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The CP-odd Higgs boson A of a nonminimal Higgs model possesses no tree-level couplings to
vector-boson pairs. As a result, many of the techniques employed to search for the standard model

Higgs boson at the Superconducting Super Collider {SSC)and CERN Large Hadron Collider {LHC) are
not likely to be useful in searches for the A . This paper focuses on the phenomenology of A produc-
tion and decay in the minimal supersymmetric model. We evaluate a comprehensive set of branching ra-
tios for A (which includes all two-body tree-level and one-loop decays into nonsupersymmetric final
states), including the effects of leading-log radiative corrections. The one-loop decay A ~ZZ leads to
the "gold-plated" signature ZZ ~l+1 l+ l and provides an observable signature for A production at
the SSC and LHC only over a very narrow region of parameter space. More promising signatures for
the A are also discussed.

PACS number(s): 14.80.Gt, 12.15.Cc, 13.85.Qk, 14.80.Ly

I. INTRODUCTION

Future hadron supercolliders such as the Supercon-
ducting Super Collider (SSC) and CERN Large Hadron
Collider (LHC) will provide an ideally suited laboratory
for the search for the standard model Higgs boson. (For
a comprehensive review and guide to the literature see
Ref. [1]; newer developments are surveyed in Refs.
[2,3,4].) However, various theoretical arguments suggest
that the sector responsible for electroweak symmetry
breaking will be more complicated. Among the theoreti-
cal approaches which go beyond the standard model, the
supersymmetric extension of the standard model is par-
ticularly attractive in that it preserves the elementary na-
ture of the Higgs bosons [S]. In the minimal supersym-
metric model (MSSM), the Higgs sector consists of a
two-doublet extension of the standard model in which
two Higgs-sector parameters suffice in fixing the proper-
ties of the physical Higgs bosons [1,6,7].

In models with a nonminimal Higgs sector, there are
additional Higgs scalars beyond the neutral CP-even
Higgs boson of the minimal standard model. In the ab-
sence of CP violation in the Higgs potential, the neutral
Higgs scalars can be characterized as either CP even or
CP odd'. In Refs. [8], and [9],we surveyed the properties
of the CP-even Higgs scalars and evaluated the prospects
for their detection at hadron supercolliders. In this pa-

'The Higgs sector of the MSSM is automatically CP conserv-
ing.

per, we focus on the phenomenology of the CP-odd scalar
(which we denote by A ). Present experimental data
from the CERN e+e collider LEP [10] indicate that
m„)40 GeV (in the context of the MSSM). This mass
limit is obtained primarily by the failure to observe the
A in Z~h A (where h is the lightest CP even Higg-s
boson). Presumably, this mass limit will improve by
about a factor of 2 after LEP-II completes its experimen-
tal search for e+e ~Z'~h A . In this paper, we ex-
amine some of the issues involved in the search for the
A at a hadron supercollider.

The key property of the A that makes it difficult to
detect at e+e and hadron colliders is the absence of a
tree-level A VV vertex (where V = IV+—or Z). For exam-
ple, at e +e colliders, the CP-even Higgs boson h is
produced via the associated production of h and a (real
or virtual) Z. At higher energies, IVIV fusion to h be-
comes significant. Both of these production modes are

21n the MSSM, m~ and tanP are sufficient to fix all tree-level
properties of the Higgs sector. Thus, nonobservation of h

(whose mass depends on m „and tanP) and A at LEP deter-
mines a lower bound on m„(which depends weakly on tanP).
The limit m „)40 GeV holds for tanj3& 1.1; however, the 95%
confidence level limit of ALEPH independent of tang is
m„~20 GeV. In an arbitrary two-Higgs-doublet model, the
nonobservation of h and A does not uniquely fix an experi-
mental lower bound for mA. For example, if h were heavier
than the Z, then no A production process would have been ob-
served at LEP to date.
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unavailable to the A . The production of h A (via Z
exchange) is probably the only realistic mechanism for
A discovery [11]. At a hadron supercollider, the pro-
duction of A is less problematical. As we shall demon-
strate in Sec. IV, gluon-gluon fusion into A or A QQ
(where Q = t or b quark) provides an ample event sample
at the SSC (and LHC). At hadron supercolliders, the ma-

jor problem in the A search involves its detection above
background. For example, if 150 GeV ~ m 0

~ 800 GeV

(where P is the standard model Higgs boson), then the P
can be easily discovered via its "gold-plated" mode:

P ~ZZ ~ I + l 1+L [1]. Many other Higgs-boson de-
cay signatures also rely on the Higgs-boson coupling to
ZZ or W+ W . Naively, these mechanisms are unavail-
able to the A search due to the absence of a tree-level
A VV coupling.

In Sec. II, we compute the one-loop decays of A ~ VV
and examine whether they are phenomenologically
relevant for the search for A at the SSC and LHC. Ex-
plicit formulas are given for the decay widths of A into

yy, Zy, W W, and ZZ. For simplicity, we only in-
clude the effects of standard model particles in the loops.
(The effects of supersymmetric particles are generally
small if the effective supersymmetry breaking scale is
somewhat above the electroweak scale. ) In Sec. III, we
evaluate the branching ratios of A into two-body final
states. In an arbitrary two-Higgs-doublet model, the de-

cay rate for A ~Zh is generally large and proportional
to the Higgs sector parameter cos (P—a) which is in-

dependent of the parameters that determine the A pro-
duction rate and its decay into VV and QQ. In contrast,
in the MSSM, cos (P—a) is suppressed over most of the
parameter space, so that the rate for A ~Zh is

sufficiently reduced to allow for a non-negligible rate for
A ~ VV if m~ &2m, . In Sec. IV, we evaluate the pro-
duction cross sections for A at the SSC and LHC. By
folding in the branching ratio for A —+ZZ followed by Z
leptonic decays, we obtain the number of four-charged-
lepton events from A decay in an SSC (and LHC) year.
Although the number of four-lepton events is generally
meager, there does exist a very limited range of parame-
ter space in which such events could be seen. In Sec. V,
we make some brief comments on the phenomenological
relevance of other A decay channels, and indicate the
direction of future work. Complementary work on the
phenomenology of Higgs bosons of the MSSM at hadron
supercolliders has recently appeared in Ref. [12].

II. ONE-I.OOP A DECAYS
INTO VECTOR-BOSON PAIRS

In this section, we compute the one-loop matrix ele-

ment for A ~ VV, where the loop consists of a fermion
which couples diagonally to the A with a pseudoscalar
(y~} coupling. We take the fermion coupling to V to be

an arbitrary combination of vector and axial vector. As a
result, we can apply our results to A decay to O'+ W
ZZ, Zy, and yy [13]. Note that this is not the most gen-
eral computation of one-loop A decay to VV. For exam-

ple, in order to include supersymmetric fermions (e.g. ,

neutralinos and charginos) in the loop, one would have to

allow for the possibility of a nondiagonal coupling of A

to y,-y with an arbitrary mixture of scalar and pseudo-
scalar coupling at the A g;g - vertex. We shall not
present this more general computation in this paper. At
the end of this section, we will argue that the contribu-
tions of supersymmetric loops is expected to be rather
small (compared to the fermion loops included below}.
Thus, in an initial investigation, it makes sense to neglect
the supersymmetric contributions.

The reader may wonder whey we do not include
gauge-boson and Higgs-boson loops. It is easy to see that
the sum of such contributions must exactly cancel. In the
bosonic sector, the electroweak theory separately con-
serves P and C. It is straightforward to check that a con-
sistent assignment of C-quantum numbers implies that
A, Z, and y are all C odd [14]. In addition, the CP-odd,
zero angular momentum state of W+ W must be C even
[15]. Thus, no A VV coupling exists to all orders in the
bosonic sector of the theory. This conclusion remains
true if we add squarks and sleptons to the model. Of
course, when we add fermions to the electroweak theory,
C and P are separately violated. Thus, fermion loops can
mediate A ~VVas discussed above.

Consider the process

A (k)~ V;(k, )+ V, (k2),

where the respective four-momenta are indicated in
parentheses. Since A is a CP-odd scalar, the invariant
amplitude for the decay takes the simple form

N,
JK(A —+ V; V )=(1+5;J.) 2 e„, ttc", E~k, k~~A,

16m. mw

(2)

where S;-=0 for W 8' and S,. =1 for all neutral V, V

combinations, and the number of colors, N, =3(1) for a

quark (lepton) internal loop. The factor ( I+S; ) is

present since in the case of neutral final state bosons there
are two inequivalent triangle diagrams for a given fer-
mion loop. Explicit expressions for A will be given
below for the various final state vector bosons. The par-
tial decay rate for process (1) is

(3)

where A,
=—(m„—mt, —mt, ) —4m~mv. Note that the

t J t j
above formula includes a factor of —,

' in the case of identi-

cal final state bosons.
To compute A, we must sum over the loop diagrams

shown in Fig. 1. Note that the Lorentz structure of the
individual graphs of Fig. 1 need not be of the form exhib-

3It is easy to check explicitly that the one-loop Feynman

graphs contributing to A ~qiqz~ VV and 3 ~qzq& ~ VV

exactly cancel in pairs (where q; are the squark mass eigen-

states). This cancellation occurs because the Feynman rule for

A ~q;q, changes sign when i and j are interchanged.
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b)

A'

A

For the A ff vertex, we assume a Higgs-fermion cou-
pling in which one Higgs doublet couples only to down-
type fermions and the other Higgs doublet couples only
to up-type fermions. (This is the coupling pattern in the
MSSM. ) The resulting Feynman rules are

—gm, cotp
g ~'u mw

—gmbtanp:»-= 2' r
mw

The final result for A can be expressed in terms of two
functions C and V, which are defined in terms of the
't Hooft —Veltman loop functions [16]. The relevant
definitions can be found in the Appendix. The contribu-
tion of one generation of quarks to A is (using third gen-
eration notation)

A( A —+ V, VJ ) =m, cotpA, +mbtanpAb, (6)

c)

A

where A, and A b are given below for the following
cases.

(i) A W+W

A, =
—,'[e(mii, ;m, , lnb )+P(mii;m, , mg )],

A$= ,'[e(m—g., mt„ln, ) +P(m i,'im bm, )],
(ii) A ~VV, for V=Zor y:

A~=([GI ] +[G~ ] )8(mi„'mI)

+ (Gf Gf ) 9(m p mf )

(iii) A ~Zy:
FIG. 1. Quark-loop graphs for Ao~ 8'+ W . Graph (c) is

identically zero for onshell 8'bosons. (This is most easily seen
in the Landau gauge. ) In the case of A ~VV, V=Z or y,
graph (c) is absent, and graphs (a) and (b) (where the internal
fermion flavor is axed) are equal, as they differ only by the ex-
change of two identical external boson lines.

ited in Eq. (2). However, it is easy to check that the total
amplitude is of the required form. The results for
V= W*, Z, and y can be obtained simultaneously by
writing the Vff ' vertex as

35 Gg 351— 1+

A f Qf sin6~( G& +Gf )8(mz 0 mf ) (9)

In (ii) above, one must use the G and G" of Table I ap-
propriate for Z or y, while in (iii) one must use the corre-
sponding Z couplings.

In the Appendix, we give asymptotic forms for C" and
V in the limit of large m, . Because these functions scale
as I/m, in this limit, we see that A approaches a con-
stant as m, ~~. Furthermore, we note that the terms
proportional to mb are negligible except for the case of
very large tanp, in which case the b-quark contribution
can compete with that of the t quark. The contributions
from all other quarks and leptons are negligible. It is
convenient to normalize the A partial widths to

where G and G" are given in Table I. g X,m„mbtan pr(~'-bb) =
3277m W

(10)

TABLE I. Left- and right-handed couplings of V to fermion
pairs. An overall factor of —ig is not included above. T3 =+

2

is the third component of weak isospin and Q is the fermion
charge in units of e & 0.

We are interested in the regime where m~ &&mb, so we
have set mb =0 in the phase space factor. Keeping only
the t-quark contribution to the one-loop amplitude, we
obtain the following simple expressions which are valid
when m, »m ~:

1/&2
( T, —Q sin 8ii ) lcos8s

Q sin8s

0
—Q sini8s, /cos8s

Q sin8s,

r(~' Iv+Iv-)
I (A bb)

3a'm „' cot'p

256~ mbsin Ow

3/2
4mw

2mz
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X 1—4mz2

2
m&

ZZ) 3a m „cot P
1(A ~bb) 128~ mb2

1 —4 sin 0w+ —"sin Ow

3 sin 0w cos 0w
3/2

(12)

150

100

75

I I I I I I

I ( Ao~zy) a mascot P
I (A ~bb) 48m mb

1 3sln 0w
X

sin0w cos0w

I ( A ~yy) 2a mascot p
I ( A bb ) 27nmb.

2 2
'3

mz
1—,(13)

m„

(14)

0
0.5

m„o= 200 GeV

MyvlIy- 1 TeV

mt= 100 GeV (———)

m, = 150 GeV ( ————)

m, = 200 GeV ( )

I I I I

5 10 20

tan p

50

III. BRANCHING RATIOS OF THE
CP-ODD HIGGS BOSON IN THE MSSM

In order to compute the A branching ratios, we need
to evaluate the partial decay rates of A into its most im-
portant channels. If m ~ & 2m„ then the two most impor-
tant channels are A ~bb and A ~zh (where h is the
lightest CP even Higgs sc-alar). The decay rate into bb,
given in Eq. (10) above, is the tree-level result. In our nu-
merical results which we present below, we shall also in-
clude the QCD corrections to this result which roughly
reduces the tree-level prediction by a factor of 2, which is
mostly attributable to the running of the b-quark mass
from 2mb to the Higgs-boson mass [19].The decay rate
into Zh is given by [20]

2 3/2 2
g A, cos (p —a)

2 3 2 7

64nmzmg cos 0w
(15)

where A. =(m„—mz —
mh ) 4mzmz Th—us, to ob.tain

this decay rate, two new parameters are required: the
lightest CP-even Higgs-boson mass, m& and the CP-even
Higgs mixing angle a. In a general two-Higgs-doublet
model, these parameters would be independent of the
Higgs parameters m „and tanP. In the MSSM, the Higgs

4The total contribution of squark and slepton loops to the
one-loop amplitude vanishes as discussed earlier in this section.

These expressions are useful since they provide a reason-
able estimate even when m~ —m, .

In the computation of the amplitude A above, we
omitted the possibility of supersymmetric particles (char-
ginos and neutralinos) which can also appear in the
loops. However, in contrast with the calculation above
(where A approaches a constant value in the limit of
m, ))m„), the contribution of supersymmetric particles
smoothly decouples for MstJsY)&m„. (Here, we use

MsUs~ to generically denote the mass scale which charac-
terizes supersymmetric particle masses. ) This result can
be explicitly seen in the formulas for A ~yy given in
Appendix C of Ref. [1] and in Ref. [17]. The supersym-
metric contributions to A ~zy (as well as A ~yy)
are also given in Ref. [18].

FIG. 2. The mass of the lightest CI'-even Higgs scalar (h ),
including one-loop leading-log radiative corrections, as a func-
tion of tanp, for m „=200GeV and M-, =1 TeV (squark mixing
has been neglected). Dependence on m „ is rather weak as long
as m A » mI, . Curves are show for three different values of m, .

sector is greatly constrained. At the tree level, the pa-
rameters m„and tanp are sufficient to determine all oth-
er Higgs sector parameters. These relations can be
significantly modified by electroweak radiative correc-
tions if the top-quark mass is large [21—26]. In this case,
mz and cos(p —a) should be considered as functions of
m „,tanP, m„and the top-squark mass.

At tree-level, ml, ~ mz ~
cos2p~. Including one-loop ra-

diative corrections, mI, acquires a large positive mass
shift of order (g m, /mz)ln(M, -/m, ), for m„&mz. In

Fig. 2, we display m&, including one-loop leading-log ra-
diative corrections, for m„=200 GeV and M,-=1 TeV
and no squark mixing [26]. (The exact one-loop radia-
tively corrected mass differs from the displayed results by
no more than a few GeV [27].) Note that for m„&200
GeV, there is a substantial range of parameter space for
which the decay A ~Zh is kinematically allowed.
However, Eq. (15) implies that the importance of this de-

cay mode is critically dependent on the magnitude of
cos (p —a). The behavior of cos (p —a) as a function of
m „ for two different tanp values is shown in Fig. 3. Note
that cos(p —a) falls rapidly as mz increases. This has a
significant impact on the magnitude of the A ~Zh
branching ratio. From results quoted above,

r(A'-Zh') m~ co"(p—a)
1 ( A ~bb ) 6mbtan P

X [(1—rz —
rh ) 4rzrh ]—, (16)

where r, =m, /m ~ . In a general two-Higgs-doublet
model, there is no a priori reason for expecting
cos (p —a) to be especially small. In this case, A ~zh
would be the dominant mode over essentially the entire
range of m~ for which the decay is kinematically al-
lowed. In contrast, in the MSSM, because of the large
suppression of cos (p —a) as shown in Fig. 3, Ao~zh
is no longer the dominant decay mode of the A, as will
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FIG. 3. The value of cos (P—a) as a function of I„ for
tanp=2 and 20. The tree-level result is shown by the dashdot
curve. The two other curves include the one-loop leading-log
radiative corrections to cos(p —a) with ma=150 GeV (dashes)
and m, =200 GeV (solid), and M-, =1 TeV (squark mixing has
been neglected).

FIG. 4. Branching ratios for A computed for m, =150 GeV
and for tanp=2 and 20. One-loop radiative corrections have
been included as described in the text. The notation for the
curves follows: bb ( ); tt, ( ———) 8+8' ( —.——)'

zz( ~ ~ ~ ~ ) z$ ( ~ ~ )~ gg( ~ ~ ~ )+ 7 7 ( ~ ~ ~ ~ )+

yy( ~ ~ . ~ )' zy(" ——)' gg( . ——)

be shown in detail below.
The procedure for obtaining the branching ratios of

0the A in the MSSM is as follows. We shall assume that
the mass scale characterizing supersymmetric particles
lies above the electroweak scale. Specifically we assume

0that the decay of A into supersymmetric final states is
kinematically forbidden, and that the contributions to
one-loop-induced decays from supersymmetric particle
loops are suppressed. Thus, we consider all possible non-
supersymrnetric two-body final states in A decay. The
basic tree-level formulas for the various decay rates can
be found in Ref. [1]. We improve on these results by in-
corporating the complete leading-log one-loop elec-
troweak radiative corrections in the calculation. First,
we compute the leading-log radiative corrections to the
running quartic Higgs self-couplings. We impose super-
symmetric boundary conditions at p =MsUs Y, the scale
which characterizes the typical size of supersymmetry-
breaking masses (e.g., squark and gaugino masses). At
p=MsUsz, these couplings are related to gauge cou-
plings. We then use renormalization group equations to
run the Higgs self-couplings and gauge couplings down to
@=m,. Finally, we decouple the top-quark and run the
couplings down to mz. We can then express the
p ysical-Higgs-boson masses and self-couplings in termsh
of the Higgs-boson self-couplings evaluated at mz. We
diagonalize the radiatively corrected CP-even Higgs-
boson mass matrix to obtain the mixing angle cz, which
appears in the couplings of the Higgs boson to the
quarks, leptons, and gauge bosons. Details of this pro-
cedure and the relevant formulas can be found in Ref.
[26].

We compute the A branching ratios as a function of
m„ for various choices of tanp and m, . For illustrative
purposes, the scale of supersymmetry breaking (e.g. , the
common squark mass) is taken to be MsUsv = 1 TeV, and
tz -t„mixing is neglected. It is expected that

tanp m, /mb [28], so we have chosen two represen-

tative values: tanp=2 and 20. We will present results for
m, =150 and 200 GeV. Finally, we note that the QCD
corrections to Higgs decay to QQ (Q =c, b, and t) have
been included [19]. Our results are shown in Figs. 4 and
5.

We briefly note a number of important features of
these results. We consider first the tanp=2 results, typi-
cal of those obtained for moderate tanp values. From
Fig. 4 we see that the bb mode is dominant (with
8=90%) for m„(mz+mb. In this same mass range
the T+T mode has 8-10%%uo. For m +m (m

0&2m„ the bb and Zh modes are competitive. As m in-
creases, B( Ac~Zh ) increases slightly due to the effects
of radiative corrections to cos(p —a) [see Eq. (16) and
Fig. 3]. The shift in the A —+Zh decay threshold to
higher m „as m, increases is easily understood, since, for
large m„ the radiative corrections to mI, are substantial,
as noted above. Very roughly speaking, for m, —150
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FIG. 5. Branching ratios for A computed for m, =200 GeV
and for tanp=2 and 20. One loop radiative corrections have
been included as described in the text. The notation for the
curves is that specified in the caption for Fig. 4.
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GeV, mp =0 (mz) for m~ & m&, and mI, increases sub-
stantially above mz (for tanP ~ 2) as m, gets larger, as
shown in Fig. 2. For m~ &2m„ the tt decay mode is
dominant as expected, since (at tree-level)

2 4 1/2
Ao~tt) m, cot P 4m,

I ( Ao~bb) mt, m„
(17)

IV. THE GOLD-PLATED FOUR-LEPTON
DISCOVERY CHANNEL

In this section, we present our computations for the
number of 4I events resulting from A production and
decay at the SSC and LHC, including one-loop radiative

rriAo --Prr&,

Finally, we note that the one-loop induced decays of A

to VV are rather small, although they peak sharply in the
vicinity of m„=2m, (where the t-loop contribution is
most important). In this region, the VV decay modes
may be of phenomenological relevance. Here, it is impor-
tant to note that the branching ratios of the VV modes
depend very sensitively on tanP, as shown in Fig. 6.

For tanP= 20 (see Fig. 5) the bb mode is always dom-
inant with B =90%, followed by the ~+r mode with
B =10%. Note that even when the tt mode is kinemati-
cally allowed, it never contributes more than a few per-
cent of the branching ratio. This is easily understood
from Eq. (17); in particular, B(A ~tt)~B(A ~bb)
when tanP~ +m, /mb. The ZIt branching ratio is

greatly suppressed at large tan/l. This follows easily from
Eq. (16) due to the factor of tan P in the denominator.
[In addition, cos (P—a) also decreases as tan/3 increases;
see Fig. 3.] Finally, it is apparent that the one-loop in-
duced VV modes are completely negligible at large tan/3
due to the cot P dependence in Eqs. (11)—(14), as shown
in Fig. 6.

In the next section, we will make use of the branching
ratio to ZZ. In Sec. V, we will comment on some of the
implications of the other decay modes for A searches at
the SSC and LHC.

corrections to the MSSM Higgs sector. Since A ~ZZ is
a one-loop induced process, the event rate is expected to
be rather meager. As we shall see, detection via this mode
is only possible in a limited region of parameter space.
The results of Sec. III suggest a region of tanP not larger
than 2 and a limited region of A masses near but below
tt threshold, where I ( A ~ZZ) is maximal. In our com-
putations, we again consider m, =150 and m, =200 GeV
and adopt supersymmetric parameters as specified in Sec.
III.

In computing production cross section for the A we
have included three processes: gg ~A, gg ~bb A, and

gg ~ tt A . The latter is always much smaller than

gg ~A, but will be included in our final 4t' event rates
for completeness. However, the gg ~ tt A cross section
may be useful on its own for other possible A detection
techniques. We shall present separately the cross section
(without cuts) for the dominant gg ~ A and gg ~bb A

fusion processes, as well as that for the gg —+ttA reac-
tion. The gg ~ A bb cross section has been computed in
the bb fusion approximation valid in the limit
m „))2m&. ' In this calculation, o (bb ~ A ) is propor-
tional to the width I ( A ~bb ), which has been comput-
ed including the QCD corrections of Ref. [19]. The effect
of these QCD corrections is to reduce o(bb~A ) by
about a factor of 2 due to the falloff of the running b-

quark mass for m ~ && 2m t, . The gg ~ tt A process has
been computed at the tree level. Results will only be
presented for tanP= 1. Since the A tt coupling is propor-
tional to cotP, results for other tan/3 values can be ob-
tained by scaling by cot /3.

Numerical results for the various cross sections (before
cuts) at the SSC and LHC are presented in Figs. 7—10.
Clearly, the combined cross sections are very substantial,
although those for the LHC energy of &s = 16 TeV are a
factor of 4 to 5 smaller than the cross sections for the
SSC energy of v's =40 TeV. It is important to note that
for large tanP the net cross section can actually be larger
than for moderate tanP, especially for smaller m„. This
arises from two effects: cr(gg~A bb) is enhanced be-
cause the A bb coupling is proportional to tan/3; whereas
the t loop contr-ibution to o(gg~A ) is suppressed be-
cause the A tt coupling is proportional to cot@ [29].

T

GQ

FIG. 6. Branching ratios for A computed for I,=150 GeV
as a function of tang for m „=1.5m, and 2m, . One-loop radia-
tive corrections have been included as described in the text.
The notation for the curves is indicated in the figure (and differs

slightly from that used in the previous two figures).

5In fact, the bb fusion approximation overestimates the cross
section somewhat, particularly in the A mass range below 500
GeV (e.g. , see Ref. [29]). However, we have also not included

the effects of higher order QCD corrections, which are often

summarized by a rnultiplicative K factor larger than 1.
6We have employed the Eichten-Hinchliff'e-Lane-Quigg

(EHLQ) distributions for AMs=0. 29 GeV [30] where MS

denotes the modified minimal subtraction scheme. For con-
sistency, we used the same A—

s value in evaluating the running

strong coupling constant (g, ). The distribution functions and g,
were evaluated at s, the subprocess center-of-mass energy
squared. No QCD K factors have been included in the subpro-
cess cross sections.
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FIG. 7. The pp~A +X cross sections from gg~A at the
SSC for m, =150 and 200 GeV, for tanp=0. 5 ( ); tanp= 1

( ———); tanP=2 ( ——.—.); tanP=5( . ); and
tanP =20( "—"—).

mAo (GeV)

FIG. 9. The pp~A bb+Xcross section from gg~A bb at
the SSC and LHC for m, =150 GeV, for tanp=0. 5( );
tanp= 1( ———); tanp=2( ———.); tanp=5(. . ); and
tanP=20(" —"—). Variation with m, is very minimal.

Using these cross sections, we have computed event
rates in the 4l mode (summing over the possible electron
and muon channels) at both the LHC and SSC for an in-
tegrated luminosity of L =30 fb '. This choice of L is
made on the basis that it is a reasonable expectation for
three years running at the SSC. We have estimated the
efFects of realistic detector cuts and eSciencies as de-
scribed in detail in Ref. [8]. Following the analysis of
Ref. [8], we shall multiply the raw signal (and back-
ground) rates by a net efficiency factor of @=0.35.

The only significant background process to the 4l sig-
nal is qq, gg~ZZ —+41 [31]. Other backgrounds are
much smaller once the isolation and other cuts incor-
porated in the above eSciency factor are imposed. The
number of background events at the SSC and LHC is
determined as described in Ref. [8]. In particular, it is
necessary to know what resolution in the 4/ invariant
mass is possible. We shall give results for two extreme

assumptions. First, we consider the conservative values
of I '"=4.8 GeV at m4I=200 GeV and I "'=14.0 GeV
at m4i =400 GeV. (1 ""for other invariant masses is ob-
tained by linear interpolation or extrapolation. ) We shall
also give results for the technically feasible, but certainly
optimistic, choices of I "'=2.2 GeV at m41=200 GeV
and I "'=5.1 GeV at m41 =400 GeV. The conservative
and optimistic possibilities for I "' are labeled below by I
and II, respectively. In computing the signal versus
background rates, we shall integrate over a bin size of
21""in order to include essentially 100% of the signal
events coming from the (very narrow) Higgs resonance.

Our results for the A are summarized in a series of
figures. First, we consider results obtained for the SSC.
In Figs. 11 and 12 we display the 41 event rates (including
the efficiency factor of e =0.35) from A production and
decay at the SSC with L =30 fb ', for m, =150 and 200

gg Fusion at the LHC gg~tt A Fus1on

10 y s
3 50mt=1

I I

m, =200
I I I I

I

I I I I 101

tanP =- 1

LHC

(

T T~ 1" t r T:
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10
100

101

100

10—'
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5

tan P=20 ~

I I I I t I I I I i I 1. I
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- tan P=20 '
I I I I I I I i. I I I I I

200 400 600

10
mt= 100 GeV

m, = 150 GeV

m, = 200 GeV

I

200 400 600 200 400 600

m„o (GeV) m„o (Gev)

FIG. 8. The pp~A +X cross sections from gg~A at the
LHC for m, = 150 and 200 GeV, for tauP=O. 5 ( );
tanp = 1( ———); tanp =2( —~ ——.); tanp= 5(. ~ ~ ); and
tanp=20(" —"—). Note the change in scale from that of Fig.
7.

FIG. 10. The pp~A tt+X cross section from gg~A tt at
the SSC and LHC for m, = 100, 150, and 200 GeV, for tanp= 1.
Results for other tanp values can be obtained by scaling by
cot'p.
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FIG. 12. 41 event rates for L =30 fbfb ' a=0.35, and
m =200 GeV at the SSC, compared to the minimum numberI

required for a 4o. effect. Notation as in Fig. 11.
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FIG. 11. 41 event rates for L =30 fb ', e=a=0.35, and
m, =150 GeV at the SSC, compared to the minimum number
required for a 0. e ec .4 ff t The H ~41 signal curves are
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FIG. 13. 41 event rates for L =30 fb e =0.35, and

m, = 150 GeV at the LHC, compared to the minimum number
required for a 4o effect. Notation as in Fig. 11. The tanp=2
event rate is too small to appear on the figure.
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required for a 4o effect. Notation as in ig.
event rate is too small to appear on the figure.



46 SEARCHING FOR THE CP-ODD HIGGS BOSON OF THE. . . 2915

Fortunately, the 4l mode is not the only means by
which the SSC and LHC might be sensitive to the MSSM
Higgs sector. We now turn to a survey of other possible
scenarios for detection of the A .

V. OTHER CHANNELS FOR
A HIGGS-BOSON DETECTION

Clearly, the very marginal utility of the 4l mode for
detection of the CP-odd neutral Higgs boson of the
MS SM ma'ndates an examination of other
production/decay scenarios that might permit its
discovery. It follows from Fig. 6 that some of the other
one-loop induced VV decay modes of the A have sub-
stantially larger branching ratio than the A ~ZZ~41
mode, and that these decays might be useful for
tang & 1 —2. Perhaps the most important VV signature is
the detection of A via its two-photon decay mode [9,12].
In Ref. [9], gg~ttA followed by t~Wb~lvb and
A ~yy is shown to be detectable in a significant range
of parameter space, extending from m ~

—mz up to
mz -2m, for tanP & 2. One could also consider the pos-
sibility of searching for A ~ W+ W ~e+—p+ +X.
However, even for small tanP and the most optimal A
mass choice, m„=2m„Fig. 6 shows that the net branch-
ing ratio for such final states is

B(A ~W+W ~e~p +X)

&2X10 X2X(—,') =5X10 . (18)

For other m„values or larger tanP this branching ratio
is much smaller. In fact, as discussed below, A ~~+~
decays always lead to a much larger rate for e +—@++X
final states, especially at large tanP. More generally,
since neither the 4I nor the Ivyy final states allow any
sensitivity to the tanP 2 region of parameter space, it is
crucial to consider the other channels that might allow
A detection, particularly at larger tanP values.

Thus, we turn to other decay channels depicted in the
branching ratio curves of Sec. III. Foremost among these
is the ~+ v decay mode, which is generally quite
significant except in the region above tt threshold when
tanP & 5. From Figs. 4 and 5, we see that B(A ~r+r )

is typically close to 10% at large tanP for all m„, and
ranges between about 5% and 9% when tanP-2 and
m~ &2m, . Thus,

B(A ~r+r ~e~p++X)
&0. 1X2X(0.177) =6.3X10 . (19)

If one searches for e —p++X (where both leptons are iso-
lated), the main background will be from tt production
followed by the decay of the resulting W+ W to the
same final state. This background can be reduced by
antitagging against the extra jets present in the tt process,
etc. The main problem is that in the inclusive production
of the A only approximate reconstruction of the A
mass will be possible (using a high-pT jet or similar tag).
Some studies of the ~+~ mode for the case of the stan-
dard model Higgs boson have been performed for the
LHC (see Ref. [32]), and implications of these studies for

the A ~~+~ detection mode were outlined by Kunszt
and Zwirner in Ref. [12].

Finally, we briefly survey a number of other possible
A signatures. For mz+ m& & m „&2m„ the
A ~Zh ~I+I bb final state has substantial branching
ratio, and could provide a viable signal [1,2, 12]. For ex-
ample, at tanP=2 and for m, =150 GeV we find from
Fig. 4 that

B(A —+Zh ~l+I bb) &0.45X0.066=3X10 (20)

in the specified range of m „.!fefficient b tagging is pos-
sible, the principal background will be from Zbb associat-
ed production. This background may be manageable, as-
suming that reconstruction of the h and A mass peaks
in the bb and Zbb channels, respectively, is possible with
reasonable resolution.

For m„)2m„A ~Zh is never a significant decay
mode. Moreover, for tanP & 4, A ~tt is dominant, and
probably the only viable technique would be to search for
ttA associated production, followed by A ~tt. The
tttr(4t) continuum background cross section is of similar
size to the 4t rate obtained from the Higgs-boson signal
[33]. Consequently, if one could efficiently trigger on the
4t final state in such a way as to eliminate the many
(much larger) reducible backgrounds, isolation of a signal
for the A in this channel might be possible.

Associated W+ A production, followed by W~l v
and A ~~+~ or A ~Zh, may also provide a useful
signature. However, it should be noted that the absence
at tree level of the WWA vertex and the suppression at
large tanP of the A tt associated production process im-
ply that this detection mode will only be useful if tanP is
not much larger than 1. Similarly, associated Z+A
production followed by Z~l+I and A ~~+~ or
A ~Zh may provide an observable signal over back-
ground if sufficient integrated luminosity is accumulated
[34]

All of the above possibilities are currently under inves-
tigation.

VI. CONCLUSIONS

In this paper we have presented a detailed survey of
the phenomenology of the CP-odd Higgs boson, A, of
the MSSM. A comprehensive set of A decay branching
ratios has been obtained for all two-body nonsupersym-
metric final states, and the major A production mecha-
nisms have been reevaluated. Our results incorporate
one-loop leading-log radiative corrections to the MSSM
Higgs sector parameters. In addition, the widths and
branching ratios for the one-loop decays A ~ VV for all
possible vector boson pair final states have been obtained.
Using the results, we have evaluated the signal and back-
ground rate for detection of A in the one-loop induced
A ~ZZ~I+I I+I decay mode. We find that the
A ~4I mode will only be a useful discovery channel at
the SSC or LHC if tanP is small ( & 1) and mz is near the
tt threshold. Fortunately, our survey of a variety of other
possible production/decay modes reveals a number of
promising techniques for detecting the A at a hadron
supercollider. These techniques will require further
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study, including realistic background analysis and detec-
tor simulations, in order to truly assess their viability for
A discovery. Function Large-m, results

TABLE II. Asymptotic forms for loop functions in the limit
of m m~ mv-
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APPENDIX

C(m v', m, , mb )

8(m vl mb y ml )

C(m v', O;m,')

C(mv, 'm, )

P(mv, m, , mb)

9(m v,'mb, ml )

9'(mv', m, )

—1
ln

m

—1

m
—m 2

+1
m~—1

2m—1

2m
1

2m
1

2m
1

6m,'
The results of the one-loop calculation of A ~ V; V

can be expressed in terms of two functions C and X It is
convenient to make use of the 't Hooft —Veltman scalar
loop integrals [16] defined below. However, in contrast
with Ref. [16], we employ the metric conventions of
Bjorken and Drell [35]. We define

All these functions can be easily evaluated numerically
using the techniques described in Ref. [16]. For the cases
of A ~yy and A ~Zy, the evaluation of the loop in-
tegrals greatly simplifies. It is easy to show that

4

Cp(k, , k2, k;m„mb, m, ) = —16~ i dq
(2n. )

dCv(k k k 'm m m )= —16~ii& 2» a& b& c
(2 )4

(A 1)
1 f i dx

1
4x(1 —x) —2f

m~ 0 X mg

(A6)
where

2)=(q —m, )[(q +ki )
—mb][(q +ki+k2) —m, ],

where ~z ——4m&/m~ and

[arcsin(&1/r)] if r ~ 1,

1+&1—w
ln

1 —&I —r

(A2) f (&)=

and k =k, + k2 is the momentum of the A . By Lorentz
in variance,

2

if ~(1 .

(A7)

C"=C&)k", +C,2k2 .

We now define the two functions

2 2 . 2 2 — 2 2 2, 2 2 2C(mv. mv. 'm& mb ) = Cp(mv. mv. m„m& mi 'm& )
l J l J

(A4)

By a similar calculation,

C(mz, O;my) = C(O, mz', my)

(A8), [f(r„) f(~z)] . —
my mz

2 2 . 2 2 2 2. 2. 2 2 2V(mv, mv ', m, , mb)—=Cii(mv, mv ', mq', m, , mb, m, )
l J I J

2 2 2. 2 2 2—Cii(mv, mv, m„;m, , mb, m, ) .
l J

For ease of notation, we have suppressed m & in the argu-
ments on the left-hand side above. In addition, in the
case of equal masses, we shall simplify our notation by
not repeating the corresponding mass in the list of argu-
ments. For example,

C (mv,'m, , mb) =—C(mv, mv', m, , mb ),

We now turn to asymptotic forms for the loop func-
tions in the limit of large m, . These are most easily ob-
tained from the integral representations

C(mv, mv , m, , mb):'f dx f—dy

(A9)
x

7( m v, m v, m, , mb ) =—— dx y dy —,
l J 0 0

where

D =m „(1—x)(x —y)+mvy (1—x)

C(mv, mv;m, )—=C(mv, mv, m, , m, ),
l J l J

and similarly for X

(A5)
+m v2 y (x —y) —m, (1—y) —ml y .

J

The required asymptotic forms are listed in Table II.

(A10)
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