The Higgs Boson

and the New Era in Particle Physics
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What does the Higgs boson tell us » -
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“Where do we come from?
What are we?
Where are we going?”

—

| The aim of particle physics, CERN & the LHC: ii
— What is the UniY¢efS€,__pmade of? ;
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Quarks

Proton

Neutron

Electron Radius of Galaxies

Universe

Super-Microscope

Study physics laws of first moments after Big Bang
increasing Symbiosis between Particle Physics,
Astrophysics and Cosmology



From Cosmic Rays to Accelerators s /

. cosmic-ray ¥
3 \ showers were
=1 7 14 found to
—— contaln many
“different types
of partlcles St 2
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- Accelerators study these partlcles n detaﬂ '
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The ‘Standard Model’ of
Particle Physics

Proposed by Abdus Salam,
Glashow and Wemberg
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The ‘Standard Model’

= Cosmic DNA

The matter particles

@ € - neutrino @ slecton

@ L - neutrin @ riuon
Q T - neutrino @ tau

Where does
mass
come from? KNGS

College
LONDON

Gravitation electromagnetism  weak nuclear force strong nuclear force




Gauguin’s Questions in the
Language of Particle Physics

— + What is matter made of? E—
- | — Why do things weigh? 8 %
- |* What is the origin of matter‘? | LHC Run 2 ff:
j * What 1s the dark matter that fills the BHS(@8:31% 2 § =
|+ How does the Universe evolve?

_|* Why is the Universe so big and old? p85(e5:I
What is the future of the Universe? BRS040
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Why do Things Weigh?

Newton: "‘
Weight proportional to Mass ? S@ 4
| Einstein: 'Q’

Energy related to Mass =

College
LONDON

! Neither explained origin of Mass

| Where do the masses
| come from"

Are masses due to Higgs boson?
(the phys1c1sts Holy Graﬂ)
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Think of a Snowfield

The LHC looked for
the snowflake:
The Higgs Boson

Skier moves fast:
Like particle without mass .
e.g., photon = particle of light/x

Snowshoer sinks into snow,
moves slower: @ &
Like particle with mass

e.g., electron

Hiker sinks deep,
moves very slowly:
Particle with large mass_




A Phenomenological Profile
of the Higgs Boson

. » First attempt at systematic survey
A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **
CERN, Geneva

Received 7 Novemnber 1975
A discussion is given of the production, decay and observability of the scalar Higgs

_ boson H expected in gauge theories of the weak and electromagnetic interactions such as
— the Wemnberg-Salam model. After reviewing previous experimental limits on the mass of

We should perhaps finish with an apology and a caution. We apologize to ex-

| | perimentalists for having no idea what is the mass of the Higgs boson, unlike the

| | case with charm [3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing
experiments vulnerable to the Higgs boson should know how it may turn up.
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3 | | Formation
minutes of nuclei

| oLt Formation
. | of protons
Appearance | -~ — * | & neutrons
of dark matter?

1 micro-
second

1 pico-

- a0 Appearance
second | of mass?
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To answer Gauguin’s questions: a8

The Large Hadron Collider (LHC) %%
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Several thousand billion protons Wiy K,
Each with the energy of a fly %
99.9999991% of light speed
A billion collisions a second

Pgma.fy targets: Collisions at 8 TeV in Run 1

*Origin of mass :

Nature of Dark Matter 13/14 TeV in LHC Run 2:

Primordial Plasma 3 times earlier 1n the

Matter vs Antimatter history of the Universe



Vacuum similar to interplanetary space:

the pressure in the beam-pipes 1s ten times
lower than on the Moon.
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LHC 1.9 degrees above absolute zero =-271 C
Outer space 2.7 degrees above zero =- 270 C
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CMS Hrggs and dark matter i \4" LHCb Matter-antrmatter dlfference
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Some 3000 scientists and engineers
A thousand PhD students
38 countries
More components than a moon rocket |
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The Discovery of the Higgs Boson

Mass Higgsteria
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{c) CERN. All rights reserved.
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Higgsdependence Day!
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Unofficial Combination of Higgs Data A
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Is this the
~ Higgs Boson?

Higgs here!
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Higgs boson mass GeVic?
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The wait 's over
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Is LHC ﬁnding the missing piece?
Is 1t the right shape?
Is it the right size?




It Walks and Quacks like a Higgs

* Do couphngs scale ~ mass? Wlth scale = v?
s o] >|> s
> 4. ATLAS and CMS t |
A = ﬁ(%)lﬂ W = 2 (77\7?1:))0 Run 1 Preliminary V‘\;ZI =
EJ; 107 —(S)lt\)nsl?l:;(gag boson "
i !I | 3
b S~
f't Within current precision @ o,
1 Higgs couplings scale with i
F partlcle masses <
1 "N
S Partncle mass [GeV] ;;M :
| * Blue dashed line = Standard Model S




Standard Model Particles:
Years from Proposal to Discovery

Electron } |

Photon | |

Muon l

Electron neutrino } |
Muon neutrino ' l
Down
Strange

Up

Charm

Tau

Bottom
Gluon

W boson

Z boson

Top

Tau neutrino

HIGGS BOSON

Source: The Economist




Without Higgs ...

. there would be no atoms :

— massless electrons would escape at the
speed of light

. there would be no heavy nuclei

. weak interactions would not be weak

— Life would be impossible: everything
would be radioactive

| [ts existence is a big deal! FESERE T . 88

oo R




Dixit Swedish Academy

Today we believe that “Beyond any reasonable

doubt, it is a Higgs boson.” [1]

| http://www.nobelprize.org/nobel prizes/physics/laureates/2013/
i advanced-physicsprize2013.pdf '




“ ,/ '/A * « Empty » space 1s U85 (6818

Vel ° Dark matter LHC Run 2
* Origin of matter LHC Run 2
\‘ * Masses of neutrinos
A ! * Hierarchy problem J5SORNILE)
L |+ Inflation LHC Run 2
) '« Quantum gravity SUSY
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Is “Empty Space” Unstable?

e Depends on masses of Higgs boson and top qk

178

Unstable

Mass World O Need new

: of top 173 average Physics?

quark
Stable
16&
120 125 130

Mass of Higgs boson




Should it have Collapsed already? »

Fluctuate over barrier Not 1f

in the early Universe? supersymmetry: |
infinite barrier |

We are here / s

HIGGS FIELD

Tunnel through
barrier now?

N ULTRA-DENSE HIGGS FIELD E‘:}fi"
The Big Crunch -
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What lies beyond the Standard Model?

Supersymmetry

' - New motivations
Stabilize electroweak vacuum iy

* Successtful prediction for Higgs mass
— Should be <130 GeV in simple models

* Successful predictions for couplings
— Should be within few % of SM values

- | Naturalness, GUTs, string, ..., dark matter B
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Classic Dark Matter Signature
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B carried away by dar
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Missing transverse energy
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General Interest in Antimatter Physics

Physicists cannot make enough for
Star Trek or Dan Brown!




How do Matter and Antimatter Differ?

Dirac predicted the existence of antimatter:
same mass

opposite internal properties:
electric charge, ...
Discovered 1n cosmic rays
Studied using accelerators
Used in PET scanners

- Tt L

S

Matter and antimatter not quite equal and opposite: WHY?

= L= g

-~ Why does the Universe mainly contain matter, not antimatter?




How to Create the Matter 1n the

Universe?

 Need a difference between matter and antimatter

 Need interactions able to create matter

»
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Will we be able to calculate '3
using laboratory data?



Unify the Fundamental Interactions:
Emstem S Dream ...




Will LHC experiments create black holes?

Would
vanish
instantly

Cosmic rays have not harmed us!



30-Sep-2015 07:42:41 Fill #: 4440 Energy: 6500 GeV [(B1): 1.24e+14 [(B2): 1.21e+14
ATLAS ALICE CMS LHCb
Instantaneous Lumi [{ub.s)"-1] 2214.168 4.498 2154.796 227.270
BRAN Luminosity [(ub.s)/-1] 2152.1 3.5 1951.6 1394
Fill Luminosity (nb)/-1 164465.344 267.397 155425.141 13936.990

Beam 1 BKGD 0.000 1.391 0.126 0.041

Beam 2 BKGD 0.000 0.303 0.077 0.527

LHCb VELO Position [B] Gap:-0.0 mm STABLE BEAMS TOTEM:

'Performam:e over the last 24 Hrs

Intensity

- |{B1) —— I{B2) — Energy

Beam 1 BKGD
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— ATLAS -

11:00

Updated: 07:42:41 Beam 2 BKGD

Updated: 07:42:41

watl Collisions at 13 TeV

02:00

05:00

Updated: 07:42:41




ATLAS

EXPERIMENT

Run Number: 265532, Event Number. 3280065

Date: 2015-05-20 22:51:50 CEST




CMS Experiment at LHC, CERN

Data recorded: Wed May 20 22:51:10 2015 CEST
Run/Event; 245155 / 123300

Lumi section: 363

Orbit/Crossing: 94976371 / 2(

o —




Total Integrated Luminosity [fb™]

6 __ T T | T T T | T T T
- ATLAS Online Luminosity
5 [ LHC Delivered
- ATLAS Recorded
41— Total Delivered: 4.34 fb
- Total Recorded: 4.00 fb
3
21
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_ L

|
/s =13 TeV
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27/05  28/06  30/07

31/08

02/10  04/11

Day in 2015



- Next Step > at the High-Enel‘gy Frontier?

- o mm ™

Where do we go from there?

50km linear e"e” collider?
100km circumference pp, €"e¢” collider?

T’
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Future Cicular Colliders

The vision:
I explore 10 TeV scale directly (100 TeV pp) + indirectly (e"e”) I
—




Conversation with Mrs Thatcher: 1982

’ " . What do you do‘? e
.‘!J'" - |

) .A\ - ". g ﬂ’ _,,.‘ﬁ \
| Think of things for the | | | JASESSEICEIUERIEE
experiments to look for,| | } & better 1f they
and hope they find ' Y found what

something different gl - you predicted?
- . - L

1

Then we would not know how to
answer Gauguin’s questions




