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Charged Higgs boson production in the 1 TeV domain as a probe
of the minimal supersymmetric standard model
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We consider the production, at future lepton colliders, of charged Higgs boson pairs in the minimal super-
symmetric standard model. Assuming a relatively light supersymmetry~SUSY! scenario, we show that, for
center of mass energies in the 1 TeV range, a one-loop logarithmic Sudakov expansion that includes an
‘‘effective’’ next-to-subleading order term is adequate to the expected level of experimental accuracy. We
consider then the coefficient of the linear~subleading! SUSY Sudakov logarithm and the SUSY next-to-
subleading term of the expansion and show that their dependence on the supersymmetric parameters of the
model is drastically different. In particular, the coefficient of the SUSY logarithm is only dependent on tanb
while the next-to-subleading term depends on a larger set of SUSY parameters. This would allow us to extract
from the data separate informations and tests of the model.
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I. INTRODUCTION

In the last few years, a considerable amount of effort
been devoted to the precise formulation of the theoret
predictions for electroweak effects in pair production at
ture lepton colliders. In particular, the considered center
mass~c.m.! energies have been those that represent the
goal of two proposed future machines, roughly 1 TeV for t
Linear Collider ~LC! @1# and 3 TeV for the CERN Linea
Collider ~CLIC! @2#. The main motivation of the various in
vestigations has been the fact that, within the electrow
sector of the standard model~SM!, for c.m. energies of the
few TeV size, it has been realized@3–5# that unexpectedly
large virtual effects arise at the one-loop level, that co
make the validity of this~relatively! simple perturbative cal-
culation highly debatable. These terms have the analog
dependence on energy as those originally determined in Q
by Sudakov@6#; at one loop, they can either be of squar
logarithmic~leading! ~DL! or of linear logarithmic~sublead-
ing! ~SL! kind, and their numerical effect in several obser
ables breaks the ‘‘safety’’ few percent limit@fixed by the
aimed~1%! experimental accuracy# when one enters the few
~2–3! TeV region, making the request of a higher order c
culation imperative in that range.

Within the SM framework a resummation to all orde
actually exists to next-to-subleading order for final massl
fermion pairs, and to subleading order for general mass
final pairs@7#. In the ~particularly relevant! case of massive
final fermions a comparison~to subleading logarithmic accu
racy! between one-loop and resummed expansions has
performed@8#. The results indicate that, for c.m. energi
entering the few~2–3! TeV range, the discrepancies betwe
the two approximations become intolerably~i.e., beyond a
relative 10%! large. On the contrary, for energies in the
TeV region, no appreciable difference shows up: to suble
0556-2821/2003/68~3!/035014~12!/$20.00 68 0350
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ing order, the one-loop description appears there adequ
The question remains that of whether possible next
subleading~for instance, constant! terms might play a role.

For massive~third generation! final quark pairs, this prob-
lem was investigated in an ‘‘effective’’ way@9#, trying to fit
the exact one-loop calculation of a simple class of diagra
with a logarithmic expansion also containing an addition
constant. The result was that, in the 1 TeV region, this fit w
adequately describing the exact calculation, with the lo
rithmic coefficients exactly predicted by the Sudakov exp
sion and a constant term given by the fit. The size of t
term was~relatively! ‘‘large,’’ about one half of the logarith-
mic contribution, with opposite sign~thus decreasing the
overall effect!. The apparent conclusion was that, in that e
ergy range, a one-loop Sudakov expansion implemented
an extra constant term seems to be able to reproduce
exact calculation with an accuracy that is largely sufficie
at the expected experimental precision level of a relative 1

As a comment on the previous conclusion, it can be
ticed that the possible experimental determination of
separate logarithmic and constant terms would not lead
any new information in the SM, since all the various coef
cients will depend on the~fixed! known values of the SM
parameters. In this sense, accurate measurements of ma
~and massless! fermion pair production at LC in the 1 TeV
region can only provide, in the SM framework, another e
perimental test of the validity of the model.

A natural question that arises at this stage is that
whether similar, or different, conclusions can be drawn
the simplest supersymmetric generalization of the SM t
can still be treated perturbatively, i.e., the minimal supersy
metric standard model~MSSM!. This model and its Sudakov
expansion have been actually already considered to subl
ing logarithmic accuracy in a number of papers, to the o
loop level for massless and massive fermion pairs@4,5# and
resumming to all orders for sfermion and Higgs boson p
©2003 The American Physical Society14-1
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duction @10#. In the latter case, a comparison between
one-loop and the resummed expansion has also been
formed under the assumption of a relatively light SUSY s
nario, showing that, in strict analogy with the SM situatio
the two calculations are essentially identical in the 1 T
region, while deep differences show up in the~2,3! TeV en-
ergy range. No effort was made to try to estimate the size
a possible next-to-subleading term in the one-loop expan
in the 1 TeV region from a fit to the exact calculation, ana
gous to that performed in Ref.@9# for the SM case.

The aim of this paper is precisely that of studying t
feasibility and the possible advantages of performing an
fective logarithmic one-loop expansion, implemented by
next-to-subleading term, in the energy region around 1 T
for the MSSM. We anticipate that a preliminary necess
condition will be that of a light SUSY scenario, in which a
the SUSY masses relevant for the considered process
supposed to be not heavier than a few hundred GeV. T
means that the starting picture will be one where SUSY
already been discovered via direct production of~at least
some! sparticles, so that a number of SUSY masses is
ready known and fixed to quite good accuracy~this is not
necessarily true for other quantities of the model, like,
instance, tanb or other parameters, e.g., of mixing kind!. In
such a condition the~declared! purpose of future Linear Col
lider experiments is that of providing precision tests of t
candidate model. This requires the availability of theoreti
predictions trustable at a relative level of at least 1%, as
expected experimental accuracy. To reach such a level m
require the use of calculations beyond the simple one-l
level, when the one-loop effect turned out to be ‘‘large
typically beyond a relative 10%. In the present work, w
shall restrict our analysis to regions of the parameter sp
where the one-loop effect remains below the previous qu
tative value.

The purpose of our investigation will be that of showin
that one fundamental difference will arise in the MSS
analysis with respect to the SM case. Our conclusion will
in fact that the coefficient of the SUSY Sudakov logarith
and the next-to-subleading term will exhibit a drastically d
ferent dependence on the parameter of the model, so
their possible experimental identification might lead to qu
valuable information. In particular, we shall reconsider,
this new spirit, the possibility of a determination of tanb,
that is the only SUSY parameter on which the coefficient
the SUSY Sudakov~linear! logarithm depends, as alread
shown in previous papers@10,11#. Also, we shall show that it
is possible to investigate separately the dependence on
next-to-subleading term on the remaining SUSY parame
in the light scenario that we have assumed. In fact, we s
also show in some detail what is the range of SUSY para
eters that may be considered ‘‘light,’’ from the point of vie
of a Sudakov expansion like ours, in the 1 TeV region.

We should anticipate at this point the reason why we
sist upon calling the remaining, nonlogarithmic compon
of the asymptotic one-loop expansion ‘‘next-to-subleadin
term. In fact, we shall show that this remaining compon
cannot be rigorously considered as a constant in the inv
gated TeV region. To reproduce completely the exact ca
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lation, one must add to the constant component an extra n
logarithmic energy dependent quantity. As we shall sho
though, this extra component is, at the expected leve
accuracy, fairly ‘‘small.’’ The consequence of its presen
will be fully taken into account and will generate a realis
error in the determination of the SUSY parameter that
shall pursue.

As a first process to be examined in this spirit, we ha
chosen that of charged Higgs boson pair production. T
main reason for this choice is that, from the point of view
the involved parameters, this is the simplest process to
considered in the MSSM. Our goal is that of moving in f
ture papers to more complicated processes, following a lo
cal chain that introduces gradually new parameters not
ready derived in this effective way. In order to provide
self-consistent and rigorous calculation device, we ha
completed a one-loop code that contains all the relevant
grams, in the approximation of treating all fermions as ma
less, with the exception of the third generation quarks.
have verified that the complete code does reproduce the
rect ~known! asymptotic logarithmic~DL and SL! behavior.
This complete code has been used to derive an effec
next-to-subleading Sudakov expansion, with which it h
been imposed to it to agree to the few permille level. T
code, that has been namedSESAMO ~supersymmetric effec-
tive Sudakov asymptotic mode!, is already available for use
@12#.

Technically speaking, this paper will be organized as f
lows. Section II will contain the relevant asymptotic on
loop expansions of the process. Section III will contain t
comparison of the complete one-loop calculation with t
proposed effective fit as a function of the SUSY paramete
In Sec. IV, the determination of tanb and the study of the
effect of the remaining parameters on the next-to-sublead
term will be examined and exhibited. A final discussion
our results in Sec. V will conclude the paper.

II. CALCULATION OF THE PROCESS AT ONE LOOP

A complete description of the scattering amplitude of t
considered process at one loop requires the calculatio
several classes of diagrams. To make our treatment as
consistent as possible, we shall follow the notations used
previous reference@10# and write

A~e1e2→H1H2!

5ABorn~e1e2→H1H2!1Ac.t.~e1e2→H1H2!

1As.e.~e1e2→H1H2!1Ain~e1e2→H1H2!

1Afin~e1e2→H1H2!1Abox~e1e2→H1H2!

1AQED. ~2.1!

It is convenient to normalize the general amplitude in t
following way:
4-2
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A5
2e2

q2 v̄~e1!~p” !~aLPL1aRPR!u~e2!, ~2.2!

where q2 is the square of the total center of mass ener
PL,R5(17g5)/2, andpm is the outgoingH2 momentum, so
that one writes the Born terms for each helicity amplitu
with l[le252le1 as

al
Born512

~122sW
2 !

4sW
2 cW

2 hgel ~2.3!

with geL52sW
2 21, geR52sW

2 , andh[q2/(q22MZ
2).

The remaining quantities represent the one-loop pertu
tive modifications of the tree level expression. More p
cisely,Ac.t. is the contribution from the usual ‘‘counterterms
that cancel all the ultraviolet divergences of the process
our chosen on-shell renormalization scheme, in which
inputs areaQED(0), MW , andMZ , they are given by prope
gauge boson self-energies, computed at the correspon
physical masses. Their explicit expressions are known~see,
e.g., Ref.@13#!, and to save space we shall not write the
here. As.e. contains the various internal self-energy corre
tions;Ain,fin describe the initial and final vertex modification
and Abox the box contributions. Their ‘‘fine’’ structure is
summarized in the Appendix, where the various compone
of the separate terms are listed. The related complete s
Feynman diagrams is too large~more than 200 diagrams! to
be drawn here; it can be found, e.g., in a recent paper@14#. In
our treatment, we have discarded those components that
contributions that vanish with the initial lepton mass, whi
reduces somehow our numerical calculations;~actually, we
treated all fermions as massless, with the exception of
third family quarks!. In our approach, ultraviolet divergence
are produced both by self-energies and by vertices tha
clude all external self-energies~we followed the definition
proposed by Sirlin@15#!. We checked that all the ultraviole
divergences in the scattering amplitude are mutually can
ing. Finally, AQED represents our choice of the electroma
netic component. In this preliminary paper, we were mos
interested in the ‘‘genuine’’ electroweak SUSY contributio
at very high energies. For this reason, we treated all th
virtual contributions with photons that would generate inf
red divergences by introducing an ‘‘effective’’ fictitious pho
ton massMg5MZ . This is the procedure currently used
the studies of the high energy behavior of the electrow
processes see, e.g., Ref.@16#. With this choice, ourAQED will
contain, in fact, the difference between these ‘‘effectiv
terms and the conventional~massless photon! ones~with the
usual request of adding the effects of real photon radia
when computing the cross section!. This gives a contribution
to the observables that, for our specific purposes, can
considered as ‘‘known’’ since it is purely standard and do
not involve any SUSY component~in particular, tanb in the
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MSSM!, and will therefore not be included in our code
least for the moment.1

In this spirit, we shall now write the overall logarithmi
contributions to the scattering amplitude that arise at o
loop in a proper configuration of ‘‘asymptotic’’ energy. Thes
are by definition the leading terms of an expansion made
region where all the relevant~external and internal! masses
are sufficiently smaller than the c.m. energy in a way that
shall try to make more quantitative in the following sectio
In full generality, such logarithmic terms can be of two d
ferent origins. The first ones are linear logarithms of ren
malization group origin, generated by gauge boson s
energies and representing the ‘‘running’’ of the gau
coupling constants. Their expressions are known, and
shall write them explicitly but separately from the remaini
terms. They do not contain any SUSY parameter, but mus
carefully taken into account in our approach. The seco
ones are the genuine electroweak logarithms, nowadays
erally called ‘‘of Sudakov type.’’ They can be of quadrat
and of linear kind; the quadratic ones come from vertic
with single W, Z, g exchange and from boxes with twoW
exchange and do not contain any SUSY parameter; the lin
ones come from the remaining vertices and boxes and c
tain SUSY contributions only from vertices. A very speci
feature of the supersymmetric model that we have inve
gated and of the process that we have considered is tha
only SUSY parameter that ‘‘effectively’’ appears in the va
ous linear logarithms is tanb, of Yukawa origin, produced
by the final vertices with (b,t) exchange, that depends on th
specific combination@mt

2cot2b1mb
2tan2b# @SUSY mass pa-

rametersMi , that could enter other vertex diagrams, wou
appear in the form log(q2/Mi

2), Aq2 is the c.m. energy, bu
with a suitable change of scale they can always be shi
into a constant term, as we shall show and discuss#.

In the Appendix we list the various logarithmic contribu
tions coming from different diagrams. The convention th
we have followed is that of keepingMW as the scale of the
double log2 q2 coming from twoW boxes and singleW ver-
tices. For all the remaining logarithms we have chose
common scaleMZ , with the exception of the Yukawa verte
where the most natural scale appears to us to be that o

1In fact, we know that such corrections are usually relevant
high energy electron-positron initiated SUSY processes. To give
example, in the case ofWW production that was recently examine
by us @17# they are known@16,18# to be large and in some case
dominating the overall corrections. However, as we stressed in
@17# they are supposedly under control, and the largeness of t
size does not generate particular worries, since a well establis
resummation procedure is available. Their explicit calculat
would also require a knowledge of several expected future exp
mental details, like the size of the cuts and angular acceptance
could be given in a~hopefully near! future time, when the operative
schedule of the future LC will be more precisely known. The
addition would not represent a problem, but would not add anyth
to the specific investigation of this paper, that is rather devoted
the ‘‘unknown’’ component of the scattering amplitude. The incl
sion in our code will be done in a future stage.
4-3
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top massmt . This choice is arbitrary, it is only dictated b
our personal taste and feelings. The consequence of
choice will be that of fixing the numerical value of th
‘‘next-to-subleading’’ term. A pragmatic attitude would b
that of verifying that, with this choice, both the logarithm
and the next-to-subleading terms remain acceptably ‘‘sm
at the one-loop level. This, as we shall show, will happen
fact and with thisa posteriorijustification we shall retain ou
choice of scales.

From a glance at the Appendix one also sees that
linear logq2 belong to two separate classes: the so-ca
‘‘universal’’ and the ‘‘nonuniversal’’ ones. The latter are pro
duced by boxes and depend on the c.m. scattering anglq.
We have already discussed in a previous paper@10# their
different relevance at the one-loop level, and we shall
insist here on these features. We can, though, recall the
served fact@10# that theseq dependent nonuniversal term
are the only ones that contribute at logarithmic level
forward-backward asymmetries at one loop. Since they
not contain any SUSY parameter, as we said, there will be
relevant logarithmic contribution containing SUSY para
eters to the forward-backward asymmetry ofH1H2 produc-
tion. The same conclusion can be derived for the longitud
polarization asymmetry that is known to provide only info
mation on the initial state as shown in Ref.@10#. For this
reason, we shall concentrate our numerical analysis on
total cross section of the process.

After this rather technical presentation, we are now rea
to present the concrete numerical analysis. With this aim,
shall now summarize our previous discussion giving
asymptotic relative effect on the cross section of the proc
by writing it in the form

D~q2!5
sBorn11 loop2sBorn

sBorn
, ~2.4!

where insBorn11 loop we are retaining only the genuine on
loop termsO(a/p) and not the second order terms comi
from the square of the one-loop contributions since these
with the genuine two-loop contributions.

The logarithmic expansion ofD has been derived analyt
cally and is given by the expression

D~q2!52S a

2psW
2 D S 112sW

4

114sW
4 D log2

q2

MW
2 2S a

4psW
2 cW

2 D
3S 112sW

4 18sW
6

114sW
4 D log2

q2

MZ
2 2S 3a

4psW
2 MW

2 D
3~mt

2cot2b1mb
2tan2b!log

q2

mt
2 1S a

3psW
2 cW

2 D
3S 11216sW

2 132sW
4 172sW

6

114sW
4 D log

q2

MZ
2 1D rem~q2!,

~2.5!

where the fourth line contains all single logarithms with t
exception of those of Yukawa origin~third line!. The last
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term D rem(q2) is the difference between the full one-loo
result and its asymptotic Sudakov expansion including all
double and single logarithms, and will be called the next-
subleading term.

III. VALIDITY OF THE SUDAKOV EXPANSION

The aim of this section is that of investigating wheth
there exists a region of energy and of parameters where
rigorous calculation at one loop can be reproduced by
effective Sudakov expansion Eq.~2.5!, and to determine the
relevant features of the next-to-subleading termD rem(q2). In
order to avoid confusion, we anticipate that our analysis w
be divided into two different sectors. In the first one, su
marized in this section, we shall study the dependence
D rem(q2) on the c.m. energy for given values of the para
eters of the chosen MSSM model. In the second one,
shall study the dependence ofD rem(q2) on the MSSM pa-
rameters for a fixed energy chosen at the representativ
TeV value. To proceed with our analysis, we must now d
fine the MSSM parameters that we shall use as input of
calculations. We retained the following five free paramete

tanb, m, MA , M2 , MS , ~3.1!

i.e., the ratio of the two vevs, the Higgs boson bilinear co
pling, theCP odd Higgs boson mass, the universal gaug
mass, and the universal sfermion mass. For this prelimin
analysis, we allowed ourselves the simplifications of us
the grand unified theory~GUT! relation M15 5

3 tan2qWM2
and of setting the trilinear couplingsAu5Ad50. We com-
puted the Higgs boson spectrum with the codeFEYNHIGGS-

FAST @19# and obtained the masses of charginos, neutralin
and sfermions by numerical diagonalization of their mixi
matrices. We retained sfermion mixing only in the case of
third generation.

For the purposes of this paper, we have chosen to wor
an energy region between 800 GeV and 1 TeV, considerin
TeV as an ambitious conceivable final goal of the future L
In our study, we shall assume that a number of precise m
surements can be performed in that energy range, and
will show what could be the theoretical implications for th
model in a particular region of its couplings and of i
masses. Clearly, all the obtained informations and bound
the various mass parameters could be easily rescaled i
analysis were performed in a lower~e.g., 600–800 GeV!
energy interval.

The first problem that we address is that of determin
the range of massive MSSM parameters for which the Su
kov expansion forD(q2) reproduces the rigorous calculatio
with a simple and understandable expression for the nex
subleading termD rem(q2). For the latter, the simplest poss
bility would be provided by a constant, and from our prev
ous SM experience@10#, we would be prepared to th
appearance in this case of a relatively ‘‘large’’~i.e., compared
to the logarithmic component! quantity. We cannot exclude
though,a priori the necessity of including an extra, energ
dependent term, that should vanish at very largeAq2, but
could be numerically relevant and complicated in the cons
4-4
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ered energy range. If this turned out to be the case, the p
tical validity of the Sudakov expansion would be unavo
ably reduced, since every tentative effective fit to the d
would be complicated and affected by large errors, and
shall return to this statement in the description of the deri
tion of tanb, to be shown in the following section.

Given the fact that we have to deal with four mass
parameters, we have performed four different analyses
each one of which three parameters were fixed at values
we considered ‘‘light’’ with respect to the chosen ener
range, and one parameter was allowed to vary. In all th
analyses we fixed tanb at the value tanb520, that can be
considered as an average value in the range that we
explored, roughly 2&tanb&40 ~we shall discuss later on
the reasons of this choice of the upper value!. Fixing differ-
ent values of tanb does not change the results of the fo
analyses, that we chose in the following way:~a! variablem,
fixed MA5200 GeV, M25100 GeV, MS5350 GeV; ~b!
variable MA , fixed m5300 GeV, M25100 GeV, MS
5350 GeV; ~c! variable M2, fixed m5300 GeV, MA
5200 GeV, MS5350 GeV; ~d! variable MS , fixed m
5300 GeV,MA5200 GeV,M25100 GeV.

The choices of the fixed values of the parameters in
four analyses are dictated by practical reasons and coul
reasonably varied. The relatively small value ofM2 corre-
sponds to the request of having relatively light charginos
neutralinos, although higher values (&300 GeV) for M2
would still be acceptable, as shown by Fig. 1. ForMA , the
same considerations apply in order to avoid resonance
mation or threshold effects~local enhancements when a pa
ticule corresponding to an internal line can decay into t
other particles!. MS can vary in a larger range without ap
parent problems, and therefore it was fixed at a relativ
higher value.

We are now ready to discuss the results of our analy
This was performed by computing numerically the quan
D(q2) with the specific code~SESAMO! that we have built for
our purposes and which is, we repeat, available for use. F
the computed quantity we then subtracted all the logarith
of Eq. ~2.5! and obtained the remaining, next-to-sublead
term D rem(q2).

FIG. 1. Variable M2: chargino and neutralino masses. He
tanb520.
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An important preliminary remark must be made at th
point. The final goal of our analysis is that of showing tha
complete one-loop expression can be reproduced by a~rela-
tively simple! Sudakov expansion. But a necessary condit
to make this search useful is also that the one-loop expan
is reliable for the purposes of a high precision test of
model, as anticipated in the Introduction. To guarantee
condition, we shall have to verify that the complete expr
sion of D(q2) ~i.e., the full one-loop correction! remains ac-
ceptably small in the investigated energy region, with, e
an upper bound that we could fix quantitatively at the re
tive 10% value. Only after this check, our next analy
could be considered as meaningful. In cases where the
loop effect were larger, we should be forced to make use
higher order calculations that are, in principle, available@20#
but are beyond the purposes of this first investigation.

We are now ready to show the results of the four cons
ered cases, which are the following ones.

~1! Case (a): Variablem. We allowedm to vary from an
initial value of 300 GeV to final values of approximately 40
GeV ~below 300 GeV, we encountered problems in the d
termination of the sfermion mass eigenstates whose dis
sion seems to us beyond the purposes of this prelimin
analysis!. The full one-loop effect, computed at the represe
tative valueAq251 TeV, remains always very small~below
2%!. The values ofD rem(q2) in the interval 800 GeV<Aq2

<1 TeV are shown in Fig. 2. One sees that the term
changing by an amount roughly equal to 5% of its cent
value when moving from the beginning to the end of t
interval. Numerically, this corresponds to a 2 permille effect
that can be considered as ‘‘fairly small’’ under our expect
experimental conditions of 1% accuracy. Whenm becomes
larger than roughly 380 GeV, the simplicity ofD rem(q2) is
lost and a complicated energy dependence appears whi
due to a resonance effect: when we increasem, one of the
two charginos and two neutralinos become progressiv
heavier with masses;m. Whenm;400 GeV, we begin to
see a kinematical threshold at;800 GeV that produces a

FIG. 2. Variablem: plot of D rem for various m. The bottom
curve hasm5300 GeV. The other curves have increasingm by
steps of 20 GeV.
4-5
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bump inD rem well visible in the figure. Of course, the bum
shifts to the right asm further increases. One observes a
from Fig. 2 thatD rem(q2) is scarcely affected by variations i
m ~about half percent whenm varies from 300 to 400 GeV)
and, as a consequence, it does not appear to be a prom
candidate for testing virtual MSSM effects generated by t
specific parameter.

We repeated our analysis changing only the sign ofm.
The obtained curves are practically identical with those c
responding to positivem values. For this reason, we sha
restrict ourselves from now on to considering conventiona
the m.0 scenario.

~2! Case (b): Variable MA . We have variedMA starting
from an initial value of 200 GeV up to 360 GeV. The fu
~negative! one-loop effect at 1 TeV remains systematica
below a relative 2%. AsMA increases, the basic change
the spectrum of SUSY particles is that bothH1 and H0

become heavier with approximatelyMA0;MH0;MH1. This
means that in the plots we have to take into account
kinematical constraintAq2>2MH1. In Fig. 3 we show the
behavior ofD rem for 200 GeV<MA<360 GeV. Once again
we notice that in the considered energy intervalD rem(q2)
remains ‘‘essentially’’ constant, with relative extreme var
tions of 5%~or less! from its central value. This simple pa
tern would be lost for largerMA due to the aforementione
Higgs boson production threshold. One notices in this c
that the dependence ofD rem(q2) on MA is sizable: to a varia-
tion of MA from 200 to 300 GeV there corresponds a var
tion in D rem(q2) of almost 2%, that would be visible at th
proposed LC.

~3! Case (c): Variable M2. Here, we varyM2 from
100 GeV to 300 GeV. The full one-loop effect at 1 TeV
again very small~below 2%! and negative. In the considere
range of variation ofM2, there are one chargino and on
neutralino with masses increasing approximately asM2 and
reaching the 400 GeV value at which some resonance s
ture can be observed in the plots ofD rem shown in Fig. 4. It
can be noticed that, althoughD rem(q2) is essentially con-

FIG. 3. VariableMA : plot of D rem for variousMA . The bottom
line hasMA5200 GeV. The other curves have increasingMA by
steps of 20 GeV.
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stant, forM2 larger than about 360 GeV, the shape of th
function is perturbed by bumps due to resonance effects
sociated with the heavy gauginos. As in the case ofm, we
observe thatD rem(q2) has very small sensitivity to the varia
tions of M2 ~about 2 permille variation for a 100 GeV shi
in M2).

~4! Case (d): Variable MS . We have variedMS from
100 GeV to about 300 GeV. The full one-loop effect is aga
very small and negative~below .3 –4 %). The values of
D rem(q2) shown in Fig. 5 are again essentially~up to a rela-
tive 5%) constant in the considered energy interval. O
sees thatD rem(q2) is sensitive toMS : 100 GeV of variation
in this parameter corresponds to.1.5% variation in
D rem(q2).

FIG. 4. VariableM2: plot of D rem for variousM2 between 100
and 560 GeV. The various curves have values ofM2 spaced by 20
GeV. The sequence of values is as follows. In the left plot the f
thick lines haveM25100–160 GeV from top to bottom. Then th
thinner lines have increasingM2 ~starting from 180 GeV) from
bottom to top. In the right plot the values ofM2 are increasing
going from top to bottom.

FIG. 5. VariableMS : plot of D rem for variousMS between 100
and 300 GeV. The bottom line hasMS5100 GeV. The other curves
have increasingMS by steps of 20 GeV.
4-6
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To summarize, we have considered the range of valid
of a logarithmic Sudakov expansion with an extra next-
subleading term which is ‘‘essentially’’ constant in a certa
domain of the massive MSSM parameters, for c.m. ener
in the range 800 GeV–1 TeV. In our approach, to be ‘‘ess
tially’’ constant means to be well approximated by the cen
value, with a few permille error. We have verified that th
requirement is met for values of all the parameters bel
approximately, 350 GeV. This gives a quantitative illustrati
of how ‘‘light’’ the MSSM parameters should be in order th
a typically asymptotic expansion like the Sudakov one t
we investigate might hold at energies in the 1 TeV range.
can remark that, as a matter of fact, the validity of the
pansion corresponds to values of the masses meeting th
ive requestMi

2/q2&1021. This remains true even if severa
resonances appear close toAq2/2. In other words, the energ
dependence of this process appears to be reasonably fl
the considered domain. We also conclude that the value
the ‘‘essentially’’ constant components are relatively ‘‘larg
and of opposite sign~positive! with respect to the~negative!
logarithmic contribution~roughly, they are of comparabl
size, although always smaller than the logarithmic ones!. As
a result of this cancellation the overall one-loop effect
sensibly reduced, becoming systematically of few perc
size. This situation reproduces exactly the one that we me
the analogous study of the SM case, even if the numbe
free parameters in the MSSM is so much larger.

A final question that we asked ourselves was that
whether the approximate constancy ofD rem(q2) could be due
to the relative smallness of the investigated energy dom
To answer this question, we have extended our analysi
very largeAq2 values up to 10 TeV, for an illustrative fixe
set of MSSM parameters

tanb520, m5300, MA5200, M25100, MS5350.
~3.2!

The results are shown in Fig. 6. One sees that for ener
beyond.2 TeV the values ofD rem(q2) remain practically
~i.e., to less than 1 permille! constant. Although we alread
know that at such energies the one-loop approximation

FIG. 6. Behavior ofD rem in the ultrahigh energy regime.
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probably not valid, we consider this result as a check of
asymptotic validity of the expansion~and also of the numeri-
cal code that we have used!.

In conclusion, we have seen that in the 1 TeV range
one-loop Sudakov expansion with an ‘‘essentially’’ consta
term is valid for the defined ‘‘light’’ SUSY scenario. The fac
that D rem(q2) is not rigorously constant is expected to pr
duce therefore reasonably ‘‘small’’ effects, that we shall
to evidentiate in full detail in Sec. IV.

IV. STUDY OF THE MSSM PARAMETERS

A. Determination of tan b

The first question that we address is the relevance of
Sudakov expansion to provide a simple and clean test of
MSSM under the assumption that the mass scales are in
‘‘safe’’ range that we have just discussed. In other wor
D rem is only approximately constant and we want to und
stand quantitatively how much this can affect an attemp
identify the value of tanb from the logarithmic slope of the
cross section, in which it appears in the combination sho
in Eq. ~2.5!.

To avoid misunderstanding or confusion, we must ma
an important preliminary statement. Our starting assump
is, we repeat, that a clear, experimental evidence for the
istence of supersymmetric particles has already b
achieved, and that there exists a strong indication favor
the candidacy of the MSSM. In particular, the value of tanb
might have been already measured with good accuracy
alternative processes@21# or ~especially if its value were
large! it could still be relatively poorly determined. In bot
cases, the fact that in the MSSM the coefficient of the lin
Yukawa logarithm isonly dependent on tanb would repre-
sent an important feature, leading to drastic consiste
check if the value were already known but also to a m
ambitious possibility of a strong self-consistent constrain
the value were still relatively undetermined. In the followin
part of this section, we shall try to make our proposal mo
explicit.

With this aim, we begin by subtracting explicitly fromD
all the ‘‘known’’ logarithms, i.e., all the terms in the Sudako
expansion with the exception of the Yukawa contributio
Therefore, we define the quantity

D̃~q2!5F~ tanb!logq21D rem~q2!,

F~ tanb![2
3a

4psw
2 MW

2 ~mt
2cot2b1mb

2tan2b!. ~4.1!

If, in a definite scenario, the shape ofD rem(q2) turned out to
be flat, then it would be conceivable to approximate it by
term that is constant with respect toq2. In such a simple
case, we could try to fit the measured values of the resid
effect D̃(q2) with a logarithmic expansion inq2 of the form

Afitlogq21Bfit . ~4.2!

The result of the fit,Afit , can be compared withF at the
value of tanb we are working. The differencedF5Afit2F
4-7
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is an error in the estimate ofF that has two components
dF5dstatF1dsysF. The first termdstatF is simply due to the
fact that we assume a certain finite experimental precision
each measurement. The second termdsys is the most impor-
tant and is a systematic error due to the fact thatD rem is not
constant with respect to the energy. For instance, ifD rem
were exactly energy independent, we would finddsysF50.
The errordF can be converted into an error on the estim
of the interesting parameter tanb. If dF/F is enough narrow
to allow a linearized analysis, then we have simply

dF

F
5

tanb F8

F

d tanb

tanb
~4.3!

or

d tanb

tanb
5

1

2

tan4b1~mt /mb!2

tan4b2~mt /mb!2

dF

F
. ~4.4!

The zero in the denominator corresponds to the value tab
5Amt /mb.6.2 at which the functionF attains its maximum
and the sensitivity to tanb is the smallest due to the flatne
of F. Notice also that for tanb beyond 15–20, we have

dF

F
.

1

2

d tanb

tanb
. ~4.5!

In the following discussion we shall analyze in a quantitat
way the feasibility of such a procedure in the framework
specific scenarios. With this aim, we have assumed the e
tence of ten equally spaced experimental measuremen
the range 800 GeV–1 TeV with a relative 1% precision a
have generated them by means of our numerical code~if
only N points are available, all the numerical results conce
ing the statistical component of the error on tanb must be
increased by a factorA10/N).

L: Very light SUSY.

~L ! variable tanb,

FIG. 7. Variable tanb in the~L! scenario: full effect at 1 TeV.
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m5300, MA5250, M25100, MS5350; ~4.6!

the full effect at 1 TeV is given in Fig. 7. showing that
remains below 10% for tanb&40. The curves forD rem are
given in Fig. 8 showing thatD rem(q2) depends effectively on
tanb, remaining ‘‘essentially’’ constant in the considered e
ergy range. The plot of the relative error in the identificati
of tanb is shown in Fig. 9. As we said, the extra error ba
are due to the fact thatA is determined with a statistical erro
due to the assumed 1% accuracy in the cross section m
surements. One sees that the main source of error is act
due to the departure ofD rem(q2) from its constant value. We
have subsequently considered two more scenarios.

A: Light SUSY.Here, we increase the masses in t
gaugino sector,

~A! variable tanb,

m5300, MA5250, M25200, MS5350. ~4.7!

FIG. 8. Variable tanb in the~L! scenario:D rem. The bottom line
has tanb510, the other curves have increasing tanb by steps
D tanb52.

FIG. 9. Variable tanb in the ~L! scenario: percentual relativ
error in the determination of tanb at various tanb.
4-8
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B: Light SUSY with largerm.

~B! variable tanb,

m5400, MA5250, M25200, MS5350; ~4.8!

in Fig. 10 we combine the results for the various scenar
In the figure, we have also shown the vertical lines cor
sponding to thesafeperturbative bound corresponding to
10% full one-loop effect. One can see that, for tanb larger
than 20, an identification of this parameter to better tha
relative 40% would be possible. For values larger than.30,
the error would be reduced below a remarkable.10% limit.
This represents to our knowledge a valuable possibility
determining this fundamental MSSM parameter in the reg
of high values where it is known@21# that accurate measure
ments are rather difficult.

It might be interesting to ask what would happen if t
SUSY scenario were not light and for this reason we h
also explored this part of the MSSM parameter space.
heavy sparticle masses, there can appear spikes in the c
representingD rem due to kinematical thresholds. We alrea
stressed this fact while discussing, for instance, Fig. 4. Th
in this region D rem is definitely not flat and the Sudako
expansion plus a constant term is no more a valid appr
mation to represent the one-loop full calculation. The pro
dure to determine tanb is therefore invalidated in such cas
and the proposed method is only reliable in the suitable id
tified region.

B. Visible effect of the remaining parameters

Our logical scheme for extracting information fro
charged Higgs boson production would now proceed in
following way. Once the proposed identification of tanb
from measurements of the slope of the cross section w
completed, we would return to the remaining termD rem(q2)
and estimate the effects on it of the remaining parame

FIG. 10. Variable tanb in the ~L,A,B! scenarios: percentua
relative error in the determination of tanb at various tanb. We also
draw a line corresponding to the A scenario but withAu,d

5200 GeV in order to shown that one can have a certain rang
Au,dÞ0 without changing our conclusions.
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assuming a precise measurement at a fixed energy, typic
1 TeV. A preliminary request will be that of taking into ac
count the error on the previous identification of tanb. Fol-
lowing the illustrations of Sec. III, we shall optimisticall
assume that tanb has been identified at a ‘‘convenient
value, i.e., one where the relative error is of the 10% si
For purposes of illustration, we shall chose tanb53063
from now on. Using this value as a given input, we c
examine which information on the remaining parameters
be obtained from the determination ofD rem. This determina-
tion will be affected by two sources: a purely experimen
one from the measurement at 1 TeV, treated under the u
assumptions, and the input error on tanb measured from the
slope. It is not difficult to see@e.g., looking at Fig. 8 and
considering Eq.~2.5!# that the latter will affect the determi
nation ofD rem by a tolerably small~few permille! error. We
shall take it into account in what follows within qualitativ
limits, not to make this indicative treatment too involved.

The plan of our forthcoming study has been remarka
helped by the observation that we already made, wh
shows that, in practice,D rem remains ‘‘essentially’’ unaf-
fected by variations ofm and of M2 in the considered
‘‘light’’ scenario. This simplifies our approach, reducing it t
the ‘‘essential’’ parameters, that areMA and MS . We have
thus fixedm, M2 at conventional values (m5400 GeV,M2
5100 GeV) and drawn the contour and the surface plots
the (MS , MA) variables shown by Figs. 11 and 12.

A few, necessarily qualitative, comments are now app
priate, e.g., from a glance at Fig. 11. The various cur
correspond to variations ofD rem at 1 TeV. The spacing be
tween two curves is a shift inD rem of 5 permille, which
corresponds roughly to one half of our expected error on
quantity and, in our figure, defines a certain bidimensio
‘‘tube’’ whose slope and width depend on the parameter
main and fix the corresponding domain bounds
(MA , MS). One notices that, independently of the value

of

FIG. 11. Contour plot of 100D rem at 1 TeV in the plane
(MA ,MS). The contour lines correspond to values between 0
8.5 increasing from left to right by steps of 0.5. Also shown are
boxes corresponding to the points (MA ,MS)5(25065 GeV, 330
65 GeV) and (MA ,MS)5(33065 GeV, 25065 GeV).
4-9
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D rem, there would be a kind of orthogonal situation. F
small (&4%) D rem values, one would feel the effect ofMS
with a certain accuracy~of about 50 GeV! without practical
effect from MA . For largerD rem values, the opposite situa
tion would appear, and effects ofMA could be felt to the
previous~about 50 GeV! accuracy. These accuracies are c
tainly much worse than the expected precisions onMA , MS
from direct production~roughly, a relative 1–2 %!. However,
in our opinion, these curves could still be rather meaning
for a possible nontrivial consistency test of the model. A
suming in fact that bothMA andMS have been determined i
a range between 200 and 350 GeV with a precision of, sa
GeV, the point in the (MA , MS) plane that corresponds t
these values must lie on the ‘‘correct’’ curve that correspo
to the measured value ofD rem. In Fig. 11 we have drawn fo
illustration purposes two points that correspond to typi
couples of ‘‘light’’ valuesMA5250 GeV,MS5330 GeV and
MA5330 GeV,MS5250 GeV with the corresponding as
sumed experimental error. One sees that a measurementD
to the relative 1% accuracy would be of scarce use forMA
5330 GeV,MS5250 GeV, but would provide a quite strin
gent test of the model for the symmetrical couple of valu
Thus, depending on the experimental results on th
masses, the relevance and the motivations of the prev
analysis at 1 TeV might become definitely enhanced.

V. CONCLUSIONS

The main conclusions that may be drawn from our ana
sis of the charged Higgs boson production process are, in
opinion, the following.

~1! For this process, in the.1 TeV energy region, an
effective one-loop description with a Sudakov expans
implemented by an ‘‘essentially’’ constant next-to-sublead
term reproduces the rigorous calculation in a ‘‘light’’ SUS
scenario where all the relevant mass parameters of the
cess are roughly below the common 350 GeV value. T
overall one-loop effect remains systematically under con
~below a safe few percent limit! in this region and seems t
provide a reliable description of the process.

~2! A satisfactory self-consistent identification of tanb
from an accurate measurement of the slope of the cross

FIG. 12. Surface plot of 100D rem at 1 TeV in the plane
(MA ,MS).
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tion in a region close to and below 1 TeV would be possi
for large values (*20) of tanb, with an error that takes
realistically into account the ‘‘small’’ deviations of the nex
to-subleading term from a constant value.

~3! The next-to-subleading term ‘‘essentially’’ depend
once fixed tanb from the measured slope, only on the tw
mass parametersMA , MS . Depending on the measured va
ues of the parameters, this could provide another simple
rather stringent test of the MSSM.

~4! For the purposes of a precision consistency test of
MSSM, the charged Higgs boson production process exhi
special simplicity features that make it, in our opinion, a ve
promising candidate. In our approach, we have assume
particularly convenient ‘‘light SUSY’’ scenario. It must b
stressed, though, that theSESAMOprogram that we have pro
duced would be able to work also in a more general sit
tion, i.e., one where not all relevant masses are light, so
an asymptotic logarithmic expansion of Sudakov type wo
not be valid. In other words, a full one-loop electrowe
calculation of the process would still be available, althou
many of the attractive simple features that we have ill
trated would be lost.

~5! Our treatment has only considered the special cas
the simplest supersymmetric model nowadays available,
MSSM. However, the asymptotic expansion that we p
posed would still be able to treat, in a suitable ‘‘light SUSY
scenario, a more complicated Supersymmetric model
turned out to be suggested by experimental evidence,
which an analogous self-consistency precision test were
quested at the one-loop level. In this spirit, a combin
analysis of both charged and neutral Higgs boson produc
could be useful. With this purpose, a study of neutral Hig
boson production at large energies is already under exam
tion by our group.
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FIG. 13. Four classes of Feynman diagrams contributing
e1e2→H1H2 at one loop. They are initial and final vertices~in
the first row!, boxes and final seagull diagrams~in the second row!.
4-10
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APPENDIX: LIST OF CONTRIBUTIONS
AND ASYMPTOTIC EXPRESSIONS

In this appendix we give the list of the various one-lo
diagrams that have to be retained for a practical computa
~for example, we discard all diagrams that contribute prop
tionally to the light lepton and quark masses!. We follow the
decomposition given in Eq.~2.1!.

Gauge boson self-energies.These are the standard an
supersymmetric bubbles and seagull diagrams involv
gauge bosons (g, Z, W), Goldstone bosons, ghosts, Higg
bosons, fermions, charginos, neutralinos, and sfermio
They contribute the quantitiesAc.t.(e1e2→H1H2) and
As.e.(e1e2→H1H2), as explained in Refs.@13,14#.

Initial vertices. The diagrams contributingAin(e1e2

→H1H2) are vertices with three internal lines sketched
Fig. 13 and externale6 self-energies. The list of vertice
(a,b,c) is (e, g, e), (e, Z, e), (n, W, n), (W, n, W),
(ẽ, x0, ẽ), (n ẽ, x1, n ẽ), (x0, ẽ, x0), (x1, n ẽ, x1).

Final vertices. The diagrams contributingAfin(e1e2

→H1H2) are vertices sketched in Fig. 13 and externalH6

bubbles as well as seagull diagrams involving the ga
boson–gauge boson–scalar-scalar couplings. The list of
tices (a,b,c) is (H, g, H), (H, Z, H), (H, W, H),
(W, H, W), ( f , f 8, f ), (x, x, x), (H, H, Z), (H, H, H),
( f̃ , f̃ 8, f̃ ), whereH andx represent either charged or neutr
states. The list of seagull diagrams (a,b) is (H1g), (H1Z),
(H0W), (h0W), (A0W).

Boxes. The contributions toAbox(e1e2→H1H2) are box
diagrams denoted clockwise by starting from the line ru
ning betweene2 and e1 according to Fig. 13. The list o
boxes (a,b,c,d) is (nWH0W), (egH1g), (eZH1Z),
(eZH1g), (egH1Z), (ñx1x0x1), (ẽx0x1x0),
(x0ẽLñẽL), (x2ñẽLñ), (ñx1x0ẽL), (ẽLx0x1ñ).

1. Asymptotic expressions

The complete expressions have been included in the c
SESAMO. Below we only give the results involving leadin
~DL! and subleading~SL! logarithms.

Using the normalizations defined in Eq.~2.2!, we can
write

al5al
Born1

a

p
~dal

s.e.1dal
in1dal

fin!, ~A1!

wheredal
s.e., dal

in , anddal
fin are the one-loop corrections t

al
Born.

The asymptotic contributions from the intermediateg, Z
self-energies are
s.
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n
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daL
s.e.→

122sW
2 112sW

4

16sW
4 cW

4 logq2, daR
s.e.→ 11

8cW
4 logq2,

~A2!

those from initiale1e2 lines,

daL
in→ 1

64sW
4 cW

4 S 2 logq22 log2
q2

MZ
2D

1
1

32sW
4 cW

2 S 2 logq22 log2
q2

MW
2 D ,

daR
in→ 1

8cW
4 S 2 logq22 log2

q2

MZ
2D ~A3!

and those from finalH1H2 lines and boxes,

daL
fin1boxes→ 1

64sW
4 cW

4 S 2 logq22 log2
q2

MZ
2D

1
1

32sW
4 cW

2 S 2 logq22 log2
q2

MW
2 D

2
3

32sw
4 cW

2 MW
2 ~mt

2cot2b1mb
2tan2b!logq2

2
1

16sW
4 cW

4 log
12cosq

11cosq
• logq2

2
1

4sW
4 log

12cosq

2
• logq2, ~A4!

daR
fin1boxes→ 1

8cW
4 S 2 logq22 log2

q2

MZ
2D

1
1

16sW
2 cW

2 S 2 logq22 log2
q2

MW
2 D

2
3

16sw
2 cW

2 MW
2 ~mt

2cot2b1mb
2tan2b!logq2

2
1

4cW
4 log

12cosq

11cosq
• logq2, ~A5!

whereq is the c.m. angle between initiale2 and finalH2

momenta.
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