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What is a Boson?

e We know 12 bosons: photon, Z", W, W, 8 gluons
e Photons () are massless vector (spin=h=1) bosons
o 7' and W+ are heavy — weak force

e Gauge bosons in unified electro-weak theory
after spontaneous symmetry breaking

v) = cos Oy |B”) + sin Oy, |[IWY)  light (massless)
Z%Y = sin Oy | BYY + cos Oy |[WWY)  heavy

0y - Weak mixing (Weinberg) angle
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Path from Light to Heavy

e Early moments of the Universe

— massless particles: B and W9, W+, W~,..
— all forces unify
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e As Universe cools down

© o

— symmetry spontaneously breaks

— weak interactions become weak (Z", W+ mass)
— Higgs field — possible mechanism
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The Englert-Brout-Higgs-Guralnik-Hagen-Kibble Mechanism

e Symmetry spontaneously breaks near minimum (vacuum) energy

of nggS field (gblv ¢27 ¢37 ¢4)
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e Higgs particle described by one component of the Higgs field
h=ao¢ —v
e [he other Higgs field components ¢, @3, ¢4, couple to Weak bosons
ZY, W—, W™ and generate mass, longitudinal polarization (not )
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ldea - the Higgs Field

e Empty space filled with invisible " force” — the Higgs field

30 July 2012
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ldea - the Higgs Field

e [he Higgs field clusters around the particle — gives mass

0000000000



ldea - the Higgs Field

(no particle)

e Pass energy into the Higgs field




ldea - the Higgs Field

e The Higgs particle cluster created from the Higgs field

30 July 2012
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Vacuum

e As far as we can tell vacuum (empty space)

Is not exactly empty

I

——

e like a bank account balance:
when you take all your money out

| o HJ ;
there 1s a minimum balance left il |

e Invisible "force” present

— dark energy

— Higgs field

Andrei Gritsan, JHU \Y% 29 December 2011



2011 Nobel Prize in Physics

e Accelerating expansion of the Universe

requires some kind of "dark energy” through empty space

The Nobel Prize in Physics 2011
Saul Pedmutter, Brian P. Schmidt, Adam G. Riess

The Nobel Prize in Physics 2011
Mot Prize Awsnd Ceramory

Saul Perdmulies

Bran P Schredt

AudE G, PeEsS

-

o e Sornbelich, Coomice e

ti Homersnod S e

ke flecka A Sl Lirn

Saul Perlmutter Brian P. Schmidt Adam G. Riess

The Mabel Prize in Physics 2011 was divided, one hallf awarded to Saul Perimutter,
the ather half jointly to Brian P. Schmidt and Adam G. Riess “or the discovery of
the acceleratmg expansion of the Universe through obsenations of distant
supemovas”,
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Puzzles of the Universe

e Dark energy (~70%)
— do not know what it is; explain accelerated expansion

e Dark matter (~25%)
— does not emit light, but seen with gravity

e Ordinary matter (~5%)
— the only thing we knew until recently: from Hydrogen to Uranium

e Ordinary antimatter (~0%)
— equal amount of matter and antimatter in the Big Bang

e Origin of mass
— everything created equal and massless in the Big Bang
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Mass of Matter

e Most of our mass is in protons and neutrons in atoms

Majority from quark-glue soup
m,c® = 938 MeV

Some from the Higgs field
myc* ~ few MeV

but Higgs field is very important
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Higgs Field in our Lite

e Remove the Higgs field:

— catastrophic decay of a proton

— no water (hydrogen)

e Origin of Sun light
Weak (slow) fusion pp

Remove the Higgs field — Sun burns out quickly

Andrei Gritsan, JHU XXXI 29 December 2011



Mass of Matter

e Higgs mechanism works with fermions (ad hoc) \
fermions (S = ) occupy space = matter anti-matter

2
¢ ©
"'Ve ¢V

leptons

e Proton mass m,c* = F(sea)
not from Higgs field
energy of gluons & quarks

m, = 938 MeV
my, ~ 2.5 MeV, mg ~ 4.9 MeV
~ 50% gluon, ~ 50% qq sea energy

u, u, d set quantum numbers and interactions
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Higgs Mechanism in our Life

e Without a Higgs

= catastrophic

= no H>O (water), no life
but safe from m, < my

e Origin of Sun lig

starts from Wea

p+p—dipn)+e" + v

slow burning due to heavy W+

-like mechanism: m, = my = m, >m,

decay of a proton

Nt

k fusion

no Higgs-like mechanism = myy = 0 = no Sun by now

hot in the Sun ¢

ore (~ 107 K), not as hot as at LHC (~ 10'° K)
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o Lasge Hadron Colllier



The Large Hadron Collider

L

lq;l-gc -BB CERN
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The Large Hadron Collider

e What has changed? %10 data since Summer 2011

>

1000 trillion proton-proton collisions in 2011-2012

> 10 billion events recorded, ~0.6 Mbyte each (~Petabyte)
> 100 million Z° bosons
> 100 thousand Higgs bosons produced — if it exists
e Before LHC: 1000 [T
------ Z polea asymr;etries ad - S - - ):
500 [— — - M, J/ L -7 -
— — — low energy I !’l,” 7
300 |-—-— m, S - T K“‘ >
200 [ !/!‘7;‘,"// P
3 Tevatron excluded (95% CL) -~ 8" | .-~
S, 100
=" all data (90% CL)
50
30
20

145 150 155 160 165 170 175 180 185 190
m, [GeV]
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The Large Hadron Collider

‘l h---.i,:_ - T 'i‘

one of the coldest places (1 9;K 96T He)

-nﬂ—*_ s

one of the hottest places (10'9°C)

——

vacuum emptier than outerspace (10~ '" Torr)

the fastest racetrack (v, = 0.999999991(})

the largest electronic instrument (27 km)

30 July 2012




Global Effort at the Large Hadron Collider

e 1991: first World Wide Web (http://www...) server at CERN

e 20 years later: LHC Computing Grid

— distributed across >34 countries
— 200,000 computer cores
— 150 Petabytes of disk space
Petabyte = Million Gigabytes
1 Gigabyte ~ 1 CD

e Flow of data from one experiment alone (CMS):

> 300 trillion proton-proton collisions in 2011
> 3 billion "events” recorded on disk in 2011

Andrei Gritsan, JHU XLIII 29 December 2011



The Large Hadron Collider

e ATLAS & CMS
detectors sort it out
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Production of New Particles at LHC

e Particles are produced and decay: X = Z', Higgs, RS Graviton, ...

Andrei Gritsan, JHU XV 30 July 2012



The CMS Detector

e Complex detector

to sort collision debris out

Andrei Gritsan, JHU XVI 30 July 2012



The CMS Detector
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The Silicon Pixel Detector
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The Silicon Strip Detector

15148 digital strip (2D) " cameras”
10 million channels
area the size of a-te

Andrei Gritsan, JHU 30 July 2012



Electromagnetic Calorimeter

76 200 crysfgl
heavier t/adn sfa

"’*r"&
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Hadronic Calorimeter and Muon System

II brass shells = HCAL absorber

Ilght S|gnal ; —

" Dsmill] ion \7“V4 res
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Detection of Major Objects

e Leptons: /* in Si Tracker: ¢* (EM Calorimeter), 11~ (Muon System)
e Photons: 7 (EM Calorimeter)
e Quark g & gluon g jets — "Particle Flow” thru Hadronic Calorimer

e Neutrinos v = missing energy ("MET")

; I | | 1 I I | 1
xxxxxxxxxxxxxxxxxx (CERN om im m Im am 5m &m 7m

Key:
- Mucn
Electron
Charged Hadron (e.g. Pion)

— = — - Neutral Hadron {e.g. Neutron

pr = 63.7 GeV

Electromagnetic

HHHHHH
Calorimeter

WW — (e7v)(pv)
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An Experiment
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Kinematics in the Experiment
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The Standard Model Higgs
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CMS: H =277%
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Run 146511 Event
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CMS Experiment at the L




Analysis performed “blind”
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More information in data analysis

2D analysis using {m,, MELA}

MELA offers powerful discrimination of background

5 1 CMS Preliminary \Ns=7TeV, L|=5.?5? P':;Vl's':?'r'e\f*:'s:zs' Illa"
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m(4l) spectrum
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Results: MELA 2D plots

Perform 2D ﬁt 1 CMS Preliminary 2012 Vs=7 TeV, L=5.05 fb™": Vs=8 TeV, L=5.26 fb"
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Results: MELA 2D plots
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95% CL limit on o/0,,
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CMS Experiment at the LHC, CERN

Data recorded
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S/B Weighted Mass Distribution

* Sum of mass distributions for each event class, weighted by S/B
— B is integral of background model over a constant signal fraction interval

<2000
(31800
©1600
1400

CMS Preliminary —e— S/B Weighted Data
\s=7TeV,L=5.1fbo" S+B Fit

_8TeV L=53fy! Bkg Fit Component
\s=81leV,L=>5. ]+

[ +20

’Q
&
&
.h
&

IIIIIIIlIIIIlIIIIII]IIIIIllll

-



95% CL Exclusion for SM Higgs

H — Observed (Asyrhptotic) |

:_ -------- Median Expected (Asymptotic)
- [ + 1o Expected

T [ ] +20 Expected

CMS Preliminary
Vs=7TeV,L=5.11fb"
Vs=8TeV,L =5.3fb"

. . .

1><<5$,\,I

J-i:l 11| | | I | | | 11
q10 115 120 125

130

135 140 145

150

m, (GeV)

* Expected 95% CL exclusion 0.76 times SM at 125 GeV
 Large range with expected excusion below o,,

e Largest excess at 125 GeV
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P-Values

Interpretation Requires LEE

CMS Preliminary
V\s=7TeV,L =5.11fb"
s...8TeV L = 53fb1

10"

Local p-value

| \‘\ 5 :

107

10°

T\ il D .................. ...............

Observed (Asymptotic) -

----- 1x SM Higgs Expected (Asimov)

7 TeV Observed (Asymptotic)

8 TeV Observed (Asymptotic) N

[ A T N T N TN NN N TN N TN NN N T NN TN N B

105 11111111]1111

110 115 120

125

4G

130 135 140 145 150

m, (GeV)

 Minimum local p-value at 125 GeV with a local significance of 4.1 ¢

* Global significance in the full search range (110-150 GeV) 3.2 ¢
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Two channels ZZ and 2gamma
combined

CMS Preliminary Ys=7TeV,L=5.05f";ys=8TeV,L=5.26fb"
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The ATLAS experiment has it too
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Seminar at CERN on July 4, 2012
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What |s Next



Discovery of a New Boson

e Major Discovery of the decade(s)

O ——=—D

new form of matter / energy (
e Still need to solve

(1) dark matter
e.g. lightest X!

(2) large CP phases (matter)
and baryon violation

(3) unification of forces ...
e Higgs may be beyond SM

e.g. Supersymmetry:

Q|fermion)=|boson)
Q|boson)=|fermion)

e Study properties of Higgs | (angular analysis: J¥', couplings,..)

Andrei Gritsan, JHU XXIX 6 July 2012



Discovery of a New Boson "X"

e Major Discovery of the decade(s), CMS example here:

X — 20z X — v
CMS Preliminary Vs=7TeV,L=5.05fb"';Vs=8TeV, L=15.26fb"
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e \What we know:

— it is a boson, spin#1 = spin = 0 or 2... (nothing like this before)
— it couples to vector bosons (spin-1)

e What we do not know:

— if it is the Higgs boson
— if it couples to Fermions (matter)

— if it is a tip of an Iceberg of new exciting states of matter / energy

Andrei Gritsan, JHU XXX 6 July 2012



