Naturalness 1n the Higgs Production and
Decay at the LHC

lan Low
UC Irvine

I.L. + R. Rattazzi, work in progress



Main production mechanisms of the Higgs at the LHC (and
hadron colliders 1n general):

associated production with W/Z: q7—V +H
vector boson fusion: ¢qq — V'V' — qq+ H
gluon — gluon fusion: g9 — H
associated production with heavy quarks:  gg¢,q7 — QQ + H
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Among them gluon fusion 1s the dominant mechanism!
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Decay channels depend on the Higgs mass:
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* For low Higgs mass m, < 150 GeV, the Higgs mostly
decays to two b-quarks, two tau leptons, two gluons and
etc.

 In hadron colliders these modes are difficult to extract
because of the large QCD jet background.

* The silver detection mode 1n this mass range 1s the two
photons mode: 2 — yy, which like the gluon fusion 1s a
loop-induced process.



A summary plot:

50 Higgs Signals (statistical errors only)
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Theorists have come up with all kinds of (crazy) models for
the Higgs and physics at the TeV scale. There are many ways
to slice this “space of models”:

* JW-W boson scattering is unitarized by spin-1 particles:

theories without a Higgs boson such as technicolor
(composite vectors), Higgsless (KK-vectors), etc.

* JW-W boson scattering is unitarized by spin-0 particles:

all theories which has a Higgs boson.



Theorists have come up with all kinds of (crazy) models for
the Higgs and physics at the TeV scale. There are many ways
to slice this “space of models”:

* Supersymmetric theories:

minimal supersymmetric standard model (MSSM) and its cousins like
Next-to-MSSM (NMSSM), nearly MSSM (nMSSM), uMSSM ...

* Non-supersymmetric theories:

technicolor, Higgsless theories

composite Higgs boson (little Higgs, holographic Higgs, twin Higgs,
gauge-Higgs unification, etc.)

warped extra-dimensional models (Randall-Sundrum),

flat extra-dimensions. (Universal Extra-dimensions (UEDs))



Theorists have come up with all kinds of (crazy) models for
the Higgs and physics at the TeV scale. There are many ways
to slice this “space of models”:

* New parity at the TeV scale:

MSSM with R-parity, Universal extra dimensions with
KK-parity, Little Higgs theories with T-parity.

* No new parity at the TeV scale:

Warped extra dimensions, holographic Higgs models,
Higgsless theories, technicolor, etc.



e One important discriminator in model-building 1s the
“naturalness”:

whether there’re new degrees of freedom and new
symmetries that keep the Higgs light at O(100 GeV)
naturally (such as supersymmetry, composite Higgs, etc.)

or there’re new degrees of freedom but the divergence in

the Higgs mass is *not™ cancelled. In these cases Higgs i1s
light by accident. (UEDs, some warped extra-dimensional
models.)
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One 1mportant discriminator in model-building 1s the “naturalness.

Question: How can we find out 1f the underlying physics at the
TeV scale 1s “natural” or not?

The “Who ordered that?” question!

If we observe new particles at the LHC, are they there to
cancel the divergence in the Higgs mass?

Naively this seems a very difficult question because it requires
precise measurements of coupling strengths as well as their
signs, which are hard to do at the LHC.

But obviously this 1s a very important question!
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* Nevertheless, we will argue that the Higgs boson 1s a very
powerful probe for the naturalness of the underlying physics.

-- There’s a deep connection between cancellation of Higgs
divergences 1n the top sector and the production rate in the
gluon fusion channel.

-- If gg —=h —yyrate 1s larger than standard model, a whole
class of composite Higgs models (little Higgs, twin Higgs,
holographic Higgs, gauge-Higgs unification) as well as
“natural MSSM” would be strongly disfavored.

-- If gg —h —yyrate is smaller than standard model, extra-
dimensional models (UEDs) and “unnatural MSSM” would

be ruled out immediately.
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e The statement is based on the following observation:

The interaction of the Higgs with the top quark induces a quadratically
divergent contribution in the Higgs mass:

e ¥ .
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Q: How do we use another fermion to cancel the above divergence?

Wrong answer: another fermion 7 with only Yukawa coupling to the
Higgs wouldn’t work. The divergences always add up!
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* The statement 1s based the following observation:

The interaction of the Higgs with the top quark induces a quadratically
divergent contribution in the Higgs mass:

e ¥ .
h === --=-=-h = 87r2|At|A

Q: How do we use another fermion to cancel the above divergence?

Correct answer: always need a dimension-five coupling with the Higgs!
m
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 [f the following two diagrams have a relative minus sign,
then Higgs quadratic divergence 1s cancelled. Otherwise,
the divergences add up.

hae- -===~h
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Now let’s massage the diagrams a little bit:

hae- -===~h
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Now let’s massage the diagrams a little bit:
-- First putting one of the Higgs field in its VEV.

(g —
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Now let’s massage the diagrams a little bit:
-- First putting one of the Higgs field in its VEV.

-- Next let’s insert two gluons into the fermion line.
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These are exactly the two diagrams contributing to gluon
fusion from the top quark and the new state!
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In other words, 1f the Higgs divergence 1s canceled, the new state
would interfere destructively with the top quark.

But if the divergence 1s NOT canceled, the new state would
interfere constructively with the top quark.
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The only assumption here 1s there 1s a new degree of freedom
that 1s colored and has a significant coupling to the Higgs.
Otherwise, our statement 1s completely general, model
independent, and applies to any non-supersymmetric theories.

g

(g —

21



e Could generalize the diagrammatic argument to include
mixings between the top quark and the new heavy state, or
scalar partners (SUSY!).

(Using Coleman-Weinberg potential and low-energy theorems of the Higgs.)

* Opposite to the fermionic case, a scalar partner (stop!)
would interfere constructively with the top in the
production rate 1f 1t cancels the Higgs divergence, and
destructively otherwise.

 If there are two scalar partners (two stops!), a mixing term
could decrease the production rate. A large mixing term
could turn the constructive interference into destructive.

22



* In the end, for non-supersymmetric theories, R, < I if the
model 1s natural, which includes a whole class of
composite Higgs models. (eg little Higgs, holographic
Higgs, twin Higgs, gauge-Higgs unification, etc.)

* R, > 1 1f the model is unnatural. That 1s the case 1f the top-
like state 1s simply a Kaluza-Klein mode of the standard

model top quark, such as in extra dimensional models. (eg
UED:s.)
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» That was for the gluon fusion production rate, which 1s not
directly observable and has a large uncertainty.

It 1is possible to make a similar statement for the role of the
top-like new state in the di-photon decay mode of the
Higgs.
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* For di-photon decay the 7/ boson loop dominates, even
though the top loop contributes with an opposite sign.

* A new top-like heavy state could have an effect, but it’s
going to be smaller than in the gluon fusion production.
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 Moreover, the even rate of gg —h —yy 1s determined by
11
? I' tot

0(99 — h) x Br(h — yy) o T’

Therefore we expect the ratio of the even rate with the
standard model should be largely determined by the ratio

FBSM

FS\I >1 or <17

So far this 1s assuming only new top-like states.
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* Then these are the diagrams contributing to the di-photon
decay of the Higgs.

* Again the relative sign 1s preserved in going from the
Higgs divergence to the di-photon decay.
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* Similar the gluon fusion production, for non-
supersymmetric theories the ratio of di-photon decays R, <
1 1f the model 1s natural.

° Ry > 1 1f the model 1s unnatural.

In the end 1f there are new top-like states as well new heavy
gauge bosons, both R, and R, are less than unity 1if there 1s
naturalness 1in the model and greater than unity 1f there’s
none.

Same can be said about Bo(gg —h —=yy)!

We can extend a similar analysis to MSSM with regard to
whether the mixing in the stop sector 1s large or small.
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Conclusion:

o [fatthe LHC we measure

Bo®M(gg — h — )
BoSM(gg — h — 77)

then unnatural models such as UEDs and MSSM with small
mixing in the stop sector are favored.

> 1

e [If on the other hand we measure
Ba®M(gg — h — vv)

<1
BoM(gg — h — v7)

then natural models such as composite Higgs and MSSM
with large mixing in the stop sector are favored.
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e Assuming no supersymmetry:

If the ratio of partial widths R, <1, there’s a new top-like

fermionic state canceling the top quadratic divergences in
the Higgs mass.

If the ratio R, <'1, there’s a new vector boson canceling the
gauge quadratic divergence in the Higgs mass.
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