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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 supersymn{&dgY) 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 line@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 Bn tan
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 ing order, the one-loop description appears there adequate.
The question remains that of whether possible next-to-
In the last few years, a considerable amount of effort hasubleading(for instance, constanterms might play a role.
been devoted to the precise formulation of the theoretical For massivéthird generatiopfinal quark pairs, this prob-
predictions for electroweak effects in pair production at fu-lem was investigated in an “effective” waj], trying to fit
ture lepton colliders. In particular, the considered center ofhe exact one-loop calculation of a simple class of diagrams
mass(c.m) energies have been those that represent the finAyith a logarithmic expansion also containing an additional

goal of two proposed future machines, roughly 1 TeV for theconstant. The resglt_ was that, in the 1 TeV_ regior), this fit was
Linear Collider (LC) [1] and 3 TeV for the CERN Linear e}deq.uately (_jgscnblng the exact calculation, with the loga-
Collider (CLIC) [2]. The main motivation of the various in- rithmic coefficients exactly predicted by the Sudakov expan-

vestigations has been the fact that, within the electroweal I(r)rr:l SVnds(? |C?iT/St|;nE| ttrarm”gl\l;en tbynthﬁ fl:ct ]:I'the lee r(i)tfhthls
sector of the standard modesM), for c.m. energies of the ef asirelatively) large,”about one halt of th€ loga
few TeV size, it has been realizé8—5| that unexpectedly mic contribution, with opposite S|g!(1thus decrea_smg the

' overall effecj. The apparent conclusion was that, in that en-

large virtual effects arise at the one-loop level, that could A
- . . ; L ergy range, a one-loop Sudakov expansion implemented b
make the validity of thigrelatively) simple perturbative cal- gy rang P P P y

i . an extra constant term seems to be able to reproduce the
culation highly debatable. These terms have the analogoys act calculation with an accuracy that is largely sufficient,

dependence on energy as those originally determined in QELy the expected experimental precision level of a relative 1%.
by Sudakov{6]; at one loop, they can either be of squared  As a comment on the previous conclusion, it can be no-
logarithmic(leading (DL) or of linear logarithmicsublead-  ticed that the possible experimental determination of the
ing) (SL) kind, and their numerical effect in several observ-separate logarithmic and constant terms would not lead to
ables breaks the “safety” few percent limifixed by the  any new information in the SM, since all the various coeffi-
aimed(1%) experimental accura¢yvhen one enters the few cients will depend on théfixed) known values of the SM
(2—-3 TeV region, making the request of a higher order cal-parameters. In this sense, accurate measurements of massive
culation imperative in that range. (and masslegsermion pair production at LC in the 1 TeV
Within the SM framework a resummation to all orders region can only provide, in the SM framework, another ex-
actually exists to next-to-subleading order for final masslesperimental test of the validity of the model.
fermion pairs, and to subleading order for general massive A natural question that arises at this stage is that of
final pairs[7]. In the (particularly relevantcase of massive whether similar, or different, conclusions can be drawn for
final fermions a comparisofto subleading logarithmic accu- the simplest supersymmetric generalization of the SM that
racy) between one-loop and resummed expansions has beean still be treated perturbatively, i.e., the minimal supersym-
performed[8]. The results indicate that, for c.m. energies metric standard modéMSSM). This model and its Sudakov
entering the few2—3) TeV range, the discrepancies betweenexpansion have been actually already considered to sublead-
the two approximations become intoleraliiye., beyond a ing logarithmic accuracy in a number of papers, to the one-
relative 10% large. On the contrary, for energies in the 1 loop level for massless and massive fermion ppd:§] and
TeV region, no appreciable difference shows up: to subleadresumming to all orders for sfermion and Higgs boson pro-
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duction[10]. In the latter case, a comparison between thdation, one must add to the constant component an extra non-
one-loop and the resummed expansion has also been pdegarithmic energy dependent quantity. As we shall show,
formed under the assumption of a relatively light SUSY scethough, this extra component is, at the expected level of
nario, showing that, in strict analogy with the SM situation, accuracy, fairly “small.” The consequence of its presence
the two calculations are essentially identical in the 1 Tewwill be fully taken into account and will generate a realistic
region, while deep differences show up in %3 TeV en-  €rror in the determination of the SUSY parameter that we
ergy range. No effort was made to try to estimate the size ofhall pursue. S
a possible next-to-subleading term in the one-loop expansion AS @ first process to be examined in this spirit, we have
in the 1 TeV region from a fit to the exact calculation, analo-chosen that of charged Higgs boson pair production. The
gous to that performed in Ref9] for the SM case. main reason for this choice is that, fron_1 the point of view of
The aim of this paper is precisely that of studying thethe mvolved_ parameters, this is the_ simplest process to be
feasibility and the possible advantages of performing an eféonsidered in the MSSM. Our goal is that of moving in fu-
fective logarithmic one-loop expansion, implemented by aluré Papers to more complicated processes, following a logi-
next-to-subleading term, in the energy region around 1 Te\cal chain _that |.ntro<;iuces gr'adually new parameters not al-
for the MSSM. We anticipate that a preliminary necessany2dy derived in this effective way. In order to provide a
condition will be that of a light SUSY scenario, in which all Self-consistent and rigorous calculation device, we have
the SUSY masses relevant for the considered process af@mpleted a one-loop code that contains all the relevant dia-
supposed to be not heavier than a few hundred GeV. Thigrams, in the approximation of treating all fermions as mass-

means that the starting picture will be one where SUSY hai€ss, With the exception of the third generation quarks. We
already been discovered via direct production(af least have verified that the 'compIeFe che does reproduce .the cor-
some sparticles, so that a number of SUSY masses is all€Ct (known) asymptotic logarithmi¢DL and SL) behavior.
ready known and fixed to quite good accuratyis is not This complete _code has been used_ to dgrlve an ef_“fectlve
necessarily true for other quantities of the model, like, forn€xt-to-subleading Sudakov expansion, with which it has
instance, ta or other parameters, e.g., of mixing kindn been imposed to it to agree to the few perm|IIe_IeveI. The
such a condition thédeclared purpose of future Linear Col- €0de, that has been namegsamo (supersymmetric effec-
lider experiments is that of providing precision tests of theliveé Sudakov asymptotic mogleis already available for use
candidate model. This requires the availability of theoretical 12]. _ ) _ _ .

predictions trustable at a relative level of at least 1%, as the 1echnically speaking, this paper will be organized as fol-
expected experimental accuracy. To reach such a level mighRWs- Section Il will contain the relevant asymptotic one-
require the use of calculations beyond the simple one-looﬂPOp expansions of the process. Section llI W|II_ conta}m the
level, when the one-loop effect turned out to be “large,” COMPparison of _the _complete one-loop calculation with the
typically beyond a relative 10%. In the present work, weProposed effective fit as a.funct|on of the SUSY parameters.
shall restrict our analysis to regions of the parameter spac® Sec. IV, the determination of tg and the study of the
where the one-loop effect remains below the previous qualieffect O_f the remaining parameters on the' neXt—_to-sub'Ieadmg
tative value. term will be examined and exhibited. A final discussion of

The purpose of our investigation will be that of showing OUr results in Sec. V will conclude the paper.
that one fundamental difference will arise in the MSSM
_analysis with respect to the SM case. Our conclusion vv_iII be || CALCULATION OF THE PROCESS AT ONE LOOP
in fact that the coefficient of the SUSY Sudakov logarithm
and the next-to-subleading term will exhibit a drastically dif- A complete description of the scattering amplitude of the
ferent dependence on the parameter of the model, so thabnsidered process at one loop requires the calculation of
their possible experimental identification might lead to quiteseveral classes of diagrams. To make our treatment as self-
valuable information. In particular, we shall reconsider, inconsistent as possible, we shall follow the notations used in a
this new spirit, the possibility of a determination of {#&n  previous referencgl0] and write
that is the only SUSY parameter on which the coefficient of
the SUSY Sudakovlinean logarithm depends, as already
shown in previous papef&0,11. Also, we shall show thatit A(ete™—H*H")
is possible to investigate separately the dependence on the
next-to-subleading term on the remaining SUSY parameters —— pBomgte~ H*H ™)+ A ete  HTH™)
in the light scenario that we have assumed. In fact, we shall
also show in some detail what is the range of SUSY param- +ASe(eTe"HH )+ANete —H'H)
eters that may be considered “light,” from the point of view
of a Sudakov expansion like ours, in the 1 TeV region.

We should anticipate at this point the reason why we in-
sist upon calling the remaining, nonlogarithmic component
of the asymptotic one-loop expansion “next-to-subleading”
term. In fact, we shall show that this remaining component
cannot be rigorously considered as a constant in the investit is convenient to normalize the general amplitude in the
gated TeV region. To reproduce completely the exact calcufollowing way:

+AMete” SHTH )+ AP efe"=HTH)

+ AQED. 2.1
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2e2 MSSM), and will therefore not be included in our code at
A=—v(e")(p)(a P +agPrlu(e”), (22 |east for the momert.
q . - . N
In this spirit, we shall now write the overall logarithmic
contributions to the scattering amplitude that arise at one
loop in a proper configuration of “asymptotic” energy. These
whereg? is the square of the total center of mass energyare by definition the leading terms of an expansion made in a
P. r= (1% y°)/2, andp* is the outgoingd ~ momentum, so  region where all the relevariexternal and internaimasses
that one writes the Born terms for each helicity amplitudeare sufficiently smaller than the c.m. energy in a way that we
With N=Ag-=—\¢+ as shall try to make more guantitative in the following section.
In full generality, such logarithmic terms can be of two dif-
ferent origins. The first ones are linear logarithms of renor-

Bom_ ; _ (1-2s3) 52 malization group origin, generated by gauge boson self-
a = 43\2/v0\2/v 79ex (2.3 energies and representing the “running” of the gauge

coupling constants. Their expressions are known, and we
shall write them explicitly but separately from the remaining
With ge, =255~ 1, ger=25%,, and »=q%/(q2— M2). terms. They do not contain any SUSY parameter, but must be
The remaining quantities represent the one-loop perturbg&@refully taken into account in our approach. The second
tive modifications of the tree level expression. More pre-Ones are the genuine electroweak logarithms, nowadays gen-

cisely, A% is the contribution from the usual “counterterms” erally called “of Sudakov type.” They can be of quadratic

that cancel all the ultraviolet divergences of the process. Ir‘;’lnd of linear kind; the quadratic ones come from vertices

our chosen on-shell renormalization scheme, in which th with single W, Z, y exchange and from boxes with tvay
nout 0). M dM-  th ! b xchange and do not contain any SUSY parameter; the linear
inputs areaqe(0), My, andMg, they are given by proper ones come from the remaining vertices and boxes and con-

gauge boson self-energies, computed at the correspondingiy sysy contributions only from vertices. A very special
physical masses. Their explicit expressions are kn@@e,  foatre of the supersymmetric model that we have investi-
e.g., Ref[13]), and to save space we shall not write themgated and of the process that we have considered is that the
here.A%'e" contains the various internal Self-energy CorreC'on|y SUSY parameter that “effective|y” appears in the vari-
tiOﬂS;Am'fm describe the initial and final vertex modifications ous linear |ogarithms is tah, of Yukawa Origin, produced
and AP the box contributions. Their “fine” structure is by the final vertices withl§,t) exchange, that depends on the
summarized in the Appendix, where the various componentgpecific combinatior[mfcotzﬁ+nﬁtar?,8] [SUSY mass pa-
of the separate terms are listed. The related complete set gdmetersM; , that could enter other vertex diagrams, would
Feynman diagrams is too largmore than 200 diagram$o  appear in the form logf/M?), \q? is the c.m. energy, but
be drawn here; it can be found, e.g., in arecent pep@rin  with a suitable change of scale they can always be shifted
our treatment, we have discarded those components that giVigto a constant term, as we shall show and distuss
contributions that vanish with the initial lepton mass, which  In the Appendix we list the various logarithmic contribu-
reduces somehow our numerical calculatiof@;tually, we tions coming from different diagrams. The convention that
treated all fermions as massless, with the exception of theve have followed is that of keepinlg,y, as the scale of the
third family quarks. In our approach, ultraviolet divergences double lod g> coming from twoW boxes and singl&V ver-
are produced both by self-energies and by vertices that intices. For all the remaining logarithms we have chosen a
clude all external self-energigsve followed the definition ~common scalél,, with the exception of the Yukawa vertex
proposed by Sirlif15]). We checked that all the ultraviolet Where the most natural scale appears to us to be that of the
divergences in the scattering amplitude are mutually cancel-
ing. Finally, AP represents our choice of the electromag-
netic Component_ In this pre”minary paper, we were most|y .lln fact, we know that -SUCh. C.(?rrections are usually releVa..nt in
interested in the “genuine” electroweak SUSY contributionsh'gh energy electron-positron |n|t|e_1ted SUSY processes. To glve an
at very high energies. For this reason, we treated all thosg*@mPle. in the case oW production that was recently examined
virtual contributions with photons that would generate infra-gy us[17] they are knowr{16,1§ to be large and in some cases
red divergences by introducing an “effective” fictitious pho- ominating the overall corrections. However, as we stressed in Re_f.

- . . [17] they are supposedly under control, and the largeness of their
ton massM, =M . This is the procedure currently used in ize does not generate particular worries, since a well established
the studies of the high energy behavior of the eIectroweal? ot g P : . L :

- . . QED 1y i esummation procedure is available. Their explicit calculation

proce_sse;, see, e.g., R[qu]. With this choice, ouA W'", would also require a knowledge of several expected future experi-
contain, in fact, the difference between these “effective”

. . mental details, like the size of the cuts and angular acceptance, and
terms and the convention@hassless photgrones(with the 414 be given in ghopefully near future time, when the operative

usual request of adding the effects of real photon radiatioRchedule of the future LC will be more precisely known. Their
when computing the cross sectjoihis gives a contribution  addition would not represent a problem, but would not add anything
to the observables that, for our specific purposes, can bg the specific investigation of this paper, that is rather devoted to
considered as “known” since it is purely standard and doeshe “unknown” component of the scattering amplitude. The inclu-
not involve any SUSY componefin particular, tarB in the  sion in our code will be done in a future stage.
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top massm;. This choice is arbitrary, it is only dictated by term A ,(g?) is the difference between the full one-loop
our personal taste and feelings. The consequence of thigsult and its asymptotic Sudakov expansion including all the

choice will be that of fixing the numerical value of the double and single logarithms, and will be called the next-to-
“next-to-subleading” term. A pragmatic attitude would be subleading term.

that of verifying that, with this choice, both the logarithmic
and the next-to-subleading terms remain acceptably “small”
at the one-loop level. This, as we shall show, will happen in
fact and with thisa posteriorijustification we shall retain our The aim of this section is that of investigating whether
choice of scales. there exists a region of energy and of parameters where the
From a glance at the Appendix one also sees that thegorous calculation at one loop can be reproduced by the
linear logg? belong to two separate classes: the so-calle@ffective Sudakov expansion E.5), and to determine the
“universal” and the “nonuniversal” ones. The latter are pro- relevant features of the next-to-subleading te¥xp(q?). In
duced by boxes and depend on the c.m. scattering ahgle order to avoid confusion, we anticipate that our analysis will
We have already discussed in a previous pdféy their  be divided into two different sectors. In the first one, sum-
different relevance at the one-loop level, and we shall notnarized in this section, we shall study the dependence of
insist here on these features. We can, though, recall the ol (g% on the c.m. energy for given values of the param-
served fac{10] that thesed dependent nonuniversal terms eters of the chosen MSSM model. In the second one, we
are the only ones that contribute at logarithmic level theshall study the dependence Af..(g?) on the MSSM pa-
forward-backward asymmetries at one loop. Since they deameters for a fixed energy chosen at the representative 1
not contain any SUSY parameter, as we said, there will be ndeV value. To proceed with our analysis, we must now de-
relevant logarithmic contribution containing SUSY param-fine the MSSM parameters that we shall use as input of the
eters to the forward-backward asymmetrytbfH ™ produc-  calculations. We retained the following five free parameters:
tion. The same conclusion can be derived for the longitudinal
polarization asymmetry that is known to provide only infor- tanB, w, M, My, Mg, (3.9
mation on the initial state as shown in R¢L0]. For this
reason, we shall concentrate our numerical analysis on thige., the ratio of the two vevs, the Higgs boson bilinear cou-
total cross section of the process. pling, theCP odd Higgs boson mass, the universal gaugino
After this rather technical presentation, we are now readynass, and the universal sfermion mass. For this preliminary
to present the concrete numerical analysis. With this aim, wenalysis, we allowed ourselves the simplifications of using
shall now summarize our previous discussion giving thethe grand unified theoryGUT) relation Ml:gtaﬁﬁwmz
asymptotic relative effect on the cross section of the processnd of setting the trilinear couplings,=A4=0. We com-
by writing it in the form puted the Higgs boson spectrum with the c@#&NHIGGS-
FAST [19] and obtained the masses of charginos, neutralinos,
and sfermions by numerical diagonalization of their mixing
matrices. We retained sfermion mixing only in the case of the
third generation.
where ingB°M"1 1% e are retaining only the genuine one- For the purposes of this paper, we have chosen to wqu in
loop termsO(a/ ) and not the second order terms coming&" €Nergy region between 800 GeV and 1 TeV, considering 1
from the square of the one-loop contributions since these miX€V as an ambitious conceivable final goal of the future LC.

Ill. VALIDITY OF THE SUDAKOV EXPANSION

O_Born+l loop__ O_Bom

A(g?)= , (2.4)

O_Born

with the genuine two-loop contributions. In our study, we shall assume t.hat a number of precise mea-
The logarithmic expansion df has been derived analyti- Suréments can be performed in that energy range, and we
cally and is given by the expression will shoyv what cpuld be th_e theorgtlcal |mpllcat|ons for t_he
model in a particular region of its couplings and of its
o 1+2sd, 9 a masses. Clearly, all the obtained informations and bounds on
A(g?)= —(—5 — Iogz—z——(—n) the various mass parameters could be easily rescaled if the
2msy/\1+4sy/ = My | 47sycy analysis were performed in a lowée.g., 600—800 GeV
4 6 2 energy interval.
m ng—2—<%> The first problem that we address is that of determining
1+4sy Mz \4msyMy the range of massive MSSM parameters for which the Suda-

kov expansion forA (g?) reproduces the rigorous calculation

2
X(mZcof B+ mﬁtanz,e)logq—2 + ﬁ) with a simple and understandable expression for the next-to-
mg | 37SuCly subleading term ,o,{q?). For the latter, the simplest possi-
— 1652 4325 + 7258 2 bility would be prowded by a constant, and from our previ-
X 11~ 165w il ZSW) IOQq_2+Arem(q2)y ous SM experiencg10], we would be prepared to the
1+4sy, 0 appearance in this case of a relatively “large®., compared

(2.5 to the logarithmic componentjuantity. We cannot exclude,
though,a priori the necessity of including an extra, energy
where the fourth line contains all single logarithms with thedependent term, that should vanish at very lat@g, but
exception of those of Yukawa origitthird line). The last could be numerically relevant and complicated in the consid-
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FIG. 1. VariableM,: chargino and neutralino masses. Here
tan 8= 20. FIG. 2. Variableu: plot of A, for various x. The bottom

) curve haspu=300 GeV. The other curves have increasjagby
ered energy range. If this turned out to be the case, the pragteps of 20 GeV.

tical validity of the Sudakov expansion would be unavoid-
ably reduced, since every tentative effective fit to the data ) o )
would be complicated and affected by large errors, and we An important preliminary remark must be made at this
shall return to this statement in the description of the derivaPoint. The final goal of our analysis is that of showing that a
tion of tangB, to be shown in the following section. complete one-loop expression can be reproduced (rgla-
Given the fact that we have to deal with four massivetively simple) Sudakov expansion. But a necessary condition
parameters, we have performed four different analyses, itp make this search useful is also that the one-loop expansion
each one of which three parameters were fixed at values thig reliable for the purposes of a high precision test of the
we considered “light” with respect to the chosen energymodel, as anticipated in the Introduction. To guarantee this
range, and one parameter was allowed to vary. In all theseondition, we shall have to verify that the complete expres-
analyses we fixed ta at the value tagg=20, that can be sion of A(q?) (i.e., the full one-loop correctigrmremains ac-
considered as an average value in the range that we hageptably small in the investigated energy region, with, e.g.,
explored, roughly ZtanB=<40 (we shall discuss later on an upper bound that we could fix quantitatively at the rela-
the reasons of this choice of the upper valuixing differ-  tive 10% value. Only after this check, our next analysis
ent values of ta@ does not change the results of the four could be considered as meaningful. In cases where the one-
analyses, that we chose in the following wég) variablew,  loop effect were larger, we should be forced to make use of
fixed M,=200 GeV, M,=100 GeV, Mg=350 GeV; (b) higher order calculations that are, in principle, availd2i@
variable M,, fixed u=300 GeV, M,=100 GeV, Mg but are beyond the purposes of this first investigation.

=350 GeV; (c) variable M,, fixed w=300 GeV, M, We are now ready to show the results of the four consid-
=200 GeV, Mg=350 GeV; (d) variable Mg, fixed ered cases, which are the following ones.
=300 GeV,M =200 GeV,M,=100 GeV. (1) Case (a): Variablew. We allowedu to vary from an

The choices of the fixed values of the parameters in thénitial value of 300 GeV to final values of approximately 400
four analyses are dictated by practical reasons and could e€V (below 300 GeV, we encountered problems in the de-
reasonably varied. The relatively small value M, corre-  termination of the sfermion mass eigenstates whose discus-
sponds to the request of having relatively light charginos angion seems to us beyond the purposes of this preliminary
neutralinos, although higher valuess800 GeV) for M, analysig. The full one-loop effect, computed at the represen-
would still be acceptable, as shown by Fig. 1. fbg, the tative valueJg?=1 TeV, remains always very smatielow
same considerations apply in order to avoid resonance fo2%). The values ofA,(g?) in the interval 800 Ge¥: \/g?
mation or threshold effectdocal enhancements when a par- <1 TeV are shown in Fig. 2. One sees that the term is
ticule corresponding to an internal line can decay into twochanging by an amount roughly equal to 5% of its central
other particles Mg can vary in a larger range without ap- value when moving from the beginning to the end of the
parent problems, and therefore it was fixed at a relativelynterval. Numerically, this corresponds & 2 permille effect
higher value. that can be considered as “fairly small” under our expected

We are now ready to discuss the results of our analysegxperimental conditions of 1% accuracy. Whenbecomes
This was performed by computing numerically the quantitylarger than roughly 380 GeV, the simplicity @f,..(q?) is
A(g?) with the specific codésesamo) that we have built for lost and a complicated energy dependence appears which is
our purposes and which is, we repeat, available for use. Froiue to a resonance effect: when we increaseone of the
the computed quantity we then subtracted all the logarithméwvo charginos and two neutralinos become progressively
of Eq. (2.5 and obtained the remaining, next-to-subleadingheavier with masses . When u~400 GeV, we begin to
term A en(9?). see a kinematical threshold at800 GeV that produces a
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line hasM =200 GeV. The other curves have increasivig by and 560 GeV. The various curves have valuedgfspaced by 20
steps of 20 GeV. GeV. The sequence of values is as follows. In the left plot the four

thick lines haveM ,=100-160 GeV from top to bottom. Then the
bump inA ., well visible in the figure. Of course, the bump thinner lines have increasiniyl, (starting from 180 GeV) from
shifts to the right ag further increases. One observes alsoPottom to top. In the right plot the values 8, are increasing
from Fig. 2 thatA .,(q?) is scarcely affected by variations in 90ing from top to bottom.

(about half percent whep varies from 300 to 400 GeV .
I;Lnd, as a congequence, itpdoes not appear to be a pron)1isiﬁ nt_, for_Mz larger than about 360 GeV, the shape of this
candidate for testing virtual MSSM effects generated by thigunction is perturbed by bumps due to resonance effects as-
specific parameter. sociated with the heavy gauginos. As in the casg.pfwe

We repeated our analysis changing only the signuof ~©Observe thal (%) has very small sensitivity to the varia-
The obtained curves are practically identical with those corfions of M, (about 2 permille variation for a 100 GeV shift
responding to positive. values. For this reason, we shall N My).
restrict ourselves from now on to considering conventionally (4) Case (d): Variable M. We have variedMs from
the >0 scenario. 100 GeV to about 300 GeV. The full one-loop effect is again

(2) Case (b): Variable M,. We have variedM , starting  very small and negativebelow =3-4%). The values of
from an initial value of 200 GeV up to 360 GeV. The full Aren(d”) shown in Fig. 5 are again essentiallyp to a rela-
(negativé one-loop effect at 1 TeV remains systematically tive 5%) constant in the considered energy interval. One
below a relative 2%. A\l , increases, the basic change in S€es that .r{g?) is sensitive toMs: 100 GeV of variation
the spectrum of SUSY particles is that bath" and H° in this parameter corresponds te-1.5% variation in
become heavier with approximatelyso~Mo~M+. This  Arem(9%)-
means that in the plots we have to take into account the

. : | a 100 GeV < M, <300 GeV
kinematical constraint/q>=2M . In Fig. 3 we show the 5.0 —————
behavior ofA ., for 200 Ge\=M ,=<360 GeV. Once again, r ]
we notice that in the considered energy interdal(q?) a5k _‘

remains “essentially” constant, with relative extreme varia-
tions of 5% (or less from its central value. This simple pat- 40 
tern would be lost for largeM 5, due to the aforementioned :
Higgs boson production threshold. One notices in this case g
that the dependence af,{g%) on M, is sizable: to a varia- C =
tion of M, from 200 to 300 GeV there corresponds a varia- F .
tion in A,{g?) of almost 2%, that would be visible at the 3-0\—_
proposed LC. L i
(3) Case (c): Variable M. Here, we varyM, from 2,5'_\\'
100 GeV to 300 GeV. The full one-loop effect at 1 TeV is .
again very smallbelow 299 and negative. In the considered .0 . . . . . . . ¢ 00T
range of variation ofM,, there are one chargino and one 08 085 29 095 !
neutralino with masses increasing approximatelygsand YA e
reaching the 400 GeV value at which some resonance struc- F|G. 5. VariableMg: plot of A, for variousM g between 100
ture can be observed in the plots &df,,, shown in Fig. 4. It  and 300 GeV. The bottom line has=100 GeV. The other curves
can be noticed that, although,..(q?) is essentially con- have increasings by steps of 20 GeV.
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R L B I I I L IR UL I RN probably not valid, we consider this result as a check of the

C ] asymptotic validity of the expansigand also of the numeri-
sk . cal code that we have used

r ] In conclusion, we have seen that in the 1 TeV range a
40 _' one-loop Sudakov expansion with an “essentially” constant
C \\ ] term is valid for the defined “light” SUSY scenario. The fact

] that A .{g?) is not rigorously constant is expected to pro-

duce therefore reasonably “small” effects, that we shall try
to evidentiate in full detail in Sec. IV.

rem

100 A

30 -
r ] IV. STUDY OF THE MSSM PARAMETERS
25 —

C ] A. Determination of tan

2ol b i b b b e b b ba The first question that we address is the relevance of the
/o [Tev] Sudakov expansion to provide a simple and clean test of the
MSSM under the assumption that the mass scales are in the
FIG. 6. Behavior ofA e, in the ultrahigh energy regime. “safe” range that we have just discussed. In other words,
Aem is only approximately constant and we want to under-
To summarize, we have considered the range of validitystand quantitatively how much this can affect an attempt to
of a logarithmic Sudakov expansion with an extra next-to-identify the value of tag from the logarithmic slope of the
subleading term which is “essentially” constant in a certaincross section, in which it appears in the combination shown
domain of the massive MSSM parameters, for c.m. energiei Eq. (2.5).
in the range 800 GeV-1 TeV. In our approach, to be “essen- To avoid misunderstanding or confusion, we must make
tially” constant means to be well approximated by the centralan important preliminary statement. Our starting assumption
value, with a few permille error. We have verified that thisis, we repeat, that a clear, experimental evidence for the ex-
requirement is met for values of all the parameters belowistence of supersymmetric particles has already been
approximately, 350 GeV. This gives a quantitative illustrationachieved, and that there exists a strong indication favoring
of how “light” the MSSM parameters should be in order that the candidacy of the MSSM. In particular, the value of an
a typically asymptotic expansion like the Sudakov one thaimight have been already measured with good accuracy by
we investigate might hold at energies in the 1 TeV range. Weilternative processef21] or (especially if its value were
can remark that, as a matter of fact, the validity of the exjarge it could still be relatively poorly determined. In both
pansion corresponds to values of the masses meeting the ngsses, the fact that in the MSSM the coefficient of the linear
ive requestVi f/qzs 10" 1. This remains true even if several Yukawa logarithm isonly dependent on taé would repre-
resonances appear close\ig?/2. In other words, the energy sent an important feature, leading to drastic consistency
dependence of this process appears to be reasonably flat check if the value were already known but also to a more
the considered domain. We also conclude that the values @mbitious possibility of a strong self-consistent constraint if
the “essentially” constant components are relatively “large” the value were still relatively undetermined. In the following
and of opposite sigfpositive) with respect to thénegative  part of this section, we shall try to make our proposal more
logarithmic contribution(roughly, they are of comparable explicit.
size, although always smaller than the logarithmic gn&s With this aim, we begin by subtracting explicitly frot
a result of this cancellation the overall one-loop effect isall the “known” logarithms, i.e., all the terms in the Sudakov
sensibly reduced, becoming systematically of few percengéxpansion with the exception of the Yukawa contribution.
size. This situation reproduces exactly the one that we met iftherefore, we define the quantity
the analogous study of the SM case, even if the number of
free parameters in the MSSM is so much larger. A(g?) =F(tanB)10gq®+ A en{9?),
A final question that we asked ourselves was that of
whether the approximate constancyAqf(q?) could be due a ) )
to the relative smallness of the investigated energy domain.  F(tang)=—————(m{cofg+mtar’). (4.1
To answer this question, we have extended our analysis to AmsuM

very large/q? values up to 10 TeV, for an illustrative fixed ¢ in a definite scenario, the shape bf.{g?) turned out to

set of MSSM parameters be flat, then it would be conceivable to approximate it by a
term that is constant with respect ¢3. In such a simple
tang=20, =300, Mp=200, M,=100, Ms= 35?3; 3 case, we could try to fit the measured values of the residual

effectA(g?) with a logarithmic expansion ig? of the form

The results are shown in Fig. 6. One sees that for energies Agilog g%+ By . 4.2
beyond=2 TeV the values ofA{g%) remain practically

(i.e., to less than 1 permilleconstant. Although we already The result of the fit Az, can be compared witk at the
know that at such energies the one-loop approximation igalue of tar3 we are working. The differencéF =Ag—F
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is an error in the estimate df that has two components: E L s S B A B T
OF = Sgiaf + 65y The first termdg,f is simply due to the C ]
fact that we assume a certain finite experimental precision or
each measurement. The second teéign is the most impor-
tant and is a systematic error due to the fact that, is not

constant with respect to the energy. For instance i, 70f
were exactly energy independent, we would fifigd=0. P
The erroréF can be converted into an error on the estimate
of the interesting parameter tgn If 6F/F is enough narrow 6or

to allow a linearized analysis, then we have simply

=
’N
g & sung _—_——————

F F tang (4.3

4'%.8 0.85 0.9 095 1

or /4" [TeV]

FIG. 8. Variable tarB in the (L) scenarioA ¢,. The bottom line
has tan3=10, the other curves have increasing gty steps
Atang=2.

stanp 1 tarfB+(mi/mp)? 6F

== < 4.4
tanB 2 tarfB—(m,/m,)> F “9

The zero in the denominator corresponds to the valugtan ©=300,M =250, M,=100, M g= 350; (4.6
=m,/my=6.2 at which the functiofr attains its maximum
and the sensitivity to tag is the smallest due to the flatness the full effect at 1 TeV is given in Fig. 7. showing that it

of F. Notice also that for tag beyond 15-20, we have remains below 10% for tg8<40. The curves fol ., are
given in Fig. 8 showing thah .{q?%) depends effectively on
SF 1 stang tang, remaining “essentially” constant in the considered en-

F 2 tang ~

(4.5 ergy range. The plot of the relative error in the identification
of tanB is shown in Fig. 9. As we said, the extra error bars
In the following discussion we shall analyze in a quantitativeare due to the fact that is determined with a statistical error

0, i I -
way the feasibility of such a procedure in the framework ofdue to thte aossumed 1ﬂf’ tatchcuracy in the crc;ss section tmel?
specific scenarios. With this aim, we have assumed the exiSHrements. ne sees that e main source ot error1s actually

tence of ten equally spaced experimental measurements(ﬁ'\"e to the departure (ﬁ'e.m(qz) from its constant v_alue. We
the range 800 GeV-1 TeV with a relative 1% precision an ave. sgbsequently con5|dereq two more scenarios.
have generated them by means of our numerical difde A Light SUSY.Here, we increase the masses in the
only N points are available, all the numerical results concernJ2ugino sector,
ing the statistical component of the error on gamust be
increased by a factoy10N).

L: Very light SUSY.

(A) variable tans,

n=2300,M,=250,M,=200, M= 350. 4.7
(L) variable tars,

L R N S S S RO —
o * ~*\~.\~o\ —
- ~e..
- \‘.\\
- ... 4
“\
— B AN =
E 5-_ .\\-\ ] S
— | \\ - L=
n . =l
“= r . B
> or Te, 8
e Mr . ] h
" 1
g .
S I .
-15F+ >
3 | | | . 20 30 40
29 20 30 20 50 tan B
tanf}
FIG. 9. Variable taB in the (L) scenario: percentual relative
FIG. 7. Variable targ in the (L) scenario: full effect at 1 TeV. error in the determination of tgh at various targ.
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401, —
k ] 0.34
35 o—o L scenario 3
b oA " E
E +—B 3 0.32
30 s-mA " (with A, =200GeV) - :
25 f_I\\ 10% perturbative limits _f 0.3
C- q
8 ok ]
= - - )
=F 3 0.28
§ 1 &
LB e -
g E ] £0.26
10 -
5 ,;\“\“\t\: 0.24
: = :1;\0\0‘\0\‘?
oF T Y 0.22
- - N -
SEL e L e T ] \
20 25 30 35 40 45 50 0.2
tan 0.25 0.275 0.3 0.325 0.35 0.375

Ms [ Tev]

FIG. 10. Variable ta in the (L,A,B) scenarios: percentual
relative error in the determination of tghat various targ. We also FIG. 11. Contour plot of 108,y at 1 TeV in the plane
draw a line corresponding to the A scenario but wil 4 (M4 ,Mg). The contour lines correspond to values between 0 and
=200 GeV in order to shown that one can have a certain range d3.5 increasing from left to right by steps of 0.5. Also shown are the
A, 4#0 without changing our conclusions. boxes corresponding to the pointslf,Mg)=(250+5 GeV, 330
+5 GeV) and M, ,Mg)=(330+5 GeV, 2505 GeV).
B: Light SUSY with largeju.
assuming a precise measurement at a fixed energy, typically
(B) variable tang, 1 TeV. A preliminary request will be that of taking into ac-
count the error on the previous identification of f@anFol-
u=400,M,=250,M;=200,Ms=350; (4.8 lowing the illustrations of Sec. Ill, we shall optimistically
in Fig. 10 we combine the results for the various scenarios"."sisuml.e that taf hhas tl%een l'dt(.am'f'ed af[ a f tchon\it(a)rg/lent.
In the figure, we have also shown the vertical lines corre—va ue, 1.€., one }N_”ere € relative herlrlor r']S of the +° SIz€.
sponding to thesafe perturbative bound corresponding to a For purposes of illustration, we shall chose f@n30=3

109 ul one-Jop efect. One can see tht o arger 1o 1O 01 U (hs alue as = gen nput, we car
than 20, an identification of this parameter to better than 9p

relative 40% would be possible. For values larger the80, ?;gno\?\}m'%id;g)e@tézebde:\?vrc';ms'gﬁ:gg?fgm' ngs deexteg:i]r'g:;]tal
the error would be reduced below a remarkabl®0% limit. y - & purely exp

This represents to our knowledge a valuable possibility oPne from the measurement at 1 TeV, treated under the usual

determining this fundamental MSSM parameter in the regionassumptlons, and the input error on fameasured from the

i o ~slope. It is not difficult to se¢e.g., looking at Fig. 8 and
of high values whe_re. it is knowf21] that accurate measure considering Eq(2.5)] that the latter will affect the determi-
ments are rather difficult.

It might be interesting to ask what would happen if the nation of Arer by a tolerably smallfew permillg error. We

SUSY scenario were not light and for this reason we hav shall take it into account in what follows within qualitative
9 (Timits, not to make this indicative treatment too involved.

also explored this part of the MSSM parameter space. For .
heavy sparticle masses, there can appear spikes in the curye The plan of our forthcoming study has been remarkably

representing\ ., due to kinematical thresholds. We already e$1ped by the observation that we already made, which

stressed this fact while discussing, for instance, Fig. 4. Thu%“iwj E)hat, n tpractlcefArem (rjemfa:\r)ls .ests;:nnally .;naf(-j
in this region A, is definitely not flat and the Sudakov |, -C e" y varations olu and ot M In the considere

. . ; “light” scenario. This simplifies our approach, reducing it to
expansion plus a constant term is no more a valid apProXia. = . ocontial’ parameters. that ahd. and M. We have
mation to represent the one-loop full calculation. The proces < tvedu M P at conventional valﬁes,u(: 480 GevM
dure to determine tafl is therefore invalidated in such cases —100 G \"; é d th t d th f I2t .
and the proposed method is only reliable in the suitable iden-_ ev) an drawn the contour and the surface piots in
tified region. the Mg, M) varla_bles sh_ovv_n by Figs. 11 and 12.

A few, necessarily qualitative, comments are now appro-
priate, e.g., from a glance at Fig. 11. The various curves
correspond to variations of ., at 1 TeV. The spacing be-

Our logical scheme for extracting information from tween two curves is a shift i\, of 5 permille, which
charged Higgs boson production would now proceed in theorresponds roughly to one half of our expected error on this
following way. Once the proposed identification of f&n quantity and, in our figure, defines a certain bidimensional
from measurements of the slope of the cross section werdube” whose slope and width depend on the parameter do-
completed, we would return to the remaining tetm{g?) main and fix the corresponding domain bounds on

and estimate the effects on it of the remaining parameteréM ., Mg). One notices that, independently of the value of

B. Visible effect of the remaining parameters
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a a /‘{
b b
C C
A Y
\\
b %
4 b 4
a c a
\\
\\
FIG. 12. Surface plot of 108, at 1 TeV in the plane d \\t \\
(Ma.Myg). N .«

Arem, there would be a kind of orthogonal situation. For _FIG. 13. Four classes of Feynman diagrams contributing to
small (£4%) A, values, one would feel the effect df g e e‘_—>H+H‘ at one qup. They are _|n|t|al fand final verticéa
with a certain accuracgof about 50 GeY without practical the first row, boxes and final seagull diagrartis the second royw

effect fromM . For largerA o, values, the opposite situa- o in a region close to and below 1 TeV would be possible

tion would appear, and effects &, could be felt to the ¢ |arge values £20) of tang, with an error that takes
previous(about 50 GeY accuracy. These accuracies are cer-gajistically into account the “small” deviations of the next-

tainly much worse .than the expecteq precisiondvon, Mg to-subleading term from a constant value.

from d|re(.:t'product|or(roughly, arelatllve 1-2 %Howevef, (3) The next-to-subleading term “essentially” depends,
in our opinion, these curves could still be rather meaningfulyqe fixed tagg from the measured slope, only on the two
for a possible nontrivial consistency test of the model. As-,5¢5 parameteid ,, Ms. Depending on tl"le measured val-
suming in fact that botM , andM s have been determined in o5 of the parameters, this could provide another simple but
a range between 200 and 350 GeV with a precision of, say, pyther stringent test of the MSSM.

GeV, the point in the M, M) plane that corresponds 0 (4 For the purposes of a precision consistency test of the
these values must lie on the correct” curve that correspondNSSM, the charged Higgs boson production process exhibits
to the measured value @fir. In Fig. 11 we have drawn for - gpacial simplicity features that make it, in our opinion, a very
illustration purposes two points that correspond to typma‘promising candidate. In our approach, we have assumed a
couples of “light” valuesM , =250 GeVMs=330 GeV and  particularly convenient “light SUSY” scenario. It must be
Ma=330 GeVMs=250 GeV with the corresponding as- stressed, though, that tisesamo program that we have pro-
sumed experimental error. One sees that a measuremant ofy,ced would be able to work also in a more general situa-
to the relative 1% accuracy would be of scarce useMar tion, i.e., one where not all relevant masses are light, so that
=330 GeV,Ms=250 GeV, but would provide a quite strin- an asymptotic logarithmic expansion of Sudakov type would
gent test of the model for the symmetrical couple of valuesnot be valid. In other words, a full one-loop electroweak
Thus, depending on the experimental results on thesgg|culation of the process would still be available, although
masses, the relevance and the motivations of the previoygany of the attractive simple features that we have illus-

analysis at 1 TeV might become definitely enhanced. trated would be lost.
(5) Our treatment has only considered the special case of
V. CONCLUSIONS the simplest supersymmetric model nowadays available, the

The main conclusions that may be drawn from our anal MSSM. However, the asymptotic expansion that we pro-
sis of the charaed Higas boson ryoduction f0CESS are. in Zlﬁ)rosed would still be able to treat, in a suitable “light SUSY”

L ged Higg P P ' scenario, a more complicated Supersymmetric model that
opinion, the following.

(1) For this process, in the=1 TeV energy region, an turned out to be suggested by experimental evidence, for
offective one-lo% des,cri tion with a Sudgiov gex :emsionWhiCh an analogous self-consistency precision test were re-
) p . pt Y pansi quested at the one-loop level. In this spirit, a combined
implemented by an “essentially” constant next-to-subleading

term reproduces the rigorous calculation in a “light” SUSY analysis of both charged and neutral Higgs boson production

scenario where all the relevant mass parameters of the prcpuld be useful. With this purpose, a study of neutral Higgs

cess are roughly below the common 350 GeV value. Th )oson production at large energies is already under examina-
. X ion by our group.
overall one-loop effect remains systematically under contro
(below a safe few percent limitn this region and seems to
provide a reliable description of the process.
(2) A satisfactory self-consistent identification of {@n This work was partially supported by EU Contract No.
from an accurate measurement of the slope of the cross seefPRN-CT-2000-00149.
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APPENDIX: LIST OF CONTRIBUTIONS —2g2 4
se 1—2sy+12sy ) se 11
AND ASYMPTOTIC EXPRESSIONS da; " — ! logqg®, dag ——= logq?,
16sy,Cy 8cyw

In this appendix we give the list of the various one-loop (A2)
diagrams that have to be retained for a practical computation
(for example, we discard all diagrams that contribute proporthose from initiale™ e~ lines,
tionally to the light lepton and quark masged/e follow the

decomposition given in Eq2.1). ' 9

Gauge boson self-energieshese are the standard and da)'— W(Z Iong—logzm)
supersymmetric bubbles and seagull diagrams involving w z
gauge bosonsy, Z, W), Goldstone bosons, ghosts, Higgs g2
bosons, fermions, charginos, neutralinos, and sfermions. + =7 | 2logg®—log? —|,

. L trata— - 32s,,C M

They contribute the quantitie®\“(e"e"—H"H™) and w w
A>¢(efe"—H"'H™), as explained in Ref$13,14]. ,

Initial vertices. The diagrams contributingA™(e*e™ n 1 2 >4
—H'H™) are vertices with three internal lines sketched in 98, _)ﬂ, 2logq®~log M2 (A3)

Fig. 13 and externaé™ self-energies. The list of vertices
(abc) is (e, v,€), (e Z,¢e), (v, W, v) W, v, W),
(& X% @), (ve x". va), (X% & X%, (X", Ve X))

Final vertices. The diagrams contnbutlngAf'”(e e 1 2
—H*H™) are vertices sketched in Fig. 13 and extefidal salintboxes (2 Iogq2—logz—2)
bubbles as well as seagull diagrams involving the gauge 64swCw Mz
boson—gauge boson-scalar-scalar couplings. The list of ver- 2
tices @,b,c) is (H, v,H), (H, Z, H), (H, W, H), 3% (Zlogq —log? —)
(W, H, W), (£, £ ), O xo x), (HLHL 2), (HL HLH), Miw
(f, f', f), whereH andy represent either charged or neutral
states. The list of seagull diagramss,0) is (H"y), (H*2), -
(HOW), (hOW), (AOW) 323 WMW

Boxes The contributions t&\"*(e*e”—H*H™) are box 1 1— cosd
diagrams denoted clockwise by starting from the line run- T log -logg?
ning betweere™ ande® according to Fig. 13. The list of 65 1+cosd
boxes @,b,c,d) is (vWH°W), (eyH"y), (eZH'Z), 1 1—cosd
(ezH'y),  (eyH'2), (" x°%™), (&x°x" XY, Tasn 09T loga?, (Ad)

(X% vey), (x verv), (wx"x%y), (ex’x ).

and those from finaH "H~ lines and boxes,

> (mfcof B+ mitar? 8)log

2
1. Asymptotic expressions Safintpoxes 8(1:4 ( 2 logg?—log? %)
The complete expressions have been included in the code w z

SESAMO. Below we only give the results involving leading 1 q?
(DL) and subleadingSL) logarithms. —168 2 logg? —|09 —
Using the normalizations defined in E(R.2), we can Miy
write , )
- m(mt C0t2ﬂ+ mbtanz,B)Iog q2
a,=a"+ (6a§e+ sal+ sa™), (A1) W
1 1—cosd A (A5)
—— . |0 ,
wheresas®, sal", andsa™ are the one-loop corrections to 4y, 'og 1+cosd 9o’

Born

ay
The asymptotic contributions from the intermediateZ  where ) is the c.m. angle between initial" and finalH™~
self-energies are momenta.
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