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Abstract. In this talk, I discuss some aspects of Higgs searches at future colliders, particularly
comparing and contrasting the capabilities of LHC and next linear collider (NLC), including the
aspects of Higgs searches in supersymmetric theories. I will also discuss how the search and study of
sparticles other than the Higgs can be used to give information about the parameters of the minimal
supersymmetric Standard Model (MSSM).
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1. Introduction

The SM has been tested to an unprecedented accuracy over the past few decades culmi-
nating in the precision measurement at LEP as well as the observation of WW production
at LEP-II [1]. The agreement with the SM predictions of the precision measurements at
LEP as well as that of the WW cross-section at LEP-II proves that the SM is described by
a renormalizable, SU(2)� U(1) gauge field theory. The renormalizability of the theory
requires the spontaneous symmetry breaking (SSB) and, in the currently accepted theoret-
ical dogma, Higgs mechanism. However, the direct search for the elusive Higgs has only
resulted in lower limits which givemh > 89:7 GeV [2,3].

Thus at present we have no ‘direct’ proof that Higgs mechanism is ‘the’ mechanism for
the SSB. Further, quantum field theories with fundamental scalars require some mechanism
to stabilize the mass of the Higgsmh around the scale of the electroweak (EW) symmetry
breaking. Unless the TeV scale gravity obviates the problem itself [5], supersymmetry is
the best available option for the purpose [6]. Since the ‘Raison d’etre’ for future colliders
is to establish the mechanism of the SSB, it is clear that ‘Higgs and supersymmetry search’
is the most important aspect of physics at the next generation colliders.

In view of the importance of these two searches there exist a large number of discussions
of the phenomenological and experimental possibilities in the context of future colliders
in literature [7–16]. In this talk, I will focus on some of the recent developments and
questions in the Higgs search, viz.

1. In view of the LEP-II results what can Tevatron (and of course LHC) do for Higgs
search?

499



Rohini M Godbole

2. If ‘a’ scalar is found at LHC how well can one decide that this scalar is ‘the’ SM
Higgsh?

3. What is the LHC reach for MSSM SUSY Higgs search?

4. If and how does NLC improve the situation?

5. What can (and further�+��) colliders do?

As far as supersymmetry (SUSY) is concerned, it is clear that it is broken, albeit the break-
ing should be at the TeV scale if SUSY has anything to do with particle physics. However,
there is no ‘real’ understanding how SUSY is broken. So, what we really need to do with
the SUSY particles (after finding them) is to measure their properties accurately and use
them to study how SUSY is broken and learn something about the high scale physics from
the way it is broken. It is by now clear that both the LHC and NLC can find TeV scale
SUSY, if it exists. The emphasis of all the recent studies has been on how to test different
models for high scale physics once SUSY is found.

The future colliders that I would discuss would be mainly Tevatron (Run II, TEV33),
LHC and the NLC. The specifications of a future linear collider are not yet completely
finalized. The normally considered energies are

p
se+e�

<� 500 GeV, with luminosities
� 20–50 fb�1. However, linear colliders with energies extended up to 2 TeV are consid-
ered and normally used integrated luminosities for them are usually scaled up to compen-
sate for the1=s factor in the cross-section. The technical feasibility of a 500 GeV linear
collider is now established [9]. There are also discussions about constructing a collider
using backscattered laser photons from ane+e� machine. Particle production in real scat-
tering of ‘real’ high energy photons using backscattered laser photons has been observed
for the first time [17]. In principle, in thee+e� option of the linear colliders (LC’s) one
has to worry about new phenomena such as Beamstrahlung as well as the backgrounds
caused by high energy interactions [18]. But they are under control fore +e� colliders
up to

p
s = 1 TeV [19]. The high degree of polarization possible at the LC’s is particularly

useful in precision studies of SUSY.

2. Higgs search

2.1Theoretical mass limits

SM Higgs: In the SM only the couplings of Higgs with matter and gauge particles are
predicted, but nothing much is known theoretically about its mass, apart from the limits.
The upper limit comes from triviality considerations [20,21], i.e., by demanding that the
Landau pole in Higgs self coupling� should not occur up to an energy scale�. The lower
bound [22] comes from instability of vacuum under fluctuations. The latter is valid only
if the Higgs content is minimal viz. a single doublet. Both the bounds depend onm t.
Given the fairly accurate knowledge on the mass of the top quark, this then gives predic-
tions for both the bounds. The upper bound, in addition, depends on the uncertainties in
nonperturbative dynamics which needs to be employed while analysing the large� region.
Figure 1 shows the bounds obtained in a recent analysis [23]. This tells us that should we
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Figure 1. Theoretical bounds onmh in the SM [23].

discover at Tevatron-run II some direct evidence of a Higgs with mass�115–120 GeV, we
can take that as an indication that the desert between the weak scale and the Planck scale is
sure to be populated and hence also that of possible new physics within the reach of LHC
experiments.

SUSY Higgs: Before embarking upon a discussion of the search prospects of the SM Higgs
at future colliders, let us also summarize a few things about the predictions of the properties
of the various scalars that exist in supersymmetric theories. The scalar sector is much
richer in these theories and there are five scalars: three neutrals out of which two are
CP even states: the lighter(heavier) one being denoted byh 0(H0) and one CP odd state
denoted byA and a pair of charged Higgs bosonsH �. The masses of all the scalars are
not independent. They are given in terms of two parameters, which can be chosen either to
bemA; tan� ormH� ; tan�. Heretan� is the ratio of the vacuum expectation values of
the neutral members of the two Higgs doublets that exist in the MSSM. As a result of the
supersymmetry these masses satisfy certain sum rules and hence inequalities at tree level:

mh0 � mZ ;mH0
> mZ ;mH� > mW ;mh0 < mH0

;mH� : (1)

In the decoupling limit [24] (mA ! 1) one finds that, independent oftan�, all the four
heavy scalars become degenerate and infinitely heavy and the mass of the lightest scalar
approaches the upper bound. In this limit the couplings of theh 0 to matter fermions and
the gauge bosons approach those of the SM Higgsh.

The most interesting, of course, is the upper limit on the mass of the lightest neutral
Higgsh0 viz. mh0 . These mass relations receive large radiative corrections, due to the
large mass of the top quarkmt. However,mh0 is still bounded. Also note that the cor-
rections will vanish in the limit of exact supersymmetry. The limits on the radiatively
corrected scalar masses for the case of maximal mixing in the stop sector are shown in fig-
ure 2 [25]. It shows that the mass of the lightest scalar in MSSM is bounded by� 130GeV
even after it is radiatively corrected. This bound does get modified in the NMSSM [26–28].
New results in this context are the two loop calculations [29] of the threshold corrections
to the effective quartic couplings of the Higgs potential. These results show that for all
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Figure 2. Bounds on the masses of the scalars in the MSSM [25].

reasonable values of the model parameters,mh0 is bounded by� 150 GeV. The couplings
of h0 do get modified to some extent by the radiative corrections, but the general features
remain the same as the tree level results.

Not only are the scalars much more numerous in the MSSM, their decay patterns are
much more involved and depend on the parameters of SUSY model, as both the exact
masses and the couplings of the Higgses are dependent on these. Hence the phenomenol-
ogy of the MSSM scalars is much richer and more complicated than the SM case. Again,
calculation of various decay widths including the higher order corrections involving loops
of sparticles has been done [30–32].

2.2Experimental limits

The best direct limit on the mass of the Higgs comes from the studye+e� ! Z�h at
LEP-II and will soon reach 108 GeV [4,33]. This is already at the limit of the reach
of LEP-II. It has been made possible due to the use ofe+e� ! Z�h ! ���h and the
excellentb-tagging achieved in the detectors at LEP-II. There exist also, the ‘indirect’
bounds onmh arrived at from the analysis of precision measurements from LEP [34].
This gives a lower limit onmh of 77 GeV with a95% confidence level upper limit of 215
GeV. This then seems to be tantalizingly consistent with the predictions of the bound of
160 � 30 GeV from the consistency of the SM. However, it should not be forgotten that
new physics within the reach of LHC might change some of the theoretical predictions
for the variables used in the precision data. It should be thus borne in mind that with
the small expected improvements in the precision, EW data might remain consistent with
a somewhat higher upper limit onmh. This is to say that it may be possible to relax
somewhat the upper bound onmh implied by the analysis [34]. The indirect limits on the
mass of the lightest CP even neutral scalar in the MSSM are very similar to that on the SM
Higgs, due to decoupling nature of SUSY. The latest (preliminary results on) mass limits
for the SUSY Higgses are:mh0 > 88:3 GeV;mA > 88:4 GeV and an absolute limit
on tan� : 0:4 < tan� < 4:1 (0:7 < tan� < 1:8) for no (large) mixing in the stop
sector [4].
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2.3Higgs search at the hadronic colliders

The mass range for the search of the Higgs divides itself into two regions: i)102 �
mh

<�150GeV, ii)mh
>�150GeV. The lower limit in (i) is simply a reflection of the current

lower limit from ‘direct’ searches for the Higgs. The upper limit of region (i) is decided
by dominant decay modes of the Higgs. A large number of recent discussions [7,8,11,32],
both theoretical and experimental, have concentrated on Higgs search strategies in this
mass range, for obvious reasons. This is the mass range preferred by the ‘indirect’ limits;
this is also the mass range expected for the lightest supersymmetric Higgsh0. It also hap-
pens to be the mass range that would be accessible at the Tevatron Run-II/TEV33 as far as
the production cross-sections are considered. From the point of view of a clean signal, this
happens to be the most challenging range of the Higgs mass as the dominant branching
ratio in this case is into theb�b channel, where the QCD background is about three orders
of magnitude higher than the signal.

SM Higgs: Let us first discuss the case of the search for the SM Higgsh at the Tevatron
collider. At hadronic colliders, in general, the possible production processes for the Higgs
are

gg ! h; (2a)

q�q0 ! hW; (2b)

q�q ! hZ; (2c)

qq ! hqq; (2d)

gg; q�q ! ht�t; hb�b: (2e)

At Tevatron energies, the most efficient processses are the first two of eqs (2). TheW=Z
produced in association with theh, in eqs (2b), (2c), increases the viability of the signal in
theb�b channel. With the use of the high luminosity and a projected improvement in the ‘b’
detection, it seems quite likely that the Tevatron might be able to provide a glimpse of the
light SM Higgs in the intermediate mass range (IMR). The two new developements here
have been the use ofWW � channel and/or the use of extrab 0s in the final state [35,36]
and use of neural networks [37] to increase the efficiency of theb�b channel. Assuming
that it will be possible to achieve a10% resolution for theb�b mass reconstruction, an
integrated luminosity of� 30 fb�1 is required for3� � 5� signal formh � 120 GeV,
when information from all the channels whereh is produced in association with aW=Z is
combined. For the case of the MSSM Higgs a comprehensive analysis has been done [38].

At the LHC the way out is essentially to use theh!  channel a B.R. which is about
1000 times smaller than that for theb�b channel but a considerably reduced background. To
detect the Higgs in the IMR in this channel the resolution required forM measurement

is <� 1 GeV' 0:1mh [8].
The new developements on the theoretical side have been new calculations of various

production cross-sections [32] including the higher order corrections. On the analysis side
the new developements have been the detector simulations for the mode as well as the
b�b mode. The left panel in figure 3, taken from the CMS/ATLAS techincal proposal [7]
shows the expectedS=

p
B for the SM Higgs in the intermediate mass range, using the

; b�b modes. The use ofb�b mode formh < 100 GeV is essentially achieved by using the
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Figure 3. The expected significance level of the SM Higgs signal at LHC. The figure
at left is from ref. [7] and the one at right is taken from ref. [8].

associated production of eqs (2b), (2c). Note that this will require an integrated luminosity
of about30 fb�1, which is three years of LHC running at low luminosity. The figure at the
right shows the latest analysis of the achievable significance in the ATLAS detector over
the entire mass range, taken from ref. [8]. This shows clearly how different mass ranges
are covered by different decay modes of the SM Higgsh.

A recent development has been a demonstration [39] at the parton level, that the pro-
duction of theh through theWW=ZZ boson fusion processes of eq. (2d) can be used for
Higgs detection using the; �+�� andWW ! l+�l�� decay modes of theh. This
has been studied in the context of the ATLAS detector at LHC [40] with a point of view
of exploiting this for measuring the relative ratios of the different Higgs couplings at the
LHC.

For the mass range (ii) the channels with the higher branching ratio, containing the
V V=V V �(V = W=Z) are also the cleanest channels. The figure of merit for a particular
channel is clearly the value of the� � B:R:. Figure 4 taken from ref. [41] shows this
for the LHC for both the mass ranges (i) and (ii). The largest contribution to the cross-
section here comes from thegg fusion (cf. eq. (2a)). Up tomh = 500 GeV the ‘gold
plated signal’ with four charged leptons arising from theh ! ZZ ! l+l�l+l� is the
cleanest one and has been studied in great detail. In this channel (and of course in the
channel) the Higgs can be reconstructed as a narrow mass peak. ATLAS collaboration has
demonstrated that formh = 400 GeV, with a luminosity of only10 fb�1 (one year of the
low luminosity option of LHC), one will see 27 signal events as opposed to a background
of ' 10 events.

The four lepton signature, however, suffers from low branching ratio for2mW
<�mh <

2mZ and requires 30–100 fb�1. In this mass range the channelh ! WW (W �) !
l+l���� provides a statistically significant signal with a luminosity of 1–2 fb�1 [41]. The
cross-sections for the associated process of eqs (2b), (2c), are still significant. This can
prove useful to see the Higgs in more than one channels (cf. the strategy adopted at the
Tevatron).

Formh > 500 GeV, detection of the Higgs as a narrow mass peak is no longer feasible
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LHC 14 TeV σ Higgs (NLO and MRS(A))
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Figure 4. Expected� � BR for different detectable SM Higgs decay modes [41].

and the size of the four lepton signal is also very small. The best chance for the higher mass
Higgs is the detection, by using its production along with forward, high rapidity jets via
the process of eq. (2d). For this higher mass range, the detection seems to be a certainty
at LHC, up tomh � 700 GeV. The processes of eq. (2e) can, in principle, be used to
determine the couplings of Higgs to heavier quarks.

MSSM Higgs: The Higgs sector is the one sector of the supersymmetric theories where
some discussion can be carried out in a model independent way. For example, upper bound
on the mass ofh0 is quite robust whether we consider MSSM or some extensions of it
i.e. the (N)MSSM. The general qualitative observations about the couplings and the mass
heirarchy among various scalars in the theory are also model independent. However, the
different production cross-sections and the decays do depend crucially on the superparticle
spectrum. Hence, while discussing the reach of future colliders, one discusses the SUSY
Higgs search in the context of MSSM with certain assumptions about the particle spec-
trum. For large (small) values ofmA theh0(H0) has mass and couplings similar to the SM
Higgsh. For MSSM Higgs the discussion of the actual search possibilities is much more
involved. For the lightest scalarh0 in the MSSM, the general discussions of the interme-
diate mass SM Higgs apply, with the proviso that the branching ratio is smaller forh 0
and hence the search is much more difficult.

In discussing the search strategies and prospects of the MSSM scalars one has to re-
member the following important facts:

1. Due to the reduction of theh0WW coupling, theh0 coupling is suppressed as
compared to the corresponding SM case. Of course one also has to include the con-
tribution of the charged sparticles in the loop [31]. The upper limit onm h0 implies
that the decay mode intoWW (V V ) pair is not possible forh0, due to kinematic
reasons. On the other hand, forH0 the suppression of the coupling toV V makes the
decay less probable as compared to the SM case. As a result, the MSSM scalars are
expected to be much narrower resonances as compared to the SM case. For example,
the maximum width ofh0 is less than few MeV, for reasonable values oftan� and
even for the heavier scalarsH0 andA, the width is not more than few tens of GeV
even for masses as high as 500 GeV.
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2. h0 is much narrower than the SM Higgs. However, over a wide range of values
of tan� andmA, theh0 has dominant decay modes into supersymmetric particles.
The most interesting ones are those involving the lightest neutralinos, which will
essentially give ‘invisible’ decay modes to theh0; H0 andA [30].

3. On the whole for the MSSM scalars the decay modes into fermion–antifermion pair
are the dominant ones due to the point (1) above as well as the fact that the CP odd
scalarA does not have any tree level couplings toV V . Hence, looking for the� +��

and�bb final state becomes very important for the search of the MSSM scalars.

As far as the lightest CP even neutral Higgsh0 is concerned, the major effects on the search
prospects are three :

1. The change ingg ! h0 production cross-section due to the light stop loops. These
effects are sensitive to mixing in the stop-sector and so is the mass ofh0, the latter
through radiative corrections.

2. A change in theh0 !  width due to light sparticles (specifically stops and
charginos) in the loop.

3. Invisible decays ofh0 ! ~�0i ~�
0
j (i; j = 1–4).

Many of these have been the subject of detailed investigations of late [30,31,42,43]. The
sizes of all these effects do depend on the model parameters. All the three effects can
conspire together to make theh0 ‘invisible’. Since both the production and decay are
affected by supersymmetric effects, the information is best represented in terms of

Rgg =
�SUSY(h! gg)�BRSUSY(h! )

�SM(h! gg)�BRSM(h! )
; (3)

and

R =
BRSUSY(h! )

BRSM(h! )
: (4)

Figure 5 reproduced from ref. [42] shows the ratioR gg as a function ofmh andR

for choices of parameters mentioned in the figure. The depletion in the ratioR gg here is
mainly due to the smallm ~t1

. The investigations try to focus on the fact that even though the
inclusive2 signature is substantially reduced the associated production via processes of
the eqs (2b), (2c) and (2e) can still provide a viable discovery channel for the light, MSSM
Higgs. Also production of Higgs in decays of stops (which are light and hence have large
production cross-sections) provides an additional channel.

Luckily the light charginos and neutralinos affect the inclusive2 channel only
in small regions of parameter space [43], once LEP constraints are imposed on the
chargino/neutralino sector. The decays ofh into invisibles can still contribute to the prob-
lem though. Under the assumption of a common gaugino mass at high scale, a dangerous
reduction in BR(h0 ! ) is possible only in the pathological case of a degenerate
sneutrino and chargino. However, for nonuniversal gaugino masses which predict light
neutralinos, even after eliminating the region which would give too large a relic cosmolog-
ical density, there exist regions in parameter space where the usual signal forh 0 drops
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Figure 5. RatioRgg of eq. (3) as a function ofR of (4) andmh [42]. The values
of various parameters are indicated in the figure.

drastically. Figure 6 shows, again for the values of parameters mentioned in the figure cap-
tion,R as a function ofM�+ andB(h! ~�0 ~�0). In this case, unlike the case of the light
stops, the production of Higgs in decays of charginos/neutralinos does not have very high
rates and the search will suffer from the same reduction of the channel due to decay
into invisibles. Thus in this scenario, for large values of the mass of the CP odd Higgs, a
signal for SUSY through the Higgs sector may not be feasible through direct search in the
 channel.

Thus we see that the detection of the lightest SUSY Higgs at Tevatron/LHC will be
difficult, but feasible. It will surely require high luminosity run. Recall again here that the
low value ofmh is the preferred one by the EW measurements [34] and also expected if
weak scale SUSY is a reality.

However, since in the MSSM there exist many more scalars in the spectrum one can
cover the different regions in the parameter space by looking also forA;H 0 andH�.
Figure 7 taken from ref. [8] shows the contours for 5� discovery level for different scalars
in the MSSM in the plane of two parameterstan� andmA. Thus we see that at low
values ofmA, almost all the scalars of the MSSM are kinematically accessible at LHC.
However, at largemA, which seem to be preferred by the data onb ! s and also by the
ever upward creeping lower limit onmh from direct searches, even after combining the
information from various colliders (LEP-II, Tevatron (for the charged Higgs search) and
of course LHC), a certain region in themA � tan� plane remains inaccessible. This hole
can be filled up only after combining the data from the CMS and ATLAS detector for 3
years of high luminosity run of LHC. Even in this case there exist regions where one will
see only the single light scalar.
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Figure 6. RatioR of eq. (4) as a function ofm+
� and the ‘invisible’ decay width of

theh for nonuniversal gaugino masses withM2 = 10M1, for heavy selectrons [43].

Figure 7. Five� discovery contours for the MSSM Higgs for the ATLAS detector with
300 fb�1 luminosities [8].

2.4Establishing the quantum numbers of the scalar

Thus we see that the LHC can see at least one scalar, no matter what its mass. However, to
establish such a scalar astheHiggs, one needs to establish two things, viz.

1. The scalar is CP even and hasJP = 0+,
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2. The couplings of the scalar with the fermions and gauge bosons are proportional to
their masses.

This is also essential from the point of view of being able to distinguish this scalar from
the lightest scalar expected in the MSSM. In general the couplings of the lightest scalar
h0 are different from the SM Higgsh. However, it should be kept in mind that in the
largemA region where the mass bound forh0 is saturated, these couplings differ very
little for the two. As a matter of fact this issue has been a subject of much investigation
of late [44,45]. The Snowmass Studies [44] indicate that for a light Higgs (m h = mZ)
such a discrimination is possible only to an accuracy of about 30 %. The idea of using the
h=h0 production viaWW=ZZ fusion, to determine the ratios of couplings of the Higgs to
different particles, is being studied now [40]. There are also interesting investigations [45]
which try to device methods to determine the CP character of the scalar using hadron
colliders. It is in these two respects that the plannede+e� colliders [9] can be a lot of help.

2.5Search of Higgses ate+e� colliders

Even though we are not sure at present whether such colliders will become a reality, the
technical feasibility of buliding a500 GeV e+e� (and perhaps an attendant, e�e�

collider) and doing physics with it is now demonstrated [9]. We will see below that such
a collider can play a complementary role and help establish the quantum numbers of the
scalar mentioned above. At these colliders, the production processes aree+e� ! Z(�)h,
e+e� ! e+e�h; e+e� ! ���h ,e+e� ! t�th and similarly the associated production ofh
with a pair of stops~t1~t1h.

Detection of the Higgs at these machines is very simple if the production is kinematically
allowed, as the discovery will be signalled by some very striking features of the kinematic
distributions. Determination of the spin of the produced particle in this case will also be
simple as the expected angular distributions will be very different for scalars with even
and odd parity. For ane+e� collider with

p
s � 500 GeV, more than one of the MSSM

Higgs scalar will be visible over most of the parameter space [9,32,46]. Even with this
machine one will need a total luminosity of200 fb�1, to be able to determine the ratio of
BR(h ! c�c)=BR(h ! b�b), to about7% accuracy [45]. The simplest way to determine
the CP character of the scalar will be to produceh in a collider, the ideas for which are
under discussion.

At largemA (which seem to be the values preferred by the current data onb! s), the
SM Higgs andh0 are indistinguishable as far as their couplings are concerned. A recent
study gives the contours of constant values for the ratio

BR(c�c)=BR(b�b)jh0
BR(c�c)=BR(b�b)jh

;

as well as a similar ratio for theWW � andb�b widths as a function oftan� andmA. As we
can see from figure 8 [44], a measurement of this ratio to an accuracy of about10% will
allow distinction between the SM Higgsh and MSSM Higgsh0 up to aboutmA = 500
GeV. As stated above, NLC should therefore be able to do such a job. Certainly, the
issue of being able to determine the quantum numbers and the various couplings of the
scalar including the self couplings forms the subject of a large number of investigations
currently [9,32,47].
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3. Supersymmetric particles other than Higgs

As explained in the introduction, supersymmetry is the only theoretical framework which
can give stabilization of the weak scale against radiative corrections and which has very
definite predictions for the presence of additional particles. The search strategies for these
sparticles are kind of prototypes for all the searches for physics beyond the SM and are
used to define the detector requirements. SUSY has model independent predictions about
the spin and electroweak/strong couplings of these sparticles. One has to take recourse to
a specific model when we talk about their mass spectrum. They are broadly related to the
patterns of SUSY breaking. The ones most often discussed are:

1. Gravity mediated SUSY breaking,

2. Gauge mediated SUSY breaking (GMSB),

3. Anomaly mediated SUSY breaking.

The expected mass patterns and the candidate for the lightest supersymmetric particle
(LSP) are different in each case. In the first case the lightest supersymmetric particle is
a neutralino~�01 which is a mixture of Higgsinos and the electroweak gauginos. In the case
of GMSB models the LSP is a ’light’ gravitino and usually the next lightest supersymmet-
ric particle also behaves like a LSP. In this case, production and decay of the sparticles
at colliders produce final states with photons, whereas in the former the final state has~� 0

1

which may/may not be stable depending on whether theR-parity is conserved or violated.
In the former case the final state will contain a large amount of missing energy and in the
latter case a large number of quarks/leptons. In general the discussion of search for spar-
ticles at the current and future colliders has to cover all these possibilities. In the case of
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gravity mediated SUSY breaking again there are options of considering the constrained,
predictive SUGRA framework (where the number of additional parameters of the MSSM
goes down from 124 to 5 due to various assumptions) or looking at some model indepen-
dent aspects. The decay patterns of various sparticles depend crucially on the mass patterns
and hence on the assumptions one makes. For example, even in the option of gravity medi-
ated SUSY breaking, there exist virtual LSP’s along with~�01 in some regions of parameter
space. Such virtual LSP’s can change the phenomenology of the sparticle searches sub-
stantially [48,49]. A large fraction of the simulation studies done [14,15] so far have been
in the context of (M)SUGRA, with a few discussions [50] of the effect of relaxing the as-
sumption of common gaugino mass at the high scale [51] and that of common scalar mass
at high scale [52,53] or both and more [54], having started relatively recently.

Before we begin discussions about search strategies for the sparticles, let us note that,
the direct searches for sparticles at differente+e� andp�p colliders have so far come up
with null results. The only hint of the existence of the sparticles is in the unification of
the SU(2), U(1) and SU(3) couplings which happens only in SUSY-GUTS. In this talk I
will restrict myself to sparticle searches only in the scenario 1 of SUSY breaking from the
above list with and withoutRp= conservation. As already mentioned before, currently the
focus of various phenomenological investigations is not so much on the search strategies
for sparticles but on the study of how well the soft supersymmetry breaking parameters
can be determined once we find the evidence for sparticles. As can be seen from various
studies [7–9,14–16] the TeV colliders, viz. Tevatron Run II/ Run III, LHC as well as the
NLC should all be able to see the signal for the production and decay of sparticles if the
weak scale SUSY is a reality.

3.1Discovery potential for SUSY at the different colliders

At the hadronic colliders the sparticles with largest production cross-sections and hence
highest discovery potential, are~g; ~q. The ~g; ~q are produced viagg; q�q ! ~g~g and
gg; q�q ! ~q�~q. The possible decay modes and various branching ratios clearly depend
on the mass spectra. Possible decay modes relevant for the LHC range are~q ! q ~� 0

j and
~g ! q�q ~�0j ; ~g ! q�q0 ~��i ; with j = 1; 2; 3; 4 andi = 1; 2 depending upon the masses. These
will then be followed by further decays of the charginos and heavier neutralinos ending in
a ~�01 which is stable forR-parity conservation case and will give rise to missing energy
in the event. ForRp= one gets large number of leptons/quarks in unusual combinations
due to~�01 decay, in addition to the other particles in the former case. The cascade decays
can give a very characteristic signal with realZ=W ’s in the final states if kinematically
allowed. Due to the rising importance of cascade decays for the larger masses of~g; ~q, a
good signal for~g; ~q production and decay is a final state withm jets (m > 0), n lep-
tons(n � 0) and large missing transeverse energy. The Majorana nature of gluinos can
give rise to like-sign-dilepton events. So the expected events are0l(1l): jets,Emiss

T and
no(1) leptons, SS: same sign dileptons, OSS: opposite side dileptons and3l: trileptons.
For the most commonly expected sparticle mass spectra, the lighter chargions/neutralinos
are among the lightest sparticles. These will give rise to the very interesting final state
containing only leptons and missing energy via (e.g.)p�p(p) ! ~��

1 + ~�02 ! l� ~�01Z
� ~�01.

These ‘hadronically quiet’ trileptons are a very clean channel for SUSY discovery. The
associated production of the gauginos is thus signalled by3l; 0j: trileptons with a jet

Pramana – J. Phys.,Vol. 54, No. 4, April 2000 511



Rohini M Godbole

0 500 1000 1500 2000 0 500 1000 1500 2000
0

200

400

600

800

0

200

400

600

800

0

200

400

600

800

0

200

400

600

800

m0  (GeV) m0  (GeV)

2l,0j

2l,0j2l,0j

2l,0j

3l,0j

3l,0j
3l,0j

3l,0j

1l

1l1l

1l

0l

0l0l

0l

SS

SSSS

SS

OS

OS
OS

OS3l

3l

3l

3l

m
1/

2
 (

G
eV

)
m

1/
2

 (
G

eV
)

tan β = 10, µ > 0

tan β = 10, µ < 0

tan β = 2, µ > 0

tan β = 2, µ < 0

Figure 9. Reach forS=
p
B > 5 for various SUSY signatures in SUGRA parameter

space. Various symbols are explained in the text. Shaded regions are disallowed either
by current searches or theoretical considerations [8].

veto or2l; 0j: dileptons with a jet veto. These have been used for SUSY search even at the
current Tevatron studies [55]. Higher order corrections to the production cross-sections of
the gluinos/squarks and gauginos are now available [56]. The discovery potential of LHC
for leptonic channels in the constrained (M)SUGRA scenario is shown in figure 9. The
effect of, e.g. nonuniversality in scalar/gaugino masses at high scale, on these analyses
can be substantial and is just beginning to be explored. One of the squarks of the third
generation viz. ~t1 can be substantially lighter than all the others. As a result, search
strategies for the light stop are entirely different [57,14,15]. As already mentioned in the
discussion of the MSSM Higgs, associated production of~t1~t1h0 can be an interesting
discovery channel at the LHC/NLC [42,58].

3.2Determination of the soft supersymmetry breaking parameters

Since production of different sparticles can give rise to the same final states, the real prob-
lem at a hadronic collider will be to seperate signals due to different sparticles. The ob-
served signal distributions are sums of products of production cross-sections, branching
ratios and acceptances. Hence it seems that a model independent interpretation is impos-
sible. Luckily some kinematical quantities can be extracted in model independent ways
using some characteristic decay distributions. Events near the end point of them ll dis-
tribution for three body decay of~�02 ! ~�01l

+l� (decay caused either by a virtualZ or �l)
play a very important role in reconstructing the kinematics of~g=~q cascade decay chain.
This can then be used to reconstruct the (M)SUGRA parameters [59]. It is important to
investigate model independence of such reconstructions. A study [60–62] shows that the
resolution of themll distribution end point, depends on the square of the matrix element
for the decay and can introduce additional systematic errors in the extraction of SUSY
model parameters from kinematics. On the positive side, the decay distributions can give
nontrivial information on slepton masses and mixing [62,63].
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Figure 10. Chargino production cross-sections at ane+e� collider with
p
s = 500

GeV, with the assumption of a universal gaugino and scalar mass at high scale, with
M~eL =M~eR = 150 GeV [70].

The TeV energye+e� colliders in planning [9] will play a very useful and comple-
mentary role. Of course, only particles with electroweak couplings viz. squarks, sleptons,
charginos/neutralinos and Higgses can be produced at these machines. Quite a few detailed
studies of the production of the sfermions and chargino/neutralinos exist in literature in the
context ofR-parity conserving SUSY [64–69] as well as in the context ofR p= SUSY [70].
The cross-sections for the sfermion productions are given completely in terms of their EW
quantum numbers and masses, except for those of the third generation where they also
depend on theL � R mixing in the sfermion sector, induced by the soft supersymmetry
breaking terms. For charginos/neutralinos the cross-sections depend on the SUSY parame-
ters in a nontrivial way. Figure 10 shows contours of constant cross-sections (in fb) for the
production of a pair of charginos. The shaded area is ruled out by LEP constraints and the
dotted lines show the kinematical limit for chargino production. Thus one sees that the pro-
duction cross-sections are quite large. In the case withRp conservation, a systematic study
of the possible accuracy of the kinematical reconstruction of various sparticle masses and
a test of different (M)SUGRA mass relations has been performed. Figure 11 taken from
ref. [65] shows the accuracy of the possible reconstruction of the masses of the smuon and
the lightest neutralino using kinematic distributions using the slepton production. Using
this along with the absolute value of the cross-sections with polarizede+=e� beams and
angular distributions of the produced sleptons, one can extract the SUSY breaking param-
etersM2; � andtan�. It should be then possible to test, 1) the (un)equality of (e.g.)M ~eR

andM~�R , 2) as well as the assumption of a common scalar mass at high scale. Figure 12
shows the possible accuracy of reconstruction ofM 2

2 andM 2
~eR

- M2
~eL

, which can thus test
the assumption of universal scalar mass. It should be emphasized here that the directions
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of search for SUSY at the NLC will be largely defined by what we find at the LHC. Relating
the measurements ofM2;M1 etc. at the NLC with the results at the LHC, will then allow
us to arrive at an understanding of the soft supersymmetry breaking parameters.

It has been recently demonstrated [71] how using polarizede+=e� beams and study-
ing angular distributions in chargino production one can reconstruct the parameters of the
chargino sector. Issues under discussion now are also effects of higher order QCD cor-
rections [72–74] on the production and decay of squarks, on the accuracy of kinematic
determination of squark mass [75] or possibility of using the highly precise measure-
ments at NLC with polarization to test the equality of fermion–fermion-gauge boson and
fermion–sfermion-gaugino couplings [68,76].
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Thus in summary, we see that LHC will certainly be able to see evidence for sparticles.
With clever use of kinematic distributions it seems possible to reconstruct different soft
SUSY breaking parameters, first reconstructing various masses kinematically. Along with
the NLC one should be able to disentangle different contributions at a hadronic collider
from each other and determine the soft SUSY breaking parameters.

4. Conclusions

1. The current experimental information from LEP and LEP-II as well as the direct
measurement of the top mass indicates that a light Higgs boson is likely. LHC should
be able to see a Higgs boson close to2MW threshold reasonably easily. Heavier
ones are also easily detectable up to about 600 GeV. In the intermediate mass range
between the LEP limit and2MW one would require the high luminosity, but the
Higgs signal would be clear.

2. With the current information and constraints from LEP as well asb ! s, the
decoupling scenario is becoming more and more likely for the SUSY Higgs. At
least one Higgs (and in some region of the parameter space two Higgses) can be
seen at LHC. However, there still exists a region in thetan� � � plane, where the
detection of Higgs signal is very difficult if not impossible.

3. Discrimination between a SM and a MSSM Higgs using only LHC seems difficult.

4. LHC can see signals for all non-Higgs sparticles if they exist at mass scales expected
in the weak scale SUSY.

5. An e+e� collider with
p
s � 350 GeV can effectively see at least two of the five

Higgses, if they are within kinematic reach, independent of any other parameter.
The parity of the scalar produced can be trivially determined at ane+e� collider.
It seems quite difficult to determine theCP character of the scalar produced using
only hadronic ande+e� colliders. colliders might be needed for that. At a�+��

collider, separation betweenh andh0 based on measurements of relative branching
ratios is possible up tomA = 500 GeV.

6. Using special kinematical features of the decay distributions, it seems possible
(though it needs much more study) to determine some of the soft SUSY breaking
parameters even at a hadronic collider. However, a TeV scalee+e� collider along
with LHC can indeed afford a very clear determination of the soft SUSY breaking
parameters if the sparticles are kinematically accessible.
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