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The Standard Model

The Standard Model is a wonderfully successful
and predictive model of much of particle physics

However, we know It IS not all there Is:

Does not Include: dark matter, neutrino masses,
baryogenesis, gravity

Does not explain: Flavor structure, Strong CP,
HIggs Mass

Therefore, the SM is an effective field theory



Some Natural Philosophy

With the Higgs a scalar in an
EFT, the mass Is generically
set by the heaviest scales

An elementary Higgs “should”
have a Planck scale mass

It gravity iIs somehow ditferent,
the mass scales associated
with every other new physics
scale lead to similar sensitivity
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Paths to a Natural HIggs Mass

't the Higgs Is not an elementary scalar, then there is no problem. The Higgs
mass Is set by confining scale of the new force (See Ramona’s talk)

Morally equivalent to warped extra dimension and clockwork (See Dave’s Talk)

There may be a symmetry that prevents large quantum corrections to the
HIQQgs mass

f the Higgs coupling to the top quark breaks this symmetry we have not
gained anything, need symmetry partner(s)

There may be some historical reason, in the cosmic sense, that leads to a light
HIQQS mass

The Higgs may relax to the EW scale (See Elina’s Talk)



No evidence of compositeness or symmetry partners, so far

The LHC Weighs In

Already a hierarchy between the search limits and the HiIggs mass

|s naturalness ruled out, or “under stress™? (Hint: No)

ATLAS SUSY Searches™ - 95% CL Lower Limits

ATLAS Preliminary

May 2017 \Vs=7,8,13 TeV
Model &1, T,y Jets ET™ [Laim™] Mass limit Vs=7,8TeV | y5=13TeV Reference
] ] ] ] ] ] ] ] I ] ] ] ] ]

w o Db, bi—bX) 0 2b Yes 361 | 950 GeV m(¥))<420 GeV ATLAS-CONF-2017-038

< S by, bty 2 e, (SS) 1b Yes 361 |B 275-700 GeV m(¥})<200 GeV, m(¥})= m(¥})+100 GeV ATLAS-CONF-2017-030

S S f7, bt 0-2 e, 1-2b  Yes 4.7/13.3 |# 117-170 GeV 200-720 GeV m(T) = 2m(t}), m(t})=55 GeV 1209.2102, ATLAS-CONF-2016-077

3 8 111, fl—>Wb)2? or t)?(f 0-2e,u 0-2jets/1-2b Yes 20.3/36.1 | f 90-198 GeV 205-950 GeV m(¥})=1GeV 1506.08616, ATLAS-CONF-2017-020

5 S 77, f—ock| 0 mono-jet  Yes 32 |& 90-323 GeV m(f)-m(t})=5 GeV 1604.07773

™ hb hoh+Z 3e u(Z) 1b Yes 361 |£ 290-790 GeV m())=0 GeV ATLAS-CONF-2017-019

hiy, M +h 1-2eu 4b Yes 361 | & 320-880 GeV m(¥})=0 GeV ATLAS-CONF-2017-019
*Only a selection of the available mass limits on new states or -1 1
10 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
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ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2017 [£ dt = (3.2-37.0) fo! V5 =8,13TeV
iss - .
Model £,y Jetst EI™ [Ldi[fb7] Limit Reference
|| || || || I || || || || || || || || I || || || || || || || || I || || || ||
| VLQTT = Ht+ X Oorleu >2b,>3j] Yes 132 | T mass 1.2 TeV B(T - Ht) = 1 ATLAS-CONF-2016-104
§ VLQTT - Zt+ X le,u >21b,>3) Yes 36.1 T mass 1.16 TeV B(T - Zt) =1 1705.10751
S VLQTT - Wb+ X leu >1b>1J/2) Yes 361 | Tmass 1.35 TeV B(T - Whb) =1 CERN-EP-2017-094
S VLQBB - Hb+ X e,y >2b,>3] Yes 203 B(B — Hb) = 1 1505.04306
& VLQBB - Zb+ X 2/>3e,u  >2/>1b - 20.3 B(B — Zb) = 1 1409.5500
£ VLOBB - Wt+X le,u >1b,>1J/2) Yes 36.1 | Bmass 1.25 TeV B(B — Wt) = 1 CERN-EP-2017-094
VLQ QR — WqgWygq 1eu >4 Yes 20.3 1509.04261
I [ [ [ [ I [ [ [ [ [ [ [ [ I [ [ [ [ [ [ [ [ I [ [ [ [
\/g =13 TeV -1 1 1
- 10 0 Mass scale [TeV]




(Color) Neutral Naturalness

Beginning in 2005, a class of symmetry based Scalar  Fermion Top

solutions the the Higgs mass hierarchy proplem Top Partner  Partner
have been introducea

These models do have symmetry partners All SM SUSY pNGB/RS

Charges
of the top quark, but these partners are
color neutral

_ Quirky Little
. . =W Charges | Folded SUSY .
Bounds from direct colored production ° Higgs

effectively vanish

‘A No SM Llplee?bgi%/ Twin Higas
Charges yP I8
HIggs
)\t >\t tB
h —--= --- h &+ T
------ h Brand New!
dA

See Ennio’s Talk



Folded-SUSY

Burdman, Chacko, Goh, Harnik, hep-ph/0609152 SU(B)XSUG’)
The usual SUSY multiplets are extended by a new SU (3) ( tr tn )

SUSY

ta tp

The colored scalars folded fermions are projected out
of the low energy theory through
boundary conditions in 5

The cancelation proceeds with the
SM fermions 4 and folded scalars 5




Folded SUSY Pheno

In the alignment limit the deviations from SM Higgs couplings can be very

small

Phenomenology driven by new EW states

There are no light states charged under

the hidden color, so the particles

are linked by a ‘string’ of gauge flux

Quirky Dynamics, Kang, Luty 0805.4642

Produce an up-down pair through

Drell-Yan. It cannot shower, SO must
annihilate. Can give a ¥/~ resonance
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=XO0tIc HIgQs Decays

Because the top parters are EWW charged, - 3 -
| EP bounds require they have e 2 p—
masses of at least 100 GeV O Sl
Therefore, the lightest hidden states are " Lo g
glueballs of the new SU(3) 05 |

00 | Juknevich,0911.5616
The lightest glueball, the 07", mixes with R I

the Higgs, leading to exotic Higgs decays < fsm




ightest glueball, the 07

=XO0tIc HIgQs Decays

These decays are suppressed by the small mixing between the Higgs and the

The resulting displaced vertices provide a powerful probe of Folded SUSY
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Twin RIggs
Chacko, Goh, Harnik, hep-ph/0506256
Make a twin copy of the SM matter and gauge structure and assume a 2,

exchange symmetry between the SM and its twin

In the Higgs sector, assume global SU(4) symmetry, with two SU(2)

subgroups gauged
H
Hp

When H gets a VEV [, SU(4) breaks to SU(3), yielding 7 pNGBs
6 of these are eaten by the A and B sector SU(2) gauge bosons

We are left with one physical pNGB, the Higgs



Twin HIgQgs Protection

The 1-loop top quark corrections to the HiIggs mass

3A? FNZA2
(A, [ Hal® + X | Hp|?)= =

772 ~ (Hal” + [Hp[") = H*

The Zo makes the total contribution SU(4) symmetric, does not affect the

At f

oNGB of broken SU(4)

qA —At/(2f)



Iwin HIggs Physics

()
The Zs symmetry predicts equal VEV In A and B sectors ?

()
va = fsind, vg = fcosty mp = macotd

The pNGB structure implies the Higgs couplings to A sector states are
gA = gsMm COS U

This already Iin tension with HIggs measurements...

However, the Z5 can be softly broken, without reintroducing divergences, to

make
VB > VA

3\ A?
“m7 In ;
872 m#

Lifting the twin top mass does reintroducing tuning ~



Twin HIggs Variations

The twin sector need not be a perfect copy. The Fraternal twin Higgs
iINncludes only the minimal third generation  Craig, Katz, Strassler, Sundrum, 1501.05310

The bottom and tau Yukawas can also depart from the exact 25

These variations can address cosmological iIssues and lead to viable dark
matter (FTH not required, see chacko, Craig, Fox, Harnik 1611.07975)

The FTH model may provide a much smaller invisible RHiggs width
This in turn makes Higgs rates more SM-like

But it also has the potential for exotic decays of the Higgs with displaced
vertices



Higgs Couplings

Recall that Higgs couplings are reduced ga = gsn COS U

This reduces Higgs rates to SM
states

The HL-LHC is expected to
measure these rates to 10%

Probes~500-700 GeV twin tops

Future lepton colliders can
reach multi-TeV masses

Can we find more direct signals?
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Iwin HIggs Portal

So far we have only considered the pNGBs of the broken SU (4)
There may also be a radial mode, with mass set by f

This state provides information about the Higgs sector directly

2
V== p? (H\Ha+ HLHp) + X\ (H\Ha+ HHp)

Breaks 75 7 ( . . (ot : | 2
s+ m2 (H H,— H HB> L0 (H HA> + (H HB)
and SU (4) A B A B | Breaks
SU(4)
For stable vacuum require tH > T ot
mp g

Four parameter potential, with the requirement that SU (4) breaking terms are
smaller than preserving terms



Discovering the win AIggs

The LHC can discover in H — ZZ

ATL-PHYS-PUB-2013-016
CMS-PAS-FTR-13-024

1200 -

Extrapolation to 33 (100) TeV uses
D. Buttazzo, F. Sala, and A. Tesi 1505.05488,
where the background Is assumed =
to be primarily gq initiated
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Confirming the Twin Higgs

The H — Z Z discovery determines the Heavy Higgs mass and the

rate to £/

The specitied potential predicts production and widths to EW gauge

DOSONS 1

0.50
The symmetry breaking = .-

pattern of the Twin Higgs
predicts | 010
BR(H — ZZ) (0~ ? 0.05
A test of the Twin Higgs |
symmetry breaking o

pattern!
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Where Didg % Come From?

From the symmetry preserving quartic, the leading radial mode
decays are

MHP =~ AH | DY ¢id

pNGDBs

Which dominates the width, as A Is order one and f Is large

Then, to leading order 1

['sr (H — @ip;) ~

NpNGB

Much more general that the Twin Higgs!



|_inear Collider Discovery

Linear colliders can measure Higgs couplings more precisely

At high energy, they can also
discover the twin Higgs through

H — hh

Such a machine can discover and test
the twin Higgs framework over much
of the natural parameter space

't might also probe the invisible
twin HIggs width to detect the
hidden sector spectrum
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Hard Breaking

Small hard breaking, like in the Fraternal Twin Higgs, follows the Mirror
analysis for larger masses

||+!N ‘

3/7

The symmetry - i
breaking pattern
s still a prediction o i

when decays to
hidden gauge
bosoNs are open
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MC for NN

Showering in hidden QCD sector, often pure glue shower into glueballs,
glueball hadronization model

Of course, different QCD running in the hidden sector...
Modeling of quirky dynamics, de-excitation and decays

Within the larger quirk framework, NN motivated quirks have sort strings,
a more targeted class



Conclusions

Symmetry based solutions to the hierarchy problem with color neutral
top partners provide concrete examples of Higgs naturalness in the
LHC era

These models provide interesting phenomenology at the LHC and
future colliders

These frameworks can be tested, but may require novel search
strategies

There is still a lot of exploring to do!



