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Particle Physics: The Higgs and beyond

- and my journey through it -

Marcela Carena

Perimeter Institute for Theoretical Physics
June 25, 2026
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About me:

« a theoretical physicist doing research in particle physics, and lately in quantum information
 the Executive Director of Perimeter Institute for Theoretical Physics

Vil
e

(ﬂ:"’v L&(I)%—aUVAm"»mO
) /«TQ({:L,(Z\:]
FP]L,,.,__J\ME A

= /,{ :__

« the mom of two amazing young men

» my family is composed by 3 physicists and 1 neuroscientist

* enjoy cooking and sharing time with family and many good friends

« get excited about bungee jumping, scuba-diving, horseback riding, dancing and new adventures
» keep close ties with my extended family and friends in Argentina where | go regularly
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How | came to be a physicist?

My mom wanted me to be a well-educated young lady...
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How | came to be a physicist?

| had other dreams ...

Science that matters to all of us

From our earliest days, humankind has yearned to understand the universe,
to know how we all got here and how it all works,
from the vastness of space to the smallest parts of all we can see.
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My career path — a little detour -

Undergrad experience: [Argentina]
| was really good at math in High School, but it was a liberal arts one...
Didn’t know what to study... so | went into engineering (~ 5% women in my class)

Didn’t enjoy my design of civil
engineering structures at all !!

Started to study philosophy...but found it too fluffy

Finally, in my third year | took a very competitive exam and was admitted in a special program to

study physics in Patagonia (~ 10% of the admitted were women)
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My career path as a physicist

Graduate School: [Germany]

As an undergrad, | was fascinated with learning how to use math to make sense of our world

| went to grad school in Hamburg to study Particle Physics, Quarks

learned the basics, got interested in understanding:

* Are there other symmetries/dimensions in nature?
* Why is there more matter than antimatter?
 How do elementary particles get mass,

the Higgs mechanism?

Leptons
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My career path as a physicist

Postdoctoral Experience:
[US - Germany - Switzerland]

Awe-inspiring Science

Exhilarating research projects
Intellectual independence

Culture of growth and collaboration

Work with brilliant colleagues and mentors
Diverse international community

Competitive environment

Lack of job security for postdoctoral years
Salary much less than in private sector
Challenging for relationships and family
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My career path as a physicist:

Tenure track/Tenure experience: [US]

Fermilab Junior Scientist
- tenured in < 2 years
- promotions regularly

Several competitive offers to move elsewhere
during the past two decades.

Professor at The University of Chicago

Director of the Fermilab Theory Division

B
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Coming to Canada!

Perimeter Institute for Theoretical Physics

PHYSICS AND
ASTRONOMY
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Perimeter’s Core Activities

RESEARCH

Cutting-edge theoretical TRAINING
physics for tomorrow’s

great breakthroughs. The next generation of
scientists, leaders, and

innovators
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OUTREACH

Activities that foster a love
of science in our schools
and communities.
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28 Full-time research faculty
18 Associate faculty (cross-appointed
with Canadian universities)

4 Teaching faculty

1 Outreach faculty

7 Research scientists

2 Computational scientists

61 Postdoctoral researchers
64 PhD students

24 Masters students through Perimeter Scholars International (PSI)
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11 International research
& training partnerships
22 Canadian research &
training partnerships
97 Canadian Affiliates
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12 Conferences & workshops
1,806 International visitors
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Perimeter Research Areas

Strong Gravity Particle Physics

Cosmology . — " Quantum Gravity

Quantum Matter ’ L - § Quantum Fields & Strings

Quantum Information Mathematical Physics

Quantum Foundations
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-

Training first class scientists and future leader

* Undergraduate internships and summer school
* Perimeter Scholars International (PSI) master’s program
* PhD program in coordination with Canadian Universities

« Strong international postdoctoral program
» Alumni Perimeter Circle with deep engagement

~‘| ,000 PhD Students - 500 Master students 1 ,400"' Alumni

& postdocs
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The Standard Model, the Higgs,
and beyond
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The Particle Physics Landscape

» The Standard Model describes the right degrees of freedom for quarks and leptons, and for the particles that
carry the forces among them.

* It uncovers nature’s most fundamental symmetries governing those interactions at high accuracy up to
several TeV energies

A quantum field theory
with a symmetry group:

G =SU3), x SUQ2), xU(1),

- Many particle physics topics are NOT described by the SM
- they were not meant to be - not even neutrino masses -

2026-06-25
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The Standard Model of Particle Physics

12 spin Y2 fermion “matter particles”

4 spin 1 boson “force particles” mediating the strong, weak
and electromagnetic interactions

ONE spin 0 Higgs boson

Quarks

Particle Masses in MeV/c?

" g Ve | Vy | Vr Higgs

S rest, S rectin, boson

< 0.0005 <10.0005
o Leptons

(& ! s

muon tau
106 1w

They have all been

. produced in the laboratory

bottom

They have very different masses

What causes fundamental particles to have mass?
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The invisible Higgs Field
It is a field of Energy that permeates all of space

The Earth’'s = % N " 77 The Higgs Field
Magnetic Field F .. N

| E 4 , sourced by itself
sourced by the L 5 | permeates the

Earth permeates r J entire universe
nearby space S~ \

The Standard Model of Particle Physics implies that the Higgs field turned

itself on everywhere in the universe in the first moments of the Big Bang

giving mass to particles V(g) = _m2|q5|2 n )\|¢’4
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The Higgs Mechanism
What turns the Higgs field on? How it happens?

» The Higgs field potential describes the energetics of turning on the Higgs field
to a certain (complex) value

« Because of the symmetry there are degenerate vacua

V(g) = -m?*|g]* + Ag|*

« Because of the infinite degrees of freedom in Quantum Field Theory, once one
of the degenerate ground states is chosen it is hard to transition to another

l

Spontaneous Symmetry Breaking

Now the quantum vacuum is the ‘medium ”

“The purpose of the present note is to report that...the spin-one
quanta of some of the gauge fields acquire mass...This phenomenon
is just the relativistic analog of the plasmon phenomenon to which
Anderson has drawn attention” -- Peter Higgs, 1964
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The Higgs Mechanism and the Higgs Boson

» A scalar field with self-interactions causes Electroweak Symmetry Breaking in the vacuum and gives
mass to the gauge bosons of the broken symmetry

« The Higgs boson appears in the theory

The Mass Mechanism for quarks and leptons
(Weinberg and Salam)

- The symmetry of the theory gives different charges to nature’s left- and
right-handed fermions =

- A massive fermion combines the left- and right-handed pieces but it is not

possible to do it directly since they have different charges:
the up quark, u;, that lives in the SU(2), doublet with the up quark, ug, that is an SU(2), singlet and gives

up-quarks mass through EWSB
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Half a century after the Higgs ldea comes The Higgs Discovery at the
Large Hadron Collider (LHC)

Ertaies

e
Economist v

Finding the
Higgs boson

* A new type of particle never seen before

prot-on-p'rotc.).n‘ étHIiSions [t demonstrates the existence of a new force in nature

Its discovery and subsequent study of its properties at the LHC has provided a first portrait of the
electroweak symmetry breaking mechanism
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Virtual particles and the discovery of the Higgs boson

« Virtual particles have been essential for the Higgs discovery
« The Higgs boson itself is unstable - its half-life is about 160 1024 sec corresponding to a AE or width of 4 MeV

'C:'-.?:. CMS Experimeht at the LHG, CERN i i o
B Data recorded: 2015-Oct-27 11:51:17.472320 GMT X
{0 Run/Event/ LS: 260023,/ 99438 il
2 S e,/ TEAFERIMEN

Higgs decay to two photons | Higgs decay to two virtual Z
through a loop of virtual top 1 gauge bosons, which then decay
quarks {l{"l to muons and electrons pairs

140
m,, (GeV)
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Virtual particles and the discovery of the Higgs boson

+ Virtual particles are essential for producing Higgs bosons at the LHC
« At the LHC we collide protons; each proton contains three “valence” quarks

The strong QCD forces between the valence quarks also produce
a “cloud” of virtual particles: gluons, quarks and antiquarks

Higgs production

The virtual gluons collide in the quantum vacuum and through the strong
force briefly create virtual top quarks,

-The virtual top quarks create the Higgs

This is the dominant mechanism to produce Higgs bosons

This is because Higgs bosons are related to the mass-giving Higgs field, so interact most strongly
with top quarks, the heaviest particle
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The great success of the Higgs Boson

With My = 125 GeV, its mass is at a lucky spot to maximally allow us to measure its interactions with other particles

MC, Grojean, Kado, Sharma. https://pdg.lbl.gov/2024/reviews/rpp2024-rev-higgs-boson.pdf

The LHC data favors a SM-like Higgs boson

ATLAS and CMS results have verified that the discovered boson:
« is related to the mechanism of electroweak symmetry breaking
« couples most strongly to the heaviest Standard Model fermions s BT
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The many particle physics topics NOT described by the Standard Model
- some of the questions that | spend my time on -

We theorists are working to connect these problems and find solutions

The powerful global experimental program underway and developments in technology could provide decisive
clues to decipher many of these mysteries in the next decades
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The Higgs sector open questions

% The Higgs boson existence makes the SM self consistent up to very high energies — no hint of NP scale

* The Higgs field can give mass to all known matter particles, but calls for explanation of the mass hierarchies

% It hints at - but does not explain - Baryogenesis, Dark Matter/Sector portals, and possibly Inflation

How and Why does Electroweak Symmetry Breaking (EWSB) occur?
% The SM Higgs potential is fixed by hand to give EWSB

s The SM does not explain how the Higgs mass parameter and self-coupling are determined
Furthermore, once you include the effects

of the nggs COUp"nQ to fermions | ]Ilstablllty ' V(Cb) - _m2|qb|2 + /\|¢|4
(especially to the top quark), =

the Higgs potential shows an instability
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| Radiative Breaking like in
PPN Supersymmetry or
Higgs mass M, in GeV Compositeness
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More scalars beyond the Higgs boson - motivated by many puzzles

Can help explain the dynamics of the Higgs potential — hence EWSB -
Can help stabilize the SM Higgs potential '
Can be portals for Dark Matter

Can play a role in generating light fermion masses

Provide a strong first order EW phase transition Electroweak
Provide new sources of CP violation Baryogenesis ?

Bubble Wal] ———

Additional scalars, although associated to quadratic divergences - as the Higgs itself -
can also connect with quartic divergences and explanations of Dark Energy and Inflation
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The Mystery of Dark Matter

Galactic and cosmological observations show that there is much more matter in the
Universe than what we can "see

Dark Matter exists, but we do not know what it is made of
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The observed Matter-Antimatter Asymmetry of the Universe

* Precision Cosmology tell us that the observable Universe is made
almost entirely of matter — essentially no primordial antimatter

= Abundance of primordial elements = CMB determinations
» Predictions from Big Bang Nucleosynthesis

= The baryon-to-photon ratio:n=6 x 10 -1°
— what generated this small but crucial number

Sakharov conditions for baryogenesis (1967)

« C and CP violation: treat baryon/anti-baryon differently to remove antimatter
Baryon (or Lepton) number violation: if universe starts symmetric
* Qut-of-thermal equilibrium: suppress inverse processes

A number of mechanisms have been proposed that satisfy all 3 Sakharov conditions
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