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Abstract. The search for MSSM Higgs bosons will be an important goal at the LHC. We analyze the search
reach of the CMS experiment for the heavy neutral MSSM Higgs bosons with an integrated luminosity of
30 or 60 fb~!. This is done by combining the latest results for the CMS experimental sensitivities based
on full simulation studies with state-of-the-art theoretical predictions of the MSSM Higgs-boson properties.
The results are interpreted in MSSM benchmark scenarios in terms of the parameters tan 8 and the Higgs-
boson mass scale, M 4. We study the dependence of the 50 discovery contours in the M 4—tan 3 plane on
variations of the other supersymmetric parameters. The largest effects arise from a change in the higgsino
mass parameter p, which enters both via higher-order radiative corrections and via the kinematics of Higgs
decays into supersymmetric particles. While the variation of i can shift the prospective discovery reach (and
correspondingly the ”LHC wedge” region) by about A tan 3 = 10, we find that the discovery reach is rather
stable with respect to the impact of other supersymmetric parameters. Within the discovery region we ana-
lyze the accuracy with which the masses of the heavy neutral Higgs bosons can be determined. We find that
an accuracy of 1%-4% should be achievable, which could make it possible in favorable regions of the MSSM

parameter space to experimentally resolve the signals of the two heavy MSSM Higgs bosons at the LHC.

1 Introduction

Identifying the mechanism of electroweak symmetry break-
ing will be one of the main goals of the LHC. Many possibil-
ities have been studied in the literature, of which the most
popular ones are the Higgs mechanism within the stan-
dard model (SM) and within the minimal supersymmetric
standard model (MSSM) [1-3]. Contrary to the case of the
SM, in the MSSM two Higgs doublets are required. This
results in five physical Higgs bosons instead of the single
Higgs boson of the SM. These are the light and heavy C P-
even Higgs bosons, h and H, the CP-odd Higgs boson,
A, and the charged Higgs boson, H*.! The Higgs sector
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of the MSSM can be specified at lowest order in terms of
the gauge couplings, the ratio of the two Higgs vacuum
expectation values, tan 3 = v2/v1, and the mass of the C P-
odd Higgs boson, M 4. Consequently, the masses of the
C P-even neutral Higgs bosons and the charged Higgs boson
are dependent quantities that can be predicted in terms of
the Higgs-sector parameters. Higgs phenomenology in the
MSSM is strongly affected by higher-order corrections, in
particular from the sector of the third generation quarks
and squarks, so that the dependencies on various other
MSSM parameters can be important.

After the termination of LEP in the year 2000 (the fi-
nal LEP results can be found in [4,5]), and the (ongoing)
Higgs-boson search at the Tevatron [6—12], the search will
be continued at the LHC [13-15] (see also [16,17] for re-
cent reviews). The current exclusion bounds within the
MSSM [5-10] and the prospective sensitivities at the LHC
are usually displayed in terms of the parameters M4 and
tan 8 that characterize the MSSM Higgs sector at low-
est order. The other MSSM parameters are conventionally
fixed according to certain benchmark scenarios [18—20].
The most prominent one is the “m}*** scenario”, which in
the search for the light CP-even Higgs boson allows one
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to obtain conservative bounds on tan 8 for fixed values of
the top-quark mass and the scale of the supersymmetric
particles [21]. Besides the “no-mixing scenario”, which is
similar to the m}*** scenario but assumes vanishing mixing
in the stop sector, other C P-conserving scenarios that have
been studied in LHC analyses (see e.g. [17]) are the “gluo-
phobic Higgs scenario” and the “small ag” scenario [19].

For the interpretation of the exclusion bounds and
prospective discovery contours in the benchmark scenarios
it is important to assess how sensitively the results de-
pend on those parameters that have been fixed according
to the benchmark prescriptions. While in the decoupling
limit, which is the region of MSSM parameter space with
My > Mz, the couplings of the light C P-even Higgs boson
approach those of a SM Higgs boson with the same mass,
the couplings of the heavy Higgs bosons of the MSSM can
be sizably affected by higher-order contributions even for
large values of M4. The kinematics of the heavy Higgs-
boson production processes, on the other hand, is governed
by the parameter M4, since in the region of large M 4 the
heavy MSSM Higgs bosons are nearly mass-degenerate,
Ma =~ My =~ My=. In [20] it has been shown that higher-
order contributions to the relation between the bottom-
quark mass and the bottom Yukawa coupling have a dra-
matic effect on the exclusion bounds in the M 4—tan § plane
obtained from the bbg, ¢ — bb channel at the Tevatron.

In this article we investigate how the 50 discovery re-
gions in the M 4—tan 3 plane for the heavy neutral MSSM
Higgs bosons (a corresponding analysis for the charged
Higgs-boson search will be presented elsewhere) obtain-
able with the CMS experiment at the LHC depend on the
other MSSM parameters. For the experimental sensitivi-
ties achievable with CMS we use up-to-date results based
on full simulation studies for 30 or 60 fb~! (depending on
the channel) [15]. This information is combined with pre-
cise theory predictions for the Higgs-boson masses and
the involved production and decay processes incorporating
higher-order corrections at the one-loop and two-loop level.
In our analysis we investigate the impact on the discovery
reach arising both from higher-order corrections and from
possible decays of the heavy Higgs bosons into supersym-
metric particles.?

The search for the heavy neutral MSSM Higgs bosons
at the LHC will mainly be pursued in the b quark associ-
ated production with a subsequent decay to 7 leptons [13—
15]. In the region of large tan 8 this production process
benefits from an enhancement factor of tan? 5 compared to
the SM case. The main search channels are® (here and in
the following ¢ denotes the two heavy neutral MSSM Higgs
bosons, ¢ = H, A):

bbop, p — 7T — 2jets,

(1)

2 We restrict our analysis to the impact of supersymmetric
contributions. For a discussion of uncertainties related to par-
ton distribution functions, see e.g. [22].

3 In our analysis we do not consider diffractive Higgs pro-
duction, pp — p@® H @ p [23-27]. For a detailed discussion of
the search reach for the heavy neutral MSSM Higgs bosons in
diffractive Higgs production we refer to [28].

S. Gennai et al.: Search for heavy neutral MSSM Higgs bosons with CMS: reach and Higgs mass precision

bbp, ¢ — 7T — p+jet,
bbp, ¢ — 7T — e+ jet, (3)
bbp, =TT T —etp.

For our numerical analysis we use the program Feyn-
Higgs [29-33]. We study in particular the dependence of
the “LHC wedge” region, i.e. the region in which only the
light C P-even MSSM Higgs boson can be detected at the
LHC at the 50 level, on the variation of the higgsino mass
parameter pu. The dependence on p enters in two different
ways, on the one hand via higher-order corrections affect-
ing the relation between the bottom mass and the bottom
Yukawa coupling, and on the other hand via the kinematics
of Higgs decays into supersymmetric particles. We analyze
both effects separately and discuss the possible impact of
other supersymmetric parameters.

Our results for the discovery reach of the heavy neutral
MSSM Higgs bosons extend the known results in the liter-
ature in various ways. In comparison with [34,35], where
the prospective 50 discovery contours for CMS in the M 4—
tan 3 plane of the m}'** benchmark scenario were given for
three different values of u, the results in the present pa-
per are based on full simulation studies and make use of
the most up-to-date CMS tools for triggering and event
reconstruction. Furthermore, in the analysis of [34, 35] rel-
evant higher-order corrections, in particular those depend-
ing on Ay (see Sect. 2.2 below), have been neglected. The
effects induced by the Ay corrections have been investi-
gated in [20], where the results were obtained by a simple
rescaling of the experimental results given in [13,34-37].
Our present analysis, on the other hand, makes use of the
latest CMS studies and provides a separate treatment of
the different 7 final states, channels (1)—(4).

As a second step of our analysis we investigate the ex-
perimental precision that can be achieved for the deter-
mination of the heavy Higgs-boson masses in the discovery
channels (1)—(4). We discuss the prospective accuracy of
the mass measurement in view of the possibility to exper-
imentally resolve the signals of the heavy neutral MSSM
Higgs bosouns.

The paper is organized as follows: Sect. 2 introduces
our notation and gives a brief summary of the most rel-
evant supersymmetric radiative corrections to the Higgs-
boson masses, production cross sections and decay widths
at the LHC. The relevant benchmark scenarios are briefly
reviewed. In Sect. 3 the experimental analysis is described.
The results for the variation of the 5o discovery contours,
obtainable at CMS with 30 or 60 fb~! are given in Sect. 4,
where we also discuss the achievable experimental preci-
sion in the Higgs mass determination. The conclusions can
be found in Sect. 5.

2 Phenomenology of the MSSM Higgs sector

2.1 Notation

The MSSM Higgs sector at lowest order is described in
terms of two independent parameters (besides the SM
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gauge couplings): tan 3 = v /v;, the ratio of the two vac-
uum expectation values, and M4, the mass of the C P-odd
Higgs boson A. Beyond the tree level, large radiative cor-
rections can occur from the ¢/ t sector, and for large values
of tan § also from the b/b sector.

Our notations for the scalar top and scalar bottom sec-
tor of the MSSM are as follows: the mass matrices in the
basis of the current eigenstates f1,, tg and by, b are given
by

M2 — M% +m?+cos26 (5 — %s%v) M2
mtXt

mtXt
MER +m?+ 2 cos2Bs3 M%)
(5)
M2 — M% +m} +cos20(—% + 153, ) M3
o mbXb

mbXb
MgR +m} — % cos2Bs% M%)
(6)

where

me Xy =my(Ar —pcot 8 ),
mp Xp =my (Ap —ptan ). (7)

Here My, Mj, and MER are the diagonal soft SUSY-
breaking parameters, A; denotes the trilinear Higgs—stop
coupling, A, denotes the Higgs—sbottom coupling, and y is
the higgsino mass parameter.

For the numerical evaluation, it is often convenient to
choose

MQ:MfR :MB =: Msyusy - (8)

Concerning analyses for the case where My, # My # M, B

seee.g. [31, 38, 39]. It has been shown that the upper bound
on the mass of the light C P-even Higgs boson, M}, ob-
tained using (8) is the same as for the more general case,
provided that Mgysy is identified with the heaviest mass of
MQ, MER and MER [31].

Accordingly, the most important parameters entering
the Higgs-sector predictions via higher-order corrections
are my, Msusy, Xt, Xp and p (see also the discussion
in Sect. 2.2.2 below). The Higgs-sector observables further-
more depend on the SU(2) gaugino mass parameter, Mo,
the U(1) parameter M7 and the gluino mass, m; (the lat-
ter enters the predictions for the Higgs-boson masses only
from two-loop order on). In numerical analyses the U(1)
gaugino mass parameter, M, is often fixed via the GUT
relation

2
_Osw

M, M. (9)

T3
We will briefly comment below on the possible impact of
complex phases entering the Higgs-sector predictions via
higher-order contributions.
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2.2 Higher-order corrections in the Higgs sector

In the following we briefly summarize the most import-
ant higher-order corrections affecting the observables in the
MSSM Higgs-boson sector. Asmentioned above, we focus on
the MSSM with real parameters. For our numerical analysis
we use the program FeynHiggs [29-33]*, which incorporates
a comprehensive set of higher-order results, obtained in the
Feynman-diagrammatic approach [31-33,40—43].

2.2.1 Higgs-boson propagator corrections

Higher-order corrections to the Higgs-boson masses and
the wave function normalization factors of processes with
external Higgs bosons arise from Higgs-boson propagator-
type contributions. These corrections furthermore con-
tribute in a universal way to all Higgs-boson couplings.
For the propagator-type corrections in the MSSM the com-
plete one-loop results [44—51], the bulk of the two-loop
contributions [31,39-42,52-78] and even leading three-
loop corrections [79] are known. The remaining theoretical
uncertainty on the light CP-even Higgs-boson mass has
been estimated to be below ~ 3 GeV [32,80]. The by far
dominant contribution is the O(ay) term due to top and
stop loops (ay = h?/(4r), where h; denotes the top-quark
Yukawa coupling). Effects of O(ayp) can be important for
large values of tan (.

2.2.2 Corrections to the relation
between the bottom-quark mass
and the bottom Yukawa coupling

Concerning the corrections from the bottom/sbottom sec-
tor, large higher-order effects can in particular occur in
the relation between the bottom-quark mass and the bot-
tom Yukawa coupling (which controls the interaction be-
tween the Higgs bosons and bottom quarks as well as be-
tween the Higgs and scalar bottoms), hy, for large values
of tan 3. At lowest order the relation reads my = hyv.
Beyond the tree level large radiative corrections propor-
tional to hyvy are induced, giving rise to tan S-enhanced
contributions [66—70, 81]. At the one-loop level the leading
terms proportional to vy are generated either by gluino—
sbottom one-loop diagrams of O(ay) or by chargino—stop
loops of O(a).

The leading one-loop contribution Ay in the limit of
Mgusy > my and tan 8 > 1 takes the simple form [66—68]

2«

Ay = S—;mg,utanﬂ X I(mgl,mgz,mg)

v
+ﬁAtutanﬁI(mgl,m,§2,u)7 (10)

where the function I is given by

1
(@)~ 2)(a? — )

a? b2 c?
X ((12b2 log — + b2%c? log — + ¢?a® log —)
b2 c? a?

I(a,b,c) =

4 The code can be obtained from www.feynhiggs.de.
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1
- max(a?, b2, c?)

(11)

The leading contribution can be resummed to all orders in
the perturbative expansion [66—70]. This leads in particu-
lar to the replacement

mp
1+ A4’

where My denotes the running bottom quark mass includ-
ing SM QCD corrections. For the numerical evaluations in
this paper we choose T, = T, (M) & 2.97 GeV.

The A, corrections are numerically sizable for large
tan 8 in combination with large values of the ratios of
pumg/M3ygy or pAr/M3ygy - Negative values of Ay lead to
an enhancement of the bottom Yukawa coupling as a con-
sequence of (12) (for extreme values of y and tan 3 the bot-
tom Yukawa coupling can even acquire non-perturbative
values when A, — —1), while positive values of A; give rise
to a suppression of the Yukawa coupling. Since a change in
the sign of u reverses the sign of Ay, the bottom Yukawa
coupling can exhibit a very pronounced dependence on the
parameter p.

For large values of tan 3 the correction to the produc-
tion cross sections of the Higgs bosons H and A induced
by A, enters approximately like tan? 3/(1+ 4p)?, giving
rise to potentially large numerical effects. In the case of
the subsequent Higgs-boson decay ¢ — 777, however, the
Ay corrections in the production and the decay process
cancel each other to a large extent. The residual A, depen-
dence of o(bbg) x BR(¢ — 77 77) is approximately given
by tan? 3/((1+ Ap)? 4 9), which has a much weaker Ay de-
pendence (see [20] for a more detailed discussion).

In the numerical analysis below the A; corrections,
which have been discussed in this section in terms of sim-
ple approximation formulae, will be supplemented by other
higher-order corrections as implemented in the program
FeynHiggs (and possible decay modes into supersymmetric
particles are taken into account). Higher-order corrections
to Higgs decays into 777~ within the SM and MSSM have
been evaluated in [50,51,82-91].

my —

(12)

2.2.3 Corrections to the Higgs production cross sections

For the prediction of Higgs-boson production processes
at hadron colliders SM-type QCD corrections in general
play an important role. The SM predictions for the pro-
cess bb — ¢+ X at the LHC are far advanced. In the five-
flavor scheme the SM cross section is known at NNLO
in QCD [92]. The cross section in the four-flavor scheme
is known at NLO [93,94]. Results obtained in the two
schemes have been shown to be consistent [95-97] (see
also [96, 98] and [93, 94] for results with one and two final-
state b-quarks at high pr, respectively).

The predictions for the bb — ¢ + X cross sections in the
MSSM have been obtained with FeynHiggs [29-33]. The
FeynHiggs implementation® is based on the state-of-the-
art SM prediction, namely the NNLO result in the five-

5 The inclusion of the charged Higgs production cross sec-
tions is planned for the near future.

S. Gennai et al.: Search for heavy neutral MSSM Higgs bosons with CMS: reach and Higgs mass precision

flavor scheme [92] using MRST2002 parton distributions
at NNLO [99], with the renormalization scale set equal to
M ysm and the factorization scale set equal to M gsm /4. In
order to obtain the MSSM prediction the SM cross section
is rescaled with the ratio of the partial widths in the MSSM
and the SM,

I'(¢ — bb)mssm

(& bb)su (13)

The evaluation of the partial widths incorporates one-
loop SM QCD and SUSY QCD corrections, as well as
(in the SUSY case) the resummation of all terms of
O((as tan 8)™) [50,51,69,82-91] and the proper normal-
ization of the external Higgs bosons as discussed in [33,
100]. Since the approximation of rescaling the SM cross
section with the ratio of partial widths does not take into
account the MSSM-specific dynamics of the production
processes, the theoretical uncertainty in the predictions for
the cross sections will in general be somewhat larger than
for the decay widths. It should be noted that in compari-
son with other approaches for treating the SM and SUSY
contributions, for instance the program HQQ [101], sizable
deviations can occur as a consequence of differences in the
scale choices and the inclusion of higher-order corrections.

2.3 The m{® and no-mixing benchmark scenarios

While the phenomenology of the production and decay
processes of the heavy neutral MSSM Higgs bosons at the
LHC is mainly characterized by the parameters M4 and
tan 8 that govern the Higgs sector at lowest order, other
MSSM parameters enter via higher-order contributions, as
discussed above, and via the kinematics of Higgs-boson
decays into supersymmetric particles. The other MSSM
parameters are usually fixed in terms of benchmark sce-
narios. The most commonly used scenarios are the “mj'**”
and “no-mixing” benchmark scenarios [18—20]. According
to the definition of [19] the m}*®* scenario is given by

Mgsusy =1000GeV, X;=2Msysy, Apy=A4;,
1=200GeV, M =200GeV,
mg= 0.8 MSUSY . (14)

The no-mixing scenario differs from the m}'** scenario

only in that it has vanishing mixing in the stop sector and
a larger value of Msysy:

MSUSY = 2000 GBV, Xt :0,
©=200GeV, M, =200GeV,
mg= 0.8 MSUSY .

Ab:At7

(15)

The value of the top-quark mass in [19] was chosen ac-
cording to the experimental central value at that time.
For our numerical analysis below, we use the value, m; =
171.4 GeV [102]S.

6 Most recently the central experimental value has shifted to
m¢ = 170.94+ 1.8 GeV [103]. This shift has a negligible impact
on our analysis.
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In [20] it was suggested that in the search for heavy
MSSM Higgs bosons the m;*** and no-mixing scenarios,
which originally were mainly designed for the search for the
light C P-even Higgs boson h, should be extended by several
discrete values of p,

u==£200,+£500,+1000GeV . (16)
As discussed above, the variation of y in particular has an
impact on the correction Ay, modifying in this way the bot-
tom Yukawa coupling. For very large values of tan 8 and
large negative values of p the bottom Yukawa coupling can
be so much enhanced that a perturbative treatment is no
longer possible. We have checked that in our analysis of the
LHC discovery contours the bottom Yukawa coupling stays
in the perturbative regime, so that all values of ;1 down to
= —1000 GeV can safely be inserted.

The variation of the parameter p also modifies the mass
spectrum and the couplings in the chargino and neutralino
sector of the MSSM. Besides the small higher-order cor-
rections induced by loop diagrams involving charginos and
neutralinos, a change in the mass spectrum of the chargino
and neutralino sector can have an important effect on
Higgs phenomenology because decay modes of the heavy
neutral MSSM Higgs bosons into charginos and neutrali-
nos open up if the supersymmetric particles are sufficiently
light (the mass spectrum in the m}** and no-mixing sce-
narios respects the limits from direct searches for charginos
at LEP [104] for all values of u specified in (16)).

Differences between the m}*** and no-mixing scenarios
in the searches for heavy neutral MSSM Higgs bosons are
induced in particular by a difference in the A, correction.
While in the m*** scenario both the O(a,) and O(ay) con-
tributions to Ay, can be sizable, see (10), in the no-mixing
scenario the O(a;) contribution is very small because A, is
close to zero in this case. The larger value of Mgygy in the
no-mixing scenario gives rise to an additional suppression

of | Ap| compared to the m}*®* scenario.

3 Experimental analysis

In this section we briefly review the recent CMS analy-
sis of the ¢ — 777~ channel, see [15], yielding the num-
ber of events needed for a 50 discovery (depending on the
mass of the Higgs boson). The analysis was performed with
full CMS detector simulation and reconstruction for the
following four final states of di-r-lepton decays: 777~ —
jets [105], 777~ — e+ jet [106], 7T7~ — p+ jet [107] and
77 — e+ p [108].

The Higgs-boson production in association with b
quarks, pp — bbg, has been selected using single b-jet tag-
ging in the experimental analysis. The kinematics of the
gg — bbg production process (2 — 3) was generated with
PYTHIA [109]. It has been shown that in this way the NLO
kinematics is better reproduced than using the PYTHIA
gb — b process (2 — 2) [110]. The backgrounds considered
in the analysis were QCD muli-jet events (for the 77 — jets
mode), tf, bb, Drell-Yan production of Z,v*, W +jet, Wt
and 77bb. All background processes were generated using
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PYTHIA, except for 7+ 77 bb, which was generated using
CompHEP [111].

The results for the various channels, (1)—(4), are given
in Tables 1-4. For every Higgs-boson mass point studied
we show the number of signal events needed for 50 discov-
ery, Ng, the total experimental selection efficiency, €cxp,

Table 1. Required number of signal events, Ng, with £ =
60fb~ ! for a 5o discovery in the channel ¢ — 777~ — jets.
Furthermore we give the total experimental selection efficiency,
€exp, the ratio of the di-7 mass resolution to the Higgs-boson
mass, Ryz,, and the expected precision of the Higgs-boson mass
measurement, AMg /Mg, obtainable from Ng signal events

¢ — 7T = jets, 60 o1

My [GeV] 200 500 800
Ng 63 35 17
Eexp 2.5x1074 2.4x1073 3.6x1073
Ry, 0.176 0.171 0.187
AMy/My (%) 2.2 2.8 4.5

Table 2. Required number of signal events, Ng, with £ =
30fb~! for a 5o discovery in the channel ¢ — 7777 — e+ jet.
The other quantities are defined as in Table 1

¢ — 17T = e+jet, 30 o1

My [GeV] 200 300 500
Ng 72.9 45.5 32.8
Eexp 3.0x1073 6.4x1073 1.0x 1072
R, 0.216 0.214 0.230
AMy/My (%) 2.5 3.2 4.0

Table 3. Required number of signal events, Ng, with £ =
30fb~! for a 5o discovery in the channel ¢ — 7777 — p+ jet.
The other quantities are defined as in Table 1

¢ —TTTT = p+jet, 30 o1

My [GeV] 200 500
Ng 79 57
Eexp 70x107%  2.0x1072
Ry, 0.210 0.200
AMy/My [%)] 2.4 2.6

Table 4. Required number of signal events, Ng, with £ =

30fb~! for a 5o discovery in the channel ¢ — 7777 — e+ p.
The other quantities are defined as in Table 1
¢p—7trT s e4p, 3071

My [GeV] 200 250

Ng 87.8 136.7

Eexp 6.4x107%  1.1x1072

RM¢ 0.262 0.412

AMy /Mg [%] 2.8 3.5
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and the ratio of the di-7 mass resolution to the Higgs-boson
mass, Ry, - The last row in Tables 1-4 shows the expected
precision of the Higgs-boson mass measurement, evaluated
as explained below, for parameter points on the 50 dis-
covery contour. Detector effects, experimental systematics
and uncertainties of the background determination were
taken into account in the evaluation of the Ng. These ef-
fects reduce the discovery region in the M s—tan (8 plane as
shown in previous analyses [15] (see in particular Fig. 5.6
of [15] for the 777~ — p+ jet mode).

Now we turn to the evaluation of the expected pre-
cision of the Higgs-boson mass measurement. In spite of
the escaping neutrinos, the Higgs-boson mass can be re-
constructed in the H, A — 77 channel from the visible
7 momenta (7 jets) and the missing transverse energy,
Emiss using the collinearity approximation for neutri-
nos from highly boosted 7. In the investigated region of
M4 and tan 3 the two states A and H are nearly mass-
degenerate. For most values of the other MSSM parameters
the mass difference of A and H is much smaller than the
achievable mass resolution. In this case the difference in
reconstructing the A or the H will have no relevant ef-
fect on the achievable accuracy in the mass determination.
In some regions of the MSSM parameter space, however,
a sizable splitting between M4 and My can occur even
for M4 > Mz. We will discuss below the prospects in
scenarios where the splitting between M4 and My is rela-
tively large. The precision AMy4 /My shown in Tables 1-4
is derived for the border of the parameter space in which
a bo discovery can be claimed, i.e. with Ng observed Higgs
events. The statistical accuracy of the mass measurement
has been evaluated via

M, /Ns'

A higher precision can be achieved if more than Ng events
are observed. The corresponding estimate for the preci-
sion is obtained by replacing Ng in (17) by the number
of observed signal events, Ng,. It should be noted that
the prospective accuracy obtained from (17) does not take
into account the uncertainties of the jet and missing Er
energy scales. In the 777~ — jets mode these effects can
lead to an additional 3% uncertainty in the mass meas-
urement [105]. A more dedicated procedure of the mass
measurement from the signal plus background data still
has to be developed in the experimental analysis. However,
we do not expect that the additional uncertainties will con-
siderably degrade the accuracy of the Higgs-boson mass
measurement as calculated with (17).

(17)

4 Results

The results quoted in Sect. 3 for the required number of
signal events depend only on the Higgs-boson mass, i.e.
the event kinematics, but are independent of any specific
MSSM scenario. In order to determine the 50 discovery
contours in the M —tan § plane these results have to be
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confronted with the MSSM predictions. The number of sig-
nal events, Ny, for a given parameter point is evaluated
via

Nev = L X 04y XBR(¢ = 7777 ) X BRrr X Eexp . (18)

Here £ denotes the luminosity collected with the CMS de-
tector, o5, is the Higgs-boson production cross section,

BR(¢ — 7F77) is the branching ratio of the Higgs boson
to 7 leptons, BR;; is the product of the branching ratios of
the two 7 leptons into their respective final state,

(19)
(20)

BR(T — jet+X) ~ 0.65,
BR(T - p+X)~BR(T » e+ X)~0.175,

and eqxp denotes the total experimental selection efficiency
for the respective process (as given in Tables 1-4). The
Higgs-boson production cross sections and decay branch-
ing ratios have been evaluated with FeynHiggs as described
in Sect. 2.2.

4.1 Discovery reach
for heavy neutral MSSM Higgs bosons

The number of signal events, Ny, in the MSSM depends
besides the parameters M4 and tan 3, which govern the
MSSM Higgs sector at lowest order, in principle also on
all other MSSM parameters. In the following we analyze
how stable the results for the 50 discovery contours in
the M —tan 3 plane are with respect to variations of the
other MSSM parameters. We take into account both effects
from higher-order corrections, as discussed in Sect. 2.2, and
from decays of the heavy Higgs bosons into supersym-
metric particles. As starting point of our analysis we use
the m}*** and no-mixing benchmark scenarios, where we
investigate in detail the sensitivity of the discovery con-
tours with respect to variations of the parameter p. We
then discuss the possible impact of varying other MSSM
parameters.

We have evaluated N, in the two benchmark scenar-
ios as a function of M4 and tan (. For fixed M4 we have
varied tan 8 such that Ne, = Ng (as given in Tables 1-4).
This tan 3 value is then identified as the point on the
50 discovery contour corresponding to the chosen value
of M 4. In this way we have determined the 50 discov-
ery contours for the m}'®* and the no-mixing scenarios for
@ = %200, £1000 GeV.

In Figs. 1-3 we show the 50 discovery contours ob-
tained from the process bbg, ¢ — 777~ for the final states
Trr™ —jets, 77~ — e+jet and 77T — p+jet. As can
be seen from Table 4, the fourth channel discussed above,
7H7~ — e+ pu, contributes for 30 fb~! only in the region
of relatively small M4 values and has a lower sensitiv-
ity than the other three channels. We therefore omit this
channel in the following discussion. The discovery con-
tours in Figs. 1-3 are given for the m}'** and no-mixing
benchmark scenarios with g = 4200, +1000GeV. As ex-
plained above, the 50 discovery contours are affected
by a change in g in two ways. Higher-order contribu-
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tions, in particular the ones associated with A, mod-
ify the Higgs-boson production cross sections and decay
branching ratios. Furthermore the mass eigenvalues of the
charginos and neutralinos vary with u, possibly opening
up the decay channels of the Higgs bosons to supersym-
metric particles, which reduces the branching ratio to
T leptons.

The results for the 50 discovery contours for the final-
state 7T77 — jets are shown in Fig. 1 for the m{"®* (left)
and the no-mixing (right) scenario. As expected from the

100 200 300 400 500 600 700 800

benchmark scenarios for dif-

2
M,.GeVic ferent values of u

discussion of the Ay corrections in Sect. 2.2, the variation
of the 50 discovery contours with p is more pronounced
in the m}** scenario, where a shift up to Atang =12
can be observed for M4 = 800 GeV. For low M4 values
(corresponding also to lower tan 3 values on the discovery
contours) the variation stays below A tan 8 = 3. In the no-
mixing scenario the variation does not exceed A tan 3 = 5.
The 777~ — jets channel has also been discussed in [20].
Our results, which are based on the latest CMS studies

using full simulation [105], are qualitatively in good agree-
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ment with [20], in which the earlier CMS studies of [34, 35]
had beed used. The 50 discovery regions are largest for
u = —1000GeV and pushed to highest tan 3 values for
= +200GeV. In the low M4 region our discovery con-
tours are very similar to those obtained in [20]. In the high
M 4 region, M4 ~ 800 GeV, corresponding to larger values
of tan 3 on the discovery contours, our improved evaluation
of the 5o discovery contours gives rise to a shift towards
higher tan 3 values compared to [20] of about Atan 3 =8
(mostly due to the up-to-date experimental input). Ac-
cordingly, we find a smaller discovery region compared
to [20] and therefore an enlarged “LHC wedge” region
where only the light CP-even MSSM Higgs boson can be
detected at the 50 level.

The results for the channel 777~ — e+ jet are shown
in Fig. 2. Again the m}®* scenario shows a stronger vari-
ation than the no-mixing scenario. The resulting shift in
tan 3 reaches up to Atan 3 =8 for M4 = 500 GeV in the
mp*®* scenario, but it stays below Atan 3 =4 for the no-
mixing scenario. Finally in Fig. 3 the results for the channel
7H7~ — u+jet are depicted. The level of variation of the
50 discovery contours is the same as for the e+ jet final
state.”

In order to gain a better understanding of how sensi-
tively the discovery contours in the Ms—tan (8 plane de-
pend on the chosen SUSY scenario, it is useful to sepa-
rately investigate the different effects caused by varying
the parameter p. For simplicity, we restrict the following
discussion to the bbp, ¢ — 777~ — jets channel. In Fig. 4
we show the same results as in Fig. 1, but for the case
where no decays of the heavy Higgs bosons into super-
symmetric particles are taken into account. As a conse-
quence, the variation of the 50 discovery contours with
shown in Fig. 4 is purely an effect of higher-order correc-
tions, predominantly those entering via Ay. The difference
between Fig. 1 and Fig. 4, on the other hand, is purely an
effect of the change in BR(¢ — 7777 caused by the vari-
ation of the partial Higgs-boson decay widths into super-

7 Since the results of the experimental simulation for this
channel are available only for two M 4 values, the interpolation
is a straight line. This may result in a slightly larger uncertainty
of the results shown in Fig. 3 compared to the other figures.

100 200 300 400 500 600 700 800

Higgs bosons into supersym-
metric particles are taken into

2
M,,GeV/c account (see text)

symmetric particles arising from a shift in the masses of the
charginos and neutralinos.

In Fig. 4 the dependence of the 50 discovery contours
on p significantly differs from the case of Fig. 1. While
in Fig. 1 the inclusion of decays into supersymmetric par-
ticles gives rise to the fact that the smallest discovery re-
gion is found for small p values, u = +200 GeV (with the
exception of the region of very small M,), in Fig. 4 the
50 discovery contours are ordered monotonously in u: the
largest (smallest) 50 discovery regions are obtained for
= —(4)1000 GeV, i.e. for the largest (smallest) values of
the bottom Yukawa coupling. As expected, the effect of
the higher-order corrections is largest in the high tanf
region (corresponding to large values of M4 on the dis-
covery contours). In this region the variation of u shifts
the discovery contours by up to Atan @ = 11 for the case
of the m}** scenario (left plot of Fig. 4), i.e. the effect is
about the same as for the case where decays into super-
symmetric particles are included. For lower values of tan 3
(corresponding to smaller values of M4 on the discovery
contours), on the other hand, the modification of the Higgs
branching ratio as a consequence of decays into supersym-
metric particles yields the dominant effect on the 50 dis-
covery contours. Accordingly, the observed variation with
w in this region is significantly smaller in Fig. 4 as com-
pared to the full result of Fig. 1. The reduced sensitivity of
the discovery contours on y can also clearly be seen for the
case of the no-mixing scenario (right plot), where, as dis-
cussed above, the Ay, correction is smaller than in the mj*®*
scenario.

A parameter affecting the A, corrections, see (10),
but not the kinematics of the Higgs-boson decays is the
gluino mass, mgz. We now investigate the impact of vary-
ing this parameter, which is normally fixed to the values
mg = 800,1600 GeV in the m}'®* and no-mixing bench-
mark scenarios, respectively. The results for four different
values of the gluino mass, mg = 200, 500, 1000, 2000 GeV,
are shown in Fig. 5. The p parameter has been set to
© = +1000 GeV in Fig. 5, such that the Higgs decay chan-
nels into charginos and neutralinos are suppressed. As one
can see from (10), the change of mj affects the O(a;) part
of Ay and corresponds to a monotonous increase of Ap. As
an example, this yields for p = 1000 GeV, tan 8 = 50 in the
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the M —tan 3 plane we conclude that larger effects than
those shown in Figs. 1-5 (where we have displayed the dis-
max I . _
my,  mg=200GeV: Ay =0.50, covery contours up to tan 8 = 50) would only arise if the
mp®, mg=2000GeV: A,=0094, variation of i were extended over an even wider interval
no-mixing, mg=200GeV: A, =0.06, than —1000 GeV < p < 41000 GeV as done in our analysis
no-mixing, mg=2000GeV: A, =029. (21) @above

In the no-mixing scenario the A; value is close to zero,
suppressing the mz-independent contribution to Ay, while
the higher SUSY mass scale results in an overall reduction
of Ap in this scenario. The value of A, in the no-mixing
scenario would slightly increase if mgz were raised to even
larger values, but this effect would not change the qualita-
tive behavior.

Figure 5 shows that the results for the discovery reach
in the M —tan (8 plane are relatively stable with respect
to variations of the gluino mass. The shift in the discov-
ery contours remains below about A tan 3 = 4 for the mj'**
scenario (left plot) and Atan 3 =1 for the no-mixing sce-
nario (right plot). For the positive sign of u chosen in Fig. 5,
where the A, correction yields a suppression of the bottom
Yukawa coupling, the largest discovery reach is obtained
for small m, while the smallest discovery reach is obtained
for large mg. This behavior would be reversed by a change
of sign of p.

We have also investigated the possible impact of other
MSSM parameters (besides p and mg) on the 50 discov-
ery contours in the M4—tan 3 plane. The A, corrections
depend also on the parameters in the stop and sbottom sec-
tor; see (10). While the formulas in Sect. 2.2.2 have been
given for the region where Mgysy > my, the qualitative
effect of reducing the stop and sbottom masses can never-
theless be inferred. Sizable Ay corrections require relative
large values of i and my. If these parameters are kept large
while the stop and sbottom masses are reduced, the 4,
corrections tend to decrease. It is obvious from (10) that re-
ducing the absolute value of A; decreases the electroweak
part of the Ay correction. As discussed above, this effect
of the A, corrections manifests itself in the comparison
of the m;*** and no-mixing scenarios; see Figs. 1-5. Con-
cerning the possible impact of the Ay corrections on the

We now turn to the possible effects of other higher-
order corrections beyond those entering via A, on the 5o
discovery contours for the bb¢, ¢ — 777~ channel. These
effects are in general non-negligible, see the discussions
in Sect. 2.2 and in Sect. 4.2 below, but smaller than those
induced by Ay. As a consequence, the impact on the 50 dis-
covery contours in the M —tan (3 plane of other supersym-
metric parameters entering via higher-order corrections is
in general much smaller than the effect of varying p in the
high tan § region of Fig. 4. As an example, the difference
observed in Figs. 1-5 between the m}'** and no-mixing sce-
narios arising from the different values of A; and Msysy
in the two scenarios (see (14) and (15)) is mainly an effect
of the A, corrections, while the impact of other higher-
order corrections involving A; and Mgysy is found to be
small.

Also the decays of the heavy neutral MSSM Higgs
bosons into supersymmetric particles are in general af-
fected by other supersymmetric parameters in addition to
the dependence on u, M4 and tan 3. The resulting ef-
fects on BR(¢ — 77 77) turn out to be rather small, how-
ever. We find that sizable deviations from the values of
BR(¢ — 777) occurring in the mj*** and no-mixing sce-
narios for —1000 GeV < p < +1000 GeV are only possible
in quite extreme regions of the MSSM parameter space
that are already highly constrained by existing experimen-
tal data.

Our discussion above has been given in the context of
the MSSM with real parameters. Since the sensitivity of
the 50 discovery contours in the M4—tan 8 plane on the
other supersymmetric parameters can mainly be under-
stood as an effect of higher-order corrections to the bottom
Yukawa coupling and of the kinematics of Higgs-boson de-
cays into supersymmetric particles, no qualitative changes
of our results are expected for the case where complex
phases are taken into account.
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4.2 Higgs-boson mass precision

The discussion in the previous section shows that the
prospective discovery reach of the bbg, ¢ — 7H7~ chan-
nel in the M —tan 3 plane is rather stable with respect
to variations of the other MSSM parameters. We now
turn to the second part of our analysis and investigate
the expected statistical precision of the Higgs-boson mass
measurement. The expected statistical precision is evalu-
ated as described in Sect. 3; see (17). In Figs. 6 and 7 we
show the expected precision for the mass measurement
achievable from the channel bbg, ¢ — 777~ using the fi-
nal states 777~ — jets and 7T7~ — e+ jet. Within the
50 discovery region we have indicated contour lines cor-
responding to different values of the expected precision,
AM/M. The results are shown in the m}*®* benchmark
scenario for u = —200 GeV (left plots) and p = 4200 GeV
(right plots).

We find that experimental precisions of AMgy/My of
1%-4% are reachable within the discovery region. A bet-
ter precision is reached for larger tan 6 and smaller M 4 as
a consequence of the higher number of signal events in this
region. The other scenarios and other values of u discussed
above yield qualitatively similar results to those shown in
Figs. 6 and 7.

S. Gennai et al.: Search for heavy neutral MSSM Higgs bosons with CMS: reach and Higgs mass precision

As discussed above, for large values of M4 the heavy
neutral MSSM Higgs bosons are nearly mass-degenerate,
My ~ M 4. The experimental separation of the two states
H and A (or the corresponding mass eigenstates in the C P-
violating case) will therefore be challenging. The results
shown in Figs. 6 and 7 have been obtained using the com-
bined sample of H and A events. It is important to note,
however, that even in the region of large M 4 the mass split-
ting between My and My can reach the level of a few %.
An example of such a scenario is (as above, we consider the
CP-conserving case, i.e. the MSSM with real parameters;
the corresponding scenario in the case of non-vanishing
complex phases has been discussed in [33])

Msusy = 500 GeV, A, = A, = 1000 GeV, = 1000 GeV,

M =500GeV, My =250GeV, mgz=500GeV. (22)
In Fig. 8 the mass splitting
AMua _  |Mp—Ma| (23)
M min(Mg,Ma)

is given as a function of X; for tan 3 =40 and two M4
values, M4 = 300GeV (solid line) and Ma = 500 GeV
(dashed line). The dot-dashed and dotted parts of the con-
tours for M 4 = 300, 500 GeV, respectively, in the region of
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Fig. 8. The mass splitting between the heavy neutral MSSM
Higgs bosons, AMga/M = |My — My| /min(Mp, M), is
shown as a function of X; for M 4 = 300, 500 GeV in a scenario
with Mgysy = 500 GeV, pu = 1000 GeV and tan( = 40. The
other parameters are given in (22). The dot-dashed (dotted)
parts of the contours for M4 = 300 GeV (M4 = 500 GeV) indi-
cate parameter combinations that are excluded by the search
for the light CP-even Higgs boson of the MSSM at LEP [5]

small | X;| indicate parameter combinations that result in
relatively low M}, values that are excluded by the search
for the light C P-even Higgs boson of the MSSM at LEP [5].
One can see in Fig. 8 that the mass splitting between My
and M 4 shows a pronounced dependence on X; in this sce-
nario. Mass differences of up to 5% are possible for large X
(while the widths of the Higgs bosons are at the 1%—1.5%
level in this parameter region).

The example of Fig. 8 shows that a precise mass meas-
urement at the LHC may in favorable regions of the MSSM
parameter space open the exciting possibility to distin-
guish between the signals of H and A production. In con-
fronting Fig. 8 with the expected accuracies obtained in
Figs. 6 and 7 one of course needs to take into account that
a separate treatment of the H and A channels in Figs. 6
and 7 would reduce the number of signal events by a factor
of 2, resulting in a degradation of the expected accuracies
(for the same luminosity) by a factor of V2. A more de-
tailed analysis of the potential for experimentally resolving
two mass peaks would furthermore have to include effects
arising from overlapping Higgs signals. Such an analysis
goes beyond the scope of the present paper.

5 Conclusions

We have analyzed the reach of the CMS experiment with
30 or 60fb~! for the heavy neutral MSSM Higgs bosons,

393

depending on tan 8 and the Higgs-boson mass scale, M 4.
We have focused on the channel b0H /A, H/A — 77~ with
the 7 subsequently decaying to jets and/or leptons. The ex-
perimental analysis, yielding the number of events needed
for a 50 discovery (depending on the mass of the Higgs
boson) was performed with full CMS detector simulation
and reconstruction for the final states of di-7-lepton de-
cays. The events were generated with PYTHIA.

The experimental analysis has been combined with pre-
dictions for the Higgs-boson masses, production processes
and decay channels obtained with the code FeynHiggs,
taking into account all relevant higher-order corrections
as well as possible decays of the heavy Higgs bosons into
supersymmetric particles. We have analyzed the sensitiv-
ity of the 50 discovery contours in the M4—tan 3 plane
to variations of the other supersymmetric parameters. We
have shown that the discovery contours are relatively sta-
ble with respect to the impact of additional parameters.
The biggest effects, resulting from higher-order corrections
to the bottom Yukawa coupling and from the kinematics
of Higgs decays into charginos and neutralinos, are caused
by varying the absolute value and the sign of the hig-
gsino mass parameter u. The corresponding shift in the
50 discovery contours amounts up to about A tan = 10.
The effects of other contributions to the relation between
the bottom-quark mass and the bottom Yukawa coup-
ling, arising from the gluino mass and the parameters in
the stop and sbottom sector, are in general smaller than
the shifts induced by a variation of u. The same holds
for the impact of higher-order contributions beyond the
corrections to the bottom Yukawa coupling and for the
possible effects of other decay modes of the heavy Higgs
bosons into supersymmetric particles. The results of our
analysis, which was carried out in the framework of the
C P-conserving MSSM, should not be substantially affected
by the inclusion of complex phases of the soft-breaking
parameters.

We have analyzed the prospective accuracy of the mass
measurement of the heavy neutral MSSM Higgs bosons in
the channel bbH/A, H/A — 77 7~. We find that statisti-
cal experimental precisions of 1%—4% are reachable within
the discovery region. These results, obtained from a sim-
ple estimate of the prospective accuracies, are not expected
to considerably degrade if further uncertainties related to
background effects and jet and missing ET scales are taken
into account. We have pointed out that a %-level precision
of the mass measurements could in favorable regions of the
MSSM parameter allow one to experimentally resolve the
signals of the two heavy MSSM Higgs bosons.
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