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Higgs pseudoscalar production in association with top squark and bottom squark pairs
at the CERN LHC in the MSSM

A. Dedes and S. Moretti
Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX, United Kingdom

~Received 21 January 1999; revised manuscript received 4 March 1999; published 4 June 1999!

We study the processesgg→q̃1q̃2* A, with q5t,b, within the theoretical framework of the supergravity
inspired minimal supersymmetric standard model at the leading order in perturbative quantum chromodynam-
ics. Other than constituting a novel production mechanism of the neutral,CP-odd Higgs particle, they also
allow one to relate the size of the corresponding production rates to the ratio of the vacuum expectation values
of the two Higgs fields tanb, to the trilinear couplingsA0 and to the sign of the Higgsino mass term sgn(m).

This interplay is made easier by the absence of any mixing in theq̃1q̃2A vertices, contrary to the case of all
other Higgs bosons of the theory.@S0556-2821~99!02413-3#

PACS number~s!: 11.30.Pb, 14.80.Cp, 14.80.Ly
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I. INTRODUCTION AND MOTIVATION

TheCP attribute of the pseudoscalar Higgs boson indu
several otherodditiesin its behavior, with respect to all othe
Higgs scalars of the minimal supersymmetric standard mo
~MSSM!, that render such a particle a very attractive can
date for phenomenological studies. For example, in theqqA
Feynman rule, whereq represents an ordinary heavy qua
~hereafter,q5t,b), there is no dependence on the Hig
mixing angle,a, contrary to the case of theCP-even scalars,

H and h. As for the charged Higgs bosons, in theqq̄8H6

vertex, another mixing, this time in the quark sector, is
troduced via the Cabibbo-Kobayashi-Maskawa matrix.
neat consequence of this is the steep rise~fall! of the produc-
tion cross sections of theA boson whenever this is emitte
by a heavy down-~up-!type quark, for increasing~decreas-
ing! tanb (cotb) @1#. For all the other Higgs scalars, suc
monotonic behavior is spoiled by the presence of ang
terms, typically sines and cosines ofa, so that only in ex-
treme regions of the MSSM parameter space such pec
dependence onb can be recovered.

If one further considers the Higgs couplings to the sca
partners of ordinary heavy quarks in supersymme
~SUSY! theories, the left- and right-handed squarksq̃x , with
x5R,L, then it is easy to verify that mixing angles relatin
their chiral and physical mass eigenvalues do not enter
q̃1q̃2A vertex, i.e., the one involving the observable squa
@the subscript 1~2! referring to the lightest~heaviest! of
them#. Indeed, this is not the case for the corresponding c
plings of theH, h, andH6 scalars.

One can see this in the context of supergravity~SUGRA!
models@2#, with the minimal particle content typical of th
MSSM ~henceforth denoted as M-SUGRA, the environme
we choose for our analysis! @3,4#, where the relevant Feyn
man rules for the squark-squark-Higgs vertices can be w
ten in the physical basisq̃1,2 as follows:1

1Note that these Feynman rules are valid in a general SU
model with minimal content independent of the origin of the s
breaking terms.
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Here, the symbolF denotes cumulatively the five Higgs sc
lars of the MSSM,F5H,h,A, and H6. All the lFq̃xq̃

x8
8 ’s

appearing in Eq.~1! can be found, e.g., in the Appendix o
Ref. @1#. These are function of the five independent para
eters defining the M-SUGRA model: the universal scalar a
gaugino massesM0 andM1/2, the universal trilinear break
ing terms A0, the ratio of the vacuum expectation valu
~VEVs! of the two Higgs fields tanb[v/v8, and the sign of
the Higgsino mass termm.

The squarks mixing angles too, i.e.,uq , with q5t,b, can
be written in terms of the above M-SUGRA parameters,
~here,sq[sinuq andcq[cosuq)

tan~2ub!5
2mb~Ab1m tanb!

MQ̃3

2
2MD̃3

2
1~21/212sW

2 /3!MZ
2cos 2b

,

tan~2u t!5
2mt~At1m cotb!

MQ̃3

2
2MŨ3

2
1~1/224sW

2 /3!MZ
2 cos 2b

,

~2!

Y
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A. DEDES AND S. MORETTI PHYSICAL REVIEW D60 015007
TABLE I. Total cross sections for processes of the typegg→q̃xq̃x8
8* F, whereq(8)5b,t, x (8)51,2 and

F5H,h,A,H6, in the MSSM, at the leading order in perturbative QCD, for selected values of tanb and
sgn(m). The other three independent parameters of the model have been set asM05200 GeV, M1/2

5100 GeV, andA050.

s(pb) tanb52,m.0 tanb52,m,0 tanb540,m.0 tanb540, m,0

s(gg→ t̃ 1 t̃ 1* H) 3.931023 2.331025 9.531023 3.231023

s(gg→ t̃ 2 t̃ 2* H) 2.431025 9.531025 5.231024 7.031024

s(gg→ t̃ 1 t̃ 2* H) 4.931025 4.631025 1.131023 4.331024

s(gg→b̃1b̃1* H) 3.931026 2.831026 1.831022 1.631022

s(gg→b̃2b̃2* H) 1.531029 5.931028 4.131023 3.331023

s(gg→b̃1b̃2* H) 9.531027 2.231027 6.531025 8.331025

s(gg→ t̃ 1 t̃ 1* h) 3.331021 9.231022 1.131021 1.131021

s(gg→ t̃ 2 t̃ 2* h) 3.031023 3.931023 6.331024 4.531024

s(gg→ t̃ 1 t̃ 2* h) 3.131023 5.331022 1.131022 1.431022

s(gg→b̃1b̃1* h) 1.231024 1.731024 1.131022 1.731022

s(gg→b̃2b̃2* h) 1.431026 1.531026 1.131023 2.131023

s(gg→b̃1b̃2* h) 1.031026 1.231024 1.331025 7.831027

s(gg→ t̃ 1 t̃ 2* A) 5.731024 7.731025 2.931022 1.731022

s(gg→b̃1b̃2* A) 1.331026 2.431027 1.331022 1.231022

s(gg→ t̃ 1b̃1* H2) 8.631024 1.331026 5.931023 6.431023

s(gg→ t̃ 2b̃2* H2) 9.631027 5.231027 1.531024 1.931024

s(gg→ t̃ 1b̃2* H2) 2.831025 7.431027 1.831022 1.731022

s(gg→ t̃ 2b̃1* H2) 1.931024 1.431024 3.231023 2.831023
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with MZ the Z-boson mass andsW
2 [sin2uW the ~squared!

Weinberg angle,mt and mb the top and bottom quark
masses, whereAt and Ab are the~top and bottom! trilinear
couplings at the EW scale, whileMQ̃3

, MŨ3
andMD̃3

are the
running soft SUSY breaking squark masses of the third g
eration, as obtained from starting their evolution at a co
mon grand unification theory~GUT! scale set equal toM0.

Now, it should be noticed that in the case of theCP-odd
Higgs boson, i.e.,F5A, if one reverts the chirality flow in
the vertexlAq̃Lq̃R

, the corresponding Feynman rule chang
its sign @1#,2

lAq̃Lq̃R
52lAq̃Rq̃L

, ~3!

so that, by making use of Eq.~1! ~where lAq̃1q̃1
5lAq̃2q̃2

50 @1#!, one can conclude that the verticeslA t̃1 t̃ 2
andlAb̃1b̃2

are independent of the mixing anglesu t andub . In fact, the
Feynman rules for those vertices reduce3 to @here, gW

2

54paem/sW
2 andMW

2 5MZ
2(12sW

2 )#

2Indeed, this is the reason why vertices of the formAq̃xq̃x8 with
x[x8 are prohibited at the tree level.

3Here, we neglect theCP-violating phases, by assuming that the
have small values, as preferred by the measurements of the ele
dipole moments@5#. The case in which such phases are sizable w
be addressed elsewhere@6#.
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lA t̃1 t̃ 2
52

gWmt

2MW
~m2At cotb!,

lAb̃1b̃2
52

gWmb

2MW
~m2Ab tanb!. ~4!

These are precisely the couplings entering the processes
we are going to discuss:

gg→q̃1q̃2* A, q5t,b. ~5!

It should by now be obvious to the reader our intent
this paper. Namely, to study the dependence of the prod
tion rates of the scattering processes~5! on the low-energy
SUSY parameters, in order to pin down their actual value
the GUT scale, thus constraining the SUSY scenario wh
lies behind the MSSM, through experimental measureme
of physical observables.

Needless to say, such a task is greatly facilitated in cas
pseudoscalar Higgs production,F5A, as we have just
shown that the vertex expressions for the other cases, w
F5H,h andH6, are much more involved~i.e., they contain
as additional free parameters the Higgs and squark mix
angles!, so that it is inevitably much more difficult to extrac
useful information from the corresponding production rat
However, given that the final signatures of all possible ‘‘gl
on gluon→ squark-squark-Higgs’’ processes, after the d
cays of the heavy objects, are at times very similar, o
cannot subtract oneself from studying the whole of suc
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TABLE II. Masses of top and bottom squarks and Higgs bosons in the MSSM in the small and largeb
region, for both positive and negative values ofm and universal boundary conditionsM05200 GeV,M1/2

5100 GeV, andA050.

Masses~GeV! tanb52a,m.0 tanb52,m,0 tanb540,m.0 tanb540,m,0

mt̃ 1
171 258 221 224

mt̃ 2
374 320 349 348

mb̃1
275 275 222 226

mb̃2
314 314 306 303

mH 382 385 128 126
mh 81 69b 104 103
mA 375 377 128 126
mH6 383 385 155 153

aThe extracted chargino mass in this column is outside the latest experimental bounds@8#. However, we keep
it here in order to illustrate the differences between the low and large tanb regime.
bThis value is actually excluded from the latest CERNe1e2 collider LEP bounds on the light andCP-odd
Higgs boson masses@9#: mh ,mA*80 GeV. Nonetheless, we present it here for illustrative purposes
representative of the conditionmA@mh , typical of the small tanb region.
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phenomenology. This is beyond the scope of this short
ticle, though, and we will address the problem in a forthco
ing publication@6#. Furthermore, in that paper, we will als
discuss more closely another relevant aspect of Higgs bo
production in association with heavy squark pairs, that is,
fact that such processes can furnish additional produc
mechanisms of Higgs bosons, to be exploited in the ques
such elusive particles, somewhat along the lines of Ref.@7#,
where the final state with bothlight Higgs boson,h, and top

squark pairs,t̃ 1 t̃ 1* , was considered. Finally, notice tha
given the current limits on squark and Higgs boson mas
@8,9#, the only collider environment able to produce a sta
tically significative number of events~5! is the CERN Large
Hadron Collider LHC (As514 TeV), to which we confine
our analysis. Incidentally, at such a machine, the contribu
to squark-squark-Higgs-boson production via qua
antiquark annihilations is negligible compared to the gluo
gluon induced rates@7#, so we will not consider the forme
here.

The plan of this letter is as follows. The next secti
briefly outlines how we have performed the calculations.
Sec. III we present and discuss our findings. The conclus
are in the last section.

II. CALCULATION

The techniques adopted to calculate our processes wi
described in detail in Ref.@6#, where also the formulas nec
essary for the numerical computation of the Feynman am
tudes will be given. Here, we only sketch the procedure,
completeness.

There are ten LO Feynman diagrams for each of the
processes~5!: see Fig. 1 of Ref.@7# for the relevant topolo-
gies. These have been calculated analytically and integr
numerically over a three-body phase space. While doing
they have been convoluted with gluon parton distribut
01500
r-
-

on
e
n

or

es
-

n
-
-

n
ns

be

li-
r

o

ed
o,

functions~PDFs!, as provided by the leading order~LO! set
CTEQ~4L! @10#.4

The center-of-mass~c.m.! energy at the partonic level wa
the scale used to evaluate both the PDFs and the strong
pling constant,as. We have used the two-loop scaling fo
the latter, with all relevant thresholds@12# onset within the
MSSM ~as these are spanned through theQ2 evolution of the
structure functions!, in order to match the procedure we ha
adopted in generating the other couplings, these also
duced via the two-loop renormalization group equatio
~RGEs! @13#.

Depending on the relative value of the final state mas
in Eq. ~5!, whether mq̃2

is larger or smaller than (mq̃1

1mA), the production of the pseudoscalar Higgs boson
be regarded as taking place either via a decay or a bre
strahlung channel. We have treated the two processes o
same footing, without making any attempt to separate th
as for the time being we are only interested in the total p
duction rates of the 2→3 processes~5!. In this respect, it
should be mentioned that the partial widths entering in
MEs are significantly smaller than the total decay widths,
that processes~5! do retain the dynamics of the squar
squark-Higgs production vertices also at decay level.5

Regarding the numerical values of the M-SUGRA para
eters adopted in this paper, we have proceeded as follo
For a start, we have setM05200 GeV andM1/25100 GeV.
For such a choice, the M-SUGRA model predicts squark a
Higgs masses in the region of 100–400 GeV, so that

4The systematic error due the gluon behavior inside the proton
been investigated by comparing the CTEQ rates with those obta
by using other LO fits, such as the Martin-Roberts-Stirling~MRS!
MRS-LO~05A,09A,10A,01A,07A! @11#. Typical differences were
found to be less than 15–20 %@6#.

5Generally, the dominant decay channels of squarks are to
lightest neutralino or chargino and the ‘‘parent’’ quarks~see Table
V later on!.
7-3



w

he

, i
es

o
rk

ll

e
to
th

tr

e
ss

es

n

re
s

-

g
e

ark

he

tic
ro,
his

s.

-

tive
ino
ted
m-
act

om-
r-

is
ec-

,

b-
to

top
d
n in

t
ing
u-

air

tter,

A. DEDES AND S. MORETTI PHYSICAL REVIEW D60 015007
latter can in principle materialize at LHC energies. Then,
have varied the trilinear soft SUSY breaking parameterA0 in
a large region, (2500,500) GeV, while we have spanned t
tanb value between 2 and 45. As form, whereas in our
model its magnitude is constrained, its sign is not. Thus
all generality, we have explored both the possibiliti
sgn(m)56. Finally, we have gone back to considerM0 and
M1/2 in other mass regions.

Starting from the five M-SUGRA parametersM0 , M1/2,
A0 , tanb, and sgn(m), we have generated the spectrum
masses, widths, couplings and mixings relative to squa
and Higgs particles entering reactions~5! by running the
ISASUGRA or ISASUSY programs for M-SUGRA contained in
the latest release of the packageISAJET @13#. The default
value of the top mass we have used was 175 GeV. Fina
note that also typical EW parameters, such asaem and
sin2uW, are taken from this program.

III. RESULTS

Although we will in this letter mainly concentrate on th
case ofCP-odd Higgs production, we nonetheless ought
display some typical cross sections for all processes of
form @6#

gg→q̃xq̃x8
8* F, ~6!

whereq(8)5t,b, x (8)51,2, andF5H,h,A,H6. This is done
in Table I, where, for reference, the trilinear couplingA0 has
been set to zero and two extremes values of tanb, i.e., 2 and
40, have been selected. The corresponding mass spec
for the particles in the final state of processes~6! is given in
Table II. There, it is well worth noticing that modifying th
value of tanb corresponds to induce quite different ma
values for both Higgs bosons and squarks.

From Table I,6 one can notice that our two process
could well yield detectable rates in the large tanb region.
For a LHC running at high luminosity, some seven thousa
such events can be produced per year. For large tanb values,
alongside pseudoscalar Higgs boson production, there a
least three other mechanisms~6! with observable rates, a
one finds that, typically

s~gg→b̃1b̃1* H, gg→ t̃ 1 t̃ 1* h, gg→ t̃ 1 t̃ 2* h,

gg→b̃1b̃1* h, gg→ t̃ 1 t̃ 2* A, gg→b̃1b̃2* A,

gg→ t̃ 1b̃2* H2)*1022 pb. ~7!

Among these, it isgg→ t̃ 1 t̃ 1* H that shows a strong depen
dence on sgn(m), whereas all other reactions in Eq.~7! are
rather stable against variations of the latter.

At low tanb ’s, the cross sections for pseudoscalar Hig
boson production are presumably too poor to be of gr

6Note that, here and in the following, the production rates donot
include charge conjugation.
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experimental help, in both cases of bottom and top squ
production. Even assuming 100 fb21 of accumulated lumi-
nosity per year at the LHC, only a handful of events of t
form ~5! can be produced, ifA0'0, mainly through thegg

→ t̃ 1 t̃ 2* A channel.~Prospects are somewhat more optimis
if the common trilinear coupling is much smaller than ze
but in the case of top squarks only: we will come back to t
point later on.! Anyhow, for small tanb values, the three
channelsgg→ t̃ x t̃ x8

* h can boast rather large production rate
Moreover, the dominant one, whenx5x851, exhibits a
sensitivity on the sign ofm, as the two cross sections ob
tained for sgn(m)56 differ by about a factor of 4.

Therefore, both in the low and high tanb regime, pseu-
doscalar Higgs boson production is in general less effec
than other channels in constraining the sign of the Higgs
mass term. This aspect will, however, not be investiga
any further here, as it will be addressed in detail in forthco
ing Ref.@6#. In fact, here we are more concerned with the
that reactions~5! are very sensitive to tanb, much more than
most other squark-squark-Higgs production channels: c
pare the first two columns in Table I with the last two, pa
ticularly for gg→b̃1b̃2* A ~differences are over four or five
orders of magnitude!. Other competitive mechanisms in th
respect are~in the observable region, say, with a cross s
tion above 1023 pb): gg→b̃1b̃1* H, gg→b̃2b̃2* H, gg

→b̃2b̃2* h, gg→ t̃ 1b̃1* H2, gg→ t̃ 2b̃2* H2, andgg→ t̃ 1b̃2* H2.
Most of them are, however, suppressed~i.e., CP-even sca-
lars! or have very different decay signatures~i.e., charged
scalars!, in comparison to the twoCP-odd channels. Thus
for the time being, we leave them aside for future studies@6#
and concentrate exclusively on processes~5!. Finally, notice
that in producing Table I we have checked~by using the
code of Ref.@14#! that the squark masses and couplings o
tained in our scenario do not induce large contributions
the electroweak observables, namely, ther parameter. We
find that in every caseDrSUSY'1023, which is the experi-
mentally preferred region@15#.

Figures 1 and 2 further enlighten the tanb dependence of
pseudoscalar Higgs boson production, in association with
and bottom squarks, respectively, as we have now treateA0
as a variable parameter. Indeed, the typical behavior see
Table I for A050 in gg→ t̃ 1 t̃ 2* A and gg→b̃1b̃2* A persists
for all other values ofA0 considered.

The variation with tanb, and particularly the steep rise a
high values of the latter, can be understood in the follow
terms. For large tanb, the squark-squark Higgs boson co
plings of Eq.~4! can be rewritten in the form

lA t̃1 t̃ 2
.2

gWmt

2MW
m, lAb̃1b̃2

.
gWmb

2MW
Ab tanb. ~8!

That is, the coupling which is associated with the bottom p
is proportional to tanb, so that, eventually, the totalb̃1b̃2* A
cross section will grow with tan2b while the coupling related
to the top squark pair takes on constant values. In the la
the enhancement of thet̃ 1 t̃ 2* A cross section with tanb is
rather a phase space effect since, as tanb increases, the
7-4
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HIGGS PSEUDOSCALAR PRODUCTION IN . . . PHYSICAL REVIEW D 60 015007
CP-odd Higgs boson mass decreases considerably~the
squark masses changing much less instead!, as we can see
from Table II. Of course the same is valid in the former ca
and that is why our Figs. 1,2 follow the patterns(gg

→b̃1b̃2* A)*s(gg→ t̃ 1 t̃ 2* A) at large tanb.

Despite of the abundance oft̃ 1 t̃ 2* A and b̃1b̃2* A events at
large tanb, overwhelming contributions involving the ligh
top squarkt̃ 1 and light Higgs scalarh, i.e., t̃ 1 t̃ 1* h and, par-

ticularly, t̃ 1 t̃ 2* h ~see Table I!, would, however, dominate th
squark–squark–Higgs-boson production phenomenolo
Therefore, it might seem at first glance that reactions~5!
cannot possibly be disentangled, further considering tha
large tanb the dominant decay modes of bothh andA sca-
lars are intobb̄ pairs@16#. This need not to be true though. I
fact, the reader should recall two important aspects. Firs
the lighter scalar quark mass,mt̃ 1

, will most likely be known
well before a statistically significative sample of events
the form ~6! can be collected. It follows that its knowledg
can be exploited to removegg→q̃xq̃x8

8* F candidates with

exactly two light top squarks, thus also unwantedt̃ 1 t̃ 1* h final

states. Secondly, in thebb̄ channel, one should expect e
perimental mass resolutions to be smaller than the typ
mass differencesmA2mh*20 GeV seen for tanb&35 ~see
Table II! @6#.7 Needless to say, the light scalarh ought to
have been discovered~and mh measured! by then, for the

7The intrinsic widthGF of the h and A Higgs bosons is in tha
mass range about 2.5 GeV at the most.

FIG. 1. Total cross sections for processgg→ t̃ 1 t̃ 2* A as a func-
tion of tanb. These are plotted for both positive and negative v
ues ofm and for a selection ofA0 values.~The other M-SUGRA
parameters have been chosen asM05200 GeV and M1/2

5100 GeV.! The symbolL(3) is used to indicate data point
forbidden by experimental bounds from direct searches of the li
est Higgs~squark! scalar, yielding 2&tanb&40 (mt̃ 1

.120 GeV).
Two points with the masses of the lightest top and theCP-odd
Higgs are also shown.
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sake of the all SUSY theory, so that a suitable selection
bb̄ pairs far away from themh resonance~or, at worse, an
event counting operation in the case of overlappingh andA
mass peaks, at extremely large tanb) would aid to reduce
t̃ 1 t̃ 2* h events also.

As for the low tanb region, as intimated a few paragraph
above, we can appreciate in Fig. 1 the beneficial effect o
large and negative value ofA0, in terms of the sgn(m) de-
pendence of theA production rates. For example, for tanb
;2, the cross sections form.0 andm,0 take very differ-
ent values, by an order of magnitude. In fact, one has t
for A0&2300 GeV,

s~gg→ t̃ 1 t̃ 2* A!;1023 pb for m.0,
~9!

s~gg→ t̃ 1 t̃ 2* A!;1024 pb for m,0.

Therefore, in this scenario one might aim to constrain
actual value of sgn(m) from the t̃ 1 t̃ 2* A final states alone,
given such a large difference. Unfortunately, the total nu
ber of events~after having considered the decay rates,
finite efficiency and resolution of experimental analys
etc.! is again not so large, so that one would presumably
better off by relying on reactiongg→ t̃ 1 t̃ 2* h. In this respect
though, one thing is worth spotting, i.e., the much larg
value ofmA as compared tomh if tanb is small, see Table II.
A consequence of this is that the decay patterns of the
Higgs bosons are very different. Whereas the light o
would only decay intobb̄ pairs, the pseudoscalar one wou
mainly yield t t̄ pairs@16#. Given the huge QCD noise of th
LHC, the latter might in the end become a competitive a
proach, especially if a clean electron-muon tag can
achieved in the~anti!top decays.

But, let us now turn our attention to the other strong d
pendence of the production rates ofgg→ t̃ 1 t̃ 2* A and gg

→b̃1b̃2* A: the one on the common trilinear couplingA0.
This is in fact the most noticeable feature of both Figs. 1 a

-

t-

FIG. 2. Same as in Fig. 1 for processgg→b̃1b̃2* A.
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2: that the sensitivity toA0 of the production cross section
provides the unique possibility of constraining, possibly t
sign, and hopefully the magnitude, of this fundamen
M-SUGRA parameter. Indeed, we have come to believe
this is the main novelty that should be attributed to the p
nomenological potential of the processes we are studying
one might quite rightly expect that the determination of tanb
will come first from studies in the pure Higgs sector~i.e., via
d
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l,
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th
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SM-like Higgs production and decay mechanisms!, espe-
cially considering the theoretical upper limit onmh . Should
this be the case, far from overshadowing the usefulnes
reactions~5!, the knowledge of tanb would further help to
constrainA0. Let us see how.

For a start, to observe by the thousand events involv
A-production with pairs of top quarks would induce the fo
lowing reasoning:
s~gg→ t̃ 1 t̃ 2* A!*1022 pb⇒H 2500,A0,0 for 22&tanb&40 and m56,

0<A0,500 for 40&tanb&42 and m56.
~10!

That is to say, unless 40&tanb&42 ~a very small corner of the M-SUGRA parameter space!, to observe such a rate oft̃ 1 t̃ 2* A
events would mean thatA0 is necessarily negative~whichever the sign ofm).

Incidentally, we would like the reader to spot in Fig. 1 that are the lines corresponding toA05300 GeV~denoted by the
arrow! those stretching to the far right of the plot, thus inverting the trend of decreasing rates with growingA0. In other terms,
such curves represent a true lower limit on the value of this cross section~practically for all tanb values!, so that the latter is
bound to be in the range

1024 pb&s~gg→ t̃ 1 t̃ 2* A!&1021 pb, ~11!

values well within the reach of the LHC luminosity.
Similarly, one can proceed to analyzegg→b̃1b̃2* A from Fig. 2. Schematically,

s~gg→b̃1b̃2* A!*1022 pb⇒H 2500,A0,0 for 28&tanb&40 and m56,

0<A0,500 for 40&tanb&42 and m56.
~12!
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Once again, to observeb̃1b̃2* A signals at such a rate woul
force A0 to be negative over most of the M-SUGRA param
eter space.

As for peculiar trends in Fig. 2, two behaviors worth com
menting on are the following. First, that the production ra
decrease with diminishing tanb much more than they do in
case of top squark production, particularly if tanb&30. Sec-
ondly, that the cross sections exactly vanish in the caseA0

5500 GeV, when tanb524(27) if m.0(m,0), as induced
by the}(m2Ab tanb) dependence of the production verte
when umu!uAb tanbu andAb changes its sign.

Another aspect made clear by both these two figure
that current experimental bounds tend to exclude only
treme parameter regions, i.e., whereA0 is strongly negative
and/or where tanb is extremely high. On the one han
LEP2 has almost exhausted its SUSY discovery potentia
most of the data have already been collected and/or analy
whereas at Tevatron, the presentmt̃ 1

*120 GeV limit on the

lighter top squark mass is unlikely to be increased by
new runs to the typical values of Table II. On the other ha
the bulk of the@A0 ,tanb,sgn(m)# parameter space invest
gated here, where processes~5! could well be detected an
studied at the LHC, appears in Figs. 1 and 2 far beyond
reach of the present colliders. Therefore, in the very sh
s

is
-

as
ed,

e
,

e
rt

term, one should not expect that new experimental limits
modify drastically the look of our plots. In particular, notic
that the presence oft̃ 2 and b̃2 squarks in the final state o
processes~5! implies that the corresponding production rat
at Tevatron are negligible, even for optimistic luminositie
because of the enormous phase space suppression~see Table
II !.8 Therefore, we believe that, when the LHC will sta
running, most of the M-SUGRA parameter space discus
here will still be unexplored.

Bringing together the various results obtained so far
A0 , tanb, and sgn(m), we attempt to summarize our find
ings in Table III. There, we list the restrictions that can
principle be deduced on the above three parameters by st
ing the two processes~5!, assuming that none of these qua
tities is known beforehand. Indeed, an enormous area of
M-SUGRA space can be put under scrutiny, particularly
volving A0 and tanb. The prospect of the latter quantit
being already known by the timegg→ t̃ 1 t̃ 2* A and gg

→b̃1b̃2* A studies begin would be even more exciting.
such a case, a vertical line could be drawn in Figs. 1 and
so that an accurate measurement of the production cross

8The gluon luminosity is much poorer too, as compared to
CERN hadron collider.
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TABLE III. Possible restrictions on three M-SUGRA parameters derivable from studies ofCP-odd Higgs
boson production in association with top and bottom squarks.

s(gg→ t̃ 1 t̃ 2* A) (pb) s(gg→b̃1b̃2* A) (pb) A0 (GeV) tanb sgn(m)

*1022 *1022 2500– 0 28– 40 6

*1022 *1022 *0 40– 42 6

*1022 &1022 2500 to2300 22– 28 6

&1022 *1022 2300– 0 28– 40 6

&1022 *1022 *0 40– 42 6

&1022 &1022 *2500 &40 6

;1023 &1026 *2500 2 – 3 1

;1024 &1026 *2500 2 – 3 2
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tions of processes~5! would precisely pin point the actua
value ofA0.

Before closing, we study the dependence of pseudosc
Higgs boson production in association with top and bott
squarks on the last two M-SUGRA independent parame
M0 andM1/2. The main effect of changing the latter is on
the masses of the final state scalars, through the phase s
volume as well as via propagator effects in the scatter
amplitudes. In other terms, to increase one or the other
pletes the typical cross sections of Eq.~6!, simply because
the values of allmq̃x

and mF get larger. Table IV sample
such a trend on four among the dominant production ch
nels, including our two reactions~5!. As an example, notice
that, for M05300 GeV andM1/25250 GeV, all the squark
masses are of the order*460 GeV, whereas for the heav
Higgs bosons one has that typical values are*290 GeV. Not
surprisingly then, among the processes in Table IV, for s
high M0 andM1/2 values, the only ones to survive are tho
involving both the lightest squark~i.e., t̃ 1) and theh scalar
~for which one necessarily has thatmh&130 GeV) @6,7#. In
comparison, processes~5! are generally suppressed, as o
heavy massmq̃2

is always present in the final states and sin

mA*mh . Therefore, this last exercise shows that only lig
M0 andM1/2 masses~say, below 200 and 150 GeV, respe
tively! would possibly allow for pseudoscalar production
be detectable at the LHC.

IV. SUMMARY AND CONCLUSIONS

In summary, we have studied pseudoscalar Higgs bo
production in association with top and bottom squarks at
LHC, in the context of the SUGRA inspired MSSM. Ou
01500
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interest in such reactions was driven by the fact that
squark-squark-Higgs vertices involved, other than carryin
strong dependence on three free inputs of such a model,
A0 , tanb and sgn(m), are not affected by the presence
additional unconstrained parameters describing the mix
between physical and chiral squark eigenstates.

We have found that the cross sections of such proce
might be detectable both at low and high collider luminos
for not too small values of tanb. Indeed, their production
rates are strongly sensitive to the ratio the VEVs of the Hig
fields, thus possibly allowing one to put potent constraints
such a crucial parameter of the MSSM Higgs sector. Furth
more, also the trilinear couplingA0 intervenes in these
events, in such a way that visible rates could mainly be p
sible if this other fundamental M-SUGRA input is negativ
~Indeed, to know the actual value of tanb from other sources
would further help to assess the magnitude ofA0.! As for the
sign of the Higgsino mass term, sgn(m), it only marginally
affects the phenomenology of such events. Finally, conce
ing the remaining two parameters~apart from mixing effects!
of the M-SUGRA scenario, i.e.,M0 and M1/2, it must be
said that their values should be such that they guarant
rather light squark and Higgs mass spectrum, in order
latter to be within the reach of the LHC.

In conclusion, we believe these processes to be potent
very helpful in putting stringent limits on several M-SUGR
parameters and we thus recommend that their subseq
decay and hadronic dynamics is further investigated in
context of dedicated experimental simulations, which w
clearly beyond the scope of this short contribution. As
matter of fact, of all possible~eighteen in total! squark-
squark-Higgs production modes, involving sbottoms, sto
TABLE IV. The variation of the most significant cross sections~in picobarns! of processes~6! with M0

andM1/2. For reference, the other three M-SUGRA parameters are fixed as follows:A050, tanb540, and
sgn(m)52.

M0(GeV) M1/2(GeV) s(gg→ t̃ 1 t̃ 1* h) s(gg→ t̃ 1 t̃ 2* h) s(gg→ t̃ 1 t̃ 2* A) s(gg→b̃1b̃2* A)

200 125 6.631022 1.031022 4.031023 5.231023

200 150 3.731022 7.431023 1.431023 2.431023

200 200 1.331022 3.431023 3.131024 6.031024

300 250 3.531023 1.831023 4.831025 9.831025
7-7
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TABLE V. Dominant decay channels and branching rat
~BRs! of final state ~s!particles in Eq.~6!, for M05200 GeV,
M1/25100 GeV,A050, tanb540 and sgn(m).0 @13#.

Particle BR Decay

t̃ 1 →
96% x1

1b

t̃ 2 →
44% x2

1b

→
30% x1

1b

→
16%

b̃1W1

→
5%

t̃ 1Z

b̃1 →
51% x2

0b

→
41% x1

0b

b̃2 →
41% x3

0b

→
32% x4

0b

→
17% x2

0b

h →
79%

bb̄

→
12% x1

0x1
0

H →
93%

bb̄

→
6% t1t2

A →
92%

bb̄

→
6% t1t2

H6

→
75% t6n

→
20% x1

0x1
6

x1
1

→
32%

x1
0ud̄ a

→
32%

x1
0cs̄a

→
14% x1

0t1na

→
10% x1

0e1na

→
10% x1

0m1na

x2
1

→
47% x2

0W1

→
24% x1

1Z

→
10% x1

1h

→
9% x1

1A

x2
0

→
69%

x1
0bb̄ b

→
10% x1

0t1t2

x3
0

→
35% x1

1W2

→
35% x1

2W1

→
15% x1

0Z

x4
0

→
39% x1

1W2

→
39% x1

2W1

→
6% x1

0h

→
6% x1

0Z

aVia off-shell W1.
bVia off-shell h.
01500
and all Higgs mass eigenstates, we have verified that th
including the pseudoscalar particle are always among
dominant ones, so that one should not expect the presen
the others to dash away the hope of detecting and invest
ing the former. In this respect, the most competing ones
those involving the lightest of the Higgs scalars. This parti
has, however, a rather different decay phenomenology f
that of theCP-odd Higgs in most cases, whereas whene
this is not true, previous knowledge of~top and bottom!
squark and/or Higgs boson mass values can be of some
so that in the end it should not be difficult to disentangle
two scalars.

For example, let us consider the signalgg→ t̃ 1 t̃ 2* A and
some possible signatures of it. For the choice of parame
given in the caption and in the fourth column of Table I,
yields some 3000 events per year at the LHC. From Table
one deduces that a possible decay chain could be the fol
ing:

t̃ 1 t̃ 2* A

↓ ↓ ↓
x1

11b x1
21b̄ b1b̄

↓ ↓

q1q̄81x1
0 l 21n1x1

0

in which qq̄85ud̄,cs̄ and l 5e,m,t. Considering also the
charge conjugatedx1

1x1
2 decays, the final signature woul

then be ‘‘2 jets14b1 l 61Emiss,’’ further recalling that the
two x1

0’s and the neutrinon produce missing energyEmiss.
The total BR of such decay sequence is 0.12 only, so
about 360 squark-squark-Higgs boson events would surv
One may further assume a reduction factor of about 0
because of the overall efficiency«b

4 to tag four displaced
vertices ~assuming«b'0.7). This ultimately yields some
thing less than 100 events per year, a respectable num
indeed. In addition, one should expect most of the sig
events to lie in the detector acceptance region, since lep
and jets originate from decays of heavy objects.

Such a signature has peculiar features that should he
its selection: a not too large hadronic multiplicity, six jets
total, each rather energetic~in fact, note thatmx

1
62mx

1
0

'30 GeV andmt̃ 1
,mt̃ 2

@mx
1
6'63 GeV), so that their re-

construction from the detected tracks should be reason
accurate; a high transverse momentum and isolated lepto
be used as trigger; largeEmiss to reduce non-SUSY pro
cesses; four taggedb jets that can be exploited to suppre
the ‘‘W61 light jet’’ background from QCD with onebb̄
pair resonating at theA mass~which is well above theh one:
see Table II and recall the discussion in Sec. III about
interplay betweengg→ t̃ 1 t̃ 2* A and gg→ t̃ 1 t̃ 2* h events!.

Even the background fromgg→ t̃ 1 t̃ 2* Z events, withZ→bb̄,
potentially very dangerous because irreducible and si
mt̃ 2

2mt̃ 1
@MZ ~Table II!, should easily be dealt with. In

fact, notice thatmA@MZ , so that to select only events fo
which Mbb'” MZ would presumably allow one to reduce als
such a noise to manageable levels.
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Notice that the M-SUGRA point just discussed corr
sponds to a rather low lightest chargino mass, though
roughly consistent with the latest bounds drawn by the P
ticle Data Group~PDG! @17#. However, preliminary results
from LEP and Tevatron have meanwhile increased the li
on mx

1
6, up to 80–90 GeV or so. Thus, we also have cons

ered a second parameter combination yielding sizable
duction rates, but now satisfying the latter constraint: e
that in the first line of Table IV~see the caption for the
parameter setup!, for which mx

1
6589 GeV, right at the edge

of the exclusion band. Considering again ‘‘2 jets14b1 l 6

1Emiss’’ decays, starting from some 400 signal events ev
100 inverse femtobarns produced in the 2→3 scattering
~fifth column in Table IV!, one ends up with 12 events, a
the total decay BR is basically the same as before and
cluding again the factor«b

4 . The number is reduced by a
order of magnitude, but still sizable.

As a matter of fact, other signatures can possibly be e
more accessible. Let us now take, e.g.,M05M1/2
5125(130)@140# GeV @with again tanb540, A050 and
sgn(m)52#. For such settings, the lightest chargino mass
mx

1
6590(93)@101# GeV. In correspondence, one ge

s(gg→ t̃ 1 t̃ 2* A)596(79)@39# fb, i.e., some 9600~7900!
@3900# events per luminosity year. For these last three co
binations of M-SUGRA parameters, it turns out that an
teresting decay sequence could be the following:

t̃ 1 t̃ 2* A

↓ ↓ ↓
x1

11b x1
21b̄ b1b̄

↓ ↓

t̃1
11n1b t̃1

21 n̄1b̄

↓ ↓
t11n1b1x1

0 t21 n̄1b̄1x1
0.
l-

-

o
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Apart from the BR of the channelt̃ 2*→x1
2b̄, which ranges at

25%, the others are all dominant and close to unity. Here,
final signature is ‘‘4b1t1t21Emiss’’ with a total BR of
about 23% in all cases. Thus, after multiplying by«b

4 , one
finally gets 528~454!@218# detectable events every 100 fb21.

This additional channel appears particularly neat thank
an even smaller jet multiplicity. In addition, all such je
should be rather energetic, asmx

1
62mt̃'19(17)@15# GeV

and mt̃2mx
1
0'21(25)@31# GeV. Standard background

from ‘‘ Z1 jet’’ production could be strongly suppressed b
cause of the absence of light-quark jets and the presenc
four heavy ones. From one pair of these, one could furt
attempt to reconstruct theA mass, at around 114~120!@135#
GeV. Finally, the large amount ofEmiss building up because
of the four neutrinos and two neutralinos could prove to b
further good handle against non-SUSY processes. As fo
reducible SUSY backgrounds, notice the poor decay r

BR( t̃ 2*→ t̃ 1* Z)'7%. „Typical top squark masses are arou

380~388!@406# and 240~248!@265# and for t̃ 2 and t̃ 1, respec-
tively.…

These are just a few illustrative examples of some p
sible manifestations of squark-squark-Higgs events at
LHC. Dedicated analyses of all mechanisms of the fo

gg→q̃xq̃x8
8* F, for any possible combination ofq(8)5t,b,

x (8)51,2 andF5H,h,A,H6, of their interplay and a dis-
cussion of possible backgrounds and detection strategie
now under way@6#.
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