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SM Higgs boson decays
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Higgs boson is rather short-lived, decaying through different channels!
Following the results from the LEP experiments, TeVatron had to focus in the region with mH>114GeV

135 GeV
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Higgs Boson production at the TeVatron
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For mH<135 GeV the decay H→bb dominates, while mH>135GeV the 
decay H→WW dominates. The former can only be used in the associated 

production, while the H→WW→lvlv can be used also inclusively
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The TeVatron ppbar collider
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Run I: 6p and 6anti-p bunches with 3500ns bunch 
crossing spacing at √s=1.8TeV.
Run II: 36p and 36 anti-p bunches with 396ns spacing at 
√s=1.96TeV. Instantaneous luminosity exceeds 4×1032 
cm-2s-1.

1985 first proton-antiproton collisions
1988-89 first physics run, CDF
1992-96 Run 1: 120 pb-1, 1.8TeV, CDF and DØ 
1996-2001 Major detector upgrades 
2001-11 Run 2: 10 fb-1, 1.96 TeV



End-Plug Electromagnetic
Calorimeter (PEM)

End-Wall Hadronic
Calorimeter (WHA)

End-Plug Hadronic
Calorimeter (PHA)

Cherenkov Luminosity
Counters (CLC)

Central Muon
Chambers (CMU)

Central Muon Upgrade (CMP)

Central Muon Extension (CMX)

Protons

Barrel Muon
Chambers (BMU)

Tevatron
Beampipe

Anti-
protons

Central Outer Tracker (COT)
Solenoid

Central Electromagnetic
Calorimeter (CEM)

Central Hadronic
Calorimeter (CHA)

Interaction Region

Layer 00
Silicon Vertex Detector (SVX II)

Intermediate Silicon Layers (ISL)
z x

y

qe

K. Nikolopoulos Jan, 2014Higgs Boson Physics

The CDF detector
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The D0 detector
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18 countries
79 universities &  institutes
399 people



FERMILAB Conf-96/256-E 

Results from a Search for a Neutral Scalar 
Produced in Association with a W Boson in pp 

Collisions at fi = 1.8 TeV. 

The DO Collaboration1 
(July 1996) 

This paper presents a search for production of a hypothetical heavy particle X 

in association with a W boson. For the search presented here, the kinematics and 

acceptances are modelled under the assumption that the X particle has the spin and 

decay properties of the standard model Higgs boson with the modification that only 

X ---t bb decays are allowed. The W is required to decay via either the electron 

or muon mode. The complete DO 19921995 data set is used. This sample has an 

integrated luminosity of 100 pb -i and was taken at a center-of-mass energy of 1.8 TeV. 

Limits are set on the number of associated production events and the production cross 
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Run I Higgs Results
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FIGURE 20. CDF Run 1 95% CL upper limits on the cross section times branching ratio for production of a Standard
Model Higgs boson in association with a W or Z, with Higgs decaying to bb̄ [136]. The four dashed curves show the
limits from the individual search channels, and the solid curve labeled “V H combined” shows the limit from combining
all four channels. The expectation from Standard Model Higgs production is shown by the solid curve labeled “Standard
Model.”
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Table 1: Table summarising the results for the SM Higgs searches showing for each channel the corresponding
luminosity, branching ratio × acceptance, expected background and observed events.

Channel Experi-
∫
L BR × Accept.(%) for MH (GeV/c2) Expected Observed

b-tags ment (pb−1) 90 110 130 background events
!νbb̄ 1 CDF3 106 .55 ± .14 .74 ± .18 .89 ± .22 30 ± 5 36
!νbb̄ 2 CDF3 106 .23 ± .06 .29 ± .07 .34 ± .09 3.0 ± 0.6 6
!νbb̄ 1 DØ4 106 .30 ± .02 .36 ± .02 .44 ± .03 25.5 ± 3.3 27
ννbb̄ 1 CDF 88 .59 ± .12 .69 ± .14 .86 ± .17 39.2 ± 4.4 40
ννbb̄ 2 CDF 88 .37 ± .08 .44 ± .11 .53 ± .11 3.9 ± 0.6 4
!!bb̄ 1 CDF 106 .14 ± .03 .20 ± .04 .19 ± .04 3.2 ± 0.7 5
qq̄bb̄ 2 CDF5 91 1.3 ± .4 2.2 ± .6 3.1 ± .8 594 ± 30 589
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Figure 1: 95% CL upper limits on production cross section times branching ratios as function of Higgs mass
from CDF (left) and DØ (right). The combined CDF limit is calculated by fitting the product of the individual

likelihood for each channel, taking into account correlation between systematic uncertainties.

cut on the b-tagged dijet angular distribution reduces the QCD background with g → bb̄. The
observed number of events is in agreement with SM contributions, consisting mainly of QCD
heavy flavours, mistags, top and Zjj events. Excluded regions are set in the tan β vs Mh and
mA plane, for two stop mixing scenario (no mixing and maximal mixing) and for a SUSY mass
scale of 1 TeV. As shown in figure 2, the CDF limits probe a region of parameter space, for
tan β larger than 35, which could not be accessible at LEP.

4 Search for charged Higgs from the decay of the top quark

Searches for charged Higgs are performed by CDF and DØ looking for top quark decay to
charged Higgs (t → H+b), when m(H+) < mt − mb. This search is sensitive only for low and
large tan β values, when the BR(t → H+b) dominates. The charged Higgs decays almost 100%
in τν for tan β > 1 and hadronically in cs for low tan β values. Direct searches from CDF 7 look
for H+ → τν using τ identification via its hadronic decays and they are thus sensitive only in
the large tan β region. Indirect searches, performed by CDF and DØ 8, are more powerful and
look for suppression of SM tt̄ decays, caused by t → H+b decays. Observed rates of dilepton
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Sample 

Delivered 12 fb-1 

Acquired 10 fb-1/experiment 

 15B + 9B events total in Run II 

 Total dataset 10 + 9 PB 
    (including Monte Carlo) 
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Run II: Integrated Luminosity
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Sample 

Delivered 12 fb-1 

Acquired 10 fb-1/experiment 

 15B + 9B events total in Run II 

 Total dataset 10 + 9 PB 
    (including Monte Carlo) 

TeVatron delivered ~12fb-1 to each experiment
~10fb-1 recorded per experiment



K. Nikolopoulos Jan, 2014Higgs Boson Physics

TeVatron Higgs Sensitivity Study: Initial Projection
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Report of the Tevatron Higgs Working Group
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Anna Goussiou (Stony Brook) Tao Han (Wisconsin)
Brian W. Harris (Argonne) Hong-Jian He (Texas, Austin)
David Hedin (Northern Illinois) Sven Heinemeyer (Brookhaven)
Ulrich Heintz (Boston) Wolfgang Hollik (Karlsruhe)
Richard Jesik (Indiana) Ben Kilminster (Rochester)
Bernd A. Kniehl (Hamburg) Jean-Löıc Kneur (Montpellier)
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Given the above discussion, the basic conclusions arrived at below are not unreasonably aggressive. Break-
throughs in technique are always possible, and have indeed been the norm in the past. For example both the
Higgs search in LEP1 and the top quark search in Run 1 at the Tevatron exceeded the expectations of studies
prior to machine turn-on. The studies presented here should be taken as cautiously optimistic: Using full
mass spectrum fits, applying neural network techniques, improving the trigger efficiencies, adding other search
mode, and improving the mass resolution and tagging efficiency beyond that projected here may all serve to
dramatically improve the discovery potential for the Higgs at the Tevatron.

FIGURE 103. The integrated luminosity required per experiment, to either exclude a SM Higgs boson at 95% CL or
discover it at the 3σ or 5σ level, as a function of the Higgs mass. These results are based on the combined statistical
power of both experiments. The curves shown are obtained by combining the "νbb̄, νν̄bb̄ and "+"−bb̄ channels using
the neural network selection in the low-mass Higgs region (90 GeV <∼ mhSM

<∼ 130 GeV), and the "±"±jj and "+"−νν̄
channels in the high-mass Higgs region (130 GeV <∼ mhSM

<∼ 200 GeV). The lower edge of the bands is the calculated
threshold; the bands extend upward from these nominal thresholds by 30% as an indication of the uncertainties in
b-tagging efficiency, background rate, mass resolution, and other effects.

Combined channel integrated luminosity thresholds

Fig. 103 shows the integrated luminosity required to either exclude the SM Higgs boson at 95% CL or
discover it at the 3σ or 5σ level of significance, as a function of Higgs mass, for the SHW analyses with the
neural net selection. The integrated luminosity displayed in the plot is the delivered integrated luminosity per
experiment; whereas the shaded bands shown are the results obtained by combining the statistical power of both
experiments. The required integrated luminosity thresholds for a single experiment are very close to a factor
of two higher than those for the two combined experiments. The bands extend from the calculated threshold
on the low side upward in required integrated luminosity by 30% to the high side, as an indication of the range
of uncertainty in the various factors discussed above. As the plots show, the required integrated luminosity
increases rapidly with Higgs mass to 140 GeV, beyond which the high-mass channels play the dominant role.
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TeVatron Higgs Sensitivity Study: Update
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Results of the Tevatron Higgs Sensitivity Study
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Meenakshi Narain (Boston) Mario Martinez (Fermilab/Barcelona)
Rich Partridge (Brown) Pete McNamara (Rutgers)
Flera Rizatdinova (Kansas State) Luca Scodellaro (INFN Padova)
Chris Tully(*) (Princeton) Fumi Ukegawa (Tsukuba)
Andre S. Turcot (Brookhaven) Brian Winer(*) (Ohio State) (Co-Chair)

Weiming Yao (LBNL)

(*) Contact Persons

In this study, the results from the working group members of each collaboration have been
individually reviewed by the corresponding collaborations and approved for public release.
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Figure 24: Integrated luminosities per experiment corresponding to the median expectations
for 95% confidence level exclusion, 3� evidence and 5� discovery for mH = 110�130 GeV/c2.
The narrow curves are the updated analysis from this study (2003) and the thicker curves
are the results from the previous SHWG Study (1999).
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decays Z ! bb̄ in the data. In this study we have evaluated how the sensitivity changes
if we are not able to achieve 10% mass resolution. We find that for a degradation of 20%
in the mass resolution (e.g., 10% becomes 12%), that the required integrated luminosity
to achieve the same statistical statement increases by 20%. The dijet mass resolution may
contain non-Gaussian tails or it may be described by more than one Gaussian. We have not
evaluated how these possibilities a↵ect our sensitivity. Eventually we will use the Z ! bb̄
data to measure these non-Gaussian tails and there will be a systematic associated with the
limitations of our determination of the resolution function from the data.

8.4 Cross Section Uncertainties

The search sensitivity estimates given in this report assume that the values of the background
cross sections are perfectly known. There are varying degrees of accuracy in the cross sec-
tion calculations depending on the type of process being computed. The previous sections
discuss methods of determining the cross sections with complementary data samples. These
measurements may result in cross section values that di↵er from those used in this study. As
long as the cross sections are measured accurately, shifts in the values of the cross sections do
not strongly a↵ect the sensitivity results. Figure 25 shows the variation in the median value
of the luminosity threshold for 3� evidence for a Higgs boson of mH = 115 GeV/c2. The sen-
sitivity versus luminosity depends roughly on S2/B predicting a near-linear dependence on
the number of background events, B. This relationship is well described in Figure 25 giving
a 9% luminosity threshold shift for a 10% shift in the cross section. The signal dependence
behaves quadratically.

There is an important distinction between searching for a new particle in a data sample
with known background cross sections and searching in a sample in which there is uncertainty
in the value of one or several of these cross sections. This uncertainty can arise from a
limited data sample from which to determine the cross section in addition to weak theoretical
guidance on how to predict the value. In general, if the background is in a sideband of the
signal region, then the uncertainty on this background will go down with the statistical error
as described in the beginning of this section. If the process cannot be distinguished from the
signal, than this is an irreducible uncertainty. The e↵ect of Gaussian irreducible uncertainties
is estimated in Table 22 for signal and background cross sections. The dependence on the
background uncertainty is stronger than a corresponding shift in the cross section value.
A 10% uncertainty on the background increases the required luminosity for a 3� excess by
about 15%. The smaller e↵ect from systematics relative to the SHWG study is ascribed to
the use of the full mass spectrum in the sensitivity calculation described in Section 6.

9 Conclusions and Summary

The results of this study show a reduction in the amount of integrated luminosity required
to search for the Higgs boson at the Tevatron collider relative to the previous SUSY-Higgs
Working Group study. The following improvements were verified with detailed analyses:

• The e�ciencies of triggers, lepton identification, as well as other selection criteria,
are based on Run II data. The b-tagging e�ciencies, one of the most crucial perfor-

50

Signal Background
Uncertainty(%) Uncertainty(%) 95% CL 3� 5�

0.00 0.00 1.75 4.17 10.98
0.00 0.05 1.84 4.38 12.04
0.00 0.10 1.91 4.64 12.90
0.00 0.15 1.99 4.73 13.52
0.00 0.20 1.98 4.95 14.12
0.05 0.00 1.71 4.15 10.89
0.05 0.05 1.79 4.39 12.12
0.05 0.10 1.89 4.65 13.05
0.05 0.15 1.93 4.85 13.66
0.05 0.20 1.98 5.00 14.04
0.10 0.00 1.66 4.27 11.09
0.10 0.05 1.82 4.56 12.38
0.10 0.10 1.82 4.79 13.18
0.10 0.15 1.93 4.92 13.82
0.10 0.20 2.02 5.13 14.26
0.20 0.00 1.58 4.69 11.34
0.20 0.05 1.63 4.92 12.77
0.20 0.10 1.82 5.15 13.53
0.20 0.15 1.94 5.35 14.13
0.20 0.20 2.09 5.50 14.76

Table 22: The change in luminosity thresholds in fb�1 for 95% exclusion, 3� evidence and 5�
discovery for a Higgs boson with mH = 120 GeV/c2 for several values of Gaussian correlated
uncertainties on signal and background cross sections. The thresholds are calculated using
the Bayesian technique.

mance parameters in the search for the Higgs boson, are based on GEANT simulations
of the Run IIA and Run IIB detectors and projected luminosities and have been tied
to Run IIA data.

• The study of the dijet mass resolution in the `⌫̄bb̄ analysis indicates that a mass
resolution of 10% may be experimentally achievable.

• The accuracy of the QCD background estimate in the ⌫⌫̄bb̄ analysis was substantially
improved by applying the event selection to the Run II data and using Monte Carlo
generators to estimate the b-quark content.

• An advanced neural network analysis reduces dramatically the amount of tt̄ background
while keeping a large fraction of the signal.

• The use of the shapes of the signal and background distributions gives an enhancement
in the search sensitivity of approximately 20% in equivalent integrated luminosity.

51The WH and ZH search modes were combined to estimate the full sensitivity of a DØ and
CDF data analysis with 1–10 fb�1 in the mass range 110–130 GeV/c2. These results are
summarized in Figure 24 and Table 21. A critical feature of these predictions is the abil-
ity to control systematic errors, especially on the dijet mass shape, for the signal and the
backgrounds. Methods for controlling one of the primary classes of systematic uncertainty,
namely, background rate uncertainties, are discussed. It is anticipated that further evaluation
of the available data samples will give accurate estimates of several important background
rates and detector e�ciencies. In summary, the improvements in the Higgs search sensitivi-
ties come from a better use of signal information and more optimized methods of analysis.
Further developments of this type are foreseen in a full complement of analyses from the two
experiments.

52
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TeVatron 2006: First Combined Limits
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Sau Lan Wu! Historic review of the Higgs searches – The long road to the Higgs discovery !March 10, 2013 !

TEVATRON     Summer 2006 

•  Limits: 10.4 (3.8) times SM  
           @ mH=115(160) GeV 

•  CDF Note 8384, D0 note 5227 
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Report of the Higgs WG of the Tevatron Run 2 
SUSY/Higgs Workshop 
http://arxiv.org/abs/hep-ph/0010338  

For details on Tevatron results, see talks by Jacobo Konigsberg and Wade Fisher 
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TeVatron 2009: First exclusions
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Winter 2009: First mass range excluded after LEP
(at 95%CL): 160<mH<170 GeV

21

is less than or equal to one would indicate that that particular Higgs boson mass is excluded at the 95% C.L.
The combinations of results of each single experiment, as used in this Tevatron combination, yield the following

ratios of 95% C.L. observed (expected) limits to the SM cross section: 3.6 (3.2) for CDF and 3.7 (3.9) for DØ at
mH = 115 GeV/c2, and 1.5 (1.6) for CDF and 1.3 (1.8) for DØ at mH = 165 GeV/c2.

The ratios of the 95% C.L. expected and observed limit to the SM cross section are shown in Figure 4 for the
combined CDF and DØ analyses. The observed and median expected ratios are listed for the tested Higgs boson
masses in Table XVIII for mH ≤ 150 GeV/c2, and in Table XIX for mH ≥ 155 GeV/c2, as obtained by the Bayesian
and the CLS methods. In the following summary we quote only the limits obtained with the Bayesian method
since they are slightly more conservative (based on the expected limits) for the quoted values, but all the equivalent
numbers for the CLS method can be retrieved from the tables. We obtain the observed (expected) values of 2.5
(2.4) at mH = 115 GeV/c2, 0.99 (1.1) at mH = 160 GeV/c2, 0.86 (1.1) at mH = 165 GeV/c2, and 0.99 (1.4) at
mH = 170 GeV/c2. We exclude at the 95% C.L. the production of a standard model Higgs boson with mass between
160 and 170 GeV/c2. This result is obtained with both Bayesian and CLS calculations.
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SM cross section, as functions of the Higgs boson mass for the combined CDF and DØ analyses. The limits are expressed
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searches in different channels. The points are joined by straight lines for better readability. The bands indicate the 68% and
95% probability regions where the limits can fluctuate, in the absence of signal. The limits displayed in this figure are obtained
with the Bayesian calculation.
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Channel Dataset Limit Expected Limit Observed
[ fb�1 ] �/�SM �/�SM

WH ! `⌫bb 9.45 2.79 4.93
H ! WW 9.7 3.08 2.98

V H ! MET+ bb 9.45 3.62 6.75
ZH ! ``bb 9.45 3.6 7.2
H ! �� 10.0 10.8 12.2

V H ! qqbb+Hqq ! qqbb 9.45 11.0 9.0
tt̄H ! `+ jets 9.4 12.4 17.6

H ! ⌧⌧ 8.3 14.8 11.7
V + ⌧⌧ 6.2 23.3 26.5

H ! ZZ ! 4` @130 GeV 9.7 18.3 20.5
tt̄H ! MET+ jets/All jets 5.7 26.2 36.2
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- Analyzed the 9.45 fb-1 of the full dataset recorded by CDF
- Triggers for high energy electrons, muons or large missing transverse energy
- Final State: high energy lepton candidates, large missing transverse energy, and 2 or 3 jets ≥1 b-tag
Jets ET>20 GeV |η|<2.0

Main improvement comparing to the previous result comes from improved b-jet tagging algorithm. 
Previously: combination of three b-jet taggers. 
Now: Newly developed multivariate b-jet tagger, the Higgs-Optimized b-Identification Tagger (HOBIT)
Two HOBIT operational points: We denote them as Tight (T εb=0.72) and Loose (L εb=0.98) respectively. 
5 orthogonal b-tagging categories are defined: TT, TL, LL, T, and L. [TT, and TL only for 3 jet events]

Events classified into dedicated lepton categories: central tight leptons, forward electrons, loose muons and 
loose electron-like leptons. Where the lepton-identification/trigger acceptance has been maximized (using 
relaxed lepton categories and combinations of triggers)

3

trigger the presence of two jets with ET > 40 and ET > 25 GeV is required. For the 6ET +jets trigger, two jets with
ET > 20 GeV and |⌘| < 2.0 are required.

B. Event Selection

O✏ine, central electron or muon candidates are required o✏ine to be isolated and have ET (or pT ) > 20 GeV (GeV/c).
Since the W+jets signature presents a large missing transverse energy, we require 6ET > 20 GeV (6ET > 10 GeV) for
electrons (muons).

We consider di↵erent types of loose muon candidates that are primarily from the W ! µ⌫ decay where the muon
failed the standard identification or entered into a detector gap region. Some of these lepton candidates are taken from
the extended muon coverage (EMC) [9]. Isolated tracks that have pT > 20 GeV, are isolated from other track activity
in the event, and that do not belong to any of the EMC categories, are also selected and included in the category of
loose muons. Isolated tracks with significant deposits of energy in the calorimeter are also selected and included in the
category of loose electron-like leptons. These lepton candidates originate primarily from leptonic decays of W bosons,
where the electrons fail the standard identification, or from ⌧ lepton decays in a single charged hadron (one-prong).

We increase the purity of the sample by applying cuts intended to remove multijet events due to QCD processes
that include fake-lepton signatures. The QCD veto is based on the SVM multivariate technique, which uses di↵erent
kinematical input variables [10]. Some of them are related to the W kinematics like the lepton pT , 6ET , or ��(lepton, 6
Euncorrected

T ). Some are related to the kinematics of the jets in the event like 6Euncorrected

T and the transverse energy of
the second leading ET jet. A variable denoted as 6ET significance is also used. This variable is defined as the ratio of
6ET to a weighted sum of factors correlated with mismeasurement, such as angles between the 6ET and the jets and
the amount of jet energy corrections.

For forward electrons and loose electron-like leptons the cut-based QCD veto used in previous iterations of this analysis
is used [11]. This veto applies a linear cut on the 6ET and the azimuthal angle (�) between the 6ET and each of the jets
(6ET > 45� (30 · |��|) GeV), requires a large transverse mass of the reconstructed W boson candidate(MT (W ) > 20
GeV), and a large 6ET significance.

The events from all trigger types are classified according to the number of jets having ET > 20 GeV and |⌘| < 2.0.
Events that have exactly two or three jets are selected, while events with a di↵erent number of jets are used as control
regions. Because the Higgs boson decays to bb̄ pairs, we employ b-tagging algorithms that rely on the relatively long
lifetime and large mass of the b quark. A new b-tagging algorithm denoted as The Higgs-Optimized b-Identication
Tagger (HOBIT) [12] is used in the current analysis. We require at least one of the jets in the event to be tagged by
HOBIT. Details on the b-tagging algorithms are given in the next section.

C. Bottom Quark Tagging Algorithms

To reduce considerably the backgrounds to this Higgs boson search, we require that at least one jet in the event be
identified as originating from a b quark by the HOBIT algorithm. It is a multivariate b-tagger that has been optimized
to identify b-jets from the decay of Higgs bosons. HOBIT produces a continuous output variable for each candidate
b-jet, which allows the operating point to be chosen to obtain the best Higgs boson sensitivity for a given analysis.
The HOBIT tagger uses input variables from the RomaNN [13] and BNess [14] taggers. HOBIT output values range
between -1 and 1, where a value of -1 indicates that a jet is light-jet-like, and a value of 1 indicates that the jet is
b-quark-like. Two operational points of the HOBIT algorithm are used to define the tagging categories. These two
operational points correspond to values of the HOBIT output of 0.98, and 0.72, and are denoted as Tight (T) and
Loose (L), respectively. Based on them, the following 5 orthogonal b-tagging categories are defined: TT, TL, LL, T,
and L.
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Loose (L), respectively. Based on them, the following 5 orthogonal b-tagging categories are defined: TT, TL, LL, T,
and L.



K. Nikolopoulos Jan, 2014Higgs Boson Physics

An Example Analysis: CDF WH(→lvbb)

15

The inputs to HOBIT are a combination of general jet properties, and inputs developed for SecVtx, Roma and 
BNess taggers.  The training was performed using a sample of b-quark jets from Higgs to bb samples with a Higgs 
mass of 120 GeV as signal and light jets (udsg) from Alpgen W+jets samples.  The light jets background sample 
was reweighted to have the same ET spectrum as the b-jets from Higgs decays. 

The HOBIT distribution for the highest 
Et jet in W+2/3/4/5 jet events, data vs. 
MC.
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To take advantage of the kinematic differences between WH and SM background the final discriminant is 
constructed by means of Bayesian Neural Network (BNN). One for each b-tagging category (2 jets: Double Tag 
Tight, Double Tag Loose, and Single Tag, 3 jets: Double Tag Tight, and Double Tag Loose). 
For 3jets the BNN is trained against ttbar, a cut on this variable is applied to subsequently to train an additional 
BNN against the W+bb background. The final discriminant separates the events in 2 regions according to the 
output value of the tt BNN.
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~75% of the analysis sensitivity comes from these two categories
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TABLE V: Systematic uncertainties for the CDF `⌫bb̄ double tight tag (TT), one tight tag and one loose tag (TL) and double
loose tag (LL) channels. Systematic uncertainties are listed by name; see the original references for a detailed explanation of
their meaning and on how they are derived. Uncertainties are relative, in percent on the event yield. Shape uncertainties are
labeled with an “(S)”.

CDF `⌫bb̄ double tight tag (TT) channels relative uncertainties (%)

Contribution W+HF Mistags Top Diboson Non-W WH
Luminosity (�inel(pp̄)) 3.8 0 3.8 3.8 0 3.8
Luminosity Monitor 4.4 0 4.4 4.4 0 4.4
Lepton ID 2.0-4.5 0 2.0-4.5 2.0-4.5 0 2.0-4.5
Jet Energy Scale 4.0-16.6(S) 0.9-3.3(S) 0.9-10.4(S) 4.7-19.7(S) 0 2.3-13.6(S)
Mistag Rate (tight) 0 40 0 0 0 0
Mistag Rate (loose) 0 0 0 0 0 0
B-Tag E�ciency (tight) 0 0 7.8 7.8 0 7.8
B-Tag E�ciency (loose) 0 0 0 0 0 0
tt̄ Cross Section 0 0 10 0 0 0
Diboson Rate 0 0 0 6.0 0 0
Signal Cross Section 0 0 0 0 0 5
HF Fraction in W+jets 30 0 0 0 0 0
ISR+FSR+PDF 0 0 0 0 0 6.4-12.6
Q2 4.0-8.8(S) 0.9-1.8(S) 0 0 0 0
QCD Rate 0 0 0 0 40 0

CDF `⌫bb̄ one tight and one loose tag (TL) channels relative uncertainties (%)

Contribution W+HF Mistags Top Diboson Non-W WH
Luminosity (�inel(pp̄)) 3.8 0 3.8 3.8 0 3.8
Luminosity Monitor 4.4 0 4.4 4.4 0 4.4
Lepton ID 2.0-4.5 0 2.0-4.5 2.0-4.5 0 2.0-4.5
Jet Energy Scale 3.9-12.4(S) 0.9-3.3(S) 1.4-11.5(S) 5.0-16.0(S) 2.5-16.1(S)
Mistag Rate (tight) 0 19 0 0 0 0
Mistag Rate (loose) 0 10 0 0 0 0
B-Tag E�ciency (tight) 0 0 3.9 3.9 0 3.9
B-Tag E�ciency (loose) 0 0 3.2 3.2 0 3.2
tt̄ Cross Section 0 0 10 0 0 0
Diboson Rate 0 0 0 6.0 0 0
Signal Cross Section 0 0 0 0 0 5
HF Fraction in W+jets 30 0 0 0 0 0
ISR+FSR+PDF 0 0 0 0 0 3.3-10.3
Q2 3.9-7.7(S) 0.9-1.9(S) 0 0 0 0
QCD Rate 0 0 0 0 40 0

CDF `⌫bb̄ one tight and one loose tag (TL) channels relative uncertainties (%)

Contribution W+HF Mistags Top Diboson Non-W WH
Luminosity (�inel(pp̄)) 3.8 0 3.8 3.8 0 3.8
Luminosity Monitor 4.4 0 4.4 4.4 0 4.4
Lepton ID 2 0 2 2 0 2
Jet Energy Scale 3.6-6.9(S) 0.9-1.8(S) 1.7-7.9(S) 1.2-8.5 0 2.7-5.4(S)
Mistag Rate (tight) 0 0 0 0 0 0
Mistag Rate (loose) 0 20 0 0 0 0
B-Tag E�ciency (tight) 0 0 0 0 0 0
B-Tag E�ciency (loose) 0 0 6.3 6.3 0 6.3
tt̄ Cross Section 0 0 10 0 0 0
Diboson Rate 0 0 0 6.0 0 0
Signal Cross Section 0 0 0 0 0 10
HF Fraction in W+jets 30 0 0 0 0 0
ISR+FSR+PDF 0 0 0 0 0 2.0-13.6
QCD Rate 3.6-6.9(S) 0.9-1.8(S) 0 0 40 0
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VII. CONCLUSIONS

We have presented the results of a search for the standard model Higgs boson decaying to bb̄, produced in association
with a W boson decaying into a charged lepton and neutrino. We find that for the dataset corresponding to an
integrated luminosity of 9.45 fb�1, the data agree with the SM background predictions within the systematic uncer-
tainties. However, a small broad excess for signal-like events is evident in the data (. 2 sigma). We set upper limits
on the Higgs boson production cross section times the bb̄ branching ratio. We find that the observed (expected) upper
limits �(pp̄ ! W±H) ⇥ Br(H ! bb̄) range from 1.38 (1.36) ⇥ SM to 21.7 (15.9) ⇥ SM for masses ranging from 90
GeV/c2 through 150 GeV/c2 with 5 GeV/c2 mass increments. For 115 GeV/c2 the upper limit is 3.13 (1.97).

The increase in sensitivity over the previous 7.5 fb�1 analysis [5] is ⇠32% at 115 GeV/c2, out of which ⇠11% is due
to the extra integrated luminosity and the rest of the gain is due to improved analysis techniques.
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238.



K. Nikolopoulos Jan, 2014Higgs Boson Physics

An Example Analysis: CDF WH(→lvbb)

23

13

APPENDIX A: DIBOSON INTERPRETATION

The production of WZ boson pairs provides an important test of the electroweak sector of the standard model.
In addition, the production rate is significantly higher than that for low-mass Higgs boson so a measurement of this
process using the tools designed for the Higgs boson search could provide a powerful confirmation of the WH ! `⌫bb̄
analysis. In pp̄ collisions at

p
s = 1.96 TeV, the next-to-leading order (NLO) SM cross section for this process is

�(WZ) = 3.2± 0.2 pb [21]. We perform the diboson analysis using exactly the same event selection and tools as are
described above for the WH ! `⌫bb̄ search.

The dijet mass distribution shown in Fig 1 is clearly sensitive to the diboson signal. However, in order to improve
sensitivity and to validate the strategy used for WH ! `⌫bb̄ we train a BNN to identify the WZ signal (see Fig 5).
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FIG. 5: Predicted and observed diboson-optimized BNN for the events with two jets in TT and TL combined b-tagging
categories. All lepton types are combined.

We fit for the total WZ cross section distributions which yields �(WZ) = 5.63±+1.79
�1.76 pb. We simultaneously fit

all of the tag and lepton categories, but only use the two-jet events for this measurement. Fig. 6 shows the posterior
distribution from the combined cross section fit [? ]. Although we measure a cross section higher than the SM
prediction, the result is still consistent with the NLO SM prediction at within about 1.5 standard deviations.

A diboson combination similar to the CDF Higgs combination is performed with the three main low-mass Higgs
analyses and is also found to be consistent with SM predictions [22].
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High-quality electron candidates are identified by associ-
ating charged-particle tracks with deposits of energy in the
electromagnetic calorimeters when both measurements are
available. High-quality muon candidates are identified by
associating tracks with hits in the muon detectors surround-
ing the calorimeters in the CDF and D0 detectors. Lepton
candidates are categorized based on the quality of the
contributing measurements. Tight selection requirements

yield samples of leptons with low background rates from
hadrons or jets of hadrons misidentified as leptons. Looser
requirements are designed to increase the acceptance for
lepton candidates with poorly measured or partially missing
information, with resulting higher rates for backgrounds. To
optimize the sensitivity of the combined results, events that
are selected with high-quality leptons are analyzed
separately from those with low-quality leptons.

TABLE I. Luminosities, explored mass ranges, and references for the different processes and final states (‘ ¼ e or !, and "had
denotes a hadronic tau-lepton decay) for the CDF analyses. The generic labels ‘‘1" ,’’ ‘‘2" ,’’ ‘‘3" ,’’ and ‘‘4"’’ refer to separations
based on lepton or photon categories. The analyses are grouped in five categories, corresponding to the Higgs boson decay mode to
which the analysis is most sensitive: H ! b !b, H ! WþW$, H ! "þ"$, H ! ##, and H ! ZZ.

Channel
Luminosity

(fb$1)
mH range
(GeV=c2) Reference

WH ! ‘$b !b 2-jet channels 4" ð5b-tag categoriesÞ

H ! b !b

9.45 90–150 [42]

WH ! ‘$b !b 3-jet channels 3" ð2b-tag categoriesÞ 9.45 90–150 [42]

ZH ! $ !$b !b (3b-tag categories) 9.45 90–150 [43]

ZH ! ‘þ‘$b !b 2-jet channels 2" ð4b-tag categoriesÞ 9.45 90–150 [44]

ZH ! ‘þ‘$b !b 3-jet channels 2" ð4b-tag categoriesÞ 9.45 90–150 [44]

WH þ ZH ! jjb !b (2b-tag categories) 9.45 100–150 [45]

t!tH ! WþbW$ !bb !b ð4 jets; 5 jets;' 6 jetsÞ " ð5b-tag categoriesÞ 9.45 100–150 [46]

H ! WþW$ 2" ð0 jetsÞ þ 2" ð1 jetÞ þ 1" ð' 2 jetsÞ þ 1" ðlow-m‘‘Þ

H ! WþW$

9.7 110–200 [47]

H ! WþW$ ðe-"hadÞ þ ð!-"hadÞ 9.7 130–200 [47]

WH ! WWþW$ ðsame-sign leptonsÞ þ ðtrileptonsÞ 9.7 110–200 [47]

WH ! WWþW$ (trileptons with 1"had) 9.7 130–200 [47]

ZH ! ZWþW$ (trileptons with 1 jet, ' 2 jets) 9.7 110–200 [47]

H ! "þ"$ ð1 jetÞ þ ð' 2 jetsÞ H ! "þ"$ 6.0 100–150 [48]

H ! ## 1" ð0 jetÞ þ 1" ð' 1 jetÞ þ 3" ðall jetsÞ H ! ## 10.0 100–150 [49]

H ! ZZ (four leptons) H ! ZZ 9.7 120–200 [50]

TABLE II. Luminosities, explored mass ranges, and references for the different processes and final states (‘ ¼ e or !, and "had
denotes a hadronic tau-lepton decay) for the D0 analyses. The generic labels ‘‘1" ,’’ ‘‘2" ,’’ ‘‘3" ,’’ and ‘‘4"’’ refer to separations
based on lepton, photon, or background characterization categories. The analyses are grouped in four categories, corresponding to the
Higgs boson decay mode to which the analysis is most sensitive: H ! b !b, H ! WþW$, H ! "þ"$, and H ! ##.

Channel
Luminosity

(fb$1)
mH range
(GeV=c2) Reference

WH ! ‘$b !b 2-jet channels 2" ð4b-tag categoriesÞ
H ! b !b

9.7 90–150 [51,52]
WH ! ‘$b !b 3-jet channels 2" ð4b-tag categoriesÞ 9.7 90–150 [51,52]
ZH ! $ !$b !b (2b-tag categories) 9.5 100–150 [53]
ZH ! ‘þ‘$b !b 2" ð2b-tagÞ " ð4 lepton categoriesÞ 9.7 90–150 [54,55]

H ! WþW$ ! ‘($‘)$ 2" ð0 jets; 1 jet;' 2 jetsÞ

H ! WþW$

9.7 115–200 [56]
H þ X ! WþW$ ! !)$"(had$ (3" categories) 7.3 115–200 [57]
H ! WþW$ ! ‘ !$jj 2" ð2b-tag categoriesÞ " ð2 jets; 3 jetsÞ 9.7 100–200 [52]
VH ! e(!( þ X 9.7 100–200 [58]
VH ! ‘‘‘þ X ð!!e; 3" e!!Þ 9.7 100–200 [58]
VH ! ‘ !$jjjj 2" ð' 4 jetsÞ 9.7 100–200 [52]

VH ! "had"had!þ X (3" categories)
H ! "þ"$

8.6 100–150 [58]
H þ X ! ‘(")hadjj 2" ð3" categoriesÞ 9.7 105–150 [59]

H ! ## (4 categories) H ! ## 9.6 100–150 [60]
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G. Alkhazov,52,† A. Alton,96,†,ff B. Álvarez González,57,*,b G. Alverson,92,† S. Amerio,35a,* D. Amidei,96,*

A. Anastassov,76,*,c A. Annovi,34,* J. Antos,53,* G. Apollinari,76,* J. A. Appel,76,* T. Arisawa,41,* A. Artikov,48,*

J. Asaadi,119,* W. Ashmanskas,76,* A. Askew,74,† S. Atkins,89,† B. Auerbach,72,* K. Augsten,9,† A. Aurisano,119,*

C. Avila,7,† F. Azfar,66,* F. Badaud,13,† W. Badgett,76,* T. Bae,43,* L. Bagby,76,† B. Baldin,76,† D.V. Bandurin,74,†

S. Banerjee,31,† A. Barbaro-Galtieri,68,* E. Barberis,92,† P. Baringer,87,† V. E. Barnes,85,* B. A. Barnett,90,*

P. Barria,36c,36a,* J. F. Bartlett,76,† P. Bartos,53,* U. Bassler,18,† M. Bauce,35b,35a,* V. Bazterra,78,† A. Bean,87,†

F. Bedeschi,36a,* M. Begalli,2,† S. Behari,90,* L. Bellantoni,76,† G. Bellettini,36b,36a,* J. Bellinger,125,* D. Benjamin,109,*

A. Beretvas,76,* S. B. Beri,29,† G. Bernardi,17,† R. Bernhard,22,† I. Bertram,61,† M. Besançon,18,† R. Beuselinck,63,†
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We combine searches by the CDF and D0 Collaborations for the associated production of a Higgs

boson with a W or Z boson and subsequent decay of the Higgs boson to a bottom-antibottom quark pair.

The data, originating from Fermilab Tevatron p !p collisions at
ffiffiffi
s

p ¼ 1:96 TeV, correspond to integrated

luminosities of up to 9:7 fb"1. The searches are conducted for a Higgs boson with mass in the range
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100–150 GeV=c2. We observe an excess of events in the data compared with the background predictions,

which is most significant in the mass range between 120 and 135 GeV=c2. The largest local signi-

ficance is 3.3 standard deviations, corresponding to a global significance of 3.1 standard deviations.

We interpret this as evidence for the presence of a new particle consistent with the standard model Higgs

boson, which is produced in association with a weak vector boson and decays to a bottom-antibottom

quark pair.

DOI: 10.1103/PhysRevLett.109.071804 PACS numbers: 13.85.Rm, 14.80.Bn

The standard model (SM) [1,2] Higgs boson H is pre-
dicted to be produced in association with aW or Z boson at
the Fermilab Tevatron p !p Collider if it is within kinematic
reach, and its dominant decay mode is predicted to be into
a bottom-antibottom quark pair (b !b), if its mass mH is less
than 135 GeV=c2 [3,4]. An observation of this process
would support the SM prediction that the mechanism for
electroweak symmetry breaking, which gives mass to the
weak vector bosons, is also the source of fermionic mass in
the quark sector. The leptonic decays of theW and Z vector
bosons and the decays of the H to b !b provide distinctive
signatures of Higgs boson production, which are used to
discriminate signal events from the copious backgrounds
[5]. In this Letter, we combine the searches from the CDF
and D0 Collaborations for H bosons produced in associa-
tion with a vector boson, with subsequent decays H ! b !b.
Both collaborations consider the processes WH ! ‘!b !b,
ZH ! ‘þ‘"b !b, andWH, ZH ! 6ETb !b [6–11] (where ‘ is
either e or " and 6ET denotes missing transverse energy
[12]), and separately combine results within their collabo-
rations [13,14]. This is the first publication of a combina-
tion of CDF and D0’s searches forH ! b !b, which is based
on the preliminary findings reported in Ref. [15].

Much is known about the Higgs boson from other ex-
periments. The direct searches at LEP2 in the eþe" !
ZHð! b !bÞ mode, with a small contribution from vector
boson fusion, are very similar to those combined here, and
exclude SM Higgs boson masses below 114:4 GeV=c2 at
the 95% confidence level (C.L.) [16]. Direct searches for
VH ! Vb !b at the LHC, where V ¼ W or Z [17,18], do not
yet constrain the allowed SM Higgs boson mass range.
Including other search modes, direct searches at the LHC
for the SM Higgs boson limit its mass to be between 116.6
and 119:4 GeV=c2 or between 122.1 and 127:0 GeV=c2, at
the 95% C.L [19,20]. Within these searches, both LHC
experiments observe local excesses above the background
expectations for a Higgs boson mass of approximately
125 GeV=c2. With additional data and analysis improve-
ments, the LHC experiments confirm these excesses and
observe a particle with properties consistent with those
predicted for the SM Higgs boson [21]. Much of the power
of the LHC searches comes from gg ! H production and
Higgs boson decays to ##, WþW", and ZZ, which probe
the couplings of the Higgs boson to other bosons. In the
allowed mass range, the Tevatron experiments are particu-
larly sensitive to VH production with H ! b !b, which

probes the Higgs boson’s coupling to b quarks. We search
for Higgs bosons of masses 100<mH < 150 GeV=c2 and
interpret our results independently of searches which are
not sensitive to the specific Higgs boson production and
decay modes studied here. We also report results assuming
mH ¼ 125 GeV=c2.
Higgs boson signal events are simulated using the

leading order (LO) calculation from PYTHIA [22], with
CTEQ5L (CDF) and CTEQ6L1 (D0) [23] parton distri-
bution functions (PDFs). We normalize our Higgs boson
signal-rate predictions to the highest-order calculations
available. The WH and ZH cross section calculations are
performed at next-to-next-to leading order (NNLO) preci-
sion in QCD and next-to-leading-order (NLO) precision in
the electroweak corrections [3]. We use the branching
fractions for Higgs boson decay from Ref. [4]. These rely
on calculations using HDECAY [24] and PROPHECY4F [25].
Assuming the mH ¼ 125 GeV=c2 hypothesis, we expect
approximately 155 Higgs boson signal events to pass our
selection requirements, along with 9:2& 104 background
events from all other SM sources.
We model SM and instrumental background processes

using a mixture of Monte Carlo (MC) and data-driven
methods. For CDF, backgrounds from SM processes with
electroweak gauge bosons or top quarks are modeled using
PYTHIA, ALPGEN [26], MC@NLO [27], and HERWIG [28]. For
D0, these backgrounds are modeled using PYTHIA, ALPGEN,
and COMPHEP [29]. An interface to PYTHIA provides parton
showering and hadronization for generators without this
functionality.
Diboson (WW, WZ, ZZ) MC samples are normalized

using the NLO calculations from MCFM [30]. For t!t, we use
a production cross section of 7:04' 0:70 pb [31], which is
based on a top-quark mass of 173 GeV=c2 [32] andMSTW
2008 NNLO PDFs [33]. The single-top-quark production
cross section is taken to be 3:15' 0:31 pb [34]. Data-
driven methods are used to normalize the W=Z plus
light-flavor and heavy-flavor jet backgrounds [35] using
W=Z data events containing no b-tagged jets [36], which
have negligible signal content [13,14].
The CDF and D0 detectors are multipurpose solenoidal

spectrometers surrounded by hermetic calorimeters and
muon detectors and are designed to study the products of
1.96 TeV proton-antiproton collisions [37,38]. All searches
combined here use the complete Tevatron data sample,
which after data quality requirements corresponds to
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the exclusion limits for the SM Higgs boson mentioned
earlier, there is no LEE and we derive a significance of 2.8
standard deviations for mH ¼ 125 GeV=c2.

We interpret this result as evidence for the presence of a
particle that is produced in association with aW or Z boson
and decays to a bottom-antibottom quark pair. The excess
seen in the data is most significant in the mass range
between 120 and 135 GeV=c2, and is consistent with
production of the SM Higgs boson within this mass range.
Assuming a Higgs boson exists in this mass range, these
results provide a direct probe of its coupling to b quarks.
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the exclusion limits for the SM Higgs boson mentioned
earlier, there is no LEE and we derive a significance of 2.8
standard deviations for mH ¼ 125 GeV=c2.

We interpret this result as evidence for the presence of a
particle that is produced in association with aW or Z boson
and decays to a bottom-antibottom quark pair. The excess
seen in the data is most significant in the mass range
between 120 and 135 GeV=c2, and is consistent with
production of the SM Higgs boson within this mass range.
Assuming a Higgs boson exists in this mass range, these
results provide a direct probe of its coupling to b quarks.
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masses up to ! 185 GeV=c2. The data are consistent with
the background-only hypothesis (the black dashed line) at
masses smaller than ! 110 GeV=c2 and above approxi-
mately 145 GeV=c2. A slight excess is seen above approxi-
mately 195 GeV=c2, where our ability to separate the two
hypotheses is limited. For mH from 115 to 140 GeV=c2, an
excess above 2 s.d. in the data with respect to the SM
background expectation has an amplitude consistent with
the expectation for a standard model Higgs boson (dashed
red line). Additionally, the LLR curve under the hypothesis
that a SM Higgs boson is present with mH ¼ 125 GeV=c2

is shown. This signal-injected-LLR curve has a similar
shape to the observed one. While the search for a
125 GeV=c2 Higgs boson is optimized to find a Higgs
boson of that mass, the excess of events over the SM
background estimates also affects the results of Higgs boson
searches at other masses. Nearby masses are the most
affected, but the expected presence of H ! WþW$ decays
for a 125 GeV=c2 Higgs boson implies a small expected
excess in theH ! WþW$ searches at all masses due to the
poor reconstructed mass resolution in this final state.

The upper limit on SM Higgs boson production as a
function ofmH is extracted in the range 90–200 GeV=c2 in
terms of Robs

95 , the ratio of the observed limit to the pre-
dicted SM rate. The ratios of the 95% C.L. expected and
observed limits to the SM cross section using the Bayesian
method are shown in Fig. 5 for the combined CDF and D0
analyses. The observed and median-expected ratios are
listed for the tested Higgs boson masses in Table IV, as
obtained by the Bayesian and the CLs methods.

Intersections of piecewise linear interpolations of the
observed and expected rate limits with the SM ¼ 1 line
are used to quote ranges of Higgs boson masses that are
excluded and that are expected to be excluded. The regions
of Higgs boson masses excluded at the 95% C.L. are 90<
mH < 109 GeV=c2 and 149<mH < 182 GeV=c2. The
expected exclusion regions are 90<mH < 120 GeV=c2

and 140<mH < 184 GeV=c2.
The observed excess for mH from 115 to 140 GeV=c2

is driven by an excess of data events with respect to
the background predictions in the most sensitive bins of
the discriminant distributions, favoring the hypothesis
that a signal is present. To characterize the compatibility
of this excess with the signal-plus-background hypothesis,
the best-fit rate cross section, Rfit, is computed using
the Bayesian calculation, and shown in Fig. 6. The mea-
sured signal strength is within 1 s.d. of the expectation for a
SM Higgs boson in the range 115<mH < 140 GeV=c2,
with maximal strength between 120 GeV=c2 and
125 GeV=c2. At 125 GeV=c2, Rfit¼1:44þ0:49

$0:47ðstatÞþ0:33
$0:31'

ðsystÞ(0:10ðtheoryÞ.
The significance of the excess in the data over the

background prediction is computed at each hypothesized
Higgs boson mass by calculating the local p-value under the
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FIG. 5 (color online). Observed and median expected (for the
background-only hypothesis) 95% C.L. Bayesian upper produc-
tion limits expressed as multiples of the SM cross section as a
function of Higgs boson mass for the combined CDF and D0
searches in all decay modes. The dark- and light-shaded bands
indicate, respectively, the 1 and 2 s.d probability regions in
which the limits are expected to fluctuate in the absence of
signal. The blue short-dashed line shows median expected limits
assuming the SM Higgs boson is present at mH ¼ 125 GeV=c2.

TABLE IV. Ratios of observed and median expected (for the
background-only hypothesis) 95% C.L. upper production limits
to the SM cross section as a function of the Higgs boson mass for
the combined CDF and D0 searches in all decay modes, obtained
using the Bayesian and CLs methods.

Bayesian CLs

mH (GeV=c2) Robs
95 Rexp

95 Robs
95 Rexp

95

90 0.37 0.74 0.39 0.74
95 0.48 0.80 0.49 0.81
100 0.62 0.72 0.62 0.73
105 0.89 0.77 0.93 0.77
110 1.02 0.82 1.03 0.83
115 1.63 0.90 1.67 0.91
120 2.33 1.00 2.40 0.99
125 2.44 1.06 2.62 1.07
130 2.13 1.11 2.10 1.10
135 2.03 1.04 2.12 1.06
140 2.10 1.01 2.08 1.00
145 1.35 0.88 1.29 0.90
150 0.94 0.79 0.91 0.78
155 0.64 0.69 0.62 0.68
160 0.46 0.51 0.45 0.51
165 0.37 0.47 0.36 0.47
170 0.54 0.57 0.53 0.57
175 0.71 0.68 0.68 0.68
180 0.87 0.81 0.86 0.82
185 1.20 1.02 1.18 1.04
190 1.86 1.29 1.86 1.27
195 2.74 1.44 2.64 1.48
200 3.07 1.66 2.97 1.67
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background-only hypothesis usingRfit
profile, chosen a priori as

the test statistic. These p-values express the probability to
obtain the value of Rfit

profile observed in the data or larger,

assuming a signal is absent. These p-values are shown in
Fig. 7 along with the expected p-values assuming a SM
signal is present, separately for each value of mH. The
median expected p-values assuming the SM Higgs boson
is present with mH ¼ 125 GeV=c2 for signal strengths of
1.0 and 1.5 times the SM prediction are also shown. The
median expected excess at mH ¼ 125 GeV=c2 corresponds
to 1.9 standard deviations assuming the SM Higgs boson is
present at that mass. The observed local significance at
mH ¼ 125 GeV=c2 corresponds to 3.0 standard deviations.
The maximum observed local significance is at mH¼
120GeV=c2 and corresponds to 3.1 standard deviations.
The fluctuations seen in the observed p-value as a function
of the testedmH result from excesses seen in different search
channels, as well as from point-to-point fluctuations due to
the separate discriminants at each mH, and are discussed in
more detail below. The width of the dip in the observed
p-values from 115 to 140 GeV=c2 is consistent with the
resolution of the combination of the H ! b !b and H !
WþW# channels, as illustrated by the injected signal curves
in Fig. 7. The effective resolution of this search comes from
two independent sources of information. The reconstructed
candidate masses help constrain mH, but more importantly,
the expected cross sections times the relevant branching
ratios for theH ! b !b andH ! WþW# channels are strong
functions of mH in the SM. The observed excess in
the H ! b !b channels coupled with the slight excess in

the H!WþW# channels determines the shape of the
observed p-value as a function of mH.
Figure 8 shows the quantity CLsþb, corresponding to

the p-value for the signal-plus-background hypothesis.
The observed value, along with the expected p-values
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assuming no SM signal is present, evaluated separately at each
mH . The associated dark- and light-shaded bands indicate the 1
and 2 s.d. fluctuations of possible experimental outcomes under
this scenario. The blue lines show the median expected p-values
assuming the SM Higgs boson is present with mH ¼
125 GeV=c2 at signal strengths of 1.0 times (short-dashed)
and 1.5 times (long-dashed) the SM prediction.
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D. H ! WþW" decay mode

Above 130 GeV=c2, theH ! WþW" channels contrib-
ute the majority of the search sensitivity. We combine all
H ! WþW" searches from CDF and D0, incorporating
potential signal contributions from gluon-gluon fusion,
WH, ZH, and vector boson fusion production.
Approximately 75% of the signal comes from the gluon-
gluon fusion process, 20% from associated production, and
5% from the VBF process. The LLR distributions are
shown in Fig. 11 and the values as a function of Higgs
boson mass are listed in Table VI. The data present a 1 to 2
s.d. excess in the region from 115 to 140 GeV=c2 where
there is some separation between the two hypotheses. An
excess is also seen in the searches for Higgs bosons with
mass mH > 195 GeV=c2, as mentioned in Sec. VIII B, but
the sensitivity to the SM Higgs boson is not as large at
these masses as it is at lower masses. Figure 12 shows
the best-fit cross section for the combined H ! WþW"

searches, normalized to the SM prediction, as a function
ofmH, along with the expectations assuming the SMHiggs
boson is present at mH ¼ 125 GeV=c2 for signal strengths
of 1.0 and 1.5 times the SM prediction.

E. H ! !! decay mode

We also separately combine CDF’s and D0’s searches
focusing on the H ! !! decay mode and display the
resulting upper limits on the production cross section times
the decay branching ratio normalized to the SM prediction
in Fig. 13. An excess of approximately 2 s.d. is seen in

these searches at mH ¼ 125 GeV=c2, but its contributions
to the fully combined SM cross section and limit are small
due to the low expected signal yield in this channel.
However, the observed excess in the H ! !! search
channel has a visible impact on Higgs boson coupling
constraints as described in Sec. VIII G.

F. H ! "" decay mode

We also separately combine CDF’s and D0’s searches
focusing on the H ! "þ"" decay mode and display the
resulting upper limits on the production cross section times
the decay branching ratio normalized to the SM prediction
in Fig. 14.

G. Compatibility of the excess with
the SM Higgs boson hypothesis

The best-fit rate parameters, Rfit, for the full combina-
tion of all channels and the combinations of channels
focusing on the H ! WþW", H ! b !b, H ! !!, and
H ! "þ"" decay modes [75] are listed in Table VII
as a function of Higgs boson mass over the range
115<mH < 140 GeV=c2, where the combined result has
sensitivity to a signal and a clear excess exists. For
mH ¼ 125 GeV=c2, we obtain Rfit ¼ 1:44þ0:59

"0:56 using all
decay modes.
Figure 15 shows the contribution of the four combinations

for the different decay modes to the best-fit signal cross
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FIG. 10 (color online). The best-fit signal cross section times
branching ratio ð#WH þ #ZHÞ &BðH ! b !bÞ as a function of
Higgs boson mass from the combination of CDF’s and D0’s SM
Higgs boson searches focusing on the H ! b !b decay mode. The
dark- and light-shaded bands show the 1 and 2 s.d. uncertainty
ranges on the fitted signal, respectively. Also shown with blue
lines are the median fitted cross sections expected for a SM
Higgs boson with mH ¼ 125 GeV=c2 at signal strengths of
1.0 times (short-dashed) and 1.5 times (long-dashed) the SM
prediction. The SM prediction is shown as the smooth, falling
curve where the narrow band indicates the theoretical uncertainty.
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FIG. 11 (color online). LLR as a function of Higgs boson
mass from the combination of CDF’s and D0’s SM Higgs boson
searches focusing on the H ! WþW" decay mode. The solid
line shows the observed LLR values, the dark short-dashed line
shows the median expectation assuming no Higgs boson signal
is present, and the dark- and light-shaded bands correspond,
respectively, to the regions encompassing 1 and 2 s.d. fluctua-
tions around the background-only expectation. The red long-
dashed line shows the median expectation assuming a SM
Higgs boson signal is present at each value of mH in turn.
The blue lines show the median expected LLR assuming the
SM Higgs boson is present at mH ¼ 125 GeV=c2 with signal
strengths of 1.0 times (short-dashed) and 1.5 times (long-
dashed) the SM prediction.
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may provide sensitivity to non-SM particles whose interac-
tions becomemore relevant at higher energies. It is important
therefore to study in detail the properties of the new particle.
The channel-by-channel values of R ¼ ð!#BÞ=SM pro-
vide useful constraints on the possible couplings of the
particle [76], but their interpretation is ambiguous because
signal contributions from multiple sources are simulta-
neously accepted by each subchannel. For example, the
ZH ! " !"b !b channels have sensitivity to both the WH and
ZH production modes, and the H ! WþW& searches are
sensitive to gluon-gluon fusion,WH,ZH, andVBF in differ-
ent mixtures within independent subchannels characterized
by the number of reconstructed jets.

Most of the searches conducted at the Tevatron are
sensitive to the product of fermion and boson coupling
strengths. In the VH ! Vb !b searches, the production
depends on the coupling of the Higgs boson to the weak

vector bosons, while the decay is to fermions. In the gg !
H ! WþW& searches, the production is dominated by the
Higgs boson couplings to fermions via the quark loop
processes, but the decay is to bosons. A large enhancement
of the Higgs boson’s couplings to fermions can thus be
masked by a small coupling to bosons, and vice versa, as
shown in Fig. 2 of Ref. [76]. However, other less-sensitive
channels included in this combination provide additional
constraints. The same-sign dilepton searches, the trilepton
searches, and some of the searches with tau leptons as
decay products of W bosons are primarily sensitive to
VH ! VWþW&, an entirely bosonic process, although
their results are customarily reported in combination with
the other H ! WþW& searches. The searches for t!tH !
t!tb !b provide constraints on the fermion couplings with
minimal masking from the bosonic couplings.
We follow the notation of Ref. [77] and introduce multi-

plicative scaling factors for the coupling of the Higgs boson
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TABLE VII. Best-fit values of R ¼ ð!#BÞ=SM using the Bayesian method for all SM Higgs boson decay modes combined and the
combinations of CDF’s and D0’s Higgs boson search channels focusing on the H ! WþW&, H ! b !b, H ! $$, and H ! #þ#&

decay modes as a function of Higgs boson mass over the range 115<mH < 140 GeV=c2. The quoted uncertainties bound the smallest
interval containing 68% of the integral of the posterior probability density.

mH (GeV=c2) 115 120 125 130 135 140

RfitðSMÞ 0:82þ0:43
&0:46 1:42þ0:53

&0:52 1:44þ0:59
&0:56 1:13þ0:60

&0:60 0:99þ0:58
&0:57 1:15þ0:57

&0:52

RfitðH ! WþW&Þ 2:22þ1:65
&1:59 1:59þ1:20

&1:15 0:94þ0:85
&0:83 0:49þ0:69

&0:63 0:54þ0:53
&0:52 0:97þ0:58

&0:53

RfitðH ! b !bÞ 0:72þ0:47
&0:44 1:26þ0:62

&0:55 1:59þ0:69
&0:72 1:82þ0:91

&0:91 2:62þ1:22
&1:21 3:23þ1:61

&1:74

RfitðH ! $$Þ 0:65þ2:66
&0:54 5:34þ3:20

&2:76 5:97þ3:39
&3:12 3:17þ2:69

&2:81 0:00þ4:04
&0:00 3:31þ3:30

&3:13

RfitðH ! #þ#&Þ 1:70þ2:20
&1:70 2:00þ2:22

&1:90 1:68þ2:28
&1:68 0:00þ2:88

&0:00 0:00þ2:83
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FIG. 15 (color online). Best-fit values of R ¼ ð!#BÞ=SM
using the Bayesian method for the combinations of CDF’s and
D0’s Higgs boson search channels focusing on the H ! WþW&,
H ! b !b, H ! $$, and H ! #þ#& decay modes for a Higgs
boson mass of 125 GeV=c2. The shaded band corresponds to the
1 s.d. uncertainty on the best-fit value of R for all SM Higgs
boson decay modes combined.
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separate set of analysis channels as in the case
ofHf ! !! is not required, though theMVAs are retrained.

The combined limits on Higgs boson production nor-
malized to FHM predictions obtained from both the
Bayesian and CLs methods are listed in Table IX as a
function of Higgs boson mass. The expected limits assume
no Higgs boson production. The limits obtained using the
Bayesian method are shown in Fig. 25. Fermiophobic
Higgs bosons in the mass range 100–116 GeV=c2 are
excluded at the 95% C.L.; the expected excluded mass
range is 100–135 GeV=c2.

X. CONCLUSIONS

The search for the standard model Higgs boson at the
Tevatron is challenging due to the small expected signal
and the need to accurately model large background con-
tributions. We have developed advanced tools to search
for the Higgs boson in the leading production and decay
modes predicted by the SM and control the impact of
systematic uncertainties using constraints from the ob-
served data. We have combined searches by the CDF
and D0 Collaborations for the standard model Higgs
boson in the mass range 90–200 GeV=c2 using Tevatron
p !p collision data corresponding to up to 10 fb!1 of
integrated luminosity collected at

ffiffiffi
s

p ¼ 1:96 TeV. The
results of searches focusing on the H ! b !b, H !
WþW!, H ! ZZ, H ! "þ"!, and H ! !! decay
modes are included in the combination. The results are
also interpreted in fermiophobic and fourth generation
models. Fermiophobic Higgs bosons in the mass range
100–116 GeV=c2 are excluded at the 95% C.L., and a
SM-like Higgs boson in the presence of a fourth sequen-
tial generation of fermions is excluded in the mass range
121–225 GeV=c2 at the 95% C.L. The SM Higgs boson is
excluded, at the 95% C.L., from 90 to 109 GeV=c2, and
from 149 to 182 GeV=c2. The expected exclusion regions
in the absence of signal are 90–120 GeV=c2 and
140–184 GeV=c2. The results of the H ! b !b searches
were validated through a measurement of the diboson
(WZþ ZZ) production cross section using the same

data samples and analysis techniques, treating those
diboson processes as signal. The resulting diboson
cross-section measurement is in agreement with the SM
prediction. We observe a significant excess of events in
the mass range between 115 and 140 GeV=c2. The local
significance at mH ¼ 125 GeV=c2 corresponds to 3.0
standard deviations, with a median expected significance,
assuming the SM Higgs boson is present at mH ¼
125 GeV=c2, of 1.9 standard deviations, with a best-fit
signal strength of 1:44þ0:59

!0:56 times the SM expectation.
We also separately combined searches focusing on the
H ! b !b, H ! WþW!, H ! "þ"!, and H ! !! decay
modes. The observed best-fit signal strengths obtained
from each of these combinations are consistent with
the expectations for a SM Higgs boson at mH ¼
125 GeV=c2. We performed tests of the compatibility of
the observed excess with the expectations for the cou-
plings of a SM Higgs boson and saw no significant
deviations.
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Achieved and projected median expected upper limits on the SM Higgs boson cross section, by date. 
The solid lines are 1/sqrt(L) projections. 
The top of the orange band corresponds to the Summer 2007 performance expected limit divided by 1.5, and the bottom 
of the orange band corresponds to the Summer 2007 performance expected limit divided by 2.25. 
The luminosity for the March 2012 point is 9.5 fb-1, a sensitivity-weighted average of the contributing channels' analyzed 
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And this is the legacy of the TeVatron, not only discovered the top-quark and made several other observations and great 
measurements (mt, mW), but also the powerful multivariate techniques that have been developed and boosted the 

sensitivity of the analyses beyond what was thought to be feasible.
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