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Top quark production at TeV energies as a potential supersymmetry detector
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We consider the process of top-quark–top-antiquark production from electron-positron annihilation, for
center-of-mass energies in the few TeV regime, in the minimal supersymmetric standard model theoretical
framework. We show that, at the one loop level, the variations of a number of observable quantities with energy
~slopes! in a region of about 3 TeV are only dependent on tanb. Under optimal experimental conditions, a
combined measurement of these slopes might identify tanb values in a range tanb,2, tanb.20 with
acceptable precision.
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I. INTRODUCTION

The existence of large electroweak Sudakov logarith
@1# in four-fermion processes at the one-loop level,
center-of-mass~c.m.! energies in the TeV range@2,3#, and the
subsequent efforts for providing a full resummation of t
relevant terms@4,5#, have been the subject of recent theore
cally motivated discussions and effort, whose final elabo
tion is still in progress within the theoretical framework
the standard model~SM! of electroweak interactions. Mor
recently, the extension of this kind of analysis at one lo
within the minimal supersymmetric standard mod
~MSSM!, for final SM massless fermion@6# and top quark
pair production@7#, has been also accomplished. One c
also find a full one-loop calculation of electroweak SM a

MSSM radiative corrections to the processe1e2→ f f̄ in the
CERNe1e2 collider LEP2 and Linear Collider~LC! energy
range in Ref.@8#. Finally, very recently, an analysis of th
role of the so-called ‘‘u-independent’’ and ‘‘u-dependent’’
Sudakov effects at one loop has been presented@9#. These
two terms are, briefly, those for which a clean resummat
prescription exists, and those for which this conclusion d
not seem to be valid@5#. In the ’t Hooft j51 gauge, as
shown in @9#, the latter terms are subleading linear log
rithms in the c.m. energyAq2, originated by au-dependent
(u is the c.m. scattering angle! component of theW ~and, to
a much smaller extent,Z) box diagrams.

One of the conclusions of@7# is that the process oftop
pair production from electron-positron annihilation at c.
energies in the few TeV range, i.e. those that will be explo
by the future CERN Linear Collider~CLIC! @10#, is particu-
larly fortuitous for what concerns the validity of a SM ca
culation. Owing to the weak isospin characterization of
final state, in fact, the nonresummableu-dependent contribu
tion turns out to be quite small@9#, so that only the resum
mableu-independent component survives in the SM, mak
a clean theoretical estimate of the various observables
ready~in principle! available. Note that similar conclusion
0556-2821/2001/64~5!/053016~7!/$20.00 64 0530
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do not apply, for instance, to bottom production, due to
opposite isospin value.

The fact that virtual SM effects are fully under contr
raises the interest of considering the role of possible virt
supersymmetry~SUSY! effects of Sudakov origin in top pro
duction at CLIC energies. On very general grounds, we s
say that to be considered as potentially ‘‘interesting,’’ su
effects should be of an ‘‘intelligent’’ type. By this we mea
that they should be visible, and therefore ‘‘sufficiently larg
with respect to the experimental accuracy at the computa
one-loop level. On the other hand they should also be ‘‘s
ficiently small’’ at the same level, not to spoil its presum
perturbative validity~given the fact that a two loop calcula
tion of SUSY virtual effects seems to us, at least at the m
ment, unrealistic for this process.!

It was shown in@7# that the leading Sudakov SUSY effe
at one loop is only of a linear logarithmic kind~in the SM,
also quadratic logarithms appear!, and u-independent. It is
only produced by final vertices, and contains a componen
‘‘massless quark’’ kind and one of ‘‘massive top’’ Yukaw
origin that strongly depends on tanb. Its numerical effect
can vary from a few percent to more than ten perce
strongly depending on tanb, being apparently still sensitive
to relatively large tanb values.10. In @7#, it was suggested
that this fact might be used to try to fix the value of tanb
from a combined analysis of the value of several observa
at fixed energy, e.g. around the proposed CLIC ‘‘optima
valueAq253 TeV. The conclusion of@7# was that a deepe
investigation of this possibility should follow.

The aim of this short paper is precisely that of performi
the aforementioned investigation. Our proposal will be th
of considering, rather than measurements at fixed energ
variations of observables~slopes! with energy around a cho
sen especially interesting~e.g. 3 TeV! energy value. We shal
show that the only unknown quantities in the coefficients
the various slopes are functions of tanb alone. All the other
MSSM parameters can be incorporated asymtotically i
terms that either vanish or remain constant, thus disappea
in the slope. We shall then consider a reasonable experim
©2001 The American Physical Society16-1
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BECCARIA, PRELOVSEK, RENARD, AND VERZEGNASSI PHYSICAL REVIEW D64 053016
tal setup and try to conclude that it might be possible
identify tanb with ‘‘decent’’ precision~e.g. to better than a
relative 50%! up to relatively large tanb values. This should
be compared and combined with other interesting rece
proposed tanb detection techniques@11#.

Technically speaking, this short paper is organized as
lows. In Sec. II we shall present our one-loop derivation
the SUSY slopes in the few TeV region. In Sec. III, we sh
propose our ‘‘data simulation’’ and tanb identification, and
present a few general concluding remarks in the final Sec

II. SUSY SUDAKOV LOGARITHMS IN THE TeV REGION

A first treatment of top production at one loop in th
MSSM at TeV energies has been already given@7#, and all
the relevant formulas for observables can be found ther
Sec. IV. For the specific purposes of this paper, we s
rewrite them here in a form where the SM component of
observables has been considered as a given perfectly kn
theoretical input. This statement requires the following p
cise explanation. At few TeV energies, it has been arg
very recently@9# that the one-loop theoretical description
the SM is often in trouble, due to the presence of large
opposite ‘‘u-independent’’ and ‘‘u-dependent’’ Sudakov
terms. The possible way out would be represented by a
summation of the separately large logarithms. Unfortunat
a clean resummation prescription at the moment only se
to exist for the so called ‘‘u-independent’’ terms, and not fo
the ‘‘u-dependent’’ ones@5#, so that a completely satisfactor
set of theoretical predictions in the few TeV~CLIC! energy
range must still be provided.

A remarkable exception to this negative statement is r
resented by top pair production. Here, for reasons that
simply connected with the top weak isospin assignment@9#,
the u-dependent terms are strongly suppressed at one l
so that their resummation does not seem necessary. A pa
resummation of the separateu-independent terms would thu
guarantee a fully satisfactory theoretical prediction for
SM component of the process, leaving the SUSY compon
as the only quantity to be investigated.

Following this thinking, we shall thus rewrite all the re
evant formulas of@7# indicating with the ‘‘SM’’ label the
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~supposedly perfectly known! SM component. For our pur
poses, we shall need the asymptotic Sudakov expansio
the various quantities. The latter contains as the leading t
a u-independent, linear logarithm. This is, as we said in
Introduction, the sum of a ‘‘massless’’ and a ‘‘massive’’ com
ponent, whose origin is due to the vertex diagrams show
Fig. 1. In the limit when the c.m. energyAq2 becomes very
large, they produce the overall leading logarithmic SUS
Sudakov terms listed in the following equations for phot
or Z exchanges:

FIG. 1. Triangle diagrams with SUSY Higgs~a! and with SUSY
partners~b! contributing to the asymptotic logarithmic behavior
the energy;f representt or b quarks;S represent charged or neutra

Higgs bosonsH6,A0,H0,h0 or Goldstone bosonsG0,G6; f̃ repre-
sent stop or sbottom states;x represent charginos or neutralino
The arrow corresponds to the momentum flow of the indicated p
ticle.
Gm
g ~MSSM, massive!→ ea

12pMW
2 sW

2 ln
q2

M2
$mt

2~11cot2b!@~gmPL!12~gmPR!#1mb
2~11tan2b!~gmPL!% ~2.1!

Gm
Z~MSSM, massive!→ ea

48pMW
2 sW

3 cW
ln

q2

M2
$~324sW

2 !mt
2~11cot2b!~gmPL!28sW

2 mt
2~11cot2b!~gmPR!

1~324sW
2 !mb

2~11tan2b!~gmPL!% ~2.2!

Gm
g ~MSSM, massless!→ ea

12psW
2 cW

2 ln
q2

M2 H S 32
26

9
sW

2 D PL1
16

9
sW

2 PRJ ~2.3!
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Gm
Z~MSSM, massless!→ ea

32psW
3 cW

3 ln
q2

M2 H S 32
62

9
sW

2 1
104

27
sW

4 D PL2
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27
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4 PRJ ~2.4!
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One sees that, in the leading term, the only SUSY par
eters that appear are tanb and an overall common unknow
‘‘SUSY scale’’ M which we only assumed to be ‘‘reason
ably’’ smaller than the energy valueAq253 TeV in which
we are interested in this work. Of course, this assump
might be wrong and heavier SUSY masses might turn ou
be produced. In that case, our ‘‘asymptotic’’ expansio
would still be valid, obviously in a suitably larger energ
range.

Starting from Eqs.~2.1! and ~2.2!, it is a straightforward
task to derive the leading SUSY Sudakov contributions to
various observables. We write here, in the previously d
cussed spirit, the expressions that will be relevant for
purposes, considering, for simplicity, first a set of obse
ables where the final top quark helicity is not measured
secondly a set of 4 observables where it is. In the first set,
chosen quantities are the total cross section for top pair
duction, s t , the forward-backward asymmetry,AFB,t , the
longitudinal polarization asymmetryALR,t and the polarized
forward-backward asymmetryAt . In the second set, we hav
considered the averaged top helicityHt , its forward-
backward asymmetryHFB,t , the averaged polarized top he
licity Ht

LR and its forward-backward asymmetryHt,FB
LR . All

these quantities are defined in detail in Appendix B of@7#.
For the chosen observables we obtain the follow
asymptotic expansions:

s t5s t
SMS 11

a

4pH ~4.44N111.09!ln
q2

m2

210.09 ln
q2

M2J 1Fs t
~ tanb!ln

q2

M 82D ~2.5!

Fs t
~ t !5

a

4p
~229t2220.0084t2214!,

AFB,t5AFB,t
SM 1

a

4p H ~0.22N11.29!ln
q2

m2

20.23 ln
q2

M2J 1FAFB,t
~ tanb!ln

q2

M 82
. ~2.6!

FAFB,t
~ t !5

a

4p
~1.2t2220.00082t210.62!,

ALR,t5ALR,t
SM 1

a

4pH ~1.03N15.95!ln
q2

m2

24.03 ln
q2

M2J 1FALR,t
~ tanb!ln

q2

M 82
~2.7!
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FALR,t
~ t !5

a

4p
~7.7t2220.0051t213.8!,

At5At
SM1

a

4pH ~0.91N15.25!ln
q2

m2

23.20 ln
q2

M2J 1FAt
~ tanb!ln

q2

M 82
, ~2.8!

FAt
~ t !5

a

4p
~7.5t2220.0049t213.7!,

Ht5Ht
SM1

a

4p H ~21.21N27.00!ln
q2

m2

14.27 ln
q2

M2J 1FHt
~ tanb!ln

q2

M 82
, ~2.9!

FHt
~ t !5

a

4p
~29.9t2210.0066t225!,

Ht,FB5Ht,FB
SM 1

a

4p H ~20.77N24.46!ln
q2

m2

13.02 ln
q2

M2J 1FHt,FB
~ tanb!ln

q2

M 82
, ~2.10!

FHt,FB
~ t !5

a

4p
~25.7t2210.0038t222.9!,

Ht
LR5Ht

LR,SM1
a

4p H ~20.30N21.71!ln
q2

m2

10.31 ln
q2

M2J 1FH
t
LR~ tanb!ln

q2

M 82
, ~2.11!

FH
t
LR~ t !5

a

4p
~21.6t2210.0011t220.82!,

Ht,FB
LR 5Ht,FB

LR,SM1
a

4p H ~0.!ln
q2

m2 1~0.!ln
q2

M2J
1~0.!ln

q2

M 82
. ~2.12!

In the previous equations, we have also listed in the fi
term, for the sake of completeness, the SUSY asympt
linear logarithm of renormalization group~RG! origin. This
contributes a universal term of self-energy origin, where
6-3
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SUSY parameters~except a SUSY scale! appear. In our pro-
cedure we shall add this RG logarithm to that of SM orig
and consider it as an uninteresting part of the ‘‘non-SU
Sudakov’’ structure, that will be treated as aknowncontribu-
tion in our ‘‘slopes-based’’ procedure. The second term is
massless Sudakov term~i.e. the one that would have bee
obtained foru, c pair production! and the third one contain
the massive Sudakov term as a function of tanb.

One notices, as stressed in@7#, a strong tanb dependence
in some observable~particularly s t) that might possibly be
exploited to perform a determination of this parameter. F
this purpose, we have examined the above possibility w
some caution, in a way that shall now be illustrated.

Clearly, if the logarithmic term were the only relevant o
in the SUSY component of the observables, a determina
of tanb might proceed in principle via a fit of the variou
observables at a fixed chosen energy. Quite generally, in
asymptotic expansion like the one that we are assum
there will be extra nonleading contributions, in particu
constant terms and terms that vanish~at least as 1/q2)
asymptotically. We assumed consistently within our philo
phy that the latter ones can be safely neglected, and we
centrated our attention on possible constant quantities.
approach was that of computingexactlythe contributions to
the various observables from the considered SUSY verti
and to try to fit the numerical results with an expression
the kind (F1 cot2 b1F2 tan2 b1F3)logq21G, as discussed
in the forthcoming section.

III. NUMERICAL VALIDITY OF THE ASYMPTOTIC
EXPANSION AND A POSSIBLE PROCEDURE FOR THE

DETERMINATION OF tan b

To check the validity of the Sudakov asymptotic expa
sion we have computed the relevant complete one l
SUSY effects in the MSSM by evaluating without approx
mations all the diagrams that are not vanishing in the la
energy limit, considering an~ideal! situation in which at leas
someof the SUSY parameters have been measured with
sonable precision while other ones remain possibly still
determined.

The large set of free parameters of the MSSM has b
chosen for a first approach as follows: we have assumed
grand unification relationM15 5

3 sin2uWM2 between theU(1)
and SU(2) gaugino parameters; we have fixed the mass
the lightest chargino at 200 GeV, them parameter at 500
GeV and the mass of theCP odd neutral Higgs boson at 30
GeV; we have considered a mixed sfermion sector charac
ized by a sfermion mass scaleMS5300 GeV.

For each observable we have attempted a simple pa
etrization of the SUSY effect of the form

F log
q2

MZ
2

1G ~3.1!

whereF and G depend on the observable and in princip
also on all the model parameters. In fact, we know that if
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are in an energy range where the Sudakov expansion is h
ing than the coefficientF depends on tanb only and admits
the simple parametrization

F[F~ tanb!5F1 cot2b1F2 tan2b1F3 ~3.2!

with F1 , F2 andF3 in agreement with Eqs.~2.5!–~2.11!.
In Fig. 2 we plot the relative SUSY effect~in percent! in

s t computed with the above mentioned set of MSSM para
eters and by choosing tanb52.0. On the logarithmic scale i
is easy to recognize the asymptotic linear logarithmic beh
ior that sets in at energies beyond the thresholdAq2

.3 TeV. A similar behavior can be seen in all the oth
observables.

We then have repeated the analysis for several value
tanb and have tried to determine the dependence ofF andG
on that parameter. The results are shown in Fig. 3. Circ
and diamonds are the data points that have been obtaine
a fit performed under the conservative cutAq2.3 TeV. The
solid and dashed lines have been obtained by fitting the
with the functional form Eq.~3.2!. The match is quite good
and the crucial point is thatF1 , F2 and F3 agree with the
analytical Sudakov expansionto a few percent. As such, the
are actually known numerical constants independent of o
model parameters like gaugino mass parameters or o
SUSY scales. In fact, our choice for the set of MSSM p
rameters is ‘‘reasonable’’ lacking more detailed experimen
information and it permits to check if the typical energy
which the Sudakov expansion starts to be reliable is in
CLIC reach. If some MSSM parameter is varied, for instan
assuming a heavier lightest chargino, then our conclusi
are still valid asymptotically. Although we did not perform
an exhaustive investigation of the full parameter case, in s
eral sensible casesAq2.3 TeV appears to be a safe thres
old for the expansion.

FIG. 2. The energy dependence of the relative electroweak o
loop corrections tos t ~in percent!. The set of MSSM parameters i
fully described in Sec. III. The vertical dashed line marks the CL
3 TeV energy. The oblique dashed line is a linear logarithmic fit
the curve in the high energy region.
6-4
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TOP QUARK PRODUCTION AT TeV ENERGIES AS A . . . PHYSICAL REVIEW D64 053016
Is it possible to exploit this simplification in the high en
ergy limit to determine the value of tanb? To address this
question, we define the relative effect on the observableOn
as the ratio

en~q2!5
On~q2!2O n

SM~q2!

O n
SM~q2!

5Fn log
q2

MZ
2

1Gn ~3.3!

and denote bysn(q2) the experimental error onen(q2), as-
sumingO n

SM perfectly known.
We then suppose that a set ofN independent measure

ments is available at c.m. energiesAq1
2,Aq2

2, . . . ,AqN
2 . Dif-

ferences with respect to the measurement at lowest ene

dn,i5en~qi
2!2en~q1

2! ~3.4!

do not contain the constantGn ~and the SUSY mass scale
M, M 8 hidden in it! and provide direct access to tanb
through F. In fact, for each set of explicit measuremen
$dn(qi

2)%, the optimal value of tanb is determined by mini-
mizing thex2 sum

x25(
i 51

N

(
n51

NO S Fn log
qi 11

2

q1
2

2dn,i D 2

4sn,i
2

~3.5!

where dn,i[dn(qi
2) and sn,i[sn(qi

2). We make the usua
assumption thatdn,i is a normal Gaussian random variab
distributed around the value

FIG. 3. Logarithmic fit of the SUSY effects ins t and tanb
dependence. The data points~circles and diamonds! are the result
from a logaritmic fit of the relative SUSY effects ins t as in Fig. 2.
The solid and dashed lines are nonlinear fits of the functional fo
F1 cot2 b1F2 tan2 b1F3. As we explained, the results forF con-
firm the validity of the analytical Sudakov expansion that is a
shown in the figure~dot-dashed line!. It is interesting to remark tha
the same functional dependence on tanb seems to work well also
for the constantG ~for a given choice of the other MSSM param
eters!.
05301
y

Fn~ tanb* !log
qi 11

2

q1
2

~3.6!

with standard deviation 2sn,i . Hence,b* is the unknown
true value. After linearization around tanb5tanb* , minimi-
zation ofx2 provides the best estimate of tanb that is also a
Gaussian random variable. Its mean is of course tanb* and
the standard deviationd tanb is given by the condition
Dx251

d tanb52F(
n,i

S Fn8~ tanb* !log
qi 11

2

q1
2

sn,i

D 2G 21/2

. ~3.7!

If we simplify the discussion by assumingsn,i[s, this for-
mula reduces to

d tanb52sS (
n

Fn8~ tanb* !2D 21/2S (
i

log2
qi 11

2

q1
2 D 21/2

.

~3.8!

The function

t~ tanb!5S (
n

Fn8~ tanb!2D 21/2

~3.9!

measures the dependence of the slope of SUSY effect
tanb. It is shown in Fig. 4 for three possible choices:~i! only
s t , ~ii ! the four non-helicity observabless t , AFB,t , ALR,t
andAt , ~iii ! the non-helicity observables and the three he
ity observablesHt , HFB,t andHt

LR .
In the best case~iii !, it is strongly peaked around tanb

58 and the combination of the various observables, es

FIG. 4. Plot of the functiont(tanb) when the set of observable
combined for the analysis is~i! s t alone,~ii ! s t , AFB,t , ALR,t and
At , ~iii ! the previous four and also the three helicity observab
Ht , HFB,t andHt

LR .
6-5
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cially s t , ALR,t , At andHt ~the ones with larger cot2b co-
efficient! is crucial to keep the functiont(tanb) as small as
possible.

To understand the consequences of the shape oft, we plot
in Fig. 5 the relative errord tanb/tanb computed under the
optimistic assumption of a relative accuracy~absolute fors t)
equal to 1% for all the seven observables. The three cu
correspond to the assumption that independent meas
ments for each observable are available atN55, 10 or 20
equally spaced c.m. energies between 2 TeV and 6 TeV
course, different curves associated to pairs (N,s) actually
depend only on the combinations/AN. We also show hori-
zontal dashed lines corresponding to relative errors equa
1 and 0.5. As one can see in the figure, values in the ra

tanb,2, tanb.20 ~3.10!

FIG. 5. Plot of the relative error on tanb. The statistical accu-
racy is s51% for all the observables.N is the number of c.m.
energy values at which independent measurements are taken
curves actually depend on the combinations/AN. One of the
dashed lines corresponds to a 100% relative error. WithN510 mea-
surements, it determines a region 3,tanb,17 where the determi-
nation of tanb is completely unsatisfactory due to the flatness
the coefficient of the SUSY Sudakov logarithms with respect
tanb. The second line marks the 50% accuracy level and ident
the region tanb,2 or tanb.20.
s.

cl.
,
,

-

05301
es
re-

f

to
e

can be detected withN510 c.m. energy values with a rela
tive error smaller than 50%, which we consider qualitative
as a ‘‘decent’’ accuracy. Obviously, if a higher experimen
precision~e.g., of the order of 0.1% ins t) were achievable,
the same result could be obtained with a smaller num
(N.3) of independent energy measurements.

IV. CONCLUSIONS

We have discussed in this paper the possibility of de
mining the crucial MSSM parameter tanb via measurements
of the energy dependence of a number of experimental
servables~slopes! in the process of top-antitop productio
from electron-positron annihilation in the CLIC energy r
gime. We have assumed an ‘‘ideal’’ situation in which som
information on the SUSY parameters already exists, and
have fixed some of them to values that appear to us rea
able. Of course, these values might be different from th
which ~hopefully! will be determined in future measure
ments. The point remains, though, that independent of th
‘‘details’’ the slopesof the observables will beonly depen-
dent on tanb. Our results show that, in principle, under e
pected reasonable experimental conditions, it would be p
sible to derive ‘‘decent’’ information on tanb in two ranges,
i.e. tanb,2 and tanb.20. This seems to us an interestin
possibility, particularly for what concerns the second lar
tanb range. In this case, to our knowledge, the realistic p
sibilities of measuring tanb are rather restricted and no
simple, as exhaustively discussed in a very recent paper@11#.
In fact, a measurement of tanb is practically impossible
from chargino or neutralino production when tanb.10
since the effects depend on cos 2b that becomes flat forb
→p/2. It could be achieved in the associated productio
e1e2→ht̃ t̃ or e1e2→Ab̄b ~with h and A being theCP
even and odd Higgs bosons!, but only for very large tanb
values (;50). Our proposal might represent an alternat
independent determination, to be possibly combined w
other methods, either already proposed or to be suggeste
future studies.
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