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The World as We’ve Known It
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Don’t even ask about the baryons...
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Question: With all this in
mind, where, and how,
might we make progress<



Question: With all this in mind, where, and how,
might we make progress?

Answer:
With unbiased exploration of the dark sector(s).



Visible Matters

Visible, baryonic matter makes up 16% of all the
matter in our Universe. 73% of visible matter is
Hydrogen. 25% is Helium. All the rest: 2%.

S0, to a good approximation, the majority of
visible matter is in relatively uninteresting
atoms. Particularly hydrogen.



But the phenomenology of visible matter is not, to
a good approximation, the phenomenology of
hydrogen!

The visible sector is rich, whichever length scale
you view it at.



Dark Matters

Often assumed the phenomenology of the dark
sector, including interactions with us, is also
dominated by a single state.

. /\\\/\\/f}/\\/
Consider the rich phenomenology of the visible
sector. Why should the dark sector be simple?




Our Dark Future

Would not be surprised if first dark world
discovery is of light states which are not

necessarily the dark matter itself, but are
connected with dark sectors.



Our Dark Future

Would not be surprised if first dark world
discovery is of light states which are not
necessarily the dark matter itself, but are
connected with dark sectors.

95% C.L. upper limit on selected Higgs Exotic Decay BR 1612.09284
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FCC-ee enables us to explore the richness of the
dark sector with unprecedented breadth.



Question: With all this in mind, where, and how,
might we make progress?

Answer:
By indirectly searching deep into the UV with
unprecedented precision.



Clearly something lurking in UV, should show up in
small modifications of Standard Model processes...
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Figures borrowed from A. Greljo.



Indirect requires precision, thus
statistics...

How about five trillion Z2’s%



EW Factory Physics

...& quantum leap
in our
understanding of
electroweak
physics...
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Compare these columns.




Flavour-Factory Physics

An unparalleled probe of flavour physics!

Particle production (10°) B° /B B+t /B~ B°/B, Ay/RA, ce 7 /rt

Belle II 27.5 27.5 n/a n/a 65 45
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Question: With all this in mind, where, and how,
might we make progress?

Answer:
By putting the Higgs under a microscope.



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”.




Composite Higgs - Basics

Explicit global symmetry breaking generates
the composite Higgs potential:

V(h) = ef*A°F (h/ f)

How much / \ How the

symmetry symmetry
breaking is broken...

Assumption until now has been that the global
symmetry is broken in the most “simple” way,

hence the structure of the Higgs potential is
“simple”.



Beyond Minimality

Relaxing this assumption to a completely
general explicit breaking, hence general Higgs
potential:

A\
Ve = Forgeus . 0,0 6" 6"

\ How the

symmetry
is broken...

Turns out the fully general family of Higgs
potentials is comprised of so-called:

Vas em?)f2 G%N_l)/Z(cos II/f)

” of . Durieux, MM,
Gegenbauer” functions! Salvioni. 2021




Composite Higgs (GT)

Modifications to self-interaction relative to

Compositeness
could show up
in self-
interaction!

Fine-tuning is small. The Higgs could still,
naturally, be composite!



Composite Higgs (GT)

Modifications to self-interaction relative to
other couplings are huge:
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Fine-tuning is small. The Higgs could still,
naturally, be composite!



Composite Higgs (GT)
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HL-LHC alone would leave a lot of natural
parameter space largely unexplored.




Composite Higgs (GT)

FisF e FCC-ee
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What isn’t even a 1o deviation at HL.-LHC can be

a 5 o discrepancy at FCC-ee! All natural
parameter space conclusively probed!




Composite Higgs (GT)

HL-LHC FCC-ee
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What isn’t even a 1o deviation at HL-LHC can be
a 5 o discrepancy at FCC-ee! All natural
parameter space conclusively probed!



Composite Higgs (GT)

HL-LHC FCC-ee
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What isn’t even a 1o deviation at HL-LHC can be
a 5 o discrepancy at FCC-ee! All natural
parameter space conclusively probed!




Question: With all this in mind, where, and how,
might we make progress?

Answer:
By being ambitious.



What is the Higgs Field Potential?

1 1
§mih2 + 6>\h3'+
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Mass

Important because it determines how the Universe froze in the
EW sector, giving masss to gauge bosons, fermions, the Higgs...



What is the Higgs Field Potential?

Y
Self

Interaction

...because it determines how the Universe will end...



What is the Higgs Field Potential?

Y
Self

Interaction

... but it is incredibly difficult to access...



otatus of Higgs Couplings

What are experimental limmits on modifications of
couplings relative to Standard Model prediction?
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ATLAS, Nature, 2022




otatus of Higgs Couplings

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

138 fb-! (13 TeV)

95% CL limit on o(pp — HH) fb
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CMS, Nature, 2022




Self-Coupling Dominance?

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

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

without fine-tuning any parameters, so as big as,

(4v/mp)? = 600

which is significant! Durieux, MM,
Salvioni. 2022




Custodial Quadruplet

Ok, but in reality is there a viable scenario?

Yes: The custodial quadruplet scalar. Projecting
the (4,4) of SU(2)r x SU(2)z onto EW group we have

(4,4) — 412+ 439

and including all possible couplings to the Higgs
we have for scalar quadruplet

1 i
Lsogw = ~A(H*H*(eH)® + 75H*}Lrwtf*cb) +h.c.

which has exactly the pattern described.



Custodial Quadruplet

Higgs self-coupling is modified at dim-6 at tree-
level, all other couplings modified at dim-6 one-
loop, or dim-8. All calculable, giving

(vl _ ol N () L VSTV Y
Sps \Amv M) 200 580\ M
Remarkably close to NDA estimate!
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"7 Jmv | |Salvioni. 2022




Custodial Quadruplet

Hi elf-coupling is modified at dim-6 at tree-

Durieux, MM,
Salvioni. 2022




The physics case?



Delivering ambitious, unbiased, high precision
exploration of the Higgs Boson and far beyond.



Where are we on our journey to the
heart of nature?

"The future cannot be predicted, but
futures can be invented" (Gabor, 1963)



Naive Dimensional Analysis

It’s known that Ogz contributes to Higgs self-
interaction, etc.

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



Naturalness — Composite Higgs

Vanilla composite Higgs scenarios have a Higgs
potential which looks like e

V(h) = f2A2F (h/fY

Where F is a “generic” function. The position of
the minimum of the potential doesn’t care about
the prefactor:

V'(h) =0 < F'(h/f) =0

So, if minimum is to occurat h = v <K f then
one has to fine-tune the contributions to the
potential from the composite physics.



Naturalness — Composite Higgs

Vanilla composite Higgs scenarios have a Higgs
potential which looks like o

V(h) = ef2A2F (h/f)

Where F is a generic function. However, it is
typical that the operator

1 2\ 2
Onf ~ 72 (0% H|%)
is generated. This modifies all Higgs couplings

by an amount 2

0y RS

f2

Scale



Naturalness — Composite Higgs

Vanilla composite Higgs scenarios have a

is Senerated. This modifies all Hrz
by an amount 2



