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The discovery of the Higgs boson
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Beginning of an new era
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LHC will soldier on

— 95+% data still to come in the coming 15-20 years.

Overall view of the LHC experiments.

LHC schedule beyond LS1

Only EYETS (19 weeks) (no Linac4 connection during Run2)

LS2 starting in 2018 (July) 18 months + 3months BC (Beam Commissioning)
LS3 LHC: starting in 2023 => 30 months + 3 BC

injectors: in 2024 => 13 months + 3 BC
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LS1 Status Report— 116% LHCC LHC schedule approved by CERN management and LHC experiments
Frédérick Bordry spokespersons and technical coordinators
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Further down the road, proposals

— Future colliders.
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Timeline of high energy colliders

2020 2030

on going:

e I

2040

e

proposals:
Japan: ILC
China: CEPC SPPC?
FCC-ee
Europe, CERN: FCC-hh

HE-LHC




Many other probes:

— Dark matter detection, cosmological observations,
gravitational wave, low energy high intensity, etc.




What are we looking for?



The Standard Model does not have
all the answers.

We know what they are,
how they behave.

We don’t know why.

Rosons

We know it is incomplete.



Open questions in particle physics

— Electroweak symmetry breaking.

— Dark matter.

— Matter anti-matter asymmetry of the universe
— Origin of flavor structure

— CP violation

— Dark energy

— Quantum gravity



Open questions in particle physics

— Electroweak symmetry breaking. FO.CUS of
this talk

— Dark matter.

— Matter anti-matter asymmetry of the universe
— Origin of flavor structure

— CP violation

— Dark energy

— Quantum gravity



Electroweak symmetry
breaking

Urgent question, after the discovery of the Higgs boson

And, we are ready to make progress here!



Electroweak interaction

Quarks

Rosons

mw.z = 102 GeV
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— Electroweak symmetry breaking (EWSB).

» Weak inferaction has finite range

e—r/’rw

Viveak (1) & — rw ~ mW g 107" m

Fermi, 1934



Why is Higgs special?

particle spin

quark: u, d,... 1/2

lepton: e... 1/2
photon 1
W,L 1
gluon 1
Higgs 0

h: a new kind of
elementary particle



"Simple” picture: Mexican hat

1 A
V(h) — §,u2h2 + Zh4 Similar to, and motivated by
Landau-Ginzburg theory
<h> = 75 0 = mwy = gwg of superconductivity.



"Simple” picture: Mexican hat

1 A
V(h) — §M2h2 + i h? Similar to, and motivated by
Landau-Ginzburg theory
<h> =v#0 W= QWE of superconductivity.

2

However, this simplicity is deceiving.
Parameters not predicted by theory. Can not be the complete picture.



How to predict Higgs mass?

The energy scale of new physics
responsible for EVWWSB

Electroweak scale, 100 GeV.
MK, Mw ...



How to predict Higgs mass?

The energy scale of new physics
responsible for EVWWSB

What is this energy scale?
MPIanck — IOI9 Ge\/, ...?

If so, why is so different from 100 GeV?
The so called naturalness problem

Electroweak scale, 100 GeV.
MK, Mw ...



Higgs mass in quantum theory.

Quantum fluctuation:
virtual particles in the vacuum

h h

Quantum fluctuations know about
new physics at high energy scale A\



Higgs mass in quantum theory.

Quantum fluctuation:
virtual particles in the vacuum

h h

Quantum fluctuations know about
new physics at high energy scale A\

— mn2(physical) = mp2 + ¢ A2

» mo? can always be adjusted to give correct mn2(physical).



Naturalness problem.
— mn2 (physical) = mo2 + ¢ A2, ¢ = 0(0.01)

= What is A? Or where is new physics?

» Some fundamental scale beyond the Standard
Model. A = Mp = 109 GeV, Munification = 106 GeV...?

- A2 = Mpi2 , mo2 must be very close to Mp2 . Must

cancel to the precision of 10-32 to have mn2 (physical)
~ (100 GeV)?2 fine-tuning.



Naturalness problem.
— mn2 (physical) = me2 + ¢ A2, ¢ = 0(0.01)

- A2 = Mp2, mp2 must be very close to Mpi2 . Must
cancel to the precision of 10-32 to have mn2 (physical)
~ (100 GeV)z fine-tuning.

— 1/Mp2 = strength of gravitational interaction.

— 1/(100 GeV)?2 = strength of weak interaction.

Naturalness problem:
Why is gravity so much weaker than the weak interaction?



Is fine-tuning ok?

— Mathematically, yes.
Can always solve mp2(physical) = mp2 + ¢ A2. But..
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Another fine-tuning problem



Is fine-tuning ok?

— Mathematically, yes.

Can always solve mn2(physical) = mp2 + ¢ A2. But.

Try “known” answer first
A rope!

L | L |

Another fine-tuning problem



Is fine-tuning ok?

— Mathematically, yes.
Can always solve mn2(physical) = mp2 + ¢ A2. But.
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More exotic possibilities
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Is fine-tuning ok?

— Mathematically, yes.
Can always solve mn2(physical) = mp2 + ¢ A2. But.

No rope!
More exotic possibilities

Similarly, we have been searching for an explanation
for the fine-tuning of Higgs mass O(10-32)

L | L |

Another fine-tuning problem



Naturalness problem.

— mn2 (physical) = mo2 + ¢ A2, ¢ = 0(0.01)
— No large cancellation = mn2 (physical) = cA?

» A= TeV, new physics at TeV scale!



Naturalness problem.

— mn2 (physical) = mo2 + ¢ A2, ¢ = 0(0.01)
— No large cancellation = mn2 (physical) = cAz2

» A= TeV, new physics at TeV scale!

Naturalness criterion leads to a prediction of the
mass scale of new physics!!



Finding the solution to
naturalness problem



A simple idea to start

Is Higgs really a simple elementary particle?
Or, is it something more complicated?

T &L
Visualize as the "size” of the particle I :e;
Complicated: size = mass-! (just like proton) m;'i (H
Simple: point-like
ple: p | T,
An example:

Landau-Ginzburg replaced by BCS, more complicated!



An example: BCS Superconductivity

— Another known example of the Higgs mechanism.

— Described by the same effective theory, with
Mexican hat potential.

- Yet if we look closer, there are inner structure

» The Cooper pairs of electrons!

— Can Higgs be the same?



Theory of strong interactions (QCD)

A :

Asymptotic freedom

AQCD _ 8n2 Gstrong gstrong(,u)

— € %, AQCD < GeV
b="17

Auv

L ;

— Coupling evolves slowly. Exponentially sepgrated scales
from the choice of an order one number

— A strong coupling results in bound (composite) states.

Composite scalar mass calculable:

2 Y
m._ = quQCD



"Learning” from QCD

A
quark and gluon: q ¢

GeV More composite resonaces
K, n, p, ..

100 MeV ..




"Learning” from QCD

GeV

100 MeV

A

quark and gluon: q ¢

More composite resonaces
K, n, p, ...

= new strong dynamics,

symmetry breaking

= SM Higgs

— Construct a new strong dynamics in which the

low lying states will be the SM Higgs.

— Composite Higgs models. Still a natural theory.



Composite Higgs

A

_ _LEI(} _____________ New constituents? ¢’ ¢/

4 )

TeV More composite resonaces
w' Z’
L AN )
New physics at the LHC!

100 GeV W, Z, Higgs

» Many many scenarios, models in this class.

> Little, fat, twin, holographic ... Higgs

= Similar scenarios: Randall-Sundrum, UED...

> Theories with Higgs + resonances.



Naturalness in nature: electron mass

. Classically:
E
- 3. 12
— ©® —— 5me—/ d°rE* ~ al
r=A—1

* Weisskopf 1939

— Linearly dependent on new physics scale A.

— If we require me = dme, i.e., no fine funing, we
need new physics (A) below ~ a' m.



New physics: the positron

i‘\_/\:lj Y S .?
A
OMe =~ gm6 log < )
T Me

— From extension of spacetime symmeftry:

> Lorentz symmetry + quantum mechanics
= positron.

— Log divergence (very mild). Proportional to me, “natural”.



Learning from electron

— Fermion, spin-1/2 , mass is natural. No fine-tuning
needed.

— Higgs, spin-0, mass requires fine-tuning.

— A possible way out

» Could be solved if the theory has a symmetry

1
spin 0 < spin —
> > 5



Supersymmetry (SUSY)

— Supersymmetry, | boson) < | fermion

— An extension of spacetime symmeftry.

— New states: “Partners”

spin spin
gluon, g 1 gluino §] 172
W= Z 1 gaugino I/T/'j:7 Z 1/2
quark 1/2 squark (j 0
Higgs, h 0 Higgsino 1/2
Standard Model particles superpartners

— Mass of superpartners ~TeV.



Electroweak scale in Supersymmeitry

A unique property of supersymmetry:
Mass parameters evolves slowly, generating large scale
separation.

2 o Yip | | A% N

Natural, large hierarchy: };,\\;V,Z ~ e Yiop

Prefer light superpartners mgyusy ~ 1 TeV



A prediction of Naturalness

- stop |
° [ ] 3
D L] 2 2
Tunlng, comparing: m; vs ) ms

— Needs light stops (SUSY), top partner (composite
Higgs).



All eyes on these searches

Supersymmetry Composite Higgs
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My view: not a big problem vyet.



LHC will keep make another big step
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— Improve a factor of 1.5-2 beyond current reach.



Testi

ng naturalness at 100 TeV pp collider

Cohen et.al., 2014

CL, Exclusion
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Future colliders, FCC-hh/SPPC, can continue the quest.



Rethinking naturalness

— LHC has not confirmed any of our ideas vyet.

— We may not have the right idea. No confirmation of
any of the proposed models.

— More creative (“crazy”) ideas. Some examples below.
— Crucially, need experiment!
— Fortunately, with Higgs, we know where fo look.

— The clue o any possible way to address naturalness
problem must show up in Higgs coupling
measurement.



LHC
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» 4-5% on Higgs coupling, reach TeV new physics




Electron positron collider: CEPC

Precision of Higgs coupling measurement (7-parameter Fit)
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Up to sub percent precision, reach to new physics at multi-TeV scale.
Far beyond the reach of LHC.



Testing naturalness: composite Higgs
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Testing naturalness: composite Higgs
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Stealthy top partner.

Top partner T not colored.

Higgs decay through hidden world.



Stealthy top partner.



Stealthy top partner.

95% C.L. upper limit on selected Higgs Exotic Decay BR

: m HL-LHC
101 m CEPC
N ; ; m ILC(H20)
.é 10-2 m FCC-ee |
n
< 1072
&

N I 1 I-1 I I-1 I I I I 1 1-
10-5

ME, (bb)*ME, OD*MEr (”)"ME, bb*ME, M, Mg, (bb)(bb) C)icey Wi O)ry (T(ry Uiy (yy)(yy)

— New Higgs decays or “exotic” decays.

— Can be tested at LHC and Higgs factories.



A quantum probe

Neutral scalar top partner 00,

20 CEPC

o —— —— —— —— e

10 CEPC

n¢=6

0.1
100 200 300 400 500 600 700 800
my [GeV]

Signals of quantum fluctuations of new physics.

Direct test of naturalness.
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Dark side of the Universe

Dark Energy




Dark matter

— Vast possibilities, from blackholes to Bose-Einstein
condensate.

> Possible mass range: 80 order of magnitude.

— Could it be close to weak scale?

> Compelling WIMP story.



WIMP
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— Thermal equilibrium in the early universe.

- IF do ~ 0.1 Mp ~ 10s GeV - TeV

» We get the right relic abundance of dark matter.

— Major hint for weak scale new physics!



Dark matter

— If dark matter is close to the weak scale, it is
closely related to the naturalness question.

> Can be part of the solution!

— Can be tested at colliders, and DM experiments.



Dark matter with Mono-jet

Collider Limits
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squark coan.
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Higgs portal dark matter  H'HxX
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Dark energy

— The universe is big: = 102> meter

— The curvature < dark energy

> Dark energy is very sensitive to the vacuum
quantum fluctuations.

> Naively, the size would be (Mpianck)! = 10-33 meter

— A very severe naturalness problem!

> Similar to the Higgs mass, but much worse.

Why is the Universe so big?



Dark energy

— 1025 meter vs (Mpianck)! = 10-33 meter

— Perhaps we dont understand gravity at the scale of
the Universe?

> Modified Einstein gravity. No workable theory vyet.
— Perhaps there are many many universes?

> We just lived in a livable large one.

> Landscape, anthropics...

— Either way, some really deep ideas necessary.



Where does this lead us ?

We searched for natural models
Not found yet.We will continue to look

'II? i.scovir new pi}\cysics. No discovery. More motivation
riumph (again) for for a big paradigm shift.

naturalness, and
{ UV/IR, landscape....
Quantum Field Theory areat idea yet.

as we know it.




Where does this lead us ?

We searched for natural models
Not found yet.We will continue to look

_IE_)i.SCOVT]'” new P};YSiC& No discovery. More motivation
riumph (again) for for a big paradigm shift.
naturalness, and UV/IR, landscape

Quantum Figld Theory o great idea yet.
as we know it.

Greatest discovery can com from null experimental result.
(Example: Michelson-Morley)
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Conclusion

— In the past 100 years, finding new particles lead
to many discoveries, establishing the Standard
model.

— The path in the future is uncertain. We don't
know what's out there.

— Yet, we have exciting questions in front of us.

» Naturalness seems to be the clue to deep
questions, and big breakthroughs.

> Similar to 100 years ago.

— Higgs provides a crucial window to make
progress.



A lot to look forward fto...



Vast range of possibilities

zeV aeV feV peV neV peV meV eV keV VeV GeV Tev PeV  30Mg
A e O L A L o o o
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QCD Axion WINP &
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Pre-Inflationary Axion Hidden Thermal Relics / 'WINPless DM
«—> < , v »
Post-Inflationany Axion Asyrmmetnc DM
* e
Freeze-ln DM

>
SIMPs / ELDERS

— Possible mass range: over 100 orders of magnitude.
— Can have very different couplings.

— Only a few good stories.



Vast range of possibilities

zeV aeV feV pe =\ keV VeV : : PeV  30Mg,
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QCD Axion
- - n - - ‘ - - - ‘
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
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Pre-Inflationary Axion Hidden Thermal Relics / 'WINPless DM
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Post-Inflationary Axion Asymmetnc DV
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SIMPs / ELDERS

— Possible mass range: over 100 orders of magnitude.
— Can have very different couplings.

— Only a few good stories.



Weak interaction and parity

pe pe
A

helicity: A

Left (right) handed C‘D <_>
CL €ER

— Only left handed electron, e. , has weak
interaction. (fixed by symmetry)

— Parity violation. Lee andYang 1956



EWSB and origin of mass

f ——

boost )
er Massive electron must have
Lorentz invariance: both eL and er
%, — N 437
er, Me R
with weak with no weak

interaction interaction



EWSB and origin of mass

f ——

boost )
er Massive electron must have
Lorentz invariance: both eL and er
%, — N 437
er, Me R
with weak with no weak
interaction interaction

— Whatever generates me must break the
symmetry of weak interaction.



EWSB and origin of mass

f ——

boost )
er Massive electron must have
Lorentz invariance: both eL and er
%, — N 437
er, Me R
with weak with no weak
interaction interaction

— Whatever generates me must break the
symmetry of weak interaction.

— As a result, it will give Wt , Z masses as well

sz'\/\/\/\M/\/v\/\/\,

mw.z



Future circular colliders

China.
Higgs factory: CEPC
pp Collider: SppC

CERN
Higgs factory: FCC-ee
pp Collider: FCC-hh

LEGEND

= LHC tunnel

«++  HE_LHC 80km option
potential shaft location



Naturalness in nature?

Tt T
Sm2.  ~ e? A2
™= = 1672

— Example: low energy QCD resonances: pion ...

- m,; ~ 100 MeV.

= Naturalness requires A = GeV.

» Indeed, at GeV, QCD = theory of quark and

gluon
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A confusing picture for Higgs mass
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Such conclusions too simplistic, "work around” available.
A bit uncomfortable, yes. Not time to give up just vyet.



Higgs mass in quantum theory.
Quantum fluctuation: Zero point energy
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A: a cut-off.
The energy scale of new physics.

Standard Model: include fluctuations of W boson, top quark, ....
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Higgs mass in quantum theory.
Quantum fluctuation: Zero point energy
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A: a cut-off.
The energy scale of new physics.

Standard Model: include fluctuations of W boson, top quark, ....
) 5
6472 92

mW — 92h7 mtop — yth Hquant ~ A2h2 - 8—2yt A2h2 —|_ e

— mn2(physical) = mp2 + ¢ A2

» mo? can always be adjusted to give correct mn2(physical).



