<S ‘P‘S) Novelr\:lriazf 2017

| swiss physical society

SEGIVIMMEIEUNGEN
CONNMUNICATIONS DE LA SSP

AUSZUG - EXTRAIT

A Higgs-Eye View of the Cosmos PT 3/2017

Matthew Philip McCullough, CERN

This article has been downloaded from:
http.//www.sps.ch/fileadmin/articles-pdf/2017/Mitteilungen_PT032017.pdf

© see http.//www.sps.ch/bottom _menu/impressum/




A Higgs-Eye View of the Cosmos

Matthew Philip McCullough, CERN

It is just over five years since we witnessed the now iconic
images associated with the discovery of the Higgs boson.
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This discovery has opened the door to a new era in particle
physics. The Higgs field is a riddle, wrapped in a mystery,
inside an enigma, but now we have the key. Unlike any pre-
viously discovered, it raises more questions than it answers.

For starters, the theory underpinning the Higgs sector of the
Standard Model is analogous to the theory that describes
superconductivity. To see this, compare the two equations
governing their dynamics:

Ginzburg-Landau:
F=|(V+2ieA)®[+m*(T)|®F+ A DI +...
Higgs Sector of the Standard Model:
L=[u+igo*WHH[ —m*(DHf = A(DIH[ +...

In both theories, below the critical temperature the field de-
velops a non-zero vacuum expectation value everywhere,
and the associated force-carriers become massive, screen-
ing the force they generate. (Photons for a superconductor,
Electroweak forces for the Standard Model).

Thus we have learned we are effectively living inside a curi-
ous form of superconductor. But even more curious is that,
unlike a standard superconductor, the parameters of the
Higgs sector of the Standard Model are fine-tuned, much
like a superconductor fine-tuned to sit right at the edge of
the phase transition in a transition-edge sensor.
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Traditional ideas that can explain such a puzzle, the most
popular being Supersymmetry, have failed thus far to ap-
pear at the large hadron collider at CERN. This has recently
prompted theorists to consider more exotic theoretical ex-
planations. One of the most radical ideas is the “Relaxion”,
put forth by Graham, Kaplan, and Rajendran two years ago.
In this model the parameters of the Higgs potential evolved
slowly in the early Universe during a period of cosmological
expansion. Importantly in their model these parameters stop
evolving just at the critical point due to a clever back-re-
action mechanism, explaining an apparently finely tuned
Higgs potential in the current epoch, long after this evolution
took place.

The fine-tuning of the Higgs sector isn’t the only fundamental
question we still haven’t answered. For example, we don’t
know where all of the matter in the Universe actually came
from! If we take the Standard Model of particle physics and
evolve it from the hot big bang to the current epoch then
one can calculate the prediction for the left over matter now.
The answer is that it falls short. Intriguingly, however, it does
actually contain all of the necessary ingredients to explain
the matter abundance. Namely, during the phase transition
when the Higgs moved out to a non-zero vacuum expecta-
tion value everywhere there were baryon-number violating
processes active that can transform, for example, positrons
into protons. There is also CP-violation in the interactions
of the Higgs boson, allowing for a relative difference be-
tween particle and antiparticle to be realized. However, it is
the detailed form of the Higgs sector that fails. If the phase
transition had been strongly first order, with the Higgs field
spontaneously jumping from one minimum to another, then
the theory could work due to the fact that the process is out
of thermal equilibrium. However, in the Standard Model the
phase transition is not strongly first order, and thus the pre-
diction for the matter abundance falls short. Note that all of
this concerned the Higgs sector, and in models that do real-
ize the observed matter abundance it is often the Higgs sec-
tor that needs to be modified. By studying the Higgs sector
of the Standard Model in more detail at the LHC we may find
evidence for the origins of the matter we are made up of.

Another curious fact about the Standard Model is that only
the Higgs boson can have renormalisable interactions with
new neutral scalar bosons. Renormalisable interactions are
very special because if they are generated at a high energy
scale they remain relevant at all energies. All of the interac-
tions we know of in the Standard Model are renormalisable.
We know there must be new neutral particles beyond the
Standard Model, because we know that known matter only
accounts for around 15% of all the matter in the Universe!
The rest of it we call “dark matter”, because we don’t know
what it is. All of this means that, although not guaranteed,
the Higgs boson could provide glimpses of the dark matter,
by interacting with it through this special interaction. In fact,
this interaction is so special that we have a name for it: “The
Higgs Portal”. Experimentalists at CERN are trying to peer
through the Higgs portal by studying how the Higgs boson
decays. Evidence for the dark sector would be revealed by



the Higgs boson decaying “invisibly” into new particles that
we cannot see.

The ultimate fate of this talk was the ultimate fate of the Uni-
verse. Measurements of the properties of the Higgs boson
and other particles at the LHC, combined with cutting-edge
calculations of the shape of the Higgs field potential, have

revealed it may have another minimum at very large field
values with lower energy than the current vacuum.

This is not a merely academic observation, as it implies that
the current Universe we live in has an expected lifetime of
around 10'® years. After roughly that time we expect the
Higgs field to decay to the new minimum where the laws of
physics would be radically different. As with the other deep
questions discussed above, if we find evidence for modi-
fications of the Higgs sector at the LHC, then this would
significantly change our predictions for the ultimate fate of
the Universe.

In this talk | have attempted to explain how, by studying the
detailed properties of the Higgs boson, we are searching for
answers to the biggest questions we face: Where did the
matter we are made of come from? What is the dark mat-
ter? What is the ultimate fate of the Universe? Why do the
fundamental parameters of the Standard Model of particle
physics take the special values they do? In all cases, we
may find the answer through experimental measurements
of the Higgs at the LHC.
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