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I. Introduction

Understanding the mechanism that breaks electroweak sym-
metry and generates the masses of all known elementary par-
ticles is one of the most fundamental problems in particle
physics. The Higgs mechanism [1] provides a general framework
to explain the observed masses of the W* and Z gauge bosons
by means of charged and neutral Goldstone bosons that end
up as the longitudinal components of the gauge bosons. These
Goldstone bosons are generated by the underlying dynamics
of electroweak symmetry breaking (EWSB). However, the fun-
damental dynamics of the electroweak symmetry breaking are
unknown, and there are two main classes of theories proposed
in the literature, those with weakly coupled dynamics - such
as in the Standard Model (SM) [2] - and those with strongly
coupled dynamics.

In the SM, the electroweak interactions are described by a
gauge field theory based on the SU(2);xU(1)y symmetry group.
The Higgs mechanism posits a self-interacting complex doublet
of scalar fields, and renormalizable interactions are arranged
such that the neutral component of the scalar doublet acquires
a vacuum expectation value v = 246 GeV which sets the scale of
EWSB. Three massless Goldstone bosons are generated, which
are absorbed to give masses to the W* and Z gauge bosons.
The remaining component of the complex doublet becomes the
Higgs boson - a new fundamental scalar particle. The masses
of all fermions are also a consequence of EWSB since the Higgs
doublet is postulated to couple to the fermions through Yukawa
interactions. If the Higgs boson mass my is below ~ 180 GeV,
all fields remain weakly interacting up to the Planck scale, Mp.

The validity of the SM as an effective theory describing
physics up to the Planck scale is questionable, however, because
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of the following “naturalness” argument. All fermion masses
and dimensionless couplings are logarithmically sensitive to the
scale A at which new physics becomes relevant. In contrast,
scalar squared masses are quadratically sensitive to A. Thus,
the observable SM Higgs mass has the following form:
272
m%{ = (mH )() + 1519677?2 )

where the first term, (mp)o, is a fundamental parameter of
the theory. The second term is a one-loop correction in which
g is an electroweak coupling and k is a constant, presumably
of O(1), that is calculable within the low-energy effective
theory. The two contributions arise from independent sources
and one would not expect that the observable Higgs boson
mass is significantly smaller than either of the two terms.
Hence, if the scale of new physics A is much larger than
the electroweak scale, unnatural cancellations must occur to
remove the quadratic dependence of the Higgs boson mass
on this large energy scale and to give a Higgs boson mass
of order of the electroweak scale, as required from unitarity
constraints [3,4], and as preferred by precision measurements
of electroweak observables [5]. Thus, the SM is expected to be
embedded in a more fundamental theory which will stabilize
the hierarchy between the electroweak scale and the Planck
scale in a natural way. A theory of that type would usually
predict the onset of new physics at scales of the order of, or just
above, the electroweak scale. This prediction obtained using the
results of the global CKM fit [6] is in some tension with the
latest experimental results. strongly constrain contributions of
new physics below the TeV scale. Theorists strive to construct
models of new physics that keep the successful features of the
SM while curing its shortcomings, including the absence of a
dark matter candidate or an electroweak scale explanation of
the observed baryon asymmetry of the universe.

In the weakly-coupled approach to electroweak symmetry
breaking, supersymmetric (SUSY') extensions of the SM provide
a possible explanation for the stability of the electroweak energy
scale in the presence of quantum corrections [7]. These theories
predict a spectrum of Higgs scalars [8]. The properties of the
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lightest Higgs scalar often resemble those of the SM Higgs
boson, with a mass that is predicted to be less than 135 GeV
in the simplest supersymmetric model. Additional neutral and
charged Higgs bosons with masses of order of the weak scale
are also predicted. Moreover, low-energy supersymmetry with a
supersymmetry breaking scale of order 1 TeV allows for grand
unification of the electromagnetic, weak and strong gauge
interactions in a consistent way, strongly supported by the
prediction of the electroweak mixing angle at low energy scales,
with an accuracy at the percent level [9,10].

Alternatively, new strong interactions near the TeV scale
can induce strong breaking of the electroweak symmetry [11].
Recently, the so-called “Little Higgs” models have been pro-
posed in which the scale of the new strong interactions is pushed
up above 10 TeV [12], and the lightest Higgs scalar resembles
the weakly-coupled SM Higgs boson.

In a more speculative direction, a new approach to elec-
troweak symmetry breaking has been explored in which extra
space dimensions beyond the usual 3+ 1 dimensional space-time
are introduced [13] with characteristic sizes of order (1 TeV)~!.
In such scenarios, the mechanisms for electroweak symmetry
breaking are inherently extra-dimensional and the resulting
Higgs phenomenology can depart significantly from the SM
paradigm [14].

Prior to 1989, when the eTe™ collider LEP at CERN came
into operation, searches for Higgs bosons were sensitive only
to Higgs bosons with masses below a few GeV [15]. In the
LEP1 phase, the collider operated at center-of-mass energies
close to M. During the LEP2 phase, the energy was increased
in steps, reaching 209 GeV in the year 2000 before the final
shutdown. The combined data of the four LEP experiments,
ALEPH, DELPHI, L3, and OPAL, was sensitive to neutral
Higgs bosons with masses up to about 115 GeV and to charged
Higgs bosons with masses up to about 90 GeV [16,17].

The search for the Higgs boson continues at the Tevatron pp
collider, operating at a center-of-mass energy of 1.96 TeV. The
sensitivity of the two experiments, CDF and D@, is improving,

and with the full Tevatron integrated luminosity, is already
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high enough to probe SM Higgs boson masses beyond the
LEP reach [18]. Other neutral and charged Higgs particles
postulated in most theories beyond the SM are also actively
sought at the Tevatron. The searches for Higgs bosons will
continue with significantly higher sensitivities in the coming
years at the LHC pp collider, and is expected to cover masses
up to about 1 TeV for the SM Higgs boson [19,20]. Once
evidence for the dynamics of electroweak symmetry breaking
is obtained, a more complete understanding of the mechanism
will require measurements at future ete™ [21] and perhaps
putp colliders [22].

In order to keep this review up to date, some unpublished
results are quoted. LEP results are marked with (*) in the
reference list and can be accessed conveniently from the public
web page
http://lephiggs.web.cern.ch/LEPHIGGS/pdg2008/index.html
Preliminary results from the CDF collaboration are marked with
(**) and can be obtained from the public web page
http://www-cdf.fnal.gov/physics/physics.html;
those from D@ are marked with (***) and can be obtained at

http://www-d0.fnal.gov/Run2Physics/WWW/results.htm.

II. The Standard Model Higgs Boson

In the SM, the Higgs boson mass is given by mpy =
\/)\_/2 v, where X\ is the Higgs self-coupling parameter and
v is the vacuum expectation value of the Higgs field, v =
(\/ﬁGF)_l/2 = 246 GeV, fixed by the Fermi coupling G. Since
A is presently unknown, the value of the SM Higgs boson
mass mpy cannot be predicted. However, besides the upper
bound on the Higgs boson mass from unitarity constraints [3,4],
additional theoretical arguments place approximate upper and
lower bounds on my [23]. There is an upper bound based on
the perturbativity of the theory up to the scale A at which
the SM breaks down, and a lower bound derived from the
stability of the Higgs potential. If my is too large, then the
Higgs self-coupling diverges at some scale A below the Planck
scale. If my is too small, then the Higgs potential develops a
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second (global) minimum at a large value of the scalar field of
order A. New physics must enter at a scale A or below, so that
the global minimum of the theory corresponds to the observed
SU(2),xU(1)y broken vacuum with v = 246 GeV. Given a
value of A, one can compute the minimum and maximum
allowed Higgs boson mass. Conversely, the value of my itself
can provide an important constraint on the scale up to which
the SM remains successful as an effective theory. In particular,
a Higgs boson with mass in the range 130 GeV Smpy < 180 GeV
is consistent with an effective SM description that survives all
the way to the Planck scale, although the hierarchy problem
between the electroweak scale and A = Mpy still persists. The
lower bound on my can be reduced to about 115 GeV [24], if
one allows for the electroweak vacuum to be metastable, with a
lifetime greater than the age of the universe.

The SM Higgs couplings to fundamental fermions are pro-
portional to the fermion masses, and the couplings to bosons are
proportional to the squares of the boson masses. In particular,
the SM Higgs boson is a C'P-even scalar, and its couplings to
gauge bosons, Higgs bosons and fermions are given by:

m 2m? 2m?

Jury = Tf; gaVV = TV7 JHHVV = U—QV
3m2 Sm%{
9JHHH = JHHHH = 7

where V. = W¥ or Z. In Higgs boson production and decay
processes, the dominant mechanisms involve the coupling of
the H to the W*, Z and/or the third generation quarks and
leptons. The Higgs boson’s coupling to gluons, Hgg, is induced
by a one-loop graph in which the H couples to a virtual tt
pair. Likewise, the Higgs boson’s coupling to photons, H~~,
is also generated via loops, although in this case the one-
loop graph with a virtual W W™ pair provides the dominant
contribution [8]. Reviews of the SM Higgs boson’s properties
and its phenomenology, with an emphasis on the impact of loop
corrections to the Higgs decay rates and cross sections, can be
found in Refs. [25,26].

The cross sections for the production of SM Higgs bosons
are summarized in Fig. 1 for pp collisions at the Tevatron, and
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in Fig. 2 for pp collisions at the LHC [27]. The cross section for
the gg — H 4+ X process is known at next-to-next-to-leading
order (NNLO) in QCD, in the large top-mass limit, and at
NLO in QCD for arbitrary top mass [28]. The NLO QCD
corrections approximately double the leading-order prediction,
and the NNLO corrections add approximately 50% to the NLO
prediction. NLO electroweak corrections are also available for
Higgs boson masses below 2Myy, and range between 5% and
8% of the LO term. The electroweak corrections are not in-
cluded in the figures. In addition, an updated prediction for
the gluon fusion cross section including soft-gluon resummation
up to next-to-next-to-leading logarithmic accuracy (NNLL),
the exact treatment of the bottom-quark contribution up to
next-to-leading order, and two-loop electroweak effects as well
as the inclusion of the most recent parametrization of parton
distribution functions at next-to-next-to-leading order is avail-
able [29]. Mixed QCD-electroweak corrections O(aay) are
computed in [30]. An additional enhancement of the cross sec-
tion is obtained when the soft-gluon resummation is extended to
NNNLL order and a resummation of the kinematically enhanced
terms in the time-like gluon form factor is performed [31]. At
LHC and Tevatron energies, and for intermediate Higgs-boson
masses, this increases the cross section by about 6% compared
with that obtained using soft-gluon resummation alone, and
by about 10% compared with the fixed-order results at NNLO.
Certain search strategies look for Higgs production in associa-
tion with jets. In the heavy top quark mass limit, Higgs boson
production cross section in association with one jet is consid-
ered in refs. [32,33,34,35] and in association with two jets in
refs. [36,37].

The cross sections for the associated production processes
qG — W*H + X and ¢qg — ZH + X are known at NNLO
for the QCD corrections and at NLO for the electroweak
corrections [38,39]. The residual uncertainty is rather small,
less than 5%. For the vector boson fusion processes qq — qqH +
X, corrections to the production cross section are known at NLO
in QCD and the remaining theoretical uncertainties are less
than 10% [40]. The cross section for the associated production
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process ttH has been calculated at NLO in QCD [41], while the
bottom fusion Higgs boson production cross section is known
at NNLO in the case of five quark flavors [38,42,43].

The branching ratios for the most relevant decay modes of
the SM Higgs boson are shown in Fig. 3 as functions of my,
and the total decay width is shown in Fig. 4, also as function of
mp [44]. For masses below 135 GeV, decays to fermion pairs
dominate, of which the decay H — bb has the largest branching
ratio. Decays to 7777, c¢ and gluon pairs together contribute
less than 15%. For such low masses, the total decay width is
less than 10 MeV. For Higgs boson masses above 135 GeV, the
WTW ™ decay dominates (below the W*IW~ threshold, one of
the W bosons is virtual) with an important contribution from
H — ZZ, and the decay width rises rapidly, reaching about
1 GeV at myg = 200 GeV and 100 GeV at myg = 500 GeV.
Above the tt threshold, the branching ratio into top-quark
pairs increases rapidly as a function of the Higgs boson mass,

reaching a maximum of about 20% at my ~ 450 GeV.

SM Higgs production
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Figure 1: SM Higgs production cross sections
for pp collisions at 1.96 TeV [27]. See full-color
version on color pages at end of book.
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Figure 2: SM Higgs production cross sections
for pp collisions at 14 TeV [27]. See full-color
version on color pages at end of book.
0
10 ; T T /)7*|\\l——l-l¥|77|‘|;7l_l<l l\‘l»lllllllllillflfllf:
07t e E
3 ? ]
S I |
nf‘ /
QD -
= ;
g i
Q 4
g
o
~
G - N _es ]
1 | ) - | | -] 111 | I |

200 300 500 700
m, [GeV]

Figure 3: Branching ratios for the main de-
cays of the SM Higgs boson [44].

Searches for the SM Higgs Boson at LEP
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Figure 4: The total decay width of the SM
Higgs boson, shown as a function of mpy [44].
Also shown are the decay widths for the CP-even
neutral Higgs bosons, h and H, for two choices
of tan 3, in the MSSM benchmark scenario my,-
max, described in Section III.

The principal mechanism for producing the SM Higgs boson
in eTe™ collisions at LEP energies is Higgs-strahlung in the s-
channel, ete™ — HZ [45]. The Z boson in the final state is
either virtual (LEP1), or on mass shell (LEP2). The SM Higgs
boson can also be produced by W+W ™~ and ZZ fusion in the
t-channel [46],
sections. The sensitivity of the LEP searches to the Higgs boson

but at LEP these processes have small cross

is primarily a function of the center-of-mass energy, Fcy. For
myg < Eom — Mgz, the cross section is quite large, of order
1 pb or more, while for mg > Fcy — My, the cross section is
smaller by an order of magnitude or more.

During the LEP1 phase, the ALEPH, DELPHI, L3 and
OPAL collaborations analyzed over 17 million Z decays and
set lower bounds of approximately 65 GeV on the mass of the
SM Higgs boson [47]. At LEP2, substantial data samples were

collected at center-of-mass energies up to 209 GeV.

May 24, 2010 15:33



Each production and decay mode was analyzed separately.
Data recorded at each center-of-mass energy were studied inde-
pendently and the results from the four LEP experiments were
then combined. Distributions of neural network discriminants
which are functions of reconstructed event quantities such as
invariant masses and b-tagging discriminants were assembled
for the data, and also for the signal and background predic-
tions. The CLg method [48] was used to compute the observed
and expected limits on the Higgs boson production cross sec-
tion as functions of the Higgs boson mass sought, and from
that, a lower bound on mpy was derived. The p-value for the
background-only hypothesis, which is the probability for the
background model to produce a fluctuation as signal-like as
that seen in the data or more, was also computed.

Higgs bosons were sought in four final state topologies: The
four-jet topology in which H — bb and Z — q; the final states

7= where

with tau leptons produced in the processes H — 7
7 — qq, together with the mode H — bb with Z — 777 the
missing energy topology produced mainly in the process H — bb
with Z — vp, and finally the leptonic states H — bb with
Z — ete ,uTp~. At LEP1, only the modes with Z — ¢/~
and Z — vv were used because the backgrounds in the other
channels were prohibitive. For the data collected at LEP2, all
decay modes were used.

For very light Higgs bosons, with mpg < 2m.,, the decay
modes exploited above are not kinematically allowed, and
decays to jets, muons, pion pairs and lighter particles dominate,
depending sensitively on mpg. For very low masses, OPAL’s
decay-mode independent search [49] for the Bjorken process

tem — SYZ, where S° denotes a generic neutral, scalar

e
particle, provides sensitivity. This search is based on studies
of the recoil mass spectrum in events with Z — eTe™ and
Z — ptp~ decays, and on the final states Z — vv and
SY — ete™ or photons. Upper bounds on the cross section are

produced for scalar masses between 1 KeV and 100 GeV.
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Figure 5: The 95% confidence level upper
bound on the ratio £2 = (guzz/gi,)? [16].
The solid line indicates the observed limit, and
the dashed line indicates the median limit ex-
pected in the absence of a Higgs boson signal.
The dark and light shaded bands around the ex-
pected limit line correspond to the 68% and 95%
probability bands, indicating the range of sta-
tistical fluctuations of the expected outcomes.
The horizontal line corresponds to the Standard
Model coupling. Standard Model Higgs boson
decay branching fractions are assumed. See full-
color version on color pages at end of book.

production of a SM Higgs boson. However, in the
LEP2 data, ALEPH reported an excess of about three standard
deviations, suggesting the production of a SM Higgs boson with
115 GeV [50]. Analyses of the data from DELPHI [51],

and OPAL [53] did not show evidence for such an
but could not, however, exclude a 115 GeV Higgs
boson at the 95% C.L. When the data of the four experiments

May 24, 2010 15:33



were combined, the overall significance of a possible signal at
my = 115 GeV was low, as given by the background-only
p-value of 0.09 [16]. The same combination of the LEP data
yields a 95% C.L. lower bound of 114.4 GeV for the mass of the
SM Higgs boson. The median limit one would expect to obtain
in a large ensemble of identical experiments with no signal
present is 115.3 GeV. Fig. 5 shows the observed production
cross section limits, relative to the SM Higgs boson production
rate (including vector-boson fusion), assuming SM Higgs boson

branching ratios.

Indirect Constraints on the SM Higgs Boson

Indirect experimental bounds for the SM Higgs boson mass
are obtained from fits to precision measurements of electroweak
observables. The Higgs boson contributes to the W+ and Z
vacuum polarization through loop effects, leading to a loga-
rithmic sensitivity of the ratio of the W* and Z gauge boson
masses on the Higgs boson mass. A global fit to precision elec-
troweak data, accumulated in the last two decades at LEP,
SLC, Tevatron and elsewhere [5], gives mpy = 87f%2 GeV, or
mpy < 157 GeV at 95% C.L. [5]. The top quark contributes to
the W boson vacuum polarization through loop effects that
depend quadratically on the top mass, which plays an important
role in the global fit. A top quark mass of 173.1 £ 1.3 GeV [54]
and a W¥ boson mass of 80.399 £ 0.023 GeV [55] were used.
If the direct LEP search limit of my > 114.4 GeV is taken
into account, an upper limit of my < 186 GeV at 95% C.L. is
obtained.

Searches for the SM Higgs Boson at the Tevatron

At the Tevatron, the most important SM Higgs boson
production processes are gluon fusion (g9 — H) and Higgs
boson production in association with a vector boson (W*H
or ZH) [56]. For masses less than about 135 GeV, the most
promising discovery channels are W+ H and ZH with H — bb.
The contribution of H — W*W is dominant at higher masses,
mpg > 135 GeV. Using this decay mode, both the direct
(99 — H) and the associated production (pp — WTH or
ZH) channels are explored, and the results of both Tevatron
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experiments are combined to maximize the sensitivity to the
Higgs boson.

The signal-to-background ratio is much smaller in the Teva-
tron searches than in the LEP analyses, and the systematic
uncertainties on the estimated background rates are typically
larger than the signal rates. In order to estimate the back-
ground rates in the selected samples more accurately, auxiliary
measurements are made in data samples which are expected
to be depleted in Higgs boson signal. These auxiliary samples
are chosen to maximize the sensitivity to each specific back-
ground in turn. Then, Monte Carlo simulations are used to
extrapolate these measurements into the Higgs signal regions.
The dominant physics backgrounds such as top-pair, diboson,
WEbb and single-top production are estimated by Monte Carlo
simulations in this way, i.e. after having been tuned or verified
by corresponding measurements in dedicated analyses, thereby
reducing the uncertainty on the total background estimate. The
uncertainties on the background rates diminish with increasing
integrated luminosity because increasingly larger data samples
are used to constrain them, and thus these uncertainties are not
expected to be limiting factors in the sensitivity of the searches.

At Higgs boson masses of 150 GeV and below, the searches
for associated production, pp — W*H, ZH, are performed in

different channels:

a) pp — W*H, where the W decays leptonically and H — bb.
These searches have been published by CDF using 2.7 fb~!
of data [57] and by DO using 1.1 fb~! of data [58]. The
latest updates as of this review are based on 4.3 fb~! of
data [59] from CDF and 5.0 fb~! [60] from D®; the Higgs boson
production cross section limits obtained by both collaborations
are four to five times higher than the SM expectation in this
channel for a Higgs boson mass of 115 GeV. These updates
use advanced analysis techniques such as neural networks to
separate a potential signal from the background processes, and
also to separate correctly identified b-jets from jets originating
from gluons or from wu, d, s or ¢ quarks, mistakenly identified as
b-jets.
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b) pp — ZH, where the Z decays into v, is also a sensitive
channel, but, since the final state is characterized by missing
transverse energy and two b-jets, multijet backgrounds without
Z bosons require special care. The sensitivity of this search
is enhanced by W¥H events in which the charged lepton
from the W decay escapes detection; these events have the
same experimental signature as the ZH — vv signal. The CDF
Collaboration has published a result in this channel using 1 fb~!
of data [61] and the DO Collaboration has published a result
in this channel with 5.2 fb~! of data [62] with improved triggers
and selection criteria which improve the signal acceptance, as
well as improved analysis techniques. An update with 3.6 fb=1
(CDF [63]) has also been released in 2009 The sensitivity
of these channels is comparable to that obtained in the W+ H
channel.

c) pp — ZH, where the Z decays into charged leptons (e or
), suffers from a smaller Z branching fraction, but has lower
background, so its sensitivity is not much lower than that of the
previous two channels. The CDF Collaboration has published
a result in this channel using 2.7 fb~! of data [64] and the
D@ Collaboration has published a result based on 0.45 fb=1 of
data [65], and preliminary updates with 4.2 fb~1 of data are
available from both CDF and D@ [66,67].

d) Both Tevatron collaborations search for SM' H — 7177,
where the g9 — H, WH, ZH, and vector-boson fusion pro-
duction processes are considered [68,69]. The D@ publication
also includes a search for WH — 7vbb, while this final state is
partly covered by CDF in its isolated-track selection included
in [59]. These searches, using 2 fb~! (CDF) and 1 fb~! of data
(DO) benefit from the more inclusive production mechanisms
considered, but the H — 777~ decay branching fraction is
significantly less than that to bb, as shown in Fig. 3.

When combining the low-mass channels of the two col-
laborations, the expected (observed) limit is 1.8 (2.7) times
higher than the expected SM production cross section for
mpyg = 115 GeV, as can be seen in Fig. 6 [70]. With the
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projected improvements in analysis sensitivity, and the accu-
mulation of more integrated luminosity (12 fb~! of data are
expected by the end of 2011), the low-mass Higgs boson is
expected to be probed at the Tevatron.

Tevatron Run Il Preliminary, L=2.0-5.4 fb™
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Figure 6: Upper bound on the SM Higgs bo-
son cross section obtained by combining CDF
and DO search results, as a function of the mass
of the Higgs boson sought. The limits are shown
as a multiple of the SM cross section. The ra-
tios of different production and decay modes
are assumed to be as predicted by the SM. The
solid curve shows the observed upper bound, the
dashed black curve shows the median expected
upper bound assuming no signal is present, and
the colored bands show the 68% and 95% proba-
bility bands around the expected upper bound.
The CDF and D@ combined expected limits
are also shown separately. See Ref. 70 for de-
tails and status of these results, and full-color
version on color pages at end of book.
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Around mpy = 135 GeV, where all branching fractions
are below 50%, no channel is strongly dominant and the
overall sensitivity is weaker. At these masses, the WH —
WWW?* channel ! brings further sensitivity [71,72,73] beyond
the bb channel alone.

To probe masses above 135 GeV, the dominant H — WW*
decay mode is best exploited. The dominant production mode is
gg — H which can be used in this channel since the leptonic W
boson decays distinguish the signal from backgrounds containing
jets. Nonetheless, W H production, Z H production, and vector-
boson fusion qgH production contribute additional signal in this
channel which is used in the searches. The WW pair issued
from a Higgs boson decay has a spin correlation which is
different from that of the dominant background, electroweak
WW production. These spin correlations are transmitted to
the distributions of observed leptons, providing a handle to
separate the signal from the background. The invariant mass of
the Higgs boson decay products cannot be reconstructed due
to the undetected neutrinos, but the sensitivity is nevertheless
significant. Results were published with 4.8 fb~! by CDF [74]
and 5.4 fb~! by DO [75], together with the combination of
these results [76] which set an expected (observed) upper limit
on the gg — H cross section 0.9 (0.9) times the SM prediction
at my = 165 GeV [70], and exclude a SM Higgs boson with
mass between 162 and 166 GeV.

Overall, the combined CDF and D@ analyses are expected
to test, at the 95% C.L. or better, the SM Higgs boson pre-
dictions for masses between the LEP limit and about 185 GeV
before the end of Run II (see Fig. 7). The channels used at the
Tevatron for Higgs boson masses below 130 GeV are different
from those dominantly used at the LHC, hence with the full
Run IT luminosity, they are expected to provide complementary
information if a low mass Higgs boson exists.

The SM Higgs production processes and branching ratios
presented above are limited to the case of three generations
of quarks and leptons. The existence of a fourth generation of

1 The star indicates that below the H — W+W— threshold, one of the
W= bosons is virtual.
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fermions is compatible with present experimental bounds and
would have direct consequences on the SM Higgs production
and decay branching ratios, and hence, on Higgs searches at the
Tevatron and the LHC [77]. Current experimental searches
bound the fourth generation quark masses to be above the top
quark mass [78]. These additional heavy quarks lead to new
contributions in the loop-induced couplings of the Higgs boson
to gluons and photons, leading to a strong enhancement of
the gluon fusion production rate and of the branching ratio
of the Higgs decay into a pair of gluons. The branching ratios
of Higgs boson decay to bb, tau pairs, and pairs of W and
Z bosons are reduced, although near mygy ~ 2Myy, the decay
to a pair of W bosons still nearly saturates the decay width,
even with the enhanced gluon decay. Due to a cancellation
between the W and heavy fermion contributions, the photon
decay channels may be further suppressed. The enhancement
of the gluon fusion production rate makes the search channels
using Higgs boson decays into tau leptons and W and Z
bosons promising for a light Higgs boson. In addition, in the
case of a fourth generation Majorana neutrino, exotic signals
such as Higgs decay into same sign dileptons may be possible.
A fourth generation SM scenario opens up new rich Higgs
phenomenology at colliders. The CDF and D search results
in the H — WTW ™~ decay mode have been used to test a
simple extension of the SM with four generations of quarks and
leptons, using only the gg — H — WTW ™ mechanism [79].
The production cross section is computed at NNLO [80], and
the decay branching fractions are computed using a modified
version of HDECAY [26,77]. The exclusded ratio to the
fourth-generation prediction is shown in Fig. 8), excluding such
a Higgs boson with a mass between 131 and 204 GeV.

Studies to assess the sensitivity to diffractive Higgs pro-
duction at the Tevatron and the LHC are being pursued [81].
Three different diffractive production mechanisms can be con-
sidered: exclusive production, pp,pp — p + H + p, p; inclusive
production, pp,pp — X + H + Y; and central inelastic pro-
duction, pp,pp — p+ (HX) + p, p, where a plus sign indicates
the presence of a rapidity gap. Tests of the different production
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Figure 7: Upper bound on the SM Higgs bo-
son cross section obtained by combining CDF
and D@ search results in the H — WTW~™
decay mode, as a function of the mass of the
Higgs boson sought. The limits are shown as a
multiple of the SM cross section. The ratios of
different production and decay modes are as-
sumed to be as predicted by the SM. The solid
curve shows the observed upper bound, the
dashed black curve shows the median expected
upper bound assuming no signal is present, and
the colored bands show the 68% and 95% proba-
bility bands around the expected upper bound.
See Ref. 76 for details of these results, and
full-color version on color pages at end of book.

mechanisms using appropriate final states in the Tevatron data
are important for improving predictions for diffractive Higgs
production at the LHC.

Prospects for SM Higgs Boson Searches at the LHC

At the LHC, the main production processes are gluon
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fusion (g9 — H), Higgs boson production in association with a
vector boson (W*H or ZH) or with a top-quark pair (t£H),
and the vector boson fusion process (qqH or qgH) [56]. This
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Figure 8: Upper bound on the Higgs boson
cross section of the 4" generation sequential
model obtained by combining CDF and D@
search results in the H — WTW ™ decay mode,
as a function of the mass of the Higgs bo-
son sought. The limits are shown as a multiple
of the cross section obtained in this extended
model. The solid curve shows the observed up-
per bound, the dashed black curve shows the
median expected upper bound assuming no sig-
nal is present, and the colored bands show the
68% and 95% probability bands around the
expected upper bound. See Ref. 79 for details
of these results, and full-color version on color
pages at end of book.

array of production and decay modes, together with a large
integrated luminosity, allows for a variety of search channels.
Search strategies have been explored in many analyses over
the last years [19,20]. The searches in the inclusive channels
H — ~v (for low mass) and H — ZZ* — 44 (for high
mass) will be complemented with more exclusive searches in
order to strengthen the discovery potential, particularly at low
mass. Vector boson fusion processes, making use of forward
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jet tagging and the decay modes H — 71

7T, H— vy as
well as H — WHW~ [82] will provide additional sensitivity.
Other analyses, expected to be relevant at higher integrated
luminosities, select Higgs boson decays to bb or v+ in association
with a lepton from the decay of an associated W= boson, Z
boson, or top quark.

The projections of the ATLAS and CMS collaborations
show that, with an integrated luminosity of 10 - 30 fb=1, the
SM Higgs boson is expected to be discovered if it exists and
has a mass below 1 TeV. With a lower integrated luminosity,
the discovery of a Higgs boson with a mass below 130 GeV is
challenging. If the Higgs boson’s mass is in this range, a few
years of running may be needed to discover it. However, the
combination of the results in all channels of the two experiments
could allow for a 50 discovery with about 5 fb~! of data, once
the detectors and the composition of the selected event samples
are understood [83].

If a SM Higgs boson is discovered, its properties could
be studied at the LHC. Its mass could be measured by each
experiment with a precision of ~0.1% in the 100-400 GeV mass
range [20,84]. This projection is based on the invariant mass
reconstruction from electromagnetic calorimeter objects, using
the decays H — vy or H — ZZ* — 4{. The precision would
be degraded at higher masses because of the larger decay width,
but even at mpy ~ 700 GeV a precision of 1% on mp is expected
to be achievable. The width of the SM Higgs boson would be too
narrow to be measured directly for my < 200 GeV; nonetheless,
it could be constrained indirectly using partial width measure-
ments [85,86]. For 300 < mpy < 700 GeV, a direct measure-
ment of the decay width could be performed with a precision
of about 6%. The possibilities for measuring other properties
of the Higgs boson, such as its spin, its CP-eigenvalue, its
couplings to bosons and fermions, and its self-coupling, have
been investigated in numerous studies [84,87]. Given a suffi-
ciently high integrated luminosity (300 fb~!), most of these
properties are expected to be accessible to analysis for some
specific mass ranges. The measurement of Higgs self-couplings,
however, appears to be impossible at the LHC, although a

May 24, 2010 15:33



luminosity upgrade, the so-called Super-LHC, could allow for
such a measurement. The results of these measurements could
either firmly establish the Higgs mechanism, or point the way
to new physics.

I1I. Higgs Bosons in the MSSM

Electroweak symmetry breaking driven by a weakly-coupled
elementary scalar sector requires a mechanism to explain the
smallness of the electroweak symmetry breaking scale compared
with the Planck scale [88]. Within supersymmetric extensions
of the SM, supersymmetry-breaking effects, whose origins may
lie at energy scales much larger than 1 TeV, can induce a radia-
tive breaking of the electroweak symmetry due to the effects of
the large Higgs-top quark Yukawa coupling [89]. In this way,
the electroweak symmetry breaking scale is intimately tied to
the mechanism of supersymmetry breaking. Thus, supersym-
metry provides an explanation for the stability of the hierarchy
of scales, provided that supersymmetry-breaking masses are of
O(1 TeV) or less [88].

A fundamental theory of supersymmetry breaking is un-
known at this time. Nevertheless, one can parameterize the
low-energy theory in terms of the most general set of soft
supersymmetry-breaking renormalizable operators [90]. The
Minimal Supersymmetric extension of the Standard Model
(MSSM) [91] associates a supersymmetric partner to each
gauge boson and chiral fermion of the SM, and provides a
realistic model of physics at the weak scale. However, even
in this minimal model with the most general set of soft
supersymmetry-breaking terms, more than 100 new parame-
ters are introduced [92]. Fortunately, only a small number of
these parameters impact the Higgs phenomenology through tree
level and quantum effects.

The MSSM contains the particle spectrum of a two-Higgs-
doublet model (2HDM) extension of the SM and the corre-
sponding supersymmetric partners. Two Higgs doublets, H,
and Hg, are required to ensure an anomaly-free SUSY exten-

sion of the SM and to generate mass for both “up”-type and
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“down”-type quarks and charged leptons [8]. After the sponta-
neous breaking of the electroweak symmetry, five physical Higgs
particles are left in the spectrum: one charged Higgs pair, H*,
one C'P-odd scalar, A, and two C P-even states, H and h.

The supersymmetric structure of the theory imposes con-
straints on the Higgs sector of the model. In particular, the
parameters of the Higgs self-interaction are not independent
of the gauge coupling constants. As a result, all Higgs sec-
tor parameters at tree level are determined by only two free
parameters: the ratio of the H, and H; vacuum expectation

values,
tan ﬁ = Uu/vda

with vg + vg — (246 GeV)?; and one Higgs boson mass, con-
ventionally chosen to be m 4. The other tree-level Higgs boson

masses are then given in terms of these parameters

2 2 2
mHi :mA+MW

2
and « is the angle that diagonalizes the C' P-even Higgs squared-

1
mi, = - {mi + M2 + \/(mz1 + Mg)2 — 4 (Mzmy cos 26)*

mass matrix.

An important consequence of these mass formulae is that
the mass of the lightest C'P-even Higgs boson is bounded from
above:

myp, < Myz|cos20].

This contrasts sharply with the SM, in which this Higgs boson
mass is only constrained by perturbativity and unitarity bounds.
In the large m4 limit, also called the decoupling limit [93],
one finds m}% ~ (Mzcos2B)? and my ~ myg ~ mpy+, up to
corrections of O(My?/m ). Below the scale my, the effective
Higgs sector consists only of A, which behaves very similarly to
the SM Higgs boson.

The phenomenology of the Higgs sector depends on the
couplings of the Higgs bosons to gauge bosons and fermions.
The couplings of the two CP-even Higgs bosons to W+ and Z
bosons are given in terms of the angles a and ( by

gryy = gymysin (8 —a)  guyy = gymy cos (6 —a) ,
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where gy = 2my /v. There are no tree-level couplings of A or
H?* to VV. The couplings of the Z boson to two neutral Higgs
bosons, which must have opposite C'P-quantum numbers, are
given by

gnaz = gzcos(B—a) /2

gHAZ = —gzsin (8 —a) /2.

Charged Higgs-W boson couplings to neutral Higgs bosons and
four-point couplings of vector bosons and Higgs bosons can be
found in Ref. [8].

The tree-level Higgs couplings to fermions obey the fol-
lowing property: the neutral components of one Higgs doublet
couples exclusively to down-type fermion pairs while the neutral
components of the other couples exclusively to up-type fermion
pairs [8,94]. This pattern of Higgs-fermion couplings defines
the Type-II (2HDM)2. Fermion masses are generated when the
neutral Higgs components acquire vacuum expectation values.
The relations between Yukawa couplings and fermion masses
are (in third-generation notation)

hy = V2my/vg = V2my/ (v cos B)
ht = \/Emt/vu = \/imt/ (vsinﬁ).

Similarly, one can define the Yukawa coupling of the Higgs
boson to 7-leptons (the latter is a down-type fermion).

The couplings of the neutral Higgs bosons to ff relative to
the SM value, gm¢/2Myy, are given by

hbb : —sina/ cos f = sin (f — ) — tan B cos (B — «) ,
hit : cosa/sin B = sin (B — a) + cot feos (B — «)
Hbb : cosa/ cos B = cos (B — a) + tan Bsin (0 — «)
Hitt: sina/sinf =cos (8 —a) —cot Bsin (8 — a) ,

Abb: ~stanB, Att: ~scotf,

2 In the Type-1 2HDM, one field couples to all fermions while the other
field is decoupled from them.
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where the v5 indicates a pseudoscalar coupling. In each relation
above, the factor listed for bb also pertains to 777~. The

charged Higgs boson couplings to fermion pairs are given by

Gp—15 = 7\/59 [my¢ cot B Pr + mytan 8 P ,
g
-ty = m, tan P, 5
9H-r+ \/§M [ ﬁ L]

with PL7R = (1 F ’)/5)/2.

The Higgs couplings to down-type fermions can be signifi-
cantly enhanced at large tan 3 in the following two cases: (i) If
m4 > My, then |cos(B — a)| < 1, my =~ my, and the bbH
and bbA couplings have equal strength and are significantly
enhanced by a factor of tan 8 relative to the SM bbH coupling,
whereas the VV H coupling is negligibly small. The values of
the V'V h and bbh couplings are equal to the corresponding cou-
plings of the SM Higgs boson. (i) If mq < Mz and tan 3 > 1,
then |cos( — )| ~ 1 and my ~ my. In this case, the bbh
and bbA couplings have equal strength and are significantly
enhanced by a factor of tan 3 relative to the SM bbH coupling,
while the VV'h coupling is negligibly small. In addition, the
V'V H coupling is equal in strength to the SM VV H coupling
and one can refer to H as a SM-like Higgs boson, although the
value of the bbH coupling can differ from the corresponding SM
bbH coupling. Note that in both cases (i) and (4) above, only
two of the three neutral Higgs bosons have enhanced couplings

to bb.

Radiative Corrections to MSSM Higgs Masses and
Couplings

Radiative corrections can have a significant impact on the
values of Higgs boson masses and couplings in the MSSM. Im-
portant contributions come from loops of SM particles as well as
their supersymmetric partners. The dominant effects arise from
the incomplete cancellation between top and scalar-top (stop)
loops. The stop and sbottom masses and mixing angles depend
on the supersymmetric Higgsino mass parameter p and on the
soft-supersymmetry-breaking parameters [91]: Mg, My, Mp,
Ay and Ay, where the first three are the left-chiral and the
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two right-chiral top and bottom scalar quark mass parameters,
respectively, and the last two are the trilinear parameters that
enter the off-diagonal squark mixing elements: X; = A;—p cot 8
and Xp = A — ptan 8. The corrections affecting the Higgs bo-
son masses, production, and decay properties depend on all
of these parameters. For simplicity, we shall initially assume
that Ay, Ay and p are real parameters. The impact of complex
phases on MSSM parameters, which will induce C P-violation
in the Higgs sector, is addressed below.

The radiative corrections to the Higgs boson masses have
been computed using a number of techniques, with a variety
of approximations; see Refs. [95] through [105]. They depend
strongly on the top quark mass (~ mf) and the stop mixing
parameter X;, and there is also a logarithmic dependence on
the stop masses. For large tan (3, effects from the bottom-
sbottom sector are also relevant. One of the most striking
effects is the increase of the upper bound of the light C'P-
even Higgs boson mass, as first noted in [95,96]. The value of
my, is maximized for large m4 > My, when all other MSSM
parameters are fixed. Moreover, tan 3 > 1 also maximizes my,
when all other parameters are held fixed. Taking m 4 large
(the decoupling limit) and tan 3 > 1, the value of my can be
further maximized at one-loop level for X; ~ v/6Mgygy, where
Msysy ~ Mg ~ My ~ Mp is an assumed common value of
the soft SUSY-breaking squark mass parameters. This choice
of X; is called the “maximal-mixing scenario” which will be
indicated by myj-max. Instead, for X; = 0, which is called the
“no-mixing scenario,” the value of mj has its lowest possible
value, for fixed m 4 and all other MSSM parameters. The value
of my also depends on the specific value of Mgysy and u
and more weakly on the electroweak gaugino mass as well as
the gluino mass at two-loop level. For example, raising Mgysy
from 1 TeV to 2 TeV can increase my by 2-5 GeV. Variation
of the value of m; by 1 GeV changes the value of my by about
the same amount. For any given scenario defined by a full set
of MSSM parameters, we will denote the maximum value of
myp, by mp**(tan 3), for each value of tan 3. Allowing for the

experimental uncertainty on m; and for the uncertainty inherent
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in the theoretical analysis, one finds for Mgysy <2 TeV, large

max

my and tan 8> 1, mp'®* = 135 GeV in the mjy-max scenario,
and m*™* = 122 GeV in the no-mixing scenario. In practice,
parameter values leading to maximal mixing are not obtained
in most models of supersymmetry breaking, so typical upper
limits on my, will lie between these two extremes. The relatively
small mass of the lightest neutral scalar boson is a prediction
for both the CP-conserving (CPC) and CP-violating (CPV)
scenarios [106,107], which emphasizes the importance of the
searches at currently available and future accelerators.

Radiative corrections also modify significantly the values of
the Higgs boson couplings to fermion pairs and to vector boson
pairs. The tree-level Higgs couplings depend strongly on the
value of cos(f — «). In a first approximation, when radiative
corrections of the Higgs squared-mass matrix are computed,
the diagonalizing angle « is shifted from its tree-level value,
and hence one may compute a “radiatively-corrected” value
for cos(8 — «). This shift provides one important source of the
radiative corrections to the Higgs couplings. In particular, de-
pending on the sign of pX; and the magnitude of X;/Mgysy,
modifications of « can lead to important variations of the
SM-like Higgs boson coupling to bottom quarks and tau lep-
tons [104]. Additional contributions from the one-loop vertex
corrections to tree-level Higgs couplings must also be con-
sidered [100,108,109,110,111,112,113,114]. These contributions
alter significantly the Higgs-fermion Yukawa couplings at large
tan 3, both in the neutral and charged Higgs sector. Moreover,
these radiative corrections can modify the basic relationship
In. 1 Abb/ Ih,H At~ X Mp/m7, and change the main features of
MSSM Higgs phenomenology.

Decay Properties of MSSM Higgs Bosons

In the MSSM, neglecting C'P-violating effects, one must
consider the decay properties of three neutral Higgs bosons
and one charged Higgs pair. In the region of parameter space
where m4 > my and the masses of supersymmetric particles
are large, the decoupling limit applies, and the decay rates of
h into SM particles are nearly indistinguishable from those of
the SM Higgs boson. Hence, the h boson will decay mainly
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to fermion pairs, since the mass, less than about 135 GeV, is
far below the WTW ™ threshold. The SM-like branching ratios
of h are modified if decays into supersymmetric particles are
kinematically allowed [115]. In addition, if light superpartners
exist that can couple to photons and/or gluons, then the decay
rates to gg and v could deviate from the corresponding SM
rates. In the decoupling limit, the heavier Higgs states, H,
A and H?*, are roughly mass degenerate, and their decay
branching ratios strongly depend on tan3 as shown below.
For values of my ~ O(Myz), all Higgs boson states lie below
200 GeV in mass. In this parameter regime, there is a significant
area of the parameter space in which none of the neutral Higgs
boson decay properties approximates that of the SM Higgs
boson. For tan 3 > 1, the resulting Higgs phenomenology shows
marked differences from that of the SM Higgs boson [116] and
significant modifications to the bb and/or the 777~ decay rates
may occur via radiative effects.

After incorporating the leading radiative corrections to
Higgs couplings from both QCD and supersymmetry, the fol-
lowing decay features are relevant in the MSSM. The decay
modes h, H, A — bb, 77~ dominate the neutral Higgs boson
decay modes when tan 3 is large for all values of the Higgs
boson masses. For small tan 3, these modes are significant for
neutral Higgs boson masses below 2my (although there are
other competing modes in this mass range), whereas the tt de-
cay mode dominates above its kinematic threshold. In contrast
to the SM Higgs boson, the vector boson decay modes of H are
strongly suppressed at large mpy due to the suppressed HVV
couplings in the decoupling limit. For the charged Higgs boson,
H*™ — 7%v, dominates below tb threshold, while Ht — tb
dominates for large values of mpg+. For low values of tanf
(<1) and low values of the charged Higgs boson mass (< 120
GeV), the decay mode H™ — ¢5 becomes relevant.

In addition to the decay modes of the neutral Higgs bosons
into fermion and gauge boson final states, additional decay
channels may be allowed which involve scalars of the ex-
tended Higgs sector, e.g., h — AA. Supersymmetric final states
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from Higgs boson decays into charginos, neutralinos and third-
generation squarks and sleptons can be important if they are
kinematically allowed [117]. One interesting possibility is a sig-
nificant branching ratio for the decay of a neutral Higgs boson
to the invisible mode >~<(1)>~<(1) (where the lightest neutralino )2(1]
is the lightest supersymmetric particle) [118], which poses a
significant challenge at hadron colliders.

Searches for Neutral Higgs Bosons (CPC Scenario)

Most of the experimental investigations carried out at LEP
and the Tevatron assume C' P-conservation (CPC') in the MSSM
Higgs sector. In many cases the search results are interpreted in
a number of specific benchmark models where a representative
set of the relevant SUSY breaking parameters are specified [106].
Some of these parameter choices illustrate scenarios in which
the detection of Higgs bosons at LEP or in hadron collisions is
experimentally challenging due to the limited phase space or the
suppression of the main discovery channels. For instance, the
my,-max scenario defined above maximizes the allowed values
of my,, for a given tan 3, Msusy, and my, leading to relatively
conservative exclusion limits.

Searches for Neutral MSSM Higgs Bosons at LEP

In et

e~ collisions at LEP energies, the main production
mechanisms of the neutral MSSM Higgs bosons are the Higgs-
strahlung processes ete™ — hZ, HZ and the pair production
processes ete™ — hA, HA, while the fusion processes play a
marginal role. The cross sections can be expressed in terms of
the SM cross section and the parameters o and 3 introduced
above. For the light C'P-even Higgs boson h the following

expressions hold, in good approximation,

SM

SM , O’hA:C082 (ﬁ—a)x ohy

oz =sin® (B — a) ohy

where O';Sllgl stands for a SM cross section with a SM Higgs boson

of mass equal to my. The phase space functions are

3 3/2 1/2
X= N0/ A (1203 /s + Agm) |
and X\;j = [1 — (m; +m;)?/s][1 — (m; —m;)?/s], where s is the

square of the eTe™ collision energy. These Higgs-strahlung and
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pair production cross sections are complementary since sin2(ﬁ —
a)+cos?(—a) = 1. The cross sections for the heavy scalar bo-
son H are obtained by interchanging sin?(3—a) and cos?(8—a)
and replacing the index h by H in the above expressions, and

by defining 0?}% similarly to 02}4. The Higgs-strahlung pro-
_|_

max

cess e"e” — hZ is relevant for large my > mj***(tan3) or

low m4 < mj*®*(tan 3) and low tan 3; while the pair-production

—+

e~ — hA is relevant for low my < m;***(tan ().

process e
The heavy CP-even H boson contributes when kinemati-
cally allowed via the Higgs-strahlung process for low my <
mp*(tan 3), or for large my > mp***(tan3) via the pair
production process ete™ — HA.

The searches at LEP exploit the complementarity be-

Te~ — hZ, and the pair-

tween the Higgs-strahlung process e
production process e"e” — hA. In addition, when my <
mp**(tan 3), the H boson has SM-like couplings to the Z bo-
son, so if kinematically allowed, eTe™ — HZ is also considered.
For Higgs-strahlung, the searches for the SM Higgs boson are
re-interpreted, taking into account the MSSM reduction factor
sin?(8 — a) for h (cos?(8 — a) for H). For pair production, ded-
icated searches are performed for the (bb)(bb) and (777 )(qq)
final states.

The limits from the four LEP experiments are described in
Refs. [50,51,119,120]. The combined LEP data did not reveal
any excess of events which would indicate the production of
Higgs bosons, and combined limits were derived [17]. These
limits are shown in Fig. 9 for the mj-max scenario, in the (my,
tan 3) parameter plane (see Ref. [17] for other projections and
other benchmark models). For values of tan 3 below ~ 5, the
limit on my, is nearly that of the SM searches, as sin2(6—a) ~ 1.
For higher values of tan 3, the ete™ — hA searches become the
most important, and they do not set as stringent a limit on my,.
In this scenario, the 95% C.L. mass bounds are mj, > 92.8 GeV
and my > 93.4 GeV, and values of tan 8 from 0.7 to 2.0 are
excluded taking m; = 174.3 GeV. This excluded tan /3 range
depends on Mgsysy and my; larger values of either of these
masses increase the Higgs boson mass, and reduce the excluded
range of tan 3. Furthermore, the uncertainty on the SM-like
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Higgs boson mass from higher-order corrections, which were not
included in the current analysis, is about 3 GeV [121].

=
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Figure 9: The MSSM exclusion contours, at
95% C.L. (light-green) and 99.7% CL (dark-
green), obtained by LEP for the CPC mj-max
benchmark scenario, with my = 174.3 GeV. The
figure shows the excluded and theoretically in-
accessible regions in the (my, tan 3) projection.
The upper edge of the theoretically allowed re-
gion is sensitive to the top quark mass; it is
indicated, from left to right, for my = 169.3,
174.3, 179.3 and 183.0 GeV. The dashed lines
indicate the boundaries of the regions which
are expected to be excluded on the basis of
Monte Carlo simulations with no signal (from
Ref. [17]) . See full-color version on color pages
at end of book.
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The neutral Higgs bosons may also be produced by Yukawa
processes eTe” — ffo, where the Higgs particle ¢ = h, H, A,
is radiated off a massive fermion (f = b or 7%). These processes
can be dominant at low masses, and whenever the eTe™ — hZ
and hA processes are suppressed. The corresponding ratios of
the ffh and ffA couplings to the SM coupling are sin «/ cos 3
and tan (3, respectively. The LEP data have been used to
search for bbbb, bbrt7~, and 77~ 77~ final states [122,123].
Regions of low mass and high enhancement factors are excluded
by these searches.

Searches for Neutral MSSM Higgs Bosons at Hadron
Colliders

The production mechanisms for the SM Higgs boson at
hadron colliders can also be relevant for the production of
the MSSM neutral Higgs bosons. However, one must take into
account the possibility of enhanced or suppressed couplings
with respect to those of the Standard Model, since these can
significantly modify the production cross sections of neutral
Higgs bosons. The supersymmetric-QCD corrections due to the
exchange of virtual squarks and gluinos may modify the cross
sections depending on the values of these supersymmetric parti-
cle masses. The MSSM neutral Higgs production cross sections
at hadron colliders have been computed in Refs. [104,114,124].

Over a large fraction of the MSSM parameter space, one
of the C'P-even neutral Higgs bosons (h or H) couples to the
vector bosons with SM-like strength and has a mass below
135 GeV. As shown in the SM Higgs section above (Fig. 6), the
current searches for SM-like Higgs bosons at the Tevatron are
not yet able to cover that mass range. However, if the expected
improvements in sensitivity are achieved, the regions of MSSM
parameter space in which one of these two scalars behaves like
the SM Higgs will also be probed [125,126].

Scenarios with enhanced Higgs boson production cross sec-
tions are studied at the Tevatron. The best sensitivity is in
the regime with low to moderate m4 and with large tan
which enhances the couplings of the Higgs bosons to down-type
fermions. The corresponding limits on the Higgs production

cross section times the branching ratio of the Higgs boson into
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down-type fermions can be interpreted in MSSM benchmark
scenarios [127]. If ¢ = A, H for my > mj***, and ¢ = A, h for
my < mp**, the most promising channels at the Tevatron are
bbp, p — bb or ¢ — 777, with three tagged b-jets or brr in
the final state, respectively, and the inclusive pp — ¢ — 777~
process, with contributions from both gg — ¢ and bbg produc-
tion. Although Higgs boson production via gluon fusion has a
higher cross section than via associated production, it cannot
be used to study the ¢ — bb decay mode since the signal is
overwhelmed by QCD background.

The CDF and DO collaborations have searched for neutral
Higgs bosons produced in association with bottom quarks and
which decay into bb [128,129,130], or into 7F7~ [131]. The
most recent searches in the bb¢ channel with ¢ — bb analyze
approximately 2.5 fb=! of data (CDF) and 2.6 fb~! (D@).
Dedicated triggers are used to collect the data samples, but the
multijet QCD background remains very large. These triggers
require the presence of at least three jets, and also require tracks
reconstructed with large impact parameters which point near
calorimeter energy deposits. The data are analyzed by requiring
three well-separated jets with reconstructed secondary vertices
indicating the presence of B hadrons. The distribution of the
invariant mass of the two leading jets would be more sharply
peaked for the Higgs boson signal than for the background.
The QCD background rates and shapes are inferred from
data control samples, in particular, the sample with two b
tagged jets and a third, untagged jet. Monte Carlo models are
used to estimate the biases on the shapes of the background
predictions due to the requirement of a third b tag. Separate
signal hypotheses are tested and limits are placed on o(pp —
bbp) x BR(¢ — bb). Fig. 10 shows the upper limits from CDF
and DO assuming that the decay widths of the Higgs bosons
are small compared with the experimental resolution.

CDF and D@ have also performed searches for inclusive
production of Higgs bosons with subsequent decays to 777~ us-
ing dedicated triggers designed for these searches [132,133,134].
Tau leptons are more difficult to identify than jets containing

B-hadrons, as only some of the possible 7 lepton decays are
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sufficiently distinct from the jet backgrounds. Both CDF and
D@ search for pairs of isolated tau leptons; one of the tau
leptons is required to decay leptonically (either to an electron
and two neutrinos, or a muon and two neutrinos), while the
other tau may decay either leptonically or hadronically. Re-
quirements placed on the energies and angles of the visible tau
decay products help to reduce the background from W +jets
processes, where a jet is falsely reconstructed as a tau lepton.
The dominant remaining background process is Z — 7777,
which can be separated from a Higgs boson signal by using the

invariant mass of the observed decay products of the tau leptons.

Tevatron Run II Preliminary

| e e e T e T

CDF bbb Exp. Limit D@ T Exp. Limit 20
D@ bbbiObs. Limit 2:6-fb CDF t Obs: Limit 1:8 ™
@ D@ bbb Exp: Limit - ==k++ CDF 1t Exp: Eimiit ]
—4—  CDF+DO 11 Obs. Limit

—

95% C.L. Limit on 6XBR (pb)

o e e e \\-E
100 125 150 175 200 225 250 275 300
m,, (GeV/c?)

Figure 10: The 95% C.L. limits on the pro-
duction cross section times the relevant decay
branching ratios for the Tevatron searches for
¢ — bb and ¢ — 7H77. The observed limits
are indicated with solid lines, and the expected
limits are indicated with dashed lines. The lim-
its are to be compared with the sum of signal
predictions for Higgs boson with similar masses.
The decay widths of the Higgs bosons are as-
sumed to be much smaller than the experimental
resolution. See full-color version on color pages
at end of book.
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Fig. 10 shows the limits on o(pp — ¢ + X) x BR(¢p — 7777)
for the CDF and D@ searches, which use 1.8 and 2.2 tb~! of
data, respectively. Fig. 10 also shows the combination [135] of
CDF and D@’s search results in the tau-pair decay mode, for
Higgs boson masses tested by both collaborations. The decay
widths of the Higgs bosons are assumed to be small compared
with the experimental resolution, which is much broader in the
tau channels than in the bbb(b) search, due to the presence of
energetic neutrinos in the tau decay products.

In order to interpret the experimental data in terms of
MSSM benchmark scenarios, it is necessary to consider care-
fully the effect of radiative corrections on the production and
decay processes. The bounds from the bbp,¢ — bb channel
depend strongly on the radiative corrections affecting the rela-
tion between the bottom quark mass and the bottom Yukawa
coupling. In the channels with 777~ final states, however, com-
pensations occur between large corrections in the Higgs boson
production and decay. The total production rate of bottom
quarks and 7 pairs mediated by the production of a C'P-odd
Higgs boson in the large tan § regime is approximately given by

o (bEA) x BR (A — bg) ~
tan? 3 9 )
P+ (1) 49

o (bEA)

and

o (gg — A, bEA) x BR (A — 7‘+7‘_) ~
tan? 3 ,

g (gg — A, bEA)SM m

where o(bbA)sy and o(gg — A,bbA)sy denote the values of
the corresponding SM Higgs boson cross sections for a SM
Higgs boson mass equal to m4. The function Ap includes
the dominant effects of SUSY radiative corrections for large
tan 4 [112,113]. The main radiative contributions in A, depend
strongly on tan 5 and on the SUSY mass parameters [104]. The
bbA channel is more sensitive to the value of A, through the
factor 1/(1 + Ap)? than the inclusive 777~ channel, for which
this leading dependence on Ay cancels out. As a consequence,
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the limits derived from the inclusive 7

+

7~ channel depend less

on the precise MSSM scenario chosen than those of the bbA

channel.

The production and decay rates of the CP-even Higgs

bosons with tan -enhanced couplings to down-type fermions —

max

H (or h) for my4 larger (or smaller) than mj'®*, respectively —

are governed by formulae similar to the ones presented above.
At high tanf, one of the CP-even and the C'P-odd Higgs
bosons are nearly degenerate in mass enhancing the signal cross

section by roughly a factor of two, without complicating the

experimental signature except in a small mass region in which

the three neutral MSSM Higgs boson masses are close together

and each boson contributes to the total production rate. A

detailed discussion of the impact of radiative corrections in

these search modes is presented in Ref. [127].

searches

The excluded domain in the (mg,tan/3) projection for

the combination of CDF and D®@’s inclusive ¢ — 717~

[135] are shown in Fig. 11. The searches consider

the contribution of both the CP-odd and C'P-even neutral
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Figure 11: The 95% C.L. MSSM exclusion
contours obtained by a combination of the CDF
and DO searches for H — 777~ in the my-
max (left) and no-mizing (right) benchmark
scenarios, both with u = —200 GeV, projected
onto the (my,tan ) plane [135]. Also shown
are the regions excluded by LEP searches [17],
assuming a top quark mass of 174.3 GeV. The
Tevatron results are not sensitive to the precise
value of the top mass. See full-color version on
color pages at end of book.
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Higgs bosons with enhanced couplings to bottom quarks. The
exclusion is shown in the mjy-max and no-mizring benchmark
scenarios, with p = —200 GeV.

The sensitivity of the Tevatron searches will improve with
the continuously growing data samples and with the combina-
tion of all channels of both experiments. The small backgrounds
in the 777~ channels, and the fact that better exclusions in the
bbb(b) channel imply narrower Higgs decay widths, which feeds
back to improve the sensitivity of the searches, mean that the
limits on the cross sections are expected to improve faster than
1/vV/L, where L is the integrated luminosity. Eventually, tan 3
down to about 20 should be tested for values of m 4 up to a few
hundred GeV. The projected sensitivity by the end of Run II
for the associated production of a SM Higgs boson in W*+H
and Z H should have a strong impact on the excluded domains
in Fig. 11. The combination of the LEP and Tevatron searches
is expected to probe vast regions of the tan 8-m 4.

Searches for charged Higgs bosons at the Tevatron are
presented in Section IV, in the more general framework of the
2HDM.

Prospects for discovering the MSSM Higgs bosons at the
LHC have been explored in detail at /s= 14 TeV, see
Refs. [84,87] for reviews of these studies. They predict that
the reach of the LHC experiments would be sufficient to dis-
cover MSSM Higgs bosons in many different channels. The
main channels for the SM-like Higgs boson are expected to be
qq® — qgr 7 and inclusive ¢ — ~7, where ¢ = h or H,
depending on m 4. The discovery of a light SM-like Higgs boson
with my < 130 GeV would require a few years of running.
With an integrated luminosity larger than 30 fb—!, the tf¢ pro-
duction process may become effective. For non-SM-like MSSM
Higgs bosons, the most relevant channels are expected to be
pp — H/A + X, with H/A — 757~ and pp — tH* + X
with H* — 7v, [125]. After the inclusion of supersymmetric
radiative corrections to the production cross sections and de-
cay widths [127,136], the prospective discovery reach in these
channels is robust, with mild dependence on the specific MSSM

parameters.
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Effects of CP Violation on the MSSM Higgs Spectrum

In the Standard Model, CP-violation (CPV) is induced
by phases in the Yukawa couplings of the quarks to the Higgs
field, which results in one non-trivial phase in the CKM mixing
matrix. SUSY scenarios with new C'PV phases are theoretically
appealing, since additional C'PV beyond that observed in the K
and B meson systems is required to explain the observed cosmic
matter-antimatter asymmetry [137,138]. In the MSSM, there
are additional sources of C PV from phases in the various su-
persymmetric mass parameters. In particular, the gaugino mass
parameters (M;, i = 1,2,3), the Higgsino mass parameter, pu,
the bilinear Higgs squared-mass parameter, m%Q, and the trilin-
ear couplings of the squark and slepton fields (f) to the Higgs
fields, Ay, may carry non-trivial phases. The two parameter
combinations arg[uA s(m3,)*] and arg[uM;(mi,)*] are invariant
under phase redefinitions of the MSSM fields [139,140]. There-
fore, if one of these quantities is non-zero, there would be new
sources of C'P-violation, which affects the MSSM Higgs sec-
tor through radiative corrections [107,140,141,142,143,144,145].
The mixing of the neutral CP-odd and CP-even Higgs boson
states is no longer forbidden. Hence, m 4 is no longer a physical
parameter. However, the charged Higgs boson mass m g+ is still
physical and can be used as an input for the computation of
the neutral Higgs spectrum of the theory.

For large values of my+, corresponding to the decoupling
limit, the properties of the lightest neutral Higgs boson state ap-
proach those of the SM Higgs boson. That is, for my+ > My,
the lightest neutral Higgs boson is approximately a C'P-even
state, with CPV couplings that are suppressed by terms of
O(m%v/m%,i). In particular, the upper bound on the light-
est neutral Higgs boson mass, takes the same value as in
the C' P-conserving case [140]. Nevertheless, there still can be
significant mixing between the two heavier neutral mass eigen-
states. For a detailed study of the Higgs boson mass spectrum
and parametric dependence of the Higgs boson mass radiative
corrections, see Ref. [141,144].

Major variations to the MSSM Higgs phenomenology occur
in the presence of explicit C'PV phases. In the C'PV case,
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vector boson pairs couple to all three neutral Higgs boson mass

eigenstates, H; (i = 1,2,3), with couplings
gu,vv = cos fO1; + sin BOy;

gHiHjZ = Ogi (COS ﬂ@zj — sin ﬁOlj) — O3j (COS 6027: — sin 5(911)

where the gp,yv couplings are normalized to the analogous
SM coupling and the gp,m;z have been normalized to g, /2.
O;j is the orthogonal matrix relating the weak eigenstates to
the mass eigenstates. It has non-zero off-diagonal entries mixing
the C'P-even and C'P-odd components of the weak eigenstates.
The above couplings obey the relations

3
2 -1 d — ..
9H, 27 = an 9H,ZZ = €ijk YH;H;Z
i=1

where &;j;, is the Levi-Civita symbol.

Another consequence of C'PV effects in the scalar sector
is that all neutral Higgs bosons can couple to both scalar and
pseudoscalar fermion bilinear densities. The couplings of the
mass eigenstates H; to fermions depend on the loop-corrected
fermion Yukawa couplings (similarly to the C'PC' case), on
tan 3 and on the Oj;. The resulting expressions for the scalar
and pseudoscalar components of the neutral Higgs boson mass
eigenstates to fermions and the charged Higgs boson to fermions
are given in Refs. [141,146].

Regarding their decay properties, the lightest mass eigen-
state, Hy, predominantly decays to bb if kinematically allowed,
with a smaller fraction decaying to 777, similar to the CPC
case. If kinematically allowed, a SM-like neutral Higgs boson,
Hy or Hs will decay predominantly to HiHy; otherwise it will
decay preferentially to bb.

Searches for Neutral Higgs Bosons in C PV Scenarios

In CPV MSSM scenarios, the three neutral Higgs eigen-
states H; do not have well-defined C'P quantum numbers; they
all could be produced by Higgs-strahlung, eTe™ — H;Z, and in
pairs, ete” — H;H; (i # j), with rates which depend on the
details of the C'PV scenario. Possible cascade decays such as
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Hy or H3 — H{H; can lead to interesting experimental signa-
tures in the Higgs-strahlung processes, ete™ — HoZ or H3Z.
For wide ranges of the model parameters, the lightest neutral
Higgs boson Hp has a predicted mass that would be accessible
at LEP, if it would couple to the Z boson with SM-like strength.
The second- and third-lightest Higgs bosons He and Hs may
have been either out of reach, or may have had small cross
sections. Altogether, the searches in the CPV MSSM scenario
are experimentally more difficult, and hence have a weaker
sensitivity.

The cross section for the Higgs-strahlung and pair produc-
tion processes are given by [107,140,141,145]

_ 2 SM _ 2 SM
OH;Z = 9H,zZ 9H;Z OH;H; = 9H;H;Z A Oz

In the expression of X, defined for the CPC case, the indices
h and A are to be replaced by H; and Hj, respectively, alsgl\fz
stands for the SM cross section for a SM Higgs boson with a
mass equal to my,, and the couplings are defined above in term
of the orthogonal matrix relating the weak eigenstates to the
mass eigenstates.

The Higgs boson searches at LEP were interpreted [17] in a
CPV benchmark scenario [107] for which the parameters were
chosen so as to maximize the phenomenological differences with
respect to the CPC' scenario. Fig. 12 shows the exclusion limits
of LEP in the (my,, tan ) plane for my = 174.3 GeV. Values of
tan 8 less than about 3 are excluded in this scenario. However,
no absolute lower bound can be set for the mass of the lightest
neutral Higgs boson Hj, for an updated study see Ref. [147].
Similar exclusion plots, for other choices of model parameters,
can be found in Ref. [17]. The Tevatron CP-conserving results
and projection for MSSM Higgs searches, as well as the existing
projections for LHC MSSM CP- conserving searches have been
reinterpreted in the framework of CP- violating MSSM Higgs
in Ref. [126]. The CPX scenario was also studied by ATLAS
and CMS collaborations.

Indirect Constraints from FElectroweak and B-physics
Observables and Dark Matter Searches
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Figure 12: The MSSM exclusion contours, at
95% C.L. (light-green) and 99.7% CL (dark-
green), obtained by LEP for a CPV sce-
nario, called CPX, specified by |A:| = |4 =
1000 GeV, ¢a = ¢m; = 7/2, p = 2 TeV,
Msgsusy = 500 GeV [17]. Here, my = 174.3 GeV.
The figure shows the excluded and theoretically
inaccessible regions in the (mg,,tan3) projec-
tion. The dashed lines indicate the boundaries
of the regions which are expected to be excluded
on the basis of simulations with no signal. See
full-color version on color pages at end of book.

Indirect bounds from a global fit to precision measurements
of electroweak observables can be derived in terms of MSSM
parameters [148] in a way similar to what was done in the
SM. The minimum x? for the MSSM fit is slightly lower than
what is obtained for the SM, and the fit accommodates a low
value of the lightest Higgs boson mass which is a prediction of
the MSSM. Given the MSSM and SM predictions for My, as
a function of m;, and varying the Higgs boson mass and the
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SUSY spectrum, one finds that the MSSM overlaps with the
SM when SUSY masses are large, of O(2 TeV), and the light
SM-like Higgs boson has a mass close to the experimental bound
of 114.4 GeV. The MSSM Higgs boson mass expectations are
compatible with the constraints provided by the measurements
of my and Myy.

Recent improvements in our understanding of B-physics ob-
servables put indirect constraints on MSSM scenarios in regions
in which Higgs boson searches at the Tevatron and the LHC
are sensitive. In particular, BR(Bs — p*p™), BR(b — s7v) and
BR(B, — 7v) play an important role within minimal flavor-
violating (MFV) models [149], in which flavor effects are in-
duced by loop factors proportional to the CKM matrix elements,
as in the SM. For recent studies, see Refs. [125,150,151,152].
The supersymmetric contributions to these observables come
both at the tree- and loop-level, and have a different parametric
dependence, but share the property that they become signifi-
cant for large values of tan 3, which is also the regime in which
searches for non-standard MSSM Higgs bosons at hadron col-
liders become relevant. The recent measurement of AMj by the
CDF and DO collaborations [153] could also have implications
for MSSM Higgs physics, but within minimal flavor-violating
models, the AM; constraints are automatically satisfied once
the upper limit on BR(Bs — ptp™) from the Tevatron [154] is
imposed. However, AMy may be relevant within more general
flavor models [155].

In the SM, the relevant contributions to the rare decay
By — ptp~ come through the Z-penguin and the W*-box
diagrams [156]. In supersymmetry with large tan 3, there are
also significant contributions from Higgs-mediated neutral cur-
rents [157,158,159], which grow with the sixth power of tan 3
and decrease with the fourth power of the C'P-odd Higgs boson
mass m 4. Therefore, the upper limits from the Tevatron [154]
put strong restrictions on possible flavor-changing neutral cur-
rents (FCNC) in the MSSM at large tan (3.

Further constraints are obtained from the rare decay b —
sy. The SM rate is known up to NNLO corrections [160] and

is in good agreement with measurements [161,162]. In the
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minimal flavor-violating MSSM, there are new contributions
from charged Higgs and chargino-stop diagrams. The charged
Higgs boson’s contribution is enhanced for small values of its
mass and can be partially canceled by the chargino contribution
or by higher-order tan $-enhanced loop effects.

The branching ratio B, — Tv, measured by the Belle [163]
and BaBar [164] collaborations, also constrains the MSSM. The
SM expectation is in tension with the latest experimental results
[6] In the MSSM, there is an extra tree-level contribution from
the charged Higgs which interferes destructively with the SM
contribution, and which increases for small values of the charged
Higgs boson mass and large values of tan( [165]. Charged
Higgs effects on B — D7v decays [166,167], importantly
constraints the parameter space region for small values of the
charged Higgs boson mass and large values of tan 3, that is
compatible with measured values of B,, — 7v [168,169].

Several studies [125,150,151,152,170] have shown that, in
extended regions of parameter space, the combined B-physics
measurements impose strong constraints on the MSSM models
to which Higgs boson searches at the Tevatron are sensitive.
Consequently, the observation of a non-SM Higgs boson at the
Tevatron would point to a rather narrow, well-defined region of
MSSM parameter space [125,171] or to something beyond the
minimal flavor violation framework.

Another indirect constraint on the Higgs sector comes from
the search for dark matter. If dark matter particles are weakly
interacting and massive, then particle physics can provide mod-
els which predict the correct relic density of the universe.
In particular, the lightest supersymmetric particle, typically
the lightest neutralino, is an excellent dark matter particle
candidate [172]. Within the MSSM, the measured relic den-
sity places constraints in the parameter space, which in turn
have implications for Higgs searches at colliders, and also
for experiments looking for direct evidence of dark matter
particles in elastic scattering with atomic nuclei. Large val-
ues of tan 3 and small my are relevant for the bbA/H and
A/H — 777 searches at the Tevatron, and also provide a

significant contribution from the C'P-even Higgs H exchange to
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the spin-independent cross sections for direct detection exper-
iments such as CDMS. Consequently, a positive signal at the
Tevatron would raise prospects for a signal at CDMS, and vice-
versa [170,171,173,174,175]. However, theoretical uncertainties
in the calculation of dark matter scattering cross sections, and
in the precise value of the local dark matter density, render
these considerations rather qualitative.

IV. Charged Higgs Bosons

Charged Higgs bosons are predicted by models with an
extended Higgs sector, for example, models with two Higgs
field doublets (2HDM). The MSSM is a special Type-11 2HDM
in which the mass of the charged Higgs boson is strongly
correlated with the other Higgs boson masses. The charged
Higgs boson mass in the MSSM is restricted at tree level by
my+ > Myy. This restriction does not hold for some regions
of parameter space after including radiative corrections. Due to
the correlations among Higgs boson masses in the MSSM, the
results of searches for charged Higgs bosons from LEP and the
Tevatron do not significantly constrain the MSSM parameter
space beyond what is already obtained from the searches for
neutral Higgs bosons.

In eTe™ collisions, charged Higgs bosons would be pair-
produced via s-channel exchange of a photon or a Z bo-
son [176]. In the 2HDM framework, the couplings are specified
by the electric charge and the weak mixing angle 0y, and
the cross section at tree level depends only on the mass mpy«.
Charged Higgs bosons decay preferentially to heavy particles,
but the branching ratios are model-dependent. In the Type-II
2HDM and for masses which are accessible at LEP energies,
the decays H* — ¢5 and 7tv dominate. The final states
HYH™ — (c5)(es), (t7v;) (77 vr), and (¢5)(77 v, )+(cs) (77 vy)
were considered, and the search results are usually presented
as a function of BR(H* — 77v). The sensitivity of the LEP
searches was limited to my+ < 90 GeV, due to the background
from ete™ — WTW™ [177], and the kinematic limitation on
the production cross section. The combined LEP data constrain
mp+ > 78.6 GeV independently of BR(H' — 77v) [178]. The
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excluded limits, translated to the (tan 3,mp+) plane using tree
level calculations of Type-II 2HDM, are shown in Fig. 13.

In the Type-I 2HDM, and if the C'P-odd neutral Higgs
boson A is light (which is not excluded in the general 2HDM
case), the decay H* — W**A may be dominant for masses
accessible at LEP [179], a possibility that was investigated by
the DELPHI collaboration [180].

At hadron colliders, charged Higgs bosons can be produced
in different modes. If my+ < my—my, the charged Higgs can be
produced in the decays of the top quark via the decay t — bH T,
which would compete with the SM process t — bW ™. Relevant
QCD and SUSY-QCD corrections to BR(t — Hb) have been
computed [181,182,183,184]. For mpy+ < m; — my, the total

160
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I CDF Run Il Excluded
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Figure 13: Summary of the 95% C.L. exclu-
sions in the (mpg+, tan3) plane obtained by
LEP [178] and CDF [197]. The benchmark
scenario parameters used to interpret the CDF
results are very close to those of the mj*** sce-
nario, and my is assumed to be 175 GeV. The
full lines indicate the median limits expected in
the absence of a HT signal, and the horizon-
tal hatching represents the +1o bands about
this expectation. See full-color version on color

pages at end of book.
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cross section for charged Higgs production (in the narrow-width

approximation) is given by 3
o (pp — HE+X) = (1= [BR (t = bW *)]*) 0 (pp — 1 4+X).

In general, in the Type-II 2HDM, the H™ may be observed in
the decay t — bH™ at the Tevatron or at the LHC for tan 8 <1
or tan 3 > 1.

If mpy+ > my—my, then charged Higgs boson production oc-
curs mainly through radiation off a third generation quark. Sin-
gle charged Higgs associated production proceeds via the 2 — 3
partonic processes gg, q¢ — tbH~ (and the charge conjugate
final state). For charged Higgs production cross sections at the
Tevatron and the LHC see [91,185,186,187,188,189,190,191].

Charged Higgs bosons can also be produced via associ-
ated production with W* bosons through bb annihilation and
gg-fusion [192]. They can also be produced in pairs via ¢g
annihilation [193]. The inclusive HTH ™~ cross section is less
than the cross section for single charged Higgs associated pro-
duction [193,194,195].

At the Tevatron, earlier searches by the D and CDF
collaborations are reported in [196], and a more recent search
by CDF is presented in [197]. The search is based on tt cross
section measurements in four non-overlapping data samples
corresponding to the dilepton, lepton+jets (1 and > 2 b-tags)
and lepton+7-+jets topologies (here leptons are e or u). The
samples are very pure in tf decays, and the expected event
count in each sample depends on BR(t — bHT) as well as
the decay branching ratios of the H™. The decays considered
are HY — 77v.,¢5,t*b, and HT — Wt¢ with ¢ — bb. The
¢ may be any of the possible neutral Higgs bosons states.
The selection efficiencies in each data sample for each decay
mode are computed, taking into account the decays of both
top quarks in each event. The predictions of the SM and of
those of models including t — bH ™ are compared with the four

data measurements, and exclusion regions in the (tan 3, mpg+)

3 TFor values of m g+ near my, the width effects are important. In addi-
tion, the full 2 — 3 processes pp — H1ib+ X and pp — H tb+ X must
be considered.
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plane are derived for specific models. Fig. 13 shows the regions
excluded by the CDF search, along with the charged Higgs LEP
excluded regions, for a choice of MSSM parameters which is
almost identical to the mp-max benchmark scenario adopted by
the LEP collaborations in their search for neutral MSSM Higgs
bosons.

Indirect limits in the (m g+, tan 3) plane have been obtained
by comparing the measured rate of b — sy to the SM prediction.
In the Type-II 2HDM and in the absence of other sources of
new physics at the electroweak scale, a bound my+ > 295 GeV
has been derived [160]. Although this indirect bound appears
much stronger than the results from direct searches, it can be
invalidated by new physics contributions, such as those which
can be present in the MSSM.

Doubly-Charged Higgs Bosons

Higgs bosons with double electric charge are predicted,
for example, by models with additional triplet scalar fields
or left-right symmetric models [198]. It has been emphasized
that the see-saw mechanism could lead to doubly-charged Higgs
bosons with masses which are accessible to current and fu-
ture colliders [199]. Searches were performed at LEP for the
pair-production process ete™ — HTTH~~ with four prompt
leptons in the final state [200,201,202]. Lower mass bounds
between 95 GeV and 100 GeV were obtained for left-right sym-
metric models (the exact limits depend on the lepton flavors).
Doubly-charged Higgs bosons were also searched for in single
production [203]. Furthermore, such particles would modify
the Bhabha scattering cross section and forward-backward
asymmetry via t-channel exchange. The absence of a signifi-
cant deviation from the SM prediction puts constraints on the
Yukawa coupling of H** to electrons for Higgs boson masses
which reach into the TeV range [202,203].

Searches have also been carried out at the Tevatron for the
pair production process pp — HVTTH ™. The DO search is
performed in the g™ p~p~ final state [204], while CDF also
considers eteTe"e™ and e"uTe p~, and final states with 7
leptons [205]. Lower bounds are obtained for left- and right-
handed H** bosons. For example, assuming 100% branching
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Figure 14: The 95% C.L. exclusion limits on
the masses and couplings to leptons of right-
and left-handed doubly-charged Higgs bosons,
obtained by LEP and Tevatron experiments
(from Ref. [205]) . See full-color version on
color pages at end of book.

ratio for H¥* — p*pu®, the DO (CDF) data exclude a left- and
a right-chiral doubly-charged Higgs boson with mass larger than
150 (136) GeV and 127 (113) GeV, respectively, at 95% C.L. A
search of CDF for a long-lived H** boson, which would decay
outside the detector, is described in [206]. The current status
of the mass and coupling limits, from direct searches at LEP

and at the Tevatron, is summarized in Fig. 14.

V. Other Model Extensions

There are many ways to extend the minimal Higgs sector
of the Standard Model. In the preceding sections we have con-
sidered the phenomenology of the MSSM Higgs sector, which
at tree-level is a constrained Type-II 2HDM (with restric-
tions on the Higgs boson masses and couplings), and also
more general 2HDMs of Types I and II. Other extensions of
the Higgs sector can include multiple copies of SU(2); dou-
blets, additional Higgs singlets, triplets or more complicated
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combinations of Higgs multiplets. It is also possible to en-
large the gauge symmetry beyond SU(2).xU(1)y along with
the necessary Higgs structure to generate gauge boson and
fermion masses. There are two main experimental constraints
that govern these extensions: (i) precision measurements, which
constrain p = mi;,/(m% cos*@y) to be very close to 1. In elec-
troweak models based on the SM gauge group, the tree-level
value of p is determined by the Higgs multiplet structure. By
suitable choices for the hypercharges, and in some cases the
mass splitting between the charged and neutral Higgs sector or
the vacuum expectation values of the Higgs fields, it is possible
to obtain a richer combination of singlets, doublets, triplets and
higher multiplets compatible with precision measurements [207];
(7) the second important constraint comes from flavor chang-
ing neutral current (FCNC) effects. In the presence of multiple
Higgs doublets, the Glashow-Weinberg theorem [208] states
that tree-level FCNC’s mediated by neutral Higgs bosons will
be absent if all fermions of a given electric charge couple to no
more than one Higgs doublet. The Higgs doublet models Type-I
and Type-II are two different ways of satisfying this theorem.
The coupling pattern of these two types can be arranged by
imposing either a discrete symmetry or, in the case of Type-
II, supersymmetry. The resulting phenomenology of extended
Higgs sectors can differ significantly from that of the SM Higgs
boson.

The most studied extension of the MSSM has a scalar singlet
and its supersymmetric partner [209,210]. These models have
an extended Higgs sector with two additional neutral scalar
states (one C'P-even and one C'P-odd), beyond those present
in the MSSM. In these models, the tree-level bound on the
lightest Higgs boson, considering arguments of perturbativity
of the theory up to the GUT scale, is about 100 GeV. The
radiative corrections to the masses are similar to those in the
MSSM, and yield un upper bound of about 145 GeV for the
mass of the lightest neutral C'P-even scalar [211,212]. The
precise LEP II bounds on the Higgs boson masses depend on
the couplings of the Higgs bosons to the gauge bosons and such

couplings tend to be weakened somewhat from mixing with the
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singlet. The DELPHI Collaboration places a constraint on such
models [213].

Another extension of the MSSM which can raise the value
of the lightest Higgs boson mass to a few hundred GeV is based
on gauge extensions of the MSSM [214,217]. The addition
of asymptotically-free gauge interactions naturally yields extra
contributions to the quartic Higgs couplings. These extended
gauge sector models can be combined with the presence of extra
singlets or replace the singlet with a pair of triplets [216]. In
some of these models, a rich and distinctive phenomenology can
be expected.

It is also possible that the MSSM is the low energy effective
field theory of a more fundamental SUSY theory that includes
additional particles with masses at or somewhat above the TeV
range, and that couple significantly to the MSSM Higgs sector.
A model-independent analysis of the spectrum and couplings
of the MSSM Higgs fields, based on an effective theory of the
MSSM degrees of freedom has been studied in the literature
[217,218,219,220]. In these scenarios the tree-level mass of the
lightest CP-even state can easily be above the LEP bound
of 114 GeV, thus allowing for a relatively light spectrum of
superpartners, restricted only by direct searches. The Higgs
spectrum and couplings can be significantly modified compared
to the MSSM ones, often allowing for interesting new decay
modes. It is also possible to moderately enhance the gluon
fusion production cross section of the SM-like Higgs with respect
to both the Standard Model and the MSSM.

Many non-SUSY solutions to the problem of electroweak
symmetry breaking and the hierarchy problem are being devel-
oped. For example, the so-called “Little Higgs” models propose
additional sets of heavy vector-like quarks, gauge bosons, and
scalar particles, with masses in the 100 GeV to a few TeV
range. The couplings of the new particles are tuned in such a
way that the quadratic divergences induced in the SM by the
top, gauge-boson and Higgs loops are canceled at the one-loop
level. If the Little Higgs mechanism successfully resolves the
hierarchy problem, it should be possible to detect some of these
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new states at the LHC. For reviews of models and phenomenol-
ogy, and a more complete list of references, see Refs. [221]
and [222].

In Little Higgs models the production and decays of the
Higgs boson are modified. For example, when the dominant
production mode of the Higgs is through gluon fusion, the
contribution of new fermions in the loop diagrams involved in
the effective ¢gg vertex can reduce the production rate. The
rate is generally suppressed relative to the SM rate due to the
symmetries which protect the Higgs boson mass from quadratic
divergences at the one-loop level. However, the branching ratio
of the Higgs to photon pairs can be enhanced in these mod-
els [223]. By design, Little Higgs models are valid only up
to a scale A ~ 5-10 TeV. The new physics which would enter
above A remains unspecified, and will impact the Higgs sector.
In general, it can modify Higgs couplings to third-generation
fermions and gauge bosons, though these modifications are
suppressed by 1/A [224].

Distinctive features in the Higgs phenomenology of Little
Higgs models may also stem from the fact that loop-level elec-
troweak precision bounds on models with a tree-level custodial
symmetry allows for a Higgs boson heavier than the one permit-
ted by precision electroweak fits in the SM. This looser bound
follows from a cancelation of the effects on the p parameter of
a higher mass Higgs boson and the heavy partner of the top
quark. The Higgs can have a mass as high as 800-1000 GeV
in some Little Higgs models and still be consistent with elec-
troweak precision data [225]. Lastly, the scalar content of a
Little Higgs structure is model dependent. There could be two,
or even more scalar doublets in a little Higgs model, or even
different representations of the electroweak gauge group [226].

Models of extra space dimensions present an alternative
way of avoiding the scale hierarchy problem [13]. New states,
known as Kaluza-Klein (KK) excitations, can appear at the TeV
scale, where gravity-mediated interactions may become relevant.
They share the quantum numbers of the graviton and/or SM
particles. In a particular realization of these models, based on

warped extra dimensions, a light Higgs-like particle, the radion,
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may appear in the spectrum [227]. The mass of the radion, as
well as its possible mixing with the light Higgs boson, depends
strongly on the mechanism that stabilizes the extra dimension,
and on the curvature-Higgs mixing.

The radion couples to the trace of the energy-momentum
tensor of the SM particles, leading to effective interactions with
quarks, leptons and weak gauge bosons which are similar to
the ones of the Higgs boson, although they are suppressed
by the ratio of the weak scale to the characteristic mass
of the new excitations. An important characteristic of the
radion is its enhanced couplings to gluons. Therefore, if it is
light and mixes with the Higgs boson, it may modify the
standard Higgs phenomenology at lepton and hadron colliders.
A search for the radion in LEP data, conducted by OPAL using
both b-tagged and flavor-independent searches, gave negative
results [228]. Radion masses below 58 GeV are excluded for
the mass eigenstate which becomes the Higgs boson in the
no-mixing limit, for all parameters of the Randall-Sundrum
model.

In models of warped extra dimensions in which the SM
particles propagate in the extra dimensions, the KK excitations
of the vector-like fermions may be pair-produced at colliders
and decay into combinations of two Higgs bosons and jets, or
one Higgs boson, a gauge boson, and jets. KK excitations may
also be singly-produced. Some of these interesting possible new
signatures for SM-like Higgs bosons in association with top or
bottom quarks have been studied [14].

If Higgs bosons are not discovered at the Tevatron or the
LHC, other studies might be able to test alternative theories of
dynamical electroweak symmetry breaking which do not involve
a fundamental Higgs scalar [229].

VI. Other Searches for Higgs Bosons Beyond the SM

Decays of Higgs bosons into invisible (weakly-interacting
and neutral) particles may occur in many models. For example,
in the MSSM the Higgs can decay into pairs of neutralinos.
In a different context, Higgs bosons might also decay into

pairs of Goldstone bosons or Majorons [230]. In the process
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et

e~ — hZ, the mass of the invisible Higgs boson can be
inferred from the kinematics of the reconstructed Z boson
by using the beam energy constraint. Results from the LEP
experiments can be found in Refs. [50,231]. A preliminary
combination of LEP data yields a 95% C.L. lower bound of
114.4 GeV for the mass of a Higgs boson, if it is produced with
SM production rate, and if it decays exclusively into invisible
final states [232].

Most of the searches for the processes eTe™ — hZ and
hA, which have been discussed in the context of the C'PC-
MSSM, rely on the assumption that the Higgs bosons have a
sizable branching ratio to bb. However, for specific parameters
of the MSSM [233], the general 2HDM case, or composite
models [104,106,234], decays to non-bb final states may be
significantly enhanced. Some flavor-independent searches have
been reported at LEP which do not require the experimental
signature of a b-jet [235], and a preliminary combination of
LEP data has been performed [17,236]. If Higgs bosons are
produced at the SM rate and decay only to jets of hadrons,
then the 95% C.L. lower limit on the mass of the Higgs boson
is 112.9 GeV, independent of the fractions of gluons and b, c,
s, u and d-quarks in Higgs boson decay. In conjunction with
b-flavor sensitive searches, large domains of the general Type-II
2HDM parameter space have been excluded [237].

Photonic final states from the processes ete™ — Z /v* —
H~ and from H — 77, do not occur in the SM at tree level,
but may have a low rate due to W= and top quark loops [238].
Additional loops from SUSY particles would modify the rates
only slightly [239], but models with anomalous couplings pre-
dict enhancements by orders of magnitude. Searches for the
processes ete™ — (H — bb)y, (H — vv)qq, and (H — yv)y
have been used to set limits on such anomalous couplings. Fur-
thermore, they constrain the so-called Type-I “fermiophobic”
2HDM [240], which also predicts an enhanced h — 7 rate.
The LEP searches are described in [241,242]. In a preliminary
combination of LEP data [243], a fermiophobic Higgs boson
with mass less than 108.2 GeV (95% C.L.) has been excluded.
Limits of about 80 GeV have been obtained at the Tevatron
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in Run I [244]. Run II results based on 2.7 fb~! of DO data
and 3.0 fb~! of CDF extend the exclusion to 106 GeV [245].
CDF has updated this analysis with 5.4 fb~! of data [246].
Other production of fermiophobic Higgs bosons, leading to a
3-photons final state, have also been searched for [247]. The
Type-I 2HDM also predicts an enhanced rate for the decays
h — W*W and Z*Z, a possibility that has been addressed by
L3 [242] and ALEPH [248].

The DELPHI collaboration has used the LEP 1 and LEP 2
data to search for Higgs bosons produced in pairs, in association
with Z bosons, and in association with b quarks, 7 leptons.
The decays considered are ¢ — bb, 7777, and to pairs of Higgs
bosons, yielding four-b, four-b+jets, six-b and four-7 final states.
No evidence for a Higgs boson was found [123], and DELPHI
set mass-dependent limits on a variety of processes, which apply
to a large class of models. The limits on the cross sections of
Yukawa production of Higgs bosons are typically more than 100
times larger than the SM predictions, while Higgs-strahlung
limits for b and 7 decays extend up to the kinematic limits
of approximately 114 GeV. Limits on pair-produced Higgs
bosons extend up to approximately my + m4 = 140 GeV for
full-strength production, assuming bb and 777~ decays.

OPAL’s decay-mode independent search for ete™ — S°Z
[49] provides sensitivity to arbitrarily-decaying scalar particles,
as only the recoiling Z boson is required to be reconstructed.
The energy and momentum constraints provided by the ete™
collisions allow the S%’s four-vector to be reconstructed and
limits placed on its production independent of its decay charac-
teristics, allowing sensitivity for very light scalar masses. The
limits obtained in this search are less than one-tenth of the SM
Higgs-strahlung production rate for 1 keV< mgo < 19 GeV,
and less than the SM Higgs-strahlung rate for mgqo < 81 GeV.

VII. Outlook

At the Tevatron, Higgs boson searches performed in several
channels with 2.0 to 5.4 fb~! have achieved the necessary
sensitivity to to test for the presence of a SM Higgs boson with
a mass near 2Myy. With anticipated improvements in analysis
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sensitivity, the expected total analyzed integrated luminosity
of about 10 fb~!, and the combination of results from both
experiments, the Tevatron should be able to exclude most of
the SM Higgs boson mass range up to 185 GeV (at 95% C.L.),
and could produce 3o evidence for a Higgs boson with a mass
close to 115 GeV or 160 GeV. The Tevatron searches are also
sensitive to the neutral Higgs bosons of the MSSM in large
domains of parameter space.

The LHC is planned to deliver proton-proton collisions at
a center of mass energy of 7 TeV in 2010 and 2011, and it
will produce a large data sample at the center of mass energy
of 14 TeV in future years. The ATLAS and CMS detectors
have been optimized for Higgs boson searches. The discovery
of a SM Higgs boson is expected to be possible over the mass
range between 100 GeV and 1 TeV, given sufficient integrated
luminosity. This broad range is covered by a variety of searches
based on several production and decay processes. The LHC
experiments are expected to provide full coverage of the MSSM
parameter space by direct searches for the h, H, A, and H*
bosons, and by searching for A bosons in cascade decays of
SUSY particles. The simultaneous discovery of several of the
Higgs bosons is expected to be possible over extended domains
of the MSSM parameter space.

A high-energy eTe™ linear collider may start operation
around the year 2020. According to present planning, it would
run initially at a center-of-mass energy of 500 GeV, and an
upgrade would allow running at 1 TeV later [21]. One of the
primary goals is to extend precision measurements, which are
typical of eTe™ colliders, to the Higgs sector. According to
several studies, the Higgs couplings to fermions and vector
bosons could be measured with a precision of a few percent,
and the parameters of the MSSM could be studied in great
detail. At the highest collider energies and luminosities, the
self-coupling of the Higgs fields could be measured directly
through final states with two Higgs bosons [249].

Higgs production in the s-channel might be possible at a
future pt ™ collider [22]. Mass measurements with a precision
of a few MeV would be possible, and the total width could be
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obtained directly from Breit-Wigner scans. The heavy C'P-even
and CP-odd bosons, H and A, degenerate over most of the
MSSM parameter space, could be directly disentangled from
the line shape.

Higgs bosons enter calculations of electroweak observables
through loop effects, so it has been possible to constrain the
SM Higgs sector using a global fit to precision electroweak mea-
surements. The fit favors Higgs bosons that are not very heavy,
a fact which is compatible with the predictions of the MSSM.
B-physics observables explored at CLEO, BaBar, Belle and the
Tevatron independently constrain the MSSM parameter space
available for Higgs searches. These indirect limits derive in part
from the specific effects on flavor physics of the supersymmetry-
breaking mechanism. The combined information of direct and
indirect SUSY Higgs searches together with the results from
direct search for dark matter, could provide unique information
about supersymmetry.

In the theoretical landscape, several models are emerging
with novel approaches to the problem of electroweak symmetry
breaking. Many of them incorporate a Higgs sector with features
distinctly different from the SM, and their phenomenology could
be studied at the LHC.

There is uncertainty on the mass range for the scale of new
physics. It arises from one side by the attempt to explain the
hierarchy between the electroweak scale and the Planck scale
in a natural way, which demands new physics at or below the
TeV scale, and on the other side by the strong bounds at that
same scale, of order of a TeV or larger, that come from the
precise measurements delivered by the experiments in the last
two decades. Supersymmetry remains one suggestive candidate
for new physics. Models with no fundamental Higgs bosons are
harder to accommodate with precision data, but the LHC and a
future lepton collider will have the final word on the mechanism

of electroweak symmetry breaking.
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