Where Is Particle Physics Going?

How do we |
achieve
our goal? |




The ‘Standard Model’ of
Particle Physics

Proposed by Abdus Salam,

Glashow and Welnberg ¢ G
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The ‘Standard Model’

= Cosmic DNA

The matter particles

Q € - neutrino @ electon

@ L - neutrin @ I iuon
@ T - neutrino @ tau

Where does
mass
come from? ING'S

Gravitation electromagnetism  weak nuclear force strong nuclear force



Why do Things Weigh?
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Weight proportional to Mass § 5
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Energy related to Mass
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Neither explained origin of Mass

¢ Where do the masses
| come from?

{ Are masses due to Higgs hoson?
" (the physicists’ Holy Grail) %%
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Think of a Snowfield

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

Snowshoer sinks Into snow,
moves slower:

Like particle with mass
e.g., electron

The LHC looked for
the snowflake:
The Higgs Boson

Hiker sinks deep,
moves very slowly:
Particle with large mass_
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A Phenomehol'c')g‘icald Profile
of the Higgs Boson
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 First attempt at systematic survey

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

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

Eecejved T Moveinbey 1975
A discussion is given of the production, decay and observability of the scalar Higgs

boson H expected in gauge theores of the weak and electromagnetic interactions such as
the Wemnberg-Salam model. After reviewing previons 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 ot the Higps 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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Several thousand billion protons
Each with the energy of a fly
99.9999991% of light speed

A billion collisions a second

Primary targets: \ - :
Origin of mass Collisions at_8 TeVin Run.l
*Nature of Dark Matter 13/14_ TeVin LHC Run 2:
Primordial Plasma 3 times earlier in the

Matter vs Antimatter history of the Universe



“Stairrway to Heaven”
Standard Model Cross-Sections @ LHC

UV e L TSR AR RIS TR TR

D ll fn T LW ) o - — E‘_.
O 10" EFose e ATLAS Preliminary Theary |
el
I Run1,2 4/s=7,8,13 TeV
5 10% 01<pr 2 TaV ! 1 LHC pp ¥s=7 TeV
-&E BB Do i5-40f ! 3
n = ]
5 03 <my<b T
10 xa LHC pp V5 = 8 TeV 3
o7 =25 G .
4 A Data 203fb? 1
10 O 20 3
LHC pp & =13 TeV ]
3 . n=0
10 o o gt MM a2 008148107
5 gy = 100 Gelf 'JgEn;.-_-U T o ]
FI E I
10 o i E
n= 3n;|5-2 . E
L= | mj = .
1 n; =3 o
10 STk i E
o E
X n; e 4 N0 r_,ﬁ ]
1 FELE = S ) ?;
Boa s 3
- PRNRIES: Nzl a .
-1 TN | [ = |
].u [ m ] n; =8 n .!
I gz 6 ] n ]
i= n :
10-2 ey ]
mﬁf ]
-3
10 ﬁ 3
PP tets ¥ W Z tt t Vv ¥¥Y H Vy tEWLEZ tty Z]) ww Zyy Wiy W
B=iud EWH E=xcl EWE
fid fid. fid i 1ot fot. fid fid fid  tof ot fid fd tot fd fid i




The Discovery of the Higgs Boson

Mass Higgsteria
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Unofficial Combination of Higgs Data
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Is this the
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No Higgs here!

300 500 600
nggs boson mass GeVic?
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Higgs Mass Measurements
 ATLAS + CMS 7" and yy flnal states
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12509 £0.21 (stat) =0.11 (syst)
|« Statistical uncertainties dominate

|+ Allows precision tests

" » Crucial for stability of electroweak vacuum -
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IS HC finng the missig piece? '
IS it the right shape?
IS it the right size?




What we Expect

H>ZZ*>4l
Rare (3%) 5

Hott S/B>>1
Abundant (6%) AM/M ~ 1-2% \Sl%ydrare (0.2%)

S/B<1
AM/M ~ 10-20% {(29’ \ AM/M ~ 1-2%

H->gg (8.5%)

H>WW*>212v \
Very Abundant (22%) —

S/B<1 Abundant (58%)
AM/M ~ 30% S/B<<1

What do we know?
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What we
Know
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» Open questions:

— H=>bb?
e 2.6c6 (@ LHC
« 2.80 @ FNAL

— H=2>up?
— ttH production?
— tH production?

WH VBF ggF
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It Walks and Quacks like a Higgs

* Do couplings scale ~ mass? With scale = v?
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- Blue dashed line = Standard Model 16




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/a | «
T dvanced-physicsprize2013.pdf 5




- 7

o « Empty » spgce MINE SUSY
Dark matter SUSY
Origin of matter SUSY
Masses of neutrinos

Hierarchy problem SUSY
Inflation SUSY
Quantum gravity SUSY
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Is “Empty Space” Unstable?

178
Unstable

| l\gass . O Need new
| of top -
average Physics?
- quark J Y
Stable

168

120 125 130

Mass of Higgs boson

« Depends on masses of Higgs boson and top quark! |
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Should 1t have Collapsed already? ~

== Fluctuate over barrier Not If |
e In the early Universe? supersymmetry: |
| infinite barrier |

We are here - A, N

-
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Tunnel through
barrier now?

| Quantum fluctuations

The Blg Crunch iJLTRA-Dsteiq GGGGGGGGG -
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What lies beyond the Standard Model?

Supersymmetry

= New motivations
e Stabilize electroweak VIS8 (V[0 From LHC Run 1

 Successful prediction for Higgs mass
— Should be <130 GeV In simple models

| » Successful predictions for couplings
‘ — Should be within few % of SM values

» Naturalness, GUTSs, string, ..., dark matter | :




If you know of a better hole, go to it
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Elementary Higgs or Composite?

» Higgs field: * Fermion-antifermion

<0|H|0> #0 | condensate

- Quantum loop problems || * Just like QCD, BCS

s

- rcon Vit
o [T | supe co_duct Yy
INCEhAYA | © Top-antitop condensate?
e needed m, > 200 GeV

® New strong interactions?
- Heavy scalar resonance?
- Inconsistent with

precision electroweak data?
Pseudo-Nambu-Goldstone? |
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Dark Matter 1n the Unlverse |

Astronomers say PEITICIEE
that most of the
matter In the
Universe IS
| Invisible
Dark Matter
~ Supersymmetric partlcles’)
Searching for x
them at the

LAC ‘I"--Supa*synuﬂetnc

"shadow " partlcl
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Minimal Supersymmetric
Extension of the Standard Model
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. Leplons

| Quarks

Standard particles SUSY particles




The Dark Matter Hypothesis

* Proposed by Fritz Zwicky, based on
observations of the Coma galaxy cluster

* The galaxies move too quickly
» The observations require a

stronger gravitational field
than provided by the visible matter & ™




The Rotation Curves of Galaxies

« Measured by Vera Rubin

» The stars also orbit ‘too quickly’
 Her observations also required a
stronger gravitational field




Rotation Curves

 |n the Solar System

* |n galaxies

50 -~
Mercury ¢ eso| S i
(T) Sa NGC 4378
@ 40 H
%’ o g Sbe NGC 3145
enus 250
= 2 Sbe NGC 1620 \Milky
— 30 - Earth b Way
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% 20 - B 150
-F_E Jupiter §
.'é 10 - -~k Uranus 50
5 Neptune pjuto
| |
1

| | 1 1
10 20 30 40 50
mean distance from Sun (AU)

The velocities decrease

 The velocities do not
decrease with distance

with distance from Sun
Mass lumped at centre
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Searches for Dark Matter

Annihilation
Dark Matter g particles > Standard Model

\incosmic rays

Annihilation Production
Inthe early = € at particle
Universe colliders

Dark Matter  Direct dark matter ~ Standard Model
detection



Classic Dark Matter Signature

zzzzz

Missing transverse energy R
I carried away by dark matter particles % ?




Nothing (yet) at the LHC

NO supersymmetry Nothing else, either
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Direct Dark Matter Detection

Scattering of dark

matter particle in recoiling

deep underground hucleus
laboratory _

Detector



Direct Dark Matter Searches
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» Compilation of present and future sensitivities

s 5
WIMP-nucleon cross section [em*©)

1074 T
] iy adapted from arXiv: 1310.8327
= 2 \ :
107404 Q W\ From talk by Baudis 20151
10~} % gMPLE 2O

10742}

10-4 '
10~*
10745}

1074;

T

o\ 2
O pp 25
20\'2

-

10747} L Asymmetrc om ‘., PR
[ l u(l'r- EDNIEE e,
48 C e e O teeeasees
1077} =3 5u<.v Hssn
10-49}
10-%0 .
|

WIMP Mass [GeV/c?|




L HC vs Dark Matter Searches

« Compilation of pr
lall esent sensitvities
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General Interest iIn 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 in cosmic rays
Studied using accelerators
Used In PET scanners

e
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= Why does the Universe mainly contain matter, not

—

Matter and antimatter not quite equal and opposite: WHY?

Experiments at LHC and elsewhere looking for answers

>
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antimatter? |




How to Create the Matter In the
Universe?

 Need a difference between matter and antimatter

 Need Interactions able to create matter




Unify the Fundamental Interactions:

Einstein’s Dream ...
A g




Will LHC experiments create black holes?

entire

Cosmic rays have not harmed us!



Paraphrasing George
Harrison 4

If you don’t know where you’re going,
Any road may take you there
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Projected e*e- Colliders:

Luminosity vs Energy
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CEPC-SPPC

Prefiminary Concepiual Design Report [

Future Circular Colliders

The vision:
explore 10 TeV scale directly (100 TeV pp) + indirectly (e*e) |



Higgs Cross Sections@

« At the LHC and beyond:
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quark-Gluino Plane
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— 100 TeV, 3000 fb

— 33 TeV. 3000 fb’
— {4 TeV. 3000 fb’
— 14 TeV, 300 fb!

Discover 12 TeV sqark,
16 TeV gluino @ 5o
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Standard Model Particles:
Years from Proposal to Discovery

Electron i |

Photon Lovers of physics
:‘H § Beyond the SM:
Muon neutrino be patleﬂt|

Diown

Strange

Up

Charm

Tau

Bottom
Gluon

W boson

Z boson

Top

Tau neutrino

HIGGS BOSON

Source: I'he Economist
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Visible matter



https://www.youtube.com/watch?v=Ts6vS-qYuY4

