
(The “once”) Missing Piece in the Standard Model
The Higgs



Our Knowledge about the Higgs … archeology!

EW-Fits:

MH = 89 GeV
MH < 158 GeV @ 95% CL

From direct
search at LEP:

MH > 114 GeV
@ 95% CL

From direct
search at Tevatron:

158 < MH < 175 GeV
@ 95% CL
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Higgs Search
at LEP



SM Higgs Production at LEP
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Higgs Decay at LEP Energies

bb-decay
dominant !!



LEP Higgs Signatures
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Higgs Candidate [MH=114 GeV]

Standard Model: Experimental Tests of Electroweak Interaction

4J. Pawlowski / U. Uwer

Higgs candidate with MH=114 GeV

B mesons have a 

lifetime !"1.6 ps: 

# finite flight path

Another candidate  with MH=115 GeV



17 candidate
events

Observation:

Expectation:
15.8 background 
events

8.4 signal events
for MH =115 GeV

LEP 
final result

LEP Higgs Candidates

Observation consistent with background !

Standard Model: Experimental Tests of Electroweak Interaction

5J. Pawlowski / U. Uwer

@ MH=115 GeV

Consistent w/ 

background

LEP Higgs candidates w/ M~115 GeV

LEP Summary: No signal 

above background seen 

Invariant mass of 

Higgs candidates:



LEP Summary: 
No signal above background 

Final LEP Result

Invariant mass of 
Higgs candidates

MH > 114.4 GeV @ 95% CL

Reconstructed Mass mH [GeV]

Standard Model: Experimental Tests of Electroweak Interaction

5J. Pawlowski / U. Uwer

@ MH=115 GeV
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background

LEP Higgs candidates w/ M~115 GeV
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Higgs Search
at Tevatron



Tevatron: Higgs Discovery Potential

Tevatron:
Max. expectation



Observed and expected  95% C.L. upper limits on the ratios to the SM cross section, 
as functions of the Higgs boson mass for the combined CDF and D0 analyses ...

Tevatron: Recent Results (@2010!)



Tevatron: Explored Channels

Production via: qq ➛ W/Z H (associate production), gg ➛ H (gluon fusion)
and qq ➛qqH (vector boson fusion)
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TABLE II: Luminosity, explored mass range and references for the different processes and final states (ℓ = e, µ) for the CDF
analyses. The labels “2×” and “4×” refer to separation into different lepton categories.

Channel Luminosity (fb−1) mH range (GeV/c2) Reference
WH → ℓνbb̄ 2-jet channels 4×(TDT,LDT,ST,LDTX) 5.7 100-150 [5]
WH → ℓνbb̄ 3-jet channels 2×(TDT,LDT,ST) 5.6 100-150 [6]
ZH → νν̄bb̄ (TDT,LDT,ST) 5.7 100-150 [7]
ZH → ℓ+ℓ−bb̄ 4×(TDT,LDT,ST) 5.7 100-150 [8, 9]
H → W+W− 2×(0,1 jets)+(2+ jets)+(low-mℓℓ)+(e-τhad)+(µ-τhad) 5.9 110-200 [10]
WH → WW+W− (same-sign leptons 1+ jets)+(tri-leptons) 5.9 110-200 [10]
ZH → ZW+W− (tri-leptons 1 jet)+(tri-leptons 2+ jets) 5.9 110-200 [10]
H + X → τ+τ− (1 jet)+(2 jets) 2.3 100-150 [11]
WH + ZH → jjbb̄ 2×(TDT,LDT) 4.0 100-150 [12]
H → γγ 5.4 100-150 [13]

TABLE III: Luminosity, explored mass range and references for the different processes and final states (ℓ = e, µ) for the D0
analyses. Most analyses are in addition analyzed separately for RunIIa and IIb. In some cases, not every sub-channel uses the
same dataset, and a range of integrated luminosities is given.

Channel Luminosity (fb−1) mH range (GeV/c2) Reference
WH → ℓνbb̄ (ST,DT,2,3 jet) 5.3 100-150 [14]
V H → τ+τ−bb̄/qq̄τ+τ− 4.9 105-145 [15, 16]
ZH → νν̄bb̄ (ST,TLDT) 5.2-6.4 100-150 [17, 18]
ZH → ℓ+ℓ−bb̄ (ST,DT,ee,µµ,eeICR,µµtrk) 4.2-6.2 100-150 [19]
V H → ℓ±ℓ± +X 5.3 115-200 [20]
H → W+W− → e±νe∓ν, µ±νµ∓ν 5.4 115-200 [21]
H → W+W− → e±νµ∓ν (0,1,2+ jet) 6.7 115-200 [22]
H → W+W− → ℓν̄jj 5.4 130-200 [23]
H → γγ 4.2 100-150 [24]
tt̄H → tt̄bb̄ (ST,DT,TT,4,5+ jets) 2.1 105-155 [25]

L(R, s⃗, b⃗|n⃗, θ⃗)× π(θ⃗) =
NC∏

i=1

Nb∏

j=1

µ
nij

ij e−µij/nij !×
nnp∏

k=1

e−θ2
k/2 (1)

where the first product is over the number of channels (NC), and the second product is over Nb histogram bins
containing nij events, binned in ranges of the final discriminants used for individual analyses, such as the dijet mass,
neural-network outputs, or matrix-element likelihoods. The parameters that contribute to the expected bin contents
are µij = R × sij(θ⃗) + bij(θ⃗) for the channel i and the histogram bin j, where sij and bij represent the expected
background and signal in the bin, and R is a scaling factor applied to the signal to test the sensitivity level of the
experiment. Truncated Gaussian priors are used for each of the nuisance parameters θk, which define the sensitivity of
the predicted signal and background estimates to systematic uncertainties. These can take the form of uncertainties
on overall rates, as well as the shapes of the distributions used for combination. These systematic uncertainties can
be far larger than the expected SM Higgs boson signal, and are therefore important in the calculation of limits. The
truncation is applied so that no prediction of any signal or background in any bin is negative. The posterior density
function is then integrated over all parameters (including correlations) except for R, and a 95% credibility level upper
limit on R is estimated by calculating the value of R that corresponds to 95% of the area of the resulting distribution.
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Higgs Search
at the LHC



Higgs Production Mechanisms

Gluon fusion

Associated 
production

Vector 
boson fusion

tt-fusion-

Other quarks contribution 
suppressed by mq2 VBF

VH

ggF

ttH



Higgs Production Cross Sections

LHC cms 14 TeV

VBF

ggF

VH
ttH



Higgs Production

Higgs mass = 125 GeV



Higgs Boson Decays

For M < 135 GeV:  H  ➛ bb, ττ dominant
For M > 135 GeV:  H  ➛ WW, ZZ dominant

Tiny but used in
discovery: H  ➛ γγ

t ,

Discovery driven by significance 
of different channels 



Zooming the Branching Ratios of the Higgs

mH = 125 GeV



LHC Higgs diary

• Indirect bounds on mH from global EW fits : two decades at LEP, SLC, Tevatron suggest

!" = 89 +35 -26 GeV

• Direct and model-independent search at LEP up 20 209 GeV cms yelded a 95% CL lower 
bound on mH of 114.4GeV

• Direct search after LEP shutdown in 2000 at Tevatron ppbar collider using 10fb-1 gave

a] excluded intervals 90-109 GeV and 149-182 GeV
b] broad excess at the level of 3 std in the interval 115<mH<140 GeV with a maximum  

at 125 GeV

• LHC run in 2011 (7 TeV, 5 fb-1), 2012 (8 TeV, 20 fb-1) evidence for a new particle decaying  
to gg and ZZ with rates as predicted by SM. Evidence for decays to W+W- but no evidence 
for bbar and t+t-

• LHC July 2012 : ATLAS & CMS claim a discovery of a new particle with a mass of about   
125 GeV



Direct Higgs Channels

Channel LHC Potential

gg ➛ H ➛ bb   Huge QCD background (gg ➛ bb); extremely difficult

gg ➛ H ➛ ττ   Higgs with low pT, hard to discriminate 
from background; problematic

gg ➛ H ➛ γγ Small rate, large combinatorial background, but excellent 
determination of mH (CMS: crystal calorimeter)

gg ➛ H ➛ WW   Large rate, but 2 neutrinos in leptonic decay, Higgs spin 
accessible via lepton angular correlations

gg ➛ H ➛ ZZ ZZ ➛ 4μ: “gold-plated” channel for high-mass Higgs (ATLAS: 
muon spectrometer)



Higgs Searches @ LHC: Examples

Two high-energy
photons

4 muons
[Mμμ = MZ]

2 electrons
2 jets



How to Make a Discovery

New resonance
e.g. H ➛ γγ

signal 
region

signal; width due to
detector resolution

Signal 
significance:

NS: # signal events
NB: # background events

... in peak regionS > 5:
Signal NS = Ntot -NB is 5 times larger
than statistical uncertainty on NB+NS ...

Gaussian probability that upward 
fluctuation by more than 5σ is observed ...

P5σ = 10-7.

Discovery!

+ categorize events in classes



1. Choose channels with low SM background
not possible: H ➛ bb   ... without associated production ...
not possible: H ➛ γγ ... despite of small branching ratio ...

H ➛ ZZ ... with at least one Z decaying leptonically ...
tt H ➛ ttbb ... via additional top selection ...

2. Optimize detector resolution
Example: mass resolution σm increases by a factor of 2;

thus: peak region has to be increased by a factor 2 and
number NB of background events increases by factor of 2

S = NS/√NB decreases by √2 

3. Maximize luminosity L
Signal: NS ~ L
Background: NB ~ L }

➛

➛

Maximizing the Significance S



LHC: Higgs Discovery Potential

Full mass range can already 
be covered after a few years 
at low luminosity 

Several channels available 
over a large range of masses 

Low mass discovery requires 
combination of three of the most 
demanding channels

Comparable situation for the CMS 
experiment



A snap-shot of ~recent results



Higgs terms in the SM Lagrangian

linear
V = W± or Z and 
δW = 1, δZ = 1/2

quadratic

As a result, the dominant mechanisms for Higgs boson production and decay involve the
coupling of H to W, Z and/or the third generation quarks and leptons. The Higgs boson
coupling to gluons, is induced at leading order by a one-loop graph in which H couples to
a virtual tt pair. Likewise, the Higgs boson coupling to photons is also generated via
loops, although in this case the one-loop graph with a virtual W+W− pair provides the
dominant contribution and the one involving a virtual tt pair is subdominant.



Recent history

The announcement on July 4, 2012 of the observation [1,2] at the LHC of a narrow resonance
with a mass of about 125GeV has provided an important new direction in the decades-long
search for the SM Higgs boson. The analyzed data corresponded to integrated luminosities of
up to 4.8 (5.1) fb−1 at √s = 7TeV in 2011 and 5.9 (5.3) at √s = 8TeV in 2012 recorded by the
ATLAS and CMS experiments, respectively. The observed decay channels indicated that the
new particle is a boson. The evidence was strong that the new particle decays to γγ and ZZ
with rates consistent with those predicted for the Standard Model (SM) Higgs boson. There
were indications that the new particle also decays to W+W−. Although the experiments
searched for decays to b¯b and τ+τ−, no statistically significant signal was found. The
significance of these observations are quantified by a p-value, the probability for a background
only experiment to give a result at least as signal-like as that observed in the data. For
example, a p-value of 2.87x10−7 corresponds to a five-standard-deviation excess over the
background-only prediction. ATLAS observed the largest excess with a local significance of
5.9σ at a mass mH = 126.5GeV, to be compared with an expected significance of 4.6σ if a SM
Higgs boson were present at such a mass. CMS observed an excess with a local significance of
4.9σ at a mass of 125.5GeV, to be compared with an expected significance of 5.9σ in this
dataset.
Even as this discovery was being announced, ATLAS and CMS continued to accumulate pp
collision data at √s = 8TeV recording a total of about 20 fb−1 each at this energy. Figure below
shows four snapshots of the evolution of the p-value and the signal significance near 125GeV
with increasing datasets analysed by the two experiments.



125

Evolution of p0

Evolution of the p-value and the signal significance observed by the ATLAS and CMS
experiments with increasingly larger datasets: (a) Summer 2011 (≈ 1 fb−1/expt) for ATLAS and
CMS, (b) Spring 2012 (≈ 5 fb−1/expt) for ATLAS and CMS, (c) Summer 2012 (≈ 10 fb−1/expt)
for ATLAS and CMS, and (d) December 2012 (≈ 25 fb−1/expt) for ATLAS and CMS.



Decay & production channels of the Higgs 

There are four main production modes of a SM Higgs boson at the LHC. In Run 1 SM
Higgs bosons produced per experiment are approximately 0.5 million, 40,000, 20,000 and
3,000 in the gluon fusion, vector boson fusion, the associated VH and ttH production
modes respectively. There are also five main decay channels: the γγ, ZZ, WW, τ+τ− and
bb.
Analyses using exclusive categories according to production modes have been designed
to maximize the sensitivity of the analyses to the presence of a signal using known
features of these modes. These categories can also be used to further separate production
modes for each decay channel. The typical number of events selected eventually in each
decay channel ranges from a fraction of an event to O(100) events per experiment.
The analysis strategy used by the LHC and Tevatron experiments to perform the
searches for the Higgs boson has been based on the Higgs decay modes. However, for
each channel, exclusive subchannels have been defined according to the Higgs
production processes and these subchannels have been combined.
The natural extension of this approach is to further measure the coupling properties of
the Higgs boson. A combined measurement of a large variety of categories with different
sensitivities to various production and decay modes permits a wide variety of
measurements of the production, decay or in general coupling properties. These
measurements require, in general, a limited but nevertheless restrictive number of
assumptions.



Production Modes

ggf: At high-energy hadron colliders, the Higgs boson production mechanism with the 
largest cross section is the gluon-fusion process, gg → H+X, mediated by the exchange of 
a virtual, heavy top quark. Contributions from lighter quarks propagating in the loop are 
suppressed by terms proportional to m2

q .
VBF: The SM Higgs production mode with the second-largest cross section at the LHC is 
vector boson fusion (VBF). At the Tevatron collider, VBF also occurred, but for mH = 
125GeV had a smaller cross section than Higgs production in association with a W or Z 
boson. Higgs production via VBF, qq → qqH, proceeds by the scattering of two quark 
(anti-) quarks, mediated by t- or u-channel exchange of a W or Z boson, with the Higgs 
boson radiated off the weak-boson propagator. The scattered quarks give rise to two hard 
jets in the forward and backward regions of the detector with a large dijet mass (≥ 400GeV) 
and separated by a large pseudorapidity (Dηjj ≥ 3.5). 
VH, V=Z or W: The next most relevant Higgs boson production mechanisms after gluon 
fusion and VBF at the LHC, and the most relevant ones after gluon fusion at the Tevatron
collider, are associated production with W and Z gauge bosons. MET & high pT leptons (W 
leptonic decay) and Z leptonic decays offer clean signatures.
ttH: Higgs radiation off top quarks, pp → t¯tH, provides a direct probe of the top-Higgs
Yukawa coupling. Distinctive features include high pT leptons, MET. Complex topology 
when combined with several decay channels



Low mass Higgs: discovery channels
For a low-mass Higgs boson (110GeV< mH <150GeV), where the natural width is only a few
MeV, five decay channels play an important role at the LHC. In the H → γγ and H → ZZ → 4l
channels, all final state particles can be very precisely measured and the reconstructed mH
resolution is excellent (typically 1-2%). While the H → W+W-→l+νll′−¯νl′ channel has relatively large
branching fraction, the mH resolution is poor (approximately 20%) due to the presence of
neutrinos. The H → b¯b and the H → τ+τ− channels suffer from large backgrounds and a
intermediate mass resolution of about 10% and 15% respectively. For mH > 150GeV, the
sensitive search channels are H → WW and H → ZZ where the W or Z boson decays into a
variety of leptonic and hadronic final states. These decay channels of the Higgs boson are
searched for in the five Higgs boson production processes (ggF, VBF, WH, ZH and ttH). The
candidate events in each Higgs boson decay channel are split into several mutually exclusive
categories (or event tags) based on the specific topological, kinematic or other features present in
the event. The categorization of events increases the sensitivity of the overall analysis and allows a
separation of different Higgs boson production processes. Most categories are dominated by
signal from one Higgs decay mode but contain an admixture of various Higgs production
processes. For example, a typical VBF selection requires Higgs boson candidates to be
accompanied by two energetic jets (≥ 30GeV) with a large dijet mass (≥ 400GeV) and separated
by a large pseudorapidity (Dηjj ≥ 3.5). While such a category is enriched in Higgs bosons
produced via VBF, the contamination from the gluon fusion production mechanism can be
significant. Hence a measurement of the signal rate in the VBF category does not imply a
measurement of VBF production cross-section. Simulations are used to determine the relative
contributions of the various Higgs production modes in a particular category.



Higgs decay to 2 photons
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Only top quarks
contribute, 

contributions from 
light fermions

negligible

W-bosons, 
Goldstone-bosons
and ghosts occur in 

the loops



Higgs to gg

Method: look for a peak in the invariant mass of two high pT photons over a smoothly falling
background distribution.
Background: Irreducicle background: processes with the production of two prompt gg
Reducible background: g+jets, di-jet events (where one jet fragments into a leading p0)

Classification:
VH if the event contains a high pT lepton + missing energy (decay of a W or a Z)
VH if the event contains a pair of jets compatible with the decay of a W or a Z
VBF if the event contains two high mass jets + pseudo-rapidity difference
Remaining events go into the ggf category

Practical aspects: two photons invariant mass reconstruction has been extensively studied   
using Z →e+e- and Z →e+e-g. These studies are used to determine the lineshape of the signal. 
Events are categorized to get larger sensitivity. In each category, parametric signal models 
are adjusted to these lineshape to provide a functional form for the signal. Simple monotonic 
functional forms of the backgrounds are determined by a fit to the mγγ distribution in each 
category. All categories are fitted simultaneously to determine the signal yield at the 
measured combined Run 1 mass of 125.09 GeV.



Higgs to gg, Signal Model
Signal & Background Model
The Higgs boson signal manifests itself as a narrow peak in the mγγ spectrum. The signal
distribution is empirically modeled as a double-sided Crystal Ball function, consisting of a 
Gaussian central part and power-law tails on both sides. The Gaussian core of the Crystal 
Ball  function is parameterized by the peak position (mH + DµCBi) and the width sCB,i. 

The non-Gaussian contributions to the mass resolution arise
mostly from converted photons g→ e+e- with at least one
electron losing a significant fraction of its energy through g
bremsstrahlung in the inner detector material. The parametric
form for a given reconstructed category or bin i of a fiducial
cross section measurement, for a Higgs boson mass mH, 
can be written as:



Higgs to gg, Background model
The diphoton invariant mass model for the background used to fit the data is determined
from studies of the bias in the signal yield in signal+background fits to large control 
samples of data or simulated background events
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Results H to two photons in ATLAS

ggH
VBF

VH ttH



Higgs to ZZ to 4 leptons

In the H → ZZ∗→ l+l−l′+l′− channel a search is performed for a narrow mass peak
over a small continuous background dominated by non-resonant ZZ∗ production from qq
annihilation and gg fusion processes. The contribution and the shape of this irreducible
background is taken from simulation. The subdominant and reducible backgrounds stem
from Z + b¯ b, tt and Z + jets events. Their contribution is suppressed by requirements on
lepton isolation and lepton impact parameter and their yield is estimated from control
samples in data.
To help distinguish the Higgs signal from the dominant non-resonant ZZ∗ background,
both ATLAS and CMS use a matrix element likelihood approach to construct
a kinematic discriminant built for each 4l event based on the ratio of complete leading-order
matrix elements |Msig2/Mbkg2| for the signal (gg → H → 4l) and background(qq → ZZ → 4l)
hypotheses. The signal matrix element Msig is computed assuming mH = m4l. To further
enhance the sensitivity to a signal, various techniques are used by the experiments based
on the matrix element or a multivariate analyses. To enhance the sensitivity to VBF and V H
production processes, the ATLAS and CMS experiments divide 4l events into mutually
exclusive categories. Events containing dijets with a large mass and pseudorapidity
difference populate the VBF category. ATLAS requires the presence of an additional lepton
in the V H category. In events with less than two jets, CMS uses the p4l

T to distinguish
between production via the gluon fusion and the VH/VBF processes.



ATLAS analysis

Schematic view of the event
categorization. Events are required
to pass the four-lepton selection,
and then they are assigned to one
of four categories which are tested
sequentially: VBF enriched, VH-
hadronic enriched, VH-leptonic
enriched, or ggF enriched.



Higgs to 4 leptons



[2]

Selection of events
• Association with single muon & single electron triggers.
• The pT of the lepton has to exceed 24 GeV and the lepton has to be isolated: the   scalar 

sum of the pT of charged particles within R = √φ2 + η2 = 0.2 of the lepton  direction is   
required to be less than 0.12 and 0.10 times the lepton pT for the muon and electron,      
respectively. 

• Because of the detector geometry, the acceptance of the muon trigger is limited to         
|η| < 2.4.

• vertex quality & lepton quality
• H→WW(∗)→ℓνℓν candidates (with ℓ = e, µ) are pre-selected by requiring exactly two   

oppositely charged leptons of different flavours, with pT thresholds of 25 GeV and        
15 GeV for the leading and sub-leading lepton, respectively. Events are classified into   
two exclusive lepton channels depending on the flavour of the leading lepton.

• Drell-Yan and QCD multijet events are suppressed by requiring large 

Emiss
T,rel = Emiss

T sinDφmin > 25 GeV, 
with Dφmin ≡ min(φ, π/2 ). 

Here, φ is the minimum azimuthal angle between Emiss
T and the leading lepton, the sub-

leading lepton or any jet with pT > 25 GeV. The use of this variable increases the rejection 
of events with significant mismeasurement of a jet or a lepton, since in such events the 
direction in φ of the Emiss

T is correlated with the direction of the mismeasured object.

lepton, jets…
MET



Background

The background rate and composition depend significantly on the jet multiplicity, as does the 
signal topology. Without accompanying jets, the signal originates almost entirely from the 
ggF process and the background is dominated by WW and Drell-Yan events. In contrast, 
when produced in association with two or more jets, the signal contains a much larger 
contribution from the VBF process and the background is dominated by the tt production. To 
maximise the sensitivity, further selection criteria that depend on the jet multiplicity are 
applied to the pre-selected sample.  The difference between the leptons, Dφℓℓ, be less than 1.8 
radians, and that the dilepton invariant mass, mℓℓ, be less than 50 GeV. 



Transverse Mass (Wikipedia) in
H→W +W − → l+υl−υ



Drell-Yan

or Z*



ATLAS:
H→W +W − → l+υl−υ

N jets ≤1 N jets ≥ 2

Undetected u’s    MT



CMS : 

H→W +W − → l+υl−υ



ATLAS & CMS combination of Run 1 data



Higgs decays to fermions: tt
In the H → τ τ search, τ leptons decaying to 
electrons (τe), muons (τμ) and hadrons
(τhad) are considered. The τ+τ− invariant mass (mττ ) 
is reconstructed from a kinematic fit of the visible 
products from the two τ leptons and the missing 
energy observed in the event. Due to the presence 
of missing neutrinos, the mτ+τ− resolution is poor (≈ 
15%).  As a result, a broad excess over the 
expected background in the mττ distribution is 
searched for. The major sources of background 
stem from Drell–Yan Z → τ+τ− and Z → e+e−, 
W+jets, tt and multijet production.

For the CMS, the significance of the observed excess at mH = 125GeV in Run 1 is 3.2 
standard deviations, and corresponds to a signal strength of μ = 0.86±0.29. The observed 
deviation from the background-only hypothesis in ATLAS corresponds to a local 
significance of standard deviations and the best fit value of the signal strength is μ = 
1.43+0.43−0.37. When the ATLAS and CMS H → τ τ Run 1 measurements are combined 
, the significance of the observed excess corresponding to mH = 125.09 GeV is 5.5 
standard deviations and the combined signal strength is μ = 1.11+0.24 −0.22, consistent 
with the Standard Model expectation.



Higgs decays to fermions : bb



Higgs to bb: results


