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Finding the Higgs

Higgsmechanism is responsible for
generating mass of fundamental particles
(discuss later how)

Is it responsible for our mass?
(discuss later why)

Why have not we seen tHegs?
(A) It Is too heavy for past experiments
(B) it does not exist

If Higgsis so important:
{ how do we nd theHiggs?
{ or prove that it does not exist...

uuuuuuuuuuu



Produce the Higgs: Reaching Highest Energy




Large Hadron Collider: Running at Full Speed
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CMS Experiment

36 Nations, 160 Institutions, 2008 Scientists and Engineers (November 2003)

TRIGGER & DATA TRACKER :

ACQUISITION Austria, Belgium, CERN, Finland, France, New Zealand
Austria, CERN, Finland, France, Greece Ly ot d dpany’ Swimerland,EEfYUSS_la}AL ECAL
Hungary, ltaly, Korea, Poland, —

TN
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Belarus, CERN, China, Croatia, Cyprus, France, Ireland

Portugal, Switzerland, UK, USA y ltaly, Japan®, Portugal, Russia, Serbia, Swizerland, UK, USA

PRESHOWER

Armenia, Belarus, CERN, Greece,
India, Russia, Taipel, Uzbekistan

RETURN YOKE

Barrel: Czech Rep., Estonia, Germany, Greece, Russia
Endcap: Japan®, USA, Brazil

SUPERCONDUCTING
MAGNET

All countries in CMS contribute
to Magnet financing in particular:
Finland, France, ltaly, Japan®,
Korea, Switzerland, USA

n
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gl tFEET
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2 CALORIMETER

Hungary, Iran, Russia Turkey, USA

HCAL
: Barrel: Bulgaria, India, Spain®, USA . MUON CHAMBERS
Total weight : 12500 T Endcap: Belarus, Bulgaria, Russia, Ukraine Barrel: Austria, Bulgaria, CERN, China,
Overall diameter : 150 m HO: India Germany, Hungary, Italy, Spain,
Overall length : 21,5 m Endcap: Belarus, Bulgaria, China, ¥ Only through
Magnetic field : 4 Tesla Korea, Pakistan, Russia, USA industrial contracts
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Detecting Particles at CMS
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Production of the Higgs

Higgs interaction strength mass of particles

@

of color-neutral
& charge-neutraHiggs

Does not interact with

massless gluons directly

gg X
only through a "loop"

Very unlikely to interact with

light quarks in proton
qg! X
negligible
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Decay of the Higgs

Consider decay back to Standard Model particles

Decay to fermions

X1V Il ,qg
again very unlikely (light)

\_‘y,ZJW’g Decay to gauge bosons

| X! ,W'W ,ZZ, gg
Y stng trough a loop

X ) _ Z,W two likely channel8VW, ZZ
Z, W but Higgs mass 2my
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Next Steps

If there Is a Higgs

{ likely to appear as aresonanckon top of "backgrount
{ " backgrountl = random combination of particles
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Cartoon of an Experiment
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KinematicsokK ! ZZ andWW

We can describe kinematics of decay and distinguish froersth

Andre

i Gritsan, JHU August, 2011



Higgs at LHC

By the end of June 2011 collectetifb ! of data
100 trillion proton-proton collisions

for comparison, in 2010 we had.04 fb !

CMS Total Integrated Luminosity 2011 (Mar 14 09:00 - Aug 03 10:01 UTC)
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Higgs at LHC: Candidate EveHts! ZZ

CMS Experiment at LHC, CERN
Datarecorded: Fri Sep 24:02:28.58 2010 CEST
Run/Event: 146511 / 504867308

Luml section: 724

Orbit/Crossing: 189577049 | 2677

=raipy

Andrei Gritsan, JHU August, 2011



Higgs at LHC: Candidate EveHts! ZZ

C CMS Experiment at LHC, CERN

Data recorded: Fri Sep 24 02:29:58 2010 CEST
Run/Event; 146511 / 504867308

Lumi section: 724

Orbit/Crossing: 189577049 | 2677
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Higgs at LHC: Candidate EveHits!

L/
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CMS Experiment at LHC, CERN
Data recorded: Mon Jun 27 06:58:42 2011 CEST
Run/Event: 167807 / 966824024

Lumi section: 720

Crbit!'Crossing: 196361127 / 722
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Higgs at LHC: Candidate EveHts! ZZ

Data recorded: Mon Jun 27 06:58:42 2011 CEST
2 \ Rurn/Event: 167807 / 086824024
L \ Lumi section: 750

/ 1 \ OrbitfCrossing: 196361127 / 722

C MS i CMS Experiment at LHC, CERN
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Higgs at LHC: Candidate EveHts! ZZ

CMS Experiment at LHC, CERN

DCata recorded: Mon Jun 27 06:58:42 2011 CEST
Run/Event: 167807 | 966824024

Lumi section: 750

Orbit/Crossing: 196361127 / 722
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Higgs at LHC: Candidate EveHts! ZZ

C MS CMS Experiment at LHC, CERN
. . Data recorded: Sal Jun 25 08:34:20 2011 CEST
T q Run/Event: 167675 | BTEE58867
—~ . X Lumi section: 829
o T 4 OrbitfCrassing: 217104438 /1377
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Higgs at LHC: Candidate EveHits!
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CMS Experiment at LHC, CERN

Data recorded: Sat Jun 25 08:34:20 2011 CEST

Run/Event: 167675 / BT6658967

Lumi section: 829

Orbit/Crossing: 217104439 [ 1377
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Higgs at LHC: Candidate EveHts! ZZ

Data recorded: Sat Jun 25 08:34:20 2011 CEST
Run/Event: 167675 / 876658967

CM\S CMS Experiment at LHC, CERN

Lumi section: 829
Orbit/Crossing: 217104439 [ 1377
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HiggsatLHCH ! ZZ ! A4l

Perform statistical analysis of observed events
{ data are consistent with background only
{ can try to reject Higgs at 95% con dence
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Higgsat LHCH ! ZZ ! 2I2q

Perform statistical analysis of observed events
{ data are consistent with background only
{ can try to reject Higgs at 95% con dence
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Higgs at LHC: Combine All Channels

Combine all Higgs channels
{Higgd ; ;WW;ZZ ,withzZZ ! 4;22q9;22
{ reject Higgs at 95% con dence In large range of mass

& 2L CMS Prellmlnary \s = 7 TeV Combined
b 10° et 2 waea H— WW (1.1 o)
TXR DN s H— vy (1.1 67

e e e AR H- 1t (1.1 fb"?
© —— HZZ4 (11107
b | ——— H—ZZ—2l2q (1.0fb")
= N\ S H—>ZZ+2I2V(11fb1)
_IU) 1 O IURNROORNY A0 WOt .....
O B

100 200 300 400 500 800
Higgs boson mass (GeV/c?)
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Closing on the Higgs

We are excluding large range of masses now

Preparing new results by mid-August, LHC performs we|
Even better by the end of 2011, and in 2012

We will eitheFFIND or REJECTthe SM Higgs hypothesis

{ both options are exciting

{ both will be only the rst step to explain puzzles

(1) If Higgs found, still new discoveries expected to expl
Incosistencies of the model

(2) If Higgs not found, even more expected to explain th
mechanism of mass

uuuuuuuuuuu



What Is the Higgs Particle?

This answer Is probably not very satisfying to see rst:

Higgs appears from introduction of this Lagrangian

In the quantum eld theory of particles
2 3

1 1 1
L -_ 2 4 2 2+ o 45
(D




What is Higgs?

There are several phenomena:
{ Peter Higgs

Higgs mechanism

{

{ Higgs eld
{ Higgs particléstill elusive particle)

People sometimes confuse these phenomena
{ especially the last two

So far there Is hard evidence only for the rst:

{ 1964 article byPeter Higgsn Physics Review Letters
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Why is it Higgs Mechanism ?

In fact, there are several names of the Higgs mechanisn

{ BroutEnglertHiggsmechanism

{ HiggsBroutEnglertGuralnikHagerKibblemechanism
{ AndersofHiggsmechanism

{ Higgsmechanism is just simpler

{ all for authors of independent papers on the topic

Partly due to ironic history with the paper-ygs

{ rejected from Europedthysics Letters
\of no obvious relevance to physics"

{ added a paragraph predictingew particle

uuuuuuuuuuu



Spontaneous Symmetry Breaking

Spontaneous symmetry breakinddiggs mechanism
3 quark families matter over antimatter asymmetry

The Nobel Prize in Physics 2008

"for the discovery of "for the discovery of the origin of the
the mechanism of broken symmetry which predicts the
spontaneous existence of at least three families of
broken symmetry in quarks in nature”

subatomic physics”

& The MNobel Foundation Photo: © The Nobel Foundation Phato:

Phato: Unie sity of Chicago U WA U WA
Yoichiro Nambu Makoto Kobayashi Toshihide Maskawa
(D 1/2 of the prize (% 1/4 of the prize (% 1/4 of the prize
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Spontaneous Symmetry Breaking

Symmetry spontaneously broken: pigkv
at minimum opotential energgf Higgs eld (4 < 0)

1
: : : — 2 2 2 2 2

’ SR
SO
XSS

Higgs particle described by one eld component

|
<
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What about other Higgs eld components?

The other eld components; 3; 4 \couple”
to Weak Interaction bosoaAs W , W °
and glve themass

' <00 @ +o0@
@—ee@—ﬁL | | %ﬁ&—é

Photon Is the same Weak Interaction boson
but remainsnassles@loes not couple to Higgs eld)




All Elementary Particles get Mass from Higgs Fi

Fermionss = 3 (matte Nﬂtl-matte)

Bosonss = h (force carrigs

EM strong massless

y g (weakforce bosons mass)

uuuuuuuuuuu



What Is Higgs?

Higgs mechanism

{ existence ofHiggs eld

{ spontaneous symmetry breaking and \gauge" invariance
(interaction withZ; W )

{ givesmassto all elementaryparticles

{ predicts existence dfliggs particle

Everything works perfectly, except:

{ we have not observed theiggs particleyet

Wwhy:  { Higgs particlas too heavy to produce (if it exists)
(more than100 proton mass)

{ hope to produceor excludeat Large Hadron Collider

{ still possible that Higgs mechanism is not correct
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Do we have mass due to Higgs mechanism?

Yes and no

{ we are not elementary particles...




What does give us mass? Molecules? Atoms
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What does make mass?

What gives us mass?

Molecules Atoms Nucleus




\Periodic Table" of Baryons: Proton, Neutron,...

Three quarks make uBaryon




What Gives Mass to Baryons: Proton, Neutron,

Remember Einstein's formula
E = mc:2

m(u or d) < 1% m(proton)

Mostly energy of gluons and quarks inside gives proton m

not really the Higgs mechanism




But Higgs Mechanism is Very Important

Makes Weak Interactions weak;: mass b W™
similarly rst step in sun fusion

p+p! d+e" + ¢

Makes certain hierarchy of masses

essential for our existence




Hypothetical Scenario: Di erent Quark Mass

Again, normally proton is stable and neutron decays:
m(n) > m(p) + m(e) + m( )

Why is mQ) > m(p)

{ m(p) = 938 MeV, mh) { m(p) = 1.3 MeV

{ tiny di erence makes a big di erence!

{ naively expect pj > m(n) if u andd were the same
{ but m(d) > m(u)

New scenario

{ what If m(d) < m(u)

uuuuuuuuuuu



Hypothetical Scenario: Di erent Quark Mass

If m(d) < m(u), proton decays:

Conseqguence: no HydrogenHn0, no life

{ still haveHe*, rapidnn fusion, instead of slowgp

uuuuuuuuuuu



We are likely to nd more than just Higgs

New Gupe)ysymmetry:
Qjfermiom=jboson
QJboson=fermiom

Solve:

(1) natural light
Higgs

(2) dark matter
ightest ~;

(3) largemattervantimatter

Just around the corner in mass...

uuuuuuuuuuu



BACKUP SLIDES



(1) Another Scenario: Muonic World

We would get a muonic atom:

Size changes:

) 2
radiusr = 4m—0£‘2~, 200 smaller !

Hydrogen radius

_ 4 oh? _ 11
r—m—eoeT—S 10 - m
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(1) Scenario: Muonic World

However muonic hydrogen would decay:

Not very interesting universe
{ lled with neutral \balls" of neutrons and neutrinos
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(1) Scenario: Muonic World

Normally neutron is not stable (life 886seconds)
m(n) > m(p) + m(e) + m( ¢)

But stable in the muonic world:
m@n) < m@p)+m( )+m( )

uuuuuuuuuuu
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Look Beyond the Standard Model

Why doesnatterdominate (Sakharov):
{ CP-asymmetry
{ baryonnon-conservation
{ nonequilibrium
MysterioudH iggs eld
{ gives mass to particles

Need somethingeyondhe SM

{ large CP-asymmetry
{ dark matter

{ hght Higgs

300
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