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The production of the MSSM Higgs bosom Ho, ho, A’, and H*, m the intermediate mass range 
of the A’, at two different values of tanp, is studied at the possible CERN LEP@LHC ep collider, 
through ^lp interactions, by photons generated via Compton back scattering of laser light. Signatures 
in which Ho, ho, A” + b6 and H’ + rv, are considered. Flavor identification on b jets is &umed. 
Backgrounds to Higgs signals are computed. Explicit formulas for the helicity amplitudes of the 
Higgs processes are given. 

PACS number(s): 14.80.Bq 13.60.Fz, 14.65.Fy, 14.8O.L~ 
INTRODUCTION 

We know that, despite its innumerable experimental 
successes, the standard model (SM) [l] cannot be a fun- 
damental 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 GF1” z 300 GeV by some more funda- 
mental theory. This can be seen from the fact that, for 
A >> G$=, the one-loop radiative corrections to the SM 
Higgs boson mass Mb are quadratically divergent (natu- 
ralness or hierarchy problem) [2]. 

Super~jaunetric (SUSY) models can solv& this. The 
most intriguing among them is probably the minimal su- 
persymmetric standard model (MSSM) [3]. It incorpo- 
rates two complex Higgs boson doublets of fundamen- 
tal scalar fields (H;,H;) and (Hz+,H,o), which, after 
a spontaneous symmetry breaking, originate five Higgs 
bosom: the CP-even neutral Ho and ho, 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 the tree level in terms of only two real parameters, the 
ratio of the vacuum expectation values v1 and o2 of the 
two doublets (i.e., tan/3 = u&) and the mass of one 

‘Present address: Cavendish Laboratory, University of 
Cambridge, Madingley Road, Cambridge, CB3 OHE, U.K. 

‘A scale which has to be less than the Planck scale d&.nek - 
lOI’, where a description which includes quantum gravity is 
needed. 
‘The three neutral Higgs states of the MSSM will be collec- 

tively indicated by the symbol *“. 
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of the bosom (e.g., MA”), 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;w and, if combined with grand unification theories 
(GUT’s), it predicts a value for the Weinberg angle 6’~ 
in good agreement with the measured one and a value 
for the grand unification mass A&UT 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 ex- 
cluded by LEP data 151. 

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 MSSM Higgs boson most have mass below 
N 1 TeV [6-81, lower limits can be extracted at present 
colliders. From LEP I (Ge, = Mzo) experiments, as a 
result of searches for e+e- --t Z”*h” and e+e- --t h”Ao 

events, one obtains [5] 

M,,Q 2 44.5 GeV and MAo > 45 GeV. 

Extensive studies have beencarried out on the detectabil- 

ity of MSSM Higgs boson particles by the next genera- 
tion of high energy machines, both at a pp hadron col- 
lider [6,9,10] and at an e+e- Next Linear Collider (NLC) 
[6,11-151. 

The region MAO < 80-90 GeV will be studied at the 
CERN e+e- collider LEP II (fice = 170-190 GeV), by 
the Higgs boson decay channel bb Ill], via one or both 
the processes e+e- + Z”* --t ZOh” (bremsstrahlung) 
and e+e- + 2” -+ hoA (neutral pair production) [16]. 

Higgs bosom with larger masses will be searched 

(1) 
178 01996 The American Physical Society 
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for at pp colliders such as the CERN Large Hadron 
Collide? (LHC), with &, = 10, 14 TeV and L bi: lo- 
100 fb-I, or at e+e- NLC’s, with Ge, = 300-2000 GeV 
and L % lo-20 fb-‘. 

At the LHC, because of the huge QCD background, 
the mass range 80 GeV5 Ms, 5 130 GeV is the most 
difficult to study s+ce 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 dis- 
covery of a neutral Higgs boson via the @’ + 7-y mode at 
hadron colliders can be exploited for the discovery of Ho 
for 80 GeVs MAo 5 100 GeV and of ho for A4~o 2 170 
GeV, at all ta@. For heavier masses, the “gold-plated” 
decay channel (@” + 41) is useful for the Ho if tanp 5 7 
and 100 GeV5 Mao 5 300 GeV, but not for the ho be- 
cause of its too light rna~s.~ Recently, it has been also 
shown [17] that with the btagging capabilities [18] of the 
LHC experiments,’ it might be possible to rely, over a 
substantial portion of the parameter space, on the tfW’ 
production channel, with one t decaying semileptonically 
and ipo + b6, for 80 GeV5 i&o 5 130 GeV, for at least 
one of the MSSM Higgs bosom ho or Ho, removing the 
“window of unobservability” for 100 GeV5 Mao 5 170 
GeV and tanp 2 2, which remained in previous analyses. 
Moreover, it has been found [19] also that the reaction 
bg --t bZ”@ is an excellent candidate for the discovery of 
A” and at least one of the other two neutral Higgs bosom 
over the whole intermediate range of MAO for large val- 
ues of ta@, through the same decay channel a” + b6. 
With respect to charged Higgs bosom, for low (high) 
values of Mx+ the dominant production mechanism is 
gg + tf+ H+H-b6(bg + tH-). Because of QCD back- 
grounds, only the low mass case gives a detectable signal 
over a non-negligible region of (Mao, ta@) 1201. 

At NLC energies, other than via bremsstrahlung 
and neutral pair production (this latter for H”A’ fi- 
nal states too [IS]), MSSM Higgs bosons can be 
produced also via the fusion processes e+e- + 
~&W**W~*(e+e-Z~*Z~*) 3 fi&(e+e-)h”/HO [21] 
and the charged pair production e+e- --t r*, Z”* --t 
H+H- [22]. The lightest CP-even Higgs boson ho can 

be detected over the whole MSSM parameter space, in- 
dependently of the top and squarlc masses. Therefore, 
if the ho will not be found at the NLC, the MSSM is 
ruled out. If the Ho and A0 boson masses are less then 
= 230 GeV, there exists a very large area in the param- 
eter space where all neutral Higgs bosom can be con- 
temporaneously detected for free = 500 GeV 1231. A 

%nce the most part of the results on Higgs boson searches at 
the Superconducting Super Collider (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. 

4For the top squark mass rn; = 1 TeV and all gaugino masses 
greater than 200 GeV. 

‘If the higher luminosity and a large number of tracks per 
event can successfully be dealt with. 
charged Higgs boson with MH+ < mb + mt mainly de- 
cays to v,T+(&T-) and ca(&) pairs (with the leptonic 
mode dominating for tan@ > 1). If kinematically allowed, 
a heavy Hi decays via the top mode H* + t@) (and 
in some part of the parameter space also to W*hO). 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 
tan@ > 1, a possible signature is an apparent breaking of 
the 7 vs p/e universality. At higher e+e- energies, such 
as &,, = l-2 TeV, fusion mechanisms become dominant 
over other production processes [15,24]. 

The conversion of e+e- NLC’s into ry and/or Ed col- 
liders, by photons generated via Compton back scattering 
of laser light, provides new possibilities of detecting and 
studying Higgs bosom 1251. For the MSSM, at a NLC 
with Ge, = 500 GeV, 77 + W’ reactions are impor- 
tant in searching for heavy Ho and A0 bosom: they can 
be detected up to mass values of z 0.8&, for moder- 
ate tanp and if a luminosity of 20 fb-‘, or more, can be 
achieved 1261. For the Ho, the channels Ho -+ hoho, 
if MHo 5 2mt, and Ho + tf, for Mao 2 2mt, ap- 
pear more interesting than the decays Ho + b6 and 
Ho + Z”Z’. For the A’, the feasible reactions are 
yy --t A0 + Z”h”lb&, if Mao ,$ 2mt, and yyy --t A” + tf, 
if MAO > 2mt. If tan@ 5 20, only the b6 channel is useful 
for the A”, with6 MAO 5 250 GeV. Recently, it has been 
shown that the intermediate mass H+H- pair produc- 
tion via yy fusion is greater (e.g., at least by a factor 2 

at & = 500 GeV) than the corresponding e+e- mode, 
and charged Higgs bosom can be detected using the three 
decay modes v 7 ~+&r7-, CBES, and CADET- + V,T+ES in a 
complementary way in order to cover all the intermedi- 
ate mass region of H* [27]. The ey option at NLC’s is 
quite interesting in studying MSSM Higgs boson produc- 
tion via the processes e-7 + v.W-@‘, e-y + v,H-a”, 
and e-7 + e-H+H-, in the intermediate mass range of 
Mao and for a large choice of tanp’s 1281. 

The option of ep colliders in detecting and studying 
MSSM Higgs bosom has been only marginally exploited, 
so far, with respect to the possibilities of pp and e+e- 
accelerators. The only presently operating ep high en- 
ergy machine is DESY HERA [29], which, however, has 
been primarily designed for providing accurate data on 
the proton structure functions in the small-x region, more 
than being devoted to Higgs boson searches, which are 
almost impossible even for the more favorable cases of A0 

and H* production [30]. In fact, most of these searches 
rely on wry special conditions, which seem to be ex- 
eluded by recent limits on Higgs boson and top quark 
masses: e.g., very high tan/3 (z 40) in order to detect 
neutral Higgs bosom @’ via Z”Z” and 77 fusion pro- 
cesses [31], or very light charged Higgs bosoms and/or 

‘Since the ho mass never becomes large, the only important 
channel is 77 -+ ho + bb, allowing its detection for Mho > 60 
GeV (M,o > 70 GeV). 
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top quark for H* production via 77 [32] and ^(9 fusion 
[33]. Furthermore, the H*-production mechanism via 
bremsstrahlung off heavy quarks .y~ + q’H* suffers from 
a strong Cabibbo-Kobayashi-Maskawa or O(m,/Mwi) 
suppression (where re is the emitting initial light quark) 
[34]. Finally, the production of neutral MSSM Higgs 
bosom through bremsstrahlung off b quarks, exploited 
in Ref. (351, 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/3 (u 20) and Higgs boson 
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FIG. 1. Feynman diagrams contributing in the lowest order to 47 + q’V@, where q(q’) represents a quark, V(V’) an 
external (internal) vector boson, S’ an internal scalar Higgs boson, and @, one of the neutral MSSM Higgs bosons, in the 
unitary gauge. For the possible combinations of (q, q’, V, V’, S’, @) and the corresponding nonvanishing graphs, see the text. 
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FIG. 2. Feynman diagrams contributing in the lowest order to qy + q’+W, where q(q)) represents a quark, V’ an internal 

vector boson, S’ and S” internal scalar Higgs bosom, and + and Q’ both neutral and charged MSSM Higgs bosom, in the 
unitary gauge. For the possible combinations of (q, q’, V’, S’, S”, *, W) and the corresponding nonvanishing graphs, see the 
text. 
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masses A&o < 90 GeV can give detectable signals.’ 
In the future, another ep collider is contemplated to be 

operating, the CERN LEP@LHC machine, obtainable by 
combining an electron or positron beam of LEP II and 
a proton beam of the LHC 19,361. The detailed studies 
on the detectability of an intermediate mass SM Higgs 
boson 4 at such a machine presented in Ref. [37] (using 
W*wF and Z”Z” fusion processes [34,30,38,39], with 4 
decaying to bg) can be transposed to the case of CP-even 
neutral MSSM Higgs bosdns, but increasing the require- 
ments on luminosity and/or on b-tagging identification, 
due to the smaller Ho and ho cross sections with respect 
to the SM case. Charged Higgs bosom can be detected 
at LEP@LHC energies via the decay t(q + H+b(H-6), 
if M+ < mt - mb, while for i!4+ > mt - mg, good 
sources of H* bosom are the photoproduction yb + H-t 
(through bremsstrahlung photons) and the W* mediated 
process e-b --t v,H-b, studied in Ref. [40]. 

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

It is the purpose of this paper to study at the 
LEP@LHC ep collider the reactions 

q-/ + q’w*@ , (2) 
q^1+ qz”mo , (3) 
q.y --f q’H+@ , (4) 

qy -i q@P , (5) 

w + qH+H- > (6) 

m --t qbH* 7 (7) 

9-r + qs+ 2 (8) 

where @“(‘) = Ho ho, and A”, in the intermediate 
mass range of A”, ‘for all possible (anti)flavors of the 
(anti)quarks q(d), using laser back-scattered photons. 
We discuss their relevance for the detection of the MSSM 
Higgs bosom and the study of their parameters, assum- 
ing b-tagging identification. 

We did not study the processes 

qy + qWiHF , (9) 

qy + q’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 ‘y, Z”, and W* [see diagrams (7), (8), 
(13), (14) of Fig. 1 and diagrams (7), (S), and (15)-(17) 
of Fig. 21. 

‘Fiegion that can be more easily covered by LEP II. 
There are at least two important motivations for study- 
ing processes (2)-(E), and at the LEP@LHC collider. 
First, as already pointed out in paper I of this study [42], 
the CERN ep option could be operating before any NLC, 
so it would constitute the fist TeV energy environment 
partially free from the enormous background 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 bo- 
son. Second, even in the case that LEP II and LHC 
can together cover all the parameter space (Mao, tan@, 
nevertheless, processes (2)-(S) offer the opportunity for 
studying a large variety of MSSM interactions involv- 
ing Higgs bosom in fact, all the vertices displayed in 
Table X-XII occur. Moreover, the additional heavy par- 
ticles t(F), W*, Z’, and the second Higgs boson can be 
used for tagging purposes, increasing the signal versus 
background ratio. 

In Ref. [42] we carried out a very similar analysis for 
the case of the SM. The encouraging results we have 
found there induced us to investigate if possibilities of 
Higgs boson detection and study also exist within the 
MSSM. 

The plan of the present paper is as follows. In Sec. II 
we give some details of the calculation and of the param- 
eters of the MSSM we have used, Sec. III is devoted to 
the presentation of the results while the conclusions are 
in Sec. 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 en- 
ter in describing reactions (2)-(8) at tree level are shown 
in Figs. 1,2, and 3. For the various possible combinations 
of (q, q’, V, V”, S*, @“) in Fig. 1, (q, q’, V’, S’, S”, a, a’) 
in Fig. 2, and (q,q’,S*,Q) in Fig. 3, see details in the 
Appendix. All quarks have been considered massive, so 
diagrams with a direct coupling of @O/H* to fermion 
lines have been computed for each combination of fla- VOFS. 

The matrix elements have been evaluated by means of 
the spinor techniques of Refs. 143,441 and the FORTRAN 
codes have been compared with the corresponding ones 
implemented by the method of Ref. [45]. 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 qy + q’W*+“, gy -i q@“, 
and gy + t6H- reproduce those of Ref. 1411 (for a SM 
Higgs boson), of Ref. (351 and of Ref. [33], respectively. 
Furthermore, since a simple adaptation of the formulas 
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. [ZS], we have checked, where possible, our h&city 
amplitudes also in these limits. 

As proton structure functions we adopted the recent 
set Martin-Roberts-Stirling set A [MRS(A)] [46] (differ- 
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FIG. 3. Feynman diagrams contributing in the lowest order 
to ~7 + @‘*, where q(q’) represents a quark, S’ an internal 
scalar Higgs boson, and * both neutral and charged MSSM 
Higgs bosom, in the unitary gauge. For the possible combi- 
nations of (q, q’, S’, +) and the corresponding nonvanishing 
graphs, see the text. 
ently from the case of Ref. [42], where the set Harriman- 
MRS set B (HMRSB) was used [47]), fixing the p scale 
equal to the center-of-mass energy (cm.) at parton level 
(i.e.,, p = &q(s)T). The strong coupling constant a,, 
which appears in the gluon initiated processes, has been 
evaluated at next-to-leading order, with AiCD, = 230 

MeV, where m denotes the modified minimal subtrac- 
tion scheme, and a scale ~1 equal to the one used for 
the proton structure functions, and consistent with,the 
quark flavor entering in the partonic subprocess. We are 
confident that changing the energy scale and/or the dis- 
tribution functions choice should not affect our results by 
more than a factor of 2. 

As energy spectrum of the back-scattered photon we 
have used here the same one adopted in paper I. The 
same holds for the value of the luminosity~ we chose as 
well as for the computational procedure we adopted in 
evaluating the MSSM cross sections. Therefore, for all 
details and formulas we refer the reader to Ref. [42]. 

Within the MSSM, in order to simplify the discussion, 
we assume an universal soft supersymmetry-breaking 
mass [48,49] 

,$=,$=,g=m& (11) 

and a negligible mixing in the top squark and bottom 
squxk mass matrices 

A,=Aa=fi=O. (12) 

If we also neglect the bottom mass in the formulas of 
Refs. [48,49], the one-loop corrected masses of the MSSM 
neutral CP-even Higgs bosom can be expressed in terms 
of a single parameter E [50], given by 

3e2 
*= 

8n2M&,sinl?w 
m;Pln (13) 

Diagonalization of the mass squared matrix leads to the 
expressionss 

M,& = ;[M;o + M;o + c/s;] 

k{[(M$ - M;o)czp + E/@ 

+(M;;o + M;~)“s;~}“~, (14) 

while the mixing angle a in the CP-even sector is defined 
at one loop by 

tza = (M;;, -M&&j + cf,; 
-;<a;o. (15) 

For the MSSM charged Higgs boson masses we have 
maintained the tree-level relations 

‘Throughout this paper we use t~he notations s= = sin(r), 
ce = COS(Z), t, = tan(z) (with I = CC,~, 201, and Zp), sop = 
siI@ + a), cap = cos(B + a), so0 = sin@ - a), and cP, = 
cos@ - a). 



184 GHADIR ABU LEIL AND STEFANO MORE’ITI 53 
since the one-loop corrections are quite small if compared 
with the corresponding ones for neutral Higgs bosons 1491. 

Concerning the numerical part of our work, we have 
used for the electromagnetic coupling constant, the Wein- 
berg angle, the masses and the widths of fermions and 
gauge bosons the same values adopted in Ref. [42], apart 
from the top width, which has now been computed (at 
tree level) within the MSSM, using the expressions [51] 
I’(t + bH+) w;* , n~;,rn;)‘/~ (rn; + rn; - M;+)(mt”t;” + rn&$) +47&n; 

I-(t -+ bW+) = X(M$,+,w~;,rn;)‘/~ M&(m; + rn; - 2i%4&) + (rn; - w@ ’ 

and [52] 

where Vtb is the Cabibbo-Kobayashi-Maskawa mixing term (here set equal to l), GF = @/8M& the electroweak 

Fermi constant, g = ~/SW with -e the electron charge, and X I/’ the usual kinematic factor 

X(M,, Mb, M,)l/= = [Ms + M; + M,” - 2M,Mb - 2M,M, - 2MbM$‘. a (19) 
The widths of the MSSM Higgs bosons have been evalu- 
ated 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 [53]. 

Finally, the universal supersymmetry-breaking squawk 
mass has been fixed in the numerical analysis to the value 
mg = 1 TeV, and at the same time, for simplicity, we 
have ignored the presence of not-Higgs supersymmetric 
particles (i.e., squarks, sleptons, ga&os, biggsinos). 

We have analyzed processes (2)-(8) in the mass range 
60 GeV5 MAO 5 140 GeV, with tan/3 = 1.5, 30, at the 
ep cm. energy fiep = 1.36 TeV. 

RESULTS 

As it’ is unpractical to cover all regions of the MSSM 
parameter space (MAO, tan@) (for intermediate masses 
of the pseudoscalar Higgs boson), we have chosen here, 
as representative for tan& the two extreme values 1.5 
and 30, whereas M,.p spans in the range 60 to 140 GeV. 
Also, due to the huge amount of computing time that 
otherwise would have been necessary, and contrary to the 
SM analysis of Ref. [42], we concentrate here only on the 
energy of the proposed CERN ep collider (Ge* = 1.36 
TeV) [Q]. At this cm. energy the cross sections (summed 
over all possible flavor combinations) for the processes 

q.y + q’W*;o”, mo = Ho, ho, A’, (20) 

P7 + Go@, Q” = Ho ho A0 1 1 I (21) 

qy --f q’H*@, @ = Ho ho A0 9 1 , (22) 

q’y + q@Q”‘, (a’, @‘) = (HO, A’), (ho, A’), (23) 
q7 + qH+H- , (24) 

s’y + dH* , (25) 

g-y + qc#, @’ = Ho, ho, A’, (26) 

are given in Tables I(a)-VII(b). Since the production 
rates for the reactions 

qy + q@w’, 

(@,@‘) = (Ho, Ho), (Ho, ho), (ho, ho), (A’, A’), (27) 

are generally9 never larger than N 1O-2 fb and are be- 
yond any experimental possibility of detection, we do not 
give their rates here and we will not consider them in the 
forthcoming analysis either. lo Before proceeding further, 
a few comments are in order now, concerning the char- 
acteristics of the signals. 

Process (20) gives quite large rates for the case @’ = 
H” and not too large values of MAo (< 120 GeV), both 
for tan/3 = 1.5 and tanp = 30, with the cross sections 

‘Apart from the cases (ho, ho) and (A’, A’) for M,o = 60- 
80 GeV, with tanp = 1.5, 30, and 30, respectively, which can 
reach cross sections of - 1 fb. 

“Also, in some instances, results given in Tables I(a)-VII(b) 
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. 
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TABLE I. Cross sections of the process q’y + q’W*@, where apo = Ho, h’,A’, at &, = 1.36 
TeV, for M,a = 60,80,100,120, 140 GeV, with tanp = 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. 

Mn0 40 MAO 
144.4 56.0 60 
150.7 63.7 80 
159.3 70.6 100 

(4 
u(qy +‘qiW*~o) 

HQ ho A0 
7.582f0.024 37.30f0.16 0.25820f0.00090 
5.767f0.019 36.76f0.19 0.18718f0.00058 
3.986f0.011 36.80f0.17 0.18096f0.00043 

170.1 
182.9 

MHQ 
129.2 
129.2 
129.4 
130.0 
140.9 

76.4 120 2.5569f0.0069 37.02f0.14 0.09185~0.00030 
80.9 140 1.5431f0.0045 37.44f0.14 0.06441f0.00020 

&=1.86 TeV tanp = 1.5 MRS (A) 

W 
u(q-( + q’W*P) 

Ml.0 M.40 HO ho A0 
59.9 60 24.06OztO.074 0.843OiO.0018 1.5041f0.0044 
79.9 80 23,959*0.075 0.6993+0.0015 0.999OztO.0026 
99.7 100 23.69210.074 0.8049iO.0019 0.6780f0.0016 
119.0 120 21.485*0.067 2.9355iO.0087 0.4636f0.0012 
128.1 140 1.4487f0.0042 22.96450.070 0.31958f0.00076 

J;;= 1.36 TeV tanp = 30 MRS (A) 
corresponding to the last case being larger. Significantly 
large numbers occur also in the case a0 = ho, more at 
small than at large tanps. Phase space effects due to the 
increase of Mp and MAO lower down the cross sections, 
whereas the strong change of trend at large tanp’s and 
Mao ra 120-140 GeV is due to the sudden steep decrease 
of the H”W+W- coupling (proportional to cp,), and to 
the corresponding increase of the h’W+W- one (propor- 
tional to sp,). Higgs boson bremsstrahlungs diagrams 
(numbers l-6 in Fig. 1) are in fact drastically suppressed 
because of the Y&ma coupling @“qQ, proportional to 
m4, since q (due to the part&c 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 
W’ F A0 generally gives much smaller rates. Only the 
case tan@ = 30 (i.e., large W’DD coupling to down-type 
quarks D), for small enough phase space suppression (i.e., 
if MAo bi: 60 GeV), can give cross sections of N 1 tb. 

Same considerations as the above mentioned apply to 
the case of reaction (21), even though the suppressed 
TABLE II. Cross sections of the processes qy + qZ’@, where a0 = Ho, h’,A’, at Gap = 1.36 
TeV, for MA0 = 60,80,100,120,140 GeV, with tanp = 1.5 (a) and 30 (b). The MW (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. 

MX0 Ml.0 M.40 
144.4 56.0 60 

\-I 
“(Q-f --t 4z”w 

HO ho 

0.1913+0.0031 4.877f0.050 
A0 

(7.962 i 0.023) x lo-' 
150.7 
159.3 
170.1 
182.9 

Mna 
129.2 
129.2 
129.4 
130.0 
140.9 

63.7 80 0.1283+0.0014 3.941f0.045 (5.186*0.015j x lOrn3 
70.6 100 0.0803zt0.0011 3.260f0.065 (3.551*0.010) x 10-s 
76.4 120 0.0419+0.0014 2.998f0.037 (2.4628f0.0078)~ lo-' 
80.9 140 0.02421~0.00028 2.705f0.037 (1.7317f0.0051) x io-3 

&=1.36 TeV tanp = 1.5 MRS (A) 

Cb) 

Ml.0 MG 
Ho447 + 4z"w 

ho A0 
59.9 60 0.7443%0.0085 1.3557f0.0047 2.2500f0.0080 
79.9 80 0.7406f0.0073 0.9509f0.0032 1.5374+0.0052 
99.7 100 0.7474f0.0078 0.6819f0.0023 1.0753f0.0040 
119.0 120 0.677f0.015 0.5162f0.0022 0.7622f0.0031 
128.1 140 0.3412f0.0011 0.770f0.017 0.5376f0.0018 

&=1.36 TeV tanp = 30 MRS (A) 
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TABLE III. Cross sections of the processes pr + q’H*@,, where a0 = H”,ho,Ao, at 
Ge, = 1.36 TeV, for MA0 = 60, 80, 100, 120,140 GeV, with ta@ = 1.5 (a) and 30 (b). The MW 
(A) structure functions are used. The errors are the statistical errors on the numerical calculation. 
Entries are in GeV for masses, and in t% for cross sections. 

MHO MF.0 MAO Mn* ho AQ 

144.4 56.0 60 100.0 0.3621f0.0019 1.1599zkO.0085 2.834f0.021 
150.7 63.7 
159.3 70.6 
170.1 76.4 
182.9 80.9 

MHO MHO 
129.2 59.9 
129.2 79.9 
129.4 99.7 
130.0 119.0 
140.9 128.1 

80 113.1 0.2683%0.0017 0.5857zkO.0037 : 
100 128.1 0.1944f0.0011 0.2866~0.0021 
120 144.2 0.1334f0.00081 0.1352zkO.0013 
140 161.2 0.08182+0.00059 0.06572f0.00031 

& = 1.36 TeV tanp = 1.5 

‘b! * 0 

MAO MSI+ 
Qbn$?H + 1 

ho 
60 100.0 (6.833 z!z 0.019) x lo-’ 2.8210~0.019 
80 113.1 (6.527 f 0.029) x lo@ 1.3660~0.0081 
100 128.1 (8.344 zk 0.044) x 1O-3 0.6732iO.0056 
120 144.2 (31.52 zk 0.24) x 1O-3 0.3224*0.0019 
140 161.2 (171.3 * 1.0) x 10-a 0.015369zt0.000073 

,h = 1.36 TeV tanp = 30 

1.3684f0.0072 
0.6745f0.0037 
0.3518f0.0021 

‘0.1858rtO.0011 
MRS (A) 

A0 
2.833zkO.020 

1.3697f0.0072 
0.6758f0.0037 
0.3523f0.0021 
0.1860f0.0011 

MRS (A) 
W’Z”Z” couplings (with respect to the case W’W+W-, 
being @’ = H”, ho) yield contributions which are in gen- 
eral an order of magnitude smaller than in the previous 
case. At tanp = 1.5 only the ho s&ms to be interesting, 
whereas at tan@ = 30 both the Ho and the ho show mg- 
ligible numbers. Finally, graphs with Higgs-strablungs 

TABLE IV. Cross sections of the processes q-y --t q@Ip”‘, 
where (a”, @“) = (HO, A”), (h”, A”), at &, = 1.36 TeV, for 
M,o = 60.80. 100,120,140 GeV, with tanB = 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 i% for cross sections. 

MHo M,,o M,o 
144.4 56.0 60 

\. HSAO ‘ 

0.1468f0.0023 
hoA 

1.0889~0.0092 
150.7 63.7 80 0.1004f0.0014 0.3226f0.0041 
159.3 70.6 100 0.0715f0.0013 0.1183~0.0018 
170.1 76.4 120 0.0409AO.00056 0.0437f0.00075 
182.9 80.9 140 0.02656f0.00049 0.0203f0.00025 

fi = 1.36 TeV tanp = 1.5 MRS (A) 

Cb) 

MHo M,+ M,o 
4nr +g@) 

hoA 
129.2 59.9 60 (6.072 + 0.0241 x lo-’ 4.002*0.039 
129.2 79.9 80 (4.279f 0.026j x 1O-3 1.1668~0.0098 
129.4 99.7 100 (4.489 f 0.057) x lo@ 0.4270&0.0038 
130.0 119.0 120 (16.05 f 0.18) x 1O-3 0.1746~0.0021 
140.9 128.1 140 (79.9 i 1.0) x 10K3 0.00802~0.00013 

& = 1.36 TeV tanp = 30 MRS (A) 
113.1 10.96+0.16 
128.1 6.06f0.16 
144.2 2.991f0.064 
161.2 1.577f0.034 
fi = 1.36 TeV tar@ = 1.5 

off b quarks contribute to keep the rates for the A0 at 
ta@ = 30 at the level of N 1 fb, if MAO is not too large, 
whereas at tanP = 1.5 numbers are completely negligible. 

The coupling of the A” to the vertices W’W*H’(~) 
(see Table X in the Appendix) does not suffer from an- 
gular factor suppression (there is no dependence on a 

TABLE V. Cross sections of the process qy --t qH+H-, at 
Ge., = 1.36 TeV, for M,p = 60, 80, 100, 120, 140 GeV, with 
tanp = 1.5 (a) and 30 (b). The MRS (A) structure functions 
are used. The &ms are the statistical errors on the numerical 
calculation. Entries are in GeV for masses, and in fb for cross 
sections. 

MSI* 
100.0 

\-I 
4?7 + df+Jv 

H+H- 
18.18+0.42 

MRS (A) 

1.~ 

100.0 28.13f0.40 
113.1 16.52k0.21 
128.1 9.52zko.14 
144.2 4.244*0.056 
161.2 1.867f0.071 
& = 1.36 TeV tanp = 30 MRS (A) 
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TABLE VI. Cross sections of the process gy --t q$H*, at 
fieP = 1.36 TeV, for M,a = 60, 80, 100, 120, 140 GeV, with 
ta@ = 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 t% for cnxs 
sections. 

(4 

Mn+ 
100.0 
113.1 270.5zt3.8 
128.1 174.3H.O 
144.2 84.78zk0.48 
161.2 22.78ztO.15 

fi = 1.36 TeV tag = 1.5 MRS (A) 

106.0 621.7i4.8 
113.1 460.6+6.0 
128.1 291.9H.7 
144.2 142.2zt1.7 
161.2 40.65f0.31 

,I% = 1.36 TeV tanp = 30 MRS (A) 

and fl), whereas HO’s and ho’s do. Therefore, the rates 
for the A0 in the case of reaction (22) are larger than 
the ones of the CP-even scalars, both a tan/3 = 1.5 and 
tanp = 30. Tbis latter observation is always true apart 
from the case tan/3 = 30 and Mao ,$ 120 GeV, where 
numbers for the pseudoscalar and the light scalar are 
practically the same, as the value of cflm approaches 1. 
This also proves that diagrams with @‘H+H- couplings 
(graphs 13-14 in Fig. 2, which are zero for Q” = A”) do 
not count. The same can be affirmed for neutral Higgs 
boson bremsstrahlung diagrams, because they always oc- 
CUT in conjunction with a H*q@ Yukawa coupling (see 
the practically unchanged rates for the A” at both values 
of tanp). 

The case (@, @‘) = (Ho, A”) in process (23) is never 
interesting (and it has been shown for comparison pw- 
poses only, against the combination hoA”). Due to the 
double Yukawa coupling, diagrams l-6 in Fig. 2 essen- 
tially never enter. Diagrams 9-10 are strongly suppressed 
at ta@ = 1.5, whereas at tan@ = 30 they give a small 
contribution (because of the A’Db vertex). However, 
the largest rates come from diagrams 7-8, which are pro- 
portional to s& and c&, for the Ho and the ho, respec- 
tively. As the second coupling is larger than the tist 
one and MHo > A&o in our range of interest, it is clear 
that Ho rates are again smaller compared to the ho ones 
(especially at tanp = 30). 

Process (24) is one of those for which the production 
rates are bigger, if A4.4. is not too large. The major par- 
tonic contributions here come from the subprocess with 
resonant top quarks (i.e., &y + bH+H-). Diagrams with 
7*(Z”*)H+H- couplings (i.e., with a victual photon or 
Z” splitting into H+H- pairs) are dominant only in the 
other cases (for q = u, d, s, c). The increase of the rates 
with tan/3 is due to the larger contribution of gmphs S- 
10 and 13-14, which involve W’DD couplings (W’ = Ho 
and ho). 

For process (25), practically, the whole of the par- 
tonic contribution comes from the combination ~7 + 
t?JP+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 ta@ in Tables 
VI(a) and VI(b) exclusively depends on and can be un- 
TABLE VII. Cross sections of the processes gy -+ q@‘, where Go = Ho, h”,Ao, at Get, = 1.36 
TeV, for MA0 = 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. 

MW MhO MAO 
144.4 56.0 60 

“$ + G@) 
hQ A0 

0.1914 f 0.0047 2.1015 + 0.0059 1.4169 f 0.0041 
150.7 
159.3 
170.1 
182.9 

MHO 
129.2 
129.2 
129.4 
130.0 
140.9 

63.7 80 0.1541 f 0.0020 1.6574 + 0.0051 0.6810 * 0.0022 
70.6 100 0.1174 f 0.0029 1.3948 zt 0.0036 0.3640 f 0.0019 
76.4 120 0.0844 f 0.0025 1.2121 * 0.0030 0.2081 f 0.0010 
80.9 140 0.0588 f 0.0014 1.1043 5 0.0025 0.1253 zt 0.00092 

fi = 1.36 TeV tanp = 1.5 MRS (A) 

W 

JW.0 MAO 
4.J + q@? 

ho A0 
59.9 60 0.2743 f 0.0010 428.3 + 1.7 449.9 f 1.6 
79.9 80 0.3432 f 0.0011 209.13 rt 0.83 218.87 f 0.85 
99.7 100 0.6488 f 0.0020 115.30 * 0.55 117.97 f 0.53 
119.0 120 8.649 f 0.027 62.86 f 0.28 67.66 i 0.31 
128.1 140 36.38 zk 0.17 4.514 f 0.020 40.76 f 0.19 

J;; = 1.36 TeV tanp = 30 MRS (A) 
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derstood 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 Mao (because of the quite 
large value of rn& 

In case of process (26) we can greatly appreciate the 
benefits of @Db Yukawa couplings with large tar@: in 
fact, all the flavors @ = Ho, ho, and A” have large 
cross sections at tan/3 = 30. This happens especially for 
the pseudoscalar (it has a N tax@ quark coupling) and 
the light scalar (- s-/cp quark coupling). The decrease 
of their rates with an increasing Mao is due to a phase 
space effect in the former case, whereas in the latter also 
a reduction due to the diminishing of sa occurs. Since 
the Ho quark coupling is proportional to cu/co, in this 
case things proceed the other way round. In addition, the 
suppression due to phase space effects is small here, as 
MHO varies by only zz 10 GeV in the usual MAO range, 
if tanP = 30. At tanp = 1.5 rates are generally much 
smaller, being noticeable only for ho ~(small mass and 
large Se). 

The main lines of the analysis we will perform in or- 
der to select the signal events out of the backgrounds 
are the same ones already adopted for the SM case, in 
Ref. [42]. In order to maximize the event rates, we will 
consider the decay channels with highest branching ra- 
tio (BR). Therefore, we will look for the Higgs boson 
decay channel @’ + b6 for the neutral Higgs boson fla- 
vors ho, A”, and Ho, whereas, in case of charged Higgs 
bosons, we will concentrate on the decay H’ + TV,. We 
know that for tanfl = 1.5(30) and 60 GeV< MAa 5 140 
GeV (MA” zz 60 GeV), corresponding to 145 GeV< 
Mxo < 180 GeV (MHO E 129 GeV), the BR’s of the 
decay channels Ho --f W+*W-*(Ho + W+*W-*) and, 
for MHo 5 150 GeV, H” + h”ho(Ho -+ hoho and 
Ho --t AOA”), are larger than B(H” + b6) [53]. Nev- 
ertheless, 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 fac- 
tor due to the W** decay channels (that we should, in 
some way, identify). Second, we would end up consider- 
ing signatures of the type jj(Y), (wr)(Y) or (b6)(Y) (see 
later on), where Y = 4j, 2j21, or 41, with the clear dis- 
advantages of dealing either with a larger number of jets 
(for Y = 4j, Zjlv,, which would have both a large QCD 
and combinatorial background) or with missing energy 
or momenta (for Y = Iv&,, which would prevent f&n 
reconstructing Higgs boson peaks by means of invariant 
mass spectra). In the case of hoho and A”Ao decays, in 
order to keep high rates, we should consider the channels 
h”h”,AOA’ + 46, which would lead to the difficult re- 
quirement of recognizing with high efficiency at least four 
b’s in a single event. Whereas the decay H” + b6 implies 
that the only reduction factor is the b6 BR, which ranges 
in the above interval of MHO, for tanp = 1.5(30), between 
u 4(3) and e 20(90)% [53]. In the case of charged Higgs 
boson decays, if tan@ = 1.5 and MH* 2,150 GeV, the 
tb channel has a BR larger than the one mto 7~7 pairs. 
However, as B(H* -+ tb) is not too drastically larger 
(so the loss of statistics is not substantial) and the decay 
chain H+ + tb + b$W* + b6H* would lead to a more 
complicated final state with additional backgrounds, for 
the moment, we consider the H* + wr channel only. 

We will require hadronic decays of the massive vectors 
bosom (W* and 2”) and, in order to select the b6 Higgs 
boson decay out of the QCD background, we will assume 
excellent flavor identification of b quarks [54], such that 
we can get rid of the non-b multijet photoproduction, 
W*+ jets and Z”+ jets background events [41], and that 
a iv&, cut around the @’ masses (see later on) is sufficient 
in order to suppress the above processes in the case of 
7*/g* -+ b& splitting. 

Therefore, we expect the following signatures: 

q’W*@’ --f (jj)(bS)X , (28) 

qZ”~” -i (jj)(b6)X, 

q’H*+’ + (wl)(b@X, (30) 

qH”Ao, qh”Ao -+ (b6)(b6)X, 

qH+H- + (TV~)(TV~)X, (32) 

qcj’H* --t jj(w,)X (if q@’ #‘t6) 

or t6(Tv,)X + bb(Tur)X (if q$ = ta), (33) 

q@ --t (jj)(bs)X (if q # b,t) or (b6)(b6)X (if q = b, t) , 

(34) 

where X represents the untagged particles in the final 
states. 

Concerning the expected backgrounds” to the above 
signatures, in case of neutral scalar production [i.e., 
Eqs. (28)-(31) and (34)] we have to consider the same 
processes already analyzed in Ref. 1421 for the SM: i.e., 
ep -+ W*Z’X, ep + t&X --f b6W-X, ep + tfX + 
b6WkX, ep + Z”ZOX, and ep + q&Z”, In the 
case of double and single charged scalar production [i.e., 
Eqs. (32) and (33), respectively], we must add the re- 
actions ep + W+W-X and ep + tbW*X. We also 
notice how the process ep + Z”ZoX is a background 
to H+H- production when Z”Zo + (T+T-)(u&) and 
that the double and single top-resonant backgrounds 
tEX and tbX, as in the MSSM t quarks can decay ei- 
ther to bW* or bH* pairs, are a potential background 
for W*@X + W*(bc)X, H*@“X --f H*(b&)X, and 
t6H- + EbH+ + b6H+X. 

In Table VIII(a) and VIII(b) we update the results 
given in [42] for the neutral scalar production back- 

“These have been evaluated with the help of MADGRAPH 
and HF&AS [55]. 
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TABLE VIII. Production cross sections for the discrete and continuum ba&ground 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 t quarks introduce such a 
dependence through J?ySSM. In (b) the five entries for each process correspond to the five different 
values of MA0 = 60, 80, 100, 120, and 140 GeV. Numbers in brackets are for the case ta@ = 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 f% for cross sections. 

Background ’ ’ Lr 

ez) + w*z”x 219.8 f 3.2 
ep --t z”zox 10.98 f 0.60 
ep + qqz”x 3139 * 49 

ep + w+w-x 1805 zt 55 
ep -+ qgw+x 17114 zt 150 
,b = 1.36 TeV MRS (A) 

Cb) 
W+W-X (t-*es.) tbW+X tbX + bbW+W-X tEX + bbW+W-X 

809 f 20(707 f 11) 1590.0 f 6.6(1406.9 + 8.5) 291 f 16(262 * 18) 532.6 z!c 2.0(423.4 + 1.0) 

758 f 261704 z!c 11) 1586.7 zk 7.511401.8 rt 6.2) 305 f 22(280 + 20) 587.2 i 1.0(489.5 j: 1.1) 

783 f 23@4 * llj 1593.6 + 6.8(1397.3 f 6.3j 323 5 20(306 f 21j 656.2 A lJ(579.2 s 1.1, 

783 rt 22(705 zk 10) 1576.2 & 7.8(1401.3 f 6.1) 341s 34(331 f 22) 730.2 zk 1.4(685.6 + 1.1) 

789 + 29(708 zk 11) 1569.3 + 7.7(1389.8 f 6.4) 356 + 36(352 f 26) 791.2 z!C 1.0(780.5 * 1.2) 

fi = 1.36 TeV tanp = 1.5(30) MRS (A) 
grounds, as we are using here a Tore recent set of struc- 
ture functions (compare to Table III in Ref. [42]), and, at 
the same time, we give the rates also for the additional 
cases ep -+ pW+W-(q # b) and ep + qq’W*(qq’ # ta). 
In Table VIII(a), a sum over all possible combinations 
of flavors (not involving top resonances) is implied ev- 
erywhere. In particular, we notice how in the case of 
the subprocesses by + W-Z’t+c.c. and 97 + tfZ” 
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, tfX, W+W-X (via b-initiated subprocesses) and 
q$W*X for q@ = tg+c.c.) there is such a dependence. 
Since ryS B M is function of MH+ and tan/3 (at tree level), 
ten different cross sections appear in Table VIII(b). The 
total top width in the MSSM (together with the BR’s of 
the top quark into bW* and bH*), for the two values 
tanp = 1.5 and 30, is given in Table IX. 

Also, we would like to stress here a few details con- 
cerning the rates for top production via g7 fusion. The 
awe labeled tbW*X corresponds to top production via 
the two-to-three body subprocess gy + t6W-+c.c. (in- 
cluding all the 8 diagrams at tree level giving a gauge 
invariant set), whereas tbX + b6W+W-X and ttX + 
bi;W+W-X correspond to the rates obtained for the sub 
processes gr + bi;W+W- via graphs with one (12 dia- 
grams) 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, ne- 
glecting their interference. This clearly turns out to be 
an approximation (and not gauge invariant). However, 
as single and double top production in g+y -i b6W+W- 

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 tc [2 diagrams, yielding, e.g., at 
tanfl = 1.5 and Mao = 60 GeV, = 1195 fb] plus the one 
for single t production [6 diagrams, with r % 406 fb, for 
the same choice of parameters (MAO, ta@) as above] and 
multiply these by the corresponding B(t + bW*) within 
the MSSM (see Table IX), after dividing by two the con- 
tribution of the %-resonant part (thus avoiding problems 
of double counting), and, on the other hand, the sum of 
the rates in third and fourth column of Table VIII(b), 

TABLE IX. Total top width and BR’s of the decay chan- 
nels t + bW” and t --f bH* within the MSSM, for tanp = 1.5 
and 30, for the different values of MH+ corresponding to 
MA0 = 60, 80, 100, 120, and 140 GeV. The total top width 
in the SM is I? w 1.57 GeV. Entries are in GeV both for 
masses and widths. 

MHf B(t + bW*) B(t -+ bH*) l?rssM 
100.0 O.Sl(O.73) 
113.1 0.85(0.78j 

0.19(0.27) 
0.15(0.22j 

1.94(2.17) 
1.84t2.02) 

128.1 0.90(0.85) O.lO(O.15) 1.75(1.66) 
144.2 0.95(0.92) O.OS(O.08) 1.66(1.71) 
161.2 0.99(0.98) 0.01(0.02) 1.59(1.60) 

MW+ u 80 GeV tanfi = 1.5(30) rn, = 175 GeV 
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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 or- 
der to avoid prohibitive CPU time consumes in calculat- 
ing the complete 97 + b6W’W- process (52 Feynman 
graphs at tree level, including Higgs boson contributions 
and keeping the W*‘s on shell). 

In case of neutral Higgs boson production, we divide 
the backgrounds in continuum and discrete. The first are 
the ones in which the b6 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 n+ pair comes from 
a decaying W* 
Although the background rates are in some instances 
much larger than the corresponding signals, one has to 
remember that the discrete backgrounds can be poten- 
tially dangerous only in the case.s i&o ~ii Mzo and 
Mn+ FS MW+, while the continuum ones should have 
a quite flat distribution in the M&z spectrum, where 
M,s 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 Br&-Wigner 
resonance of the Higgs bosom, we will ask th&l2 say, 
lMGa -M6gcrvTjl < 5 GeV. Ifwe naively assume that 
the invariant mass spectra of the discrete backgrounds 
are all contained in the regions IM,o - Mb&l 5 2lYzo = 5 
GeV and IMw+ - M,,,[ 5 2rw+ +z 5 GeV, then the 
fraction of Z”/W* resonant background events which 
overlap signal events is given by [56] 
&7(z~/w*) = u(zO/w*) 
max(0, 10 GeV - IMaolH+ - Mzo,w* I) 

10 GeV 
for a” = Ho, ho, and A”. In using the above equation 
we tacitly assumed that also the apo --t b6 and H* + 7vr 
peaks are all contained in a region of 10 GeV around the 
Higgs p01es.‘~ 

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, IMsw+s(jj) --rntl > 15 GeV. Since by the time 
the LEP@LHC 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/&? > 4 
for the d&&n of an isolated Higgs boson peak, while 
for the case of Higgs boson peaks overlapping with Z” or 
W* peaks we require S > 10 with S/\/B > 6 [56]. 

In what follows we will concentrate only on the regions 
of parameter space (Mg, tan@) where we have enough 
rates to presumably make a statistically significant anal- 
ysis: say, at least N 1 fb of cross section, and we will 
analyze the signatures in Eqs. (28)-(34) separately. 

A. Signature b&b& 

In this case we have contributions from the signals 
H’A’X, h”AoX, and q@’ (here q = b, t, with t5Bo + 
b6@‘X, flavors which give the whole of the cross secti& 
in Table VII(a) and VII(b)), and from the backgrounds 
Z”ZoX and qpZ’X, this latter for 9 = b, t, which yields 
a cross section of a 110 fb. 

Here, the most interesting region in the plane (MAO, 
ta@) is the one with tano = 30, value for which the com- 
bination hoA seems to be quite promising if MAO s 60 
GeV (see Table IV(b)), whereas the rates for qq@’ are 
very large over all the intermediate spectrum of Mao, 
if apo = ho, A”. In the case qqH” rates we small if 
M,o 5 100 GeV. For c. = 3 fl-‘, after a few years of 
running, it should be possible to accumulate scme tens 
of h”AoX events, practically free from backgrounds, as 
both the A” and ho peaks are quite distant from the 
Z” one. The combination ff”Ao is too small for deserv- 
ing experimental attention, even if it doesn’t substan- 
tially contribute in a possible A”X inclusive analysis. 
The cases qqh’ and qqA” give hundreds or thousands 
of events per year, which should be easily recognized if 
Mho , MA0 # Mzo. In the case of overlapping Z” and 
ho/A0 peaks, Higgs boson signal could be recognized in 
the form of an excess of b& events at the Z” peak. For 
qqH”, as Mx0 - M,o >> 10 GeV in the range where Ho 
rates are large, there should not be any problem in se- 
lecting the signal. The case tan/3 = 1.5 seems to be quite 
discouraging for all the above signals. 

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

“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. [42]. 
% fact, the largest Higgs boson width in the region of the 

parameter space here considered happens for the heavy scalar 
Ho, at MAO = 140 GeV and for ta@ = 30, giving rHo ~1: 2.9 
GeV. 
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B. Signature jjb& 

This channel receives contributions from the signals 
W*+‘X and Z’@X. The case q@” for light flavors 
q = u, d, s, and e practically does not give any event for 
all @O’s, as the bulk of the cross sections come from the 
subprocesses qq@’ with q = b, t, which give the already 
considered 4b signature. The backgrounds we W*Z’X, 

Z’Z’X, and qaZ”X for q # b, t, which yields a’cross sec- 
tion of w 3000 fb. In addition, the continuum processes 
tbX + b$W*X and tfX + bbW*X enter here as well 
(withI W* -i jj). 

Because of the small rates, we did not consider here A0 
production at ta@ = 1.5. Once one multiplies the rates 
of signal and backgrounds by the BR’s giving the signa- 
ture jjb6, by the yearly luminosity L = 3 f&’ and picks 
up events in the windows IMbg - M*o I < 5 GeV, it comes 
out that the only case which can give sign&an&s large 
enough to allow for possible detection is for q” = ho at 
tanp = 1.5. The value of SI&? is approximately 4 over 
all the range 56 GeV5 Mp 5 81 GeV. The case @” = Ho 
at tanp = 30, which has production rates comparable to 
the ones of the previous case, is overwhelmed by the tbX 
and tfX backgrounds (both productions rates and BR’s 
into b6 pairs are in fact smaller with respect to the light 
neutral Higgs boson). Therefore, in the channel jjbg only 
the ho scalar can be detected, and only for large tanks. 

C. Signature rvIb6 

In this case, we have to consider H*Q’X, tbH* + 
bU@X as signals, and W’Z’X and tbW* --t b&W&X 
for backgrounds. Here, the distinction between signal 
and background is subtle, as the final state tbH* enters 
as signal for the decay H’ -+ w, but as background 
for @ + b6 because of the top decay t + bX. In the 
signal versus background analysis we treated the rates 
of tbH* exactly on tbis footing: when we compute the 
numbers for the signals separately, tbH* was considered 
background to H*iPOX, whereas, in the “inclusive” case 
H&X (i.e., when we summed up the rates of H*+‘X 
and tbH* + bbH*X), they contributed to the event 
rates only. In computing the signal-to-noise ratios we 
ignored the case of the Ho in H*+‘X (whose rates xe 
never greater than u 0.4 fb). 

For the two values tanp = 1.5 and 30 and in the range 
60 GeV5 MAo < 140 GeV the mass of the charged 

% would be worth here to consider also tbX + bi&*X 
and tfX + b&H*X as ba&round, although they contain a 
MSSM charged Higgs bosoxi. In fact, H”s can decay to jj 
pairs. However, as this channel has a small branching ratio 
(other than originating from already suppressed t + bH* 
decays, see Table IX) and as we are tacitly assuming that the 
two jets in the signature jjbi reproduce the W*(Z”) mass 
[note that MH* - J’&+(~o) > 20(10) GeV], we can safely 
neglect the two above background contributions. 
Higgs boson is always larger than ii: 100 GeV. Therefore 
W* and H* peaks do not overlap in the spectrum of 
the invariant mass M,,, and charged Higgs boson signal 
should be clearly recognized, whereas the case H*@‘X 
is largely covered by the backgrounds (we found that sig- 
nificancies are always smaller tha_n 1 after one year of 
running). So, the signature n+bb definitely gives large 
chances of charged Higgs boson detection (for all masses 
and tanp’s), whereas this latter is hopeless in the case of 
neutral Higgs bosom. 

This channel hg signal contributions from dou- 
ble charged Higgs boson production H+H-X and 
Jxxkgromds liwm charged vector boson production 
W+W-X, as well as from neutral production Z”ZoX 
(with one Z” decaying to 7+~- pairs and the other to ’ 
neutrinos). Both the processes with X*‘s and W*‘s 
benefit from a large topresonant component [q = b in 
Eq. (24)], but only background rates have significant con- 
tributions for q # b. The case Z”ZoX has a much smaller 
cross section. A few words are needed here to discuss the 
strategy for detecting Higgs boson signals, as the pres- 
ence of two neutrinos should prevent from reconstruct- 
ing invariant mass spectra. For example, one possibility 
could simply be the one of looking at the total rates in 
n+w, events. An excess of 272~~ events (i.e., a breaking 
of the 7 vs p/e universality), with respect to the numbers 
expected from WcW-X plus Z”ZoX production, could 
well be the method of establishing the presence of H* 
signals. In that way, these latter should be clearly dis- 
entangled over all the intermediate mass range, for both 
values of tan@ = 1.5 and 30, presumably after just one 
year of running. 

J3. Signature jjrv, 

To tbis channel there is a signal contribution coming 
from q$H*X when qq’ # t6, whereas backgrounds come 
from W*Z”X (with Z” + jj) and W+W-X events 
(with one W* -i jj). As Mp -MW+ 2 20 GeV over 
the (MAo, tan@ region here considered, the detection of 
H* signal should only be a matter of event rates. For 
tan@ = 1.5 numbers are very small, 5 10-l. In Table 
VI(b) the cross section of the process ep + q$H* for 
q$ # tg is !z 23(16) [9] {i’}(4) fb, for M,p = 60 (80) 
[loo] {120}(140) GeV and tanp = 30. Therefore, we ex- 
pect the signature jjw, to give further changes to detect 
MSSM charged Higgs bosom at large tan@, generally over 
all the intermediate rnam range of the A’. 

We are aware that, in order to conclude our analysis in 
a realistic manner, some additional steps would be mx- 
essary 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 ~itme should be 
done for the MSSM Higgs bosom Ho, ho, A’, and H’. 
In addition, the final state paxtons should be evolved 
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into hadrons and reconstructed from the detector accep- 
tances. 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 cover- 
age, 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 de- 
cided not to do that for two substantial reasons, related 
to the subject of the kinematical acceptances. First, do- 
ing this would have required a not negligible computing 
effort, because of the large numbers of different processes 
with different kinematics here involved (both among sig- 
nals and backgrounds). Second, such effort could have 
risked being finalized 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 de- 
tectors of the LEPBLHC 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 
[57] and CMS [58] 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 
unaddressed, we bprrow some numbers from Ref. [42], 
where a complete analysis was attempted. There, cuts 
on the transverse momentum p$, of at least 20 GeV, on 
the pseudorapidity 1~1, less than 4.5, and on the separa- 

tion, AR+ = JL&iZj$ > 1, were assumed [37], for 

all the ith and jth b’s and jets in the signature bgj,jj of the 
SM, which would correspond here to the one obtained in 
the case of process (2) for @’ = ho and tano = 1.5 (i.e., 
with A&,” between zz 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 neverthe- 
less still do not prevent detecting ho signals. 

After applying the above kinematical requirements, 
reduction factors of z 16-7 for the signal W*b, 
withI M+ = 60-140 GeV, and of sz 14/11 for the 
tbX/tfX backgrounds were found. As the only differ- 
ences between the SM case of Ref. 1421 and the MSSM 
one studied here (when A&a = M+) consists in the pres- 
ence of some angular factors in the SUSY vertices of re- 
action (2) (see Tables X-XII in the Appendix) and dif- 
ferent (but small) top width effects in the backgrounds 
(the substitution rFM + rpSSM), the numbers we ob- 
tained there can be safely used for the present case too. 
Therefore, even though the kinematical acceptances act 
in the direction of favoring the backgrounds, by reduc- 
ing the signal-versus-noise ratio and largely spoiling the 
effectiveness of the Mbw+bjj cut (see Ref. [42]), in OCR 
opinion such effects should not have a decisive impact on 
the feasibility of the ho detectioninjjb6 events. We think 

“Here 4 represents the SM Higgs boson and M+ its mass. 
the same holds also for the other signatures, especially 
because there background events have discrete spectra in 
the invariant masses of the Higgs boson decay products, 
and the requirements M+ M M,,, and/or i&o F;: Mb6 
should be generally sufficient to give large sign&an&s, 
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 
analyzing the impact of using back-scattered photons in 
yp-initiated collisions at the proposed CERN LEP@LHC 
collider, trying to establish whether such a machine could 
give additional informations in the study of the Higgs 
boson sector of the MSSM, once the potential of the two 
colliders LEP and LHC (separately operating) was al- 
ready 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 mecha- 
nisms of the Higgs bosom of the MSSM (i.e., Ho, h”, A”, 
and H*) and of the possible backgrounds to their signa- 
tures at the proposed LEP@LHC ep collider at CERN. 

Such a machine can be obtained by crossing an elec- 
tron/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 or detection 
potential in the Higgs bosop sector was already analyzed 
for the case where the collider is assumed to operate in 
the ep mode (i.e., via electron-quark and electron-gluon 
sc&wings). Promising results were found for the case of 
Higgs bosons with intermediate mass, especially if high 
b-tagging performances can be achieved in detecting new 
tral Higgs bosons decaying to b6 pairs., We addressed here 
the same matter, but assuming the accelerator working in 
a possible cp mode, with the incoming photons produced 
through Compton backscattering of laser light against 
the electron or positron beam. Tbis technique has re- 
ceived a lot of attention in the past few years as a con- 
crete possibility of setting up real ey and yy interactions 
at e+e- linear colliders of the next generation. Such pho- 
tonic interactions are expected to take place with almost 
the same characteristics (in energy of the beams and in 
integrated luminosity) as the e+e- ones. We studied the 
possibility of producing yp interactions at CERN as we 
expect the design of the LEP@LHC machine not to pre- 
vent the application of the laser backscattering method, 

Independently of the fact that SUSY Higgs bosom 
could have already been found either at LEP or LHC, 
the CERN “7~ machine” would have a clear importance 
on its own, since the fundamental interactions would take 
place here via y-quark and y-gluon sc&wings, these pro- 
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ceeding via a large number of MSSM vertices, which can 
then be tested. Photons, in fact, directly couple at lead- 
ing order to the MSSM (charged) Higgs boson scalars, 
whereas electrons or positrons do not (because of the 
negligible mass of the electron in the Yukawa couplings). 
Therefore, at the NLC, very few Higgs boson produc- 
tion mechanisms and a reduced number of fundamental 
vertices are involved. 

Both the high ep energy available at the LEP@LHC 
and the properties of the back-scattered photons would 
make the production of Higgs boson events with high 
rates possible. Moreover, the absence of strong interac- 
tions from the initial state, which take place at hadron 
colliders (via qcj, 99, and qg scat&rings), 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 compatible with a jour- 
nal publication) and time (in numerically computing 
cross sections and distributions of both signals and~back- 
grounds), we concentrated only on a limited region of the 
MSSM parameter space (MA@, ta@). Because of kine- 
matical constrains imposed by the collider energy and 
luminosity, we studied Higgs boson scalars in the inter- 
mediate mass interval whereas, as example of two oppo- 
site situations, we chose two values at the extremes of 
the available range of tanp (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 MSSM Higgs boson scalars, we expect our analysis 
to be easily translatable to the case in which different 
values of MAo and/or tan@ 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% btagging effi- 
ciency, thus neglecting considering light quark and gluon 
jets faking b’s in the Higgs boson decays Q?” + b6. This 
is obviously unrealistic but, by the time of the advent of 
the LEP@LHC, b-tagging performances should be very 
high, and not too far from the above ideal case. In ad- 
dition, signals and discrete backgrounds involving Higgs 
bosons, 2’ and W* decaying into b6 and wy (the signa- 
tures of neutral and charged Higgs boson scalars we have 
studied here, respectively) have been computed keeping 
the bosom 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 pre- 
dict reliable numbers. However, as we clearly identified 
as regions of feasible detection of the MSSM Higgs bo- 
son particles especially the ones well far from the 2” and 
W+ resonances, we expect the inclusion of the tails of 
the Breit-Wigner distributions not to substantially mod- 
ify 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 ap- 
proximation. 

On the other hand, a full analysis (including kinemati- 
cal cuts, detector efficiencies, hadronization effects, etc.) 
was far beyond our intentions, mainly because a detailed 
simulation should necessarily rely on the precise knowl- 
edge of the characteristics of the LEP@LHC detectors, 
which we cannot have at the moment. In this respect, a 
possible way to proceed could well have been, for exam- 
ple, the one of taking the details needed for this study 
from the recent ATLAS [57] and CMS [SS] Technical Pro- 
posals for the LHC, which are probably the most com- 
plete and up to date source of useful information. Nev- 
ertheless, we expect that by the time the CERN ep col- 
lider will be operating, both the improvement in the tech- 
niques 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 selec- 
tion criteria different tiam 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 gen- 
eral 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 boson detections 
and studies. 

Under such premises, we demonstrated the high poten- 
tial of the LEP@LHC. What we obtained is that in some 
parts of the parameter region we studied all the MSSM 
Higgs bosons could be contemporaneously detected (es- 
pecially if a high luminosity can be achieved). However, 
where this does not happen, at least two of them are ac- 
cessible to the experiment and it is never the case that 
none of the Higgs boson scalars can be recognized. For 
a!1 the neutral bosons (Ho, h”, and A”) we considered the 
bb decay channel, whereas for the charged Higgs bosons 
(H*‘s) we studied the decay mode wr. The signatures 
we assumed are in b6b6, jjb6, m+b6, wlwl, and jjw? 
events. In detail, the most favorable cases are the follow- 
ing. 

For the heavy scalar Ho good chances of detection hap- 
pen when tanp = 30 in the case of the 4b signature, via 
the production subprocess ~7 --t b&T’, if MAO 2 120 
GeV (MHO > 130 GeV). The remaining mass range 
MAO < 120 GeV (MHO 5 130 GeV) is quite difficult to 
cover, as the only possible way would be via the signature 
jjb6, through the production processes qy + q’W*H” 
and q7 + qZ”H” (the lirst one mostly), which have large 
production rates but small significancies (large contin- 
uum backgrounds). A high luminosity option would be 
needed in this case (say, tens of inverse femtobarns per 
year) to clearly extract H” signals. If tanp = 1.5 the sit- 
uation is even less optimistic. Only after a few years of 
running at the standard luminosity C. = 3 fl-’ it should 
be possible to recognize a few W*H“ events, and these 
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would not be probably enough for attempting a statis- 
tically significant study. Therefore, we would conclude 
that for the MSSM neutral heavy scalar the parameter 
region at small tanp would remain practically uncovered, 
whereas the one at large tanfl’s should be accessible by 
the experiment if Mx0 2 130 GeV (for a standard cc). 

The light neutral Higgs boson h”, even with its re- 
duced mass if compared to MHO, has definitely much 
more chances to be detected. The production in events 
W*h”X (giving the signature jjbs) is quite large if 
tanp = 1.5. As Mp - Mho > 10 GeV over all the inter- 
val 60 GeV < MAO 5 140 GeV and the cut in Maw+bjj 
can be successfully exploited in rejecting tbX and tEX 
events, ho signals should be disentangled from the back- 
grounds up to the maximum value of Mp x 81 GeV. A 
few units of events per year in the above signature would 
come from Z”hoX production too. The cases of H’h’X, 
hOA”X, and qqh”X production do not deserve much at- 
tention (very small cross sections). If tan/J = 30, good 
candidates are W*h’X events, provided that Mp 2 120 
GeV (MA0 2 120 GeV). The most probable signature 
would be again jjb6. The case Z”h’X at tan@ = 30 is 
completely beyond any experimental possibility. Produc- 
tion events of the type H+h”X and h”AoX contribute by 
adding some more chances of ho detection if tanP = 30 
only in the case MJ,~ rz Maa z 60 GeV (via the signa- 
tures wlb6 and bbbb, respectively). The case where the 
rewards for ho detection at high tanp’s are largest is prob- 
ably via the subprocess gy + b6h0, if Mho = MAO 5 120 
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 
Mho is far enough from Mp. Therefore, for the MSSM 
neutral light scalar, we conclude that both the regions 
tano = 1.5 and 30 are adequately covered, and ho sig- 
nals are observable. 
The pseudoscalar Higgs boson A” is practically uncov- 

ered if tano = 1.5 and MA0 2 80 GeV. In fact, a few 
chances at small tanp’s occur only when MA0 w 60 GeV, 
via the signature wlb5 in H*A’X events and only after 
a few years of running. The large tanp region case is 
instead entirely covered via the 97 --f b6A” production 
mechanism. Even in the case that the final efficiencies 
and purities in b tagging are smaller than the ones ex- 
pected now, the large production rates should guarantee 
the detection of the A” in the 4b mode. In the case of the 
MSSM neutral pseudoscalar Higgs boson then, only the 
large tan@ region is fully covered, whereas the remain- 
ing one is really difficult, as even the most favorable case 

MAO = 60 GeV needs a lot of integrated luminosity. 
Finally, the case of the charged Higgs bosons. Both 

single and double HA production give account of large 
production rates, at both tanp’s. As MH* -MW+ ,?J 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 5 MH+ 5 160 
GeV) charged Higgs bosons should be recognized and 
detected, both at small and at large values of ta@. 

In conclusion then, although we recognize that a more 
complete study (especially involving 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 detectors of the 
LEP@LHC will become clear), we stress that the pos- 
sibilities of the proposed CERN ep collider in testing the 
Higgs boson sector of the MSSM are encouraging indeed, 
with the machine operating in the cp mode. Therefore, 
such a project should be seriously kept into consideration, 
especially if LEP and LHC together will not be able to 
co&m or rule out with certainty the MSSM. 
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TABLE XI. Charged MSSM Higgs boson couplings to the 
gauge bosom 2’ and .y (here caw E CosZ0w). 

H’P 

ACKNOWLEDGMENTS 

We are grateful to J. B. Tausk for interesting discus- 
sions and useful suggestions during the early stages of 
this work, to T. St&er for his helpful advice in using 
MADGRAPH and, finally, to W. J. Stirling for reading the 
manuscript. This work was supported in part by Min- 
istero dell’ Universit?z e della Ricerca Scientifica (S.M.), 
by the University of Durham and the World Lab&tory 
(G.A.L.). 

APPENDIX 

In this section we give the explicit formulas for the 
h&city amplitudes of the signal processes we have stud- 
ied. Definitions of S, Y, and 2 functions and of other 
quantities (p,X,&o) which enter in the following, can 
be found in Ref. [28], with identical notations, whereas 
definitions of the coefficients b;, i = 1,. ,7, of the incom- 
ing/outgoing four-momenta, of the propagators D”(p) = 
l/(p2-M;) and D,(p) = l/(p%n;), V = W*,H*, Z”, 
or y and g = u or d, of the gluon (i = 1) and the 
photon (i = 2) normalization factors Ni, of the four- 
momenta ~,rs,pe, and p, can be found in the Appendix 
of Ref. 1421. 

We introduce here the mass relation 

= 0 if m = a’, (Al) 
and the additional coefficients 

c;,*,;; = (1 - A&,)bi, for i = 4 and 6, 
” c*,*,;< = -(l+ A&,)b<, for i = 5 and ‘7, (-42) 

where V and +,a’ represent vector and Higgs bosons, 
respectively. Definitions of the spinor functions 
X, y, Z, ?= and of their properties are the same ones of 
Ref. [42].” The MSSM couplings CR, CL, and X can be 
easily deduced from Tables X-XII, whereas for the SM 
ones we refer to [42]. 

1. Process dr + uW-P 

In order to obtain from Fig. 1 the Feynman graphs of 
the process 

dh XI) + Y(PZ, W --f ~(PQ, As) + w-(n) + @‘(ps), 

(A3) 

*here a0 = Ho, ho 0~ A’, one has to make the fdowing 
assignments: 

q = d, q’ = u, VI(*) = W*(*), S* = H’*. (A4) 

The corresponding matrix element, summed over final 
spins and averaged ovei initial ones, is given by 

where 

(A5) 
laWe again adopt in what follows the symbol {X} to denote a set of helicities of all external particles in a given reaction, &) 
to indicate the usual sum over all their possible combinations, and the symbol ci++,,,., to indicate a sum over j, k, 1,. with 
index i. 
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TABLE XII. Right and left handed couplings (CR, CL) of u- (upper line) and &type (lower line) 
quarks to the MSSM neutral Higgs bosom Ho, ho, A’, and of u&quark pairs to the MSSM charged 
Higgs boson H* (both lines). 

We have 

-2 [r~~j=~3(-~~)Y(l~l~l~1i1~~)Y(VI~ Pl;~+c~,ij} 1 

Mp) = c c (-b&i)Y([3]. [‘I. , z,CRRirCLH*)Z([i];[1];[2];(2);CdR~,C~~;1,1), 

x=*i=1,2 

hf:;) = c c (bi)(-2&)Z([3]; [i]; [2]; (~);c;,,c;~; l,l)Y([i]; [lh,+ ,c+) , 
x=* i=2,3 
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M$’ = c c (2bi)Y([3l;[il;c1;(,,,cuL*o) 
x=* i=3,5,7 

M!;’ = c c (-%)Y([il; [~I&,,,&,) 
x=* i=1,5,7 

x 
I 
224 c Y([sl;Pz,x’; Ll)Y(Pz,x’; [il;c&,* ,C&,*) 

A’=* 

-yzz({l); i2h i31; 1% l, 1;CRw* ,C&,,) - y4Z([2]; (2); [3]; [i]; 1, l;CR,*,C&,+) 1 , 

+2ppz (Pl - Pa)2247:*1- &{l(P1- Pd2 +pz . (Pl -Pw*(Y2 - Y;)G*}, 

Mp = 2(9g* 224 - Y&~‘t - Y*& ) , 

M;;’ = 4Y([3]; [l];CRx,,CL,,+)x4(Y2 + Y;), 

M$;’ = -2Y([3]; (11;~ -* ,CL,* )[224P2 (P4 + 2PS) - 2Y;,Y4 - 2Yd41, 

M!? = Y([3]; [I]; CR”*, CLx,)224. 647) 

I 
2. Process dr + dZ”W= 

The Feynman graphs of the process 

where apO = Ho, ho, CC A’, can be obtained from Fig. 1 
by setting 

q = q’ = d, V(*) = zo(*) , 

M!Q=O, i=11,...17, 

(S*,h) = (A’*,H’), 

= (A”, ho), (Ag) 

= (Ho* + ho*, A’). 

The formulas for the amplitude squared corresponding 
to ~3’ = Ho and ho are practically the same as in the 
previous section, with the relabeling: 

u-td, W’+Z’, H++A’, (AW 
in Eqs. (A5)-(A7). For the case W’ = A”, the same 
relabeling still holds in Eq. (A5), whereas in Eqs. (A6)- 
(A7) only for i = 1,. . . , 8. For diagrams 9 and 10, one 
has to introduce in Eqs. (A6) 

iTJA’ = D&l + pz)(D~. (~4 + ps)M~,~&s,w 

+DJ.o (Pa + p,)M$,&,,~o ) , 

iT$’ = Dd(P3 - ~Nb(p4 +P~)M&~~o,H~ 

+DI.~(P* +~dM$~o%w), (All) 

with M$.‘, for i = 9, 10 and S = Ho, h”, as given in 

Eqs. (A7) with the exchanges (AlO), where A0 + Ho, ho. 

3. Process dr -+ uW-@ 

*The Feynman diagrams of the process 

d(pl,U +-d~z,b) --t 4mW +H-(~4) + @‘(PS), 

(-412) 

where W’ = H”,ho or A’, are depicted in Fig. 2, with 
the assignments: 
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q = d, q’ = u, S = H-, (+,a’) = (H-,a’), 

V’ = w**, S’(S”) = H**(H’*). (A13) 

The amplitude squared, summed over final spins and av- 
eraged over initial ones, is given by 
W4) 

where the Ti %, for i = 1,. ..) 10, are the same as in 

Eqs. (A6) except for a difference in sign, whereas 
The spinor amplitudes are 

MjIx) = c c c c (-&)Wl; [~l;cyR,,>cut~~) 
A=* ,a’=* ~=3.5,7i=1,4.6 

xZ(lil;[ll; [2l;mcdR,,c;~;l, l), 
MiA) = c c c c (bic~~,w,j)Z([3]; [i]; [2]; (%c~;(~,c;,; 1,l) 

,k* A’=* i=z,sj=4,5,l3,7 
Xy@]; li]; 1, l)y(b]; [I]; =Rw*, CL,+) , 

MgA) = Az ,zJ-bd)Y([S]; [i];CRH+ ,c~~,)Z([4;[1];[2]; (2);4,,4,; 1,l) , 

h’@ = c ‘c (bi)Z([3]; [i]; [2]; (%C;+C?&; 1,1)y([4; [l];CRHi rC&,+), 
x=* i=2,3 

M$’ = c c (-bi)(-2Yz)Y([31; [~];CR,*,CL~+)Y[~I; [~l;CdR,o&.,) 1 

x=* i=*,5,7 
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A&’ = (-2Yz)fw31; [ll; cR,,*, C&+ )I , 
4. Process d7 --f d.F=.F” 

The Feynman diagrams which describe the reaction 

dh XI) + ~(Pz, AZ) + dips, As) + @‘(pa) + @‘(ps), 

C-417) 

where @,@’ = H”,ho, or A’, are reported in Fig. 2, 
where 

q = q’ = d, (a, a’) = (@, GO’), V’ = Z”’ , 

with 

M,!‘)=O, i=ll,..., 17, 

and the combinations 

(9, @, @“) = (Ho* + ho*, Ho, Ho) , 

= (Ho* + ho*, Ho, ho), 

= (A’*, Ho, A’) , 

= (Ho* + ho’, ho, ho), 

= (A’*,h’,A’), 

= (Ho* + ho*, A’, A’). w3) 

The amplitude squared is given by a formula identical to 
Eq. (A14). The expressions for the spinor functions and 
the propagators are the same as in Eqs. (A16) for the 
combinations (A”, H”, A”) and (A”‘, h”, A’), after the 
exchanges: 

u.+d, W*+Z’, H*+A’. (Al% 

For the cases in Eq. (A18) with double-flavored Higgs 
boson propagators, Eqs. (A15) and (A16) hold for the 
indices i = 1,. . ,8, while for diagrams 9 and 10, one 
has to introduce the same equations as in (All) and the 

fame M/x,) s, for i = 9,lO and S = H”,h’, as given 

in Eqs. (A16) with the exchanges (AlS), where A0 -+ 
Ho, h”. 

5. Process dr + dH-H+ 

The Feynman diagrams for 

dh,h) +-Y(Pz,&) --t d(m,kJ +H-@a) +H+(Ps), 

WC’) 

are again displayed in Fig. 2, where now 

q = q’ = d, (@,a’) = (H-, H+), I” = y* + Z”, 

s’ = Ho + ho, s” = j+*, 

M@j=O, for i=2,3,6, I (A211 

and where, moreover, one has to exchange @ c) @’ in 
diagram 12 and replace diagrams 13 and 15, by 14 and 
16, respectively, but with @ c) a’. The matrix element 
is given by the formula (A14), with propagators as those 
obtained for the case (+,a’) = (H-,@), except for 

iT{‘) = D&s - pz)D,(p~ - m)M:“, 6 W2) 

and with spinor functions as in Eqs. (A16), for i = 1,4,5, 
where 

(“&,&) --) (CL,* ,CR,,), q = u,d, 

(4S,~ci,) + (c&,&J in Mix). (A23) 

We give explicitly the remaining T/‘}‘s and M,!x”s, for 
i=7,...,17. Theyare 
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0. Process gy -+ u&I- 

The Feynman diagrams for 

g(Pl, AI) + ~(Pz, AZ) + U(PS, As) + (t(p4, A,) + H-(ps) , (-‘W 

are shown in Fig. 3, where 
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q=u, q’=d, O=H-, S*=H”*. 

The amplitude squared is 

(A27) 

(A=) 

The expressions for the T?l’s are I 

-iT,(x’ = Q&PS + p,)Dci(p, -P&@%, -iTi’) = D&s -pa)Dd(pl - p,)M$% , 

-i$’ = &CPS - PZ)D,(P~ + p,)M,(% , 

-iT/$ = -iTj’}(u cf d;ps tf p4), i = 1,. . ,3, 

-iTp} = DR* (pz -&D&l - p,)M$%;, -iT,‘) = -iT$‘)(u +t &ps +) pd), (A291 
while the spinor functions are 

M!x’ = c c c c (-WjM31; [CR,,+ ,,a,+) 
x=* A’=* i=3,5,7j=1,4 

xZ@l; LI; 111; (1). ,CUR,rCUL~;1,1)Y([~];[41;CRX*,CLg*), 

Mj$=M!X)(uod;psttp4), izl,..., 3, 

M!” = ~~~~*i~~-b;)(-2Y;)Y(pi; lil;cR ,*,cL~*)z([i];[4];[1];(1);c~,,c~~;1,1), 

MC’) = -M,‘)(u +f’dipa c) p 8 4 . ) (A39) 
7. Process gy -b ua*Q 

The F$ynman diagrams for 

dPl> Xl) + 7(pz> X2) --t U(P3, X3) + qp4, X4) + @(PS) , 

(A3I) 

with a0 = Ho, ho, or A’, can be obtained from Fig. 3 by 

q=q’=u, *=cP, 

M?)=O, i=7,8. * 

With the exchanges 

(A32) 

d+u, H*‘@, (CR,* I CLx* ) + (CUR*0 I CE,, 1 I 

(A33) 

in Eqs. (A29) and (A30), the expressions for !Z’,!x’ 

and M,!“’ (i = 1,...,6) can be easily obtained, while 
Eq. (A28) remains the same. 

By trivial relabeling and sign exchanges, it is possible 
to obtain frcm the above formulas the corresponding ones 
of the u-type quark initiated processes 
(A34) 

and 
67, + clw-*O ) 

C7 + iiz”@o, 

ti7 + &-aO, 

ti7 + am”*o’, 

ti-y + aH-H+. (A36) 
Finally, the same can be done for obtaining the helicity 
amplitudes for the g-initiated processes 

g-y + diZH+ , 

gy + d&B’. (A37) 
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