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Unnaturalness of the Standard Model

6.2.1.3 Origins of Neutrino Mass
Explaining the origin of the small scale of neutrino masses, relative to the masses of the other known
elementary fermions, remains a forefront challenge for particle and nuclear physics. While the Higgs
mechanism thus far appears to account for the non-vanishing masses of the charged fermions and elec-
troweak gauge bosons, the signiÞcantly smaller scale of the active neutrino masses, as inferred from
neutrino oscillation and nuclear�-decay, suggests that an alternate mechanism may be responsible in
this sector. The longstanding, theoretically favored explanation, the see saw mechanism, postulates the
existence of additional Þelds whose interactions with the SM lepton doublets violates total lepton number.
The Þelds may be right-handed, electroweak gauge singlet neutrinos; scalars that transform as triplets
under SU(2)L; or fermions that transform as electroweak triplets. These three possibilities correspond to
the Type I, II, and III see-saw mechanisms, respectively (for a recent review, see,e.g., Ref. [278]).21 The
light neutrino masses are inversely proportional to the mass scale⇤ of the new Þelds, with

m! !
Cv2

⇤
(54)

wherev = 246 GeV is the weak scale and C involves one or more of the coupling constants in the
speciÞc realization.

For C ! O(1) one has⇤ ! O(1014 " 1015) GeV, a scale that is clearly inaccessible to terrestrial
experiments. However, there exist a well-motivated variations on the conventional see-saw mechanism
in which ⇤ may be at the TeV scale, such as low-scale see-saw scenarios or radiative neutrino mass
models. In this case, direct production of the new Þelds may be accessible in high-energypp collisions.
Of particular interest to this chapter are situations involving new scalars, as in the Type II see-saw mech-
anism or radiative neutrino mass models. A discussion of the opportunities for discovery of these new
scalars and their neutrino mass-related properties with a 100 TeVpp collider appears in Section6.5.

6.2.1.4 Naturalness
The SM can be viewed as a Wilsonian effective Þeld theory with a Þnite momentum cutoff⇤, param-
eterizing the scale at which new degrees of freedom appear. In that case, the EW scale is not stable
with respect to quantum corrections from the UV. ThisHierarchy Problem is most transparent in the
expression for the physical Higgs mass parameter in the SM Lagrangian, which sets the electroweak
scale:

µ2 = µ2
0 +

3y2
t

4⇡2
⇤2 + . . . , (55)

where the Þrst term is the bare Higgs mass term and the second term is the dominant radiative contribu-
tion, which arises from top quarks at one-loop. If⇤ is much higher than a TeV these loop corrections
are much larger than the physical Higgs mass, meaning the EW scale istuned. Naturalness, as a guiding
principle for BSM model building, suggests one of the following:22

(a) New degrees of freedom appear at the TeV scale to regulate this quadratic divergence, thereby
protecting the Higgs mass from large UV contributions. This motivates supersymmetric solutions
to the hierarchy problem, where stops below a TeV cancel the top loop.

(b) The Higgs ceases to be a sensible degree of freedom above the TeV scale. This is the case for
techni-color, or more recently Composite Higgs type solutions to the Hierarchy Problem.

21Note that in left-right symmetric models, the Type II see-saw mechanism contains a parallel structure involving SU(2)R

scalars.
22The only known counterexample to this reasoning is the so-called Òdynamical solution" to the hierarchy problem, the

relaxion [279]. The minimal relaxion scenario has no interesting predictions for the collider experiments. However, it is not yet
clear that a full consistent relaxion model, consistent with the cosmological constraints, exists.
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EW scale within the SM as a 
Wilsonian e"ective theory: 

Slightly more technically: the higgs mass parameter gets 
radiative !threshold" corrections 
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t

t̄

h h

and slightly 
numerica#y sma#er 

contributions $om the 
SU%2& gauge bosons

Basic problem: the SM has an unprotected  relevant operator



How Can We Render The SM UV 
Completion Natural? 

Use symmetry to protect the relevant operators $om getting 
large radiative corrections ' SUSY is the only known 
symmetry which can do the job resolving the hierarchy 
problem a# the way to the Planck scale

Make sure that the underlining theory has no relevant 
operators ' Hi(s compositeness, partial compositeness etc. 

What are the ÒtricksÓ that can solve the big hierarchy 
problem # from the EW scale all the way to the Planck 

scale?  
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SUSY and Naturalness

SUSY guarantees the naturalness by connecting the higgs operator to 
the fermionic operators. 

Immediate consequence of SUSY: !light?" superpartners  
t

øt

h h

h h h h

÷t

÷t+
Direct searches provide the most 

important information, butÉ 

The cracks are here, even in the sma# mass regime, 
and they can possibly survive the HL LHC. 

Compressed regions are also hard. 
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ÒNaturalÓ SUSY E$ects on the Higgs 

If we insist that SUSY also takes care of the little hierarchy 
problem, we should expect stops to be not too heavy. This 

immediately has an e$ect on the higgs couplings to the photons 
and the gluons   

Coupling deviation to the gluons due to the stops 
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Assuming that FCC%ee will probe the decay into gluons to the level 
of 1&, this will allow us an excess to the lightest stops beyond the 

mass scale of 1 TeV, which are unlikely to be probed fully at the LHC 

6



What Does SUSY Do to the SM 
Higgs? 

The simplest SUSY SM extension demands two Higgs doublets, making 
sure that it is a type II 2HDM # expect deviations in the Higgs 

couplings like in 2HDM

In the decoupling large tan β limit of the type II 2HDM the Þrst couplings to be 
a"ected are couplings of the Hi(s to the down type sector.  
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Assuming 1) precision in these measurements, this means that heavy hi(ses as 
heavy as 2TeV might leave imprints in FCC!ee   

Another promising direction # looking for the new Higgses.*

*See talk by Shufang Su for more details 
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Compositeness and Naturalness

Compositeness solves the naturalness problem guaranteeing 
that in the UV completion is $ee of relevant operators. 

Practica#y the Òoriginal versionÓ of compositeness theory is 
%almost?& dead. PNGB Hi(s compositeness:  

8

A#ows parametric separation between the scales v and f 
because the hi(s is pNGB %symmetry!&

Guarantees the existence of the hi(s in the spectrum

Ameliorates the ßavor problem of the technicolor 



Higgs Couplings

Most important modiÞcation of the hi(s couplings. In 
the minimal model %Minimal Composite Hi(s&:
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6LHC wi# be sensitive to %v/f&2 ~0.1, while the FCC!ee 
facilities wi# be able to improve this by order pf magnitude. 

Of course it also leaves exciting imprints in vector boson 
scattering %see talk by Fady Bishara&.  
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The Little Hierarchy Problem 

NP > 10 TeV scale is 
not constrained by 

EWPT or LHC 
searches. Maybe 
compositeness or 

naturalness solve the 
big hierarchy problem 

from 10 TeV to the 
Planck scale?

For the little hierarchy problem SUSY is not the only symmetry 
that can guarantee sma#ness of the relevant operator: a# Hi(s 

pGB scenario Þt. 

10



The Neutral Naturalness

Basic idea: the most important radiative corrections to the Higgs 
mass parameter come from top contributions. Top partners, that 

tame these contribution do not need to be colored. It will 
somewhat resemble the compositeness models, but there will be 

no colored top partners and the scale f looks pretty di$erent.    

11

Twin Hi(s: 

The 1!loop cance#ations in folded SUSY work exactly as in the 
regular SUSY, except the fact that that the stops are SM!colorless



Neutral Naturalness Prototype Models 
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Fermionic partners # Twin 
Higgs

Bosonic partners # Folded 
SUSY

Largely along the lines of the 
little Higgs. Higgs is an 

approximate pGB of a large 
global symmetry SO!8"/SO!7". 
Trick: up to 5 TeV cuto$ this 

structure can be maintained by 
imposing a discrete mirror 

symmetry, top partners are not 
charged under the SM color

It is not SUSY!!
An extended symmetry 

SU!3"'SU!3"'SU!2"'U!1" with 
the scalar top partners are 

charged under a non%SM color 
SU!3". Descends from a 10 TeV 
SUSY orbifold, which insures 
that the couplings have the 

right strength.



Hidden Valleys and The Higgs Portal 
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Naively to maintain naturalness up the cuto$ scale !~10 TeV" , we 
should only take care about the 1%loop divergencies 

The SM color group is unimportant, 3 is merely a 
multiplicative factor in the top!top partner diagrams 

Numerica#y: diagrams like 
t

gh h

demand light 
gluinos in the  

Ònatural SUSYÓ

NN analog: global SU%3& of top partners must be gauged



The Higgs Portal

With the conÞning hidden va#ey hi(s exotic decays are 
guaranteed: 
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Both in the folded 
SUSY and in the 

Twin Hi(s scenario 
Hi(s is a unique 

portal into the hidden 
va#ey of conÞning 

SU%3&: 
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The Hidden Valley Signals 

Prediction of NN: conÞning hidden va#ey of another color SU%3&

What is the lightest hidden 
particle? 

 Mirror twin Hi(s ' the hidden va#ey 
include nearly massless particles

Folded SUSY: the lightest particles are the 
glueba#s of the conÞning SU%3& 
m∼ΛQCDÕ≳ΛQCD

Fraternal Twin Hi(s ' the hidden va#ey 
spectrum is qualitatively similar to the Folded 
SUSY, but might also include stable mesons 

! t̃t̃! ⇡ 0.15! tt̄ (32)

"! tt̄/! tt̄ ⇡ 4.5% (33)

tRøtL : tLøtR = (1 + cos #)2 : (1 � cos#)2 (34)

pdaughter = "M � "M2

2M
(35)

|p(lab)| = $"M (36)

fSM = 1 .2± 0.05 (stat) ± 0.13 (syst) (37)

L � �öy!
|H|2ö%+ö%!

p
2f

(38)

mb̂ � ö! QCD (39)

" /
 

ö! QCD

mh

!n

(40)

3

Potentia#y displaced vertices
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Decay Lengths

Lightest glueball decay lifetime 
!decay via the o$ shell higgs": 

While the value of theh ! ö! mixing can vary depending on the (unknown) value of the

twin bottom Yukawa, the h ! G0+ coupling is necessarily generated by the basic ingredients

of the minimal Twin Higgs. In a manner entirely analogous to the Standard Modelhgg

coupling, loops of twin tops generate an e! ective coupling between the twin Higgs doublet

B and twin gluons; afterSU(4) breaking and SM electroweak symmetry breaking, this leads

to a coupling between twin glue and the SM-like Higgs. The e! ective coupling between the

twin Higgs doublet B and twin glue takes the usual form

L6 =
ö" 3

12#
öGa

µ!
öGµ!

a log
✓

B †B
f 2

◆
, (37)

and applying (18) generates the corresponding coupling toA†A, which after electroweak

symmetry breaking leads to

L " !
ö" 3

6#
v
f

h
f

öGa
µ!

öGµ!
a . (38)

Here the couplings are largely Þxed by naturalness considerations.

C. Glueball Decay

Once produced, twin glueballs can decay into kinematically available Þnal states. As-

suming there are no light quarks in the twin sector, the only potentially available decays

are into light Standard Model fermions via the (o! -shell) SM-like Higgsh or into the twin

lepton sector via the heavier Higgsöh or twin öZ . The decayG0+ # h! # Y Y, whereY are

light SM Þelds, provides a visible signal. This process was studied in [23] in the context of

a similar Hidden Valley model [21], with a similar Higgs portal for decays of the glueballs,

and with a production portal induced by ÒquirksÓ [15, 22]. The width forG0+ # Y Y is

" G0+ " Y Y =
✓

ö" 3vf0
6#f 2(m2

h ! m2
0)

◆2

" SM
h" Y Y (m2

0) . (39)

Here " SM
h" Y Y (m2

0) is the width of a SM-like Higgs of massmh = m0 and f0 is the G0+ decay

constant; from the lattice we have 4#ö" 3f0 = 3.06m3
0 [43]. This is the dominant decay mode

of twin glueballs in the minimal model; decays into twin sector leptons are subleading, due

to suppression factors of (mh/m ĥ)4(f /v )2 for decays viaöh and by an extra (v/f )2 mixing

factor if via h.

Provided that the G0+ decays primarily into SM Þnal states, we can determine its lifetime

$0 in terms of m0 and f . This exercise is particularly straightforward for glueballs much

29
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FIG. 6: Decay length c! 0 of the G0+ state in log10(meters) as a function of m0 and f .

lighter than the massive Standard Model gauge bosons, for which the factor�SM
h! Y Y (m2

0)

scales linearly with glueball mass because decays into longitudinally-coupled modes are

doubly o↵-shell. Then in this regime we have simply

� ! 1.1 " 10" 17 GeV "
⇣

m0

10 GeV

⌘7
✓

750 GeV
f

◆4

, (40)

valid for 2mb < m0 # mW . This corresponds to a decay lengthc⌧0 of approximately

c⌧0 ! 18 m "
✓

10 GeV
m0

◆7 ✓
f

750 GeV

◆4

. (41)

Herem0 $ 10%50 GeV is a reasonably central range of values for the glueball mass, given

(a) the relative factor of $ 7 relating ö⇤3 to m0 and (b) the higher conÞnement scale of

twin QCD given a reduced number of twin sector fermions. This is a tantalizing result from

an experimental perspective; it implies that the twin sector glueballs give rise to displaced

decays on the length scale of the LHC detectors. Even for average decay lengths greater than

the scale of the detectors, the large number ofh bosons produced at the LHC means that

an appreciable number of distinctive displaced decays can still occur within the detector.

These decays involve a mix of Þnal states with relative rates corresponding to the decay of

an SM-like Higgs of massmh = m0 Ñ primarily bottom quarks, if kinematically accessible,

as well as tau pairs and gluons.
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Scaling as the 
7th power of 
mass provides 
a wide range 
of possibilities
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c! /m, wherec! is the mean decay length of the lightest glueball state0

++.
Computed with Eq. (3.13) in Folded SUSY Eq. (3.8) and Twin Higgs Eq. (3.12) theories. The blue bands
correspond to the shift of the contours resulting from the25% uncertainty in the total0++ width.

Clearly, discovering very light glueballs would be challenging. However, the situation is more
promising for the preferred12 ! 60 GeV regime, with decay lengths ranging from microns to kilo-
meters.

The heavier glueball states have lifetimes that are several orders of magnitude longer than0

++.
Since that state already decays on macroscopic scales, we will focus exclusively on detecting0

++

decays as a probe of uncolored naturalness.

3.4 Exotic Higgs Decays

For m
0

" mh/2, the inclusiveexotic branching ratio of the Higgs to mirror-glue can be obtained
from the SM branching ratio to gluons via a simple rescaling:

Br(h # gBgB) $ Br(h # gg)
SM

á
!

" B
s (mh)

" A
s (mh)

4v2
"
y2

M2

#$
2

(3.16)

whereBr(h # gg)
SM

$ 8.6%.
The coupling ratio" B

s (mh)/" A
s (mh) depends on the mirror sector spectrum betweenm

0

andmh.
Ignoring threshold effects belowmh, it can be estimated by solving Eq. (3.2) for µB

pole

and evolving
to µ = mh:

" B
s (mh)

! 1

=

b

2#
log

mh

µB
pole

, where µB
pole

= µA
pole

á
m

0

a
0

(rSM
0

)

! 1

. (3.17)

The minimal assumption isb = 11, corresponding to no mirror sector matter belowmh. This is
almost required by LEP limits for Folded SUSY and Quirky Little Higgs. The resulting coupling ratio

Ð 16 Ð
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Higgs Exotic Branching Ratios 

Irreducible decays into the hidden va#ey 

D
ar
k

co
n
f
in
em

en
t

D
ar
h

h
ad

ro
n
s

This part is similar to the h➞( except that 
we have misalignment suppression in the 

twin hi(s and the scalar loop + folded stop 
mass suppression in FSUSY 

Taking into account 
all the suppressions 
the irreducible rate 
in the range 0.1&É

1& is natural. If 
more FT is involved 

it can be smaller  
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Potential Reach: LHC vs FCC%hh

*More in a talks by C. Verhaaren & D. Curtin 
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Figure 9. Projected sensitivities of the displaced decay searches listed in Table4, expressed model-
independently as limits on the exotic Higgs decay branching ratioBr(h ! XX) as a function of the proper
lifetime c⌧ of X, for mX = 30 GeV. Zero background is assumed, which is not likely to be realistic for the
HCAL search. Decreasing (increasing)mX shifts the curves slightly to the left (right).

At the HL-LHC, the most coverage is achieved by looking for one DV in association with a
lepton. For lighter glueballs, jets + one DV or two DVs in the muon system provide additional
coverage. The jets + one DV search could additionally cover much of the same parameter space as
the lepton + one DV search if DV reconstruction down tor

min

= 50 µm was possible for that search
as well. Overall, the HL-LHC should be able to probe uncolored naturalness via Higgs to glueball
decay with top partner masses up to about a TeV for a wide range of theoretically motivated glueball
masses.

The reach at the 14 TeV LHC with only 300fb�1 can be easily read off from Fig.8 by shifting the
exclusions onelog

10

 contour inwards, corresponding to a factor of 10 reduction in signal compared
to the HL-LHC. Most of the glueball masses are covered, and top partners up to 500 - 700 GeV can
be probed, though the lepton + one DV search looses sensitivity form

0

⇠ 60 GeV,mTP ⇠ 200 GeV.
The 100 TeV results are meant to be illustrative only, since the assumptions we used are driven

by the limitations of present-day experiments. By the time the next collider is built, it is likely that
full track reconstruction can be used for low-level triggering, if triggering is needed at all. Displaced
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Figure 9. Projected sensitivities of the displaced decay searches listed in Table 4, expressed model-
independently as limits on the exotic Higgs decay branching ratio Br( h ! XX ) as a function of the proper
lifetime c⌧ of X, for mX = 30 GeV. Zero background is assumed, which is not likely to be realistic for the
HCAL search. Decreasing (increasing) mX shifts the curves slightly to the left (right).

At the HL-LHC, the most coverage is achieved by looking for one DV in association with a
lepton. For lighter glueballs, jets + one DV or two DVs in the muon system provide additional
coverage. The jets + one DV search could additionally cover much of the same parameter space as
the lepton + one DV search if DV reconstruction down to rmin = 50 µm was possible for that search
as well. Overall, the HL-LHC should be able to probe uncolored naturalness via Higgs to glueball
decay with top partner masses up to about a TeV for a wide range of theoretically motivated glueball
masses.

The reach at the 14 TeV LHC with only 300 fb�1 can be easily read off from Fig. 8 by shifting the
exclusions one log10  contour inwards, corresponding to a factor of 10 reduction in signal compared
to the HL-LHC. Most of the glueball masses are covered, and top partners up to 500 - 700 GeV can
be probed, though the lepton + one DV search looses sensitivity for m0 " 60 GeV, mTP " 200 GeV.

The 100 TeV results are meant to be illustrative only, since the assumptions we used are driven
by the limitations of present-day experiments. By the time the next collider is built, it is likely that
full track reconstruction can be used for low-level triggering, if triggering is needed at all. Displaced

– 27 –

Potential reach estimated 
by Curtin and 

Verhaaren, assuming zero 
background in h➝0++0++

Various techniques are 
presented, including 1 DV 
%blue + orange& and 2 DV 

%green and red&
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More on the To%Do List: Strategies 

Until now the signature which attracted most attention was h➝2 
identical hidden hadrons. In the case of light hidden va#eys more 
showering in the hidden sector is likely 

Signatures h➝many + MET are not unlikely with so*er signals 
and multiple DVs.

What are the realistic backgrounds in the FCC!hh

Is the LHC strategy ÒrescaledÓ to the size of FCC is ideal or should 
we try di"erent strategies at the FCC!hh?    
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Can We ÒMeasureÓ the Colorless Top 
Partners

Top partners: charged under the EW !FSUSY" or completely 
sterile. Direct measurements # impossible. But what about 

their e$ects on the higgs? 

20
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FIG. 1: Sample counterterm diagrams that depend on the
Higgs self-energy.

O(0.5%) uncertainty [15]. Thus Higgs boson coupling
measurements can constrain natural new physics for
generic top partners even when they are neutral under
the SM gauge group.To see the relevant e! ects clearly,
consider the theory of Eq. (3) when all scalar top part-
ners, ! i , are gauge singlets. In the limitm! ! v, we may
integrate out the ! i and express their e! ects in terms
of an e! ective Lagrangian below the scalem! involv-
ing only Standard Model Þelds with appropriate higher-
dimensional operators. At one loop, integrating out the
! i leads to shifts in the wave-function renormalization
and potential of the Higgs doublet H as well as opera-
tors of dimension six and higher. Most of these shifts
and operators are irrelevant from the perspective of low-
energy physics, except for one dimension-six operator in
the e! ective Lagrangian:

L ef f = L SM +
cH

m2
!

!
1
2

" µ |H |2" µ |H |2
"

+ . . . (10)

where the ellipses include additional higher-dimensional
operators that are irrelevant for our purposes. Match-
ing to the full theory at the scale m! , we ÞndcH (m! ) =
n! |#! |2/ 96$2. Although this operator may be exchanged
for a linear combination of other higher-dimensional op-
erators using Þeld redeÞnitions or classical equations of
motion, the physical e! ects are unaltered. Below the
scale of electroweak symmetry breaking, Eq. (10) leads
to a shift in the wave-function renormalization of the
physical scalar h as in Eq. (2), with %Zh = 2cH v2/m 2

! .
Canonically normalizing h alters its coupling to vectors
and fermions, leading to a measurable correction to, e.g.,
the hZ associated production cross-section

%&Zh = " 2cH
v2

m2
!

= "
n! |#! |2

48$2

v2

m2
!

. (11)

where we have deÞned%&Zh as the fractional change in
the associated production cross section relative to the SM
prediction, which by design vanishes for the SM alone.
Sincen! |#! |2 is required to be large in order to cancel the
top quadratic divergence, this e! ect may be observable
in precision measurements of&Zh despite arising at one
loop.

While this e! ective Lagrangian approach makes the
physical e! ect transparent, naturalness dictates that
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FIG. 2: Scalar top-partner corrections to the Higgs associ-
ated production cross-section at a 250 GeV linear collider as
a function of the top-partner mass m! in the e! ective the-
ory of naturalness of Eq. (3). Corrections are shown for
n! = 1 , .., 6 top partners. Estimates for the measurement
precision of 2.5% [22, 23] and 0.5% [29] are also shown. It
is remarkable that with current precision estimates a large
portion of model-independent parameter space for Higgs nat-
uralness can be probed. In particular, if one compares with
the tuning estimates of Eq. (9), this broadly corresponds to
probing 10% tuned regions for a single scalar top partner and
close to 25% tuned regions forn! = 6 scalar top partners as
in SUSY. Optimistically, if the precision could be improved to
!" Zh ! 0.1%, then virtually all parameter space for generic
natural scalar theories with up to ! 10% tunings could be
probed.

m! # v, and threshold corrections to Eq. (10) may be
large and a complete calculation is required. In the on-
shell renormalization scheme, the Higgs self-energy en-
ters through the counter-term part of the renormalized
e+ e! $ hZ amplitude via the diagrams depicted in
Fig. 1. Thus the hG0Z and hZZ vertices receive correc-
tions from the Higgs wave-function renormalization.10

For scalar top partners the Higgs wave-function renor-
malization arises at one loop through scalar trilinear cou-
plings, which gauge invariance relates to the quartic ver-
tices, which are in turn directly relevant for the cancel-
lation of the quadratic divergences in%m2

h .
At one loop the e! ective theory of naturalness deÞned

in Eq. (3) leads to a correction to the associated produc-
tion cross-section of the form [15]

%&Zh = n!
|#! |2v2

8$2m2
h

(1 + F (' ! )) (12)

=
9#2

t m2
t

2$2n! m2
h

(1 + F (' ! )) (13)

10 See e.g. Ref. [31] for a complete list of SM Feynman rules.

Hi(s self energy is 
renormalized !  couplings to Z 

are a"ected
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Higgs self-energy.

O(0.5%) uncertainty [15]. Thus Higgs boson coupling
measurements can constrain natural new physics for
generic top partners even when they are neutral under
the SM gauge group.To see the relevant e! ects clearly,
consider the theory of Eq. (3) when all scalar top part-
ners, ! i , are gauge singlets. In the limitm! ! v, we may
integrate out the ! i and express their e! ects in terms
of an e! ective Lagrangian below the scalem! involv-
ing only Standard Model Þelds with appropriate higher-
dimensional operators. At one loop, integrating out the
! i leads to shifts in the wave-function renormalization
and potential of the Higgs doublet H as well as opera-
tors of dimension six and higher. Most of these shifts
and operators are irrelevant from the perspective of low-
energy physics, except for one dimension-six operator in
the e! ective Lagrangian:

L ef f = L SM +
cH
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"

+ . . . (10)

where the ellipses include additional higher-dimensional
operators that are irrelevant for our purposes. Match-
ing to the full theory at the scale m! , we ÞndcH (m! ) =
n! |#! |2/ 96$2. Although this operator may be exchanged
for a linear combination of other higher-dimensional op-
erators using Þeld redeÞnitions or classical equations of
motion, the physical e! ects are unaltered. Below the
scale of electroweak symmetry breaking, Eq. (10) leads
to a shift in the wave-function renormalization of the
physical scalar h as in Eq. (2), with %Zh = 2cH v2/m 2

! .
Canonically normalizing h alters its coupling to vectors
and fermions, leading to a measurable correction to, e.g.,
the hZ associated production cross-section

%&Zh = " 2cH
v2

m2
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n! |#! |2

48$2
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. (11)

where we have deÞned%&Zh as the fractional change in
the associated production cross section relative to the SM
prediction, which by design vanishes for the SM alone.
Sincen! |#! |2 is required to be large in order to cancel the
top quadratic divergence, this e! ect may be observable
in precision measurements of&Zh despite arising at one
loop.

While this e! ective Lagrangian approach makes the
physical e! ect transparent, naturalness dictates that
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FIG. 2: Scalar top-partner corrections to the Higgs associ-
ated production cross-section at a 250 GeV linear collider as
a function of the top-partner mass m! in the e! ective the-
ory of naturalness of Eq. (3). Corrections are shown for
n! = 1 , .., 6 top partners. Estimates for the measurement
precision of 2.5% [22, 23] and 0.5% [29] are also shown. It
is remarkable that with current precision estimates a large
portion of model-independent parameter space for Higgs nat-
uralness can be probed. In particular, if one compares with
the tuning estimates of Eq. (9), this broadly corresponds to
probing 10% tuned regions for a single scalar top partner and
close to 25% tuned regions forn! = 6 scalar top partners as
in SUSY. Optimistically, if the precision could be improved to
!" Zh ! 0.1%, then virtually all parameter space for generic
natural scalar theories with up to ! 10% tunings could be
probed.

m! # v, and threshold corrections to Eq. (10) may be
large and a complete calculation is required. In the on-
shell renormalization scheme, the Higgs self-energy en-
ters through the counter-term part of the renormalized
e+ e! $ hZ amplitude via the diagrams depicted in
Fig. 1. Thus the hG0Z and hZZ vertices receive correc-
tions from the Higgs wave-function renormalization.10

For scalar top partners the Higgs wave-function renor-
malization arises at one loop through scalar trilinear cou-
plings, which gauge invariance relates to the quartic ver-
tices, which are in turn directly relevant for the cancel-
lation of the quadratic divergences in%m2

h .
At one loop the e! ective theory of naturalness deÞned

in Eq. (3) leads to a correction to the associated produc-
tion cross-section of the form [15]

%&Zh = n!
|#! |2v2

8$2m2
h

(1 + F (' ! )) (12)

=
9#2

t m2
t

2$2n! m2
h

(1 + F (' ! )) (13)

10 See e.g. Ref. [31] for a complete list of SM Feynman rules.
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Conclusions 

Hi(s measurements can play an important role in cornering %or discovering& NP

Although direct searches for the superpartners is the main path to study SUSY, 
some ÒcracksÓ in parameter space can be easier accessed via the Hi(s searches

 In the composite Hi(s models deviations of the hi(s BRs $om the SM are 
directly related to the FT

Exciting rare exotic Hi(s decays are generica#y predicted by neutral naturalness 
models and FCC!hh wi# be able to make important gains in this direction

Ideal FCC!hh search strategies for the exotic hi(s decays in the context of the 
neutral naturalness are yet to be studied
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