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Naturalness from Symmetry
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* The Standard Model successtully accounts for nearly all
microphysical phenomena
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e |fthe SM is an EFT, why is the Higgs so light?
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» Predict symmetry partner fields, usually coloreo
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o Symmetries may protect the Higgs from large mass
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Colorless Top Partners

* One can consider a space of possible Scalar ~ Fermion Top
top partner gauge charges Top Partner  Partner

o |'ll briefly introduce you to the poster Cﬁ';rs'\gs SUSY ONGB/RS
children of neutral naturalness I

. , _ Folded | Quirky Little
Then, we'll see how FCCs can be used EW Charges SLISY Hinos

to discover them
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Your Model Here



Twin RIggs
Chacko, Goh, Harnik, hep-ph/0506256
Make a ‘twin’ copy of the entire SM

Assume a SU (4) symmetric Higgs field
Gauge twoSU (2) subgroups H = ( Ha )
Hp
The A sector is associated with SM, the B sector is BSM

 Exchange symmetry equates A and B gauge couplings



i=( s )

Hgoetsa VEV f

Breaks SU (4)to SU(3), gives 7 NGBs

Twin Higgs

o eaten by A and B gauge bosons, one physical Higgs

One-loop contribution

The exchange symmetry Is enough

to make a SU(4) invariant

Cannot give mass to the pNGB

3A\°

72

3A2\2

872

(|HAl® + [HB[")

(NealHal® + X, [ Hp ")




Quirky Little Higgs

Cai, Cheng, Terning, 0812.0843

H 4
In QLH, we have g _— ( 0 ) SU(3)y,

SU(6)

. SU(6)
The quarks are ) = ( C?FL ) SUB)w [ = ( TC>)

Now, the cancelation happens twice, with the participants charged
under two different color groups.

Now, we project out X and Qy,

from the low energy theory Q= ( T SU(3)

One cancellation with color neutral, but hypercharged partner



Folded SUSY

Burdman, Chacko, Goh, Harnik, hep-ph/0609152.

Double the MSSM matter content and assume exchange symmetry

e Asin QLH the cancellation
of divergences happens twice SU(3)><SU§3>

tB
Have schematic multiplets ( i ) SUSY

Project out the B sector fermions and the A sector scalars

j-i%w H, ___i\t .i\t___ H, + q, U
R H

: , - q .
Cancellation occurs with SM fermions and B scalars tp



Commonalities

Solve the ‘Little Hierarchy’ Problem

* Low Cutoff < 10 TeV

Hidden SU (3) gauge group needed to match SM color
New states are tied to the Higgs

 That's what it means to be a top partner



Neutral Naturalness at FCCs

Higgs coupling deviations

* [ree level vs. loop level

Probing the UV completion (See Dario’s talk for Higgs sector searches)
Exotic HIggs Decays

Direct top partner production

* Higgs Portal

* Drell-Yan for EW charged partners



Higgs Couplings

» pNGB Higgs models, like Tuning
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Burdman, Chacko, Harnik, de Lima, CV 1411.3310



Higgs Couplings at FCC

Even a completely SM neutral top partner from a non-pNGB
mechanism leaves its mark on the Higgs (the ??? model)

Craig, Englert, McCullough, 1305.5251

Corrections to mass also ,
h ——-- --=- h = 0m;, 07,

affect the kinetic term
These loops induce shifts in the Higgs couplings

Can probe ozn at FCC-ee and opp at FCC-hh
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FCC Coupling Results

* The sensitivity of the searches depends on the mass of the top
partner and the number of top partners

e Can these probes by strengthened? (FCC-eh to help?)

Curtin, Saraswat, 1509.04284
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Probing the UV

Models address the Little Hierarchy

Cutoff ~ 10 TeV or less for most natural realizations

UV completions have colored states

* Often have states charged under SM and hidden color

These heavy (~ TeV ) colored states can be produced at FCC-hh



Twin Higgs UV Studies

Cheng, Jung, Salvioni, Tsai, 1512.02647

100 TeV,1ab™'. A=5GeV, f =1TeV
e |n the context of the T T
‘Fraternal’ Twin Higgs N S

Craig, Katz, Strassler, Sundrum, 1501.05310 | exchus
' : 10
e Only twin third ,
generation, no light >
=8

hidden states

= T stop search " o~ |
S
8 TeV
. . . — Higgs fit
* Prime signal Istt plus a exclusion
displaced vertex
o1 05 1. 5. 1.  s0. 100.

m; |Ge V]
pp — (T = tZg)(T — tZg) — tt + (twin Hadron — Displaced Vertex)



-XOotiIc HIQQs Decays

* Occurs whenever the hidden sector does not have light states

 Guaranteed for EW charged top partners, can occur in Fraternal TH

* Displaced decays on detector length scales

fsm




Exotic Higgs Decay Searches

* Reaches into the TeV range of top T s = 100 Tev, 3000 4000
i (MS)x(MS or IT)
partner masses' o500 (VBF h-bb) x (IT, r > 4cm) {500
. . . > TLEP Br(h~invisible) | @
« Complementarity with FCC-ee Higgs 3 2om o8
to invisible measurements of the s 2500 5
total nggS (e g\ubaHs width = 1500 2000
> o
. . é 1000 -1500 %
 And pNGB Higgs couplings s oo
500
« Assumes current trigger thresholds [

for displaced vertices
Curtin, CV 1506.06141 mo (GeV)



lop Partner Production

* Higgs Portal guaranteed

* Drell-Yan for EW charged partners

e Folded SUSY also has W~ resonances .
500C

and possible folded slepton signals 7

Burdman, D'Agnolo, 1512.00040

Z, 7

| Chacko, Curtin, CV,.1512.Q5782 1 0 0 0
» Likely to outdo Exotic Higgs decays .
for some of the parameter space
Chacko, Curtin, CV, 170x.XxXxXXX



Higgs Portal at FCC

1

L = »CSM qu@“gb 2M2 —C¢‘H‘2
 Assuming no Exotic Higgs decays
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Complementarity

¢ FCC-ee
* Tree level Higgs couplings (PNGB Higgs models)
* Loop level ozp (All, best tor SM neutral non-pNGB)
* FCC-hh
* Direct EW production (EW charged)
* Direct Higgs portal production (All, best for SM neutral)
* Exotic Higgs Decays (No light states)
 Higgs Self coupling (All, best for scalar top partners, depends on number)

o UV states (All known)



Conclusion

Symmetry based solutions to the hierarchy problem with color neutral
top partners will not be fully probed at the LHC

Thorough experimental explorations of neutral naturalness require both
FCC-ee and FCC-hh machines

Even the most hidden models can be meaningftully probed by the
combination of these experiments (up to ~300 GeV, can we do better?)

* Displaced signals are ubiquitous and powerful

To Do: Find concrete models of a SM neutral scalar top partner and
Folded SUSY UV completion and update searches with better detectors



