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Abstract. We study neutral and charged Higgs boson production in association with stop and sbottom
squarks at the Large Hadron Collider, within the Supergravity inspired Minimal Supersymmetric Stan-
dard Model. The phenomenological relevance of such reactions is twofold. Firstly, they constitute a novel
production mechanism of Higgs particles, either through a decay of a heavier (anti)squark into a lighter
one or via a Higgs bremsstrahlung process. Secondly, their production rates are extremely sensitive to
the values assumed by the five input parameters of the model, this possibly allowing one to put stringent
constraints on the latter. After an exhaustive scan of the parameter space, we find that the majority of
such processes could be detectable at high luminosity, provided tan g is large, tan 8 X 30 (except in the
case of t1t1h and f1t5h final states, whose detection is also possible for smaller values), that the universal
soft Supersymmetric breaking masses are in the ranges Mo < 500 GeV and M, /5 £ 220 GeV, and that the
trilinear couplings are negative, Ap < 0. We also point out some sizable decay signatures and discuss their
Standard Model (SM) backgrounds. Finally, we derive compact analytical formulae of the corresponding

scattering matrix elements.

1 Introduction and motivation

‘If Supersymmetry (SUSY) exists, it will be discovered
at the next generation of hadronic machines’, has been a
recurring motto so far. Indeed sooner (at the Tevatron,
Vs = 2 TeV) or later (at the Large Hadron Collider
(LHC), /s = 14 TeV), depending on the mass scale of
the Higgs bosons and of the Superpartners of ordinary
matter, several Supersymmetric ‘signatures’ should clearly
be viable!. Typical SUSY events at hadron colliders will
involve either the production and decay of heavy spar-
tons, squarks and gluinos, whose foreseen mass range is
expected to be around the TeV scale [3], or of Higgs bosons
[4], primarily of the lightest one, for which the SUSY the-
ory imposes a stringent mass bound of the order of the
electroweak (EW) scale.

However, even assuming that such a discovery will take
place, there might well be little to learn about the fun-
damental dynamics of SUSY from such new events. In
fact, although, e.g., the LHC is able to produce gluinos
and squarks with masses up to 2 TeV or so and their de-
tection has been shown to be feasible with rather little
effort [5], it is much more difficult to determine exactly
the SUSY masses involved, because in most models (i.e.,
those assuming R-parity conservation) there are at least
two missing SUSY particles in each event. Clearly, failing
the knowledge of the SUSY mass spectrum, other typical

! For some reviews, see, e.g., [1] and [2]

SUSY quantities, such as couplings, decay rates, etc., can-
not be assessed either. Needless to say, their measurement
would be of paramount importance in order to constrain
the free parameters entering the SUSY Lagrangian. How-
ever, by resorting to specific kinematic distributions [5],
it is at least possible to make precision measurements of
some ‘combinations’ of SUSY masses, but only in a few
fortunate cases these can lead to strong constraints on the
theory and its parameters. Besides, in minimal SUSY the-
ories, the Higgs sector typically (i.e., at tree level) depends
on only two such parameters, the ratio of the vacuum ex-
pectation values (VEVs) of the Higgs fields and one of
the masses of the five physical states corresponding to the
latter, as all others SUSY inputs enter through higher per-
turbative orders. Therefore, even the detection of a SUSY
Higgs signal would carry very poor information in terms of
the underlying SUSY model. As a matter of fact, a second
question about SUSY has to legitimately be risen. Namely,
‘Which Supersymmetric model will one discover?’

Thus, the key task for the Tevatron and the LHC is
not only to find SUSY, but also to assess which model is
behind it and the value of its parameters. For example,
in the context of Supergravity (SUGRA) inspired mod-
els [6], with the minimal particle content of the MSSM
(henceforth denoted as M-SUGRA, that we take to be the
reference framework of our analysis) [7,8], the dynamics of
the theory can be specified by only five entries: (i) a uni-
versal scalar mass My; (ii) similarly, that for the gauginos
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M, /o; (iii) the universal trilinear breaking terms Aq (all
defined at the Grand Unification scale Mgyt [9]). After
the radiative EW symmetry breaking has taken place, two
further parameters are needed to describe the low energy
dynamics: (iv) the mentioned ratio of the VEVs of the two
Higgs fields, denoted by tan 8 = v/v’ and defined at the
EW scale; and (v) a discrete parameter, sign(p) = +1,
being p the Higgsino mass term.

Assuming universal soft breaking terms at the GUT
scale, one is then able to calculate the masses of SUSY
(s)particles, their couplings, decay rates, etc., at the EW
scale, through the evolution of the renormalisation group
equations (RGEs), the latter involving Mo, M /3, Ao, tan 3
and sign(u) as inputs. Ultimately, a comparison of such
predictions with the corresponding experimental measure-
ments, as reconstructed from the actual data via dedicated
Monte Carlo (MC) simulations [10]-[12], should allow one
to impose indirect constraints on the above parameters.
Indeed, an additional procedure to follow in order to deter-
mine the latter could well be to search for the evidence of
some more exotic signals of SUSY, in which, however, the
dependence on such parameters is somewhat more mani-
fest.

Elementary processes of the type

g+9— 0 +q, + 9, (1)
where ¢() = ¢,b, () = 1,2 and & = H,h, A, HE, in all
possible combinations, as appropriate in the MSSM, serve
the double purposes of:

1. furnishing production mechanisms of Higgs bosons of
the MSSM, both neutral and charged, in addition to
the Standard Model (SM)-like channels [4];

2. yielding production rates, for particular combinations
of q(/)7 X(/) and @, strongly dependent on some of
the fundamental SUSY parameters of the M-SUGRA
model.

The importance of the first point should be under-
stood in the following terms. On the one hand, the detec-
tion of all neutral Higgs particles H,h and A of the the-
ory is not certain, neither at the Tevatron [1] nor even at
the LHC [2]. In addition, the discovery potential of heavy
charged Higgs bosons H* at both the above colliders has
been proved to be extremely limited [13]. Under these cir-
cumstances, the possible existence of novel and detectable
Higgs production channels represents a phenomenologi-
cally important result per se. (Notice that, for certain
choices of sign(u), Ao and tan 3, the squark-squark-Higgs
coupling can become the largest EW coupling of the SUSY
theory, even exceeding the standard Yukawa ones.) On the
other hand, the fact that in processes (1) the Higgs bosons
are produced in association with squarks via a Yukawa
bremsstrahlung or in ‘non-dominant’ squarks decays?, im-
plies that the Higgs mechanism can be probed in the spar-
ticle sector too. In fact, other known production and decay

2 S0 that the corresponding partial widths are significantly
different from the total widths, thus retaining the dynamics of
the squark-squark-Higgs production vertices also at decay level
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mechanisms used to detect MSSM Higgs bosons mainly in-
volve Higgs couplings to ordinary matter. The only excep-
tions are the squark loop-contributions to neutral Higgs
boson production via gluon-gluon fusion and to Higgs bo-
son decays through pairs of photons/gluons [14], which are
however swamped in both modes by the dominant terms
involving ordinary heavy particles.

As for the second point that we put forward, we should
remind the reader of the actual form of the mentioned
squark-squark-Higgs vertices in the MSSM (which can be
found, e.g., in [15]). In many of these, namely when x # x/,
both the low-energy SUSY parameters p and tan 0 enter
explicitly in the Feynman rules, other than implicitly in
the scalar masses. Furthermore, those vertices also contain
A, the trilinear couplings at the EW scale, which de-
pend critically on their common value at the GUT scale,
Ap. (In the case & = A such a dependence is also not
affected by the mixing between the chiral, X(/) = L, R,
and physical, x(/) = 1,2, squark states, so that no addi-
tional SUSY mixing parameters enter the phenomenology
of pseudoscalar Higgs production, this rendering the lat-
ter an ideal laboratory to study M-SUGRA effects [16]).
Therefore, one should expect a significant dependence of
the production rates of the scattering processes (1) on
tan 3, Ag and p (particularly, its sign), this possibly yield-
ing a new profitable mean to constrain the underlying
SUSY model. Even more so in the case tan 8 has previ-
ously been determined, for example, through a discovery
in the MSSM Higgs sector.

Concerning previous literature on the subject, we
should mention that reactions of the type (1) were first
considered in [17] for the case gg — #1t;h in the so-called
‘decoupling’ limit. Adopting the M-SUGRA scenario, as-
sociated production of both neutral and charged Higgs
bosons production with squark pairs — with a special em-
phasis on CP-odd Higgs boson production — was first con-
sider by the authors in [16]. Furthermore, in [18] (and also
[19]) light Higgs boson production in association with light
top squarks was reanalysed in the M-SUGRA scenario at
both Tevatron and LHC3. A general consensus on the
possible detectability at the LHC of gg — #;£ih events
emerged from [17-19], in the case of light top squarks and
large trilinear coupling.

We generalise here those studies, as we consider the
production of all possible Higgs states, ® = H, h, A and
H#*, for a broader spectrum of their masses, in conjunction
with both squark flavours that can have sizable couplings
to Higgs particles, § = ¢ and b, the latter taken as not de-
generate in mass, also allowing for Higgs production in de-
cay channels, when y # x’. On the other hand, to simplify
the simulation, we restrict ourselves to the case of gluon-
gluon induced processes only, thus neglecting the case of
quark-antiquark scatterings, which was instead considered
in [17,18]. This is however not restrictive. In fact, we have
verified that at the LHC the gg contribution is around
two order of magnitudes larger than the QQ one, in line

3 The same final state but produced in e*e~ annihilations

at the TeV scale, e.g., at the Next Linear Collider, has been
considered in [18,20]



A. Dedes, S. Moretti: Higgs production in association with squark pairs

5 .5 N s 5
''''' ~ ,',
2 .3 2 .03 2 M Tl .3
graph 1 graph 2 graph 3
' ) ' %%% a 1 % B
%;%% _____ . -
} 3 : .5 N s 5
o T < ,"
2 M 4 2 é&&é{ 4 2 M T4
graph 4 graph 5 graph 6
1 4 1, 4
g ‘.
N, .5 S5
\(‘ S
2 "3 2 ~
graph 7 graph 8
1 L4 1 .4
2 3 2 .3
graph 9 graph 10

Fig. 1. Feynman diagrams contributing at lowest order to pro-
cesses (A.1). An helical line refers to a gluon whereas a dashed
one symbolises both a squark and a Higgs boson, with the
labelling given in (A.1)

with the findings of [17,18], well below the level of un-
certainties arising in our computation from other sources
(such as structure functions, QCD K-factors, etc.)*. As for
the Tevatron, we can anticipate that the production cross
sections of processes (1) are generally very small (see also
[18]), indeed below the level of detection over most of the
M-SUGRA parameter space, so that we neglect further
consideration of this machine here.

It is the purpose in this paper to assess the possible
relevance of points 1. and 2. in phenomenological studies of
SUSY to be carried out at the LHC. In particular, the plan
of the paper is as follows. In the next Section we describe
how we have proceeded in our calculations. In Sect. 3 we
illustrate the theoretical model we have resorted to in our
analysis. Sect. 4 presents some numerical results. A brief
summary and our conclusions are given in Sect. 5. Finally,
we collect in Appendix the relevant analytical formulae
that we have used.

4 As for v, Z and W* s-channels, these are typically smaller
by a factor of the order O(cem/as)?; whereas O(as)? gluino
interactions in ¢, u-channels are suppressed by the small (EW
induced) mixing between light quarks and sbottom and stop
squarks, as already remarked in [17]
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2 Calculation

The leading-order (LO) Feynman diagrams associated to
processes of the type (1) in the unitary gauge are de-
picted in Fig. 1. The reader can find an analytical ex-
pression of the corresponding matrix elements (MEs) in
the Appendix. As a test of the correctness of our ampli-
tudes, we have verified that they are gauge invariant by
checking various Ward identities of the theory, both an-
alytically and numerically. The amplitudes squared have
then been integrated over a three-body phase space, us-
ing VEGAS [22], and convoluted with gluon Parton Dis-
tribution Functions (PDFs), as provided by CTEQ(4L)
[23]. The latter constitutes our default set, taken at LO
in order to be consistent with our approximation in calcu-
lating the scattering MEs. However, in order to estimate
the systematic error due the gluon behaviour inside the
proton, we also have resorted to other LO packages, such
as MRS-LO(09A,10A,01A,07A) [24]. Typical differences
among PDFs were found to be less than 15-20%. The
centre-of-mass (CM) energy at the partonic level, Q = v/3,
was the scale used to evaluate both the structure functions
and the strong coupling constant (see next Section for the
treatment of the latter).

Depending on the relative value of the final state
masses in (1), mg,, my. and me, the production of Higgs

X

particles can be regarded as taking place either via a
(anti)squark decay (if mg, > m. +me or Mgy > May +

X
mg) or via a Higgs-strahlung (if mg, < m. +me and
X/
Mg, < mg + me). In the first case, to prevent our MEs
X/

from becoming singular, we need to insert a finite width
in the resonant (anti)squark propagators, which we have
done by adopting the Breit-Wigner expression given in the
Appendix and the appropriate numerical values for the
widths, calculated as described in Sect. 3. Also in the sec-
ond case, though no poles exist in the amplitudes, a finite
width value has been retained in the propagators. Notice
that we have treated the two processes on the same foot-
ing, without making any attempt to separate them, as for
the time being we are only interested in the total produc-
tion rates of the 2 — 3 processes (1), rather than in their
subsequent decay distributions.

3 The theoretical model and its parameters

In this paper we are going to display our results for squark-
squark-Higgs production via processes (1) by assuming
possibly the simplest scenario in the choice of the soft
SUSY breaking parameters at the GUT scale. That is, the
so-called minimal Supergravity scenario or M-SUGRA in-
spired model, as already intimated in the Introduction.
In this scenario, the whole dynamics of the MSSM (which
contains over hundred parameters in the case of conserved
R-parity) at the GUT scale is reduced to the three ba-
sic inputs already introduced: My, M, and Ag. The
large top Yukawa coupling then triggers the radiative EW
breaking through the running of the soft Higgs breaking
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masses, from the GUT scale down to EW regime. From
the minimisation conditions of the potential one can de-
fine the soft Higgs mixing parameter, B, and the absolute
value of the Higgs mixing parameter of the SUSY poten-
tial, u. The model leaves the sign(u) and the value of tan 3
as further undetermined parameters at the EW scale.
All five M-SUGRA parameters enter into the relevant
Feynman rules for the squark-squark-Higgs vertices, either
explicitly or implicitly (through the RGEs). These can be
written in the physical squark basis G » as
Abgi g, = CqCq' Abgrd, + SqSq' Abgriy,
tcqsq )‘43614633 + 5¢Cq' Aogray,

Abiiy = SqSq' AbgLi, T CqCq' Abind,,

—8¢Cq' Abgy, in — CqSq AQ&R@’L )

Abgi gy, = —CqSq AoqLd, T SqCa' Abgriy,
Jrcch’)‘@chcﬂg - quq’Aéde’Lv

Ao, = —5qCq AbGLd, t CqSq' Adind,,
(2)

where ¢, g or (j’L’ r can in principle be any flavour of chiral
squarks. However, here we only focus our attention to the
case of the the third generation of down and up squarks,
namely, sbottom and stop scalars, whose physical mass
eigenstates are denoted by b; » and 5172, respectively, the
subscript 1(2) referring to the lightest(heaviest) of them.
As usual, the Higgs fields are denoted by the generic sym-
bol @, where & = H h, A, H*. All the Agpq‘xq;/ 's appearing
in (2) are function of y,tanB and A;; and can be read
directly from the Appendix of [15]. (We ignore the case of
complex p and A, (g = ¢,b) parameters by assuming that
their phases are very small, the preferred case following
the measurements of the Electric Dipole Moments [25].)

Also the left-right squark mixing angles s, = sinf,
and ¢q = cos b, (here, ¢ =t,b) depend on the M-SUGRA
parameters, since they read as

—SqSq' Apgy, gy, T CqCq’ )‘¢§R§’L )

2my (A — pcot )

tan(26;) = 3 , (3)
2 2 1 4s 2
MQS_MU§+(2 3W)MZcos2ﬂ
2my(Ap — ptan
tan(20,) = 2 2 L 1 : 2s€vﬂ) 2 ’
MQS_MDg+(_§+ ) M7 cos 23

with My the Z-boson mass and sy = sin® Oy, the sine
(squared) of the Weinberg angle, m; and m,; the top and
bottom quark masses, where A; and A are the trilinear
couplings defined at the EW scale, while Mg, M. and

Mp. are the running soft SUSY breaking squark masses

of tile third generation, for which we assume the values
obtained from their evolution starting from a universal
mass at the GUT scale equal to Mj.

Regarding the numerical values of the M-SUGRA pa-
rameters adopted in this paper, we have proceeded as fol-
lows. For a start, we have set My = M;,, = 150 GeV.
Such rather low values for the universal masses come as
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natural first choice, if one is interested in detecting pro-

cesses of the type (1). For two simple reasons. On the one

hand, these two quantities determine the actual mg, , mg
X

and mg values entering processes (1), through their inter-
vention in the RGEs, in such a way that small values of
My and M, /5 at the GUT scale convert into a rather light
squark and Higgs mass spectrum at the EW scale. On the
other hand, being 2 — 3 body processes, a strong suppres-
sion from the phase space would arise in squark-squark-
Higgs production if the masses in the final state were too
large®. For the above choice, the M-SUGRA model pre-
dicts squark and heavy Higgs masses in the region of 80—
450 GeV (as we shall see in more detail below), so that the
latter can in principle materialise at LHC energies (further
recall that the light Higgs mass is bound to be below 130
GeV).

Then, we have varied the trilinear soft Supersymme-
try breaking parameter Ay in a region where it changes
its sign, e.g., (—300,+300) GeV, while we spanned the
tan 3 value between 2 and 40. As for u, whereas in our
model its magnitude is constrained, its sign is not. Thus,
in all generality, we have explored both the possibilities
sign(p) = +1.

As a further step of our analysis, we have then come
back to My and Mj /o and changed them, while maintain-
ing tan 8, Ao and sign(p) fixed at some specific values.
We have done so only for those processes that we had al-
ready identified to have not only a large cross section, but
also a strong dependence on one or more of these three
M-SUGRA parameters.

Given the strong phase space suppression induced by
the consequent increase of mg, , mg, and mg in the final

states, we will cautiously maintain the universal scalar
and gaugino masses below 250-300 GeV (at least at first).
However, the reader should not assume that this is a neces-
sary condition to the experimental detection of processes
of the type (1). In fact, this need not be true, as we shall
show that even for M, values as large as 500 GeV one can
find sizable squark-squark-Higgs production cross sections
for My /5 up to 200-250 GeV, as long as Ay is strongly neg-
ative, tan 8 2 30 and sign(u) < 0.

Such unexpected behaviours are strongly driven by
the intervention in the production rates of tan 3, Ay and
sign(u), through the trilinear scalar couplings )@qxqrx,,

more than by the actual values of mg , mg  and me.
X

This is evident by a mere look at the standard Feynman
rules, as can be found, e.g., in [15]. We will make our
concern in this paper that of guiding the reader through
such delicate interplay between masses and couplings, by
explicitely writing down the expression of the relevant ver-

5 The additional depletion coming from the gluon PDFs,
which would be probed at much higher values of Q2 (of the
order of the rest masses or more), where they are naturally
smaller, would in part be compensated by the rise of the quark-
antiquark initiated subprocesses: i.e., Q + Q — Gy + (j;*/ + @,
where, again, one has that q(l) = t,b, X(/) = 1,2 and ¢ =
H,h A H*
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tices in those parameter space domains where such com-
plicated phenomenology manifests itself.

Starting from the five M-SUGRA parameters M,
M, /3, Ao, tan 3 and sign(u), we have generated the spec-
trum of masses, widths, couplings and mixings relative
to squarks and Higgs particles entering reactions (1) by
running the ISASUGRA /ISASUSY programs contained
in the latest release of the package ISAJET [10], version
7.40. The default value of the top mass we used was 175
GeV. Note that also typical EW parameters, such as aepm
and sin? Oy, were taken from this program, as they enter
the RGEs of the SUSY theory. Concerning the value of
the strong coupling constant, «y, entering the production
processes (1), we have proceeded as follows. By using as
inputs the extracted value of ag at the Mz scale, we evolve
it up to any scale () by making use of the two-loop renor-
malisation group equations and by taking into account all
the low-energy threshold effects from the various SUSY
masses by means of the theta function approximation, as
discussed in [26].

Finally, notice that in scanning over the M-SUGRA
parameter space, one should make sure that the values
generated for the Higgs boson and sparticle masses are
in accordance with current experimental bounds. Signs of
the sort “x” or shaded areas appearing in our figures in
forthcoming Sect. 4 will correspond to already prohibited
areas for the parameter space of our SUSY model. We
nonetheless leave them for illustrative purposes, in order
to visualise the typical impact of present and future ex-
perimental bounds on the phenomenology of our reactions.
For example, the M-SUGRA points individuated by the
combinations My = M5 = 130 — 150 GeV, tan§ = 2,
Ao = 0 GeV and sign(pu) = —, used in some of the ta-
bles and figures in the next Section, contradict the limits
on the lightest Higgs boson mass from direct searches [27,
28], as they yield m;, = 72 — 80 GeV. We will discuss the
experimental bounds in more detail in the next Section.

As for theoretical constrains, these arise from two
sources: namely, the absence of charge and colour breaking
minima and that of large contributions to the EW observ-
ables that are measured with high precision at LEP. The
former is avoided when the following inequalities hold at
tree level [29]:

A? < 3(m 3+m?7§+u2+m§{2>,

A? < 3(m 3+m%0+u2+m§{1),
3

NN O

<3 (mL3 T m, + p? +m§h), (4)

where all masses appearing in (4) are the soft Supersym-
metry breaking masses except the Higgsino mixing pa-
rameter p. When Ag is below 1 TeV, as is the case in
our analysis, the above constraints are always satisfied
even for very light squark masses. As for the contribu-
tions to the EW observables, we have found the region
150 GeV = Mo, My, = 500 GeV, 2 = tanf = 40 and
|Ag| £ 900 GeV covered by our analysis in agreement
with the most recent measurements of the ‘effective’ weak
mixing angle, sin? 6. = 0.2321 + 0.010, and of the W=
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mass, My = 80.388 + 0.063 GeV [30]. In particular, no-
tice that the M-SUGRA prediction for sin? O decreases
for a lighter mass spectrum while it becomes constant in
the heavy mass region [31].

4 Results

We begin this Section by analysing all reactions (1) in the
low mass regime, i.e., that induced by values of My and
M; /3 below 250-300 GeV. This is done in Subsect. 4.1. In
this scenario, we will first present and discuss, for future
reference, the values of squark and Higgs masses result-
ing from the RGE evolution: in 4.1.1 and 4.1.2, respec-
tively. Then, we will move on to considering the produc-
tion of, in turn: neutral CP-even (in 4.1.3), CP-odd (in
4.1.4) and charged (in 4.1.5) Higgs bosons. Possible decay
signatures of the latter will be analysed in 4.1.6. Finally,
Subsect. 4.2 will pin-point those unusual cases discussed
above, in which the suppression from very heavy scalar
masses in the final states of reactions (1) can be overcome
by strong vertex effects, yielding in the end sizable cross
sections.

4.1 Light mass spectrum

Once fixed My = M, /5 = 150 GeV, one obtains the (sbot-
tom and stop) squark and Higgs masses reported in Figs. 2
and 3, respectively, depending on 2 < tan 8 < 35 and for
Ap = —300,0,+300 GeV. The two possible options for the
sign of u are also contemplated.

Far from willing to discuss exhaustively the depen-
dence of mg, , my, and mg upon the five M-SUGRA pa-

rameters, we limit ourselves here to spotting in Figs. 2-3
some interesting trends, that will affect the overall be-
haviour of the squark-squark-Higgs cross sections that we
will be treating below. For a more complete overview, see,
e.g., [32].

4.1.1 Squark masses

The four squark flavours of the first and second generation
(¢ = a, d,c, 5) with left- and right-handed components
are all nearly degenerate in mass and the latter is given
approximately by the following formula:

mq ~ 1/M02 +6M12/2,

For our choice of My and Mj /5, one gets mg ~ 400 GeV.
The light squark flavours are not our concern in processes
(1), though they may well enter some of the decay chains
of the other (pseudo)scalar particles produced.

The two squark flavours of the third generation must
be treated differently because the off-diagonal entries of
their mass matrices can be large, owing to the strength of
the Yukawa couplings of the corresponding quarks (in this
respect, notice that the bottom one becomes comparable

(G=1,d,¢35). (5)
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Fig. 2. Resulting masses from [10]
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Fig. 3. Resulting masses from [10]
for the five Higgs bosons versus
tan 8 for three values of Ay and for
both positive (dot-dashed) and neg-
ative (solid) u
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to that of the top in the large tan 3 region [15]). It thus
follows that the mass eigenstates t1, ta, b1 and b2 are all
different and generally smaller than mg. Among these,
is most often significantly lighter than all the other stop
and sbottom states. At large tan 3, the same happens to
the b, mass eigenstate, as large values of tan 3 correspond
to smaller sbottom masses, so that one eventually gets
that mz =~ m;

Variation 0% the trilinear couplings can also cause sig-
nificant differences between the light stop and sbottom
masses. Finally, the sign of the Higgsino mass term plays
an important role when tan § is either small or large, for
the cases mg, . and my ., respectively.

Expenmental limits on the squark masses come from
searches at Tevatron and LEP2. The most stringent bound
on the #; mass comes from the hadron collider [35]: in
absence of mixing, values of m;, <120 GeV are excluded
for® mygp = mgo < 38 GeV. DO exclude values of my,
below 85 GeV for mgo < 47 GeV [33] and ALEPH do
over the region m; < 83 GeV for any value of the LSP
mass [34]. In addition, CDF exclude masses for the lightest
top squark up to 120 GeV when the LSP is mgo < 50
GeV [35]. Finally, DO, using data corresponding to an
integrated luminosity of 79 pb~!, contradicts all models
with Mg by < 250 GeV for tanf3 < 2, Ag = 0 GeV
and pu < 0 [36] (in scenarios with equal squark and gluino
masses the limit goes up to m_; 5 < 260 GeV).

4.1.2 Higgs boson masses

The mass of the lightest Higgs boson is here constrained
to be less than 115 GeV and it appears to exhibit constant
values over the region 8 < tan 8 < 35, for a given combi-
nation of Ay and sign(u). To change either the trilinear
coupling or the sign of the Higgsino mass has the net ef-
fect of scaling my,, lower with increasing Ay and higher for
positive p.

As for the masses of the other Higgs bosons, they are
nearly degenerate. They vary between 180 GeV (when
tan 0 is large) and 400 GeV (when tan(§ is small). The
dependence on sign(u) is generally negligible, whereas the
one on Ay is very strong in the intermediate tan 3 regime.
One thing worth noticing here is the existence of a point
where all three Higgs masses mg, ma and my+ converge,
regardless of the values of Ag and sign(u). This occurs for
tan 5 =~ 30, where

myg =ma=mg+ ~ 200 GeV. (6)

As for experimental bounds, LEP experiments have
combined their results from data taken at CM energies
from 91 to 183 GeV to place lower bounds on the masses
of the light (myp) and pseudoscalar (m4) Higgs bosons,
of 78.8 and 79.1 GeV, respectively [37]. In addition, they
exclude the range 0.8 < tanf < 2.1 for minimal stop

% Recall that in M-SUGRA the Lightest Supersymmetric
Particle (LSP) is the lightest neutralino, %9
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mixing and m; = 175 GeV. Also, DO [38] have recently
removed at 95% confidence level the intervals tan 8 < 0.97
and tan 3 > 40.9 for Mg+ = 60 GeV and o(tt) = 5.5 pb
(again, with m; = 175 GeV). However, the limits become
less stringent with increasing My+: e.g., for Mg+ > 124
GeV (as is the case here) the available angular range is
0.3 < tan 8 < 150.

4.1.3 CP-even Higgs boson production

We present in Figs. 4-5 the tan § dependence of the pro-
duction cross sections of the two neutral scalar Higgs
bosons, h and H, respectively, in association with any
possible combination of squarks of the third generation.
Again, we parametrise the dependence upon Ay by adopt-
ing for the latter the discrete values of —300, 0 and +300
GeV and we choose sign(p) = 1.

Assuming an integrated luminosity of 100 inverse fem-
tobarns over a twelve month period of running at the LHC
(i.e., [ Ldt =100 fb~"), one can realistically hope for the
detection of squark-squark-Higgs processes only if the pro-
duction cross section is above 1 fb or so. In fact, we shall
see in Sect. 4.1.6 how typical decay fractions of clean signa-
tures range at the level of 10% or below (see Subsect. 4.1.6
later on).

Under this assumption, one immediately sees that there
are several production channels of CP-even Higgs parti-
cles which could be observed, over a large part of the
M-SUGRA parameter space considered here. Primarily,
those involving the lightest stop squark, ¢;, particularly if
also the lightest Higgs state is involved, but not only.

For the case of h production, there exists an approx-
imate hierarchy of cross sections which can possibly be
detected:

o(ihih) z o(t1E3h) Z o(bybth). (7)

The cases l;gf);h, totsh and I;li);h never have significantly
large rates.

In the case of {,1}h states, those with largest produc-
tion rates, one obtains

o(gg — hiyt}) % 20 fb, (8)

for every combination of tan 3, Ag and sign(u), in the case
of My = My, = 150 GeV, thus a sort a lower limit over
a representative portion of the low mass regime of the M-
SUGRA scenario. Moreover, the largest production rate
for this final state (compatible with the current experi-
mental constraints) is obtained in the small tan§ ~ 2
region and for the combinations Ay £ —300 and p = +,
for which

o (155 h) 2 200 fh, (9)

corresponding to more than 20000 events per year running
of the LHC.

The dominance of the production channel involving
both the lightest squarks and Higgs boson, above all other
mechanisms (1), was foreseeable. The reason is rather sim-
ple, in fact, twofold. On the one hand, the sum of the rest
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space, relatively to any other squark-squark-Higgs combi-
nation. On the other hand, the cross section is also signif-
icantly enhanced when the trilinear coupling Ay assumes
negative values. From the analysis of the RGEs we find
that A; ~ —400(—250) GeV when Ag = —300(300) GeV.
Now, the coupling of the light Higgs boson to top squarks
is driven by A; when the latter takes on large values. More
specifically, the corresponding vertex reads as (recall that
we are in the kinematic limit mx ~ myg ~ ma ~ mg+ >
Mz: see Fig. 3)

igw M 1
~ Zng{ [—2 cos 23 cos? 0;

‘w

mx>Mz
htyt1

2
+§S%V cos 23 cos 20,;]

(here and in the following, g3, = 4maem/S%, cw =
V/1—s¥, and M3, = M2(1 — s},)) where for large A,
(note that sin §; is maximal in such a case) the coupling
goes like A7 7 o< mﬁ—g‘. As a consequence, because of the
presence of the trilinear term A;, the coupling of the light
Higgs boson to light stop squarks could be much larger
compared to that to the top quark, which behaves like
Antt ¢ 37-, as already recognised in [17,18]. Over the pa-
rameter space that we have chosen here, the cross section
of gg — t1tth can be either larger than or of the same
order as that of gg — tth [17,18].

Thus, the subprocess gg — t1t1h can well boast the
status of an additional discovery mechanism of the light-
est scalar Higgs boson of the MSSM, as remarked in [17,
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18]. (This is true also in non M-SUGRA models, where
however one still has that myg &~ ma = mg+ > my, [17,
18].) In this respect, the reader should further notice the
stability of its production cross section against variations
of tan 3 (see also, e.g., Fig. 4 in [18])7. This proves to be
a crucial point, as it is possible that one will have no nar-
row hints about the actual value of this crucial parameter
of the Higgs sector even after Run 2 at Tevatron (un-
less, of course, the lightest Higgs boson is discovered there
1) [35]. In other terms, ;#;h would always be present at

" The tan 8 dependence of o(f1£;h) at low values of such a
parameter is mainly a phase space effect, as it can be deduced
by comparing Fig. 2 to Fig. 4. In addition, in the low tan 3
domain, there are residual effects onto the production rates
induced by the term pcot [ arising from the off-diagonal el-
ements of the squark mass matrices and affecting the A,z 7,
vertex

indicate parameter areas forbidden
by direct Higgs boson searches

fixed rate at the LHC, no matter whether tan 3 is large or
small. Similar arguments can be put forward concerning
the sign(u) dependence.

Some care must instead be exercised with respect to
the Ay dependence. In fact, to vary the universal trilinear
coupling between, e.g., —300 and 4300 depletes the cross
section by a factor of about seven, as shown in Fig. 4.
For even larger differences, say, between —500 and +500
(not shown here for reasons of space), the ratio between
the cross sections become as big as 30 ! Not surprisingly
then, [18] focused on the choice 49 = —2000 GeV® (and
sign(p) = +). Far from regarding this dependence as a

8 Note that in this Ag region the M-SUGRA scenario clashes
against the constraints from the charge and colour breaking
minima, i.e., (4). This is the reason why we prefer to display
our results in a rather more conservative range, i.e., |[Ag| < 1
TeV
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shortcoming of #1¢;h events in helping in the quest for the
so far elusive lightest Higgs boson of the MSSM (in fact,
even for very large and positive Ay values we found the
cross section well above 1 fb), this example allows us to en-
lighten that other aspect of squark-squark-Higgs produc-
tion that we have mentioned in the Introduction: i.e., its
potential in pinning down some of the fundamental param-
eters of the M-SUGRA model. Needless to say, variations
of the cross section with A as large as those mentioned
above are well beyond the various sources of uncertainties
on the production rates (other than the theoretical ones
related to the PDFs and the effect of higher-order QCD
corrections also the experimental ones in their determina-
tion). To measure a production rate of £;#h events much
larger than about 50 fb (the value obtained in correspon-
dence of Ay = 0), in some specific decay channel, would
unambiguously imply that the universal trilinear coupling
at the GUT scale is negative.

As already mentioned, very little could be learn about
the actual values of tan 8 from this specific process. How-
ever, if the latter is known beforehand to be around 2 or
so, one could use this information to constrain sign(u). In
fact, for Ag = —300 GeV, one would get that

o(fifih) ~ 200 fb = = + (11)

o(titih) ~50fh = pu=—. (12)

Let us proceed in this spirit to see whether other chan-
nels can be of some help in constraining the M-SUGRA
model. Following the list of detectable h production cross
section given in (7), we find the #;£5h final state [16]. This
is not surprising either. In fact, the relevant coupling be-
haves like (again, X = H, A, H*)

mx>M; . gwMz [1 L4\ . )
ht:f{z Z ~ CVV{Q C0826(2 — gSW stGt
my cos 20;
- W (Ay +MC0tﬂ)} ) (13)

becoming very large when cos 20; and (A; + p cot 5) reach
their allowed maximum values. From Fig. 4, one can see
that this happens in the region of small tan 3, negative
sign of p and Ay £ —300 GeV.

The intriguing aspect here, which was largely miss-
ing in the case in which both squarks were the light-
est, is that one could impose severe constraints on the
sign of the Higgsino mass term, other than on Ay. In
fact, in the detectable region, the curves corresponding
to sign(u) = — (higher) and sign(u) = + (lower) depart
considerably. For example, for relatively small tan 8 val-
ues, say 4, the ratios as obtained by dividing the cross
sections corresponding to negative p’s by those for posi-
tive Higgsino masses are quite large indeed: about 7(5)[2]
when Ay = —300(0)[+300] GeV. At even lower tan 3, say,
equal to 2, one symbolically has:

o(t1tyh) =~ 300 fb = p = — (14)

o(titsh) ~2th = pu=+, (15)
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(e.g., for Ag = —300 GeV). Luckily enough here, where
the solid and dot-dashed curves start getting closer (for
tan B 2 15 — 20) is precisely when the cross section is
no longer observable. However, what just said makes the
point that tan 3 ought to be known rather accurately from
some previous measurements, if one wants to constrain the
other M-SUGRA parameters by studying the production
of the lightest Higgs scalar of the theory produced in as-
sociation with both stop mass eigenstates.

In our list of observable h cross sections bybh comes
next. Here the potential is somewhat complementary to
the two above cases, in the sense that not to find any pairs
of sbottom squarks of the type by produced in association
with an h scalar once tan 3 is already known to be large
could have powerful consequences on the viability of M-
SUGRA as the underlying model of SUSY. To be specific,
notice how the six curves corresponding to all the possible
combinations of the parameters Ag = —300,0,+300 GeV
and sign(u) = =+ lie within a factor from 2 to 4 in cross sec-
tion, in correspondence of tan § = 20 and 35, respectively.
Even the cases of A9 = 500 GeV do not depart signif-
icantly from the central curve for Ay = 0, in the above
tan 3 region. Unfortunately, contrary to the case of #,£5h
production, here the most interesting region is presum-
ably below detection level. In fact, for tan 8 quite low, a
huge portion of M-SUGRA parameter plane collapses into
a narrow stripe, as the various curves tend to overlap, all
being contained within a factor as small as 1.5 (e.g., at
tan 8 = 2, also including the cases |Ag| = 500 GeV, not
shown in the figure).

As for H production, one identifies as possible candi-
dates for detection the following cases:

o(bibiH) ~ o(t1t1H) 2 o(bob3H) ~ o(t183H).  (16)
The remaining two combinations, i.e., ISJ)SH and fgng,
yield cross sections that are hopelessly small.

Also some of the detectable H production processes
can have a significant impact in aiding the determination
of the M-SUGRA parameters, most notably those yield-
ing the final states b1b7H and bob5H. Here, if tanf is
known to be, say, 35 or so, a detection of either the for-
mer or the latter by the thousand or hundred, respectively,
would imply that Ag is most certainly negative, since pro-
duction rates corresponding to Ay values larger than zero
are about a factor of 5 and 3 smaller (rather irrespectively
of sign(p)). Somewhat less discrimination power between
positive and negative Ay values have #1713 H and #;t5H
events, over the same (large) tan 5 region as above. The
most interesting case would have been Zot5H, as the col-
lapse of the M-SUGRA model that we already noticed in
the case of b;bjh final states is here even more striking,
over a more significant tan g region. Unluckily enough, the
corresponding production cross section never exceeds the
femtobarn level.

A general remark in now in order, concerning the
strength of the coupling of sbottom squarks to neutral
CP-even Higgs bosons. The monotonic growth of the pro-
duction rates of sbottom squark processes with increas-
ing tan 3, as opposed to a much milder dependence of
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the stop ones, has a simple explanation. For example, the
coupling A7 7 is driven by the term %E’m’g and its size
becomes large for large tan 5. Another reason for an extra
enhancement of the sbottom production rates comes from
the phase space available to the final states, as both my,
and mj, decrease very fast when tan 3 gets large, whereas
this is much less the case for m; and m;, (see Fig. 2).
There is however a point, for the case of reactions involving
the two sbottom mass eigenstates at once (i.e., b1b3h and

ISJ)%H ), in which the production cross sections vanish al-
together, somewhere in the vicinity of tan 3 = 34— 36 (the
zero for by B;H is actually beyond the tan 3 range plotted),
the exact value depending upon Ay and sign(u). This is
clearly induced by the Ay; ;. and Ay ;. vertices and their
typical o (u — Ap tan 3) behaviour, when |u| < |Ap tan G|
and A, changes its sign.

Before closing this Section, we investigate the residual
dependence of CP-even Higgs boson production in associ-
ation with sbottoms and stops on the input values of M,
and M 3, when they are allowed to deviate from their
common default of 150 GeV assumed so far. For illustra-
tive purposes, we do so by adopting two discrete values of
tan 3, 2 and 40, and choosing the combination Ay = 0 and
negative p. Anyhow, though not shown, we have verified
that a similar pattern to the one that we will outline be-
low can be recognised also for the case of finite (positive
and negative) values of Ay and positive Higgsino masses
as well. For this exercise, we focus our attention only to
the dominant production cross sections in either case, that
is, £18%h, t1E5h and bybh for light (see Table 1) and 1% H
and b1b7 H for heavy (see Table 2) Higgs bosons.

We obtain that most of the cross sections with the light
Higgs particle involved decrease when either or both the
parameters Mo and M/, increase. In this respect, how-
ever, it is well worth noticing that the total cross section
for #1#3h production acquires a large statistic significance
in the higher mass regime and maintains it even at the
very upper end of it (some 5000 events/year can be pro-
duced at the LHC via this mode if tan 8 = 2, My = 300
GeV and M, /o = 250 GeV). In this area of the M-SUGRA

parameter space, t;t3h events are much more numerous
than 1£;h ones, the other way round with respect to the
low mass combination My = M /5 = 130 GeV, despite of
the more massive final state. (However, this is only true
al low tan 3.) In fact, for My = 300 GeV and M, /o = 250
GeV, the squark masses are m;, = 472 GeV, m;, = 591
GeV, my =569 GeV and mj, = 623 GeV. The inversion
of hierarchy between the two cross sections is induced by
the onset of the t5 — t1h decay channel at large My and
My 5 values, as mj, < mj + mp, whose resonance en-
hancement in the 2 — 2 process gg — taf3 overcomes
both the inner phase space depletion and the strength of
the Higgs-strahlung emission in gg — £} events.

As for the case bibih (and similarly for bobih, not
shown in the table), there is no inversion of tendency
here, in the interplay with the light stop channel, as pro-
duction rates are strongly dominated by the fact that
my,,my, > myg . They both are very much suppressed.
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On similar grounds, one can argue about the smallness of
tat3h. Finally, being my, = my + my, in most part of the

(Mo,M /3) plane that we have spanned, the Z;Qiﬁh final
state never stands up either as quantitatively interesting.

The results for the mass dependence of the production
rates for the heavy (CP-even) Higgs boson have a sim-
pler pattern. The all of their production phenomenology
is governed by the fact that over the (My,M; ;) regions
considered here one never finds the kinematic configura-
tion My, 2 My + mpyg. That is, no production and
decay channel can onset, and the hierarchy of cross sec-
tions already seen for Mo = M/, = 150 GeV replicates
unaltered in most cases, mainly governed by the size of
the rest masses in the final state. Here cross sections re-
main sizable only if neither My nor M /5 exceed the value
150-200 GeV (for large tan 3, of course, see Fig. 5). Even
in such cases, though, presumably no more than a handful
of events can be selected in most decay channels.

4.1.4 CP-odd Higgs boson production

As discussed to some lenght in [16], pseudoscalar Higgs
boson production in association with sbottom and stop
squarks of different mass (the only possible combination in
absence of CP-violating phases in y and A, with ¢ = ¢, b),
can boast a special attractiveness because of the absence
of mixing terms in the relevant squark-squark-Higgs cou-
plings. By making use of (2) and recalling that if one
reverts the chirality flow in the vertex Aag, 4, the cor-
responding Feynman rule changes its sign [15], one finds
that those vertices reduce to

_gwmy

Aaiyi, = Moy (nw—Agcot B),
gwmy
My = — Moy (1 — Aptan ). (17)

These are precisely the couplings entering the two pro-
cesses of the type (1) inducing the final states ¢1q5A4,
where ¢ =t,b.

From this point of view, it is then clear the potential of
squark and pseudoscalar Higgs production in constraining
the input values of all five M-SUGRA parameters. In other
terms, to trace back (more technically, to fit) the shape of
the cross sections (if not of some differential distributions)
in terms of the tan 3, A, (with ¢ = ¢,b) and p parameters
entering (17) is presumably a much simpler job then doing
the same by using the more involved expressions in (2),
unless one exploits some asymptotic regime in either tan 3,
Ay (with ¢ = ¢,b) and/or p in which the latter reduce to
the former. It is under this perspective that we looked at
the case of A production in our [16].

Rather than repeating the all discussion carried out
there, we summarise here the salient findings of [16], re-
ferring the reader to that paper for specific details. The
production cross sections can be found in Fig. 6. For tan 3
below 20 or so, the rates for pseudoscalar Higgs boson
production are presumably too poor to be of great experi-
mental help. Furthermore, in the high tan § regime, pseu-
doscalar Higgs boson production is in general less effective
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Table 1. The variation of the most significant cross sections of processes gg — Gxqy,h with Mo, My, and
tan 8. The other M-SUGRA parameters are fixed as follows: A9 = 0 GeV and sign(p) = —

Mo(GeV) M, ,2(GeV) tan g3 a(gg — t1t1h)(fb) a(gg — tatsh)(fb) o(gg — bibih)(fb)
130 130 2 70.2 38 7.7 x 1072
200 150 2 32 150 2.9 x 1072
200 200 2 11 100 6.6 x 1073
300 250 2 2.9 48 1.4 x 1073
130 130 40 84 8.2 8.2
200 150 40 37 7.4 4.9
200 200 40 13 3.4 1.3
300 250 40 3.5 1.8 0.51

Table 2. The variation of the most significant cross sections of processes gg — QX(};/H
with Mo, Mo and tan 3. The other M-SUGRA parameters are fixed as follows:

Ao =0 GeV and sign(p) = —

Mo (GeV) M ,2(GeV) tan 3 a(gg — Gt} H)(fb) o(gg — biby H)(fb)
130 130 2 8.0 x 1073 2.1 %1073
200 150 2 1.4 x 1073 42 x107*
200 200 2 1.1 x 1074 7.5%x107°
300 250 2 1.3 x 1075 8.2x107¢
130 130 40 3.3 14
200 150 40 1.3 3.5
200 200 40 0.38 0.84
300 250 40 0.068 0.014

than other channels in constraining the sign of the Hig-
gsino mass term: compare the overlapping for the solid and
dot-dashed curves (for each Ap) in the detectable regions
of 115 A and l;llN);A production to the splitting occurring
in, e.g., ;£ H. This, as far as it concerns the flaws.

As for the advantages, we would like to draw the at-
tention of the reader to the fact that reactions (1) with
CP-odd Higgs bosons in the final state are quite sensitive
to tan 3. The simple form of the expressions for Aag, g,
(g =t,b) in (17) allows one to straightforwardly interpret
the variation of the pseudoscalar rates with this parame-
ter, namely, the steep rise at high values of the latter. This
can in fact be understood as follows. For large tan 3, the
vertex couplings of (17) can be rewritten in the approxi-
mate form

_gwmy
WMy s

that is, the coupling which is associated with the sbottom
pair is proportional to tan 3, so that, eventually, the total
b1b3 A cross section will grow with tan? 8 while the cou-
pling related to the stop pair will assume constant values.
In the latter, the enhancement of the #;5A cross section
with tan ( is rather a phase space effect since, as tan 3 in-
creases, the CP-odd Higgs boson mass decreases consider-
ably (the squark masses changing much less instead), as we

L dwime
Abi1by — 2MW

/\Aflfz ~ Ay tan 3, (18)

can see from Fig. 3. Of course, the same remains valid in
the former case as well, so that our figure indicates a clear
order in the size of the cross sections, o(b1b5A4) Z o (115 A),
at large tan (.

But, let us now turn our attention to another peculiar
dependence of the production rates of #1534 and by b} A:
the one on the common trilinear coupling Ag. Pretty much
along the same lines as for the combinations ¢,#%h, t,t5h
and Elng one can make the case that the sensitivity to
Ap of the A production cross sections offers the chance of
constraining, possibly the sign, and hopefully the magni-
tude, of this fundamental M-SUGRA parameter. This is
presumably the best attribute of #;£5A4 and 615314, under
the assumption already made in few instances that the de-
termination of tan 8 could come first from studies in the
pure Higgs sector. Putting down some numbers in this re-
spect, one may invoke the following scenario, if tan 3 is,
say, larger than 32:

o(fE5A) 210 fb = Ag < —300 (19)

o(b1bsA) 22 b = Ay < —300, (20)
quite independently of sign(u). Conversely, the non-obser-
vation of pseudoscalar Higgs events in those regimes would
imply most likely a positive Ag value.
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Fig. 6. Total cross section of gg — ¢1g2A processes (with
g = t,b) as a function of tan 3 for the characteristic input
values Mo = 150 GeV and M,,, = 150 GeV. Both positive
(dot-dashed) and negative (solid) p as well several Ag contour
lines are shown. The symbol “x” is used to indicate parameter
areas forbidden by direct Higgs boson searches

As for peculiar trends in Fig. 6, it is worth mentioning
(though we have not shown it here, as the reader can refer
to [16]) that the cross section for sbottom production van-
ishes too, at some (large) value of tan 3, as it did for the
case of CP-even Higgs production. As the reader can ap-
preciate in Fig. 2 of [16], contrary to the case of bibsh
and b1b5H final states, this however happens in b1b5A
events only for positive and large values of Ay (and both
sign(u) = 4). This is another consequence of the different
nature of the couplings (2) to squarks of CP-even versus
CP-odd neutral Higgs bosons. Though we have failed to
find a point where this disappearance of l;ll;;A events for
positive Ay values corresponds to the survival of a de-
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tectable cross section for negative Ag’s (at fixed tan ),
such matter would presumably deserve further investiga-
tion in the future.

Before closing this Section, we study the dependence of
pseudoscalar Higgs boson production in association with
stop and sbottom squarks on the last two M-SUGRA in-
dependent parameters, My and M /y: see Table 3. The
main effect of changing the latter is onto the masses of
the final state scalars, through the phase space volume
as well as via propagator effects in the scattering ampli-
tudes. (In fact, no decay channel of the heavier stop or
sbottom into the lighter one ever opens, at least for the
values of My and M/, that we had looked at.) In other
terms, to increase one or the other depletes both o (#;t5A)
and 0(515314) quite strongly, simply because the values
of all mg ’s, mg,, ’s and mg’s get larger. For example,
assuming tan 3 = 40: at My = M, = 130 GeV, one
has mj; = 248 GeV, my, = 388 GeV, m; = 256 GeV,
my, = 340 GeV and m4 = 120; whereas at My = 300
GeV and M;,5 = 250 GeV, the figures are m; = 461
GeV, m;, = 611 GeV, my, = 510 GeV, my, = 591 GeV
and m 4 = 292 GeV. In practice, the table shows that only
rather light Mo and M; /o masses (say, below 200 and 150
GeV, respectively) would possibly allow for pseudoscalar
production to be detectable at the LHC, and only at large
tan G [16].

4.1.5 Charged Higgs boson production

To have an additional source of charged Higgs bosons at
the LHC, especially with masses larger than the top mass
my, would be very helpful from an experimental point of
view. In fact, it is well known the difficulty of detecting
charged Higgs scalars in that mass regime, not only be-
cause of a dominant decay signature which suffers from
very large QCD background (i.e., H — tb — bbW ™' —
bbjj), but also because the production mechanisms are not
many and with not very large rates [13]. Unfortunately, as
it turns out from Fig. 7, typical production cross sections
of H* scalars in association with sbottom and stop pairs
rarely exceed 10 fb. These rates compare rather poorly
with other mechanisms [13], for the same choice of my«.
Thus, there is little to gain in exploiting processes (1) as
discovery channels of charged Higgs bosons.

Furthermore, their dependence on tan(3, Ay and
sign(p) replicates many of the tendencies already individ-
uated in neutral Higgs channels, for which the production
cross sections are much larger. Adding the fact that typ-
ical decay channels of the latter (e.g., in photon pairs)
are much cleaner in the hadronic environment of the LHC
than those of the former, one would quite rightly con-
clude that the potential of ;b5 H ", t;b5H~, bits H' and
bots H final states in constraining the M-SUGRA param-
eter space is rather poor.

Nonetheless, it is worth recognising some of the typi-
cal trends of the production cross sections, for the sake of
future reference. Let alone the last two combinations, for
which the final state masses are too heavy to be produced
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Table 3. The variation of the most significant cross sections of processes gg — GxGy/ A
with Mo, Mi;s and tan 3. The other M-SUGRA parameters are fixed as follows:
Ao =0 GeV and sign(u) = —
Mo (GeV) M, /2(GeV) tan 3 o(gg — t1t3 A)(fb) o(gg — bibsA)(fb)
130 130 2 5.2 x 1072 4.1 x107*
200 150 2 2.0 x 1072 88 x107°
200 200 2 5.9 x 1073 2.8 x 107°
300 250 2 1.3x 107° 3.9 x 107
130 130 40 79 13
200 150 40 14 2.4
200 200 40 0.31 0.6
300 250 40 0.048 0.098
gg%’twlngi gg%?lngi
102 I g 102 IEREaE ———3
F 1<0 GeV (solid) Vo=i4 Tev] F 4<0 GeV (solid) Va=14 Tev]
1ol - L 1
E 3 100 e
F M;/2=150 GeV 1 E M;/3=150 GeV 3
- 100 - M(=150 GeV - [ Mp=150 GeV ]
=} E =}
=) F ) 100 003
® 10-1 L - S E §
10-2 % é 1071 e =
10-3 L L ] 10-2 I ]
0 10 20 30 0 10 20 30
tang tang
ggagl’{zﬂi gga"zg’l\;zﬂi
10.00 i i 3 100 i i T3
5.00 [— <0 GeV (solid) Ve=14 Tev] F 11<0 GeV (solid) Vo=14 Tev] . )
[ / [ ] Fig. 7. Total icross section of
L ] -1 | | ~ .
ool My gm150 cev ] 10 E My /=150 Gev e gqu) = q1,2q12H prO(.:esses (with
_ 050iM0:150 GeV ] F My=150 Gev 1 ¢’ =1t b) as a .qulCt‘lOH of tan
g U E € 0z L ] for the characteristic input values
3 3 E 3 Mo = 150 GeV and M;,; = 150
0.10 F 1 GeV. Both positive (dot-dashed)
0.05 1073 = ) —4  and negative (solid) p as well sev-
F 3 eral Ag contour lines are shown.
0.01 10—t Lo L v oL 114 The symbol “x” is used to indicate
' 0 10 20 30 parameter areas forbidden by direct
tang tang

at detectable rate, we have a quick look at the first two
cases, which can indeed have cross sections significantly
above 1 fb, at least in the large tan 3 region. This en-
hancement has a twofold explanation. Firstly, phase space
effects, as for large tan 3 all scalar masses (except mg,
and mp,) get smaller: see Figs. 2-3. Secondly, terms in
their couplings proportional to m,Ap tan 8 are dominant
for most of the possible Ay and sign(p) combinations. Fi-

nally, notice also in the case of the t~11~f{H + final state
the vanishing of the cross section, this time at somewhat

Higgs boson searches

lower values of tan 3 than in the case of the neutral Higgs
bosouns.

As for the My and M/, dependence, this is again
realised through the phase space and the propagators,
as there is no significant enhancement from resonant de-
cays. In practice, only if tan § is extremely large and both
the universal scalar and gaugino masses are below 200
CeV, the two cross sections for #,0%H~ and #,b5H~ re-
main detectable (indeed, those containing the lightest stop
squark): see Table 4.
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Table 4. The variation of the most significant cross sections of processes gg — ¢y H +
with Mo, M /2 and tan 3. The other M-SUGRA parameters are fixed as follows: Ag = 0

GeV and sign(u) = —

Mo (GeV) M, ;5(GeV) tan g3 o(gg — 1163 H™)(fb) o(gg — t1b3H™)(fb)

130 130 2 43 %1074 1.4x 1073

200 150 2 2.2x107° 3.0x107*

200 200 2 3.1x107° 9.8 x 107°

300 250 2 1.6 x 1076 1.4 x107°

130 130 40 2.2 4.8

200 150 40 1.5 4.5

200 200 40 1.7 0.31

300 250 40 0.064 0.023

4.1.6 Decay signatures

So far we have only discussed production cross sections
for processes of the form (1) and made no considerations
about possible decay channels and relative branching frac-
tions of either squarks or Higgs bosons. Another related
aspect is the typical kinematics of the signals, as it appears
in the detectors, and the size of the possible backgrounds.
Furthermore, the reader should appreciate how all chan-
nels entering processes (1) are intertwined, in the sense
that any of these can act as a background to all others.

It is the aim of this Section that of indicating some pos-
sible decay signatures of the most relevant squark-squark-
Higgs processes, in which they show both large rates and
their kinematics is such that they can hopefully be disen-
tangled at the LHC. In doing so, we distinguish between
a small (see 4.1.6.1) and large (see 4.1.6.2) tan 3 regime,
as we have shown that such a parameter is crucial in de-
termining the actual size of the production rates. As rep-
resentative choice of the universal masses we adopt the
combination with lowest values among those discussed in
the previous Subsections, i.e., My = M/, = 130 GeV,
further setting Ap=0 and sign(u) negative.

4.1.6.1 Small tan 8 regime

For small tan 3’s the only relevant processes are t1;h and
t1t5h production. A possible decay signature for the first
case is the one contemplated in [17,18]. That is, #; —
X7b — Wb plus missing energy for the light stop and
h — 7~ for the light Higgs boson, with the W+ decaying
leptonically and /or hadronically. The final topology would
be the same as in tth, with the only difference that for stop
squark events there is a large amount of missing energy.

Since another option to tag the lightest MSSM Higgs
boson at the LHC is to use the more messy but dominant
decay channel into bb pairs (as opposed to exploiting the
cleaner but suppressed vy mode) [39,40], another possible
decay sequence could be the following:

o i h

I i ¢
Xy +b X; + b b+ b
] $

a+7+x0 ¢ +v+x

in which ¢ = ud, c5 and ¢ = e, u. Considering also the
charge conjugated XT X7 decays, the final signature would
then be ‘2 jets + 4b + 0* + Eiss’, where the missing
energy/momentum is not only due to the two x{’s but
also to the neutrinos.

The total branching ratio (BR) of such a decay se-
quence is, for tan 8 = 3 and according to Table 5, approx-
imately 2.5%. The production cross section at the same
tan 8 value is about 72 fb, so that about 176 events per
year would survive. One may further assume a reduction
factor of about 0.25 because of the overall efficiency e}
to tag four b-quarks (assuming ¢;, ~ 0.7). This ultimately
yields something more than 44 events per year. In addi-
tion, one should expect most of the signal events to lie
in the detector acceptance region, since leptons and jets
originate from decays of heavy objects.

The same signature could well be exploited in the case
of the #;£3h final state. Here, the production cross section
is smaller than for £,£1h production, about 40 fb, so is the
ta — X7 b decay rate as compared to the #; — be one (see
Table 5). However, the final number of events per year is
still quite large: about 14 after having already multiplied
by &}.

As for the kinematics of these two signatures, we may
remark that they have peculiar features that should help
in their selection: a not too large hadronic multiplicity,
six jets in total, each rather energetic (in fact, note that
M+ — Myo ~ 58 GeV and m;, =~ 378 GeV > m; =~
273 GeV > mx ~ 114 GeV), so that their reconstruc-

tion from the detected tracks should be reasonably accu-
rate; high transverse momentum and isolated leptons to
be used as trigger; large Fiss to reduce non-SUSY pro-
cesses; four tagged b-jets that can be exploited to suppress
the ‘W* 4+ light jet’ background from QCD, and one bb
pair resonating at the h mass, m, ~ 90 GeV. Moreover,
the ‘irreducible’ background from #,;Z events has been
shown in [19] to be under control, even when m, ~ M,
as it is the case here.

4.1.6.2 Large tan 3 regime

In the large tan 3 regime there is a variety of cross sections
which can be significant: 117X, t1£5X, bi1b7 X, b2b3 X,
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Table 5. Dominant decay channels and BRs of the final state
(s)particles in gg — 4Gy h, ¢ =t and x,X = 1,2, for My =
M,y )2 =130 GeV, Ag =0, tan 3 = 3 and sign(u) < 0 [10].

" Via off-shell W+

Particle BR Decay Particle BR  Decay
~ 33% -
t1 6% X7b t =°  udb

9 33% _
196 it )
o
7 57% + U et up
t2 —  xib
11% +
24% + = uTub
— X3 b
1% W tup
= x5
30% 0. 7
h 90% bb xi = xud'
30% 0 —
% = xics!
0
0.0003% 14% xirtut
- " 1
14% 0 _+
— xie'v
14% o
= Xttt
28% _
X8 = xiww
14% _
= xJeet
14% o — +
= Xup
14% _
=t

LA, bibsA, 1103 HT and {1b5H", where X = h, H. For
reasons of space, however, we only focus our attention to
one signature for the Higgs states not yet considered, the
one arising from the dominant production channel in all
cases, with the only exception of the charged Higgs bosons.
In fact, we will neglect analysing here their decay patterns,
as we have already mentioned the poor effectiveness of the
charged Higgs production modes both as discovery chan-
nels and probes of the underlying M-SUGRA model.

In the case of heavy scalar Higgs bosons, we consider
the final state BJJTH This yields a cross section of 14 fb
for tan 8 = 40. A possible decay chain is the one below.

by b H
3 S
xy+b x§Y+b  b+b

That is, a rather simple final state made up by four b-
quarks and missing energy. The BR of this sequence is
about 9% (see Table 6). Therefore, at high luminosity, one
obtains 129 events per year, before heavy flavour identifi-
cation.

The main background is certainly ordinary QCD pro-
duction of four jets. However, the requirement of tag-
ging four b-jets would reduce the latter considerably. Fur-
thermore, if the mass of the heavy scalar Higgs boson is
known, then one could impose that two b-quarks repro-
duce my ~ 121 GeV within a few GeV (say, 5) in in-
variant mass. Finally, given the enormous mass difference
my —mp &~ 250 GeV, compared to the rest mass of the
LSP, mgo ~ 51 GeV, one should expect, on the one hand,
a large amount of missing energy, and, on the other hand,
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Table 6. Dominant decay channels and BRs of the final state
(s)particles in gg — GGy X, X = h, H,A H*, ¢ =tband
X, X = 1,2, for Mo = My;2 = 130 GeV, Ag = 0, tan3 = 40
and sign(p) < 0 [10]

Particle BR Decay Particle BR Decay

z 94% + 100% -4
t1 = Xirb X1 — TV
P 40% + 240 oyt
ta = x3b X2 = x2W
26% 5%+
= xTb - x4
16% 7 u%  +
= oW - x4
~ 10% -
7;7;) t1Z = Tty
z 61% o 100% -+
b1 = x3b X2 = AT
32% 0 24% _
= xib P = xtw
~ 42% 24% o4
by = X% - W
31% 9% 0
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hoo 2 b BT W
6% _ 6% 0
= ortr = xih
6% 0
94% - — Z
H ¢ b X1
6% _ =+ 100% o -+
= 1t T - xiT

HE = %

all four b-jets to be quite hard, both aspects further help-
ing to reduce the QCD noise. In the end, some 32 events
could well be detected annually, having already accounted
for the overall b-tagging efficiency £} = 0.25.

For the case of the pseudoscalar Higgs particle, we
choose the final state #173A, which has a cross section of
about 79 fb at tan 8 = 40. A possible signature could be’:

i i A

+ ¢ 4
Xy +b oxy+b b+b
+ ¢

T + v 7~'ik+V

$ ¢

LR S E PG

Here, the final state is made up by four b-quarks and two
7’s, plus missing energy as usual. The decay fraction is
23% (again, see Table 6). That is, 1814 events per year
before tagging b’s and 7’s.

The most dangerous backgrounds are probably Z +
4 jet production and t£bb events. The first can be rejected
by asking, e.g., M +,- # My, if T’s are reconstructed.

 Additional examples can be found in [16]
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In addition, both background processes have (at least)
two b-quarks quite soft. As for the signal, given that the
lightest chargino mass is much smaller than the stop ones

(in fact, mgx ~ 93 GeV whereas mj =~ 248 GeV and

mg, = 388 GeV), all b’s are naturally energetic and two of
them also peak at m 4 = 120 GeV. Thus, to require all My,
invariant masses sufficiently large with one close to the A
mass should help in enhancing considerably the signal-to-
background rates. Requiring large missing energy would
help further, especially against ttbb events. More difficult
is to discern differences in the 7 behaviours (though, notice
that mz, ~ 76 GeV > m.). For e} = 0.25, and assuming
leptonic decays of both 7 and 7~ into electrons and/or
muons, one finally gets something of the order of 110 signal
events per year.

4.2 Heavy mass spectrum

An attempt to summarise our findings is made in Fig. 8,
where the most relevant cross sections (see upper frame)
for the light mass regime (see lower frame) are plotted for
a choice of My, My 9, Ao, tan 3 and sign(u) which reflects
their hierarchal order seen over most of the M-SUGRA
parameter space discussed so far.

However, to assume that only light squark and Higgs
masses can induce sizable cross sections in events of the
type (1) would be wrong. This is a sufficient condition
for many channels, but not a necessary one. For example,
even for very large universal masses, one could find a value
of the soft trilinear coupling small enough to overcome the
loss of signal due to propagator and phase space effects. In
fact, as repeatedly shown in the previous Section, most of
the cross sections considered here grow quickly as Ay be-
comes negative. Figure 9 makes eloquently this point (top
insert), for the choice 49 = —900 GeV, well consistent
with the bounds imposed by the charge and colour break-
ing minima. There, we have adopted a very large value for
My, i.e., 500 GeV, and varied M, /o between 100 and 500
GeV. The choice of a large tan 3 value, i.e., 35, is necessary
to obtain detectable rates, except in those cases involving
t, and h in the same event. In contrast, that of a negative
sign(p) never is. The squark and Higgs masses produced
by the above combinations of M-SUGRA parameters can
be found in the bottom frame of Fig. 9.

There are only a few production channels which sur-
vive the strong phase space suppression arising in the
heavy mass regime and yield cross sections above 1 fb.
Among these, other than those already encountered £, h,
titsh, by Ei‘h, one notices the appearance of channels which
had negligible rates in the low mass regime, notably b1b5h
(compare to Fig. 4). In this specific instance, the effect
is due to the enhancement induced by the onset of the
by — bih decay mode in gg — b2b5 events. Even the
other two combinations ¢;#; H and t~11~)§H ~, which had a
rather low profile in the light mass regime, now compete
more closely with the dominant modes. Finally, notice that
pseudoscalar Higgs boson production is no longer signifi-
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Fig. 8. The most significant cross sections which survive the
choice of a light SUSY spectrum (above), alongside the val-
ues for the masses entering the corresponding production pro-
cesses (below). Shaded regions indicate areas excluded by di-
rect searches

cant in this mass regime, in line with the results presented
in [16].

In practise, if My = 500 GeV, events involving light
CP-even Higgs bosons could be detected up to M /5 = 400
GeV or so, in either mode ¢,¢%h or t1t3h. Final states of the
type b1bsh have surprisingly large rates if M/ is below
220 GeV. The maximum reach in M, /5 via l;llN)Th, t~1l~J§H*
and t,# H is instead 220, 180 and 140 GeV, respectively.

This is just one example where a new phenomenology
of squark-squark-Higgs events arises for rather heavy M,
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rect searches

and M/, masses. We have found several such combina-
tions, and linked them to the fact that Ay ought to be
significantly large and negative, tan § close to m;/ms, but
with small dependence on sign(u).

5 Conclusions

In summary, we have studied neutral and charged Higgs
boson production in association with all possible combi-
nations of stop and sbottom squarks at the LHC, in the
context of the SUGRA inspired MSSM. Our interest in
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such reactions was driven not only by the fact that they
can act as new sources of Higgs particles but also because
they carry a strong dependence on the five inputs of the
SUSY model, so that they can possibly be used to con-
strain the latter. In a sense, this note (along with [16])
completes previous analyses on the subject [17-19], where
the emphasis was mainly put on the usefulness of the
above kind of reactions as Higgs production modes and
the attention consequently restricted to the case of light
squark and Higgs masses.

We have found that the cross sections of many of these
processes should be detectable at high collider luminos-
ity for not too small values of tan 3. Indeed, their pro-
duction rates are strongly sensitive to the ratio of the
VEVs of the Higgs fields, this possibly allowing one to
put potent constraints on such a crucial parameter of the
MSSM Higgs sector. Furthermore, also the trilinear cou-
pling Ag intervenes in these events, in such a way that
visible rates would mainly be possible if this other fun-
damental M-SUGRA input is negative. (Indeed, to know
the actual value of tan 8 from other sources would further
help to assess the magnitude of Ag.) As for the sign of the
Higgsino mass term, sign(u), it affects the phenomenol-
ogy of such events in one or two channels only, so that it
can easily evades the imposition of experimental bounds.
Finally, concerning the remaining two parameters (apart
from mixing effects) of the M-SUGRA scenario, one must
say that My need not be small (it could be as large as 500
GeV) and that M/, is enough to be below 220 GeV in
order to guarantee sizable cross sections in many cases.

In a few representative examples, we have further in-
vestigated the decay phenomenology of these reactions,
by discussing some possible signatures, their rates (of the
order of tens to hundreds of events per year at high lumi-
nosity) and peculiar kinematics, as opposed to the yield
of ordinary, non-SUSY backgrounds.

In conclusion, we believe these processes to be poten-
tially very helpful in putting drastic limits on several M-
SUGRA parameters and we thus recommend that their
phenomenology is further investigated in the context of
dedicated experimental simulations, which were clearly
beyond the scope of this note. In this spirit, we have de-
rived compact analytical formulae of the relevant produc-
tion MEs, that can easily be incorporated in existing MC
programs.
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Appendix A

In this additional Section we present in analytic form the
MEs adopted in calculating all our processes. We identify
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the external particles as follows:

9(p1: A1) + 9(p2, A2) — Gy (p3) + @, (pa) + P(ps), (A1)

where p;, i = 1,...5 are the four-momenta'®, and ;,
7 = 1,2, are the helicities of the QCD vector bosons.

It is convenient to rearrange the amplitudes correspond-
ing to the graphs in Fig. 1 in terms of their colour struc-
ture. For example, it is trivial to recognise the existence of
only two combinations of colour matrices, namely, t2t5 =
(t4tB) 4y and tB 14 = (tBtA)ab, where A, B =1,...8 are
the gluon and a,b,c = 1,...3 the squark colour indices.
This is immediate for graphs 1 to 6, as one can realise by
explicitly writing down the QCD Feynman rules. In addi-
tion, the triple-gluon diagrams, graphs 7 and 8, are pro-
portional to the anti-commutator [t#,¢5], whereas those
involving quartic couplings, graphs 9 and 10, depend on
the commutator {t4, 8}

Therefore, the total amplitude of processes of the type
(A.1) can be written as

ARL = M)W T+ (P (A2)

The two subamplitudes T{)‘}, i = 1,2, are obtained as
follows
3 8 10
™ =3P ST M Y P (A)

i=1
M - iMi{)\} _ iMi{” n iMi{”,
i=4 =7 =9

where the Mi{’\}, i = 1,...10, are the original Feynman
amplitudes associated to the graphs in Fig. 1, but de-
prived of their colour structure (and couplings, see (A.4)
below)!!

This way, the total amplitude squared, summed/av-
eraged over the final/initial spin and colours, can be ex-
pressed in terms of only two colour factors, as

=7 =9

IM[2(99 — Gy, ®)

2 2
gsg A A}
= Pag, PgE 0 D3 TN Oy, (A)
(A}==+ i=1 j=1
with ¢2 = 4mas, g3y = 47Qem/sh, and where Cjj is a
(2 x 2) colour matrix with elements
1,1 6
011 = 022 = (7 — 2NC + Ng) = -, (AS)
1'Ne
1,1 2
Cio=09=~(—— — =—=
12 21 4(NC c) 3’

10 For our purposes, we take the initial state momenta, pi
and p2, as incoming and the final state ones, p3, ps and ps, as
outgoing

1 The notation {\} refers cumulatively to the helicities of the
two incoming gluons, i.e., \; with ¢ = 1,2
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as usual being No = 3 the number of colours in QCD.
n (A.4), A, g, represents the strength of the squark-
X

squark-Higgs vertex involved, as described in Sect. 3 (apart
from an overall phase and the factor gy ).

The ten amplitudes Mi{)‘} are simply

M = dei (A1) - pa £2(ha) - (p3 + )/ Pra/ Pss,(A.6)
M{’\} =4e1(M) - (pa + ps) €2(\2) - p3/Pas/ Pas,
M{’\} =4e1(A\1) - pa e2(A2) - p3/ P14/ Pos,

MPY = 4e1(\) - (ps + ps) e2(X2) - pa/ Paa/ Pas,
MM = de;(\) - ps e2(0) - (1 + ps)/Piz/ Pus,
M{)‘} =4e1(\1) - p3 e2(A2) - pa/ Pos/ Pi3,

M = e300, A9) - (=24 + p1 + p2)/ Pss,
Mé{’\} = e12(A1, A2) - (42p3 — p1 — p2)/ Pas,

M = () - £2(2) /P,

MEY = e1(\) - e2002)/ Pis,

where we have introduced the propagator functions

P14 = (pl ) M q (A?)
Pyy = (p2 —pa)® — Mq% )
Pyg = (p2 — p3)* — M,
Py = (p1 —ps)? — M§,
P35 = (p3 +ps)° — M%, +iMg Iy,
Pys = (pa +ps)® — Mg +iMg I;,
the gluon polarisation vectors [41], i = 1,2,
1
€#>\2: = — E'U‘)\Z:l—IEHAZZQ,AS
i ( ) \@F i ( ) i ( )], (A.8)
2
ef (N =1) = (Ipslpd )70, P, 0} 7, —1i )

1
Eu()‘l = 2) = (p?)_ (07 2 7pi70)7

with

(A.9)

2
pi = /PP + Y7,
Ipi| = /PP +p!? + pi2,

and their contraction over the triple-gluon vertex times
the gluon propagator

ey (A1, A2)
= P%Q{(pl —p2)*e1(A1) - €2(A2) + [(P2 + p12)
€1(A1)]er (A2) — [(p1 + p12) - e2(A2)]e (A1)}, (A.10)
with Pia = p3y = (p1 + p2)*
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