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Researchers at the Large Hadron Collider are at the start of a challenging hunt for the Higgs boson, a particle
thought to confer the property of mass on every other particle.

Subject Areas: Particles and Fields

Since the 1970s, physicists have known that two fun-
damental forces of nature, the electromagnetic force and
the weak force, can be unified into a single force—the
electroweak force—if the particles that carry these forces
are massless. The photon, which carries the electro-
magnetic force, is massless, but the particles that carry
the weak force have substantial mass, explaining why
the weak force is weaker than the electromagnetic force.
This unification can still work if a new spin-zero boson,
the Higgs boson, is introduced, allowing the particles
that carry the weak force to be massive. In addition, in-
teractions with the Higgs boson are responsible for the
masses of all particles. These ideas form the basis of the
standard model of particle physics, which is consistent
with almost all observations. Gravity can act once par-
ticles have mass due to the Higgs boson—the Higgs bo-
son is not the source of the gravitational force. The one
outstanding missing piece in this entire picture is the
Higgs boson itself. What are the prospects for its dis-
covery?

The standard model of particle
physics and the Higgs boson

Matter is made up of spin-1/2 fermions, the particles
known as leptons (the “light ones”) and quarks. There
are three families of leptons, each consisting of two par-
ticles: the electron with its corresponding neutrino (ν),
the muon (µ) and its neutrino, and the tau lepton (τ)
and its neutrino [1]. Electrons are familiar from electric
current and as constituents of atoms; they are the light-
est electrically charged particles. Muons and tau leptons
are also charged and can be considered to be heavier
electrons. Neutrinos are neutral and (almost) massless.
All of the leptons can be directly observed, some more
easily than others.

Quarks also come in three families, and they also have
electrical charge, but their charges are fractions of the
charge of the electron (+2/3 and −1/3). They can-
not be directly observed—the particles we do observe,
such as the proton and the pion, are made up of ei-
ther three quarks or a quark and its antiparticle, an an-

tiquark. Every particle has a corresponding antiparticle
with the same mass but opposite charge, for example,
the antiparticle of the electron is the positively charged
positron. Quarks that are produced in particle interac-
tions or decays materialize as “jets” of ordinary particles
collimated close to the original quark direction [2].

Four fundamental forces act on the fundamental
fermions: gravity, the weak force (responsible for nu-
clear beta decay), the electromagnetic force, and the
strong force. These forces occur through the exchange
of fundamental bosons: the graviton, the charged and
neutral W and Z bosons, the photon, and eight gluons.
(Gravity will not be discussed further here.) All of the
fundamental fermions have interactions via the weak
force, and all of the charged fundamental fermions have
electromagnetic interactions. Only the quarks can inter-
act via the strong force, and particles such as protons
that are made up of quarks and therefore have strong
interactions are called hadrons (the “heavy ones”). The
fundamental particles and forces are summarized in Fig.
1.

Photons, which have no mass, carry the electromag-
netic force, whereas the massive charged W and neu-
tral Z are responsible for the weak interactions; all of
these particles are spin-one bosons. The minimal stan-
dard model [4] requires in addition a massive scalar bo-
son, the Higgs boson, to allow the W and Z to be mas-
sive, as described by the Higgs mechanism [5]. The low-
est energy state of the Higgs field has a nonzero value,
which has the dimensions of mass. Particles obtain their
mass from their interactions with this Higgs field—this
is the reason the Higgs boson plays such a major role in
physics. The photon has no such interactions, so it re-
tains its massless character, while the masses of the W
and Z are approximately 100 times the mass of the pro-
ton. The asymmetry between the masses of the photon
and the W and Z bosons is called “electroweak symme-
try breaking.”

According to theory, the Higgs occurs as a doublet of
complex scalar fields, giving four degrees of freedom.
Three of the four degrees of freedom are unphysical but
are needed as intermediate states in the theory, while
the fourth degree of freedom corresponds to the sin-
gle physical Higgs boson. Once the Higgs mechanism
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FIG. 1: The fundamental fermions and force carrying bosons of
the standard model. (a) All matter is made up of leptons and
quarks, which are spin-1/2 fermions. There are three families
of leptons and three families of quarks. (b) The interactions be-
tween the fundamental particles occur through the exchange
of bosons: the photon for the electromagnetic force, W+, W−,
and Z0 for the weak force, and gluons for the strong force.
(From Ref. [3].) (Illustration: Alan Stonebraker)

is included, the electromagnetic and weak interactions
are unified into one interaction—the electroweak inter-
action [6].

The Higgs boson, or something else that plays its role,
is necessary in the standard model, but it has not yet
been observed. Therefore its discovery is of utmost im-
portance in particle physics. Searches have most re-
cently been carried out at the Large Electron Positron
collider (LEP) at the European Organization for Nu-
clear Research (CERN) [7] and at the Tevatron proton-
antiproton collider at Fermilab [8]. It is most likely, how-
ever, that it will be discovered at the Large Hadron Col-
lider (LHC) [9] at CERN.

At what mass should we be looking for the Higgs?
The mass of the Higgs boson is not specified in the stan-
dard model, but theorists think that it should be less
than about 1000 GeV (about 1000 times the mass of the
proton). In certain extensions of the standard model
such as supersymmetry there may be other constraints
on the mass. The couplings of the Higgs boson to other
particles determine its production rate and its decays to
other particles, and knowing these coupling strengths
within the theory allows the prediction of its decays as

functions of its unknown mass alone.
Couplings of the Higgs boson to other elementary

particles are directly related to its role in generating their
masses. The Higgs boson is produced in interactions in-
volving heavy particles, and its decays are in general
into the heaviest particles that are kinematically possi-
ble. If the Higgs boson is heavier than twice the mass of
the W boson, it decays primarily into W+W− and ZZ.
If it is lighter, its decays to pairs of heavy fermions (a b
quark and its antiparticle the b̄ quark, or a tau lepton τ−

and its antiparticle the τ+) become dominant [10].

Indirect limits on the Higgs boson
mass

The value of the Higgs boson mass affects the stan-
dard model predictions for electroweak quantities, such
as the mass and width of the W boson and the width
and other parameters of the Z boson, measured in
electron-positron colliders, hadron colliders, and else-
where through higher-order corrections to the basic cal-
culations, which are dependent logarithmically on the
Higgs mass. (Such corrections are dependent on the
square of the top quark mass and accurately predicted
it before the top quark was discovered.) These elec-
troweak quantities have been measured extremely pre-
cisely, for example at LEP, and global fits to the data
with the standard model Higgs mass as a free param-
eter provide limits on the Higgs boson mass, as shown
in Fig. 2[11]. The quantity χ2 is a statistical measure
of the agreement of the fit with the data, with the min-
imum value, χ2

min , at the most probable value of the
Higgs mass. The global electroweak fit yields ∆χ2 =
χ2 − χ2

min = 1 limits, corresponding to a 68% con-
fidence level or one standard deviation errors on the
Higgs mass of

mH = 87+35
−26 GeV (1)

or a one-sided 95% confidence-level upper limit, in-
cluding the band of theoretical uncertainty, on mH of
157 GeV. Precision electroweak fits thus prefer a rela-
tively low-mass Higgs boson.

The Higgs boson in supersymmetric
models

Supersymmetric extensions of the standard model
[12, 13] are particularly interesting on theoretical
grounds. In supersymmetric theories there is a link be-
tween fermions and bosons. Every particle has a su-
persymmetric partner with the same properties except
that fermions have supersymmetric partners that are
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FIG. 2: ∆χ2 = χ2 − χ2
min as a function of Higgs boson mass

mH . The solid line is the result of the fit, and the blue band
represents an estimate of the theoretical error due to missing
higher order corrections. The red dashed curve is the result ob-
tained using an alternative evaluation of ∆α5

had, the hadronic
contribution to the photon vacuum polarization. The magenta
dotted curve corresponds to a fit including low-Q2 data, such
as neutrino-nucleon scattering. The yellow shaded regions in-
dicate the exclusion regions from direct searches at LEP and
the Tevatron. (From Ref. [11].) (Illustration: Alan Stonebraker)

bosons, and bosons have supersymmetric partners that
are fermions. For example, the supersymmetric partner
of the electron, a spin-1/2 fermion, is the spin-0 scalar
electron, or selectron; the supersymmetric partner of the
spin-1/2 top quark is the spin-0 stop quark; and the su-
persymmetric partner of the spin-1 gluon is the spin-
1/2 gluino. Since such supersymmetric partners of the
known particles have not been discovered, supersym-
metry is broken, that is, the partners have larger masses
than the known particles. Supersymmetric theories pro-
vide a consistent framework for the unification of the in-
teractions at a high-energy scale and for the stability of
the electroweak scale. Supersymmetry appears to be es-
sential for string theory. In many supersymmetric mod-
els, the Lightest Supersymmetric Particle (LSP) is stable
(it does not decay) and is a candidate for dark matter
[14]. The measurement of the muon anomalous mag-
netic moment is significantly inconsistent with the stan-
dard model [15] and may be accounted for by supersym-
metry.

A general property of any supersymmetric extension
of the standard model is the presence of at least two
Higgs doublets, but there can be more. The simplest
supersymmetric model is the minimal supersymmet-
ric extension of the standard model (MSSM) [13]. In
the MSSM there are two Higgs doublets, resulting in

five physical Higgs bosons: three neutral (h, H, and A)
and two charged ( H± ). Masses and couplings in the
MSSM depend on standard model parameters plus at
least two other parameters, tan β and a mass param-
eter (usually mA). The mass of the lightest Higgs bo-
son, mh, is less than the mass of the Z, mZ, at the basic
level and thus it was thought that it could have been
found at LEP. However, mh is increased significantly
by corrections due primarily to the effects of the top
quark and its supersymmetric partner, the spin-0 stop
quark. Calculations within the MSSM and other super-
symmetry models obtain an upper limit for mh of typi-
cally about 130 GeV[13]. Thus the lightest Higgs boson
must be relatively light, as favored by the precision elec-
troweak data. In fact, fits to the precision electroweak
data within the constrained minimal supersymmetric
standard model (CMSSM) give [16]

mh = 110+8
−10(exp)± 3(theor) GeV. (2)

In the decoupling limit, m2
A � m2

Z, the lightest neu-
tral Higgs boson h couples in much the same way as the
standard model Higgs. The H, A, and H± are much
heavier and nearly degenerate.

Searches at electron-positron collid-
ers

Direct searches for the standard model Higgs boson
were carried out at the LEP electron-positron collider,
running at center-of-mass energies of 91 to 209 GeV, up
until the end of 2000, the final year of the LEP program.
The four LEP experiments were ALEPH [17], DELPHI
[18], L3 [19], and OPAL [20]. In electron-positron collid-
ers the Higgs boson would be produced in association
with a Z: e+e− → HZ (that is, a high-energy collision
between an electron and a positron would create a Higgs
plus a Z boson). Since electrons and positrons are fun-
damental particles, the collision makes use of their full
energy.

The Higgs and Z bosons were searched for by recon-
structing them from their decay products. At LEP ener-
gies, the kinematic limit for the mass of the Higgs boson
is about 115 GeV, so the dominant decay of the Higgs
would be into a pair of b quarks, with smaller fractions
of tau lepton pairs, W pairs (one W is virtual, that is,
its mass is not equal to the rest mass of the W boson),
or gluon pairs. An important constraint was the recon-
struction of the mass of the accompanying Z through its
decay products, and identification of b quarks was also
used. The event configurations searched were the four-
jet final state (H → bb̄, Z → qq̄), the missing energy final
state (H → bb̄, Z → vv̄), the leptonic final state (H → bb̄,
Z → e+e− or H → bb̄, Z → µ+µ−), and the tau lepton
final state (H → bb̄, Z → τ+τ− or H → τ+τ−, Z → qq̄).

Reconstructing these decays requires an array of
methods that have been designed into the experiments
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and used for other physics as well. Charged particles
leave trails in tracking devices, such as drift chambers
or silicon detectors, and their momenta can be measured
from how much they bend in a magnetic field. Neutral
particles such as photons leave energy deposits in the
detectors. Electrons and muons are identified through
their interactions with the material of the detector. Neu-
trinos do not interact with the amount of material in
the detector and so are identified by missing energy in
the reconstruction of the event, since the total energy is
known from the center-of-mass energy of the electron-
positron collision. Quarks are reconstructed from the
jets of particles they produce, charged or neutral, since
quarks cannot be directly observed. Jets from b quarks
can be distinguished by the rather long lifetimes of the
hadrons containing the b quarks. These hadrons de-
cay at some distance from the overall event production
point along the beams, and this displacement can be
measured in precision tracking devices.

When searching for the Higgs boson, physicists look
for events that meet the criteria expected for the Higgs.
However, there are background events, which are those
from other physics processes that mimic the character-
istics of the Higgs signal. There are significant num-
bers of background events due to W pairs and Z pairs,
which appear as four-fermion events due to their de-
cays, and quark-antiquark events. A signal due to Higgs
boson production would appear as an excess number
of events compared with these known standard model
backgrounds.

No statistically significant evidence was found for the
Higgs boson, and a combination of the data of the four
experiments gave a lower limit of mH > 114.4 GeV
at the 95% confidence level [21]. However, in the last
year of LEP running at center-of-mass energies above
206 GeV, some excess events were seen that were consis-
tent with background plus a Higgs boson of mass about
115 GeV[22]. The experiments requested an extension
of the LEP program for six months, but the request was
denied because it would delay the construction of the
LHC, which was built in the same tunnel as LEP.

The four LEP experiments also searched for neutral
Higgs bosons as predicted by the MSSM. The numbers
of events produced and Higgs decays in the MSSM are
determined by the parameters of the particular MSSM
model, so the interpretations of search results depend on
these parameters. The lightest Higgs boson h typically
decays into a pair of b quarks or a pair of tau leptons,
and the main production mechanisms are e+e− → hZ
and e+e− → hA, so searches for the standard model
Higgs boson can be interpreted within the MSSM. The
searches of the four LEP experiments were combined to
give limits on mh and mA of about 93 GeV at 95% con-
fidence level over most of the MSSM parameter space
[23]. The limit on mh gradually approaches that of the
standard model Higgs in the decoupling limit. In sum-
mary, no statistically significant evidence for a Higgs bo-
son was obtained at LEP.

Searches at hadron colliders

Plans were for Higgs boson searches to take place
at the Superconducting Super Collider (SSC), a 40-TeV
(one TeV equals 1000 GeV) proton-proton collider that
had started construction in Texas but was canceled in
1993. However, after LEP the search for the Higgs
boson then moved to Fermilab as an upgraded col-
lider and experiments began data taking. At proton-
proton or proton-antiproton colliders, unlike at electron-
positron colliders, the colliding particles are not funda-
mental. Protons (antiprotons) are made up of quarks
(antiquarks) and gluons, so the collisions involve quarks
with quarks (antiquarks) or gluons, or gluons with glu-
ons. The energies of the quarks or gluons within the
proton or antiproton vary as steeply falling functions of
the fraction of the total energy of the proton or antipro-
ton. Therefore the effective center-of-mass energy of the
collision is in general much less than that of the colliding
protons and antiprotons and varies over a wide range.
The energy transverse to the beam direction roughly
balances since the quarks and gluons travel in the same
direction as the proton or antiproton.

To date, searches for the standard model Higgs bo-
son have been performed at the Fermilab Tevatron
proton-antiproton collider at a center-of-mass energy of
1.96 TeV in the CDF [24] and D0 [25] experiments. The
dominant production mechanism for Higgs bosons at
the Tevatron would be through the interaction of a gluon
in a proton with a gluon in an antiproton (gluon-gluon
fusion). The Higgs can also be produced in association
with a W or Z boson through the interaction of a quark
in a proton with an antiquark in an antiproton (similar to
the production of HZ in an electron-positron collider).

With the data accumulated so far, the Tevatron experi-
ments are sensitive only to high-mass Higgs bosons that
decay into W pairs. Searches for low-mass Higgs bosons
are more difficult and require more data—there are very
large backgrounds that mask evidence for a low-mass
Higgs decaying into a pair of b quarks or a pair of
tau leptons. In order to control these backgrounds, re-
searchers look for the low-mass Higgs in association
with a W or Z boson, which reduces the number of pos-
sible Higgs events. In addition, the low-mass Higgs bo-
son must be identified by reconstructing it from a pair
of b-quark jets. There are still large numbers of back-
ground events, even with the requirement of identifying
an accompanying W or Z, and the mass peak from the
pair of b quarks must be well defined in order to observe
it above the background.

To search for a Higgs that decays into a pair of W’s, the
subsequent decays of the W into a lepton (e, µ, or τ) and
a neutrino are used. The signature for the Higgs is there-
fore events with two energetic electrons with opposite
charge, or two muons with opposite charge, or an elec-
tron and a muon with opposite charge, plus large miss-
ing transverse energy due to the two neutrinos, which
are not detected. (The tau contributes through its de-
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cay to an electron or a muon.) The main background
is due to electromagnetic production of a pair of oppo-
sitely charged leptons when a quark-antiquark annihila-
tion occurs (the Drell-Yan process), which is suppressed
by the requirement of large missing transverse energy.
Other backgrounds are due to WW, ZZ, WZ, and top
quark pair production with subsequent decays into lep-
tons. Both experiments compare the numbers of events
observed with the numbers of background events ex-
pected, plus a possible signal due to a standard model
Higgs boson of assumed mass produced at the predicted
rate in the standard model. They use statistical meth-
ods to determine upper limits (at the 95% confidence
level) on the possible production rate for the Higgs bo-
son compared with the standard model prediction. Nei-
ther experiment by itself can set a 95% confidence level
upper limit below the standard model prediction (exclu-
sion), but the combined results of the two experiments
exclude a standard model Higgs boson of mass between
160 and 170 GeV[26]. Discovery of a Higgs boson with
mass in the region 115–120 GeV by the Tevatron is un-
likely [27].

The Large Hadron Collider (LHC) at CERN, which
will begin data taking with proton-proton collisions in
early 2010 and will ultimately have a center-of-mass
energy of 14 TeV, will be sensitive to the entire mass
range of the standard model Higgs boson. Searches
for the Higgs boson will then begin in the ATLAS [28]
and Compact Muon Solenoid (CMS) [29] detectors. The
most important production mechanisms for the Higgs at
the LHC are similar to those at the Tevatron. The Higgs
decay into W or Z pairs will be used for the high-mass
region. For a low-mass Higgs boson, decays into pairs of
b quarks or τ leptons dominate; however, backgrounds
from ordinary quarks and gluons are expected to be too
large at the LHC to make these decay modes possible for
a Higgs search. Therefore the search for the low-mass
Higgs will rely on the decay into two photons, with a de-
cay fraction of only about 0.002. There is still consider-
able background in the two-photon channel due to real
photon pairs produced in standard model processes and
jets misidentified as photons, so the Higgs will be seen
as a small peak on top of a large background [30, 31].
Accurate reconstruction of the photons in the detector is
needed for the best definition of the peak.

Finding a relatively light Higgs boson (which seems
likely judging from the fits to precision electroweak
data) at the LHC will be difficult and will require—in
the language of high-energy physicists—several fb−1 of
integrated luminosity [32], as shown in Fig. 3. In this
context, luminosity is a measure of the collision rate of
the two beams, and integrated luminosity of the num-
ber of collisions. One fb−1 of integrated luminosity cor-
responds to the production of one event for a process
with a theoretical cross section of 1 fb and is thus a mea-
sure of the amount of data that needs to be acquired. In
practical terms, it means two to three years of data tak-
ing after the LHC begins operation at full energy will be

FIG. 3: Luminosity required for discovering the standard
model Higgs at the LHC (from Ref. [32]) as a function of Higgs
mass. Luminosity is a measure of the collision rate of the two
beams, and integrated luminosity of the number of collisions.
Two to three years of data taking after the LHC begins opera-
tion at full energy will be required for observation of the Higgs
boson. (Illustration: Alan Stonebraker)

required for observation of the Higgs boson. It may be
that a Higgs boson of mass 115 GeV, just above the LEP
limit, will be found. If this Higgs is the lightest MSSM
Higgs boson, then it is possible that supersymmetry will
be discovered first since the supersymmetric partners of
quarks and gluons, the squarks and gluinos, could be
produced copiously. This will be truly exciting!
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