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The Zoo of the Standard Model

- N

The elementary particles

Standard particles 3 fermion families:
| 1 pair of quarks and
1 pair of leptons in each

3 kinds of gauge bosons:
the force carriers

All identified and studied!

+ the Higgs boson (!)

Color: the charge of the strong interaction
colored quarks =- colorless composite hadrons of 2 kinds
hadrons = mesons (qq) + baryons (qqq)

|
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The Standard Model

f Derive 3 interactions of local U (1), SU(2) and SU (3) T
symmetries
Unify and separate e-m U (1) and weak SU (2) interactions
using spontaneous symmetry breaking:
(Anderson-Brout-Englert- Higgs-
Guralnik-Hagen-Kibble mechanism, 1963-64)
Add a 4-component, symmetry breaking
BEH-field to vacuum.
From the ruined U(1) ® SU (2)
separate a good U (1) local symmetry

U

electromagnetism + zero-mass photon, OK!

Turn 3 d.f. of BEH-field to create masses for Z, W+, W—,
get a correct weak interaction with 3 heavy gauge bosons.
4th degree of freedom: heavy scalar boson. o
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Glory Road of the Standard Model

-

Present status (2012)

Includes hundreds of
measurements of all experiments

|Expt — theory|
expt. uncertainty

Slightly deviating quantity used
to change

Now it is forward-backward
asymmetry of
ete” —Z —=bb

LEP Electroweak Working Group:

http://lepewwg.web.cern.ch/
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m,, [GeV]
I, [GeV]
oy, [Nb]
R,

0,
Afb
Ry,
RC

0,b
Afob

,C

Ar
A
AC
A(SLD)
sin“85P(Q)
m,, [GeV]
My [GeV]
m, [GeV]

b

March 2012

91.1875 +0.0021 91.1874
2.4952 + 0.0023 2.4959
41.540 + 0.037 41.478
20.767 £ 0.025 20.742

0.01714 + 0.00095 0.01645
0.1465 = 0.0032 0.1481

0.21629 + 0.00066 0.21579
0.1721 + 0.0030 0.1723
0.0992 + 0.0016 0.1038
0.0707 £ 0.0035 0.0742

0.923 £ 0.020 0.935
0.670 = 0.027 0.668
0.1513 + 0.0021 0.1481
0.2324 + 0.0012 0.2314
80.385 + 0.015 80.377
2.085 £ 0.042 2.092
173.20 £ 0.90 173.26
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The Higgs boson of the Standard Model

f Spinless, neutral, heavy particle T
The scalar particle needed for renormalisation

SM: it must exist!
Many jokes were of the Higgs boson before the discovery

» The Higgs boson walks into a bar. The bartender says "Watch out,
there were some guys looking for you."

® [I'mtrying to find a good Higgs joke. It may take years, but I'm sure it
exists.

® The Higgs boson walks into a church. The priest says “Your kind is
not welcome here”. The boson replies: “But without me how can you
have mass?” (Mass: Inertia, people, ceremony)

®» The Higgs boson walks into a bar. The bartender does not under-
stand...

|
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Luminosity: collision rate

-

: ' . . N1N2
Luminosity: |L = fn=72

[L] = s tem™2 (~ flux)

f: circulation frequency; n: nr. of bunches in ring;
N1, N5 particles/bunch; A: spatial overlap

Rate of reaction with cross section o at efficiency e
R = eoL

Integrated luminosity: [,* Ldt

measured in units of inverse cross-section:
[pb~1, fb~1]
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Exclusion and Discovery

-

General conventionin 1
accelerator B
experiments:

0.8

0.6

Exclusion of a given
phenomenon at
> 95% confidence
level.

0.4

o

2

Observation of
something new:
> 50 above
background.

One-sided exclusion:
X > X at95% CL if
Xobs — X > 1.640
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And what is o?

f The total uncertainty of the physics parameters P T
according to the best honest guess of the experimentalist.

It has a statistical component
(from the number of observed events)

and systematic ones from various sources:

Monte Carlo statistics and inputs, calibration factors,
efficiencies, etc. (nuisance parameters ©)
could be added up with correlations accounted for with a

final uncertainty roughly: o = \/agtat + ngst

However, we derive the final uncertainty via marginalizing
(integrating out) the nuisance parameters in likelihood £
using the related probability distributions W :

% L(P;z) = W(z|P) = [ W(z|P,®)W(B|P)d® |
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Blind Analysis

f “A blind analysis is a measurement which is performed T
without looking at the answer. Blind analyses are the
optimal way to reduce or eliminate experimenter’s bias, the
unintended biasing of a result in a particular direction.”

A. Roodman: Blind Analysis in Particle Physics,
http://arxiv.org/abs/physics/0312102, SLAC, 2003

Originally coming from medicine
Basic analysis method of searches at LEP and LHC:

Optimize, prove and publish your analysis technique using
simulations and earlier data only before touching new data
in the critical region
CMS, 2012: 110 < Mg < 140 GeV blinded
because of 30 excess observed in 2011

Simultaneous unblinding for all analysis channels J
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The Large Electron Positron collider




Accelerators at CERN, LEP era
B -

ALEPH #/ LEP % OPAL

/# DELPHI

01LL
TT70

East Area

electrons
positrons
protons TTL2
antiprotons
Pb ions

LEAR

. ? South Area

P Pbions

Protvino-2014 Russia. 23-27 Tune 2014 —bn.13



The LEP Collider

Year |E(ete™), GeV|[ Ldt/4, pb~*|main goal
1989-94 ~ 91 140 ZY

1995 130—-136 S

1996 161-172 20 WTW-—
1997 184 60 WW, ZZ
1998 189 190 WW, ZZ
1999 192-202 220 Higgs
2000 204—209 220 Higgs

Pe7zsd Horvath: 20 Years of Searchine for the Hiees Boson

Protvino-2014 Russia. 23-27 Tune 2014




Search for the SM Higgs boson at LEP
B 1

a :—NE [ [ [ [ [ [ IE —‘
ko) - _
—- I 77 i
o | |
Dominant formation: 2101;% tf_:
Higgs-strahlung = .
S L :
e"eT—ZH A ]
m
-2 _
Dominant decay: 107 E
H— bb -
107705 200 300 500 1000
log M, [GeV]
Various analyses for different Z decays J
y y
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What is observed: resonance

fq- — I'! lifetime = exp. decay: N(t) = Nge !

Probability distribution: p(E)

T

1
X(B)? = geprissrers

Breit-Wigner equation

M centre
Ffesonance
r width : . S
(h=1c=1) Lorentz curve

New particle discovery: resonance at decay energy
corresponding to the particle mass

: Pe7zsd Horvath: 20 Years of Searchine for the Hiees Boson Protvino-2014  Russia. 23-27 Tune 2014 —n. 16



Hunting the Higgs boson
-

Compose a complete SM background using Monte Carlo simulation
taking all types of possible events normalized to their cross-sections.

Higgs signal: simulation of all possible production and decay
processes with all possible Higgs-boson masses

Put all these through the detector simulation to get events
analogous to the measured ones.

Optimize the event selection: reduce B background, enhance S
signal via maximizing e.g.

Ns/v/Np or Ns/+/Ns+ Ng ot 2-(v/Ns+ N — +/Np)'
Calculate at experimental luminosity expected nr. of events for
signal and background at various conditions.

SM background ~ experiment? (YES |l / NO 1}).

TBityukov and Krasnikov, 1999 J
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Hypothesis Testing: Test Statistic

|7 Likelihood ratio: signal+background/background Q = Ls414/Ls T
Usually analysed and plotted:

—2InQ(mpgy) =
n S(Mmmu)Sk(Tjr;m
2 Zg;}i [Sk(mH) — Zjil In (1 + = li,)B:((wj:) H))}

ng. events observed inchannel k, k=1...Ng.

o b

sk (myg) and bg: signal and background events in channel k for
Higgs mass m gy

® Si(xjr;mu) and By (x;r): probability distributions for events for
Higgs mass m g at test point x

® <z, position of event 5 of channel k on the plane of its
reconstructed Higgs mass and cumulative testing variable
constructed of various features of the event like b-tagging, signal
likelihood, neural network output, etc. J
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No Higgs at LEP: My > 114.4 GeV
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Expected and observed signal confidence level
assuming background only

(ALEPH, DELPHI, L3 and OPAL: Phys. Lett. B 565 (2003) 61-75.)

Excess in ALEPH'’s 4-jet events at 115 GeV:
E1gp2000 = 206 GeV  mp(115) + mz(91) = 206 GeV !!
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LEP: exclusion by experiment
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LEP: exclusion by channel
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CNIS

ALEPH event (e"e~—bbqq)

b quark: long lifetime = secondary vertex
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LEP: spaghetti diagrams

-

Event weights
signal-likeness
vs. Higgs mass
for 17 selected LEP
events

The LEP
Collaborations,
Search for the

Standard Model Higgs
Boson at LEP
Phys. Lett. B
565 (2003) 61.

(

—_25
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LEP: final results

f 6 200 : |
_ — High @ except m,
Aas;)d = 1 68% CL i
5 — 0.02750+0.00033
----- 0.02757+0.00010
4 *« incl. Iowédata —_—
>
N &
9 | | _|
= 3 O, 180
. S
14 ]
| Excl e ’ Excl
0 XC[.Jded. | | |.°]". 160 XCUded —— 5 : —______ T 2
40 100 200 10 10 10
m,, [GeV] m,, [GeV]

The LEP Collaborations: Electroweak Measurements in Electron-Positron
Collisions at W-Boson-Pair Energies at LEP,
Physics Reports 532 (2013) 119-244. J
LHC exclusion (2011 data) included
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Accelerators of CERN now

FIC: Large Hadron Collider
SPS: Super Proton
Synchrotron
AD: Antiproton Decelerator
ISOLDE: Isotope Separator
On Line DEvice
PSB: Proton Synchrotron
Booster
PS: Proton Synchrotron
LINAC: LINear ACcelerator
LEIR: Low Energy lon Ring
CNGS: Cern Neutrinos
to Gran Sasso
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CMS

LHC

COMPASS

ALICE

West area CERN
neutrinos

[7p)
ISOLDE g to Gran Sasso
O

prit §

East Area

protons
antiprotons
heavy ions
neutrinos

Gran Sasso (I)
730 km
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LHC and its main experiments
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Steering magnets of LHC

1232 superconducting magnets (before installation)
(L=15m, M =351, T =1.9K, B =8.3T)
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Dipole magnets of LHC in the tunnel

Civ

%
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Higgs Search at LHC
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CMS: Compact Muon Solenoid

0om im m im am 5m &m fm
Key: .

Muon

Electron

Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron)
---- Photon

Superconducting
Calorimeter Solenoid

Iron return yoke interspersed
Transverse slice with Muon chambers
through Chs

I { ! T
D By, CERN, Felwzumey JiWs

14000 ton digital camera:

100 M pixel, 20 M pictures/sec, 1000 GB/sec data J
Processes max 400 pictures/sec = intelligent filter!!
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The (Compact Muon) Solenoid itself

\
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Decay of the SM Higgs boson

March 2012 =2 | & ww |
=
Not excluded by 2011 & ,
CMS data: - 0.1F v+ . ag Ll | .
114 < My < 127 GeV —7 |
(at 95% CL) /A
cc A
(where many decay /
processes contest) 102 v /
Best identified: ==
H— vy /E/ YY
Excess observed ool LB - S
2 — 30 at ~125 GeV! 100 HTﬂ* m Geviy EUOJ
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CMS: elektromagnetic calorimeter
o optimized for studying H —~~ O

|
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A CMS event: H — ~v~ candidate




4 July 2012: we have something!

f ATLAS and CMS, at LHC collision energies 7 and 8 TeV, in two decay T
channels H — vy andH — ZZ — ¢t¢—¢+¢—, at the same invariant
mass of m ~ 126 GeV see a new boson at a convincing statistical
significance of 50 conf. level each with properties corresponding to those
of the SM Higgs boson.

Matthew Chalmers: Nature on-line, 2 July 2012!
“Physicists Find New Particle, but is it the Higgs?”

Francois Englert and Peter Higgs
It has to be shown to be the SM Higgs: Next lecture! J
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CMS and ATLAS: A new boson
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CMS: H — ~~ mass distribution
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ATLAS: H — ~v~ mass distribution

-

ATLAS Collaboration
(2931 authors):

Observation of a new particle in
the search for the Standard
Model Higgs boson with the
ATLAS detector at the LHC

Phys. Lett. B 716 (2012) 1-29
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CMS: p—distributions (4 July 2012)
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ATLAS got the same: ~~ and ZZ: 5.00
Adding WW increased the ATLAS excess t0 6.00
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Higgs Jokes after the Discovery

The Higgs discovery unleashed a Big Bang of bad jokes. T

The Higgs discovery makes me feel heavier already. What we need
iInstead is the anti-Higgs. A particle that takes mass away.

Physicists massively celebrated the Higgs discovery.

Are you there God Particle? It's me, Average Person that doesn’t
understand you.

Better double check. | thought | discovered a Higgs boson under my
couch last year but turned out to be an old marble.

If we can control the Higgs field then we can really build Weapons of
Mass Destruction.

A top quark and a Higgs had a public break up on the weekend. The

it was and had nothing else to say.

quark stormed off, complaining that the Higgs kept telling it how heeﬂ
i
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Conclusion

- N

# We very probably observed the Standard Model Higgs
boson or (unfortunately, much less probably) a Higgs
boson of a more general model.

#® The new ATLAS and CMS results will be presented by
the next speaker.

#® LHC will restart in 2015 at much higher energy and
uminosity.

® Let us hope for some deviation from the Standard
Model (although none seen yet).

Thanks for your attention!
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