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Discovery of an apparently elementary 
Standard Model-like Higgs heightens the 

urgency of the hierarchy problem.



In the SM, mh is a parameter: not 
predicted, and worse, incalculable. 

!
In a theory where mh is calculable, we see 
a hierarchy problem: threshold corrections 

to mh at least around a new scale Λ. 
  

Natural if Λ ≳ mh 

(Λ ≫ mh unnatural or UV miracle)

Discovery of an apparently elementary 
Standard Model-like Higgs heightens the 

urgency of the hierarchy problem.



In the SM, mh is a parameter: not 
predicted, and worse, incalculable. 

!
In a theory where mh is calculable, we see 
a hierarchy problem: threshold corrections 

to mh at least around a new scale Λ. 
  

Natural if Λ ≳ mh 

(Λ ≫ mh unnatural or UV miracle)

Potentially natural theories: Higgs mass is 
calculable and plausibly Λ ≳ mh.

Discovery of an apparently elementary 
Standard Model-like Higgs heightens the 

urgency of the hierarchy problem.
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Supersymmetry Composite/Little Higgs

“Colored” naturalness

Simple game for LHC: look for colored partners.



We’ve had 30 years to grow 
comfortable with conventional 
theories, but naturalness need 

not adhere to convention. 
!

To truly test naturalness, we 
should consider the most radical 

theories that still play by the 
same rules (calculable Higgs 

mass controlled by symmetries). 
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Residual symmetries → partner states without SM quantum #s

Totally natural: m̃ . 200GeV
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Folded SUSY Quirky Little Higgs

“Electroweak” naturalness

[Burdman, Chacko, Harnik] [Cai, Cheng, Terning]



A model: Folded SUSY
[Burdman, Chacko, Harnik ’06]
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(No known examples…yet)

“Neutral” naturalness

[Your name here!] [Chacko, Goh, Harnik]



A model: Twin Higgs
Standard 

Model
Standard 

Model
Weak gauge symmetry is SU(2)us x SU(2)twin

But thanks to Z2, radiative corrections to 
the Higgs mass are SU(4) symmetric. 
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[Chacko, Goh, Harnik ’05]

Higgs is a PNGB of ~SU(4), but partner 
states not charged under the SM.

There are many more theories of this kind [NC, S Knapen, P Longhi]
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There’s a wide range of natural 
theories based on symmetries! 

  
(Not necessarily your advisor’s 

natural theories). 
!

How well can we probe them 
experimentally?



Colored naturalness

• SUSY: Direct searches (and indirect searches). 
• Look for colored partner states (stops, gluinos)  

• Look for O(loop*v/m) Higgs coupling deviations. 

• Global: Direct and indirect searches. 
• Look for colored partner states (vector-like t’) 

• Look for O(v/f) Higgs coupling deviations.

Experimental handles

This is our current search 
program for naturalness.



Colored naturalness
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0 and 1-lepton combined
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ATLAS 8 TeV (1-lepton): 95% CL obs. limit
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Figure 5: The 95% CL exclusion limits (dashed) and 5� discovery reach (solid) for 300 fb�1 (red) and
3000 fb�1 (black) in the t̃, ⇥̃0

1 mass plane assuming t̃ ⌅ t + ⇥̃0
1 with a branching ratio of 100%. The

results are shown for the combination of the 1-lepton and 0-lepton analyses. The observed limits from
the analyses of 8 TeV data are also shown.

Figure 6: The Feynman diagram for the ⇥̃0
2⇥̃
±
1 simplified model studied in this note. The ⇥̃±1 is assumed

to decay as ⇥̃±1 ⌅ W±(⇥)⇥̃0
1 and the ⇥̃0

2 as ⇥̃0
2 ⌅ Z(⇥) ⇥̃0

1 with 100% branching ratio.

3.3 Signal Region Selection

Two signal regions are defined for each luminosity scenario considered, “SR1-3000” and “SR2-3000”
for the 3000 fb�1 scenario and “SR1-300” and “SR2-300” for the 300 fb�1 scenario. The regions are Z-
enriched regions to target the ⇥̃0

2 decays via on-shell Z bosons and have ranked selections on the pT of the
three leptons of 100, 80 and 50 GeV from leading to second leading to third leading respectively. Events
are required to include at least one Z boson candidate, defined as a Same-Flavour Opposite-Sign (SFOS)
lepton pair with mass |mSFOS � mZ | < 10 GeV. The mT is constructed from the lepton not included in the
SFOS pair with invariant mass closes to the Z boson mass. Each signal region has tight mT and Emiss

T
requirements to increase sensitivity in scenarios with large mass splitting between the chargino (or ⇥̃0

2)
and the lightest neutralino. The Emiss

T and mT distributions after the above selections and after requiring
Emiss

T > 50 GeV, are shown in Figure 7 for the 3000 fb�1 scenario. The signal regions for the 300 fb�1

and 3000 fb�1 scenarios have been optimised seperately and are described in Table 5.

10

~1% level (global)!
~2% level (SUSY)

8

Mass (GeV) OS23 OS5+ SS Multi-leptons (� 3)
Signal Event Yields
500 3622.5 19168.6 10348.1 6005.0
700 1738.9 8617.9 2716.8 2381.7
900 777.5 2875.6 665.8 881.8
1100 297.5 867.2 168.1 275.7
1300 109.1 256.5 46.8 78.9
1500 38.4 79.3 14.8 22.7
1700 14.7 25.9 4.8 6.9
1900 5.6 8.7 1.7 2.2
Total Background 1378.6 23473.7 4403.2 691.4

TABLE VII: Number of expected signal and background events for 3000 fb�1 of pp collisions at 14 TeV in di↵erent
event categories for < µPU >=140 pileup scenario.

Mass (GeV) OS23 OS5+ SS Multi-leptons (� 3)
Signal Event Yields
700 17451.9 12970.1 17225.9 30396.1
1700 1022.0 1033.7 257.2 352.0
1900 552.6 532.4 125.8 154.0
2100 320.7 386.6 81.4 99.7
2300 171.0 157.4 34.8 30.5
2500 97.5 88.7 19.5 17.5
2700 54.5 50.5 11.4 8.6
3100 20.5 17.8 4.4 2.3
3300 12.4 10.5 2.3 1.3
3500 8.0 6.6 1.4 0.7
Total Background 7154.6 30150.3 13655.9 6400.4

TABLE VIII: Number of expected signal and background events for 3000 fb�1 of pp collisions at 33 TeV in di↵erent
event categories for < µPU >=140 pileup scenario.

A.
p
s=14 TeV

Figures 1, 2, and 3 show the expected 95% C.L. limit, the 5� and 3� discovery reaches respectively forp
s=14 TeV.
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FIG. 1: Expected 95% C.L. limits for T quark pair production in the the l+ jets channel (left), multilepton channel
(middle) and combined (right).

[Bhattacharya, George, Heintz, Kumar, Narain, Stupak]

~7% level



Colored naturalness
11

contours of the two di�erent search strategies.

The searches proposed here also have good discriminating power away from the massless

neutralino limit. A 1.5 TeV stop could be discovered in the compressed region of parameter

space. It is possible to exclude neutralino masses up to 2 TeV in most of the parameter

space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.
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FIG. 5: Projected discovery potential [left] and exclusion limits [right] for 3000 fb�1 of total
integrated luminosity. At each signal point, the significance is obtained by taking the smaller CLs

between the heavy stop and compressed spectra search strategies, and converting CLs to number
of �’s. The blue and black contours (dotted) are the expected (±1�) exclusions/discovery contours
using the heavy stop and compressed spectra searches.

D. Di�erent Luminosities

An open question in the design for the 100 TeV proton-proton collider is the luminosity

that is necessary to take full advantage of the high center of mass energy. As cross sections fall

with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

This section shows the scaling of our search strategy as a function of the number of

collected events. As the luminosity changes, we re-optimize the /ET cut. For integrated

~.05% level

Where we’ll be 
@ 100 TeV:

Where we’ll be 
@ Higgs factory:

LPC meeting on future 100 TeV proton collider,  31st January 2014    

Results

Mass reach for double production 
of  T quark in l+jets channel 
estimated to be:

‣ 95% exclusion limit ~ 7.3 TeV

‣ 3sigma discovery reach ~ 5.7 TeV

‣ 5sigma discovery reach ~ 4.8 TeV
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[Cohen, D’Agnolo, Hance, Lou, Wacker]
[Ahuja, Black]
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Figure 8. Regions in the physical stop mass plane that precision measurements are sensitive to, with contours

of tunings, at future e+e� colliders (left: ILC; middle: CEPC; right: FCC-ee). Top row: bounds on stops with

no mixing, Xt = 0. Dashed vertical lines: 2� bounds on stop masses from S and T (mostly T ); solid lines: 2�

bounds on stop masses from Higgs coupling constraints. Blue dashed contours are the stop contributions to

the Higgs mass tuning. Lower row: bounds on stops in the blind spot X2
t = m2

t̃1
+m2

t̃2
. There are no Higgs

measurement constraints. For CEPC with possible improvements (purple dash-dotted line in the middle) or

FCC-ee (orange solid line), EWPT is only sensitive to a small region. The green dashed lines are the exclusion

contours from b ! s� for the choice µ = 200 GeV and a few di↵erent values of tan�. Each of these contours

is also labeled with corresponding tunings �µ and �A. There is also a region along the diagonal line which

cannot be attained by diagonalizing a Hermitian mass matrix [32].

7.2 Implications for Folded Stops

EWPT could be the most sensitive experimental probe in some hidden natural SUSY scenarios such as
“folded SUSY” [28]. In folded SUSY, the folded stops only carry electroweak charges and some beyond
SM color charge but no QCD charge. The most promising direct collider signal is W+ photons which
dominates for the “squirkonium” (the bound state of the folded squarks) near the ground state [84, 85].
It is a very challenging experimental signature. Among the Higgs coupling measurements, folded stops
could only modify the Higgs–photon coupling, the Higgs–photon–Z coupling, and (at a subleading
level) the Higgs–Z–Z coupling. Yet the Higgs–photon coupling measurements, even at future e+e�

colliders, have very limited sensitivities. Even FCC-ee Higgs measurements could only probe folded
stops up to 400 GeV, as illustrated in Fig. 9 (which updates the result in [32] to include CEPC). Notice

– 19 –

[Fan, Reece, Wang]

~2% level (global)!
~5% level (SUSY)



EWK naturalness

• SUSY: Direct searches (and indirect searches). 
• Look for electroweak resonances and displaced decays.  

• Look for O(loop*v/m) Higgs coupling deviations. 

• Look for the UV completion 

• Global: Direct and indirect searches. 
• Look for electroweak resonances and displaced decays. 

• Look for O(v/f) Higgs coupling deviations. 

• Look for the UV completion

Experimental handles



EWK naturalness

FIG. 6. An estimate of the ATLAS limits on the production of an up-down pair of F-squarks as

a function of the F-squark mass, assuming 1, 2, or 3 such generations.

global [SU(3)⇥U(1)]2 symmetry, of which the gauged SU(3)W⇥U(1)
X

is a subgroup. This

approximate global symmetry, which is explicitly violated by both the gauge and Yukawa

interactions, is broken to [SU(2)⇥U(1)]2, which contains SU(2)
L

⇥U(1)
Y

of the SM as a sub-

group. The SM Higgs doublet is contained among the uneaten pNGBs that emerge from this

symmetry breaking pattern, and its mass is protected against large radiative corrections.

The symmetry breaking pattern may be realized using two scalar triplets of SU(3)W ,

which we denote by �
1

and �
2

. If the tree level potential for these scalars, V (�
1

,�
2

) is of

the form

V (�
1

,�
2

) = V
1

(�
1

) + V
2

(�
2

) , (51)

then this sector possesses an [SU(3)⇥U(1)]2 global symmetry. When �
1

and �
2

acquire

VEVs f
1

and f
2

, this symmetry is broken to [SU(2)⇥U(1)]2. For simplicity we will assume

that the two VEVs are equal, so that f
1

= f
2

= f . However, this is not required for the

mechanism to work. Of the 10 resulting NGBs, 5 are eaten while the remaining 5 contain

the SM Higgs doublet.

The next step is to understand how the cancellation of quadratic divergences associated

with the top Yukawa coupling arises in this theory. The top sector takes the form

�
1

�
1

Qt
1

+ �
2

�
2

Qt
2

(52)

where Q represents the SU(3) triplet containing the third generation left handed quarks,

21

Work in progress, [Curtin, Chacko, Verhaaren], 
 [Cohen, NC, Lou, Pinner]

Where we are:

Where we’ll be 
@ end of LHC:

~natural

~10% level

Diboson resonance searches, 
displaced decays
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Figure 8: Constraints on folded SUSY-like models from a one-parameter fit with “F -stops,” i.e. scalars that have the electroweak
quantum numbers and Yukawa couplings of stops but no QCD charge. Because they affect h! �� but not h! g g , constraints
on such particles are much weaker than on stops. At left are the current constraints. The three shaded purple regions, from
darkest to lightest, are excluded at 3� (99.73%) level; 2� (95.45%) level; and 1� (68.27%) level. The red solid lines: contours of
Higgs mass fine-tuning. The blue dashed line displaying 10% fine-tuning associated with r t̃

� is barely visible in the left-hand
corner, indicating that we do not yet have enough precision to make this argument. At right: projected constraints from TLEP.
The purple shaded region along the diagonal has a minimum |Xt | needed to fit the data at 95% CL that is larger than

��X max
t

��. The
blue shaded region requires a tuning of Xt by more than a factor of 10 to fit the data. The dot-dashed red contours label Higgs
mass fine-tuning.

5 Discussion

5.1 Possible Caveats

In our analysis, we neglect beyond-MSSM physics in loops, assuming that the leading loop correction to the Higgs-
gluon coupling originates from stops. If there exist light vector-like colored states beyond MSSM which contribute
negatively to the Higgs-gluon coupling, the constraints on stop masses might be relaxed. However, the cancelation
between the new colored states and stops still contributes to the Higgs coupling fine-tuning.

When including Higgs mixing effects in Sec. 3.2 and Sec. 3.3, we neglect non-holomorphic bottom and tau
Yukawa couplings that could arise from integrating out third generation squarks, higgsinos and gauginos at the
one-loop level. Such non-holomorphic Yukawas would alter the 2HDM coupling relations that we assumed. They
are only non-negligible when tan� is large, e.g, tan� ¶ 50. However SUSY scenarios with such a large tan� are
always fine-tuned at worse than 1% level in flavor observables such as Bs ! Xs� [14, 53]. Thus we do not consider
these scenarios here further.

5.2 What is Tuning?

Attitudes about fine-tuning vary widely in the particle theory community. We have seen in Figure 2 that at 95% con-
fidence level, theories where the dominant corrections to Higgs properties arise from stop loops are constrained
to be tuned at worse than the 20% level (according to the measure in equation 9). A 10% fine-tuning is still com-
patible with the data at 90% confidence level, although a substantial portion of the parameter space with less than
10% tuning is already ruled out. Theorists often discuss models that are much more tuned, so one might wonder
how significant this result is. We believe it is an important conclusion. Of course, to some extent this is an aesthetic
judgment, and in any case it relies on intuitions about the structure of the space of UV completions of the Standard

12

[Fan, Reece][Burdman, Chacko, Harnik, de Lima, Verhaaren]



EWK naturalness

Where we’ll be 
@ 100 TeV:

Where we’ll be 
@ Higgs factory:
~2% level (global)!
~5% level (SUSY)
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Figure 9. Projected constraints in the folded stop mass plane from a one-parameter fit to the Higgs–photon–

photon couplings from future experiments. Directly analogous to Fig. 7. Results from the ILC 250/500/1000

would be similar to CEPC; lower-energy ILC measurements provide even weaker constraints. These constraints

are subdominant to the constraints on left-handed folded stops arising from T -parameter measurements, which

are the same as those for ordinary stops in the left-hand column of Fig. 5.

that we have also taken into account of a precise determination of �(h ! ��)/�(h ! ZZ) at HL-LHC.
It has been demonstrated that combing this with Higgs measurements at future e+e� colliders could
result in a significant improvement of sensitivity to Higgs–photon–photon coupling [86, 87].

On the other hand, the reach of the electroweak precision we derived in this article (the left
column of Fig. 5) applies to folded stops as well as the usual stops. Except for the blind spot in the
parameter space, future EWPT could probe left-handed folded stops, via their correction to the T

parameter, up to 600 GeV (e.g. at the ILC) or even 1 TeV (e.g. at FCC-ee). CEPC’s preliminary
plans fall close to the ILC reach, but conceivable upgrades could achieve similar reach to FCC-ee.
These EWPT constraints would surpass the Higgsstrahlung constraints on folded SUSY estimated in
ref. [65]. Improved measurements of the W mass, then, may be one of the most promising routes
to obtaining stronger experimental constraints on folded SUSY. Therefore, with the help of future
electroweak precision measurements, we can test the fine tuning of folded SUSY at the few percent
level.
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[Fan, Reece, Wang]

Colored sparticles, heavy resonances @ ~1/R

1/R ≲ 20 TeV → m̃ ≲ 1.5 TeV

at least ~1% level

20 New Particles Working Group Report

In the context of supersymmetry, Z 0 can play an important role, such as the solution of the µ problem and
the mediator of the supersymmetry breaking. Z 0 decaying into superpartners can be an important discovery
channel.

In addition to Z 0 minimal gauge couplings to the Standard Model fermions discussed here, gauge-invariant
anomalous (magnetic moment type) couplings with the known fermions could also be present. The dilepton
final states, like e+e� and µ+µ�, are still the most clear channels. The reach of this scenario at hadron
colliders have been presented in [70]. For example, with integrated luminosity of 3 ab�1, pp collider at 14(33)
TeV can discover such a Z 0 up to 6(13) TeV.

22.3.3.2 New hadronic resonances
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Figure 22-17. Left panel, the discovery reaches for KK-gluon in minimal UED model at hadron colliders.
Right panel, the discovery reaches for KK-gluon in next-to-minimal UED model at hadron colliders.

Hadron colliders are also ideal for searching for new leptophobic resonances by looking for a peak in the
dijet invariant mass distribution. Aside from serving as a standard candle for understanding experimental
issues such as jet energy resolution, these searches are strongly motivated in theories with a new U(1) baryon
number gauge symmetry, coloron models, and models of Universal Extra Dimensions (UED). The discovery
reach in the coupling–mass plane [96] for LHC and HL-LHC, a 33 TeV pp collider, and a 100 TeV pp collider
is shown in Fig. 22-16 for a Z 0

B colorless vector resonance (left panel) and a G0 color-octet vector resonance
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Neutral naturalness

• SUSY: Direct searches (and indirect searches). 
• Look for off-shell Higgs portal.  

• Look for O(loop*v/m) Higgs coupling deviations. 

• Look for the UV completion. 

• Global: Direct and indirect searches. 
• Look for O(v/f) Higgs coupling deviations. 

• Look for displaced decays [NC, Katz, Strassler, Sundrum] 

• Look for the UV completion.

Experimental handles



Neutral naturalness
Higgs couplings: accustomed to looking for corrections 
to loop-level couplings (h → γγ, gg), but even loops of 

neutral states can be seen. 
[NC, Englert, McCullough; Henning, Lu, Murayama; NC, Farina, McCullough, Perelstein]

cH
m2

�

�
@µ|H|2

�2 ! ��Zh = �2cH
v2

m2
�

Direct searches: states lighter than mh/2 can easily 
be constrained by non-SM Higgs width; if heavier 
than mh/2, can still produce via an off-shell Higgs. 

Look for associated production + invisible. 
[Curtin, Meade, Yu; NC, Lou, McCullough, Thalapillil]  



Neutral naturalness

Where we are:

Where we’ll be 
@ end of LHC:

natural (at worst 
30% for global)

natural (at worst 
20% for global)
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Neutral naturalness

Where we’ll be 
@ 100 TeV:

Where we’ll be 
@ Higgs factory:

4πf ≲ 20 TeV → f ≲ 1.6 TeV

~1% level (global)!
~50% level (SUSY)

~1% level (Twin Higgs: radial Higgs mode, 
expect comparable limits)

20 New Particles Working Group Report

In the context of supersymmetry, Z 0 can play an important role, such as the solution of the µ problem and
the mediator of the supersymmetry breaking. Z 0 decaying into superpartners can be an important discovery
channel.

In addition to Z 0 minimal gauge couplings to the Standard Model fermions discussed here, gauge-invariant
anomalous (magnetic moment type) couplings with the known fermions could also be present. The dilepton
final states, like e+e� and µ+µ�, are still the most clear channels. The reach of this scenario at hadron
colliders have been presented in [70]. For example, with integrated luminosity of 3 ab�1, pp collider at 14(33)
TeV can discover such a Z 0 up to 6(13) TeV.

22.3.3.2 New hadronic resonances
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Figure 22-16. Hadronic resonance discovery sensitivity at hadron colliders. Left panel: Z0
B . Right panel:

Octet coloron.
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Figure 22-17. Left panel, the discovery reaches for KK-gluon in minimal UED model at hadron colliders.
Right panel, the discovery reaches for KK-gluon in next-to-minimal UED model at hadron colliders.

Hadron colliders are also ideal for searching for new leptophobic resonances by looking for a peak in the
dijet invariant mass distribution. Aside from serving as a standard candle for understanding experimental
issues such as jet energy resolution, these searches are strongly motivated in theories with a new U(1) baryon
number gauge symmetry, coloron models, and models of Universal Extra Dimensions (UED). The discovery
reach in the coupling–mass plane [96] for LHC and HL-LHC, a 33 TeV pp collider, and a 100 TeV pp collider
is shown in Fig. 22-16 for a Z 0

B colorless vector resonance (left panel) and a G0 color-octet vector resonance
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Conclusions
• Taking naturalness seriously opens the door to many novel 

theories for the weak scale with unconventional signatures.

• The LHC will eventually probe our conventional theories to 
the ~1% level.

• But it will leave novel theories essentially untested, and the 
status of naturalness truly unresolved.

• A Higgs factory & 100 TeV collider can probe all natural 
symmetry-based theories to the ~1% level with powerful 
complementarity — essentially a no-lose theorem.

• Same likely extends to even more radical proposals…


