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Combined Tevatron Upper Limit on gg → H → W + W −
and Constraints on Fourth-Generation Fermion Models
(Dated: March 12, 2010)
We combine results from CDF and D0 searches for a standard model Higgs
√ boson (H) in the
process gg → H → W + W − in pp̄ collisions at the Fermilab Tevatron at s = 1.96 TeV. With
4.8 fb−1 of integrated luminosity analyzed at CDF and 5.4 fb−1 at D0, the 95% C.L. upper limit
on σ(gg → H) × Br(H → W + W − ) is 1.77 pb at mH = 120 GeV, 0.41 pb at mH = 165 GeV, and
1.05 pb at mH = 260 GeV. Assuming the existence of a sequential fourth generation of fermions
with very large masses, we exclude a standard-model-like Higgs boson with a mass between 130 and
210 GeV.
PACS numbers: 13.85.Rm, 14.80.Bn, 14.65.Jk

Exploring the mechanism for breaking of the SU (2) ×
U (1) electroweak gauge symmetry is a high priority in
particle physics. Not only are this symmetry and its
breaking [1] necessary components for the consistency of
the standard model (SM) [2], but measurable properties
of the breaking mechanism can potentially be sensitive
to new phenomena. Making these measurements, or setting limits in the absence of observation, can be used to
constrain broad classes of extensions to the SM.
A natural extension to the SM that can be tested with
Higgs boson searches at the Tevatron is the addition of
a fourth generation of fermions with masses much larger
than those of the first three generations [3]. Precision
measurements of the Z boson decay width [4] exclude
models in which the fourth generation neutrino mass
eigenstate has a mass less than 45 GeV. If the masses
are very large, however, a fourth generation of fermions
is not yet excluded and is consistent will all available precision electroweak measurements [6]. One consequence of
the extra fermions is that the ggH coupling is enhanced
by a factor of roughly ∼ 3 relative to the SM coupling [5].
The reason for this is that the lowest order ggH coupling
arises from a quark loop, and the top quark contribution
dominates due to its large coupling with the Higgs boson. In the limit 2mf 4 ≫ mH where mf 4 is the mass of
any fourth-generation quark, the Higgs boson coupling
cancels the mass dependence for each of the three propagators in the loop, and the contribution to the ggH becomes asymptotically independent of the masses of the
two fourth-generation quarks. Each fourth-generation
quark then contributes as much as the top quark, and
the ggH coupling is enhanced by a factor Ke ≈ 3 for low
Higgs masses.
The production cross section is enhanced by a factor
of ∼ Ke2 , which ranges from 9 for mH near the low end of
our search range (mH = 110 GeV) to about 7.5 near the
upper end of the search range (mH = 260 GeV), assuming asymptotically large masses for the fourth-generation
quarks. The reason for the smaller enhancement factor at higher mH is that the top quark contribution
grows larger as mH nears 2mt and the interaction ap-

proaches resonance. For lower-mass fourth-generation
quarks, enhancements due to resonances in the loop increase the value of Ke . The partial decay width for
H → gg is enhanced by the same factor as the production cross section. Because the decay H → gg is mediated
through a loop diagram and therefore suppressed by α2s ,
the H → W + W − decay still dominates for Higgs boson
masses mH > 135 GeV.
We consider two fourth-generation scenarios. In the
first, called the “infinite-mass” scenario, we set the
masses of all fourth-generation fermions to 10 TeV. In the
second, called the “low-mass” scenario, we set the masses
close to their experimental limits [7]. In particular, we
set mℓ4 = 100 GeV, mν4 = 80 GeV, mu4 = 256 GeV,
and md4 = 128 GeV. In the infinite-mass scenario, the
fourth-generation fermions only play a role in the Higgs
boson production via loops, while in the low-mass sce−
¯
nario, Higgs boson decays to ℓ+
4 ℓ4 , ν4 ν̄4 , and d4 d4 become possible for Higgs boson masses above the respective thresholds. As the decays to the fourth-generation
fermions open up, the branching ratio Br(H → W + W − )
decreases.
Previously, the CDF and D0 collaborations have published searches for the process gg → H → W + W − [8, 9].
The D0 search includes a fourth-generation interpretation. Recently the CDF and D0 collaborations have
sought the SM Higgs boson in the decay H → W + W −
using all SM production processes, gg → H, qq → W H,
qq → ZH, and VBF [10–12]. Because only the ggH coupling is enhanced and the W W H and ZZH couplings are
not, and because the signal acceptances and the backgrounds in the different analyses differ for the several
production modes, the results of these searches cannot
be used directly to constrain fourth-generation models
as they rely on the SM to predict the ratios of the production rates. Using published analyses with 4.8 fb−1
from CDF [10] and 5.4 fb−1 from D0 [11], we present
new limits on σ(gg → H) × Br(H → W + W − ) in which
only the gg → H production mechanism is considered as
signal. These limits are compared to models for Higgs
production in which the ggH coupling is enhanced by
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the presence of a fourth generation of fermions. In this
comparison, the decay branching ratios of the Higgs boson are also modified to reflect changes due to the fourth
generation relative to the SM prediction. While decays
of the heavy leptons and quarks may in fact include W
bosons in the final state, we do not include these as potential signals. The branching ratios for H → W + W − are
calculated using hdecay [13] modified to include fourthgeneration fermions [6].
The event selections are similar for the CDF and D0
analyses with details provided in Ref. [10, 11]. Both collaborations select events with large missing transverse
/T ) and two oppositely-charged, isolated lepenergy (E
tons, targeting the H → W + W − signal in which both
W bosons decay leptonically. The D0 analysis classifies
events in three channels defined by the charged leptons
(e or µ), e+ e− , e± µ∓ , and µ+ µ− . The CDF analysis
separates opposite-sign candidate events into five nonoverlapping channels. Events are classified by their jet
multiplicity (0, 1 or ≥ 2), and the 0 and 1 jet channels
are further divided according to whether both leptons are
in the central part of the detector or whether one lepton
is forward. Two changes have been made in the D0 event
selection from the analysis presented in Ref. [11]. The
requirement on the dilepton φ-opening angle (∆φ(ℓ, ℓ))
has been removed for e± µ∓ candidate events and relaxed
to ∆φ(ℓ, ℓ) < 2.5 radians for e+ e− and µ+ µ− candidate events in order to enhance the acceptance for large
mH > 200 GeV. A requirement on the φ-opening angle
between the highest-pT muon and the missing transverse
/T ) > 0.5, has been included to remove
energy, ∆φ(µ, E
additional background in a signal-free region.
The presence of neutrinos in the final state prevents
full reconstruction of the Higgs boson mass and thus
other variables are used for separating signal from background. For example when considering mH ≈ 160 GeV,
the angle ∆φ(ℓ, ℓ) in signal events is smaller on average than in background events, the missing transverse
energy is larger, and the total transverse energy of the
jets is lower. In these analyses, the final discriminants
are neural-network outputs based on several kinematic
variables [10, 11]. For CDF, the list of network inputs includes likelihoods constructed from matrix-element probabilities.
The details of the signal and background estimations and the systematic uncertainties are provided in
Ref. [10–12]. With these predictions, we set limits on
σ(gg → H) × Br(H → W + W − ) as a function of
mH , which do not require a prediction for the production rate. We use the same two statistical methods
employed in Ref. [12], namely CLs and Bayesian techniques, in order to study the consistency of the handling of the experimental results, and to verify that
the limits do not depend on the details of the statistical method. Each method is applied at each test
mass to calculate an observed upper limit on σ(gg →

H) × Br(H → W + W − ), and pseudo-experiments drawn
from systematically-varied background-only predictions
are used to compute the limits we expect to obtain in
the absence of a signal. We present both the Bayesian
and CLs observed and expected limits in this paper. Correlated systematic uncertainties are treated in the same
way as they are in Ref. [12]. The sources of correlated
uncertainty between CDF and D0 are the total inelastic
pp̄ cross section, the SM diboson background production
cross sections (W W , W Z and ZZ), and the tt̄ and singletop production cross sections. Common central values of
these cross sections are used by the two collaborations
before performing the combination. Instrumental effects
such as trigger efficiencies, lepton identification efficiencies and misidentification rates, and the jet energy scales
used by CDF and D0 remain uncorrelated. When setting
limits on σ(gg → H) × Br(H → W + W − ), we do not
include the theoretical uncertainty on the prediction of
σ(gg → H) × Br(H → W + W − ) in the fourth-generation
models; the limits do not depend on the specific theory
predictions. However, when setting limits on mH in the
context of fourth-generation models, we include the uncertainties on the theoretical predictions.
For the infinite-mass fourth-generation model, the signal rate prediction is given in Ref. [6], which includes
Next-to-Next-to-Leading Order QCD effects [14] but not
the two-loop electroweak effects, as they do not receive
a fourth-generation enhancement. The gg → H production rate incorporating the fourth-generation enhancement is determined using the following procedure. The
light-quark electroweak contribution [15] is subtracted
from the SM gg → H cross section of [15, 16]. The resulting cross section is then purely from strong interactions
and can be scaled by the square of the fourth-generation
enhancement factor, Ke [6]. According to [15], the square
of the light-quark electroweak terms is negligible, and
thus the interference term with the strong-interaction
processes is the important piece. We therefore scale
the light-quark electroweak contribution previously subtracted by one power of the fourth-generation enhancement factor, Ke , and add this back to compute the total
production cross section. The modified Higgs branching ratio to W + W − is multiplied by this calculation of
the cross section to predict the final fourth-generation
enhanced gg → H → W + W − production cross section.
The values of the cross section for gg → H → W + W −
are shown for 110 GeV< mH < 260 GeV in Table I.
Before computing the cross section limits, we investigate the properties of the signal and background predictions in each analysis bin, as well as those of the observed
data. Because there are many channels to combine, we
represent the data in a compact form by sorting the bins
of each analysis by their signal-to-background ratio s/b,
and collect together the predictions and the observations
in bins of similar s/b. The comparison of the observations with the predictions is shown in Fig. 1 for the
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mH = 200 GeV search. The theory prediction is taken
to be that of the infinite-mass scenario. We also show the
integrals of these distributions in Fig. 2, starting the integrals from the high-s/b end and proceeding downwards.
The background subtracted data is shown in Fig. 3 along
with the ±1 standard deviation on the background and
the predicted signal rate for the infinite-mass scenario
with mH = 200 GeV. No significant excess is observed
in the data, and the theory predicts a measurable excess
over the background.
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FIG. 2: Integrated signal predictions, background predictions, and observed data, for the search conducted at mH =
200 GeV. The integral is performed so that the highest s/b
bins are added first, then collecting lower s/b bins. The signal expectation is normalized to the prediction in the infinitemass fourth-generation scenario.
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FIG. 1: Signal predictions, background predictions, and observed data, collected in bins sorted by signal divided by
background (s/b), for all channels added together, for the
search conducted at mH = 200 GeV. The signal expectation,
which is shown stacked on top of the background expectation,
is normalized to the prediction in the infinite- mass fourthgeneration scenario.
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The separate limits on σ(gg → H)×Br(H → W + W − )
from CDF and D0 are shown in Figs. 4 and 5 respectively.
The combined limits on σ(gg → H) × Br(H → W + W − )
are listed in Table I for both the CLs and the Bayesian
methods, and are shown in Fig. 6 along with the fourthgeneration theory prediction for the infinite-mass scenario, as well as for the low-mass scenario.
In order to set limits on mH in these two scenarios, we
perform a second combination, including the uncertainties on the predictions of σ(gg → H)×Br(H → W + W − )
due to scale and PDF uncertainties [15, 16] at each value
of mH tested. The resulting limits are computed relative
to the model prediction, and are shown in Fig. 7, for the
infinite-mass scenario, which gives the smaller excluded
range of mH . In this scenario, we exclude a SM-like
Higgs boson with a mass in the range 130 – 210 GeV.
The exclusion region is similar for the low-mass scenario.
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FIG. 3: Background-subtracted data distributions for the discriminant histograms, summed for bins with similar s/b, for
the mH = 200 GeV combined search. The background has
been fit to the data under the background-only hypothesis,
and the uncertainty on the background is the post-fit systematic uncertainty. The uncertainties shown on the backgroundsubtracted data points are the combination of the statistical
uncertainty on the post-fit background and the expected statistical uncertainty on the data. The signal, which is normalized to the infinite-mass fourth-generation SM expectation, is
shown with a filled histogram.

In summary, we present a combination of CDF and
D0 searches for the gg → H → W + W − process and set
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TABLE I: The observed and median expected upper limits on σ(gg → H) × Br(H → W + W − ) in for mH between 110 GeV and
260 GeV, obtained with the Bayesian and CLs methods. The predictions of a fourth-generation model with additional fermions
for both the infinite-mass and the low-mass scenario are also listed. All limits and predictions are presented in picobarns.
Bayes
Obs.
1.98
2.35
1.77
1.34
1.26
1.24
1.34
1.00
0.70
0.64
0.51
0.41
0.44
0.40
0.43
0.55
0.50
0.74
0.93
1.02
1.02
1.10
1.12
1.07
1.05
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CDF Run II Preliminary
-1
L=4.8 fb

Obs.
1.92
2.35
1.75
1.33
1.30
1.27
1.33
0.98
0.66
0.63
0.51
0.39
0.43
0.40
0.43
0.54
0.49
0.76
0.92
1.03
1.05
1.11
1.08
1.07
1.06

Expected 95% C.L. Limit
Observed 95% C.L. Limit
±1 s.d. Expected Limit
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±2 s.d. Expected Limit
4G (infinite-mass)
4G (low-mass)

2

1

0

4th Gen
Inf.-Mass
0.35
0.55
0.80
1.08
1.39
1.70
2.01
2.29
2.55
2.80
3.11
3.07
2.80
2.51
2.21
1.79
1.50
1.32
1.18
0.96
0.80
0.67
0.56
0.48
0.41

CLs
Exp.
1.40
1.24
1.08
0.98
0.94
0.89
0.81
0.77
0.66
0.54
0.42
0.37
0.41
0.43
0.47
0.50
0.55
0.57
0.62
0.64
0.63
0.65
0.64
0.61
0.60

Exp.
1.41
1.22
1.12
1.03
0.98
0.90
0.86
0.81
0.68
0.56
0.41
0.37
0.40
0.45
0.50
0.53
0.56
0.59
0.63
0.66
0.67
0.68
0.69
0.63
0.60

95% CL Limit (pb)

σ(gg→H)×Br(H→WW) (pb)

mH
[GeV]
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150
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170
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240
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260
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FIG. 4: The CDF observed (solid black line) and median expected (dashed black line) 95% C.L. upper limit on σ(gg →
H) × Br(H → W + W − ). The shaded bands indicate the ±1σ
and ±2σ intervals on the distribution of the limits that are
expected if a Higgs boson signal is not present. Also shown
is the prediction for a fourth-generation model in the limit
that the extra fermions are very heavy. The hatched area indicates the theoretical uncertainty from PDFs and scale uncertainties. The lighter curve shows the low-mass theoretical
prediction.
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FIG. 5: The D0 observed (solid black line) and median expected (dashed black line) 95% C.L. upper limit on σ(gg →
H) × Br(H → W + W − ). The meaning of the ±1σ and ±2σ
intervals, and of the curves and hatched areas indicating the
predictions of fourth-generation models are the same as for
Fig. 4.

a function of mH . We compare these limits with the
prediction of the minimal standard model incorporating
a sequential fourth generation of infinite-mass fermions
and a sequential fourth generation with the mass spec-
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FIG. 6: The combined observed (solid black line) and median
expected (dashed black line) 95% C.L. upper limit on σ(gg →
H) × Br(H → W + W − ). The meaning of the ±1σ and ±2σ
intervals, the curves, and the hatched areas indicating the
predictions of fourth-generation models are the same as for
Fig. 4.
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trum mℓ4 = 100 GeV, mν4 = 80 GeV, mu4 = 256 GeV,
and md4 = 128 GeV. For the infinite-mass scenario we
exclude fourth-generation fermions in the mass range
130 GeV< mH < 210 GeV.
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FIG. 7: The CDF+D0 combined test of the “infinite-mass”
fourth-generation scenario. The limit is computed using the
theoretical uncertainty on the prediction, and the resulting
limits and expected limits are shown as ratios to the predicted σ(gg → H) × Br(H → W + W − ). The solid black line
shows the ratio of the observed 95% C.L. limit relative to the
theoretical prediction, and the dashed black line shows the
median expected limit ratio. The shaded bands indicate the
±1σ and ±2σ intervals on the distribution of the limits that
are expected if a Higgs boson signal is not present. Also shown
is the ratio of the low-mass theoretical prediction to that of
the infinite-mass scenario (dash-dotted line), which enables
extraction of the mass bounds in the low-mass scenario.
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