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Abstract

We study the possibilities to observe the lightest SUSY scalar Higgsh in the modeh ! b�b in ~q,
~g cascade decays in a tagged di-jet effective mass distribution in multijet + Emiss

T final states. The
idea is to use a strong-interaction production mechanism of~q/~g , exploit the largeh! b�b branching
ratio, and suppress the largeb�b backgrounds with Emiss

T and jet cuts. The present investigation is
done within the mSUGRA constrained MSSM model. We investigate the influence of the b-tagging
efficiency, mistagging probability, geometrical coverage of the CMS microvertex detector and of the
hadron calorimeter resolution on the visibility of the peak. Provided the calorimeter system resolution
is not significantly worse than' 100 % /

p
E � 10 % for single hadrons, observation ofh ! b�b is

most sensitive to the b-tagging efficiency and and then to the mistagging probability. High b-tagging
performance must be assured in the barrel part, up toj �jet j ' 1.5 . We find that there is a very
significant part of the mSUGRA parameter space where theh ! b�b peak can be observed with a
signal to background ratio of the order of one. With this model, the lower~q, ~g mass limit allowing the
detection theh is' 450 GeV, and observation should be possible already with a few� 103 pb�1, and
extends up to~q, ~g masses of� 1.5 TeV with 105 pb�1. The almost entireh mass range from' 80
GeV up to' 125 GeV can be investigated this way. The result should however be valid much more
generally provided the~q/~g! ~�0i ! ~�0j h decay chain is kinematically allowed and~�0i ~�0j h coupling
is non-vanishing.



1 Introduction
The usual way to search for the lightest CP-even Higgs (h) of the Minimal Super Symmetry Model (MSSM) is
through direct Higgs production in gluon fusion or in association with W,b�b or t�t and decaying into, ZZ�! 4l,
�� or b�b [1]. All these production mechanisms are electroweak ones. Each of these channels has however some
limitations, such as high tan� for the�� mode, or high mass, Mh � 130 GeV, and large stop mixing for the
ZZ� ! 4l mode for example. The most general way is nonetheless to search for inclusiveh! , which, with
105 pb�1, would allow to explore domain approximately given by mA � 250 GeV, tan� � 3 [2]. With the
h!  mode we expect a signal on top of a large irreducible background with a signal to background ratio of
� 1/20, as the MSSM Higgs�h � branching ratio into the mode is always smaller than that of SM Higgs. The
instrumental requirements on ECAL are very demanding, a effective mass resolution better than 1 GeV at mh '
100 GeV. In associated production modesW h, t�t hwith h! , the S/B ration is of order of� 1 and calorimeter
performance is less demanding, but these channels require� 105 pb�1 [3]. Evaluations of ways to exploit theh
! b�b decay mode in theWh or t�th final states leave only small hope, no ways to have a really significant signal
have been found up to now [4].

It is well known that the MSSMh can be abundantly produced in the decays of neutralinos and charginos (primarily
~�02). In turn, the~�02 is a typical decay product of squarks and gluinos which are produced abundantly , i.e. with
strong interaction cross section. Thus theh ! b�b decay can be used for SUSY searches [5]. The idea is to use
strongly produced~q, ~g and to look for the dominant decay modeh! b�b, if ~�0i ! h ~�0j is kinematically allowed,
and use Emiss

T and jet multiplicity cuts to suppress the background.

The large number of SUSY parameters makes it difficult to evaluate the general validity of this approach in the
framework of the MSSM, which is just the minimal extension of the Standard Model. So, for an initial investigation
we restrict ourselfs at present to the mSUGRA-MSSM model. This model evolves from MSSM, using Grand
Unification Theory (GUT) assumptions (see more details in e.g. [6]). It contains only five free parameters:

� a common gaugino mass (m1=2)

� a common scalar mass (m0)

� a common trilinear interaction amongst the scalars (A0)

� the ratio of the vacuum expectation values of the Higgs fields that couple toT3 = 1=2 andT3 = �1=2
fermions ( tan�)

� a Higgsino mixing parameter sign (sign(�))

This much more limited number of parameters allows one more clearly to gauge how fruitful can be this idea. For
a given choice of model parameters all the masses, couplings, production cross sections and branching ratios are
fixed. At a later stage it can be generalized to the MSSM in which no such constraining mass relations exist.

2 Method
The PYTHIA 5.7 generator [7] is used to generate all SM background processes, whereas ISAJET 7.29 [8] is used
for squark and gluino signal simulations. The CMSJET (version 4.3) fast MC package [9] is used to model the
CMS detector [1] response; it is coupled with a b-tagging efficiency and mistagging probability obtained from an
independent study [10].

The SM background processes considered are: QCD 2! 2 (includingb�b), t�t, Wtb. Thep̂T range of all the back-
ground processes is subdivided into several intervals to facilitate accumulation of statistics in the high-p̂T range:
100-200 GeV (except for QCD), 200-400 GeV, 400-800 GeV and> 800 GeV. The accumulated background statis-
tics for all background channels corresponds to 100 fb�1, except for the QCD jet instrumental mismeasurement
background where the statistics corresponds to 0.2 - 50 fb�1 depending on thêpT interval. It is very difficult to
produce a representative sample of QCD jet background in the low-pT range since the cross section is huge and
we need extreme kinematical fluctuations of this type of background to be within the signal selection cuts. So
we cannot go confidently below' 150 GeV with the cut on Emiss

T , where the QCD jet background becomes the
dominant contribution and our simulations are not yet fully reliable for this type of background, which depends on
the still evolving estimates of dead areas/volumes due to services etc.

Initial requirements for all the samples are the following:
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� at least 4 jets with EjetT > 20 GeV inj �jet j < 4.5

� Emiss
T > 100 GeV

� Circularity> 0.1

In this analysis in general no specific requirements are put on leptons. If there are isolated muons with p�
T > 10

GeV within the muon acceptance, or isolated electron with pe
T > 10 GeV withinj �e j < 2.4 in the event, they are

also recorded. The term “isolated lepton” here means satisfying simultaneously the following two requirements:

� no charged particle with pT > 2 GeV in a cone R = 0.3 around the direction of the lepton,

� � Ecell
T in a “cone ring” 0.1< R< 0.3 around the lepton impact point has to be less than 10 % of the lepton

transverse energy

At a later stage we investigate whether selection or vetoing on isolated leptons can possibly help to suppress the
SM or other SUSY backgrounds.

3 Signal
In our study we fix only one of the mSUGRA parameters, A0 = 0, and vary the other four: m0 , m1=2 , tan� ,
sign(�) . The most pronounced variation of physics quantities (masses, branchings, cross-section) is with m0 and
m1=2, thus the investigation is done in the m0 , m1=2 parameter plane for several representative values of tan� and
sign(�). Since the main source of the lightest Higgses is the decay~�02! ~�01 h , let us fist investigate the domains of
parameter space where this decay is allowed. One can see in Figs.1 and 2 that this decay has significant (' 20-90
%) branching ratio in a large portion of parameter space. The lower boundary at m1=2 � 200-300 GeV corresponds
to the three body decays~�02 ! ~�01 q�q, ~�

0
2 ! ~�01 l

+l� taking over at lower m1=2 values where the mass difference
m~�0

2

- m~�0
1

is not sufficient to allow the~�02 ! ~�01 h decay. The boundary at m0 � 200-300 GeV on the other hand

corresponds to the opening of two-body cascade modes, e.g.~�02 ! ~ll ! ~�01 l
+l�. Figs.1, 2 also show that the

tan� = 2 ,� < 0 case looks the most promising one, whereas the tan� = 10, 30, � < 0 cases seem the worst ones
among the possibilities considered, the~�02 ! ~�01 h branching ratio being the smallest on average in these cases.

Fig.3 shows total squark and gluino production cross section for the case tan� = 2 , � < 0. One can see that
total cross-section decreases by� 4 orders of magnitude with m1=2 increasing from 200 GeV to 800 GeV (in
mSUGRA m~g ' 2.5 m1=2) and also drops by an order of magnitude with m0 increasing from 200 GeV to 1000
GeV. In contrast, the total cross-section of squark/gluino production varies moderately with tan� and sign(�), so a
common treatment can be applied similarly for all 6 cases considered in Fig.1 .

Fig.4 shows the parameter space regions excluded either theoretically (dark grey) or experimentally up to now
(light grey). LEP II 96/97 data are not included yet. The remaining and largest part of m0 , m1=2 planes is the
allowed region. Comparing Fig.4 with 1 and 2, we see that there is a gap between the upper limit explored up to
now at m1=2 ' 100 GeV and the lower limit at m1=2 ' 200-250 GeV where~�02 ! ~�01 h opens up. This comes
about as within mSUGRA there are simple mass relations: M ~�0

2

' 2 M~�0
1

' m1=2, and the LSP mass is typically
� 100 GeV in the regions where~�02 ! ~�01 h is allowed. The range of theh mass varies from' 75 to' 120 GeV,
the upper limit is determined by the order to which the radiative corrections have been calculated.

In the framework of mSUGRA with R-parity conservation, sparticles are produced in pairs and the lightest super-
particle (LSP)~�01 which appears at the end of each sparticle decay chain produces a significant Emiss

T , particularly
if the LSP is massive enough. Thus Emiss

T provides a powerful rejection tool against backgrounds.

Fig.5 shows an example of production cross sections, masses and decay branching ratios in one typical point in
parameter space. This figure is illustrative for the domain of parameter space where m~g >m~q, where gluino decays
via squarks and' 1/3 of left squarks decay to~�02 + quark. With increasing m0 (at fixed m1=2) squarks (except of
~t1) become more massive than gluino at some point (see e.g. Fig.4 in [11]) thus gluino decays into squarks are
not more allowed decreasing significantly the yield of~�02 from squark decays. Furthermore, the BR(~q ! ~�02 q)
decreases with increasing m0 also because the decay~q ! ~g q plays an increasingly important role. These various
factors, along with the behaviour of the total production cross-section and the variation of the kinematics of the
decay chains, make it difficult to predict directly the regions whereh ! b�b could be observed. For a quantative
evaluation one needs to investigate the parameter space point by point and optimize cuts accordingly.
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Figure 1: Plots of the~�02! ~�01 h branching ratio in the m0, m1=2 plane for various parameter values of mSUGRA
model.
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Figure 2: Three-dimensional representation of the~�02 ! ~�01 h branching ratio for different values of mSUGRA
model parameters as in Fig.1 .
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Figure 4: Excluded points of mSUGRA parameter space.
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Fig.6 shows the variation of the masses of the relevant sparticles with the sign(�) and tan� at a fixed value of m0
and m1=2. The Higgs mass and BR(~�02 ! ~�01 h) are significantly affected by variations of sign(�) and tan�.

Figs.7-8 compare a number of kinematical distributions of the mSUGRA signal with the SM background at two
different points in parameter space. These points are rather distant from each other in parameter space, so the
kinematics, the“hardness” of the event is significantly different. In both cases it is however evident that the most
pronounced difference between signal and background is in the Emiss

T distributions. Thus the Emiss
T cut is the

most important background suppression cut. Of course, the optimal value of this cut depends on the kinematics
at the m0 , m1=2 point, as visible from Figs.7 and 8 . A significant difference exists also in the jet multiplicity
distributions. Our basic cut is to require at least 4 jets per event, but a specific optimization of cuts on Emiss

T , EjetsT

etc. is performed in various regions of parameter space.

4 b-tagging with impact parameter
In this study we used the evaluation of the expected b-tagging performance of CMS from impact parameter mea-
surement in the tracker [10]. An example is shown in Fig.9 . The b-tagging probability and mistagging rate for jets
is obtained as a function of ET and jet pseudorapidity. It is obtained from a parameterized gaussian impact param-
eter resolution dependent on the pixel point resolution, radial position of the pixel layers and the effects of multiple
scattering on intervening materials, with the adjunction of a non-gaussian tail based on CDF data. Although there
are some specific assumption made concerning the tails of the impact parameter distributions extending beyond
the parameterized gaussian parts in [10], the presently on-going study of the expected impact parameter resolution,
with full pattern recognition and track finding in CMS [12] is in a good agreement with the results used as an input
in the present study.

The b-jet tagging probability is parameterized as a function of ET in 3 intervals of� : 0 - 1, 1 - 1.75, 1.75 - 2.4 . A
typical b-tagging efficiency around� ' 0 for EjetT = 40 GeV is' 30 %, reaching a maximal efficiency of' 60 %
for high-ET jets in the first� interval. Charm-jets have a typical tagging efficiency (in fact mistagging efficiency !)
of about 10 %, and for light quarks and gluons the b-tagging (mistagging) efficiency reaches a maximum of about
3 % for high-ET jets.

All the jets produced by the event generator are labelled according to their origin. Then, at the analysis stage, they
are “ b-tagged” according to the b-tagging efficiency or mistagging probability appropriate for quark and gluon
types. In our study ofh ! b�b decays jets are tagged only in the barrelj � j < 1.75 interval, if not specially
mentioned otherwise.

The tagging efficiency and the purity is expected to be better if one uses b-tagging not only in the transverse plane,
but in space, i.e. using also information from the z-coordinates of the pixel detector [13]. This improvement will
be implemented later on once the full pattern recognition study is completed, now we assume b-tagging efficiency
and purity from measurement in the transverse plane only according to [10]. A further improvement could also
include b-tagging with leptons in jets, with however appropriate corrections in jet energy reconstruction.

5 Results
5.1 Low integrated luminosity case, A0 = 0, tan� = 2, � < 0.

Let us consider one point with m0 = 110 GeV, m1=2 = 170 GeV in the lower left corner of the branching ratio plot
in Fig.1 . This point corresponds to m~g = 466 GeV, m~uL = 422 GeV, m~�0

2

= 151 GeV, m~�0
1

= 74 GeV, mh = 76.5
GeV , it is just beyond the Tevatron reach with' 3 fb�1. The comparison of the signal kinematical distributions
at this point with the SM background is shown in Fig.7 . In theideal case of 100 % b-tagging efficiency with 0 %
mistagging, one would observe the b-b (jet-jet) mass distribution shown in Fig.10 . In this Figure the initial cuts
mentioned above are a little bit hardened, namely Emiss

T > 200 GeV. From now on, if not specially mentioned
otherwise in all di-jet mass distributions we take only one pair of b-jets per event, keeping only jets closest to
each other in� � ' space. No attention is paid to jet ”charge” or ”leading charge”. We remind that no particular
treatment is applied to leptons in the analysis, if not stated otherwise.

The “data points” in Fig.10 represent the sum of the mSUGRAb�b-signal and SM and SUSY (combinatorial)
backgrounds. The SM background is also shown separately as a shaded histogram. Theb�b-mass distribution is
fitted with the a sum of a gaussian and a quadratic polynomial. The theoretical prediction of the lightest Higgs
mass is indicated with an arrow at the bottom of the plot. The width of the signal peak is determined entirely by
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the jet resolution of the detector, since the intrinsich! b�b decay width varies from 3.2 to 4.3 MeV over the entire
mSUGRA parameter space shown in Fig.1 . The position of the peak is shifted to lower mass since energy losses
in jets (finite cone size, various thresholds etc.) and typical missing energy for b-jets (caused by neutrinos) are not
corrected for.

The three distributions in the lower half in Fig.10 are for events in the Mbb mass window 55 - 85 GeV to illustrate
the kinematics of theh! b�b decay at this particular point with the lowest possible masses of squarks and gluinos
(see also Fig.7 ) where the~�02 still decays into Higgs. The average b-jet transverse energy is' 80 GeV, the b-
jets are very central as they result from decay of massive (� 500 GeV) squarks and gluinos which are centrally
produced. Clearly b-tagging beyondj �jet j ' 1.5 is not very effective in this search.

The Mbb distribution in this particular point, if one applies the “nominal” b-tagging performance expectations
described in the previous section, is given in Fig.11 . The lower distribution (with corresponding SM background
in dark) is obtained with Emiss

T > 200 GeV and EjetT > 40 GeV , whilst the upper one (SM is light shaded)
corresponds to softer cuts: Emiss

T > 150 GeV, Eb�jetT > 20 GeV in j � j < 1.75, Enon�b�jetT > 40 GeV in
j � j < 4.5. In both distributions the ”left shoulder” is significantly suppressed when compared to that in Fig.10 ,
since the tagging efficiency falls quickly with decreasing jet ET , Fig.9 , thus suppressing events at low Mbb. This
reduction also causes some sharpening of the peak. Relaxation of the cuts slightly improves the significance,
which is calculated asS=

p
B within a � 1� interval around the peak centre, but the S/B ratio decreases. The

SM background is small compared to the mSUGRA signal and SUSY background. The signal peak sits on top of
an intrinsic background originating mainly from additional real b-jets in the event (see example in Fig.5 ), rather
than from mistagged jets. An improvement could possibly be obtained taking into account ”jet charge” and thus
enriching the sample inb�b pairs as compared tob�b + bb (�b�b). This however requires determination of the charges
of fast tracks in jets, a task still under study in CMS [12].

It is worth emphasizing that at this point of parameter space theh! b�b mass peak is visible already with' 1 fb�1

which can be accumulated in� a month of LHC running. This is� 1/10 of the luminosity needed for observation
of h!  at this m0, m1=2 point corresponding to~g, ~q masses just beyond the Tevatron reach. With an increased
integrated luminosity of 2-3 fb�1 the part of the m0, m1=2 plane which can be explored is represented by a few
points in Fig.12 . All the distributions in this figure are obtained with similar cuts: Emiss

T > 200 GeV and EjetT >

40 GeV. The systematic investigation of parameter space reach is given later on.

5.2 Dependence ofh! b�b observability on detector performance

To investigate instrumental requirements allowing to discoverh ! b�b we choose a point not on the edge of the
region of observability, but rather more representative point in parameter space at some distance from the region
discussed in a previous subsection, which has harder signal kinematical distributions as visible comparing Fig.7
and 8. The b-jet related distributions for point m0 = m1=2 = 500 GeV , A0 = 0 , tan� = 2,� < 0 in Fig.13 can be
compared with analogous ones in Fig.10 for m0 = 110 GeV, m1=2 = 170 GeV .

The distributions in Fig.13 are obtained with harder cuts than those in Fig.10 , namely Emiss
T > 400 GeV and EjetT

> 40 GeV, and correspond to an ideal b-tagging performance, as in Fig.10 .

Figs.14-16 illustrate the sensitivity in the expectedh! b�b signal induced by various instrumental factors. The dis-
tribution in Fig.14a is the “benchmark”, since it is obtained with “nominal” performance and selection parameters
:

� Emiss
T > 400 GeV,

� � 4 jets with EjetT > 40 GeV,

� b-tagging inj � j < 1.75, with nominal b-tagging efficiency and mistagging probability from [10],

� only one pair of b-tagged jets (closest in�, ' space) is chosen from all possible jet-jet combinations.

Under this nominal conditions, with 100 fb�1, the expected signal significanceS=sqrtB should be 18.3, Fig.14a .
In Fig.14b one can see that if all bb-combinations per event are included in the distribution, the signal to background
ratio degrades with signal significance decreasing by' 12 % . Figs.14c and 14d show the effect of increasing, or
decreasing, the b-tagging efficiency by 15 % in absolute value, whilst keeping mistagging at the “nominal” level.
This means that, if nominally the tagging efficiency is� 50 % for EjetT = 80 GeV in the central regionj � j <
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1.0, Fig.9 , it is changed correspondingly to 65 % or 35 %. The dependence on the b-tagging efficiency is very
pronounced, the signal significance varying by respectively� 25 % . This is not surprising as b-tagging efficiency
enters quadratically in the number of signal events. Figures 15a and 15b illustrate the effect on the observability
of the peak of the� acceptance of the silicon pixel detector. As can be expected on basis of Fig.13, increased
acceptance beyondj �jet j ' 1.5 does not bring a significant improvement as these b-jets are very central. With
b-tagging acceptance increasing fromj �jet j = 1.0 to 1.75 and 2.4, signal significance improves from 17.2 to 18.3
and 18.8 Figures 15c and 15d illustrate the signal dependence on tagging purity, where one keeps the “nominal”
b-tagging efficiency, but varies the mistagging rate for all non-b jets, including c-ones. Increasing the mistagging
probability by a factor of 3 degrades visiblyS=B and signal significance by' 25 % which is rather significant.

Since the observed width of theh ! b�b peak is entirely determined by the calorimetric jet-jet effective mass
resolution, one can expect some dependence of the signal observability on the energy resolution, as illustrated in
Fig.16 . The upper plot is for the nominal HCAL performance, corresponding to�E /E = 82 % /

p
E � 6.5 %

at � = 0. The lower plot corresponds to the HCAL energy resolution deteriorated to 120 % /
p
E � 10 %. To

have an impression of the difference in the assumed energy resolution between upper and lower figures, one can
compare the resolution on for a single 10 GeV pion: 25 % versus 39 % . The sigma of a gaussian fit to the'
90 GeV Higgs peak is 7.6 GeV in first case and 11 GeV in second one. The difference inS=B between Figs.
16a and b is significant, but not dramatic. This is due to the fact that theh! b�b pair has a significant boost, pb�b

T

� 200 GeV in Fig.13 , and the jet-jet opening angle, whose measurement precision is determined by calorimeter
granularity plays an important role in the effective mass resolution. It is clear however that we should not allow a
jet energy resolution worse than 15 % for an Ejet

T ' 100 GeV - which corresponds to Fig.16b - without significance
performance loss.

Fig.17 illustrates the importance of the tagging efficiency at a point near the limit of the domain where theh! b�b

peak can be observed and where the SUSY signal and backgrounds are comparable to the SM background. The
“nominal” parameters are the same as mentioned above for Fig.14 . The� 15% variation in absolute value of the
assumed tagging efficiency induces a corresponding� 30 % variation in signal significance. One also can see in
this Figure that the additional requirement of absence of an isolated lepton(s) in the event helps to suppress the
SM background by a factor of� 2 (Fig.17c), although it does not improve much the signal significance. Fig.17d
shows that the “visibility” of the signal can be somewhat subjective, theh! b�b peak is barely visible, whilst the
calculated significance is rather good nevertheless.

Fig.18 illustrates theh! b�b signal observability as a function of mh over the allowed range of 80 to 120 GeV. For
this we select the points shown in Fig.6 , all at same m0 = m1=2 = 500 GeV, but different values of tan� and� ,
with nominal b-tagging performance and 100 fb�1. One can clearly see that the signal peak becomes broader with
increasing Higgs mass since the jet ET > 40 GeV cut-off does not play such a role as for a low-mass peak.

5.3 W! jj and Z! b�b decays

It is obvious that W! jj decays in~g/~q cascades can yield a jet-jet signal several times larger thanh ! b�b. A
question thus arises what happens if the Higgs mass is close to the W one. Fig.19 serves as an illustration that
a signal peak observed in the vicinity of W! jj should not be a remnant of a mistagged W peak provided the
mistagging probability is as expected in Fig.9 . The parameter space point shown in this Figure is chosen to
maximize the mass difference between W andh not to confuse effect of mistagging with mass coincidence. One
can see that with nominal b-tagging performance, including mistagging, the W peak is entirely suppressed and
only the Higgs peak remains. Fig.19c is the same as Fig.18d. What happens if the mistagging probability is much
increased is still under study.

If ~�02 is heavy enough to decay into~�01 + Z , this channel competes with~�02 ! ~�01 h thus decreasing the yield of
Higgses, especially for high tan� and negative� (see Fig.6). Since for all the cases considered in Fig.1 (except
the case tan� = 2 ,� < 0 ) the Higgs is heavier than the Z, in the lower part of the plots there is a band' parallel
to the m0 axis, just beneath the region under study, where the~�02 decays almost entirely (> 95 %) into Z + ~�01,
as the~�02 ! ~�01 h is not yet open. The branching ratio of Z! b�b is ' 17 %, so, at least in principle , one could
observe a Z peak in the tagged di-jet mass distribution (except the case tan� = 2 ,� < 0 ), as shown in Fig.20 for
the point with m0 = 200 GeV , m1=2 = 250 GeV , A0 = 0 , tan� = 10 ,� < 0, where the BR(~�02 ! ~�01 Z) = 97.6 %.
The distributions are obtained with the cuts as appropriate for low luminosity searches: Emiss

T > 200 GeV and

Ejet
T > 40 GeV. In the major part of parameter space BR (~�02 ! Z + ~chi

0

1)� BR (~�02! ~�01 h) , except for a small
marginal region (band) with low BR (~�02 ! ~�01 h), for example, in point m0 = 200 GeV , m1=2 = 300 GeV , A0 =
0 , tan� = 10,� < 0 (see Fig.1 ). So, if ab�b peak is observed at' 90 GeV and there is an ambiguity as to what is
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seen, we shall look at data samples with all cuts and selections kept, except for a b-b pair replaced by�+�� and
e+e�. In case of Z production, Z! e+e�, �+�� decays should be seen with perfectly calculable rates relative
to b�b, whilst no signal should be seen if theb�b signal is due toh which has negligible branching to electrons and
muons. In case thatb�b/�+��/e+e� relative rates are not as expected for pure Z decays, we may have coexistence
of both ~�02 decay modes, as possible in some points of parameter space. So leptonic decays of the Z can provide
information on the fraction of~�02 ! Z + ~�01 decays and its contribution to theb�b signal.

5.4 Domains of visibility ofh! b�b

Now, after discussion of the instrumental requirements allowing observation ofh! b�b peak, let us turn to the main
problem : how general is the possibility to observe thish! b�b signal in~q, ~g decays ?

Fig.21 shows the domain of parameter space where theh! b�b signal is visible withS=
p
B > 5 for the case A0

= 0, tan� = 2 ,� < 0 and with “nominal” b-tagging performance of CMS for 10 and 100 fb�1. The outer borders
are somewhat approximate, as the question of signal observability depends on the chosen convention whether
something is really visible or not (e.g. Fig.17d ), even with satisfied quantative criterion, as for example: S=

p
B

> 5 or S=
p
S +B > 5. The isomass curves for the lightest CP-even Higgs (h) and CP-odd one (A) are also

shown in Fig.21 by dash-dotted lines. The bold broken line denotes the region where BR(~�02 ! ~�01 h) = 50 %.
Some decay modes, characteristic of particular regions of parameter space , as~�02 ! ll̂, ~�02 ! ~�01 b

�b non-resonant
etc. are also shown.

The shaded regions along the axes denote the present theoretically (“TH”) or experimentally (“EX”) excluded
regions of parameter space not including yet LEP 96/97 results. The case in Fig.21 , with A0 = 0, tan� = 2 ,� <

0 looks like the most promising one among the cases shown in Fig.1 . The threshold of visibility ofh ! b�b at
lowest m1=2 = 170-180 GeV, starting at� 1 fb�1, corresponds to m~g;~q � 400 - 450 GeV, i.e. begins just where
Tevatron squark and gluino searches will stop with� 5 fb�1. The least favourable case in Fig.1 corresponds to
tan� = 10 ,� < 0 . Fig.22 shows the results concerning the domains of the signal visibility for this latter case. In
this case there seems to be a significant observability gap and this has to be studied in more details in the future.
In Fig.23 one can see the results for some “intemediate” case between best and worst ones in Figs.21 and 22, for
tan� = 30 ,� > 0 .

6 Conclusions and future prospects
The search for theh ! b�b decay, when the lightest Higgsh is produced in the cascade decays of the strongly
interacting sparticles seems to be a promising one. The large rejection factor needed to suppress backgrounds and
achieve aS=B of� 1 is here provided by the Emiss

T cuts. Nothing similar can be obtained in the search for the SM
Higgs in H! b�b. This way of searching for theh might allow to discover the SUSY Higgs already at a the modest
integrated luminosity of few fb�1. The squarks and gluinos must however have a minimal mass in the' 450 to
700 GeV range for this search to be possible in this model. The study carried out here in the mSUGRA framework
shows that there is a significant domain of parameter space, just beyond the~q, ~q mass reach of the Tevatron (� 400-
450 GeV), where observation of theh! b�b decay would be possible, assuming a reasonable b-tagging efficiency,
already with an integrated luminosity of 1-3 fb�1. The parameter space domain can be significantly extended with
100 fb�1, where~g, ~q with masses in 1.5 TeV range are probed. The entireh mass range from' 80 GeV up to'
125 GeV can be covered.

Our investigations show that the observation of theh ! b�b signal depends most critically on the b-tagging ef-
ficiency and less critically on the mistagging probability ; the acceptance of the b-tagging pixel devices is not
critical, provided the coverage is not smaller thanj � j ' 1.5 . A calorimetric system resolution of' 100 % /

p
E

� 10 % is adequate for this type of search, but should not be significantly worse. A significant improvement in
b-tagging efficiency could be obtained with a third pixel layer, or having pixel layer at the radius of 4 cm even
for high luminosity running, to be replaced every (few) year(s). We remind that whilst efficient b-tagging strongly
militates in favour of a pixel layer at 4 cm, the heavy ion physics programme of CMS demands two layers, the
inner at 7 cm. The mistagging probability depends on the non-gaussian part of the impact parameter measurement
distribution, thus on the overall pattern recognition performance in the region close to the beam i.e. on the balance
between Si and MSGC layers in the tracker. This aspect would presumably imply increasing Si layers from 4 to 5,
possibly 6, reducing correspondingly MSGC layers and deserves a dedicated study.

Two more aspects should be further studied in the future. From the detector performance point of view a more
detailed study should be made on how critical is the overall ECAL + HCAL calorimetric performance in terms of
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jet reconstruction for EjetT � 100-200 GeV. A further problem is how useful is in the present case b-tagging with
leptons, and what is the effect on the jet-jet mass resolution and peak shift of the escaping neutrinos Furthermore the
best balance between pixels, Si and MSGC layers should also be studied in terms of best b-tagging performance.

Second, and most important if this method has to become a viable alternative to theh!  search, is to evaluate
how general are the results of the present study, i.e. what happens out of the mSUGRA scheme where masses are
not so constrained, for example in MSSM. Presumably what is found here in the framework of mSUGRA-MSSM
is much more generally valid, i.e. that, as soon as the~g=~q ! ~�02 ! ~�01 h, or even more generally, the~g=~q ! ~�0i
! ~�0j h chain s are kinematically allowed and the~�0i ~�0j h couplings not vanishing, thish ! b�b search might
applicable.

A particular point of interest in this respect is the gap at the lower~q, ~g masses, between the domains where SUSY
can be explored at the Tevatron with 5-6 fb�1 and the lower mass reach of this channel, if it exists in mSUGRA,
can it be overcome in MSSM, where mass relations are less rigid ?
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Figure 7: Comparison of mSUGRA signal and SM background distributions at one point accessible already with
1 fb�1.
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Figure 8: Comparison of mSUGRA signal and SM background distributions at another point requiring' 100
fb�1 of integrated luminosity.
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Figure 10: Some distributions for the same parameter space point as in Fig.7 in case of ideal b-tagging perfor-
mance for 1 fb�1; the lower histograms are for theh mass range 55< Mbb < 85 GeV.

17



h → bb
–
  in  mSUGRA  with  1 fb-1

0

25

50

75

100

125

150

175

200

225

250

0 60 120 180 240
Mbb (GeV)

N
ev

  /
  1

 fb
-1

  /
  5

 G
eV

m0 = 110 GeV,  m1/2 = 170 GeV,  A0 = 0 ,  tanβ = 2 ,  µ < 0

S

B

SM  bkg

S / √B = 11.3

S / √B = 9.7

76.5
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Figure 12: Some points in parameter space accessible already with 3 fb�1. Nominal b-tagging performance of
CMS is implemented.
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Figure 13: Distribution for the same point in parameter space as in Fig.8 in case of ideal tagging performance.

20



h → bb
–
  in  mSUGRA

0

20

40

60

80

100

120

140

160

180

200

0 60 120 180 240

P1  -56.58
P2   1.491
P3  -.4116E-02
P4   79.61
P5   85.30
P6   7.569

Mbb (GeV)

N
ev

  /
  1

00
 fb

-1
  /

  5
 G

eV

S / √ B = 18.3

a)

nominal performance

89.7

0

20

40

60

80

100

120

140

160

180

200

0 60 120 180 240

P1  -79.81
P2   1.960
P3  -.5095E-02
P4   81.01
P5   85.24
P6   7.464

Mbb (GeV)

N
ev

  /
  1

00
 fb

-1
  /

  5
 G

eV

S / √ B = 16.6

b)

all bb-combinations

0

20

40

60

80

100

120

140

160

180

200

0 60 120 180 240

P1  -54.92
P2   1.801
P3  -.5060E-02
P4   118.9
P5   85.43
P6   7.739

Mbb (GeV)

N
ev

  /
  1

00
 fb

-1
  /

  5
 G

eV

S / √ B = 22.3

c)

tagging + 15 %

0

20

40

60

80

100

120

140

160

180

200

0 60 120 180 240

P1  -33.91
P2   .8943
P3  -.2427E-02
P4   42.02
P5   85.15
P6   8.242

Mbb (GeV)

N
ev

  /
  1

00
 fb

-1
  /

  5
 G

eV

S / √ B = 12.9

d)

tagging - 15 %

Figure 14: Influence of the various instrumental factors on signal observability in the same parameter space point
as in Fig.8 with 100 fb�1 : a) with “nominal” b-tagging performance and data selection, b) all bb-combinations
per event are included in histogram, c) b-tagging efficiency increased by 15% (absolute shift) and d) b-tagging
efficiency decreased by 15% , the mistagging probability is nominal one in all cases.
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Figure 15: Influence of various instrumental factors onh ! b�b signal visibility in the same parameter space
point as in Fig.14: a) tagging acceptance increased compared to “nominal”j � j < 1.75 up toj � j = 2.4, b)
tagging acceptance decreased toj � j = 1.0, c) mistagging probability increased by a factor of 3 and d) mistagging
probability decreased by a factor of 2 relative to nominal expectations.
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Figure 16: Effect of the assumed single hadron energy resolution on the signal visibility. Same point as in
Figs.13, 14 and 15. Note that b-tagging is here performed with impact parameter measurement, not with ”leptons
in jets”.
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Figure 17: Effect of tagging efficiency on signal visibility at an “extreme” search point: m0 = m1=2 = 600 GeV ,
A0 = 0 , tan� = 2,� < 0, near the edge of explorable domain with 100 fb�1.
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Figure 18: Dependence of theh! b�b signal visibility on mh over the allowed range� 80 to 120 GeV, varying
tan� and sign(�) at a fixed m0=m1=2=500 GeV. Nominal CMS instrumental performance, 100 fb�1 integrated
luminosity.
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Figure 19: Study of possible confusion (misidentification) betweenW ! jj andh ! b�b in some point of
parameter space with 100 fb�1 : a) jet-jet effective mass if only one closest jj-pair is taken per event regardless b-
tagging, theW ! jj peak is clearly visible in both signal and SM background distributions, b) same as previous
one, but closest pair is taken among non-tagged jets, c) same as previous ones, but closest pair per event is
taken among b-tagged jets, with no visible contribution fromW ! jj decays with nominal CMS b-tagging and
mistagging performance. Fig 19c is the same as 18d.
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Figure 20: Study of possible confusion betweenZ ! b�b (c�c) andh! b�b at point m0 = 200 GeV , m1=2 = 250
GeV , A0 = 0 , tan� = 10,� < 0, with 10 fb�1. Despite the presence of a weak Mbb peak, only the~�02 ! ~�01
Z channel is open, which can be easily confirmed by Z peak inl+l� channel : a)Z ! b�b with ideal b-tagging
performance, b)Z ! b�b (+c�c) with expected CMS tagging performance, c)Z ! l+l� with same statistics and
cuts as in previous Figure.
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Figure 21: 5� visibility contours ofh! b�b for A0 = 0, tan� = 2, and� < 0 with 10 and 100 fb�1. See also
comments in text.
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Figure 22: 5� visibility contours ofh! b�b for A0 = 0, tan� = 10, and� < 0 with 10 and 100 fb�1. See also
comments in text.
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Figure 23: 5� visibility contours ofh! b�b for A0 = 0, tan� = 30, and� > 0 with 10 and 100 fb�1. See also
comments in text.
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