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11 do we know the Higgs*
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Organizing the Unknown

To understand the origin and nature of the
Higgs boson, we need to study how it behaves.
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Operators like those above capture leading
effects of heavy physics beyond the standard
model. Probing them could reveal origins.
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Organizing the Unknown

Naive dimensional analysis:

1 1

H] = [Au] — .C )] = 13/2C

Fields carry not only dimension of inverse
length, but also inverse coupling.




Example: Muon Decay
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Organizing the Unknown

Higgs Only
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Organizing the Unknown

Higgs Only
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How does the Higgs move?




“Oblique” Corrections

Oblique corrections have formerly been a formidable toolkit in
the effort to explore propagation in the electroweak sector.

« S-parameter A v ( p2 )

« T-parameter X
« W-parameter [’ [’

 Y-parameter

The latter two contribute to processes in an “energy-growing”
manner:

A

1 W
AW p2 ~

Making these oblique parameters an excellent target for high
energy colliders...




“Oblique” Corrections

Makes sense to extend to the Higgs sector. Especially
since the Higgs can easily interact with new states...

A (p?)

+ H-parameter: H X .............. H

1903.077:5

This also contributes to processes in an “energy-growing”

manner: )
1 H
Ay (p?) = |
i

However, one needs to take the Higgs momentum far
from mass-scale, which isn’t easy...




Oblique Corrections

Most promising avenue to take the Higgs momentum
high is through four-top production:

We may relate the effective field theory coefficient to the
scale of new physics as:
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Oblique Corrections

Our estimate suggests the practical way to probe
this special operator is with future colliders:

1903.07725

p p — titti, future proj. (=21)

¢ =(4m)* — naive perturbativity

L ¢ =4r — perturbative unitarity
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Englert, Giudice, Greljo,
McCullough, 2019.







Oblique Corrections

Our estimate suggests the practical way to probe
this special operator is with future colliders:

1 2 3 4 5 6 7

Englert, Giudice, Greljo,
Meu [TeV] McCullough, 20109.




Parameterises
BSM deviations in sole
self-interaction of SM.




What is the Higgs Field Potential?

1 1
§mih2 + 6>\h3'+
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Self

Interaction

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...



Nalve Dimensional Analysis

It’s known that Ogz contributes to Higgs self-
interaction, 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?
Only k, and k, free
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Self-Coupling Dominance

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




Custodial Quadruplet

This is all well and good, but does such a theory
exist? Yes: The custodial quadruplet scalar.
Projecting the (4,4) of SU(2); x SU(2)r onto EW
group we have

(4,4) — 410+ 43/

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

1 5o
Lsow) = —A(H*H*(¢H)® + EH*H*H*(I)) +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
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Remarkably close to NDA estimate!
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Custodial Quadruplet

Higgs self-coupling is modified at dim-6 at tree-

——
-

Durieux, MM,
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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

We know what happens with pions... what about
the Higgs?

Calculable

LHC

No symmetry at EW
A > mg yIm Y

scale to permit this.



Backdrop

We know what happens with pions... what about

No symmetry at EW
scale to permit this.




Naturalness - Composite Higgs

Vanilla composite Higgs scenarios have a
potential which looks like

“Compositeness”

V(h) = f2A2F (h/fY

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

ms; ~ e\’

If one has € < 1. This is not fully possible in
concrete models, since this is controlled by a
symmetry which is already broken in SM.

However...



Naturalness — Composite Higgs

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

V(h) = f2A2F (h/fY

Where F is a generic function. The position of
the minimum of the potential doesn’t care about
this parameter:

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

So, if this is to occur at h = v < 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
potential which looks like e ——

V(h) = ef2A2F (h/f)

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

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

by an amount 2

0y RS
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Scale



Naturalness — Composite Higgs

Vanilla composite Higgs scenarios have a

is Senerated. This modifies all Hiz
by an amount 2



Naturalness — Composite Higgs

is generated. This modifie
by an amount 2



Naturalness - Composite Higgs

Let’s scrutinize the assumptions...

V(h) = ef*A*F (h/f)

How much How the
symmetry symmetry
breaking is broken...

Assumption until now has been that the
symmetry is broken in the most minimal ways.

Technically: Breaking “spurion” is in a low-
index irrep of the global symmetry.



Beyond Minimality

Consider a simple scenario that could apply to
the Higgs boson.

Example SO(N+1):
2
= 30006~ (0:0- 1)

We get N massless pNGBs with decay constant
“f” and unbroken SO(N).
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Beyond Minimality

Now assume some small explicit breaking
“spurion” in a symmetric irrep with “n” indices:

A
‘/ve B fn—4 €a17a2a"'aan¢a1 ¢a2°”¢an

\ How the

symmetry
is broken...

For the pNGB fields this generates a potential:
e 2 r2 ~(N—-1)/2
V=em,f” G, (cosII/f)

: | Durieux, MM,
Gegenbauer function! o
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Getting to know Gegenbauer

The Gegenbauer potential looks like:
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Durieux, MM,

Gegenba,uer”s TWiT) |seivioni 2022

Gegenbauer contribution allows to naturally
realise v<<f. On the other hand, for a standard
composite Higgs model the top sector doesn’t
allow € to be arbitrarily small...

Twin Higgs models, however, address that
particular aspect. Could “Gegenbauer’s Twin”
allowboth e <1 andv <« f ?



Application

Consider some standard pNGB Higgs
construction and, inspired by pions, allow for
an additional source of explicit symmetry
breaking, in n-index irrep of global symmetry.

L = Lo + €Ls, £0

What happens?



Gegenbauer’s Twin

Predictions, in absolute terms:
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Example point. Low tuning (low cutoff), 3% single-
coupling correction, 70% self-coupling correction.




Gegenbauer’s Twin

Present Limits
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Example point. Low tuning (low cutoff), 3% single-
coupling correction, 70% self-coupling correction.




S

) vV

Gegenbauer’s Twin
HL-LHC Expectations
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Example point. Low tuning (low cutoff), 3% single-
coupling correction, 70% self-coupling correction.
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Gegenbauer’s Twin
HL-LHC Expectations & FCC-ee
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Example point. Low tuning (low cutoff), 3% single-
coupling correction, 70% self-coupling correction.




Gegenbauer’s Twin

Modifications to self-interaction relative to
other couplings are huge:

200
n=12
100 n=10
ﬁ 50
/ Svv n=0_0
Naturalness
could show up 2
in self-
interaction! 10 ' . ,
=7 —6 =5 -4 -3 =, -1 0
dvv %]

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



How well do we know the Higgs®

Barely.



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.

It has been eleven years since the discovery of
the Higgs boson.

We must be patient and determined to uncover
1ts origins.



Future of Higgs/EW Couplings

Future facilities can give us valuable new insights
into the nature of the Higgs boson.

precision reach on effective couplings from SMEFT global fit
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Conclusions

As it stands, we don’t know how the Higgs
behaves if we displace it by distances smaller
than its Compton wavelength.

As it stands, we don’t know how it interacts with
itself; a property with far-reaching implications.

As it stands, we don’t know if the Higgs boson is
composite. However, some clues may already be
pointing in a specific theory direction.
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Future of Higgs Self-Coupling

Future facilities can give us valuable new insights
into the nature of the Higgs potential.

HL-LHC

HE-LHC
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190505764 68% CL bounds on k, [%]

Rich interplay between direct/indirect, HL-LHC,
Higgs factory, future High energy machines.




Gegenbauer’s Twin

If tuning calculations interest you (I understand
if not...), we followed conservative approach

0 log v* 0 log v*

J = 0 log , O log a_ i (Z . | (5T5))_1/2

0 log mj, 0log m; = elgenvalues
Olog e Ologa

As Gegenbauer gives vev, tuning dominated by
2

<8logv2>1 B 8m2m3
dloga 3yff2(1—?}%2+2j%f)
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improvement of
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202/ f? 0 3yiv2
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Gegenbauer’s Twin

Quantitatively:
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Estimate of Craig &
Howe seems robust.
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Twin model of Barbieri,
Greco, Rattazzi, Wulzer.




Gegenbauer’s Twin

Generalising Gegenbauer story to pNGB Twin
Higgs for SO(8) — SO(7) and going to Unitary
gauge the top-sector contributions to the Higgs
potential are

3y [* ¢ s h -

A2 sin® —log 21/ f - cos _logcos2h/f

V=
Whereas the symmetric n-index irrep gives

Vc(;n) = em%f2Gi/2 (cos2h/ f)

Note: This is radiatively stable at all scales.



