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| Vacuum cleaners are, in themselves, silent. What makes the noise vou find so offensive are the actual particles of dirt and
pollution in the space being cleaned. If vour living room were clean when vou vacuumed, then vour vacuum cleaner would make
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by vacuuming in outer space, itself a perfect vacuum. Space is also incredibly ¢lean. Astronauts reported that even the most
powerful, poorly maintained vacuum cleaners made absolutely no noise in space. Millions of vour tax dollars went toward
proving this.
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explain it in 60 seconds

The HIQQE DOS 0N, afundamental particle predicted by thearist

Feter Higgs, may be the key to understanding why elementary paricles
have mass. Explaining the connection, | am reminded of the puzzler, "If
sound cannaot travel in a vacuum, why are vacuum cleaners so noisy?”
This riddle actually touches on a profound insight of modern physics: the
vacuum—ar empty space—is far from empty. It is indeed “noisy”™ and full
of virtual particles and force fields. The origin of mass seems to be
related to this phenomenan.

In Einstein’s theory of relativity, there is a crucial difference between
massless and massive paricles: All massless particles must travel at
the speed of light, whereas massive particles can never attain this ultimate speed. But, how do massive paricles arise? Higgs
proposed that the vacuum contains an omnipresent field that can slow down some (otherwise massless) elementary paricles—like a
vat of molasses slowing down a high-speed bullet. Such paricles would behave like massive paricles traveling at less than light
speed. Other particles—such as the photons of light—are immune to the field: they do not slow down and remain massless.

Although the Higgs field is not directly measurable, accelerators can excite this field and "shake loose”™ detectable particles called
Higgs bosaons. 5o far, experiments using the world’s most powerful accelerators have not observed any Higgs bosons, but indirect
experimental evidence suggests that particle physicists are poised for a profound discovery.

Howard E. Haber, University of California, Santa Cruz
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The Higgs Boson Explained from PHD Comics on Vimeo.



Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model is a quantum theory that our curment k dedge of the physics of fund: icles and | i il d by forces and by decay rates of unstable particles).
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additional quark-antiquark pairs. The quarks and antiquarks then combine into hadrons: these

Electric charges are given in units of the proton's charge. In Sl unils the electric charge of the proton
are the particles seen o emerge.

is 1.60x10" " coulombs.

Two types of hadrons have been cbserved in nature mesons g and baryons ggq. Among the

many types of baryons observed are the proton (uud), antiproton (00d), neutron (udd), lambda A
(uds), and omega (I (sss). Quark charges add in such a way as lo
make the proton have charge 1 and the neutron charge 0. Among
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The energy unit of particle physics is the electronvolt (eV), the energy gained by one
electron in crossing a polential differance of one voll. Masses are given In GeVic?
(remember E = mc?) where 1 GeV = 10% sV =1.60x10 "7 joule, The mass of

the proton is 0.938 GeVic? = 1.67<107%7 kg.
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Particle Processes Jnsolved Mysteries
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Ingredients of the Standard Model of

Particle Physics

e Quantum field theory (marriage of quantum mechanics
and special relativity)

e Elementary spin-1/2 fermions (the quarks and leptons)

e Forces (electromagnetic, weak and strong) mediated by
spin-1 gauge bosons

Mathematical consistency seems to require massless
gauge bosons (e.g., the photon and the gluons)



Gauge invariance in guantum mechanics

The time-dependent Schrodinger equation in an external
electromagnetic field:

z’haw = il v2¢+€_hj V¢+@w(§- 1) +

ot om me me 2mc? v +epy

where the magnetic and electric fields are defined in terms of
the vector and scalar potentials:
10A

B=VxA E=-V¢— ———
’ e c Ot

The Schrodinger equation is invariant under the gauge
transformation:

A— A+ VX(7 ), czﬁ%gb—laxét ‘)




Gauge invariance in quantum field theory

In relativity, introduce four-vectors:

Au:(éa_j); 8/,6_(%%76); (MZO,LQ,S)
U(1)-gauge invariance (electromagnetism):
1eX
Ap, — A,u, — 8;1,X7 779 — exp (%) %D

Non-abelian (Yang-Mills) theory:

A,, and U are n x n matrices, v is an n-component “vector”

with invariance under generalized gauge transformations:

h
A, — UA, UL — %U&uU_l, ) — Uy



Implications of gauge symmetry

 Mathematically consistent theories containing
charged (self-interacting) spin-one particles MUST be
gauge theories

* Gauge invariance forbids an explicit mass term in the
Lagrangian of a spin-one gauge boson

* But, the gauge symmetry of the Lagrangian may not
be respected by the vacuum

* Gauge boson masses can potentially be generated by
guantum corrections (due to the interactions with other
sectors of the theory)



Contrast between massless and massive bosons

The potential energy between interacting particles is the
Fourier transform of the quantum mechanical amplitude for

“particle exchange.”

m=0: vyields long-range
1/r Coulomb potential

m>0: vyields short-range
Yukawa potential
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green antiblue
gluon

between quarks between nucleons

Strong Interaction



Massless and heavy

spin 1 particles

Heavy spin 1 particles can spinin 3 directions:

v w §

Massless particles must have their spin-axis
either parallel or anti-parallel to their direction of motion:

{
4o 4> @

They can only spin in 2 directions.



Breaking the Electroweak Symmetry

Higgs imagined a field filling

all of space, with a “weak charge”.

Energy forces it to be nonzero at bottom of the “Mexican hat”.

symmetric
my = my = my =0

A energy stored
in Higgs field

Higgs boson

broken symmetry
m~y = 0
myy, my 7 0

extra W,Z polarization

value of Higgs field

13



“A severe case of symmetry breaking!™



‘ Standard Model masses and Higgs couplings I

Gauge bosons (V = W or Z) acquire mass via interaction with the Higgs
vacuum condensate, (®Y) = fu/\/i where v = 246 GeV.

V. Ao v V. Ao v V. Ao vV
‘ ' ‘ \ / \
0 0 0
N N h h h
Thus,
2 _ 1.2 2 2 2 /2
my = 3910°, ghvv = 2my /v, Jhhvy = 2my, /v°,

i.e., the Higgs couplings to vector bosons are proportional to the

corresponding boson squared-mass.

Likewise, by replacing V' with the Higgs field A" in the above diagrams, the

Higgs self-couplings are also proportional to the square of the Higgs mass:

3m? 3m?
mj, = Av?, Ghhh = 3AV = . iy ghhhh = 3A = UQh




Fermions in the Standard Model

Under the electroweak gauge group, the right and left-handed components

of each fermion has different SU(2)xU(1)y quantum numbers:

fermions || SU(2) | U(1)y

(v, e )L 2 —1
€p 1 —2

(u, d), 2 1/3
UR 1 4/3
dr 1| —2/3

The electric charge is related to the U(1)y hypercharge by Q = T5 + %Y.

Before electroweak symmetry breaking, Standard Model fermions are
massless, since the fermion mass term is not gauge invariant. The quark

and charged lepton masses are generated by virtue of their interactions with

the Higgs boson.
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Thus,
ghff — mf/’U )
I.e., Higgs—fermion couplings are proportional to the corresponding fermion

Mass.

The bottom line

e Higgs bosons couple to other bosons with strength proportional to the

boson squared mass.

e Higgs bosons couple to fermions with strength proportional to the fermion

Mass.

e The Higgs mass itself (or equivalently, the self-coupling parameter J, is

the only undetermined parameter.




Importance of the loop-induced Higgs couplings for the LHC Higgs program

1. Dominant LHC Higgs production mechanism: gluon-gluon fusion. At
leading order,

do 7T2F(h0 — gg)
hY + X

(@4, mp)g(x—,mp)

where g(z,Q?) is the gluon distribution function at the scale Q° and
v = mpetV/ /5, y = in (E+pL)

p

2. For m; ~ 125 GeV, the main discovery channel for the Higgs boson
at the LHC is via the rare decay h’ — 7. The Higgs boson couples to
photons via a loop of charged particles:

f gl




Probability of various Higgs boson decays

Spira et al.hep-ph/9803257
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‘ Present Status of the Higgs boson—Part | I

1. Experimental mass bounds excluding the Standard Model Higgs boson

From 1989-2000, experiments at LEP searched for ete™ — Z — RYZ
(where one of the Z-bosons is on-shell and one is off-shell). No significant

evidence was found leading to a lower bound on the Higgs mass

mp > 114.4 GeV at 95% CL.

After more then ten years of running, experiments at the Tevatron report

in arXiv:1203.3774 [hep-ex| a combined exclusion limit of:

147 GeV < myp, < 179 GeV  excluded at 95% CL.




Tevatron Run Il Preliminary, L <10.0 fb
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Observed and expected 95% CL upper limits on the ratios to the SM cross section, as functions of the Higgs boson mass for the
combined CDF and D@ analyses. The limits are expressed as a multiple of the SM prediction for test masses (every 5 GeV) for
which both experiments have performed dedicated searches in different channels. The bands indicate the 68% and 95% probability

regions where the limits can fluctuate, in the absence of signal.



LHC data from 2011 increases the excluded Higgs mass region.
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For example, the CMS Collaboration quotes in arXiv:1202.1488 an exclusion limit of:

127.5 GeV < mj < 600 GeV excluded at 95% CL.

The ATLAS Collaboration exclusion is not quite as good at the highest masses. But in
Phys.Lett. B710 (2012) 49-66, ATLAS excludes Higgs masses between 112.9 GeV and
115.5 GeV, slightly extending the LEP Higgs mass bound.



2. Upper bound from precision tests of the Standard Model

Precise tests of the Standard Model are possible given the large sample of
electroweak data from LEP, SLC and the Tevatron. Although the Higgs
boson mass (my) is unknown, electroweak observables are sensitive to my,

through quantum corrections. For example, the W and Z masses are shifted

slightly due to:
R0 R

Ve Sy

The my dependence of the above radiative corrections is logarithmic.
Nevertheless, a global fit of many electroweak observables can determine

the preferred value of m;, (assuming that the Standard Model is correct).



LEP /Tevatron Electroweak Working Groups: the Standard Model global fit

my, = 94730 GeV Imp, < 157 GeV one-sided 95% CL].
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Is a very heavy Higgs Boson excluded?

If new physics beyond the Standard Model exists, it almost certainly couples to W and Z
bosons. Then, there will be additional shifts in the W and Z mass due to the appearance
of new particles in loops. In many cases, these effects can be parameterized in terms of
two quantities, S and T [Peskin and Takeuchi], where S = T = 0 corresponds to the
Standard Model with a Higgs mass of 120 GeV.
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The Large Hadron Collider (LHC) is now in business!
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CMS
A Compact Solenoidal Detector for LHC

mmmﬁ . 4 Tesla CMS-PARA-O01-11/07/97  uswm
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Different elements of the detector help to distinguish
particles that are produced in the collision.

Muon
Spectrometer

Hadronic
Calarimeter

charged
hadron

o neutral
hadron

Electromagnetic
Calorimeter

Solenoid
Transition
Radiation
Tracker
Pixel
detector

Tracking
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that decays
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ATLAS
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‘ SM Higgs production at hadron colliders I

At hadron colliders, the relevant processes are

g9 = h°, B’ =y, VV),
90 = qqV IV = qgh®, B’ — gy, 7T, VYV,
g7 =V S vRY . A% — b, W)

99,97 — tth®,  h® — bb, vy, WW ),

where V =W or Z.




‘ Higgs boson cross sections and branching ratios I
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SM Higgs cross-sections at the LHC at /s = 7 TeV [left pane] and the SM Higgs
branching rations [right pane], taken from the LHC Higgs Cross Section Working Group,

available at https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections.



‘ SM Higgs decays at the LHC I

1. For 114 GeV < my < 130 GeV, the rare decay h’ — ~~ is the most promising
signal.

8

8
2. For 130 GeV < my, < 190 GeV, the decay h® — WW ™) — ¢v4hadron jets is

the dominant channel: h — WW?* — ¢Tvf T is also useful.
v

QS

o 4 +p—ptp—
3. For 190 GeV < my < 700 GeV, thedecay h™ — ZZ — €707 €70 is the golden
channel; h — ZZ — 070~ vv is also useful.

e—l—
Z

/-

]’LO _____ €_|_
A4



First observations
of Higgs at the LHC

Higgs at ATLAS



Hints of a Higgs boson signal in the CMS detector
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The observed local p-value p, as a function of the SM Higgs
boson mass in the range 110-145 GeV, for the full combination
and the individual decay modes. The global significance of the
observed maximum excess (minimum local p-value) for the full
combination in this mass range is about 2.10, estimated using
pseudoexperiments. The dashed line on the left plot shows the
expected local p-values p,(m,,) for the combination, should a
Higgs boson with a mass m,, exist.
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The 95% CL upper limits on the signal strength parameter y = o/o,,
for the SM Higgs boson hypothesis as function of the Higgs boson
mass, for the ZZ+yy sub-combinations. The observed values are
shown by the solid line. The dashed line indicates the expected median
of results for the background only hypothesis, while the green (dark) and
yellow (light) bands indicate the ranges that are expected to contain 68%
and 95% of all observed excursions from the median, respectively. The
limits are obtained with the asymptotic CL  approximation.
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The observed local p-value p, as a function of the SM Higgs
boson mass in the range 110-145 GeV. The global significance of
the observed maximum excess (minimum local p-value) in this
mass range is about 2.10, estimated using pseudoexperiments.
The dashed line on the plot shows the expected local p-values
po(my), should a Higgs boson with a mass m,, exist.

m, = 124 GeV CMS,\s =7 TeV
Combined (68%) | L =4.6-4.8 fb’
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Best fit G/GSM

Values of [i = /o), for the combination (solid vertical line)

and for contributing channels (points), for a hypothesized

Higgs boson mass of 124 GeV. The band corresponds to

+10 uncertainties on the overall {i value. The horizontal bars
indicate +10 uncertainties on the [i values for individual channels.

Reference: arXiv:1202.1488



http://arxiv.org/pdf/1202.1488.pdf

Hints of a Higgs boson signal in the ATLAS detector
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The local probability pO for a background-only experiment
to be more signal-like than the observation, for individual
channels and the combination. The full curves give the
observed individual and combined p0. The dashed curves
show the median expected value under the hypothesis of
a SM Higgs boson signal at that mass. The two horizontal
dashed lines indicate the p0 corresponding to significances
of 20 and 30. The points indicate the combined observed
local pO estimated using ensemble tests and taking into
account energy scale systematic uncertainties (ESS).

95% CL Limit on c/cSM
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The 95% CL upper limit on the Standard Model Higgs boson production

cross section divided by the Standard Model expectation as a function

of mH is indicated by the solid curves for the combination of the low

mass resolution channels H>WW(*)->l+vl-v, H->bb and H->t+t- (red)

and the combination of the high mass resolution H->yy and H->ZZ(*)>+|-1+-
channels (blue). The dashed curves show the median expected limit in the
absence of a signal and the green and yellow bands indicate the corresponding
68% and 95% intervals for the full combination.

Reference: arXiv:1202.1408



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-03/
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Coming Attractions

2012 LHC data:

e Center of mass energy increased to 8 TeV

Nearly 5 fb™ of data collected (equal to the entire 2011 run)

Analysis of the 2012 data (so far) to be revealed at ICHEP in
Melbourne, Australia, July 4—11, 2012

e Expect an additional 10 to 15 fb™ of data by the end of 2012

There should be sufficient data at the end of 2012 to provide
a 5o discovery of the Higgs boson, if present.



What to look out for

* Will evidence for the Higgs boson be confirmed?

e Do the properties of the Higgs boson match the Standard Model
predictions?

* The precision of the Higgs measurements is not likely to be better
than about 20%. One can exclude the existence of the
“Standard Model Higgs boson,” but one cannot claim
a discovery of the Standard Model Higgs boson.

 Many theoretical models of particle physics (which invoke new
phenomena beyond the Standard Model) contain a
Higgs particle with Standard Model-like properties

* The fun really starts if a Higgs particle is discovered with some
of the properties of the Standard Model, but with some
observable deviations.

Whatever happens, one thing is certain: 2012 is sure to be
a watershed year in particle physics.
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