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Zooming in on the Higgs




What’s in the Higgs Boson?

Every scalar we encountered until now had
properties (mass, background value, etc) that
are calculable within some more fundamental,
microscopic, theory:

Calculable



What’s in the Higgs Boson?

What about the Higgs?

Calculable



Progress in SM Predictions

HL-LHC will deliver unprecedented precision
(%) towards answering this question.

Calculable

Experiment

To know if the SM describes nature the SM
predictions must match exp precision.



Progress in SM Predictions
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Progress in SM Predictions
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Progress in SM Predictions

Production
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Progress in SM Predictions

VH at NLO top!
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Progress in SM Predictions

HH at NLO EW!
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Progress in SM Predictions

Production and Decay
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Progress in SM Predictions

HL-LHC will deliver unprecedented precision
(B%) towards answering this question.

Experiment

What if SM predictions and measurements are
discrepant?



Progress in SM Predictions

HL-LHC will deliver unprecedented precision
(B%) towards answering this question.

Experiment

What if SM predictions and measurements are
discrepant?



Effective Field Theory Basics

Consider exploring a neutral atom at eV energies:

The appropriate theory at this length scale
contains the photon, electrons and nucleus:

L=L(y,e ,N)




Effective Field Theory Basics

Consider exploring a neutral atom at much lower
energies:

The appropriate theory at this length scale
contains the photon and neutral atom...

L= L(7,x)




Effective Field Theory Basics

Consider exploring a neutral atom at much lower
energies:

Crucially, the substructure is encoded in “higher
dimension operators”, like dipoles or Rayleigh...
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Effective Field Theory Basics

The same is true for the Higgs boson!

W, 4,4, ...

The Standard Model is an “Effective Field
Theory”. Unknown smaller distance physics in
extra “operators’“

C]O




Organizing the Unknown

Nailve dimensional analysis:
1 1
H J— A — — p—
[ ] [ ,U] LC ) [w] L3/2C
Fields carry not only dimension of inverse
length, but also inverse coupling.

Fermi Scale

Interaction: [ ~ K_ ‘ﬁcomple@

Dimension: [A] =[G, "] = gl ———Gomin>




Organizing the Unknown

Nailve dimensional analysis:
1 1
H J— A — — p—
[ ] [ ,U] LC ) [w] L3/2C
Fields carry not only dimension of inverse
length, but also inverse coupling.

New Physics Scale

6
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Dimension: [A?] = o o>
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Naive Dimensional Analysis

It’s known that Ogz contributes to Higgs self-
interaction, how it gives mass to itself, etc.

But less-well appreciated are the NDA aspects
underlying it...



Naive Dimensional Analysis
The fact that 4
ce] = [97]

and all other operator coefficients have

o7} Ksvifrag

malkes the self-coupling special, with one
important implication I'll highlight today.



Self-Coupling Dominance

No obstruction to having Higgs self-coupling
modifications a “loop factor” greater than all other
couplings. Could have

o2 L (4m>2 (M>2
5 M4 Srrutheded , —F
ovv mp, mp

without fine-tuning any parameters, as big as,

(4v/mp)? = 600

which is significant! Durieux, MM,
Salvioni. 2022




otatus of Higgs Couplings

What are experimental limmits on modifications of
couplings relative to Standard Model prediction?
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otatus of Higgs Couplings

What are experimental limmits on modifications of
couplings relative to Standard Model prediction?
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otatus of Higgs Couplings

What are experimental limits on modifications of
couplings relative to Standard Model prediction?
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Self-Coupling Dominance

In other words, no obstruction from to having
Higgs self-coupling modifications a loop factor
greater than all other couplings. Could have

(4v/mp)? = 600

which is significant! Durieux, MM,
Salvioni. 2022




Example: EW Quadruplets

This is all well and good, but does such a theory
exist? Yes: A combination of EW quadruplet

scalars:
41 /0 + 43/9

Including all couplings to the Higgs we have for the
two scalar quadruplets

1 il
L =M H"H"(eH <I>—|——H*H*H*<I>> +h.c.
( (D25~ R

which respects “custodial” global symmetry, hence
no leading precision EW contributions.



Example: EW Quadruplets

Higgs self-coupling is modified, all other couplings
modified at one loop higher, or higher dimension.
All calculable, giving

Ol _ o N Y L Vg3 TV
Sps \Amv M/, 5200 530\ M
Remarkably close to naive estimate!

custodial
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Example: EW Quadruplets

Higgs self-coupling is modified, all other couplings
modified at one loop higher, or higher dimension.
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Is the Higgs Fundamental?

The Higgs boson has a size/wavelength. What’s
inside?

Precision measurements are
different ways of probing
the “compositeness of the
Higgs”.




Backdrop

This is exactly what happened with the pions...

m?r<<mz2;|

Why not the Higgs boson then?



Naturalness — Composite Higgs

Composite Higgs scenarios have a potential
which looks like e

V(h) = f2A2F (h/fY

Where F is a generic function. Not so difficult to
have a light Higgs

ms; ~ e\’
Ifonehas € <K 1.

However...



Naturalness — Composite Higgs

Composite Higgs scenarios have a potential
which looks like “Compositeness”

V(h) = f2AF (hFY

Position of minimum depends only on F:
V() =0< F'(h/f) =0

For minimum at h = v < [ have to fine-tune
the contributions from the microscopic physics.

,02

But Higgs couplings modified by 0, ~ 2
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Generalising

What is the general form of the scalar potential
one could have for a pion-like Higgs?

Turns out it’s just like the Legendre polynomials
you’ll remember from the Hydrogen atom:

V = emf)f2 G%N_l)m(cos II/f)

Known more generally as Gegenbauer
functions!

Durieux, MM,
Salvioni. 2021




Getting to know Gegenbauer

The Gegenbauer potential looks like:

40

20 G5 (cos MN/f)

|

= v

Global Higgs potential

minimum at —40 0 n /'2
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Example Gegenbauer Model

Modifications to self-interaction relative to
other couplings are huge:
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How well do we know the Higgs?




Conclusions

Higgs physics is still in its nascence. Pions were
discovered in the early 1940’s. Their fundamental
origin, QCD, was developed theoretically in the early
1970’s and only experimentally established in the
late 1970’s.

Twelve years since discovery of the Higgs boson.

As it stands, we don’t know how it interacts with
itself, or if it is composite; with far-reaching
implications.

We must be patient and determined to uncover its
origins.
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