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Production of neutral and charged Higgs bosons of the MSSM at futureey colliders
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A complete study for the production of neutfai®,H®,A%(=¢?)] and charged HiggsH™) bosons at
electron-photon colliders is presented in the context of the minimal supersymmetric standard model. A par-
ticular choice of the nonlineaR, gauge is used to evaluate the amplitudes of the reaai,oneqsf. The
resulting cross section indicates that it will be possible to detect a signal from the neutral Higgs bosons for
most regions of parameter space at the future linear colliders Vth500 GeV through the reactioay
—>e¢i°. This reaction also offers the interesting possibility of measuring the Higgs boson mass through the
detection of the outgoing electron. The production of the charged Higgs baoh through the reaction
ey— v,H™ has in general smaller values for the cross section, which seems more difficult to observe.

PACS numbg(s): 14.80.Cp, 12.60.Jv, 13.85.Qk

[. INTRODUCTION mpo=<110 GeV[10]. Recently, it was found that the Tevatron
can be used to test a significant portion of the parameter
The search for Higgs bosons at future colliders has bespace through the reactigp— Wh°+ X [11], moreover, the
come the focus of extensive studies, because of its impoipossibility to perform b-tagging with a high efficiency has
tance as a test of the mechanism of electroweak symmetypened the window to detect the qugﬁthOer at the
breaking[1]. The detection of the full spectrum of scalars CERN Large Hadron CollidefLHC) [12] and it will allow
seems necessary in order to determine the nature of the phyiss to test the large tg region of parameters at the Tevatron
ics that lies beyond thetandard model(SM). Among the  [13]. On the other hand, it has been sholtd] that LEP2
extensions of the SM, supersymmetry has received increaplus LHC results will be able to cover almost all the MSSM
ing attention, not only because of its aesthetical properties adiggs sector parameter space, and through a combination of
a field theory, but also because the naturalness problem gfe reactiongpp—tt+h°(— yy)+X, pp—h®(—ZZ*)+X
the SM can be alleviated within the so-cali@ihimal super- [15-17 and weak boson fusiofi8], the full region will be
symmetric standard mod@MSSM) [2]. covered. At future linear colliders like such as the Next Lin-
The MSSM contains two Higgs doublets, whose physicakar Collider(NLC) [19], Cornell TeV Energy Superconduct-
spectrum includes a charged paiH¥), two neutral ing Linear AcceleratoTESLA) [20] or Japan Linear Col-
CP-even scalarsh®, H®), and one pseudoscalah{). The lider (JLC) [21], it will be possible to search for neutral and
MSSM Higgs sector is determined at tree level by two pa-charged Higgs bosons, through the production reactions
rameters, which are nowadays chosen asARenass and €"e —h%Z,h% [22,23 andeTe” —H"H™ [24].
tang (the ratio of the VEVS of the two Higgs doublgtd his The future linear colliders can also operate in e
in turn fixes the values of the neutral Higgs boson mixingMmode[25]; in this case the production of the SM Higgs bo-
angle @ and the remaining Higgs masses, which obey theé®on has been studied through they— ¢~ mechanism
tree-level relationsm,o<m,<myo, Myo<mMy<mMyo, My 26,21O and also with the full one-loop two-body reaction
<m,+. However, these relations are substantially modifiec®?—~ ¢i€ [28-30. The production of the pseudoscalar

0 ; 0
when the effect of radiative corrections is includ&e-5]. In "'t'ggsdbfsogf‘ th_rou?r:l thﬁ treactl(?rey—>A € h‘? beEen
particular, it makes it possible thattz=myo, Ma0=rMyo, and tshléuleh tr?gse ]r’e:sclt?c?ns ?::fn %(?Qu?c;f terxgg rI(()a)\(/I(reT atlhoen. revceer;ve
for some regions of parametarg,o could even reach a value h gn ibuti h | level wh ' hy h

of about 130 Ge\[6-8]. the main contributions at the one-loop level where the heavy

Current CERNe* e~ collider LEP2 limits on the Higgs particles of the model play an important role. These pro-

. cesses could be used to measure the coupliggds* y,
boson masses are of about 90 GeV for the light scaidy, ( $°Z* v [29,32,33, which constitute important one-loop pre-

agd, depending on the value of fAnup to about 85 GeV for  ictions of the theory, and are also sensitive to the effects of
A”[9]. However, LEP2 will be able to cover the region up to new physics. Moreover, because of the possibility of mea-
suring the electron momenta, this reaction offers the possi-

bility to determine the Higgs mass with high precision.
*Email address: Idiaz@sirio.ifuap.buap.mx In this paper we present a detailed analysis of the produc-
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! charged fermions, the&/ gauge boson, and the charged Higgs
bosonH*. On the other hand, grou®) is sensitive to the
#"WHW™ and ¢°ZZ vertices, respectively. Fa° there are
contributions from fermionic triangles only, thus only group
(1) appears.

In the linear gauge, the reacti(myee@o also receives
contributions coming from the reducible diagrams with the
Z* y self-energy, which is an extra complication because one
needs to perform a renormalization of this term. However, in
the nonlinear gauge this term is absent as a consequence of
the explicit U,(1) gauge symmetry in th&/, Goldstone,
and ghost sectors. Notice that there are no contributions
coming from the charged Higgs boson to gro@. This
happens because we use the approximatigrr 0 and also
because there is ngW*H™ vertex at tree level.

FIGr.]Ol. Classification of graphs that contributes to the reaction A. Production of h®,H®
ey—en.
4 The Mandelstam variables used in this calculation are de-
. _ 2 _ _ 2 _ _ 2
tion of the neutral and charged Higgs of the MSSMyat  fin€d bys=(ky+p1)*, t=(k;—kz)? andu=(k;—py)~. In
colliders through the reactioney— ed? ($2=h,H° A% addition, e*(k;,\1) will denote they polarization vector.
i i ’ ’

andey— vH*, at the one-loop level. Our goal is to deter- We have evaluated the amplitudes using dimensional regu-

mine the regions of parameter space where a signal is dete%ﬁgzr?ﬂr?]r:a’rivggrIittr)]r(;rki]ee;i E’sf,;h;apreraHEYNCA"c [36] and

able, and also to find out where it will be possible to distin- Th It for the total litude of th i
guish between the MSSM and SM Higgs signals. We assume hoe HrS’S“ %r e tolal ampiitude of the reactiery
that the superpartners are heavy, and thus decouple from thé® (H") can be written as

amplitudes[34], however, the effect of squarks will be in- _ i 1 AqBoxg g box 9
cluded in the Higgs effective potential using the approxima- M= Myt Mzt M7+ M, &)

tions presented in Ref35]. where M., Mz, M5, and M ™ correspond to the sets

The organization of the paper is as follows: Sec. Il dis- . ; .
cusses the production of neutral Higgs bosons. It includes fddlagrams(l)f, (2)’”?)5 a*nd (4)areoszp*ectlvely.|.The ampl))h-
discussion of the region of parameter space that can be efJdes coming from the"y™ y and$¢"Z* y couplings can be

cluded, and also on the determination of the Higgs bosor/tten as follows:

mass. Section Il is devoted to the production of the charged

Higgs bosons, whereas the conclusions of our work are pre- e Wu_( )y¥(a. ,—b JU(py) (kg Ay)

sented in Sec. IV. Details about the nonlinear gauge used in *" 72 4sich P2)y (8,270, 2Ys)U(P1) €K1 Ay

the evaluation of the one-loop amplitudes as well as the ex- v

{)rllici;\formlalgs for the various amplitudes are presented in XF, z2(Ki-Ko0,,—Ka,K1,), 3)
e Appendixes.

2

where
IIl. THE NEUTRAL HIGGSES -
. 4s; c
We now proceed to present the results of our calculation F,= s"; W(E 2f¢NCQf2Ff1/2+U¢F$+ s¢F°), (4)
of the amplitudes of the reactions: myt | f
y(ky)+ €™ (py)— #(ko) +e7 (Pa), 1) o
0 0 40 A0 : Fz=—% 3
where ¢° denotes any oh®,H° A° and we have also dis- miy(mz—1t)
played the notation for incoming and outgoing momenta. We ;
have organized the calculation according to thg,) v —E quCv’\‘chFl,2Jr F1_8¢C2WFO
gauge invariance, thus the diagrams are grouped as follows: T c;‘; £ TUglz 20@ '

(1) three-point diagrams characterized by théy* y and
by the $°Z* y coupling[Fig. 1(@)]; ®)

(2) Z- and W-mediated box diagram and its related tri-
angle graphgFigs. 1b)—1(d)].

The triangle graphs related to tde andW-mediated box e consider possible contributions arising from reducible dia-
diagrams are the one-loog®e*e three-point functions. grams that include the* 4° andZ* ¢° self-energieswith the vir-
These groups of diagrams are finite and gauge invariant byal fields tied to the electronic lineHowever, it can be shown that
themselves. Groujl) receives contributions from loops of these terms always vanish.
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with a,=1, b,=0, a,=1-4s}, b,=1, t,=s,/c,, and
Cow=C4— 5. The coefficients ,, v, ands, characterize

the ¢9ff, $°ZZ, and¢®H*H* couplings in the MSSM, and

are given by
[ sina —
W’ H uu,
CoSsa _
—_—, H%d,
i cospB
¢ cosa oG
sina _
———, h%d,
\ cosB
cogB—a), ¢°=H°,
Yo7 sinB—a), ¢°=h°,

cogB—a)— %0052,8 cogB+a), ¢°=HP,

S¢: 1W
sin(B— )+ 2—2c052,85in(ﬂ+a), #°=h°.

CW

The functionsF{?, F°, F% and F} arising from fermion,

scalar and gauge boson loops are given in Appendix B.

The amplitude for the contributions of tiemediated box
diagram, including the relate@®e* ~e~ triangle graphs, is
the following:

2

i
M=) (8 5)2U(py) (K N
4s,Cy

X[—A(t,s,u)(Ki-P19,,— P1.K1,) HA(L,U,S)
X(kl'nguv__pZukl»]i

(6)

where the functiong\(t,s,u) andA(t,u,s) are presented in
Appendix B.

PHYSICAL REVIEW D 62 035009

—_ a*mj,
| |2=6433C§v(—t)[(52+ ud)F,,+s?Fs+u?Fyl, (9)
with
F,z=|F,|?+a|F|*+2a, Re(F,F%), (10)
Fo=|A(t,5,U)|?+c|A(t,s,u)|?
+2Re[Aq(t,5,u) —2aA(t,s,u) JF}
+[4bA(t,s,u)—2dA(t,s,u)F3

—2A5(t,s,u)A* (t,s,u)}, (11
Fi=Fs(s—u), (12

where we have defined=1+aZ, b=1+a,, c=1+6a2
+a?, andd=a,(a+3).

Finally, in order to obtain the total cross sectiarn;}, one
needs to convolute with the photon distribution, namely,

1 0.835 S
UT::§ J;i fy §

where S denotes the squared c.m. energy of &ie~ sys-
tem, and the photon distribution is given by

a(s)ds, (13

N PO 1 & 4x?
D@ | T T Ix T E10  21-x?|
(14
where
D —(1_‘_‘_2)| lrprseoo
()= i 2 0g(1+&)+3 £ 21407
(15

Notice that, as in Refl29], one should use, instead of the
photon distribution, an exactly monochromatic initial photon
beam which can help in distinguishing the physical effects

The amplitude for theV-mediated box diagrams and its related to the particular collision process from details, de-

related triangle graphs is given by
box iasz_ 2
My'=—77u(p2) y"(1—v5)°u(py) €”(ky,\1)
4s,.Cy
X{AIZ(trslu)(kl' plg,uv_ pluklv)
= Azi(t,s,u) (K- P29, — P2,K1) (7)

where the functiong\; andA;; are given in Appendix B.

pending on the final realization of the laser beam.

To evaluate the cross section foP and H°, we have
takenm;=175 GeV, and the values for the electroweak pa-
rameters given in the table of particle properfigg]. In fact,
as it was discussed in Reff29], the contributions of the
boxes can be neglected. The cross sectiomfds about 4.2
fb for myo>200 GeV andk,,,,=500 GeV, as can be seen
from Fig. 2. With the expected luminosity at the future linear
colliders[19-21] of about 50 fo Y/yr, it will be possible to
observe up to about 21+ e events, which should allow us

After squaring the total amplitude, the corresponding; study the properties of the Higgs boson. Among them, it

cross section for this process is given by

j
16ms?

0 _
f , dtfMm]?, (8)
m¢—s

where

will be interesting to test its spin an@P-even nature by
studying the angular distributions, however, this aspect is
beyond the goal of the present work, where we are mainly
interested in determining if the MSSM Higgs sector can be
tested at electron-photon colliders. Total cross sections for
the production of the heavy Higgs bosBif as a function of
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FIG. 2. Total cross section for the reactiop— eh® for differ- . . 0 .
ent values of tajB, with \S=500 GeV. FIG. 4. Total cross section for the reactiep— e A" for differ-

ent values of taiB, with \/s=500 GeV.

the pseudoscalar massyo and for different values of tafi

D20y of
are shown in Fig. 3. These graphs present the total cross Z:'a QiCyNcT gMw
section as a function of the pseudoscalar mamsgo) for 4s§vcfv
several values of taé for the c.m. energy of 500 GeV. _
XUu(p2) Y (Cy—Cays)u(p1)€(ky, 1)
B. Production of A° 2 KaKE
. . f 2 2 €uvapliKa
On the other hand, the amplitude for the production of the Xz Coltimy ’mf)(ﬁ) , (18)
pseudoscalar contains only contributions from the fermionic w Z

triangles. Thus, the amplitude takes the form with Co(t,mi,m?)zco(t,mi ,O,mf ,mfz ,mfz) the Passarino-

M= M+ My, (16)  Veltman three-point scalar function written in the notation of
the FEYNCALC program and

where [cotﬂ, f=u, (19
_ 1
ﬁ —
“ —iazQ?NCmeW— ) ek tang, f=d.
— u VLI I} i i
) . (P2) y"u(py) €”(ky, Ay The total squared amplitude is
4m? €,vapkiKs QNS —t $°+u? v
x—szO(t,mf\,mf)(%» (17) |/\7|2:a QfNef3 —tsP+u?| CyCy t (20)
g £ my ¢ 252,C3Q t—m3
and cer+cl?) t )2
+Cl2 V4 2 Vz 2 |2m¢Co(t,mz,mf) |2,
L | | | , . 1&WCWQf t_rnZ

(21)

To obtain the total cross section we use the expressions writ-
ten previously for theCP-even Higgs bosons, Eq$l3)—

(15). Results are shown in Fig. 4, where we plot again the
total cross section as a function of the pseudoscalar mass
(mpo), for several values of tagB and for the c.m. energy of
500 GeV. It can be noted that the cross section ABris
smaller than the one resulting fof/H®. Thus, in this case it

will be more difficult to detect the signal.

C. Backgrounds and exclusion contours

s 150 200 250 w0 e 200 The final signature for the reacti@y— e¢] depends on
Ha (Ge¥) the decay of the Higgs boson. Fia?, the dominant mode is
FIG. 3. Total cross section for the reactiep— eH® for differ-  into bb, whereas foH? and A° this decay can also be rel-
ent values of tag, with \'s=500 GeV. evant for some regions of the parameter space. To evaluate
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FIG. 5. Cross section contour lines for the reacteop—eh, FIG. 6. Cross section contour lines for the reactep—eH°,
for different values ofr(fb), with \s=500 GeV. The region to the for different values ofr(fb), with \/s=500 GeV. The region to the
right from the heavy(dashedlline is where the signal is detectable left from the heavy(dashedl line is where the signal is detectable
[above backgrounds at the(8) o levell. [above backgrounds at the(8)c levell.

the B.R. of the Higgs bosons we shall assume that the decays Finally, we also want to stress the fact that this reaction
into SUSY modes(i.e., charginos, neutralinos, sfermigns offers a unique opportunity to obtain a clean measurement of
are not allowed and take the relevant equation for the decathe Higgs mass, thanks to the possibility of measuring the
widths from[1]. Our results are in agreement with the onesoutgoing electron momentum. The mass of the Higgs boson
obtained in the literature, for instance, in Ref0]. Thus, we is related to the maximal energy of the electron as

shall concentrate on the signature coming from the decay

#°—bb. In this case the main background comes frem Myo= 5= Emnax.

—ebb, which receives contributions from eight graphs attnys, the precision attained for the electron energy will
tree level; we have evaluated numerically this process usingansiate into a good determination of the Higgs mass.
COMPHEP[41,42. Following Dicuset al.[31], we have also  op the other hand, the largest values of the cross section
imposed a cut on the angular distribution of the outgoingsy, A0 (see Fig. 7 are obtained for large values of f&n
electron (po§Q|<0.98, relative to the incident p.h(_)t))lthat which is usually assumed to be at most of ordey; S@w-
reduces significantly the background, while retaining most okyer, we find that even in this case the resulting cross section
the signal rate. To determine the region of parameter spacgpes not seem to give a detectable signal. Moreover, for

which is taken as the plane t@amxo, where the Higgs Sig-  |arge values of tag there appears a mass degeneracy be-
nal is detectable, we have proceeded as follows: for each,eenA® andh® or H®. which will make it difficult to dis-

value of myo we evaluate the Higgs boson masses and thgnguish the individual signals. In this case, it will be necc-
cross sections, then we find the value for gawhere the esary to optimize the cuts to be able to detect the
cross section of the signal is above the background at the ﬁseudoscalaAO, and to separate it from the largest signals

and & level. coming fromh® andH°. Otherwise, one would have to add

In Fig. 5, we show the regions in the plane &m0 the respective signals; for instance, one could impose the
where the cross section coming frdmfl has detectable val-

ues. The region to the right from the heavy line is where the 4
signal is detectable, above backgrounds at thde¥el. The
dashed line denotes the contour at the Bvel. It can be
seen that the signal is above the backgrounds for a significan 1 .
region of parameter space.
On the other hand, Fig. 6 shows the region where the | .
cross section fronH® reaches detectable values. Again, the 2 q
region to the left from the heavidashed line is where the ~
signal is detectable at the(8) o level. It can be noticed that |
this region covers the sector of parameter space where it is |
more difficult to detect the light®. Thus, the cross sections
for h% A° andH% A° play a complementary role in providing s
a detectable signal for the full parameter space. Moreover, [
we also notice from the superposition of Figs. 5 and 6, that 100 150 200 ", - 300 350 400
there is a small region where the two Higgs boson signals
can be detected, which will allow us to distinguish clearly FIG. 7. Cross section contour lines for the reactepn—eA°,
between the MSSM and the SM Higgs sectors. for different values ofr(fh), with \s=500 GeV.

(22)

35
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- tanB=15 ——
tanp=5 -
tanB=10 -------

01 |

Ve

(a) (b)

6 (i)

0.01 -

0.001 ¢ L 1 1 TN L
100 150 200 250 300 350

my (GeV)
(¢) (d) FIG. 9. Cross section contour lines for the reactieny

—wH ™, for different values of taj8, with \/s=500 GeV.

i v HT A. Production of H*
Our result for the total amplitude is written as
w- ia2 o
> > M= u(p2) ¥ (1— ys)u(py) €(Ky,\q)
e Ve 2\/§§ImW(t_m\ZN) (P2) " (1= ys)u(py) €”(ky, N g

(® (0

FIG. 8. Classification of graphs that contributes to the reaction XLV Vi g0t Vigo) (Kz, ke, = 8,k oK)

e y—veH . +iAr€,,qpKTKE ], (24)

criteria that whenever the difference between the Higgsvhere V¢, Vi+40, Vg0, and A; denote the contribution
masses is less than 5 Ge¥ conservative criteria given the from the different sets of graphs shown in Fig. 8 and are
possibility to obtain a precise measurement of the Higggiven in Appendix C.
mas$, the individual contributions to the signal must be Figure 9 shows the cross section for our process for sev-
combined. We find that this only helps to enlarge the exclueral values of taf (=1.5, 5, 10. The cross section is small,
sion contours for tap above 30. about 0.5 fb fom,-=200 GeV and E,,=500 GeV, which
Another option to detecd® (and a heavy® too) is to use ~ can give 25 events with an expected future linear colliders
the planned second and third stages of the future e-gamnidminosities of 50 fb */yr. In Fig. 10 we compare the cross
colliders[19—21], which could reach an energy of 1 and 2 Section fromey—H"», with the pair productione”e”

TeV, with integrated luminosities that could reach 125 and—~H "H™, ey—H"H e and yy—H"H". The production
500 fo 2, respectively. mechanisme*e"—=H*H™, yy—H'H™, have been dis-

cussed in the literaturg!3]. On the other hand, the reaction
ey—H'"H e is evaluated using the Williams-Weizsacker

Ill. THE CHARGED HIGGS

100 T T T T

~~~~~~~ iy s —
Now, turning to the production of the charged Higgs, we e ANt
observe that it can also proceed through the one-loop reac- |
tion:
_ _ g
y(k1) +e~(p1)—H (k) + ve(p2). (23

The diagrams encountered in the calculation of ¢he/
—wvH™ are shown in Fig. 8. They include: triangle graphs
with bosons and fermions in the lopBig. 8@)], seagull-type oor , ; ‘ ‘
graphs with bosonic contribution&igs. §b) and &c)], and 150 20 Wf:'feev) 300 350
finally those with self-energy insertion$-igs. 8d), 8(e),

8(f)]. Figure &f) gives a vanishing contribution for massless  FIG. 10. Cross section for the reacti@t y— vH ™, with /s
external fermions. =500 GeV compared with different production channels.

035009-6



PRODUCTION OF NEUTRAL AND CHARGED HIGG . .. PHYSICAL REVIEW D 62 035009
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B. Backgrounds APPENDIX A: THE NONLINEAR GAUGE

In this paper we only showFig. 9 the results for fixed In the evaluation of the above processes, we have used a
Jeynman—'t Hooft version of the nonlinear gauges—49

values of tar3=1.5,5,10, and as can be appreciated it turn v simolifies th lculati | d .
out that the resulting cross section has smaller results, whic“1at greatly simplifies the calculation. In order to appreciate

hardly seem detectable. In order to determine if the signal iéhe _advantages that. offgr a nonlinear gauge, we find it con-
) : enient to compare it with the conventional linear gauge for
detectable, one needs to consider the potential backgroun

which depend on the Higgs mass, since this determines th?fe SM. It is well known that in a linear gauge only the
ep 1199 L ; (ﬁwarged fermion sector presents explicit electromagnetic
decay signatures. For instancemf,;-<m;+m,, the domi-

I : . . gauge symmetryU,(1)], since the gauge fixing procedure
nant decay mode id " — 7v which reache_s a branching ratio used for the S(P) sector destroys manifest.k(1) symme-
of order 1 for most values of tgB. In this case the back- try in the charged gauge bosohVE) and ghosts sectors
ground will come from the productiome— W* v, which for yur ged gaug 9

massesmy = ~my, will be much larger than the signdit (c,c), When_ they are consic_iered separately, because the
reachesr=4 pb) and probably will not allow detection. For 9auge functional used to define thté propagator does not

masses somehow larger, both the signal and the backgrouf@nsform covariantly under the(1) symmetry. It follows
will be more suppressed and the question of detectability wilfNat instead of obeying naive Ward identities, these sectors

depend on the experimental ability to identify the decay®'® related through Ward-Slavnov identities. In order to ob-
mode and to reconstruct the charged Higgs mass. tain a finite and Y.(1)-invariant result for higher-order

For heavier Higgs massell;«>m,+m,, the dominant (loop) calculations, one must sum over the contributions aris-

Higgs decay is int.d+ b, and in this case one needs.to com—{/r:/% (f;rgnlotrr:]%\i/r\]/e%az?fgclta:égnaéuitggirhgeeevgglzisé gg?dfhe
pare the signal Wﬂh the background arising from single tOpstone boson. On the other hand, the functional used to define
production,ey— vtb for My=>m+mj,, which according  the W propagator in the nonlinear gauge contains the elec-
to the results of Boowt al. [44], has o=15 fb for S  tromagnetic covariant derivative. Thus, the 1) symme-
=500 GeV andm;=175 GeV. Thus we can see that at the try is respected by each charged sector of the SM. It follows
level of total cross section the background is again largethat a finite and W,(1) gauge-invariant result is obtained for
than the signal. However, if one makes a cut in the invariangach type of diagram containing a given kind of charged
mass of the-b system, then it will be possible to reduce the particles. Moreover, the number of diagrams involved is con-
background. siderably reduced because there are\Mi6G™* combined
effects. In the SM, the functionals that define WgZ, andy
IV. CONCLUSIONS propagators are given by

We have studied the production of the neuit#P-even

P WA +
and charged Higgs boson of the MSSKC(H® H*) at fu- F7=D, W =igmyG,

ture ey colliders, through the reactions ey fZ2— 0
7 / =d,Z*—§&m;G”, Al
—eh?,eH%eA® vH ™. The amplitudes are evaluated using a " ¢ém; (AL)
nonlinearR, gauge, which greatly simplifies the calculation. FA= g AX
WA

The resulting cross section indicates that it is possible to

detect the light neutral Higgs bosoh®) for most values of where D,=d,—ig'B,, with B,=—s,Z,+C,A,, GY is

parameters. On the other hand, detection of the heavy neutrle neutral would-be Goldstoné.is the gauge parameter,

Higgs bosonsH® seems possible only for light values of which in general is different for each of the three gauge

muo. We have determined the regions in the plang@amao  bosons. However, in the nonlinear Feynman—'t Hooft ver-

where the signal is above the backgrounds. The cross sesjon of this gauge, one takés=1 for all sectors. The gauge

tions for h® and H® play a complementary role, since the fixing Lagrangian is given by

region whereH° reaches detectable values occurs precisely

in the region where it is more difficult to detect the ligift Lo Lz (A2

Thus, both reactions allow to cover the full plane gn & _z_g( ) _2_5( )% (A2)

—mpo with at least one detectable signal. However, it is

found that the possibility to distinguish the MSSM from the which in turn removes th&V=G*y and W=G*Z vertices

SM case, through detection of bdif andH signals, occurs  from the Higgs kinetic energy term. Notice that théf~

only for a limited region of parameter space. term is U(1) gauge invariant, which implies that the
On the other hand, the results for the pseudoscalar and tHeadeev-Popo¥rp Lagrangian is also (1) invariant. It is

charged Higgs boson have smaller values of the cross seaiso possible to proceed further with this scheme and remove

tion, which seems difficult to detect. more unphysical vertices, such ag®W=G*y(Z) and

1
Log=—
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G°W*G™ y(Z). This procedure requires us to define the functiorfalsnonlinearly both in the vector and scalar parts.
However, for the present purposes it is sufficient to use the scheme presented above.

In this case only the couplings in the gauge and ghost sectors are modified. We give the Lagrangian for these sectors in a
form that clarifies the role of the electromagnetic gauge invariance. For this, we define the derlﬂygth/ep;—igWQ’ , with
W2=CWZM+ swA, - This operator shares with the derivatizedefined above, the property of containing the e.m. covariant

derivative. After adding the gauge-fixing Lagrangian, one obtains the couplings for the gauge Biszns)( which are
contained in

1 . . - ~
— T v % ; — v
E——E(DMW:—DVW;) (D*W*7—D W+”)—Ig(SWFM,,+CWZW,)W MW+

: 9 - R — iy -

—1g| SuF uy+ CuZ, 15 (W, Wy =W, W) W W —E(DMWW)(DVW+ )T+ miW, W

—Ez Z’”+£ 5z z#—iazﬂ—lF F —iaAM2 A3
4 THY 2mZ % 25( s ) 4 MV Zg( W )1 ( )

yvhergFMy=aMAV—(9vA#, z,,=d,2,—3d,Z,. Notice that, apart from the gauge fixing tespA*, this Lagrangian is L(1)
invariant.

On the other hand, the ghost sector is substantially modified in the nonlinear gauge; however, since the gauge-fixing
functionals are 1) invariant, the charged part of this sector is also invariant. We present now the corresponding Fadeev-
Popov Lagrangian, written in such a way that,JJl) invariance is explicit: namely,

gsiy

Lepe=—C [D,D+ émy(my+ ¢°+iG%]c —igeyc D ,(c,W'#)—iec D ,(c,W"H)—i -
W

W*HEC™(d,¢7)

+ieW' ke (d,c,) —igowW ' #(d,c,)c —ieW' #(d,C,)c™ —gCaém,G ' (c cz+c,C7)

—eémyGT(c ¢ tc,c)+H.e—c [0+ émy(my+ ¢%)]c,—c,Oc,, (A4)

wherec*(c*),c(c;),c,(c,) denote the pairs of ghosts as- In conclusion, the Feynman rules needed for our calcula-
sociated with thew,Z,A gauge bosons, respectively. The tion, which are dependent on the gauge-fixing procedure,
phase convention for the charged ghostds)f=c~ and arise from the Lagrangians of Eq#3),(A4) written above.
(c)'=c". In addition, one has¢®=cos@—B)H°+sin(x
—pB)h°, where h®, HY denote the light and heavy neutral
Higgs bosons of the MSSM. Notice that neither the charged
Higgs (H™) nor the CP-odd Higgs bosonsA®) appear in
this Lagrangian, which can be understood if one remembers In this appendix we present the various loop functions
that these fields do not appear in the definition of the gaugecoming from thee™ y—e~ ¢° processes. The functions aris-
fixing terms, and also because they do not receive a VEV. ing from fermion, scalar, and gauge boson loops, which
Finally, we would like to mention the properties of the characterize the®y* y and $°Z* y couplings, are given by
couplings of gauge bosons with the Higgs and Goldstone
bosons. First, in this gauge the coupling$" G~y and

APPENDIX B: LOOP FUNCTIONS ASSOCIATED WITH
NEUTRAL SCALARS

W*G~Z are absent by construction, whereas the couplings 2 4mf2 1 5 5 o

G*G Z(y), HTH Z(y), ¢°W*W~ andW*H~ #° do not Pt | 1 2 (M= t=4mi)Co(t,my,mp)
depend on the gauge-fixing procedure. However, the cou- ¢

plings $°G* G~ or ¢°c* ¢~ can depend on the choice of the

gauge-fixing terms, when both the vector and scalars sectors +——[Bo(m5,mf) —Bo(t,mH)] 1, (B1)
are chosen nonlinearly. my—t
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4mg, t
Fo=-— 1+2m? b= Co(t,m3,m +)+ [Bo(m¢, ai)_BO(tvmai)] , (B2)
m3,—t mg—
2 2 2
1_ 4mW 3+_¢+ 3 1_£ &
Y m2—t 2 2m2 ma
b W W W
2
m t
X 2mg,Co(t,m5,m) +| 3+ 2md; ) (mz—_t>[30(mi'm\%)_30(t’m\2/v)]] ' B3
W ¢

2

F2=—4(3—t3)mGiCo(t,m3, my) + ——

2 2
m m
¢ ¢ 1.2
5+ —( 2)tw

2mg, 2mg,

mj,—t
[Bo(m¢amw) Bo(t, mw)]] (B4)

[ 1+2m3,Co(t, m¢ ma)+ ——
¢

whereCo(t,m5,m?)=Co(0t,m3,m’,m?,mf), Bo(m3,mf)=Bo(m7,m?,m7), andBo(t,m7) =By(t,m?,m) are Passarino-
Veltman three- and two-point scalar functions written in the notation of the FEYNCALC program.
The loop functions coming frord-mediated box diagram, including the relatgfle* “e™ triangle graphs, are given by

1 [s—mZ | )
A(t,s,u)= st s [m3(s+u)—su]Dy(1,2,3,4+(s—m3)

u t+u
C0(11214) +§CO(11213) - TC0(21314)

1 2m3st
—S= Co(1,3,9

+=0t —
(s+1)(s—m3)

2t
s +§[BO(3,4)—BO(1,3)]J. (B5)

A(t,u,s) is obtained fromA(t,s,u) by means of the interchange-u. The arguments of the scalar functions are given by
Do(1,2,34=Dy(0s,m5,u,0,0m,m2,m7,m3),

Co(1,2,4=Cy(0,5,0mz,m2,m3),

Co(1,2,3=C(0,0u,m2,mz2,m3),

Co(2,3,9=Co(s,0m3,mz,m;,m3),

Co(1,3,9=Co(0,m5,u,mZ,mz,m3),
Bo(3,4)=Bo(m5,mz,m5),
Bo(1,3)=Bg(u,mZ,m3). (B6)

Finally, the loop functions associated with témediated box diagrams and its related triangle graphs are the following:

Ap(t,5,u)=2Ci[A(t,5,u)+Ay(t,u,8)],
Ai(t,5,u) =2C[ Ay(t,s,u) +Ay(t,u,9)], (B7)

with
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1 [s—mf ) t s+u
Al(t,s,u)=2—St S [my(s+u)+st]Dy(1,2,3,4+ (s—my) C0(2,3,4)—§C0(1,3,4)—TCO(1,2,3)
u+t 2t
1 [[tru-—m§ ) ,[s t
Az(t,s,u)zm J [mg(s+u)—st]—2myt|Do(1,2,3,4 + (t+u—my) GC°(2’3’4)+ GC°(1’3’4)
s+u u?—2ut—t? 2t 2t
_TC°(1’2'3)+ Wco(l,ZA) +m[Bo(2,4)—BO(1,2)]+ m[Bo(ls)—Bo(l,Z)] . (B9

The scalar functions have the following arguments:
Do(1,2,3,4=D(0,0,0m3 ,t,s,mg,0mg,,mg,),

Co(2,3,4=C,(0,08,0m3,,ma),

Co(1,3,4=C,(0,0£,m3,0m3),

Co(1,2,3)=Co(t,0m3 . mgy, mgy, mg),

Co(1,2,4=Co(0s,m5,mg,0ms),
Bo(1,2)=Bo(m?,,mg,,mg,),
Bo(1,3 =Bo(t,m§,,m,),
Bo(2,4) =Bo(s,0m{). (B10)

The expressions foA;(t,u,s) and A,(t,u,s) can be obtained from the respectivg(t,s,u) and A,(t,s,u) through the
interchanges< u.

APPENDIX C: LOOP FUNCTIONS ASSOCIATED TO CHARGED SCALARS

In this appendix we shall write the explicit formulas for the functidfs V=40, Vg0, andAs using a notation that,
hopefully, facilitates its use by the interested reader. Our convention for the scalar furl§ip, is the same as in the
previous Appendix. In this case, the contributions arising from loops with fermions, scalars, and gauge bosons, have the
following expression:

N
Vf:Z - [ (Qu+Qg)(m3tanB+mZ cotB) + 2Q4 mi(m3 tan B+ m? cot B)
Hi

— (t—mf,-)m3 tanB]Co(0my = ,t,m3,m3, m?) + 2Q,[ ma(mj tan B+ mg cot 3)

m3 tanB+ m2 cot3

—(t—m?.)m2 cot B]Co(0,m7« ,t,m2,m2, m3) + - (M2—m3+(Qu+ Qqg)m7+) +2(Qgm3 tanB
Hi
m2—mj
+Qum; cotB) | [Bo(t,m3, mg) —Bo(mpy.,mg,m) ]+ mymg——5—[Bo(m,mg,mg) —Bo(OMG,m)1 7,  (CD
Ht

and
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Ai= Z NC{ QuMm3 tanBCo(0,m7+ ,t,m3,m3, m2) — Q,m2 cot BCo(0,m7 . ,t,m2,m2,m3)

2 2
mg tang+ mg, cotB
5 [Bo(t,m,mj) ~Bo(my..,mg, mp)] (€2
Ht
2 2 2
_ My 2 2 2 2 2 Myo— M- —t 2 2
VH+¢O_¢O%’HO(_vqﬁosqﬁo)t_mat{1+2mH+CO(01tymH+;mH+;mH+um¢0)+ W [Bo(timHiim¢0)
2 2
m ()_m +
P H
— Bo(mpy . Mpye,mi0) |+ T)[BO(O,mﬁ+,miO)—Bo(mﬁ+,mﬁ+,mio)]}, (C3)
Ht

2 2 2 2

My ) My~ Myo Miy 2 2 2 2 2 2 2
> +(3my= —Migo+ My — 2t) Co(0,my -, t, My, My, Miyo)
Ht

Vw¢0: z 0(_U¢0v¢o)t_m

2
#0=hC H 2my,

2

¢io—m\2,\,—t)—4m§\,(mﬁ|t—t) . . L

+ 2m2(t m2 ) [Bo(tlmW1mW)_Bo(mHt,mW,mW)]
Wit Hig=

2 2 2
(mH+—m¢0—mW)(m

2

2
¢0 + mW)

2 2 2
(Mgo—mMiy) (M= —m

Bo(0,m2,,m%0) — Bo(m?- ,m2,,m30)] { , (C4)
2m\2/\/mar [ 0 W HH 0 0( H W ¢0]

whereoyo=—vno, opo=—vyo, and $pI=H, $3=h°.
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