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What is a Boson?

• We know 12 bosons: photon, Z0, W+, W−, 8 gluons

• Photons (γ) are massless vector (spin=h̄=1) bosons

• Z0 and W± are heavy → weak force

• Gauge bosons in unified electro-weak theory

after spontaneous symmetry breaking

|γ〉 = cos θW |B0〉 + sin θW |W 0〉 light (massless)

|Z0〉 = sin θW |B0〉 + cos θW |W 0〉 heavy

θW - Weak mixing (Weinberg) angle

Andrei Gritsan, JHU II 30 July 2012



Path from Light to Heavy

• Early moments of the Universe

– massless particles: B0 and W 0, W+, W−,..

– all forces unify

• As Universe cools down

– symmetry spontaneously breaks

– weak interactions become weak (Z0, W± mass)

– Higgs field – possible mechanism

Andrei Gritsan, JHU III 30 July 2012



The Englert-Brout-Higgs-Guralnik-Hagen-Kibble Mechanism

• Symmetry spontaneously breaks near minimum (vacuum) energy

of Higgs field (φ1,φ2,φ3,φ4)
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• Higgs particle described by one component of the Higgs field

h = φ1 − v

• The other Higgs field components φ2,φ3,φ4 couple to Weak bosons

Z0, W−, W+ and generate mass, longitudinal polarization (not γ)

Andrei Gritsan, JHU IV 30 July 2012



Idea - the Higgs Field

• Empty space filled with invisible ”force” – the Higgs field

Andrei Gritsan, JHU V 30 July 2012



Idea - the Higgs Field

• The Higgs field clusters around the particle – gives mass

Andrei Gritsan, JHU VI 30 July 2012



Idea - the Higgs Field

• Pass energy into the Higgs field (no particle)

Andrei Gritsan, JHU VII 30 July 2012



Idea - the Higgs Field

• The Higgs particle cluster created from the Higgs field

Andrei Gritsan, JHU VIII 30 July 2012



Vacuum

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

is not exactly empty

• like a bank account balance:

when you take all your money out

there is a minimum balance left

• Invisible ”force” present

– dark energy

– Higgs field

Andrei Gritsan, JHU V 29 December 2011



2011 Nobel Prize in Physics

• Accelerating expansion of the Universe

requires some kind of ”dark energy” through empty space

Andrei Gritsan, JHU III 29 December 2011



Puzzles of the Universe

• Dark energy (∼70%)

– do not know what it is; explain accelerated expansion

• Dark matter (∼25%)

– does not emit light, but seen with gravity

• Ordinary matter (∼5%)

– the only thing we knew until recently: from Hydrogen to Uranium

• Ordinary antimatter (∼0%)

– equal amount of matter and antimatter in the Big Bang

• Origin of mass

– everything created equal and massless in the Big Bang

Andrei Gritsan, JHU XXII 29 December 2011



Mass of Matter

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

Majority from quark-glue soup

mpc
2 = 938 MeV

Some from the Higgs field

mqc
2
∼ few MeV

but Higgs field is very important

Andrei Gritsan, JHU XXX 29 December 2011



Higgs Field in our Life

• Remove the Higgs field:

– catastrophic decay of a proton

– no water (hydrogen)

• 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

anti-matter

• Higgs mechanism works with fermions (ad hoc)

fermions (S = h̄
2) occupy space ⇒ matter

leptons

quarks

• Proton mass mpc
2 = E(sea)

not from Higgs field

energy of gluons & quarks

mp = 938 MeV

mu ∼ 2.5 MeV, md ∼ 4.9 MeV

∼ 50% gluon, ∼ 50% qq̄ sea energy

u, u, d set quantum numbers and interactions

Andrei Gritsan, JHU IX 30 July 2012



Higgs Mechanism in our Life

• Without a Higgs-like mechanism: mu = md ⇒ mp > mn

⇒ catastrophic decay of a proton

⇒ no H2O (water), no life

but safe from mu < md

• Origin of Sun light

starts from Weak fusion

p + p → d(pn) + e+ + νe

slow burning due to heavy W+

no Higgs-like mechanism ⇒ mW = 0 ⇒ no Sun by now

hot in the Sun core (∼ 107 K), not as hot as at LHC (∼ 1016 K)

Andrei Gritsan, JHU X 30 July 2012
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The Large Hadron Collider

Andrei Gritsan, JHU XI 30 July 2012



The Large Hadron Collider

• 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 Z0 bosons

> 100 thousand Higgs bosons produced – if it exists

• Before LHC:

Andrei Gritsan, JHU XII 30 July 2012



The Large Hadron Collider

one of the coldest places (1.9 K, 96t He)

one of the hottest places (1016 ◦C)

vacuum emptier than outer space (10−10 Torr)

the fastest racetrack (vp = 0.999999991c)

the largest electronic instrument (27 km)

Andrei Gritsan, JHU XIII 30 July 2012



Global Effort at the Large Hadron Collider

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

• 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

• 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

• LHC – proton smasher • ATLAS & CMS

detectors sort it out

luminosity

∫

Ldt∼10000 pb−1

cross-section

σH ∼ 1 – 20 pb

σtotal ∼ 1011 pb

Andrei Gritsan, JHU XIV 30 July 2012



Production of New Particles at LHC

• Particles are produced and decay: X = Z0, H iggs, RS Graviton, ...

(Z0)

(H)

Andrei Gritsan, JHU XV 30 July 2012



The CMS Detector

• Complex detector

to sort collision debris out

Andrei Gritsan, JHU XVI 30 July 2012



The CMS Detector
Total weight 12500 t

Diameter 15 m

Length 22 m

Magnetic field 4 T

Andrei Gritsan, JHU XVII 30 July 2012



The Silicon Pixel Detector
1440 digital pixel ”cameras”
65 million channels, ∼100 × 150µm
Alignment: hardware and software

Andrei Gritsan, JHU XVIII 30 July 2012



The Silicon Strip Detector
15 148 digital strip (2D) ”cameras”
10 million channels
area the size of a tennis court
Alignment analysis: software

Andrei Gritsan, JHU XIX 30 July 2012



Electromagnetic Calorimeter
76 200 crystals lead tungstate
heavier than stainless steel

Andrei Gritsan, JHU XX 30 July 2012



Hadronic Calorimeter and Muon System
>1 million WWII brass shells ⇒ HCAL absorber
HCAL scintillator ⇒ light signal
1400 Muon chambers in iron ”return yoke,” 2 million wires

Andrei Gritsan, JHU XXI 30 July 2012



Detection of Major Objects

• Leptons: !± in Si Tracker: e± (EM Calorimeter), µ± (Muon System)

• Photons: γ (EM Calorimeter)

• Quark q & gluon g jets → ”Particle Flow” thru Hadronic Calorimer

• Neutrinos ν ⇒ missing energy (”MET”)

WW → (e−ν̄)(µ+ν)

Andrei Gritsan, JHU XXII 30 July 2012



An Experiment

Andrei Gritsan, JHU XXIII 30 July 2012



Kinematics in the Experiment

Andrei Gritsan, JHU XXIV 30 July 2012



The Standard Model Higgs

gg → H → γγ, ZZ(∗), W+W−,..
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CMS:	  H	  ZZ*



CMS:	  H	  ZZ*
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Analysis	  performed	  “blind”

36

Last	  year This	  year



More	  informa6on	  in	  data	  analysis
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2D	  analysis	  using	  {m4l,MELA}
MELA	  offers	  powerful	  discrimina6on	  of	  background

technique	  applicable	  for	  signal	  hypothesis	  tes6ng

 

CMS	  simula6on
Higgs,	  126	  GeV



Blind	  un6l	  Thursday	  June	  14
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Results:	  m(4l)	  spectrum

164	  events	  expected	  in	  [100,	  800	  GeV]
172	  events	  observed	  in	  [100,	  800	  GeV]

Event-‐by-‐event	  errors
39

Yields	  for	  m(4l)=110..160	  GeV	  

2011+2012



Perform	  2D	  fit	  
–MELA	  
discriminant	  
versus	  m4l

•Data	  points	  shown	  
with	  per-‐event	  
mass	  uncertain6es

Results:	  MELA	  2D	  plots

Data	  w.r.t.	  background	  expecta6on

40



Perform	  2D	  fit	  
–MELA	  
discriminant	  
versus	  m4l

•Data	  points	  shown	  
with	  per-‐event	  
mass	  uncertain6es

Results:	  MELA	  2D	  plots
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Data	  w.r.t	  126	  GeV	  Higgs	  Expecta6on



Limits	  and	  p-‐values

Expected	  exclusion	  at	  95%	  CL	  :
	  121-‐550	  GeV

Observed	  exclusion	  at	  95%	  CL	  :	  
131-‐162	  GeV	  and	  172-‐530	  GeV

Expected	  significance	  at	  125.5	  GeV	  :	  
3.8	  σ	  

Observed	  significance	  at	  125.5	  GeV:	  
3.2	  σ

42



CMS:	  H	  γγ



H γγ
candidate
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S/B	  Weighted	  Mass	  Distribu6on
• Sum	  of	  mass	  distribu6ons	  for	  each	  event	  class,	  weighted	  by	  S/B
– B	  is	  integral	  of	  background	  model	  over	  a	  constant	  signal	  frac6on	  interval
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95%	  CL	  Exclusion	  for	  SM	  Higgs	  

• Expected	  95%	  CL	  exclusion	  0.76	  >mes	  SM	  at	  125	  GeV

• Large	  range	  with	  expected	  excusion	  below	  σSM
• Largest	  excess	  at	  125	  GeV 46



P-‐Values

• Minimum	  local	  p-‐value	  at	  125	  GeV	  with	  a	  local	  significance	  of	  	  4.1	  σ

• Global	  significance	  in	  the	  full	  search	  range	  (110-‐150	  GeV)	  3.2	  σ

47



Two	  channels	  ZZ	  and	  2gamma	  
combined
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• comb.	  significance:	  5.0	  σ
• Expected	  4.7	  σ	  



	  The	  ATLAS	  experiment	  has	  it	  too
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BACKUP
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Seminar	  at	  CERN	  on	  July	  4,	  2012
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CMS	  collabora6on
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Discovery of a New Boson

• Major Discovery of the decade(s)

new form of matter / energy (!)

• Still need to solve

(1) dark matter
e.g. lightest χ̃0

1

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

(3) unification of forces ...

• Higgs may be beyond SM

e.g. Supersymmetry:

Q|fermion〉=|boson〉
Q|boson〉=|fermion〉

• Study properties of Higgs ! (angular analysis: JP , couplings,..)

Andrei Gritsan, JHU XXIX 6 July 2012
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Discovery of a New Boson ”X”

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

X → Z(∗)Z(∗) X → γγ
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• What we know:

– it is a boson, spin #=1 ⇒ spin = 0 or 2... (nothing like this before)

– it couples to vector bosons (spin-1)

• 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


