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Abstract: <p>The discovery of the Higgs boson at the LHC in 2012 was a watershed in particle physics. Its existence focuses attention
outstanding questions about physics beyond the Standard Model: is "empty' space unstable? what is the dark matter? what is the origin of
what is the explanation for the small masses of the neutrinos? how is the hierarchy of mass scales in physics established and stabilized? wi
inflation? how to quantize gravity Many of these issues will be addressed by future runs of the LHC, e.g., by studies of the Higgs boson, a
motivate possible future colliders.</p>

Pirsa: 17020013 Page 1/69



Where 1s Particle Physics Going?
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Where 1s Particle Physics Going?
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Quoting Geor e Harrlson

If you don’t know where you’re going,
Any road will take you there

ST
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New Accelerators: Cosmology & Astrophysics:
HL-LHC, LBNF, ILC, inflation, dark matter,
CLEIC, CEPC CEPC... cosmic rays, grav. waves, ...
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“Stairway to Heaven”
Standard Model Cross-Sections @ LHC
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CKM Unzitarity Triangle

* Many consistent measurements
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CKM Unzitarity Triangle
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Many consistent measurements
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Flavour Anomalies
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Flavour Anomalies
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Higgs Mass Measurements

« ATLAS + CMS 77" and W ﬁnal states
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What we Expect
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| ATLAS and CMS o- Observed t1o
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It Walks and Quacks like a Higgs

* Do couplings scale ~ mass? With scale = v?

Power law best fit (A1 2}1.(1#}!{_:}’,_; : It)_(lg'g“'}:f,l:l)
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It Walks and Quacks like a Higgs

* Do couplings scale ~ mass? With scale = v?
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Flavour-Changing Couplings?

* Upper limits from FCNC, EDMs, ...

* Quark FCNC bounds exclude observability of
quark-flavour-violating /4 decays

» Lepton-flavour-violating 4 decays could be large:
¥ Either BR(Tp) or BR(te) could be O(10)%
Erimesneell 3 BR(11c) must be <2 X 103
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Flavour-Changing Higgs Coupling?
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Elementary Higgs or Composite?

« Higgs field:
<0[H|0> # 0

f

[Hil =

(200 GeVy ~
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‘| * Quantum loop problems [

Fermion-antifermion
condensate

Just like QCD, BCS
superconductivity

Top-antitop condensate?
needed m, > 200 GeV

= N Cutoff
A=10TeV
I — - |

§ New strong interactions?

- Heavy scalar resonance?

- Inconsistent with

precision electroweak data?
P Nambu-Goldstone? |

.
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Phenomenological Framework

* Assume custodial symmetry:

SU(2) x SU(2) = SU©2)v  (p= My /Mgzcosfy ~ 1)

| = Parameterize gauge bosons by 2 x 2 matrix X:
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Global Analysis of Higgs-like Models

* Rescale couplings: to bosons by «y, to fermions by «;
Standard Model Ky =K; l
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Asuming H(125) is SM-like: Model-independent search for new physcs
Standard Model Effective Field Theory

» Higher-dimensional operators as relics of higher-
energy physics, €.g., dimension 6: Z fn

* Operators constrained by SU(2) X U(l) symmetry:
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Global Fits including

LHC Higgs, TGCs
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Theoretical Constraints on Higgs Mass

* Large M, — large selt-coupling — blow up at
low-energy scale A due to AQ) = A(v)
. . v ) ‘ 2
renormalization 1 — 2:A(v)log &
3 ol NG " T o t Togeree ol
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Theoretical Constraints on Higgs Mass
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Vacuum Instability in the Standard Model

* Very sensitive to m, as well as M,
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Vacuum Instability in the Standard Model

* Very sensitive to m,
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Vacuum Instablhty in the Standard Model

+ Very sensitive t | =z

Instability
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* Do 1nﬂat10n ﬂuctuatlons drlve us over the hlll‘? m

Instability durmg Inﬂat10n‘7 f
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 Then Fokker-Planck evolution

* Do AdS regions eat us?

— Disaster 1f so

— If not, OK 1f more inflation
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Cosmology & Astrophysics:
inflation, dark matter,
COSMIC rays, grav. waves, ...
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« Empty » space is unstable
Dark matter

Origin of matter

Masses of neutrinos
Hierarchy problem
Inflation

Quantum gravity
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« Empty » space 1s unstafidiiigy
Dark matter

Origin of matter

Masses of neutrinos
Hierarchy problem

Inflation

Quantum gravity

75””’1577””!”
=

s’

/

Page 32/69



« Empty » space 1s unstz
Dark matter

Origin of matter

Masses of neutrinos
Hierarchy problem
Inflation

Quantum gravity
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DECOUPLING
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PPPPPP?P?

JUST SO
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What lies beyond the Standard Model?

Supersymmetry -

New motivations
Stabilize clcctrowcak vacuum §aRoie Run 1

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

Successful predictions for couplings e

-

" — Should be within few % of SM values .,.,

. Naturalness GUTs, string, ..., dark matter *‘:@\
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e ' : 0 o L & 3 % % - |
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