us-

age of which stabilises the location of the threshold with
respect to higher order corrections and reduces the corre-
lations between this mass and �s. The correlation plot be-
tween mt and �s is shown in Fig. 3. The correlation coef-
ficient is � = 0:33. While the cross section has the highest
sensitivity on both m t and �s, the additional measurement
of the peak of the momentum distribution reduces the er-
rors and the correlation substantially.

Figure 3: ��2 = 1 contour as a function of m1S
t and

�s(MZ). Figure taken from [4].

The size of the top quark width �t determines how pro-
nounced the 1S resonance is. A three-parameter fit for mt,
�s and �t gives:

�m1S
t = 19 MeV; ��s = 0:0012; ��t = 32 MeV: (2)

This means that the top quark width can be determined with
2% accuracy, which is a factor of about 9 better than re-
ported in earlier studies. This improvement is due to as-
suming a higher integrated luminosity, a better selection
efficiency for t�t events, a sharper TESLA beam spectrum
and a better scanning strategy when using the 1S mass.

The sensitivity of a threshold scan to the top quark
Yukawa coupling �t through a modification of the t�t po-
tential is not very large: if one performs a four-parameter
fit with an external constraint on �s(MZ ), the results are
(for MH = 120 GeV):

�m1S
t = 31 MeV; ��s = 0:001 (constr:);

��t = 34 MeV;
��t

�t
=
+0:35
�0:65 : (3)

Thus, constraining the top quark Yukawa coupling from a
threshold scan is a challenging task. A better method is pro-
vided by analysing the associated Higgs production process
e
+
e
� ! t�tH [5].



Figure 4: Results for the vector current R-ratio with fixed m1S
t mass for fixed order and renormalization group improved

predictions. The dotted, dashed, and solid curves in a) are LO, NLO, and NNLO, and in b) are LL, NLL, and NNLL order.
For each order four curves are plotted for velocity renormalization scales � = 0:1; 0:125; 0:2 and 0.4. Figure taken from
[10] (an update with very small changes was given in [12]).

The very accurate measurement of m1S
t is certainly im-

pressive; however, in order to use the top mass as an input
for precision tests of the SM, we have to convert the 1S

mass to the MS mass. The current theoretical uncertainty
in the perturbative relation between these two masses is of
the order of 100 MeV [6].

Theoretical developments

The status of t�t threshold cross section calculations in
spring 2001 was as follows: Several groups had calculated
the cross section at NNLO (for a synopsis of these results
and further references, see [6]). The corrections turned out
to be large, and the threshold location was found to be un-
stable under perturbative corrections when the top quark
pole mass was used in the calculation. Further, a strong
correlation between �s and mt limited the experimental
precision of mt to about 300 MeV. The usage of thresh-
old masses [7, 8, 9] reduced this correlation and stabilized
the position of the threshold significantly. However, the
height of the cross section still suffered from large pertur-
bative corrections of the order of 20 to 30 %, even when
expressed in terms of a top quark threshold mass. In or-
der to improve the prediction of the threshold cross sec-
tion, the impact of a summation of QCD logarithms of
ratios of the scales mt, mtv, and mtv

2 was computed in
[10, 11]. A comparison of the fixed order results and the
renormalization group improved results is shown in Fig. 4.
The remaining theoretical uncertainty of the cross section
was estimated in [10] to be �3%. This number was ob-
tained by varying the dimensionless velocity subtraction
scale that separates hard, soft and ultrasoft momenta and
by estimating the size of the one yet unknown NNLL con-
tribution from the running at the production current. Very
recently, the NNLL non-mixing contributions to the run-
ning of the production current have been determined [13].
It remains to be seen whether the �3% estimate will with-
stand future refinements of the cross section calculations.
For testing the convergence of the alternative fixed order

(LO, NLO, NNLO, . . . ) perturbation series the computa-
tion of the NNNLO contributions is mandatory. Important
progress has been recently achieved in this direction [14].

Electoweak effects have not yet been consistently in-
cluded either at NNLL order or NNLO.

TOP QUARK PRODUCTION AND DECAY
IN THE CONTINUUM

Mass determination from continuum production

In [15] the possibility of measuring the top quark mass
in the continuum was investigated. The process e+e� !
t�t! 6 jets was simulated including the QCD background.
Top quarks were reconstructed by grouping the 6 jets into
pairs of three-jet groups. Only three-jet groups which are
produced back-to-back are accepted. The three-jet invari-
ant mass distribution (see Fig. 5) then shows a promi-
nent peak, the position of which is interpreted as the top
quark mass. The statistical uncertainty of the peak posi-
tion is 100 MeV for an integrated luminosity of 300 pb

�1

at
p
s = 500 GeV. Experimental systematic errors have

not yet been studied. Further, it is not clear yet how to
relate this ‘kinematic mass‘ to the pole mass or other top
quark mass definitions. The method was recently extended
to semileptonic top decays [16].

Anomalous top quark couplings

A new analysis was started to evaluate the sensitivity of
e
+
e
� ! t�t to anomalous top quark couplings [17]. The

plan is to use PANDORA/PYTHIA and SIMDET in the
simulation and try to find observables that optimize the sen-
sitivity.

New theoretical studies and tools

In the following I briefly discuss further studies on top
quark production and decay in the continuum that have
been presented during the workshop series.



Figure 5: The invariant-mass distribution for three-jet clus-
ters in e+e� ! 6 jets. Figure taken from [15].

� Several calculations of the electroweak one-loop ra-
diative corrections to the process e

+
e
� ! t�t have

been compared in detail [18]. The numerical agree-
ment is excellent (see also Table 4 in [19]). The pack-
age topfit containing these corrections is publicly
available [20].

� New tree level Monte Carlo generators (AMEGIC++
[21], eett6f [22] and LUSIFER [23]) for the pro-
cesses e

+
e
� ! 6 fermions have been written (for

details, see [19]). These programs allow to study in
particular the non-resonant background to t�t produc-
tion and decay.

� In [24], the production of single top quarks in
e
+
e
�

; e
�

e
�

; e
 and 

 collisions was studied at tree
level. By comparing all possible reactions, the best
option turned out to be collisions of circular polarized
photons with left-handed electrons. The cross section
at
p
s = 500 GeV is �(
+e

�

L ! �tb�) � 100 fb, and
this process is very sensitive to Vtb as well as to pos-
sible anomalous couplings. If one aims at an experi-
mental precision of 1% for Vtb, the inclusion of higher
order corrections is mandatory. The QCD corrections
to this process have been computed very recently [25]
and are of the order of 5%.

� The SUSY-QCD corrections to the production and de-
cay of polarized top quarks in e

+
e
� collisions have

been computed in [26]. While the decay width and
lepton energy spectrum can be modified at the percent
level, top polarization observables are hardly affected
by these corrections.

QCD STUDIES

Measurement of �s

The primary goal of QCD studies at a linear collider is
to measure the strong coupling constant �s as precisely
as possible. The aim is to reduce the current accuracy
��s(MZ) = 0:003 to a value of ��s(MZ ) = 0:001 or
smaller. In the context of QCD, such an accuracy is impor-
tant, since all predictions of perturbative QCD are directly
affected, in particular multi-jet cross sections at higher or-
ders. Furthermore, an extrapolation of �s(Q) to very high
energy scales which is performed to test the hypothesis of
Grand Unification needs precise initial conditions, and the
uncertainty on �s is currently the limiting factor of such
tests. This is illustrated in Fig. 6, where the running of the
inverse coupling constants is shown. The narrow error band
on 1=�3 in Fig. 6b corresponds to ��s(MZ) = 0:001.
The techniques for a determination of �s(MZ) at TESLA
have been described in detail in the TDR. In a recent study
[28], the prospects of a measurement of �s from GigaZ
analyses have been investigated. The factor of � 100 in
the size of the data sample as compared to LEP data to-
gether with the expected better performance of the detec-
tor give rise to the expectation that systematic errors may
shrink by a factor of 3 to 5. This would mean that the
experimental accuracy on �s could be brought down to
(5 � 7) � 10�4, the most sensitive observable being the
inclusive ratio �hadron

Z =�
lepton

Z . No theoretical errors are
included in this analysis. At present, the theoretical uncer-
tainty of �s-determinations from �hadron

Z =�
lepton

Z
is esti-

mated to be of the same size as the current experimental
accuracy [29]. In view of the prospective accuracy from a
GigaZ run, there is an ongoing effort to compute more and
more terms of the perturbation series for �hadron

Z =�
lepton

Z

and related quantities like R(s) and �hadron
� =�lepton� . The

most recent step in this direction has been the calculation
of a gauge-invariant subset of the order �4

s contributions,
namely the terms of order �4

sn
2
f , where nf is the number

of fermion flavours [30].
The bottleneck of determinations of �s(MZ) from event

shapes (like thrust distribution, jet rates etc.) is currently
the insufficient theoretical precision of perturbative QCD
calculations. Currently most shape variables are known
to next-to-leading order accuracy, while for some observ-
ables resummed calculations are available. However, enor-
mous progress towards the calculation of e+e� ! 3 jets
to NNLO (O(�3

s)) has been achieved within the last few
years [31]. It is estimated that once these calculations
are accomplished, the current theoretical uncertainty (ob-
tained by a variation of the QCD renormalisation scale) of
��s(MZ) ' 0:006 will shrink by a factor of 3 to 5.

Saturation model for 

 and 
�
� processes

In [32] a saturation model has been constructed to de-
scribe the total cross section for 

 and 


�



� collisions

at high energies. The 

�



� total cross section is assumed



a) b)

Q [GeV]

Figure 6: a) Running of the inverse gauge couplings. b) Determination of MU , ��1U ; the unification point U is defined
by the meeting point of �1 with �2. The wide error bands are based on present data, the narrow bands demonstrate the
improvement expected by future GigaZ analyses. Figure taken from [27].

to be dominated by interactions of two colour dipoles into
which the photons can fluctuate, the novel feature being
that the saturation property of the dipole-dipole cross sec-
tion is incorporated. This allows to describe the variation of
the energy dependence of the cross section when the virtu-
alities of the photons change. The model fits the available
two-photon data reasonably well, except for b-quark pro-
duction. Predicitions for TESLA energies have been for-
mulated.

Odderon contribution to exclusive pion-
photoproduction

In [33] the nonperturbative odderon contributions to the
processes e+e�; 

 ! �

0
�
0 have been studied. The cross

sections are very sensitive, both in the e
+
e
� and the 



mode, to the coupling strength of the odderon, while the
Regge trajectory parameters are harder to determine.

CONCLUSIONS

Without doubt a future high-energy, high luminosity
e
+
e
� linear collider like TESLA will be an excellent fa-

cility to study in detail the physics of top quarks and strong
interaction phenomena. In particular, a t�t threshold scan
will provide a measurement of mt with unmatched preci-
sion, with important implications for searches for physics
beyond the Standard Model. Important progress has been
achieved recently to predict the threshold cross section pre-
cisely and to evaluate the experimental sensitivity to m t

and other SM parameters. However, future improvements

are necessary and possible: For example, the experimen-
tal uncertainty with which a threshold mass like m1S

t can
be extracted is expected to be much smaller than the cur-
rent theoretical uncertainty that relates this parameter to the
MS mass. An ongoing challenging task is the refinement
of the theoretical understanding of the threshold cross sec-
tion. Furthermore, it would be desirable to include a re-
alistic luminosity spectrum dL=dE in the threshold scan
simulation. Another important task is a simulation of a de-
termination of top quark form factors at the detector level.

Challenging issues in perturbative QCD are the calcula-
tion of event shape variables at NNLO and a further im-
provement of the theoretical predictions of inclusive quan-
tities like �hadron

Z =�
lepton

Z
. Progress in these areas would

contribute significantly to the aim of determining � s(MZ)

with an accuracy of a percent or better.
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