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Introduction

We know that, despite its innumerable experimental successes, the Standard Model (SM)
[1] cannot be a fundamental theory valid up to an arbitrary® energy scale A. It should rather
be regarded as an effective low energy model, which has to be replaced at an energy close to

the Fermi scale G}l/Z ~ 300 GeV by some more fundamental theory. This can be seen from

the fact that, for A >> G}l/Z, the one-loop radiative corrections to the SM Higgs mass M,
are quadratically divergent (naturalness or hierarchy problem) [2].

Supersymmetric (SUS)Y) models can solve this. The most intriguing among them is
probably the Minimal Supersymmetric Standard Model (MSSM) [3]. It incorporates two
complex Higgs doublets of fundamental scalar fields (H?, H; ) and (H, , HY), which, after
a spontaneous symmetry breaking, originate five Higgs bosons: the CP-even neutral H°
and h°, the CP-odd neutral A° and the charged H*’s*. The attractions of the MSSM
are numerous. It is a predictive model: all masses and couplings in the Higgs sector can
be expressed at tree—level in terms of only two real parameters, the ratio of the vacuum
expectation values v; and v, of the two doublets (i.e., tan 8 = Z—f) and the mass of one of the
bosons (e.g., M 40), and, at the same time, the radiative corrections can be kept well under
control. It breaks the gauge symmetry close to the electroweak scale G}l/Z and, if combined
with Grand Unification Theories (GUT), it predicts a value for the Weinberg angle 6w in
good agreement with the measured one and a value for the Grand Unification Mass Mgy 1
which can explain the not—observed proton decay [4]. It supplies a natural candidate for the
dark matter in terms of the Lightest Supersymmetric Particle (LSP), which is stable, neutral
and weakly interacting (i.e., neutralino). Finally, so far, it survived stringent experimental
constrains: e.g., the most part of its parameter space has not yet been excluded by LEP
data [5].

While upper limits on the MSSM Higgs boson masses can be deduced by arguments
connected with the request of unitarity of the theory, which implies that at least one neutral
MSESM Higgs must have mass below ~ 1 TeV [6, 7, 8], lower limits can be extracted
at present colliders. From LEP I (\/s,, = Mzo) experiments, as a result of searches for
ete” — Z%h® and ete™ — h°A° events, one obtains [5]

Mo 2 44.5 GeV and Mo 2 45 GeV. (1)

Extensive studies have been carried out on the detectability of MSS M Higgs particles by
the next generation of high energy machines, both at a pp hadron collider [6, 9, 10] and at
an ete” Next Linear Collider (NLC) [6, 11, 12, 13, 14, 15].

The region M4 < 80 — 90 GeV will be studied at LEP II (/s = 170 — 190 GeV),
by the Higgs decay channel bb [11], via one or both the processes ete™ — Z% — ZOh°
(bremsstrahlung) and ete™ — Z% — h%A° (neutral pair production) [16].

Higgses with larger masses will be searched for at pp colliders like the LHC?, with \/Epp =

3A scale which has to be less than the Plank scale Mpjancr ~ 10'°, where a description which includes
quantum gravity is needed.

“The three neutral Higgs states of the MSSM will be collectively indicated by the symbol &°.

®Since the most part of the results on Higgs searches at the SSC can be transposed to the LHC, in the
following we will arbitrarily confuse the two bibliographies on this argument, even though we know that the
SSC project has been definitely set aside.



10,14 TeV and £ ~ 10 — 100 fb™', or at ete™ NLCs, with /s,, = 300 — 2000 GeV and
L ~10—20 b1,

At the LHC, because of the huge QCD background, the mass range 80 GeV 5 Mgo < 130
GeV is the most difficult to study since in this case a neutral Higgs boson mainly decays to
bb pairs, for a large choice of the MSSM parameters. However, studies have shown that
the discovery of a neutral Higgs boson via the ®° — ~v mode at hadron colliders can be
exploited for the discovery of H® for 80 GeV < Myo < 100 GeV and of h° for M4 2 170
GeV, at all tan 3. For heavier masses, the “gold—plated” decay channel (®° — 4{) is useful
for the H® if tan3 < 7 and 100 GeV < Myo < 300 GeV, but not for the h° because of its
too light mass®. Recently, it has been also shown [17] that with the b—tagging capabilities
[18] of the LHC experiments’, it might be possible to rely, over a substantial portion of the
parameter space, on the t#®° production channel, with one ¢ decaying semileptonically and
®° — bb, for 80 GeV = Mgo 5 130 GeV, for at least one of the MSSM Higgses h° or H°,
removing the “window of unobservability’ for 100 GeV = M40 5 170 GeV and tan g 2 2,
which remained in previous analyses. Moreover, it has been found [19] also that the reaction
bg — bZ°®° is an excellent candidate for the discovery of A° and at least one of the other two
neutral Higgses over the whole intermediate range of M 40 for large values of tan 3, through
the same decay channel ®° — bb. With respect to charged Higgses, for low(high) values of
Mp+ the dominant production mechanism is gg — t£ — HTH bb(bg — tH~). Because of
QCD backgrounds, only the low mass case gives a detectable signal over a non—negligible
region of (M 4o,tan 3) [20].

At NLC energies, other than via bremsstrahlung and neutral pair production (this latter
for H® A° final states too [16]), MSS.M Higgses can be produced also via the fusion processes
ete™ — vV WEWT(ete 2% Z%) — D.v.(ete)h®/H® [21] and the charged pair produc-
tion ete™ — 4*, Z% — H*H~ [22]. The lightest CP—even Higgs h° can be detected over the
whole MSSM parameter space, independently of the top and squark masses. Therefore,
if the A° will not be found at the NLC, the MSSM is ruled out. If the H° and A° boson
masses are less then ~ 230 GeV, there exists a very large area in the parameter space where
all neutral Higgses can be contemporaneously detected for \/s_, = 500 GeV [23]. A charged
Higgs with Mg+ < mp+ m; mainly decays to v, 7% (7,77) and c3(cs) pairs (with the leptonic
mode dominating for tan 8 > 1). If kinematically allowed, a heavy H* decays via the top
mode H* — tb(tb) (and in some part of the parameter space also to W*h°). In both cases
the signature is a cascade with a 7 or a b in the final state: therefore, an extremely good mass
resolution is crucial in order to reduce the backgrounds from top and boson pair production.
For an intermediate H*, if tan3 > 1, a possible signature is an apparent breaking of the
T vs /e universality. At higher ete™ energies, such as \/s_, =1-2 TeV, fusion mechanisms
become dominant over other production processes [15, 24].

The conversion of ete™ NLCs into 4y and/or ey colliders, by photons generated via
Compton back—scattering of laser light, provides new possibilities of detecting and studying
Higgs bosons [25]. For the MSSM, at a NLC with \/s__ = 500 GeV, vy — ®° reactions are
important in searching for heavy H° and A° bosons: they can be detected up to mass values
of ~ 0.8,/s,_, for moderate tan 8 and if a luminosity of 20 f{b™', or more, can be achieved

8For the stop mass m; = 1 TeV and all —ino masses greater than 200 GeV.
7If the higher luminosity and a large number of tracks per event can successfully be dealt with.



[26]. For the H°, the channels H® — h°R°, if Myo < 2my, and H®° — tt, for Myo 2 2my,
appear more interesting than the decays H® — bb and H® — Z°Z°. For the A°, the feasible
reactions are vy — A° — Z°hO/bb, if Myo < 2m,, and vy — A° — tf, if Myo 2 2m,. If
tan 8 < 20, only the bb channel is useful for the A°, with M4 5 250 GeV®. Recently, it has
been shown that the intermediate mass H™ H~ pair production via v+ fusion is greater (e.g.,
at least by a factor 2 at \/s__ = 500 GeV) than the corresponding e*e™ mode, and charged
Higgses can be detected using the three decay modes v, 7+, 77, csés and c3v, 7~ + v, 77 ¢cs
in a complementary way in order to cover all the intermediate mass region of H* [27]. The
ey option at NLCs is quite interesting in studying MSSM Higgs boson production via the
processes ey — v, W~ ®° ey — v, H ®° and e™y — e" H" H™, in the intermediate mass
range of Mo and for a large choice of tan 3’s [28].

The option of ep colliders in detecting and studying MSSM Higgs bosons has been only
marginally exploited, so far, with respect to the possibilities of pp and ete™ accelerators.
The only presently operating ep high energy machine is HERA [29], which, however, has
been primarily designed for providing accurate data on the proton structure functions in
the small-z region, more than being devoted to Higgs searches, which are almost impossible
even for the more favourable cases of A°~ and H*—production [30]. In fact, most of these
searches rely on very special conditions, which seem to be excluded by recent limits on Higgs
and top masses: e.g., very high tan8 (& 40) in order to detect neutral Higgses ®° via
Z°Z°- and ~yy-fusion processes [31], or very light charged Higgses and/or top quark for H*-
production via yy— [32] and yg—fusion [33]. Furthermore, the H*—production mechanism
via bremsstrahlung off heavy quarks ¢ — ¢'H?* suffers from a strong Cabibbo-Kobayashi-

Maskawa or (’)(Mmqi) suppression (where g is the emitting initial light quark) [34]. Finally,
w

the production of neutral MSSM Higgses through bremsstrahlung off b—quarks, exploited
in ref. [35], can hardly be useful, since it depends not only on a good b and/or heavy lepton-—
tagging, but also on the fact that only large tan 8 (=~ 20) and Higgs masses Mgo <90 GeV
can give detectable signals®.

In the future, another ep collider is contemplated to be operating, the CERN LEPQLHC
machine, obtainable by combining an electron/positron beam of LEP II and a proton beam
of the LHC [9, 36]. The detailed studies on the detectability of an intermediate mass SM
Higgs boson ¢ at such a machine presented in ref. [37] (using W*WT- and Z°Z°-fusion
processes [34, 30, 38, 39], with ¢ decaying to bb) can be transposed to the case of CP-even
neutral MSSM Higgs bosons, but increasing the requirements on luminosity and/or on
b-tagging identification, due to the smaller H® and A° cross sections with respect to the
SM case. Charged Higgs bosons can be detected at LEPQLHC energies via the decay
t(t) — HTb(H™b), if M+ S m; — my, while for Mg+ 2 m; — ms, good sources of H*
bosons are the photo—production vb — H~t (through bremsstrahlung photons) and the
W*-mediated process e~b — v, H b, studied in ref. [40].

Concerning photon—-initiated processes, only recently has the possibility of resorting to
back—scattered laser 4’s, also at the CERN ep collider, [41] been suggested. This option has
been applied to the case of SM Higgs production but, obviously, it could turn out to be

8Since the h° mass never becomes large, the only important channel is vy — h® — bb, allowing its
detection for Mpo 2 60 GeV (M40 2 70 GeV).
®Region that can be more easily covered by LEP II.



useful for MSS M Higgs bosons also.
It is the purpose of this paper to study at the LEPQLHC ep collider the reactions

gy — ¢W*e°, (2)

g7 — qZ°2°, (3)

gy — ¢ H* ", (4)

g7 — q®°%7, (5)

gy — ¢H H™, (6)

97 — 97 H¥, (7)

97 — q4®°, (8)

where ®°) = H° h° and A°, in the intermediate mass range of A°, for all possible

(anti)flavours of the (anti)quarks ¢(¢'), using laser back—scattered photons. We discuss their
relevance for the detection of the MSSM Higgs bosons and the study of their parameters,
assuming b-tagging identification.

We did not study the processes

gy — qW=HT, (9)

gy — ¢ Z°H*, (10)

since here the MSSM Higgs bosons directly couple to the quark line in each Feynman
diagram at tree-level, so we expect that they are suppressed through the Yukawa coupling
by the hadron structure functions, with respect to processes (2)—(8), where ®° and H* also
couple to the vector bosons v, Z° and W* (see diagrams (7), (8), (13), (14) of fig. 1 and
diagrams (7), (8), and (15)—(17) of fig. 2).

There are at least two important motivations for studying processes (2)—(8), and at the
LEP®RLHC collider. First, the CERN ep option could be operating before any NLC, so it
would constitute the first TeV energy environment partially free from the enormous back-
ground arising from QCD processes (typical of the purely hadron colliders), which prevents
the possibility of detailed studies of the various parameters of an intermediate mass Higgs
boson. Second, even in the case that LEP IT and LHC can together cover all the parameter
space (M 40,tan 3), nevertheless, processes (2)—(8) offer the opportunity for studying a large
variety of MSS M interactions involving Higgs bosons: in fact, all the vertices displayed in
tabs. A.I-A.IV occur. Moreover, the additional heavy particles ¢(£), W*, Z° and the second
Higgs boson can be used for tagging purposes, increasing the signal versus background ratio.

The plan of the paper is as follows. In Section II we give some details of the calculation
and the numerical values adopted for the various parameters. Section III is devoted to the
presentation of the results while the Conclusions are in Section IV. Finally, in the Appendix,
we give the tree-level helicity amplitudes for processes (2)-(8).



Calculation

In the unitary gauge the Feynman diagrams which enter in describing reactions (2)-(8)
at tree-level are shown in figs. 1, 2 and 3. For the various possible combinations of
(q,¢,V,V*,5%,8°% in fig. 1, (¢,¢,V*, 5%, 8", ®,®') in fig. 2, and (q,¢’, S*,®) in fig. 3, see
details in the Appendix. All quarks have been considered massive, so diagrams with a direct
coupling of ®°/H* to fermion lines have been computed for each combination of flavours.

The matrix elements have been evaluated by means of the spinor techniques of refs. [42,
43] and the FORTRAN codes have been compared with the corresponding ones implemented
by the method of ref. [44]. The amplitudes have been tested for gauge invariance, and it has
been also verified that, with appropriate couplings, hadronic distributions and luminosity
function of photons, our results for the processes ¢y — ¢W*®°, gy — ¢q®° and gy —
tbH~ reproduce those of ref. [41] (for a SM Higgs), of ref.[35] and of ref. [33], respectively.
Furthermore, since a simple adaptation of the formulae given in the Appendix (by changing
photon couplings from quarks into leptons and setting the quark masses equal to zero) allows
us to reproduce the computations of ref. [28], we have checked, where possible, our helicity
amplitudes also in these limits.

As proton structure functions we adopted the recent set MRS(A) [45], fixing the u—
scale equal to the Center of Mass energy (CM) at parton level (i.e., p = \/gq(g)y). The
strong coupling constant «,, which appears in the the gluon initiated processes, has been
evaluated at next-to-leading order, with A4QCDW = 230 MeV and a scale p equal to the
one used for the proton structure functions, and consistent with the quark flavour entering
in the partonic subprocess. We are confident that changing the energy scale and/or the
distribution functions choice should not affect our results by more than a factor of two.

For the energy spectrum of the back—scattered (unpolarized) photon we have used [46]

4z 422

Fy(z) = ﬁu—w T et Er (11)

where D(¢) is the normalisation factor

4 8 1 8 1
DE)=1--—= (1 +)+ -+ 7— =, 12
and ¢ = 4Eowo/m?, where wy is the incoming laser photon energy and E, the (unpolarized)
electron/positron one. In eq. (11), = w/E, is the fraction of the energy of the incident
electron/positron carried by the back—scattered photon, with a maximum value

_ &
Tmax = g (13)

In order to maximise w while avoiding ete™ pair creation, one takes wg such that £ =
2(1 4 v/2). So, in the end, one gets the typical values ¢ ~ 4.8, Zyax =~ 0.83, D(¢) ~ 1.8.

In the case of g(g)y scatterings from ep collisions, the total cross section o is obtained by
folding the subprocess cross section & with the photon F,,. and hadron H,g,,, luminosities:

m;ynax 1—2Y
o(sep) = /aﬂ. dz” /mq(.g) dwq(g)Fv/e(wv)Hq(g)/p(wq(g))a'(sq(g)v = wqu(g)sep), (14)



where § is the CM energy at parton (i.e., g(g)y) level, while

Mna 2
o7, 000 = (Mina) (15)

Sep

a(g)y

with Mg,.) the sum of the final state particle masses.

The total cross section has been then obtained numerically integrating over the phase
space using the Monte Carlo routine VEGAS [47].

So far, to our knowledge, a detailed study, like in the case of ey and ~+ collisions [46],
on the efficiency of the laser back—scattering method in converting e — v at ep colliders
does not exist. In this work we assume the effective yp luminosity to be equal to the ep one
(see ref. [48]). For the discussion of the results we have assumed an overall total integrated
luminosity £ = 3 fb™!, according to value adopted in ref. [41].

Within the MSSM, in order to simplify the discussion, we assume an universal soft
supersymmetry—breaking mass [49, 50]

mgy = my = mp = m, (16)
and a negligible mixing in the stop and sbottom mass matrices
Ar=A,=p=0. (17)

If we also neglect the bottom mass in the formulae of refs. [49, 50|, the one-loop corrected
masses of the MSSM neutral C’P-even Higgs bosons can be expressed in terms of a single
parameter € [51], given by

3e? 2
‘ mn (1 n m—g) . (18)

€= -
872 M2, sin® O m;

Diagonalization of the mass squared matrix leads to the expressions'®

1
M;%o’Ho == §[Mio‘|‘M%0‘|‘€/3é]

1/2
+{[(M3o — Mbo)ess + ¢/ s3]? + (Mo + M3o)2s3s} (19)
while the mixing angle o in the C’P—even sector is defined at one-loop by
M2, + M2,
tZa — 2( A —|_2 Z )32,8 = _E <a S 0. (20)
(MAO —MZ0)02,3—|-6/3,3 2

For the MSSM charged Higgs masses we have maintained the tree-level relations
Mps = Mo + My, (21)

since the one-loop corrections are quite small if compared with the corresponding ones for
neutral Higgses [50].

19Throughout this paper we use the notations s, = sin(z), ¢; = cos(z), t, = tan(z) (with z = a, 3, 2«
and 28), sqp = sin(B + ), cap = cos(B8 + a), sga = sin(B8 — @) and cgq = cos(8 — a).
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Concerning the numerical part of our work, we have adopted a,, = 1/128 and sin® fy =
s%, = 0.23, for the e.m. coupling constant and the sine squared of the Weinberg angle,
respectively. For the gauge boson masses and widths we have taken: Mz = 91.175 GeV,
Izo = 2.5 GeV, M+ = Mzo cos Oy = Mgocw =~ 80 GeV and I'yyx = 2.2 GeV; while for the
fermion masses: m, = 0.511 x 1073 GeV, m,, = 0.105 GeV, m, = 1.78 GeV, m,, = 8.0 x 103
GeV, mg = 15.0 x 107® GeV, m, = 0.3 GeV, m, = 1.7 GeV, mp = 5.0 GeV and, e.g.,
according to the CDF announcement [52], m; = 175 GeV, with all widths equal to zero
except the top one, which has been computed at tree-level within the MSSM, using the
expressions [53]:

I(t—bHY) AN Mps,mi,mi)!?

Tt —bW+) — AN M2Z.,mi,m?)/?
(m +mp — M. )(mits” + mit}) + dmim;

Mgvi(mf + m? — 2M§Vi) + (m? — m?)? ’

X (22)

and [54]

GFmt

821
2 2 /M 2 M 4
- G ()1 () =2 ()
My My My my
where Vj; is the Cabibbo-Kobayashi-Maskawa mixing term (here set equal to 1), Gp =
\/§g2/8Mgvi the electroweak Fermi constant, g = e/sy with —e the electron charge, and

Lt —bW") = [Vl M Miys,mp, m)!/? (23)

A2 the usual kinematic factor
XM, My, M)"/* = [M? + M? + M? — 2M,M, — 2M, M, — 2M, M,]*/2. (24)

All neutrino’s have been considered massless: i.e., m,, = m,, = m,, = 0, with null corre-
sponding widths.

The widths of the MSSM Higgs bosons have been evaluated for the same MSSM
parameters we adopted in the cross section analysis: for the numerical values as for further
details on their computation we refer to [55].

Finally, the universal supersymmetry—breaking squark mass has been fixed in the numer-
ical analysis to the value my = 1 TeV, and at the same time, for simplicity, we have ignored
the presence of not-Higgs supersymmetric particles (i.e., squarks, sleptons, gauginos, higgsi-
nos).

We have analysed processes (2)—(8) in the mass range 60 GeV 5 M40 5 140 GeV, with
tang = 1.5, 30, at the ep CM energy \/Eep = 1.36 TeV.

Results

As it is unpractical to cover all regions of the MSSM parameter space (M4, tan3) (for
intermediate masses of the pseudoscalar Higgs boson), we have chosen here, as representative
for tan 3, the two extreme values 1.5 and 30, whereas M 4o spans in the range 60 to 140 GeV.
Also, due to the huge amount of computing time that otherwise would have been necessary,
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and contrary to the SM analysis of ref. [48], we concentrate here only on the energy of the
proposed CERN ep collider (\/s,, = 1.36 TeV) [9]. At this CM energy the cross sections

(summed over all possible flavour combinations) for the processes:

gy — ¢W*e°, ®° = H°,h°, A°, (25)
qy — qZ°%°, ®° = H°,h°, A°, (26)
gy — ¢H*®°, ®° = H° A%, A°, (27)
gy — q2°8°,  (2°,9%) = (H°, 4%),(k°, A°), (28)
gy — qH H", (29)
97 — a7 H™, (30)
97 — q73®°, $° = H°,r°, A°, (31)
are given in tabs. Ia—VIIb. Since the production rates for the reactions
gy - @Y, (2°,0%) = (O, HY), (HO,%), (%, 1), (4°,47), (3

are generally'! never larger than (O(107?) fb and are beyond any experimental possibility of
detection, we do not give their rates here and we will not consider them in the forthcoming
analysis either'?. Before proceeding further, a few comments are in order now, concerning
the characteristics of the signals.

Process (25) gives quite large rates for the case ®° = H® and not too large values of M 4o
(< 120 GeV), both for tan 8 = 1.5 and tan S = 30, with the cross sections corresponding
to the last case being larger. Significantly large numbers occur also in the case ®° = A°,
more at small than at large tan 3’s. Phase space effects due to the increase of Mzo and
Mo lower down the cross sections, whereas the strong change of trend at large tan 3’s and
Myo ~ 120 — 140 GeV is due to the sudden steep decrease of the H°W W™ coupling
(proportional to cg,), and to the corresponding increase of the AW+ W~ one (proportional
to sgo). Higgs bremsstrahlungs diagrams (numbers 1-6 in fig. 1) are in fact drastically
suppressed because of the Yukawa coupling $°¢g, proportional to m,, since g (due to the
partonic distributions) is most of the times a light quark. Because of this, and since the A°
does not couple at tree-level to the W*’s, the case ®° = A° generally gives much smaller
rates. Only the case tan3 = 30 (i.e., large ®°DD coupling to down-type quarks D), for
small enough phase space suppression (i.e., if M40 ~ 60 GeV), can give cross sections of
O(1) tb.

Same considerations as the above mentioned apply to the case of reaction (26), even
though the suppressed $°Z°Z° couplings (with respect to the case P°WTW ~, being $° =
H°,1°) yield contributions which are in general an order of magnitude smaller than in the
previous case. At tan3 = 1.5 only the h° seems to be interesting, whereas at tan 3 = 30

1 Apart from the cases (h°, h°) and (A°, A®) for M40 = 60 — 80 GeV, with tan3 = 1.5,30 and 30,
respectively, which can reach cross sections of O(1) fb.

12 Also, in some instances, results given in tabs. Ia~VIIb will be very small. Nevertheless, we present them
with the purpose of comparison, in order to facilitate the discussion in terms of dependence on masses,
couplings, etc ...



both the H® and the h° show negligible numbers. Finally, graphs with Higgs—strahlungs off
b—quarks contribute to keep the rates for the A° at tan 3 = 30 at the level of O(1) fb, if M 4o
is not too large, whereas at tan 8 = 1.5 numbers are completely negligible.

The coupling of the A° to the vertices ®°W* H¥ () (see tab. A.l in the appendix) does
not suffer from angular factor suppression (there is no dependence on o and ), whereas
H°s and h°%’s do. Therefore, the rates for the A° in the case of reaction (27) are larger than
the ones of the (' P—even scalars, both a tan 8 = 1.5 and tan 8 = 30. This latter observation
is always true apart from the case tan 8 = 30 and M o S 120 GeV, where numbers for the
pseudoscalar and the light scalar are practically the same, as the value of cg, approaches 1.
This also proves that diagrams with ®°H™H~ couplings (graphs 13-14 in fig. 2, which are
zero for #° = A°) do not count. The same can be affirmed for neutral Higgs bremsstrahlung
diagrams, because they always occur in conjunction with a H*qg Yukawa coupling (see the
practically unchanged rates for the A° at both values of tan 3).

The case ($°,3°) = (H°, A°) in process (28) is never interesting (and it has been shown
for comparison purposes only, against the combination h°A°). Due to the double Yukawa
coupling, diagrams 1-6 in fig. 2 essentially never enter. Diagrams 9-10 are strongly sup-
pressed at tan 3 = 1.5, whereas at tan 8 = 30 they give a small contribution (because of the
A°DD vertex). However, the largest rates come from diagrams 7-8, which are proportional
to sga” and cg,?, for the H® and the h°, respectively. As the second coupling is larger than
the first one and Mpgo > Mjo in our range of interest, it is clear that H® rates are again
smaller compared to the h° ones (especially at tan 3 = 30).

Process (29) is one of those for which the production rates are bigger, if M40 is not too
large. The major partonic contributions here come from the subprocess with resonant top—
quarks (i.e., by — bH1YH™). Diagrams with v*(Z°)H*H~ couplings (i.e., with a virtual
photon or Z° splitting into H' H ™ -pairs) are dominant only in the other cases (for ¢ =
u,d,s,c). The increase of the rates with tan 3 is due to the larger contribution of graphs
8-10 and 13-14, which involve DD couplings (#° = H® and A°).

For process (30), practically, the whole of the partonic contribution comes from the
combination gy — tbHT + c.c., because of the bt Yukawa couplings of the H* and because
of the top resonance. Therefore, the increase of the rates with the increase of tan 3 in
tabs. VIa-b exclusively depends on and can be understood in terms of the coupling H*tb.
Graphs with yH* H~ vertices are generally suppressed in the tbH* case, and phase space
effects act in such a way to strongly reduce the rates for increasing M40 (because of the quite
large value of m;).

In case of process (31) we can greatly appreciate the benefits of ®° DD Yukawa couplings
with large tan 3: in fact, all the flavours ®° = H°, h° and A° have large cross sections at
tan 8 = 30. This happens especially for the pseudoscalar (it has a ~ tan 3 quark—coupling)
and the light scalar (~ s,/cs quark—coupling). The decrease of their rates with an increasing
M 40 is due to a phase space effect in the former case, whereas in the latter also a reduction
due to the diminishing of s, occurs. Since the H® quark—coupling is proportional to c,/cg,
in this case things proceed the other way round. In addition, the suppression due to phase
space effects is small here, as Mo varies by only ~ 10 GeV in the usual M o range, if
tan 3 = 30. At tan3 = 1.5 rates are generally much smaller, being noticeable only for A°
(small mass and large s,).



The main lines of the analysis we will perform in order to select the signal events out of
the backgrounds are the same ones already adopted for the SM case, in ref. [48]. In order to
maximise the event rates, we will consider the decay channels with highest Branching Ratio
(BR). Therefore, we will look for the Higgs decay channel ®° — bb for the neutral Higgs
flavours h°, A® and H®, whereas, in case of charged Higgses, we will concentrate on the decay
H* — 1v.. We know that for tan 8 = 1.5(30) and 60 GeV < Mo < 140 GeV (M40 ~ 60
GeV), corresponding to 145 GeV £ Mpgo £ 180 GeV(Mpgo ~ 129 GeV), the BRs of the decay
channels H® — WT*W~*(H® — WT*W~*) and, for Mgo < 150 GeV, H® — h°R°(H® — h°R°
and H° — A°A°), are larger than BR(H® — bb) [55]. Nevertheless, we concentrate here on
the last decay only, for various reasons. In the case of W*W ~*—decays, we should first add,
in any case, an additional reduction factor due to the W**—decay channels (that we should,
in some how, identify). Second, we would end up considering signatures of the type 55(Y),
(tv,)(Y) or (bb)(Y) (see later on), where Y = 4j,252(, or 44, with the clear disadvantages
of dealing either with a large number of jets (for Y = 45,254y, which would have both a
large QCD and combinatorial background) or with missing energy/momenta (for Y = fv,fv,,
which would prevent from reconstructing Higgs peaks by means of invariant mass spectra).
In the case of h°A%°— and A°A°-decays, in order to keep high rates, we should consider the
channels h°h°, A°A® — 4b, which would lead to the difficult requirement of recognising with
high efficiency at least four b’s in a single event. Whereas the decay H° — bb implies
that the only reduction factor is the bb-BR, which ranges in the above interval of My, for
tan 8 = 1.5(30), between ~ 4(3) and ~ 20(90)% [55]. In the case of charged Higgs decays,
if tan 8 = 1.5 and Mg+ 2 150 GeV, the tb channel has a BR larger than the one into 7v,—
pairs. However, as BR(H* — tb) is not too drastically larger (so the loss of statistics is not
substantial) and the decay chain H* — tb — bbW* +bbH* would lead to a more complicated
final state with additional backgrounds, for the moment, we consider the H* — rv, channel
only.

We will require hadronic decays of the massive vectors bosons (W= and Z°) and, in order
to select the bb Higgs decay out of the QCD background, we will assume excellent flavour
identification of b—quarks [56], such that we can get rid of the non—b multi-jet photopro-
duction, W* 4 jets and Z° + jets background events [41], and that a M,; cut around the
®° masses (see later on) is sufficient in order to suppress the above processes in the case of
v gF— bb splitting.

Therefore, we expect the following signatures:

gW=3° — (j5)(bb)X, (33)

4208 . (35)(BD)X, (34)

¢dH*®® — (rv,)(bb)X, (35)

qH®A® gh°A° — (bb)(bb)X, (36)

qHTH™ — (tv,)(7v,)X, (37)

qTH* — jj(tv.)X (if q@ # tb) or tb(tv,)X — bb(rv,)X (if ¢ = tb), (38)
3% — (7)(BB)X (i g # b,1) or (BB)(EB)X (if g = b,1), (39)

where X represents the untagged particles in the final states.
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Concerning the expected backgrounds'® to the above signatures, in case of neutral scalar
production (i.e., egs. (33)—(36) and (39)) we have to consider the same processes already
analysed in ref. [48] for the SM: i.e., ep — WTZ°X, ep — thX — bW~ X, ep — ttX —
bbW*X, ep — Z°Z°X and ep — ¢GZ°. In the case of double and single charged scalar
production (i.e., egs. (37)—(38), respectively), we must add the reactions ep — WHW-X
and ep — thBW*X. We also notice how the process ep — Z°Z°X is a background to
H* H™-production when Z°Z° — (7777 )(v,#,) and that the double and single top-resonant
backgrounds t£X and tbX, as in the MSSM t-quarks can decay either to bW*— or bH*-
pairs, are a potential background for W*®°X — W*(bb)X, H*®°X — H*(bb)X and
tbH- +tbHt — bbH*X.

In tabs. VIIIa-b we update the results given in [48] for the neutral scalar production
backgrounds, as we are using here a more recent set of structure functions (compare to
tab. III in ref. [48]), and, at the same time, we give the rates also for the additional cases
ep — qgWHTW~ (¢ # b) and ep — q@ W= (qg’ # tb). In tab. VIIla, a sum over all possible
combinations of flavours (not involving top resonances) is implied everywhere. In particular,
we notice how in the case of the subprocesses by — W~ Z% + c.c. and gy — t#Z° there are
top quarks involved as well: however, as they are produced on—shell in our computations,
they do not have any dependence on the MSSM parameters. On the contrary, in the
case of the top resonant backgrounds tbX, ¢t X, WHW~X (via b-initiated subprocesses) and
q@W*X (for q¢ = tb + c.c.) there is such a dependence. Since T'M5SM is function of M+
and tan 3 (at tree-level), ten different cross sections appear in tab. VIIIb. The total top
width in the MSSM (together with the BRs of the top quark into W and bH?*), for the
two values tan 8 = 1.5 and 30, is given in tab. IX.

Also, we would like to stress here a few details concerning the rates for top production
via gy—fusion. The case labeled tbW* X corresponds to top production via the two—to-three
body subprocess gy — tbW~ + c.c. (including all the 8 diagrams at tree-level giving a
gauge invariant set), whereas tbX — bbBWHtW~X and X — bbW WX correspond to the
rates obtained for the subprocesses gy — bW W™ via graphs with one (12 diagrams) or
two (2 diagrams) top resonances, respectively. That is, in the case of the two—to—four body
process, we considered only the amplitudes squared of two subsets of the complete set of
tree-level Feynman graphs, neglecting their interference. This clearly turns out to be an
approximation (and not gauge invariant). However, as single and double top production in
gy — bbBWHW ™ events are by far the dominant contributions we expect to reproduce quite
accurately the complete calculation. In order to check the self-consistency of our results,
e.g., one can take, on the one hand, the cross section for tBW~X + c.c. in case of tt-
(2 diagrams, yielding, e.g., at tan8 = 1.5 and M4 = 60 GeV, ~ 1195 fb) plus the one
for single t-production (6 diagrams, with ¢ ~ 406 fb, for the same choice of parameters
(M 40,tan 3) as above) and multiply these by the corresponding BR(t — bW¥) within the
MSESM (see tab. IX), after dividing by two the contribution of the tt-resonant part (thus
avoiding problems of double counting), and, on the other hand, the sum of the rates in
third and fourth column of tab. VIIIb, then he ends up with numbers that are ‘roughly’ the
ones within the computational errors of the others. The above approximate procedure has
been adopted in order to avoid prohibitive CPU-time consumes in calculating the complete

13These have been evaluated with the help of Madgraph/HELAS [57].
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gy — bbBWHW ™ process (52 Feynman graphs at tree-level, including Higgs contributions
and keeping the W*’s on—shell).

In case of neutral Higgs production, we divide the backgrounds in continuum and discrete.
The first are the ones in which the bb-pair does not come from a Z%-resonance (i.e., tbX and
ttX), and the second the ones in which the b’s are the decay products of the Z°. Following
the above distinction also in the case of double and single H*-production, it turns out that
H*signals have only discrete backgrounds, in which the 7, —pair comes from a decaying
WH.

Although the background rates are in some instances much larger that the corresponding
signals, one has to remember that the discrete backgrounds can be potentially dangerous
only in the cases Mgo ~ Mz and Mg+ ~ My+, while the continuum ones should have a
quite flat distribution in the M,z spectrum, where M,z is the invariant mass of the bb—pair.
As the aim of a phenomenological analysis is to finally select signal candidate events in
a window around the Breit—Wigner resonance of the Higgs bosons, we will ask that, say,
| Mgo(r+y — Myzroy| < 5 GeV*'%. If we naively assume that the invariant mass spectra of
the discrete backgrounds are all contained in the regions |[Mz — My;| < 2I'zo = 5 GeV and
|My+ — M,,.| < 2T'w+ ~ 5 GeV, then the fraction of Z°/W*-resonant background events
which overlap signal events is given by [58]

max((), 10 GeV — |M<I>°/Hi — MZO/Wi |)
10 GeV ’

§o(Z°|W*) = o(Z° /W) (40)
for ®° = H°, h° and A°. In using the above equation we tacitly assumed that also the ®° — bb
and H* — Tv, peaks are all contained in a region of 10 GeV around the Higgs—poles'®.

In addition, in case of continuum backgrounds, as these are top-resonant processes and
we are considering hadronic decays of the W’s, in order to further enhance the signal versus
background ratio, we can impose the veto, say, | Myw_s(j;) —m¢| > 15 GeV. Since by the time
the LEP®QLHC collider will be operating the value of the top mass will be well determined,
it is quite likely that the above constrain could reveal very efficient.

As criteria for the observability of a signal, we require a rate of S > 6 events with a
significance S/v/B > 4 for the detection of an isolated Higgs peak, while for the case of
Higgs peaks overlapping with Z° or W™ peaks we require S > 10 with S/v/B > 6 [58].

In what follows we will concentrate only on the regions of parameter space (M40, tan 3)
where we have enough rates to presumably make a statistically significant analysis: say, at
least O(1) b of cross section, and we will analyse the signatures in eqgs. (33)—(39) separately.

A. Signature bbbb.

In this case we have contributions from the signals H°A°X, h°A°X and qq®° (here q = b,t,
with 9% — bb®°X, flavours which give the whole of the cross sections in tabs. VIIa-b),

“We do not repeat here the considerations which induced us to adopt a relatively high mass resolution,
as they have been discussed for the case of the SM analysis. For this, we again refer the reader to ref. [48].

1%In fact, the largest Higgs width in the region of the parameter space here considered happens for the
heavy scalar H, at M40 = 140 GeV and for tan 3 = 30, giving 'z ~ 2.9 GeV.
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and from the backgrounds Z°Z°X and ¢3Z°X, this latter for ¢ = b,¢, which yields a cross
section of ~ 110 fb.

Here, the most interesting region in the plane (M 4o,tan 3) is the one with tan 8 = 30,
value for which the combination A°A° seems to be quite promising if M4 =~ 60 GeV (see
tab. IVb), whereas the rates for qg®° are very large over all the intermediate spectrum of
Mo, if ®° = K%, A%, In the case qzH® rates are small if M4 < 100 GeV. For £ = 3 fb™?,
after a few years of running, it should be possible to accumulate some tens of h° A°X events,
practically free from backgrounds, as both the A°- and h%-peaks are quite distant from the
Z%-one. The combination H®A° is too small for deserving experimental attention, even it
doesn’t substantially contribute in a possible A°X inclusive analysis. The cases qgh® and
qgA° give hundreds or thousands of events per year, which should be easily recognised if
Myo,Myo # Mgzo. In the case of overlapping Z° and h%/A° peaks, Higgs signal could be
recognised in the form of an excess of bb events at the Z° peak. For qgH®, as Mo — Mz >>
10 GeV in the range where H°-rates are large, there should not be any problem in selecting
the signal. The case tan 8 = 1.5 seems to be quite discouraging for all the above signals.

As this signature involves four b—quarks it is crucial that high b-tagging performances
can be achieved.

B. Signature 77bb.

This channel receives contributions from the signals W*®°X and Z°®°X. The case ¢q®°
for light flavours ¢ = u,d,s and c practically does not give any event for all ®°’s, as the
bulk of the cross sections come from the subprocesses qg®° with ¢ = b,¢, which give the
already considered 4b-signature. The backgrounds are W*Z°X, Z°Z°X, and ¢gZ°X for
g # b,t, which yields a cross section of ~ 3000 fb. In addition, the continuum processes
tbX — bbW*X and tX — bBW*X enter here as well (with W+ — 5516).

Due to the small rates, we did not consider here A°-production at tan3 = 1.5. Once
one multiplies the rates of signal and backgrounds by the BRs giving the signature 5jbb,
by the yearly luminosity £ = 3 fb~' and picks up events in the windows |My; — Mgo| < 5
GeV, it comes out that the only case which can give significancies large enough to allow for
possible detection is for ® = h° at tan3 = 1.5. The value of S/\/B is approximately 4
over all the range 56 GeV = Mo < 81 GeV. The case ° = H? at tan 8 = 30, which has
production rates comparable to the ones of the previous case, is overwhelmed by the tb.X
and t£X backgrounds (both productions rates and BRs into bb—pairs are in fact smaller with
respect to the light neutral Higgs). Therefore, in the channel jjbb only the A° scalar can be
detected, and only for large tan 3’s.

161t would be worth here to consider also tbX — bbH*X and t#X — bbH* X as background, although
they contain a MSSM charged Higgs. In fact, H*’s can decay to jj—pairs. However, as this channel has
a small branching ratio (other than originating from already suppressed ¢ — bH* decays, see tab. IX) and
as we are tacitly assuming that the two jets in the signature jjbb reproduce the Wi(ZO)—mass (note that
Mps — Myy+ 70y 2 20(10) GeV), we can safely neglect the two above background contributions.
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C. Signature Tv,.bb.

In this case, we have to consider H*®°X, tbH* — bbH* X as signals, and W*Z°X and
tbW* — bbBW*X for backgrounds. Here, the distinction between signal and background is
subtle, as the final state tbHT enters as signal for the decay H* — Tv, but as background
for ®° — bb because of the top decay ¢t — bX. In the signal versus background analysis we
treated the rates of tbH* exactly on this footing: when we compute the numbers for the
signals separately, thH* was considered background to H*®°X, whereas, in the ‘inclusive’
case H*X (i.e., when we summed up the rates of H*®°X and tbH* — bbHTX), they
contributed to the event rates only. In computing the the signal-to—noise ratios we ignored
the case of the H® in H*®°X (whose rates are never greater than ~ 0.4 fb).

For the two values tan 8 = 1.5 and 30 and in the range 60 GeV < M 40 <140 GeV the mass
of the charged Higgs is always larger than ~ 100 GeV. Therefore W*— and H*-peaks do
not overlap in the spectrum of the invariant mass M., and charged Higgs signal should be
clearly recognised, whereas the case HX®°X is largely covered by the backgrounds (we found
that significancies are always smaller than 1 after one year of running). So, the signature
Tv,bb definitely gives large chances of charged Higgs detection (for all masses and tan 3’s),
whereas this latter is hopeless in the case of neutral Higgses.

D. Signature Tv.Tv,.

This channel has signal contributions from double charged Higgs production Ht*H~ X and
backgrounds from charged vector boson production W*TW =X, as well as from neutral pro-
duction Z°Z°X (with one Z° decaying to 777~ pairs and the other to neutrinos). Both
the processes with H*’s and W*’s benefit from a large top-resonant component (¢ = b in
eq. (29)), but only backgrounds rates have significant contributions for ¢ # b. The case
Z°Z°X has a much smaller cross section. A few words are needed here to discuss the
strategy for detecting Higgs signals, as the presence of two neutrinos should prevent from
reconstructing invariant mass spectra. For example, one possibility could simply be the one
of looking at the total rates in 7v,.7v, events. An excess of 272y, events (i.e., a breaking
of the 7 vs p/e universality), with respect to the numbers expected from WHTW~X plus
Z°Z°X production, could well be the method of establishing the presence of H* signals. In
that way, these latter should be clearly disentangled over all the intermediate mass range,
for both values of tan 3 = 1.5 and 30, presumably after just one year of running.

B. Signature j77v,.

To this channel there is a signal contribution coming from ¢¢’H* X when qq # tb, whereas
backgrounds come from W*Z°X (with Z° — jj) and W+W~X events (with one W* — jj).
As Mg+ — Mw+ 2 20 GeV over the (Myo,tan3) region here considered, the detection
of H*-signal should only be a matter of event rates. For tan3 = 1.5 numbers are very
small, £ O(1071). In tab. VIb the cross section of the process ep — qg’HT for qq' # tb
is ~ 23(16)[9]{7} < 4 > fb, for M4 = 60(80)[100]{120} < 140 > GeV and tanS = 30.
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Therefore, we expect the signature jjrv, to give further chances to detect MSSM charged
Higgses at large tan 3, generally over all the intermediate mass range of the A°.

We are aware that, in order to conclude our analysis in a realistic manner, some additional
steps would be necessary now. For example, the gauge bosons W* and Z° that we have
kinematically constrained so far to be on—shell should be allowed to decay. The same should
be done for the MSSM Higgs bosons H®, h°, A° and H*. In addition, the final state partons
should be evolved into hadrons and reconstructed from the detector acceptances. Therefore,
on the one hand, a clustering scheme of the jets should be adopted while, on the other
hand, information about the detector design (azimuthal coverage, cell structure, etc ...) and
performances (in particle identification, in microvertex efficiency, etc ...) should be properly
included into the phenomenological simulation.

Nevertheless, we have not done all of this. We have decided not to do that for two
substantial reasons, related to the subject of the kinematical acceptances. First, doing this
would have required a not negligible computing effort, because of the large numbers of differ-
ent processes with different kinematics here involved (both among signals and backgrounds).
Second, such effort could have risked being finalised in a wrong direction, in the sense that
our choice of kinematical cuts could have well been different from the one which will be
imposed by the real detectors. At present, in fact, the acceptances of the detectors of the
LEP®LHC are difficult to predict, as the most recent and complete studies on the argument
only deal with simulations done for the LHC (see the ATLAS [59] and CMS [60] Technical
Proposals). That is, we wonder if the detectors designed for a pp machine will be the same
and/or will work in the same configuration even when they will be set up around a different
kind of machine, an ep collider.

However, in order not to leave this issue completely un—addressed, we borrow some
numbers from ref. [48], where a complete analysis was attempted. There, the following cuts

e transverse momentum pi of at least 20 GeV;

e pseudorapidity |7;| less than 4.5;

o separation AR;; = /An;; + Api; > 1;

were assumed [37], for all the i~th and j-th b’s and jets in the the signature bbjj of the
SM, which would correspond here to the one obtained in the case of process (2) for ®° = A°
and tan 8 = 1.5 (i.e., with M0 between &~ 60 and ~ 80 GeV). We concentrate only on this
case since this is the one where the effects of the (continuum) backgrounds are effective but
nevertheless still do not prevent detecting h°-signals.

After applying the above kinematical requirements, reduction factors of ~ 16 — 7 for

the signal W*¢, with M, = 60 — 140 GeV'", and of ~ 14/11 for the tbX/t{X backgrounds
were found. As the only differences between the SM case of ref. [48] and the MSSM

one studied here (when Mjyo = My) consists in the presence of some angular factors in

1"Here ¢ represents the SM Higgs boson and My, its mass.
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the SUSY vertices of reaction (2) (see tabs. A.I-A.IV in the Appendix) and different (but
small) top width effects in the backgrounds (the substitution T¢M — TMS5M) the numbers
we obtained there can be safely used for the present case too. Therefore, even though
the kinematical acceptances act in the direction of favouring the backgrounds, by reducing
the signal-versus—noise ratio and largely spoiling the effectiveness of the Myw _s;; cut (see
ref. [48]), in our opinion such effects should not have a decisive impact on the feasibility
of the h° detection in jjbb events. We think the same holds also for the other signatures,
especially because there background events have discrete spectra in the invariant masses of
the Higgs decay products, and the requirements Mg+ ~ M,, and/or Mg ~ M,; should
be generally sufficient to give large significancies, such that an eventual reduction due to
kinematical cuts shouldn’t modify the detection strategies we indicated.

Although our analysis remains partially incomplete, we believe that the purpose of our
study has been reached. This was in fact to give some hints in the direction of analysing
the impact of using back—scattered photons in yp—initiated collisions at the proposed CERN
LEP&QLHC collider, trying to establish whether such a machine could give additional in-
formations in the study of the Higgs sector of the MSSM, once the potential of the two
colliders LEP and LHC (separately operating) was already fully exploited. This is especially
relevant if one considers the possibility that a long gap in time between the end of the LEP
and LHC era and the beginning of the NLC one could happen in the future of particle
physics.

A brief summary of what we have been doing and the answers to the above considerations
are left in the next section.

Summary and conclusions

We have studied in this paper some production mechanisms of the Higgs bosons of the
MSSM (i.e., H°,h°, A® and H*) and of the possible backgrounds to their signatures at the
proposed LEP@QLHC ep collider at CERN.

Such a machine can be obtained by crossing an electron/positron beam from LEP with a
proton one from the LHC. It should presumably run with a CM energy at the TeV scale and
with a luminosity between one and ten inverse picobarns per year. Its discovery/detection
potential in the Higgs sector was already analysed for the case where the collider is assumed to
operate in the ep mode (i.e., via electron—quark and electron—gluon scatterings). Promising
results were found for the case of Higgs bosons with intermediate mass, especially if high
b-tagging performances can be achieved in detecting neutral Higgses decaying to bb—pairs.
We addressed here the same matter, but assuming the accelerator working in a possible yp
mode, with the incoming photons produced through Compton back—scattering of laser light
against the electron/positron beam. This technique has received a lot of attention in the
past few years as a concrete possibility of setting up real ey and v interactions at ete”
linear colliders of the next generation. Such photonic interactions are expected to take place
with almost the same characteristics (in energy of the beams and in integrated luminosity)
as the ete™ ones. We studied the possibility of producing «p interactions at CERN as we
expect the design of the LEP®QLHC machine not to prevent the application of the laser
back—scattering method.

Independently of the fact that SU/SY Higgs bosons could have already been found either
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at LEP or LHC, the CERN “+p machine” would have a clear importance on its own, since the
fundamental interactions would take place here via y—quark and y—gluon scatterings, these
proceeding via a large number of MSSM vertices, which can then be tested. Photons,
in fact, directly couple at leading order to the MSSM (charged) Higgs scalars, whereas
electrons/positrons don’t (because of the negligible mass of the electron in the Yukawa
couplings). Therefore, at the NLC, very few Higgs production mechanisms and a reduced
number of fundamental vertices are involved.

Both the high ep energy available at the LEPQLHC and the properties of the back-
scattered photons would make the production of Higgs events with high rates possible.
Moreover, the absence of strong interactions from the initial state, which take place at
hadron colliders (via gg, gg and gg scatterings), would make the CERN machine the first
TeV environment partially free from the huge QCD noise typical of the LHC (and of the
Tevatron as well). Finally, both the technology and the expenses needed in converting two
machines already existing (such as LEP and LHC) and physically located in the same place
(even though maybe not at the same time) has to be considered, compared to building a
new one (the NLC): this could make conceivable to expect the CERN ep accelerator to be
operating well in advance of any future linear collider.

For obvious reasons of space (in reducing the huge amount of material to a size com-
patible with a journal publication) and time (in numerically computing cross sections and
distributions of both signals and backgrounds), we concentrated only on a limited region of
the MSSM parameter space (M yo,tan 3). Because of kinematical constrains imposed by
the collider energy and luminosity, we studied Higgs scalars in the intermediate mass interval
whereas, as example of two opposite situations, we chose two values at the extremes of the
available range of tan 8 (that is, 1.5 and 30). Our work turns out to be incomplete then.
However, as the discussion of the results has been carried on by stressing their dependence
on the masses and on the couplings of the MSS M Higgs scalars, we expect our analysis to
be easily translatable to the case in which different values of M 4 and/or tan 8 are adopted.
Some remarks are also in order concerning the treatment of the signals, of the backgrounds
and the approach to the kinematical cuts.

On the one hand, we assumed a 100% b-tagging efficiency, thus neglecting considering
light quark and gluon jets faking b’s in the Higgs decays ®° — bb. This is obviously unrealistic
but, by the time of the advent of the LEP®QLHC, b-tagging performances should be very
high, and not too far from the above ideal case. In addition, signals and discrete backgrounds
involving Higgses, Z° and W* decaying into bb and v, (the signatures of neutral and charged
Higgs scalars we have studied here, respectively) have been computed keeping the bosons
on-shell, and considering the invariant mass of their decay products to fill a region of only
10 GeV around the corresponding peak. Such an approximation should be clearly dropped
in the end, in order to predict reliable numbers. However, as we clearly identified as regions
of feasible detection of the MSSM Higgs particles especially the ones well far from the Z°-
and W*-resonances, we expect the inclusion of the tails of the Breit-Wigner distributions
not to substantially modify our conclusions. In fact, most of the cases in which Higgs and
gauge boson peaks overlap seem to be already out of the experimental possibilities in the
on—shell approximation.

On the other hand, a full analysis (including kinematical cuts, detector efficiencies,
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hadronization effects, etc ...) was far beyond our intentions, mainly because a detailed
simulation should necessarily rely on the precise knowledge of the characteristics of the
LEP®RLHC detectors, which we cannot have at the moment. In this respect, a possible way
to proceed could well have been, for example, the one of taking the details needed for this
study from the recent ATLAS [59] and CMS [60] Technical Proposals for the LHC, which
are probably the most complete and up to date source of useful information. Nevertheless,
we expect that by the time the CERN ep collider will be operating, both the improvement in
the techniques and the necessity to adjust the detectors in view of their best performances
at a different kind of machine (ep instead of pp), could end up indicating event selection
criteria different from the ones we could suppose now. What we instead preferred to do here
was to take, as example, a similar study we performed in the case of the SM in a previous
paper, in order to show how in general kinematical cuts should have a decisive impact on the
signal significancies only where these are very small, thus affecting only restricted regions of
the MSSM parameter space here considered. Leaving practically intact in the rest of the
cases the chances of Higgs detections and studies.

Under such premises, we demonstrated the high potential of the LEPQLHC. What we
obtained is that in some parts of the parameter region we studied all the MSSM Higgs
bosons could be contemporaneously detected (especially if a high luminosity can be achieved).
However, where this does not happen, at least two of them are accessible to the experiment
and it is never the case that none of the the Higgs scalars can be recognised. For all the
neutral bosons (H°, h° and A°) we considered the bb decay channel, whereas for the charged
Higgses (H*’s) we studied the decay mode 7v,. The signatures we assumed are in bbbb, 5;bb,
Tv,bb, TV, TV, and jjTv, events. In detail, the most favourable cases are the following.

For the heavy scalar H® good chances of detection happen when tan 3 = 30 in the case of
the 4b-signature, via the production subprocess gy — bbHO, if Mo 2 120 GeV (Mgo Z 130
GeV). The remaining mass range Mo 5 120 GeV (Mpgo 5 130 GeV) is quite difficult to cover,
as the only possible way would be via the signature j;bb, through the production processes
gy — ¢W*H® and ¢y — qZ°H® (the first one mostly), which have large production rates
but small significancies (large continuum backgrounds). A high luminosity option would be
needed in this case (say, tens of inverse femtobarns per year) to clearly extract H°-signals.
If tan 8 = 1.5 the situation is even less optimistic. Only after a few years of running at
the standard luminosity £ = 3 fb~! it should be possible to recognize a few W* H° events,
and these would not be probably enough for attempting a statistically significant study.
Therefore, we would conclude that for the MSSM neutral heavy scalar the parameter
region at small tan 8 would remain practically uncovered, whereas the one at large tan 3’s
should be accessible by the experiment if Mpgo 2 130 GeV (for a standard £).

The light neutral Higgs h°, even with its reduced mass if compared to Myo, has definitely
much more chances to be detected. The production in events W¥h°X (giving the signature
7jbb) is quite large if tan 8 = 1.5. As Mz — My 2 10 GeV over all the interval 60 GeV
S Mo =140 GeV and the cut in Myw_p;; can be successfully exploited in rejecting t6X and
ttX events, h’—signals should be disentangled from the backgrounds up to the maximum
value of Mo ~ 81 GeV. A few units of events per year in the above signature would come
from Z°h°X production too. The cases of HTh°X—, h°A°X- and ¢gh®X-production do
not deserve much attention (very small cross sections). If tan8 = 30, good candidates
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are WEh?X events, provided that Mo 2 120 GeV (M4 2 120 GeV). The most probable
signature would be again jjbb. The case Z°h°X at tan 8 = 30 is completely beyond any
experimental possibility. Production events of the type H*h®? and h°A°X contribute by
adding some more chances of h°—detection if tan 8 = 30 only in the case Mo ~ M40 ~ 60
GeV (via the signatures 7v,bb and bbbb, respectively). The case where the rewards for A%
detection at high tan 3’s are largest is probably via the subprocess gy — bbh®, if Mo ~
Myo = 120 GeV. The production rates are in fact extremely large and the 4b—signature is
clean from backgrounds, provided that high b—tagging performances can be achieved and Mjo
is far enough from Mzo. Therefore, for the MSSM neutral light scalar, we conclude that
both the regions tan 3 = 1.5 and 30 are adequately covered, and h°-signals are observable.

The pseudoscalar Higgs A® is practically uncovered if tan 3 = 1.5 and M4 2 80 GeV.
In fact, a few chances at small tan 3’s occur only when M o ~ 60 GeV, via the signature
Tv,bb in H* A°X events and only after a few years of running. The large tan 3 region case
is instead entirely covered via the gy — bbA® production mechanism. Even in the case that
the final efficiencies and purities in b-tagging are smaller than the ones expected now, the
large production rates should guarantee the detection of the A° in the 4b-mode. In the case
of the MSS M neutral pseudoscalar Higgs then, only the large tan 8 region is fully covered,
whereas the remaining one is really difficult, as even the most favourable case M 0 ~ 60
GeV needs a lot of integrated luminosity.

Finally, the case of the charged Higgses. Both single and double H*—production give
account of large production rates, at both tan 3’s. As Mgz+ — My + 2 10 GeV, backgrounds
should be manageable. Therefore, we expect that in the intermediate mass range of the A°
(which correspond to the values 100 GeV S Mg+ < 160 GeV) charged Higgses should be
recognised and detected, both at small and at large values of tan .

In conclusion then, although we recognise that a more complete study (especially in-
volving a coverage of the whole MSSM parameter space) is needed, together with a more
refined signal versus background analysis (once the performances expected from the detec-
tors of the LEP@QLHC will become clear), we stress that the possibilities of the proposed
CERN ep collider in testing the Higgs sector of the MSSM are encouraging indeed, with
the machine operating in the vp mode. Therefore, such a project should be seriously kept
into consideration, especially if LEP and LHC together will not be able to confirm or rule

out with certainty the MSSM.
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Appendix

In this section we give the explicit formulae for the helicity amplitudes of the processes we
have studied. Definitions of S, Y and Z functions and of other quantities (p, A, g, 7, etc...),
which enter in the following, can be found in ref. [28], with identical notations.
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Here, we introduce the definitions
—bl — —b2 — b3 — 2b4 — 2b5 — 2b6 — 2b7 — ]_ (4:].)

for the coefficients of the incoming/outgoing four-momenta,

1 1
D = D = -7 42
V(p) p2 _ M%/? ‘Z(p) p2 o mg ( )
for the propagators, where V.= W*, H*, Z° or v and ¢ = u or d,
N; = [4(p; - )] 77, 1=1,2 (43)

for the gluon (¢ = 1) and the photon (¢ = 2) normalisation factor, where p;(g;) is the
massless vector four-momentum(any four—vector not proportional to p;), with ¢ = 1,2 [42].
The symbols r; and r, represent two light-like four-momenta satisfying the relations

T% = T% =0, TT + Tg = pZa (44)

(dS,.,(r,) indicates the solid angle of r1(, in the rest frame of p,) [42], ps and pr are antispinor
four-momenta such that

Ph = Pl Py = pt, (45)
and
Z u(pi7 )‘)ﬂ'(ph )‘) = }{ — my, with 7 = 67 77 (46)
A=+ *
while
> ulpi, Na(pi, \) = P, +mi,  with i = 4,5, (47)
A=+

We also define the mass relation

M; - Mz
Afg = @T if @+ % (My #0), (48)
14

= 0 if @ — @/,
the additional coefficients
cg’@,;i =(1- Ag,@,)bi, for ¢ = 4 and 6,

cg’@,;i =—(1+ Ag’@,)bi, for i =5 and 7, (49)

where V and &, ®’ represent vector and Higgs bosons, respectively, and the spinor functions'®

Xy =30 > (b)Y ([2l; i1, DY ([i];(2);1,1),

A=+1:=1,3

18We adopt the symbol {1} to denote a set of helicities of all external particles in a given reaction, Z{A}
to indicate the usual sum over all their possible combinations, and the symbol Ei:j,k,l,... to indicate a sum
over j,k,l, ... with index 1.
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= > > WY({1L [ L)Y ([ {281, 1),

A== 1=5,7

A0 = by (3l (il 1, DY ([i); [1; by )y

A=+ :=4,6(5,7)

=3 3 uY([2); 1)1, )Y ([ (2); 1, 1),

A=+ i=4,6(5,7)

= Y({1}p2, 51, 1)Y (p2, A5 {2} 1, 1),
A=+

v _ #1771Y([3]- [1]; ¢Z 5 €hy) — mamsY ([3]; [1]; ¢k, €1y,
31 - ZY 3 p27A;171)Y(p27A;[1];chV7C%V)’

14
VgV _ vV Fq
31 — J81 — M2 72 P2 (P4‘|‘P5)7

Zoa = Z([2;(2); {1};{2};1,151,1),
28, = Z([3); [1);[2; (2); ¢k, o ¢, 5 1, 1),

~ J—"
28, = 24, — oa + ),

Zaa = Z([3;[1; {1} {2}aCRV7CLVa171)

f’

ZqV _ =749V
Z314 = Z314
M2z

2-(Xa — ), (50)

where V represents a gauge boson W*, Z° or v, ¢ = u or d (u— and d-type quarks of
arbitrary masses m, and mg, respectively), and with the short-hand notations [z] = p,, A,
(z=1,..4), () = gz, Ax (z =1,2) and {2z} =7,,— (z = 1,2).

In the following we adopt [i] = p;, A and [j] = p;, A/, whereas the couplings cg, ¢z, and H
can be easily deduced from tabs. A.I-A.IV. Also, we sometimes make use of the equalities

Vo + Yy = Ao, X3?1V + X3?1V = 31 f . (51)

1. Process dy — ulW~®°.
In order to obtain from fig. 1 the Feynman graphs of the process

d(p1, M) + 7(p2, A2) — u(ps, As) + W (pa) + 2°(ps), (52)
where ®° = H® h° or A°, one has to make the following assignments:

q=d, qJ =u, V) = e S§* = H**. (53)
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The corresponding matrix element, summed over final spins and averaged over initial ones,
is given by
— € 3
Cre
4" 8w M3,

/ Q) E TN (54)

£ Im=1
where
T = Du(ps + ps) Da(pr + p2) M Ha, AT = Du(ps + pa) Da(pr + p2) My Ho,

T{A} ps + P4)Dd(p1 p5)M§>‘}H37 1T4{>‘} = Du(p3 + pS)Du(pl - P4)Mi>‘}H47

Da(
i1 = Du(ps — p2) Dulpr — pa) MgV Hs, 1T = Du(ps — p2) Dalpr — ps) ME Hs,
iT7{A} Dy +(pa + ps)Da(pr + p2)M7{ }H7, iT{A} = Dy+(ps + ps)Du(ps — PZ)Ms{A}Hs,
iTg{ = = Dg+(ps + ps)Da(p1 + p2)M§ He, 1T1{0} Dy+(ps + ps)Du(ps — pz)Ml{é\}Hm,
i = Dy« (ps — pa)Du(ps + p5)M1{1A}H11, T = Dy (ps — pa) Da(ps — P5)M1{2>‘}H12,
iT1{3>‘} = Dyw=(p1—ps)Dw= (p4-|-p5)M1{;}H13, 1T1{4 - = Dw<(p1—ps)Dw=(p2 —p4)M14 Hia,
T = Dys (p1— ps) Digs(pa+ps) MO Has, T8 = Dpgs(pr—ps) Dywrs (pa — pa) Mia Hie,

iT1{7>‘} = Dy=+(p1 — p3)M1{7>‘}H17. (55)
We have

MM =33 > (- 3J; [ils €0 k)

A=+ M=+ i=3,575=1,2

< Z([i]; [71: {1} {2}’CRW17CLWia171)Z([ Ik [1];[2];(2);0312770%7;171)7
MM=3 3 3 Y (- 3); [i]; {135 42); crypar e 1, 1)

A=+ M=+ 1=3,4,6 j=1,2

<Y ([1]; [4]; C%i,o, %éo)Z([j];[1];[2];(2);0%7,0%7;1,1),
MM=3 3 ¥ Y(- 3); [i]; {1} {2)5 cRypar s 1, 1)

A=+ A=+ 1=3,4,6 j=1,5

XZ([i];[j];@];(?);C% ,C% ;1,1)Y([j];[1];C%§0,0%§0),

MM=3 3 ¥ (- 3J; [ils ¢ g C5)

A=+ M=+ i=3,5,75=1,4,6

< Z([2; [51; 1215 (2); ¢k, CL7’171)Z([ 15 (15 {135 {2} crypar cry 05 1, 1),

MY=Y3 3 ¥ (- 3; [¢1; [2]; (2); ck,p i3 1, 1)

A=+ M=+i=3,2;=1,4,6

<Y ([a]; [1]; cr, o0 1, )Z([j];[1];{1};{2};0Rwi,0LWi;1,1),

MY =33 Y (- 3; [1); [2]; (2); g, 5 1, 1)

A=+ A=+£1:=3,2 =157

XZ([%], []]a {1}a {2};CRW:E7CLW¢; 17 1)Y([]]a [1];0%{)0,0%&0),
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MY =3 S (- [1];[2];(2); ¢ o et 31,1)

- ZZ([ 3); [i]; {1} {2} cryp s a3 1,1)
W »Eﬂ;” 131 L DY ([ [8)s eryyas ey )]s
MM =30 3 (5 i]; [2];(2); ¢k oz, 1,1)
: izx?Z([']-[ 15 {11542} cayw Ciypas 1, 1)
W »Eﬂ;” 131 L DY (51 U5 erpas crya )]s
My = 2 20 B2V 3] s e ) 20085 115 25 (2 e 51, 1),
My —2122:3 —2X0) Z([3]; [i]5 [2]; (2)5 crp ez, 3 L, DY ([ 15 ey L ),
Mf?}—AZi %7% Ji (65 o0 €t o)

E Z Y ([4]; 2, A5 1,1)Y (p2, X5 [1]; cr

Wt CLWj:)

—m({l}-{z}-n-[1,1,1,cRWi, >—y4Z<[21;<2>;[z‘];m;l,l;cRWi,cLWi)],
MY =3 3 (- [6); [1); ¢, prt,)

A=41=1,5,7

X [224 E Y([3]’p27 )‘/a ]-7 1)Y(P27 )‘/a [7’], CRW:UCLW:E)

=VoZ({1}542}; 81 [2l; 1, L eryy s eryyn ) — YaZ([215(2); [3) 125 1, L5 eryy s €Lt )]s
MY = Zog(FET +2007) = 226,20 — 2 — )20,

]- + + +/ + hod + +
TN — [ Xa(Vay =Xy =Xy )+ (pr—p3)(Z2aFar + Zs1s Xa)+2p2- (P1 —p3)ZaaFay |
W
1 +
T MR, {[(pr — ps)* + p2- (pr — ps)|Xa(D2 — V3) Fay 1},
w

M = 20 20— MEYS - VZS),
MY = 4V ([3); [1s eRypar ez, )Xa(V2 + 33),
Mg = -2y ([3];[1]; CRy4sCLyy )[Z2apa - (Pa + 2ps) — 2DV — 2D XY],
ME =Y ([3];[1]; CRy 1) CLyy ) Z2a- (56)

2. Process dy — dZ°®°.
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The Feynman graphs of the process
d(p1, M) + (P2, X2) — d(ps, As) + Z°(pa) + 2°(ps), (57)
where ®° = H® h° or A, can be obtained from fig. 1 by setting
g=4¢ =d, V) = Z00)
MM =0, i=11,..17,
($*,9%) = (4%, H"), (58)

— (AO*,hO),
— (HO* _I_ ho*,AO).

The formulae for the amplitude squared corresponding to ®° = H° and h° are practically
the same as in the previous section, with the relabeling:

uw—d, W*-2°  H* - A (59)

in eqs. (54)—(56). For the case ®° = A° the same relabeling still hold in eq. (54), whereas
in eqs.(55)—(56) only for : = 1,...8. For diagrams 9 and 10, one has to introduce in egs. (55)

iTg{A} = Da(p1 + p2)(Dpo(ps + Ps)Mg{,gng,HO + Dpo(psa + p5)M9{’2}(;H9,H0)7

iTyo) = Da(ps — p2)( Do (pa + Ps)Ml{(;\jqum,Ho + Dpo(pa + Ps)Ml{(;\,ion,hO), (60)

with Mi{’g‘v}, for i = 9,10 and S = H°,h°, as given in egs. (56) with the exchanges (59), where
A° — H°, A°.

3. Process dy — uH~®°.

The Feynman diagrams of the process
d(p1, M) +7(p2, A2) — u(ps, As) + H™ (pa) + °(ps), (61)
where ®° = H®, h° or A°, are depicted in fig. 2, with the assignments:

q:da q/:u7 S:H_a (@7@/) = (H_7@0)7 V' = Wi*7 S*(S*/):Hi*(H:F*)‘
(62)

The amplitude squared, summed over final spins and averaged over initial ones, is given by

6 17
=TV Y T, (63)
{2} m=1

where the Ti{A}’s, for 1 = 1,...10, are the same as in eqgs. (55) except for a difference in sign,
whereas

T = Dga(ps — pa) Dulps + ps)Mis Har,  —iTi5 = Dire(ps — pa) Da(pr — ps) My Has,
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—1T1{3} Dy+(p1—ps)Dp+ (P4-|-P5)M13 His, —iT1{4>‘} = Dy (pr—ps)Dg+ (pz—p4)M1{i‘}H14,
T = Dws (pr—ps) Dw (pa+ps) Miz Has, —iTa" = Dws (p1—ps) D+ (ps —pa) Mg M,
T = Dy (p1 — ps) M3 Har. (64)

The spinor amplitudes are

MM=3 3 Y Y (- 3J; [ils €0 k)

A=+ M=+ i=3,5,7j=1,2
XY([i];[j];CRHi,CLHi)Z([J’];[1];[2];(2);0%7,0%7;1,1),

{A} E E E E [.];CRH:HCLH:(:)
A=+ M=+ i=3,4,6 j=1,2

<Y ([a); [5]5 c}"zéo,C% )Z([j];[1];[2];(2);0%7,0%7;1,1),

M{A} Z Z Z Z [.];CRH:HCLH:{:)

A== N==£i=8,4,6 j=1,5
x Z([3]; [5); (215 (2); &, ,C% ;1,1)Y([j];[1];C%§0,0%§0),
MM =33 Y Y (- 35 [i]; ¢, 00 %)
A=+ X'=41:=8,5,75=1,4,6
XZ(M;[]];[2];(2);011‘277027;171)Y([j];[1];CRH17CLHi)7

MM =33 ¥ Z 3J; [4]; [2]; (2); ¢k, p et 3 1,1)

A=+ A'=+1:=8,2 j=
(H []a R{,Oa zéo)Y([j];[1];CRH170LH:4:;171)7

MM =YY Y (- 315 [d]; [2]; (2); ¢k, 2,3 1, 1)

A=+ M=+1=3,2j=1,5,7

XY(H [ ] CRHi,CLHi)Y([j];[1];0%@,0%@),

MY =3 S S (e o b)Y (31 [ 1, )Y ([ 1], crypa s o)
A==+ N=+1i=45,6,7;5=1,2
xzm-m;[21;<2>;ca,c17;1,1>,
MM = S ST (bl 40 ) Z(3); [3]; (205 (2)5 ¢ 3 1,1)

A=+ A=+1=2,3=4,5,6,7

xY([i]; UL LDY([5]; [15 cryas crye )

MM =3 S (- (65 crypas cre ) 211 111205 (2); ¢y 5 1,1),
A=+1:=1,2
My =3 3 (b i3 1205 (2); ¢y 5 1, DY ([i]; [ eryar 2,0 )s
A=+:=2,3
M =3 3 (6)(—2)Y (133 [ o, )Y (315 [1]; cRppa i),
A=+ 1=3,5,7
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MY =3 3 (h)(—2))Y (185 [i]; erpes cnye )Y (i) [Us ¢ o h o )

A=+ 1:1=1,5,7
MY = (—2)12Y ([3); [1); crypa s ez,

MY = (—2))[2Y ([3]; [1s crppas e )]s

MR = [0V + o W2 4 (1 — (PP ey

MI%Vi
W:t ng W:t Wj:/ ng W:t
_2X2{[X31 - 5 P4 (Pl - p3)]CH—<I>°;4 + [X31 — 359 P5- (Pl - P3)]CH—<I>0;5}
Mwi Mwi

+ + ~ +
+(pa+ Ps — 2p2) - (CH-g0.4P4 + C—g0.5P5) Zata »

, ~pa) - (pr — ps — 2
) = 2yt oyt - Do) (P 20

M.
+
A swr  Fal Aa
i = 2 T (65)
W
4. Process dy — d®°®.
The Feynman diagrams which describe the reaction
d(p1, M) + (P2, A2) — d(ps, As) + °(ps) + @0/(P5)7 (66)
where ®°, 3% = H°, h° or A°, are reported in fig. 2, where
g=¢ =4d, (3,%)=(8°3%), V=2,
with
MM =0, i=11,..17,
and the combinations
(S*, @0, @0') HO* _I_ hO* HO HO) (67)

H —I-ho* O ho),
A% H° AO)
HO*—I-hO* B0 ho)
— (A%, RO AO)
— (H* + h%, A° AO)

P N U

The amplitude squared is given by a formula identical to eq. (63). The expressions for
the spinor functions and the propagators are the same as in eqs. (65) for the combinations

(A%, H°, A%) and (A%, R°, A®), after the exchanges:

uw—d, WE*-2Z°  Hf 5 A (68)
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For the cases in eq. (67) with double—flavoured Higgs propagators, eqgs. (64)—(65) hold for
the indices ¢ = 1,...8, Whlle for diagrams 9 and 10, one has to introduce the same equations
as in (60) and the same M S ’s, for 1 = 9,10 and S H°,1h°, as given in egs. (65) with the
exchanges (68), where A° — HO RO.

5. Process dy — dH- H*.

The Feynman diagrams for
d(p1, M) +7(p2, A2) — d(ps, As) + H ™ (pa) + H (ps), (69)
are again displayed in fig. 2, where now
g=q¢ =d, (,®)=(H ,H"), V' =+"+2% S =H+1°, § =H*,

MM =0, fori=23,6, (70)

and where, moreover, one has to exchange ® <+ &' in diagram 12 and replace diagrams 13
and 15, by 14 and 16, respectively, but with & < ®’. The matrix element is given by the
formula (63), with propagators as those obtained for the case (®,®') = (H~, $°), except for

T{A} Dd(P3 - P2)Du(P1 - P4)Méx}a (71)
and with spinor functions as in egs. (65), for ¢ = 1,4, 5, where
(RyorTye) = (CLysrCRLe)s 4= 14,
(ck,»ck,) = (chyscL,), in M. (72)
We give explicitly the remaining Ti{A}’s and Mi{A}’s, for : = 7,...17. They are
iTY = Da(py + p2)(Dy(pa + Ps)M%}HM + Dzo(pa + Ps)Mi,Az}oHZZO),

iTy" = Da(ps — p2)(Ds(pa + ps) My sy + Do (pa + ps) My o Hs 50),
Ty = Da(p1 + pa)(Drro(pa + ps) My o Ho o + Dyo (pa + ps) Mgy Ho o),
iT1{o} Da(ps — p2)(Dgo(pa + Ps)Mfﬁqulo,Ho + Dipo(ps + Ps)Mf(iioHlo,hO),

i\ = —Dgs(ps — pa)Du(ps +ps) M5 Hur, 145 = Dirs(pz — ps) Da(py — pa) My Haa,
iT5 = — Dy (ps — ps)(Dgro(p1 — P3)M1{3Aj707’(13,H0 + Dpo(p1 — P3)M1{3A,%10H13,H0),
iT{;) = Dy (ps — pa)(Dao(p1 — ps) M3 ypoHasro + Dro(p1 — ps) Mo Haa o),
iT1{s:\} = —DHi(P2 - P5)(D7(P1 - P3)M1{5:\,£H15,v + Dzo (Pl - P3)M1{s:\,}zo7’f15,20),

iT1{e>‘} = Dg+ (Pz - P4)(D7(P1 - P3)M1{6>‘,£H16,7 + Dgo (Pl - P3)M1{é}on1e,Z°)7
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iT1{7A} = D'y(pl - P3)M1{7>‘,£H17,7 + Dzo (Pl - P3)M1{7>:}ZOH17,Z°7 (73)
and
A . . .
MY = ¥ 3 (g )Y (3 [ 1, 1Y (1]; [ ¢y o 2 )
A=+ M=+1=45,6,7j=1,2
< Z([7);[1]; [2]; (2); ep 2,5 1, 1),
A .
MY =3 3 (bich ge)Z(B) [l 1205 (2)s ¢k b 51,1)
A=+ \'=+1:=2,3 j=4,5,6,7
XY([i];[J’];l,l)Y([j];[1];C%V,C%V),
A .
MY =Y S (- s [i]; b or et ) Z([3); (15 [2)5 (2); by e 5 1,1),
A=+1:=1,2
A U U .
M= 3 (b [6); 1205 (2); ¢ € s L, 1YY ([i]; [1]; b el ),
A=+1:=2,3
Mj:lx} E E 2y2 ([ ] I:i];CLH:{:7cRH:E)Y(|:i];[1];CRHj:7CLHi)7
A=+ 1=3,5,7
A . .
MfZ} E E 2y2 ([ ] [z];cLHi7cRHi)Y([z];[1];CRHj:7CLHi)7
A=+1:=1,4,6
A
MG = (—20)[Y ([3; [1); ¢y et )],
A
M = (—20)[Y ([3; [1); ¢ et )],
MR = (—203)[F — 243,
0 0 (p ) ( — P —2p) 0
Mih = (C2W)IFE - 24 — PR RS E Y,
70
M) = (—20%)[F3 — 237),
0 07 _— * _— _2 0
M = -2y —axgy Bl b m pa 2 2e) ey
ZO
M) = 25,
N o FZX
M =230 — = a (74)
ZO
6. Process gy — udH~.
The Feynman diagrams for
g(p1,)\1) + ’)’(Pz,)\z) — U(P3,)\3) + CZ(P4,)\4) + H_(P5)7 (75)
are shown in fig. 3, where
g=1u g=d, ®=H", S* = H*, (76)
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The amplitude squared is

4 2 8
M| = =ENENEY S YT (77)
4 {2} m=1

The expressions for the Ti{A} ’s are
_iTl{/\} = Da(ps + ps)Da(pr — P4)M1{A}H1, —iTz{/\} = Dy(ps — p2)Da(p1 — P4)M2{A}H27

_iT{A} = Du(ps — p2)Du(ps + Ps)Mgp}Hg,
T = T (uw o dyps © pa), i=1,.3,
TN = Dygs(p2 — ps)Dalpr — )M Hr, AT = AT (w o dips < pa), (78)

while the spinor functions are

M{A} E E E E [.];CRH:HCLH:{:)

A=+ A=4+1=3,5,75=1,4
XZ([i];[j];@];(?);C% ,C% ;1,1)Z([j];[4];[1];(1);0%9,0%9;1,1),

MY=3 3 Y (- 35 [a]; (205 (2)5 ¢k p et 5 151)

A=+ N=+:=2,35=1,4
<Y ([4); [7); CRHi,CLHi)Z([j];[4];[1];(1);0%9,0%9;1,1),

MY =33 ¥ (- 3; [¢1; [2]; (2); ck,p i3 1, 1)

A=+ M=41=2,3 7=4,5,7
xZ([e); [71 [1]; (1) ¢k, €2, s LY ([3]; [4); eryas CL s ),

ij; = Mi{A}(u — d;p3 < pa), 1=1,...3,
A : .
MY =373 S (=bi)(= 20 )Y (18; [il; erypas ez, ) Z([i]; (4] [1]; (1); ¢, 8 5 1,1)
A=+ N==i=1,4
MS{A} = _M7{>\}(u — d;p3 <> pa). (79)

7. Process gy — uu®°.

The Feynman diagrams for
9(p1, M) + (P25 Az) — u(ps, As) + @(pa, Aa) + 2°(ps), (80)
with ®° = H® h° or A°, can be obtained from fig. 3 by
g=q=u, &=2°
MM =0, i=71,8. (81)
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With the exchanges
d — u, H* - 8°, (cRusCL,y) — (011‘2.1,0701!54,0)’ (82)

in eqs. (78)—-(79), the expressions for Ti{A} and Mi{A} (i = 1,...6) can be easily obtained, while
eq. (77) remains the same.

By trivial relabeling and sign exchanges, it is possible to obtain from the above formulae
the corresponding ones for the u—type quark initiated processes

uy — dW*°,
uy — uZ°®°,
uy — dHT®°,
uy — ud°dY,
uy - uHTH™, (83)
as for the charge conjugate reactions
dy — aW+e°,
dy — dZ7°®°,
dy — aHT®°,
dy — de°3”,
dy —dH H™, (84)
and
ay — dW ™ @°,
ay — uZ°®°,
y — dH ™ ®°,
uy — ﬁ<I>0<I>0/,
ay — aH H*. (85)

Finally, the same it can be done for obtaining the helicity amplitudes for the g—initiated
processes
gy — duH™,

gy — dd®°. (86)
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Table Captions

table I Cross sections of the processes gy — ¢'W*®°, where ®° = HO°, h0, A°, at \/Eep =
1.36 TeV, for M4 = 60,80,100,120,140 GeV, with tan8 = 1.5 (a) and 30 (b). The
MRS(A) structure functions are used. The errors are the statistical errors on the
numerical calculation. Entries are in GeV for masses, and in fb for cross sections.

table IT Cross sections of the processes ¢y — ¢Z°®°, where ®° = H° A%, A°, at \/Eep =
1.36 TeV, for M40 = 60,80,100,120,140 GeV, with tan = 1.5 (a) and 30 (b). The
MRS(A) structure functions are used. The errors are the statistical errors on the
numerical calculation. Entries are in GeV for masses, and in fb for cross sections.

table IIT Cross sections of the processes ¢y — ¢ H¥®°, where ®° = H°, A°, A°, at \/Eep =
1.36 TeV, for M4 = 60,80,100,120,140 GeV, with tan8 = 1.5 (a) and 30 (b). The
MRS(A) structure functions are used. The errors are the statistical errors on the
numerical calculation. Entries are in GeV for masses, and in fb for cross sections.

table IV Cross sections of the processes ¢y — q®°®°, where (®°, %) = (H°, A%), (r°, A°),
at \/s,, = 1.36 TeV, for M40 = 60,80,100,120,140 GeV, with tan f = 1.5 (a) and 30
(b). The MRS(A) structure functions are used. The errors are the statistical errors on
the numerical calculation. Entries are in GeV for masses, and in fb for cross sections.

table V Cross sections of the process ¢y — qHTH™, at \/Eep = 1.36 TeV, for M4 =
60,80,100,120,140 GeV, with tan8 = 1.5 (a) and 30 (b). The MRS(A) structure
functions are used. The errors are the statistical errors on the numerical calculation.
Entries are in GeV for masses, and in fb for cross sections.

table VI Cross sections of the process gy — qg'HT, at \/Eep = 1.36 TeV, for M4 =
60,80,100,120,140 GeV, with tan8 = 1.5 (a) and 30 (b). The MRS(A) structure
functions are used. The errors are the statistical errors on the numerical calculation.
Entries are in GeV for masses, and in fb for cross sections.

table VII Cross sections of the processes gy — ¢q®°, where ®° = H° h°, A, at \/Eep =
1.36 TeV, for M40 = 60,80,100,120,140 GeV, with tan = 1.5 (a) and 30 (b). The
MRS(A) structure functions are used. The errors are the statistical errors on the
numerical calculation. Entries are in GeV for masses, and in fb for cross sections.

table VIIT Production cross sections for the discrete and continuum background processes
discussed in the text. Case (a) contains the cross sections which do not have dependence
on the MSSM parameters, whereas (b) shows the case in which resonant ¢—quarks
introduce such a dependence through T'M®*M_ In (b) the five entries for each process
correspond to the five different values of M40 = 60,80,100,120 and 140 GeV. Numbers
in brackets are for the case tan 3 = 30. The MRS(A) structure functions are used.
The errors are the statistical errors on the numerical calculation. Entries are in GeV
for masses, and in fb for cross sections.

table IX Total top width and BRs of the decay channels ¢ — bW and ¢ — bH? within
the MSSM, for tan 8 = 1.5 and 30, for the different values of Mg+ corresponding to
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Mo = 60,80,100,120 and 140 GeV. The total top width in the SM is TSM ~ 1.57
GeV. Entries are in GeV both for masses and widths.

table A.I Neutral MSSM Higgs boson couplings each other, to the gauge bosons W*,
Z° and «, and to the MSSM H*’s.

table A.II Charged MSSM Higgs boson couplings to the gauge bosons Z° and « (here
cow = cos 20w ).

table A.IIT MSSM right and left handed couplings (cg, cr) of u— (upper line) and d-type
(lower line) quarks to the neutral gauge bosons g, v, Z° and to the neutral MSSM
Higgses H°, h®, A°. We have g% = —Q9%s%, and g} = T4 — Q%3%, (¢ = u,d), with
(Q“,T*) = (+2,%) and (Q%, T§) = (—%,—1) for quark charges and isospins.

312 377 2

table A. IV MSSM right and left handed couplings (cgr,cr) of quarks to the charged
gauge bosons W* and to the charged MSSM Higgses H™.

Figure Captions

fig. 1 Feynman diagrams contributing in the lowest order to ¢y — ¢'V®°, where ¢(¢')
represents a quark, V(V*) an external(internal) vector boson, S* an internal scalar
Higgs boson and ®° one of the neutral MSSM Higgses, in the unitary gauge. For
the possible combinations of (q, ¢, V,V*, 5%, ®°) and the corresponding non-vanishing
graphs, see the text.

fig. 2 Feynman diagrams contributing in the lowest order to ¢y — ¢'®®’, where ¢(¢)
represents a quark, V* an internal vector boson, S* and S* internal scalar Higgs bosons
and ® and @’ both neutral and charged MSSM Higgses, in the unitary gauge. For the
possible combinations of (g,q',V*,5*,5*,®,®) and the corresponding non-vanishing
graphs, see the text.

fig. 3 Feynman diagrams contributing in the lowest order to gy — ¢q'®, where ¢(¢’) rep-
resents a quark, S an internal scalar Higgs bosons and ® both neutral and charged
MSES M Higgses, in the unitary gauge. For the possible combinations of (g,q’,S*, ®)
and the corresponding non—vanishing graphs, see the text.
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a(gy — ¢W=2°)
Mo | Mo | Mo HO A0 A°
1444 [ 56.0 | 60 | 7.582+0.024 | 37.30 + 0.16 | 0.25820 & 0.00090
150.7 | 63.7 | 80 | 5.767 +0.019 | 36.76 + 0.19 | 0.18718 & 0.00058
159.3 | 70.6 | 100 | 3.986 = 0.011 | 36.80 &+ 0.17 | 0.13096 & 0.00043
170.1 | 76.4 | 120 | 2.5569 & 0.0069 | 37.02 & 0.14 | 0.09185 & 0.00030
182.9 | 80.9 | 140 | 1.5431 & 0.0045 | 37.44 & 0.14 | 0.06441 & 0.00020
Vs =1.36 TeV tan3 = 1.5 MRS(A)
Table Ia
a(gy — ¢W=9°%)
Mo | My | Myo HO A0 A°
129.2 | 59.9 | 60 | 24.060 + 0.074 | 0.8430 & 0.0018 | 1.5041 + 0.0044
129.2 | 79.9 | 80 | 23.959 £ 0.075 | 0.6993 & 0.0015 | 0.9990 -+ 0.0026
129.4 | 99.7 | 100 | 23.692 £ 0.074 | 0.8049 & 0.0019 | 0.6780 -+ 0.0016
130.0 | 119.0 | 120 | 21.485 £ 0.067 | 2.9355 & 0.0087 | 0.4636 - 0.0012
140.9 | 128.1 | 140 | 1.4487 £ 0.0042 | 22.964 & 0.070 | 0.31958 + 0.00076
Vs =1.36 TeV tan 8 = 30 MRS(A)

Table Ib




o(qy — ¢2°2°)

Mo | My | My o 70 A°
144.4 | 56.0 | 60 0.1913 £ 0.0031 | 4.877 +0.050 | (7.962 + 0.023) x 1073
150.7 | 63.7 | 80 0.1283 £0.0014 | 3.941 4+ 0.045 | (5.186 +0.015) x 1073
159.3 | 70.6 | 100 0.0803 £+ 0.0011 | 3.260 & 0.065 | (3.551 +0.010) x 1073
170.1 | 76.4 | 120 0.0419 £+ 0.0014 | 2.998 4 0.037 | (2.4628 + 0.0078) x 1073
182.9 | 80.9 | 140 | 0.02421 + 0.00028 | 2.705 + 0.037 | (1.7317 & 0.0051) x 10~3
Vs =1.36 TeV tan3 = 1.5 MRS(A)
Table IIa
o(gy — ¢2°2°)
Mgo | Mpo | Myo H° h° A°
129.2 | 59.9 60 | 0.7443 £ 0.0085 | 1.3557 £ 0.0047 | 2.2500 4 0.0080
129.2 | 79.9 80 | 0.7406 £ 0.0073 | 0.9509 £ 0.0032 | 1.5374 4+ 0.0052
129.4 | 99.7 | 100 | 0.7474 £ 0.0078 | 0.6819 £ 0.0023 | 1.0753 £+ 0.0040
130.0 | 119.0 | 120 0.677 +£0.015 | 0.5162 + 0.0022 | 0.7622 + 0.0031
140.9 | 128.1 | 140 | 0.3412 £0.0011 | 0.770 £0.017 | 0.5376 4+ 0.0018
Vs =1.36 TeV tan 8 = 30 MRS(A)

Table IIb




o(gy — ¢ H*2°)
Mo | My | Myo | My= H° A0 A°
144.4 | 56.0 | 60 | 100.0 | 0.3621 & 0.0019 | 1.1599 & 0.0085 | 2.834 + 0.021
150.7 | 63.7 | 80 | 113.1 | 0.2683 &£ 0.0017 | 0.5857 & 0.0037 | 1.3684 £ 0.0072
159.3 | 70.6 | 100 | 128.1 | 0.1944 & 0.0011 | 0.2866 & 0.0021 | 0.6745 £ 0.0037
170.1 | 76.4 | 120 | 144.2 | 0.1334 £ 0.00081 | 0.1352 £ 0.0013 | 0.3518 + 0.0021
182.9 | 80.9 | 140 | 161.2 | 0.08182 & 0.00059 | 0.06572 & 0.00031 | 0.1858 + 0.0011
Vs =1.36 TeV tan3 = 1.5 MRS(A)
Table Illa
o(gy — ¢'H*2°)
Mo | My | Myo | My= H? A0 A°
129.2 | 59.9 | 60 | 100.0 | (6.833 £ 0.019) x 102 |  2.8210 £ 0.019 2.833 £ 0.020
129.2 | 79.9 | 80 | 113.1 | (6.527 £ 0.029) x 102 | 1.3660 = 0.0081 | 1.3697 =+ 0.0072
129.4 | 99.7 | 100 | 128.1 | (8.344 £ 0.044) x 10~° | 0.6732 =0.0056 | 0.6758 = 0.0037
130.0 | 119.0 | 120 | 144.2 | (31.52 £ 0.24) x 10> | 0.3224 £0.0019 | 0.3523 =+ 0.0021
140.9 [ 128.1 | 140 | 161.2 | (171.3+£1.0) x 10 | 0.015369 + 0.000073 | 0.1860 = 0.0011
Vs =1.36 TeV tan 8 = 30 MRS(A)

Table I1Ib




o(qy — q9°8°)
Mgo | Mpo | M40 H°A° h°A°
144.4 [ 56.0 | 60 | 0.1468 & 0.0023 | 1.0889 + 0.0092
150.7 | 63.7 | 80 | 0.1004 & 0.0014 | 0.3226 £ 0.0041
159.3 | 70.6 | 100 | 0.0715 & 0.0013 | 0.1183 £ 0.0018
170.1 | 76.4 | 120 | 0.0409 & 0.00056 | 0.0437 £ 0.00075
182.9 | 80.9 | 140 | 0.02656 & 0.00049 | 0.0203 £ 0.00025
Vs = 1.36 TeV tan3 = 1.5 MRS(A)
Table IVa
o(qy — ¢°3%)
Mgo | Mpo | Myo H°A° hoA°
129.2 [ 59.9 | 60 | (6.072 +0.024) x 10~° | 4.002 = 0.039
129.2 | 79.9 | 80 | (4.279 £ 0.026) x 10~° | 1.1668 & 0.0098
129.4 | 99.7 | 100 | (4.489 £ 0.057) x 10° | 0.4270 & 0.0038
130.0 [ 119.0 | 120 | (16.05 £0.18) x 10~° | 0.1746 + 0.0021
140.9 [ 128.1 | 140 | (79.9 £1.0) x 10~° | 0.00802 * 0.00013
Vs =1.36 TeV tan 8 = 30 MRS(A)

Table IVb




o(qy — gHH")

Mg+ HYH-

100.0 18.18 £ 0.42

113.1 10.96 £+ 0.16

128.1 6.06 = 0.16

144.2 2.991 + 0.064

161.2 1.577 £ 0.034

Vs =136 TeV tanfB =15 MRS(A)
Table Va

o(qy — gHH")

My HYH-
100.0 28.13 £0.40
113.1 16.52 + 0.21
128.1 9.52 +0.14
144.2 4.244 £+ 0.056
161.2 1.867 £ 0.071

Vs=1.36 TeV tanfB =30 MRS(A)

Table Vb




o(gy — g H*)

MHj: Hi

100.0 367.3 £ 2.7

113.1 270.5 + 3.8

128.1 174.3 £ 1.0

144.2 84.78 + 0.48

161.2 22.78 £ 0.15

Vs =136 TeV tanfB =15 MRS(A)

Table VIa

o(gy — g H*)

MHj: Hi

100.0 621.7 £4.8
113.1 460.6 = 6.0
128.1 291.9 £1.7
144.2 142.2 £ 1.7
161.2 40.65 £ 0.31

Vs=1.36 TeV tanfB =30 MRS(A)

Table VIb




o(gy — q3%°)

Mao | Moo | Mo o 70 A°
144.4 | 56.0 | 60 | 0.1914 4 0.0047 | 2.1015 4+ 0.0059 | 1.4169 4+ 0.0041
150.7 | 63.7 | 80 | 0.1541 4+ 0.0020 | 1.6574 + 0.0051 | 0.6810 4+ 0.0022
159.3 | 70.6 | 100 | 0.1174 4+ 0.0029 | 1.3948 + 0.0036 | 0.3640 4+ 0.0019
170.1 | 76.4 | 120 | 0.0844 4+ 0.0025 | 1.2121 + 0.0030 | 0.2081 4+ 0.0010
182.9 | 80.9 | 140 | 0.0588 = 0.0014 | 1.1043 £ 0.0025 | 0.1253 £+ 0.00092
Vs =1.36 TeV tan3 = 1.5 MRS(A)
Table VIla
a(gy — 93%°)
Mgo | Mo | Myo H° h° A°
129.2 | 59.9 60 | 0.2743 £0.0010 | 428.3 £ 1.7 449.9 + 1.6
129.2 | 79.9 80 | 0.3432 £0.0011 | 209.13 £ 0.83 | 218.87 £ 0.85
129.4 | 99.7 | 100 | 0.6488 £ 0.0020 | 115.30 = 0.55 | 117.97 £ 0.53
130.0 | 119.0 | 120 8.649 + 0.027 62.86 £0.28 | 67.66 £0.31
140.9 | 128.1 | 140 36.38 + 0.17 4.514 £ 0.020 | 40.76 +0.19
Vs =1.36 TeV tan 8 = 30 MRS(A)

Table VIIb




Background o
ep — WEZ°X | 219.84+3.2
ep — Z°Z°X | 10.98 £0.60
ep — qgZ°X | 3139 + 49
ep— WTW~-X | 1805 + 55
ep — qfWEX | 17114 £ 150
V5 =136 TeV  MRS(A)

Table VIIla

WHW~X (t-tes.)

toW*X

thX — bbWTW-X

ttX — bWTW-X

809 + 20(707 + 11) | 1590.0 + 6.6(1406.9 + 8.5) | 291 4+ 16(262 + 18) | 532.6 + 2.0(423.4 + 1.0)
758 +26(704 + 11) | 1586.7 + 7.5(1401.8 +6.2) | 305 + 22(280 +20) | 587.2 + 1.0(489.5 + 1.1)
783 +23(714 +£11) | 1593.6 + 6.8(1397.3 +6.3) | 323 +20(306 +21) | 656.2 + 1.1(579.2 + 1.1)
783 +22(705 +10) | 1576.2 + 7.8(1401.3 - 6.1) | 341 + 34(331 +22) | 730.2 £+ 1.4(685.6 + 1.1)
789 +29(708 + 11) | 1569.3 + 7.7(1389.8 + 6.4) | 356 + 36(352 +26) | 791.2 + 1.0(780.5 + 1.2)

V3 = 1.36 TeV

tan 8 = 1.5(30)

MRS(A)

Table VIIIb




Mg+ | BR(t — bWi) BR(t — bHi) I‘{MS‘SM
100.0 0.81(0.73) 0.19(0.27) 1.94(2.17)
113.1 0.85(0.78) 0.15(0.22) 1.84(2.02)
128.1 0.90(0.85) 0.10(0.15) 1.75(1.86)
144.2 0.95(0.92) 0.05(0.08) 1.66(1.71)
161.2 0.99(0.98) 0.01(0.02) 1.59(1.60)
My ~ 80 GeV  tanf =1.5(30) m; =175 GeV
Table IX
H° ho A°
Wﬂ:wq: My +cga My, + 5pa 0
My -+ v 1 + v 1
HiH:F 3‘:; (C,BO‘ — ECZBCO‘,B) SVV[V; (S,Ba —|— Engsalg) 0
W*H7(y) ﬁ ﬁ T
0770
ZOZO 3WCW Chex 3W°W 5pe 0
Z°A 3]‘2fv;cw Bo M, T 2swew CBa 0
HOHO 2o c2 C2aCap _2chW (2824Cop + C20Sap) 0
HORO _2]:‘;,—6%[,(2320‘0,15 + C20808) ;K;V—C%V(2S2O‘SO‘IB — C20Caf) 0
HOAO 0 0 _231:;%[, C28Cap
hOhO 2]:4 c (2320‘30‘:3 020‘00‘,8) Sjw c2 C2a8ap 0
RO A° 0 0 P C%V C288a8
A°A° - 2]:41;[:2;, C28Cap 2]:41,‘;;%[, C283a8 0
Table A.l
H*H7
~ 1
ZO ZSV;CW Caw
Yy -
2|

Table A.Il




hO

AO

—_
—_

—_
— N

2MW:E Sw ;

My (1

ZMW:E Sw 35

ZMW:E Sw 65

‘2M$13W tlﬁ(17 _1)

-2M$iswt,3(17 _1)

Table A.III

H:I:

o G )

Table A.IV




