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The latest results for the Tevatron search for non Standard Model Higgs bosons are presented.
Searches for Higgs decays to W boson pairs are interpreted in an extension of the Standard
Model to four generations and an observed (expected) exclusion is obtained from CDF for
123 ≤ Mh ≤ 202 GeV/c2 (129 ≤ Mh ≤ 212 GeV/c2), comparable to the Tevatron combined
limit. D0 searches for Higgs decays to photons in a fermiophobic Higgs model and finds
no evidence for a signal, excluding Mh ≤ 112 GeV/c2, the most sensitive such search to
date. MSSM SUSY production in association with a b quark and either with or without the
requirement of the b jet tag in decays to tau pairs and with requirement of a b jet tag when
decaying to b pairs is done by CDF and D0. No signficant excess is observed and limits with
a sensitivity in MSSM to tanβ of order 30 but with dependence on the Higgs mass, mA, are
set. A search for Higgs decays in a Hidden Valley model shows now signal and cross section
limits as a function the proper decay length range from 15 pb at 0.25 cm to 100 pb at 5 cm.

1 Introduction

The Tevatron has celebrated a quarter century of physics that is culminating now in sensitivity
to the Standard Model (SM) Higgs. These searches can be extended to other models beyond the
Standard Model by either a reinterpretation of the SM searches or by dedicated new searches
based on the unusual properties of these models. In the first category we will present two new
analysis. The first is a search by CDF for a Higgs decay to W boson pairs which subsequently
decay to charged leptons and neutrinos, the standard High mass search, but interpreted in terms
of a model with four generations of quarks and leptons. The second is a search by D0 for Higgs
decays to to photons but interpreted in a fermiophobic Higgs model where production is not
via fermion loop but from associated production with a vector boson. Supersymmetry inspired
searches are performed for a narrow resonance in Higgs decays to two taus either in association
with an observed b quark or ignoring the presence of the b quark, or of a Higgs decay to two
b quarks in the presence of a third b. Interpretation of the results within SUSY with specific



constraints on parameters are given. Finally a search for a Higgs boson decay to a pair of Hidden
Valley particles from a new strong interaction which in turn decay with significant lifetime to
two pairs of b b̄ quarks follows similar experimental methods for the SUSY three b analysis.

2 Search for a Higgs in a Fourth Generation Model

A fourth generation of quarks and leptons is possible provided there is a neutrino with a mass
greater than half the Z mass and that there are heavy t′ and b′ quarks 1. In this model the
electroweak constraints are altered and a Higgs boson having a mass of up to Mh ≤ 300 GeV/c2

is allowed. Since Higgs production is mainly through a quark loop, a fourth generation will
enhance the standard model production rate by about a factor of nine, with little dependence
on the details of the t′ and b′ masses. The analysis is the same as that for the Tevatron
high mass SM Higgs search 2 except the associated production channels are removed and the
branching ratios are recomputed in light of the fourth generation model. No signal is found and
exclusion limits are computed using the same statistical methods as described in the SM Higgs
search. An observed (expected) exclusion is obtained from CDF for 123 ≤ Mh ≤ 202 GeV/c2

(129 ≤ Mh ≤ 212 GeV/c2). This is comparable to the Tevatron combined observed (expected)
limits 3 131 ≤ Mh ≤ 204 GeV/c2 (125 ≤ Mh ≤ 218 GeV/c2) and the CMS observed (expected)
limits 4, 144 ≤Mh ≤ 207 GeV/c2 (150 ≤Mh ≤ 190 GeV/c2).

3 Search for a Higgs in a Fermiophobic Higgs Model

The D0 collaboration searches for Higgs decays to photons in a fermiophobic Higgs model in
a data sample having an integrated luminosity of 8.2 fb−1. In this model there is no fermion
coupling; therefore, the only production channels available are WH, ZH and vector boson fusion.
The branching ratio of hf → γγ is 6.2%, 33 times the SM cross section at a mass mhf = 110
GeV/c2. In this analysis two photons are searched for with a transverse energy, ET > 25 GeV/c2

within a pseudorapidity |η| < 1.1. A neural net is used to identify the photons and each photon
candidate is tagged as either passing or failing a cut on the neural net score. Two candidates
that both pass the cut are likely to be diphoton events whereas one that passes and one that
fails is likely to be a photon plus jet combination. An unfolding of the pass/fail classification
into a γ-γ, γ-jet, jet-γ or jet-jet combination is performed. The unfolding is uses Monte Carlo
for the photon efficiency. The Monte Carlo is corrected with samples of radiative Z decays. The
jet efficiencies are measured using di-jet Monte Carlo and cross checked against a data sample.
The efficiencies for a photon to be identified as a photon or as a jet are the largest systematic
uncertainty in the analysis.

Figure 1: Invariant mass spectrum of diphoton candidates with background estimates and a hypothetical fermio-
phobic Higgs signal (left). Boosted decision tree output from a multivariate analysis (MVA) showing the back-
ground estimate with the data and a prediction of the contribution from a Higgs signal (center). Predicted cross
section times branching ratio for a fermiophobic Higgs as a function of mass superimposed on the exclusion limits

from this analysis. (right)



The background composition of the final sample is 3% Z/γ → l+l−, 53% γγ, 30% γ-jet and
14% jet-jet. The invariant mass spectrum of the diphoton candidates is shown in Figure 1.
A boosted decision tree (BDT) is used with inputs including the diphoton invariant mass,
the transverse energies of the two photons, the transverse momentum of the diphoton system
and the angle between the photons. The last two variables take advantage of the associated
production mechanism for fermiophobic Higgs and is not applicable to the SM Higgs decays
to diphotons. The BDT output distribution shown in Figure 1 is fit for a signal as a function
of candidate Higgs mass in the same manner as used for the SM and fourth generation Higgs
searches. No signal is observed and a limit on a fermiophobic Higgs mass is set by observing the
point where the predicted cross section time branching ratio crosses the observed limit on the
production cross section as shown in Figure 1. Systematic uncertainties are treated as nuisance
parameters and include the photon and jet efficiencies mentioned above, as well as luminosity,
parton distribution functions, the photon identification, the veto for tracks and the cross sections
for Drell–Yan production and prompt diphoton production. A fermiophobic Higgs is excluded
at 95% CL for mhf < 112 GeV/c2. This is the best limit to date exceeding the CDF limit 5 of
mhf < 106 GeV/c2 obtained with 2.7 fb−1 of integrated luminosity, the previous D0 limit 6 of
mhf < 102.5 GeV/c2 obtained with 4.2 fb−1 of integrated luminosity, and the combined LEP
result 7 of mhf < 109.7 GeV/c2.

4 Search for an MSSM SUSY Higgs

MSSM SUSY features two Higgs doublet fields, Hu, Hd which couple to u- and d-type fermions.
The parameter tan β ≡ 〈Hd〉/〈Hu〉 enhances production by and decay to b quarks relative to
the SM. There are five Higgs bosons in the theory, of which three are neutral: H0, h0, A0 and
two are charged: H±. If the h0 is light, it is SM-like, having a mass below 135 GeV/c2 and the
H0 and A0 are heavier and nearly degenerate. If however the H0 is light then the h0 and A0

are nearly degenerate. This gives a further factor of two enhancement of the cross section and
the degenerate object for either of the two mass hierarchies is denoted by φ0. The cross sections
are enhanced by a factor of tanβ2. If tanβ = 50 then the total enhancement is 2500× 2(for the
degeneracy) which takes femtobarn cross sections to picobarn cross sections and are therefore
observable at the Tevatron.

The production mechanism proceeds via gluon each from the proton and antiproton splitting
to a bb̄ pair. Two b quarks fuse to form the φ0 and the other two form jets. It is also possible
to produce the φ0 through a b quark loop or through bg → φ0b and finally via qq̄ → bb̄φ0 where
the φ0 is emitted as Higgstrallung from a b quark. Thus there are zero, one or two b quarks
produced in association with the Higgs.

The φ0 decays to tau pairs 10% of the time and to bb̄ pairs 90% of the time. In the search
for the b decay modes, a third b is required to suppress background from QCD production of
bb̄ pairs. The invariant mass of the two b quarks is measured and the properties of all three b
jet candidates are examined to separate the quark flavors. For the tau decays, the CDF search
ignores the associated b quarks while the D0 analysis also looks at events where a b jet is tagged.
One tau is required to decay to an electron or muon while the other can decay hadronically.
The CDF searches also includes decays of the second tau to an electron or muon. The visible
mass of the tau candidate decay products is used as the discriminant variable in these searches.

4.1 φ→ τ+τ−

For the tau analysis, the main background is Z decays to taus, with some contribution from
W + jets and dibosons. Details vary for the analyses but generally the taus are required to
have a transverse momentum greater than 10 or 20 GeV/c although CDF uses lower limits of 6



Figure 2: Invariant mass of the electron from the semileptonic tau decay and the hadronic tau, the visible mass
(left). Same, but for events with a b tag in the SUSY φ → τ+τ− + b search where one tau decays to an electron
plus neutrinos and the other decays hadronically (left center) and the resulting exclusion limits in the tan β −mA

plane for SUSY (right center). Combined Tevatron results for exclusions based on a subsample of the data (right).

and 10 GeV/c for the decays that do not involve hadronic taus. The hadronic tau is identified
using a narrow cone with a second isolation cone (CDF) or a neural net separated into samples
corresponding to a π+,π+π0 or three prong topologies. It is required that the lepton and missing
energy be inconsistent with W production. In the CDF analysis a cut is applied to the scalar
sum of the momentum of all visible objects (HT ) and in for the D0 analysis the cut is placed
on the transverse mass, MT , of the φ0 candidate. The visible mass spectrum is compared to a
model with a narrow resonance in order to search for a signal. This is shown for the D0 analysis
in Figure 2.

In a separate analysis by the D0 collaboration, a b jet tagged using a neural net algorithm is
required. The final result is obtained from a discriminant that includes the visible mass shown
in Figure 2 for D0 in the case where one tau decays to an electron plus neutrinos and the other
decays hadronically. The b tagging reduces the Drell–Yan background dramatically.

In both the b-tagged analysis and the analysis without b tagging, for both experiments, no
significant signal is observed. When interpreted as a SUSY Higgs, limits on tanβ of order 40
are obtained but with a mass dependence on the φ0. An example result is shown in Figure 2
for the mmax

h , µ = −200 GeV scenario. Combined Tevatron results 8 from the tau samples not
having a b tag have a sensitivity to tanβ values as low as 30 as shown in Figure 2.

4.2 φ→ bb̄+ b

The data sample for this analysis consists of events with three or more tagged b jets with
transverse momenta above 20 GeV/c. The D0 b tagger was described and the CDF tagger
searches in a jet cone for tracks that form a secondary vertex. Both experiments achieve b tagging
efficiencies of order 50% depending on the fake rate that is tolerated. The two leading b-tagged
jets are used as the φ0 candidate mass. The mass spectrum for the background is determined
from a data sample with two b tags and imposing the b tagging probabilities calibrated with
data on the third jet in order to obtain the proper kinematics. Monte Carlo is used to obtain
the signal invariant mass spectra for various hypothesized masses.



Figure 3: Invariant mass of the leading two jets in events with three b tags in the CDF SUSY φ → bb̄ + b search
(left). Flavor discriminant distribution,(left center) which, together go into a likelihood fit to give limits on cross
section times branching ratio for a φ decay where the φ width is smaller than the detector resolution in the CDF

SUSY φ → bb̄ + b search (right center). Limits on tan β as a function of mA in the µ = −200 GeV scenario.

Additional discrimination is applied by both experiments. For CDF, the sum of the masses
of the two b candidate vertices is plotted against the mass of the vertex of the third jet. This
two dimension plot is divided into nine bins which are examined as 9 discrete values of a tagging
variable, xtags. The invariant mass and xtags distributions are fit simultaneously for a signal.
These distributions are shown for CDF analysis of a sample of data having an integrated lumi-
nosity of 2.2 fb−1 in Figure 3. A limit on cross section times branching ratio for a Higgs with
a width that is negligible compared to the resolution is performed and the limits are shown in
Figure 3. The most significant excess at Mbb around 140 GeV/c2 is a 2.3σ deviation.

This can be interpreted in the MSSM; however, the increase in coupling strength for tan β >
100 also causes the resonance to get quite broad, reducing ability to detect a φ0. The best
sensitivity is obtained in scenarios with a negative SUSY mass parameter (µ). As shown in
Figure 3 the channel is sensitive to tanβ of order 60. Hence it can be seen that even though
there is nine times more cross section than the tau channel, the background reduces the cross
section advantage and slightly worse sensitivity is obtained.

D0 uses a six dimensional likelihood, D, composed of the following variables: the eta and phi
separation of the of the pair of jets, the angle between the leading jet in the pair and the total
momentum of the pair, the momentum imbalance of the pair, the combined rapidity of the pair
and the event sphericity. The analysis is separated into searches in a high and low mass region
bounded at Mbb = 130 GeV/c2. The largest deviation from this analysis published 9 on a data
sample having an integrated luminosity of 5.2 fb−1 is a 2σ effect at Mbb around 120 GeV/c2.
D0 obtains sensitivities as low as 45 in tanβ for this analysis.

5 Hidden Valley Search

Hidden Valley theories 10 postulate a new strong force that can interact with heavy particles in
the SM. Therefore a search for SM Higgs decays to pairs of Hidden Valley particles (HV) each
of which decay to bb̄ pairs is conducted. Methods similar to the SUSY search in bφ0 → bb̄ search
are used; however, the b-tagging is calibrated to be able to observe much longer decay lengths for
the HV particles. The backgrounds are again QCD heavy flavor production and discrimination



Figure 4: CDF Exclusion limits for cross section times products of branching ratios decay as a function of the
decay length of a Hidden Valley particle coming from the interaction h → HV HV → bb̄bb̄.

against that background is provided by the HV decay length, ζ, and the b jet impact parameter,
ψ, which have values near zero for the background but are of order centimeters for the signal.
There is only one event observed with a large value of ζ and limits on the cross section time
branching ratio as a function of decay length are shown in Figure 4 by CDF for a sample of data
having an integrated luminosity of 5.8 fb−1.

6 Summary

CDF and D0 are looking for Higgs bosons in a variety of models beyond the standard model and
are using advanced analysis techniques in a harsh background environment to do this. Results
were shown for data samples having an integrated luminosity between 2.4 and 8.2 fb−1. The
MSSM sensitivity to tanβ of order 30 has been obtained. With the full dataset this sensitivity
could be as low as 20. CDF now excludes a fourth generation model for 123 < mh < 202 GeV/c2

comparable to the combined Tevatron limits and the CMS limits. When a fermiophobic Higgs
is found, D0 claims that it must have a mass greater than 112 GeV/c2. The Hidden Valley has
been explored but nothing is seen just yet.
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