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HIQQgs & Hierarchy Problem

Great triumph of Run 1 @ LHC: discovery of an SM-like
Higgs @ 125 GeV.

Great challenge for Run 2: quadratic sensitivity of
elementary scalar to higher physical thresholds.

We expect many scales above the weak scale: flavor, dark matter,
neutrino mass, gauge coupling unification, PQ symmetry breaking, ...

At the very least, as far as we know a theory of quantum gravity should
give physical thresholds around the string scale.

An apparently elementary Higgs makes the hierarchy problem as
pressing as ever!



Hierarchy Solutions

(compositeness, SUSY, turtles)

| Supersymmetry l Global symmetry

SUSY breaking Global symm. breaking

Sparticles m Partner particles m
=411/G <4m/G
Higgs mn Higgs mn
v v

Continuous symmetries — partner states w/ SM quantum #s

3y} -
ms; ~ 4—y2m log(A?/m?)  Totally natural: m < 200 GeV
T 3



A physics driver

LQ1(ej) x2 stopped gluino (cloud)
LQ1(ej)+LQ1(vj) stopped stop (cloud) .
LQ2(j) x2 = e HSCP gluino (cloud) Long-Lived
. LQ2(j+LA2(vi) eproquarks HSCP stop (cloud) PericlEs
Summary of CMS SUSY Results* in SMS framework ICHEP 2014 LQ3(vb) x2 a-2/3e HScP
. O —T (e = LQ3(tb) x2 ) =3¢ HSCP
< m(mother)-m(LSP)=200 GeV' LQS((rt; x2 neutralino, ctau=25cm, ECAL time
SUS 13019 L=195 b """ CMS Searches for New Physics Beyond Two Generations (B2G) 103
SUS-14-011 SUS-13-019 L=19.3 195 /fb [ 1 (vt) x2
'SUS-13-007 SUS-13-013 L=19.4 195 /fb. - ] i
SUS-13.006 SUS-13.013 Lo19.5 ] 95% CL Exclusions (TeV) 0 1 2 3 4 +MET, I DM=100 GeV, A
SUS13.013 L=195 /> e — +MET, SD DI
sustsossustIolsLtes A mE TisoaRpes) R RS1(yy), k=0.1 J :
Bre— i RStiee). k01 IVET, 50 D
—— aeT— a Zzmantines) RST(WW—4j), k=0.1 |+I;/|MEFrT
—_ 1 Tb(somispeion Vecto o) 0 L1 2 3 4 1+MET, £=-1, SI DM=100 GeV, A
semmsmiemam S CMS Preliminary H+MET, -1, 5D DMI=100 GeV; A
SUS-13-018 L=19.4 /ib. ) - Z(1.2%)dep)
SUS-13-008 SUS-13-013 L=19.5 /fb ] T-stHthadvoric) |
{EEEEE ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 5 szmsin) i e SSM Z'(ry) "
[a—— ssmzq) | ADD (yy), nED=4, MS .
— CMS Prelimi " . Prp— SSM Z'(bb) ; ADD (ee,up), nED=4, MS Large Extra
SUS13.006 L1958/ 1 reliminary fe— Mo [— B (st nED—4. M e —_
——— For decays with intermediate mass, s ton auhd SSM WHG) ADD (y+MET), nED=4, MD
Susaae Lot Miermeciate = XM oerH1-X) M . Vector-like B ssmway | | QBH, nEl
S " 2020w sSMWwzom) | T NR BH, nED=4, M
777777777777777777777777777777777777777777777 B-Zisomicp) i ssMwwz—d) | Jet Extinction Scale
BbHsernilep) Wiep) String Scale (jj)
S ] — tb Resonances Hod
P—— Excite
[ ] vioen = e"M=7 Fermions diiets. A+ LURR Compositeness
xcited tops W (M=A) d!_ s, LURR
" ijets, A-
{OMET scalarnad) Dark matter o q' ((qg; dim LlJons, e LU
T : Displaced tops aan dimuons, A- LLIM
oarsMET calarisemicp) i i i i i exfi=2 emiosu) i dielectrons, A+ LLIM
0 02 04 06 08 1 12 14 0051152253354 455 - :E?:ZS/(\HEI(_:IM
Excluded Mass (TeV) Excluded Mass (TeV) c‘;ollooréon'zg;! :g Mu H'Ijet single ;j, AHNCM
1 1 1 1 " b N I
gluino(3j) x2 inclusive jets, A+
400 600 800 1400 1600 1800 gluinolib) x2 Resonances inclusive jets, A-

*Observed

mits, theory unc

tainties not included Mass scales [GeV]

Only a selection of available mass limits

Probe *up to* the quoted mass limit

170 of these 226 C

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

CMS Exotica Physics Grou

ATLAS Exotics Searches* - 95% CL Exclusion

ummar

ICHEP. 2014

hannels tied to naturalness
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lesting naturalness

Practically speaking, we only have experimental access to physics up
to ~5-10 TeV (modulo flavor).

* Precision Electroweak: SM-like D wE TERMITRT
electroweak sector up to ~5 TeV.
| HC reach: No s-channel heavy " 8
resonances belOW ~3 Tev ::0:0401302.010ollolzo?m;::l);s

B > g ‘ o The world could end above
5-10 TeV and we would have

A =

== YIB7 + &\ [T]

= G o ' - H

< S} &% & few/no ways of knowing it.
e

Conservative philosophy: Identify minimal extension for weak scale to be
natural up to Cl5Jtoff at 5-10 TeV.
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Supersymmetry Composite/Little Higgs

Simple game for LHC: look for colored partners.
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Missing top partner problem

LHC searches driven by top partners

Global Symmetry Supersymmetry

. . — -1 ~~ ~ _ _
CMS preliminary Vs=8TeV 19.6 fb ¥ production, T t X:) /e X?

BR(bW) ;‘ 700 B | T 1T | T 1T | T 17T | T 17T | T 1T | T 1T | T 17T T |_
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o o "ICHEP 2014 ]
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I 600 'S 100 —
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O 1 | .4 ,I" I T 1 | | | | | | 1 | | | | ol | L (| | [
BR(tZ) BR(tH) 100 200 300 400 500 600 700 800

CMS BZG—]_Z—O]_S stop mass [GeV]

Problem 1: nothing yet.
Problem 2: not r7nuch new to do.


https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12015

But: Is this all there 187

Maybe we've spent too
much time under our
favorite lamp-posts.

(Even if you do not find naturalness compelling, its role as a

signature/search generator begs for further exploration)
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What about...

The Twin Higgs

[Z. Chacko, H.-S. Goh,
R. Harnik '0O5]

——

electroweak constraints are satisfied by construction. These models demonstrate that,vcontrary to
the conventional wisdom, stabilizing the weak scale does not require new light particles charged
under the Standard Model gauge groups.

Symmetry is SMa x SMg x Zo



I'ne Twin HIgQgs

Consider a scalar H transforming as a
fundamental under a global SU(4):

V(H) = —m?|H* + A\ H|"

Potential leads to spontaneous symmetry breaking,

m2

_ 2
2)\_f

(H)|* =

2 SU(4) — SU(3) yields seven goldstone bosons.

10 UV: A»>1 NLSM; As1 LSM



I'nhe Twin RHIggs

H
Now gauge SU(2)a x SU(2)s c SU(4), w/ H = < Hz )
i T

Us WINS

Then 6 goldstones are eaten, leaving one behind.

Explicitly breaks the SU(4); expect radiative corrections.

. 9
6472

V(H) (GAN°[Hal” + g5\ |Hp|?)
But these become SU(4) symmetric if ga=gs from a Z»
Quadratic potential has accidental SU(4) symmetry.

11
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The Twin Higgs

Full theory: extend Z2 to all SM matter and couplings.

@ SMa X SMg X Za

~f SMg
| (hs,ts,Wp,ZB...)

|

|

(ha,ta,Wa,Za...)
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The Twin Higgs

Full theory: extend Z2 to all SM matter and couplings.

SMa x SMg x Zo

A? 9
V(H)D (—6yf+—g2—|—...> (‘HA‘Q-l—’HB‘Q)

1672 4

f e SMe (Ha)[* + |(Hp)? = f°
(he,ts, We,Z. .) Breaks “quadratic” SU(4), higgses EWKa & EWKs

(ha,ta,Wa,Za...)



Ihe Twin HiIggs

Full theory: extend Z2 to all SM matter and couplings.

@ SMa X SMg X Za

A2
1672

9
)D <—6yt2-|-192—|—...> (‘HA‘Q—l—’HB‘z)

SMs (HA)* +[(Hp)|" = £

hB te, We.Zs. .) Breaks “quadratic” SU(4), higgses EWKa & EWKag

Gives a radial mode, a goldstone mode,
and eaten goldstones.

1—- SMa v < f for SM-like Higgs to be the goldstone
A

ta, Wa,Za..



The Twin Higgs

Full theory: extend Z2 to all SM matter and couplings.

@ SMa X SMg X Za

A2

H) > 1672

9
<—6yt2 -+ 192 -+ .. > (‘HA‘Q + ’HB‘Q)

SMs (HA)* +[(Hp)|" = £

hB te, We.Zs. .) Breaks “quadratic” SU(4), higgses EWKa & EWKag

Gives a radial mode, a goldstone mode,
and eaten goldstones.

1—- SMa v < f for SM-like Higgs to be the goldstone
A

ta, Wa,Za..
Primary coupling between SMa and

SMg is via Higgs portal



The Twin Top

The top partner acts as expected
from global symmetry protection,
- - but is not charged under QCD.

LD —ytHAQfﬂ? — ytHBQgBﬂe?

j \hQ

ht ... fogpto

- - No direct limit on top partner.
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Twin Higgs Slogan

"Higgs Is pseudo-goldstone of the
accidental global symmetry of the quadratic
action obeying a discrete symmetry™*

*plus a symmetric quartic.

14



The big picture

Instead of protecting
Higgs w/ continuous
symmetry extending
the SM, so partners
have SM charges...

@ Protect Higgs w/ a hidden
sector mirroring the SM.

Partners have no SM
charges.




( The SUSY Twin Higgs }

~f SMpg

|

H

|

~V “!—SMA |
|

L

UV Physics

SUSY protects the linear sigma model
[Chang, Hall, Weiner '06; NC, Howe '14]

MSSMa x MSSMpe x 22

Quartic \ can be ~1; there is a
perturbative radial twin Higgs mode

R e A —

e

he Composite Twin Higgs

H Compositeness for nonlinear sigma model

|Geller, Telem '14; Barbieri, Greco,
Rattazzi, Wulzer '15; Low, Tesi, Wang ‘15]

No perturbative radial twin Higgs mode;
only fermionic partner states are light

e e R

16
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The General Framework

“The twin Higgs is an example of ?7?7”

NC, S. Knapen & P. Longhi [PRL 114, 061803 & 1411.7393/JHEP]
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The General Framework

“The twin Higgs is an example of ?7?7”

NC, S. Knapen & P. Longhi [PRL 114, 061803 & 1411.7393/JHEP]

SMa x SMg x Zo looks like it came from an orbifold.

(Quotient space of manifold modded out by a discrete group)
[Dixon, Harvey, Vafa, Witten, "85 & "86, Dixon, Friedan, Martinec, Shenker, "86]

Familiar tool in string
o="" i
. TS , O ) theory & f.|eld t.heory
~ +o with — l (realistic string
(8. o5 with —as) compactifications,
o o orbifold GUTs, 5D

25=0 ==k SUSY theories, etc.)

[Sundrum, TASI 2004]
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The General Framework

“The twin Higgs is an example of ?7?7”

NC, S. Knapen & P. Longhi [PRL 114, 061803 & 1411.7393/JHEP]

SMa x SMg x Zo looks like it came from an orbifold.

(Quotient space of manifold modded out by a discrete group)
[Dixon, Harvey, Vafa, Witten, "85 & "86, Dixon, Friedan, Martinec, Shenker, "86]

) Familiar tool in string
f;ir s (b—()/—\q;ﬁ theory & field theory
~ +o with — l (realistic string
(e zo with —o,) compactifications,
0 i orbifold GUTs, 5D
[Sundrum, TASI 2004] 25 =0 ~=r  SUSY theories, etc.)

Punchline: Many models of the twin kind, where Z2 or
larger symmetries may be exact or approximate.
17



The minimal model

INC, A. Katz, M. Strassler, & R. Sundrum "15] e e e e o o o o o H,
Just Z2 partner states for the third o
generation. = L IR
JODOOOOOCIRAS 4
......... h
b’L b'r
L TR
VI
......... G’
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What to look for?

|SM-like Higgs misaligned from v by an amount
v/f (usual story for a pNGB Higgs). Leads to
O(v/f)2 changes in Higgs couplings; current

O(20%) precision not constraining.]

* Partner states are SM neutral, couple only

to the Higgs. Lighter than mn/2: modest

invisible BR (or more).

* Heavier than mp/2:
produce through
an off-shell Higgs.

Hard but very interesting;
directly probe naturalness
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What to look for?

<
* The heavy radial mode may be visible, e
. . . r
especially for a perturbative completion i )
(e.g. SUSY). Looks like singlet-doublet o
mixing w/ invisible decays. L tR
0.50r 0%%¢%%¢%¢%¢%.%.° WI ZI
0207 r_—W\ e 6 6 6 o o o o o ,
— 77
0.10+ W
m e 6 6 6 o o o o o
% 005 s h
0.02+ hh , ,
001" — b L b R
300 S0 700 1000 1500 2000 —— ' 'L TR
n%h[GeV]
L | f=3v
Current searches
z 141eV. " not constraining; v’
> 00 8 TeV very interesting for
0.001 13/14 TeV LHC cececccss G
1074

300 500 700 1000 1500 2000
i, [GeV] 20



What to look for?

Decays into the hidden sector may
come back to the Standard Model
on interesting scales.

Light fermions in the hidden sector: form
light hadrons. Look for invisible decays
of the Higgs.

Light U(1) in the hidden sector: look for
hidden photon phenomena.

Light glueballs in the hidden sector...

21




083/83[5 TeV]

0.10"
0.05
0.00

—— fewer & heavier fermions;:

~0.05

: | f A
N1 | | : :
o 1 2 3 4 s : :

-0.10

Twin QCD

Gauge coupling related to QCD by twin symmetry.

. Must be present to keep top
A\
\\\\\\\\\\\ [GeV] ——  Yukawas in twin sector(s) related

to SM top yukawa.

10‘

Runs differently in
downstairs theory due to

confines at higher scale
than QCD.

95 P SS—
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Twin Glueballs

If no light fermions, glueballs of twin QCD at
bottom of the spectrum.

‘ Mo+ =~ 7AQC’D '

Glueballs are special: mix £ o3 v hG o o
with SM via dim-6 operator 6w f f M

Q99 portal for production

gg—h—0"T 407" + ...

portal for decay
0 bt ]
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Perturbative rate a

Irreducible: good guide for smal
!/ Mo, continuum of
h — 99 —7 -+ satesnear Mh

-

Br(h—twin)
o =
0 e

)
—_

00 ——— NN %
00 01 02 03 04 05 06 07
v/t

Into the dark

. . Large corrections to
RedUCIbIe' perturbative rate,
b —s b/ b/ N few bottomonium

states below mn

Irreducible through the
orbifold top coupling.
Reducible through the

orbifold bottom coupling,
sensitive to yukawa &
bottomonium spectrum;
also constrained by Higgs
couplings.

Irreducible contribution
gives BR ~ 103



f[GeV]

Out of the dark

Glueballs decay back to the SM through an off-shell SM higgs

an v h
LD 3 GG s 07T = — ...
mff

\\\\\\\ cr@ Dllog) Intriguing lifetime!

1400 ]

] | 18 & <1O GeV)7( f >4
o | mo 500 GeV
1000 | | Strong dependence (7th

| % power) on glueball mass —
500 ] i decays scan rapidly over

L S A A | LHC length scales.

0 20 40 60 80 100

mo[GeV]
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Displaced decays

[
h %*
O =55 \’L
h @
++
O _7L h %
\ o

Rates small, signals spectacular. Best possible handle.
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Pandora’s box

* |nthe Twin Higgs and Iits cousins,
naturalness lies in hidden sectors
connected via the Higgs portal

A realization of rich hidden sectors with SM-like
scales, new signs of naturalness:
* On- or off-shell Higgs portal to invisible states
 Heavy radial Higgs mode(s)

* Glueballs with displaced decays, hidden valley phenomenology.

Much to explore, much to simulate!
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