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*Pick your explicative

Where the #$@* (s everybody?

* (HC fFound the Higgs and nothing else new.

* The burning question:
Where are the symmetry partuers of the top?

tr,
+©* + @ = Natural
tR
SM

//NP\\

Keen tnuterest tn top partuers that

are elusive by coustruction.
UnColored? “Neutral Naturalness”



Outline

* Twin Higgs @ LHC
O Skefch of Mechanism & low energy EFT
© LHC Siguals, (or lack thereof).

* Composite Twin Higgs”
O Composite Higgs: Flavor vs naturalness
O Composite Twin Higgs: Flavor vs naturalness

O New flavor effects from twining.

*Several author's of composite Twin Higgs models in the room.



Twin Higgs.
The Mechanism.

The Higgs (s a PNGB of an approximate symmetry.

(Chacko, Goh, RH (05)]



SU(‘(') D SN\A x SMg x £

* The model consists of SMaxSMexZ.
2.9. LDOyHatata +y:Hptptp

* The global symmetry of the Higgs sector is a
larger SU(4)/SU(3) or SO(8)/50O(F).

Hal .
H = (HB) 1S a fundamental.

SU(4) breaking: {HY 2= {Hay 2+ {(He) 2= £

H has F Goldstones. & are eaten. 1 is the Higgs boson.



Cauncelation

* Expanding H ala non-linear sigma model:

HAzfsim—fz- = h +
HB:fCOS—fE- :75- liﬂz_{.

LD yHatata +y:Hptptp

_ hl2\ _
= yithtata + ys (f ‘2})?53?53—#...
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Cancelation: Linear model

* [£ you don't like the non-linear representation,

here it (s in the linear one:

2
V(H) = —m?|H]® + NH|* — (HP) = 3=

LDy Hatata +y:Hptptp

[ N
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Cancelation: Linear model

* [£ you don't like the non-linear representation,

here it (s in the linear one:

2
V(H) = —m?|H]® + NH|* — (HP) = 3=

LDy Hatata +y:Hptptp

+ recall that met=Af



So...

* After all s said and done, what we have is:

O Higgs is protected by a symmaetry.
© The model ts natural up to A beyoud LHC scale.

O  All new particles below A are complete SM singlets.

* What's the phenomenology?

© Early LHC £inds the Higgs and nothing else! (check).
0 Then what?



Precision Higgs

* (ke many PNGB models, Higgs couplings are

reduced by a mixing angle. Universally.

All SM Higgs oxBR s are modified by cosq(’;%)

* The bottom Yukawa: ypHababa + ypHpbpbp

* Expanding He — a coupling of h to be: Yy Slom(’]%)

BQ(A-%{W)-—— Sl'wz(%)



Precision Higgs

Correlated coupling modifications & wvisible decay:

Tuning
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RH, Varhaaren(15)]




Precision Higgs

Correlated coupling modifications & wvisible decay:

Tuning
30% 20%

200 400 600 800

m7p GeV [Burdiman, Chacko,Delima,
RH, Varhaaren(15))




[Fraternal Twin Higgs, Craig <t al (15)]
Displaced Higgs Decays

* luvisible may be visible!..
IF glueball 15 at bottom of the B sector.

* Decays back fo SM via mixtng with Higgs.
Often displaced!

-1
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(Csaki, Kuflik, Lombardo, Slone (15)] M0 N [Curtin and Verhaaren (15)]



Beyond LHC

* We would (ke to go beyond LHC:
o “Chinatron

O Flavor & Precision Observables
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Beyond LHC

* We would (ke to go beyond LHC:

o “Chinatron A A "

O Flavor & Precision Observables h

o SUSY (Chang, Weiner Hall (06), Craig, Howe (14)]

O COW\POS(.IL-Q Hl.995 awa(/or RS [Ge”er, Telem (7‘(’)]
[Barbieri et al (15)]

[Low, Tesi, Wang (15)]

O O)’bl.fou? (Craig ot al (14)]



Beyond LHC

* We would (ke to go beyond LHC:
©  “Chinatron At 4

O Flavor & Precision Observables

o SUSY (Chang, Weiner Hall (06), Craig, Howe (14)]

© Composite H[ggs and/or RS [Geller, Telem (14)]
(Barbieri of al (15)]
[

Low, Tesi, Wang (15)]

O Orfal'fo(o(? (Craig ot al (14)]



Composite (Ffwin) Higgs
& Flavor

Ougoing work with Stamou and Zupan.
Watch for related work by Csaki, Geller, Telem, Weiler



A wice review: [Panico, Wulzer (15)]

PNGB Higgs + Partial Compositenaess

Elementary Composite  one sacle My,
Sector Secfor one coup([wg gx ~Y*
S OM s0(5)/50(4) at £
q,ud T
/ ’ H/ Q/ U/ D

Y15 flavor

anarchic and big.

Yr,' HQU, + Yf,' HQD;

SM Flavor hierarchy:
Yy = }%ﬂi‘Y*



Composite Higgs Potential

* The Higgs receives a potential at (oop [evel due
fo composite-elementary mixing.

V(h)= —a;ﬁZSl‘mz;lz—+ 87525('“4_712_

Generically: o ~ 3 - ({oop facfor) <M% %% o foct”

* To avoud (arge fum[wg the comPosiz‘ewess
scale must be low, Mx~ g+f ~ 2£,

4

weak couP“wgﬂ.

* Teunsion with colored resonance searches.

(we also need to fune o fo get correct vaev, not the topic of this talk)



[Agashe, Perez, Sont)[Csaki, Falkowski, Wailer)...

FCNCs tn Composite Higgs

Consider the (R operator for K-K mixiug, Oq

; | 9*
L7 NN 2722222L
\ / N\*
(O i &1
{ Y )\54/.\? v y*z N\Z*

Mx> 10 TeV

Flavor wants a high compositeness scale.
Higgs naturalness wants it low.

Flavor symmetries tn the composite sector?

(Csaki, Falkowski, Weiler)[Redi, Wailer]... :-|



Twin Composite Higgs

SMAxSN\B lwxmg O SO /SO
Thy ua, AA H/ Q/ U/ D
9B, UB, O(B (Flavor anarchy)

* Twin CH requires doubling elementary sector.

* Requires SO(8) for T-param. and protecting the
’Hl.gg.f af 7—{OOP. (Chacko, Goh, RH]

(Barbiert, Greco, Rattazzi, Wulzer]

How does this affect CH?



Composite Twin Higgs Potential

* The UV contribution to the potential is a

Function of sinh + costh. = no potentiall
* Au (R effect (CW):
ek ok
V(h)= -cFsin 7+ cos 7 ]

¢ ~ (loop Factor) x ycft x (0g

>k M* l.S 7£Y~Q~Q /'O 90 MP /‘o C('T[X%, AS L\l.ng as 70 TQ\/.
A strongly coupled theory.
* Addresses the “where (s everybody problem .



FCNCs 1 Composite Twin Higgs

K-K mixing - the calculation ts essentially identical:

I SN A 755 F &
Q N iMS a0 9* [
i YOV 2 YI M
o(1)

Msx> 10 TeV  now (ooks much better.

Flavor wants a high compositeness scale.
Higgs naturaluness wants it low.



[RH, Stamou, Zupan (n progress]
New Flavor Effects in Twin

* Doubling elementary sector — new worries.

* Some resonances will couple to both sectors.

A i /r)\" AP q
N T N
Q ~ AA, 2k}{ — (‘7! b’H%)@kb’H%)
A{.\)\j Al‘/.\?B

r— c+ZB*-% (C-I- fwv) or (c + a(iSPfaceo( S{‘uff.').

e ——

K— n+ B-leptons  aKa ”fake K— 4wy’

DM phewo [2.9. Farina (15)]
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Funny Z couplings

* Aunother worry?

A i\ﬂ

Z" v 2 2 <—>
OAMB | 2 (c’l Xﬂ%)( D HB) +(AeB)

N

A/\

q]

No! These couplings are fForbidden by custodial symmetry.

Recall: 1 CH, custodial symmetry can protect Z
COMP“MQS l.7£ PLQ LS PYQS-Q)’V-QO‘. [Agashe, Contino, DaRold, Pomarol]




Custodial protection

* For us, AoB Z couplings are always forbidden.
Proof:  5O(8) > SO(4)a x SO(4)z

there (s a nice spurion proof, but here I [ take a shorfcut and make use of someone th the room.
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Custodial protection

* For us, AoB Z couplings are always forbidden.
Proof:  5O(8) > SO(4)a x SO(4)z

"Za couplings are protected by custodial

symmetry in SO(4)a if PLe’s conserved.”

[Agashe, Contino, DaRold, Pomarol]

B-matter (s singlet under SO(4)a. PLAQ Robrto

"z couplings are protected by custodial
symmetry (n SO(4)g (f Pfgls conserved.

Dovomiod kloFnT oniined srippA]

hiryror

Roberto A-matter is singlet under SO(4)g. P2

there (s a nice spurion proof, but here I [ take a shorfcut and make use of someone th the room.



More Exotic Effects

* Work (n progress:
o (FV
O Mixed A-B dipole.

0 What if the mirror photon has a mass?



Counclusions

Twin Higgs models can address the question
“where (s everybody?"

Allows Composite Higgs models to be truly
strongly coupled, raise mass of resonances.

Tension with Flavor [imits are reduced.

Flavor processes that wvolve the fwin sector
should be counsidered. Can (ead to new signals,
or exhibit new (old) protection mechanisims.



Deleted Scenes
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(Un)Colored Top Partuers
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Twin Mechanism

1H1+H125 15 only 272 sym quadratic.

* Note: Quartic terms can violate global symmetry.
Goldstone mass comes from Guartic,



R_adiative Corrections

* At T-loop:
AV =



R_adiative Corrections

* At T-loop:
2 £2
AV = 2948
6472

H' H,



R_adiative Corrections

* At T-loop:
AV =




R_adiative Corrections

* At T-loop:
AV =

X lmpose a Zo twin symmetry: [A «—— ]

\¢
5
9g2 A2
AV — (HTH 2aN 2] ) SU(4)
v 6472 atia+ Hplip tnvariant!

Does not give a Goldstone mass.



SMA X SMB

* Double all of the SM. [mpose a .
(a.k.a orbifold of SU(6)xSU(4) by a Z5).

x IM PGY{‘I.CM{GY LD ytHAfAtA -+ ytHBthB
75 : quadratic divergence has the form

eA? (|Hal? + [Hp[?) gy(4) invariant:

* Ouly Higgs sector has extended global symm.
That is sufficient fFor naturalness (Rone-loop).



Cancelation

* How does the twin cancelation come about?

* (efs think about the theory of Goldstones:
(a.k.a. broken SU(4) generators)

(O ()Ohl\
0 0 0]hs

0 0 0/0
\h}‘h;OO)

For convenrence,
construct a linearly

fransforming combination:

This beast fransforms
non-linearly under SU(4).




SU(H) rreskina

tA) tB
* Radiative corrections induce *Q*

AV:K(‘HA‘4—I—‘HB‘4) f

1
0 yt A
with Kk ~ = log 7
5

* Goldstone mass is my, ~ e
Tr

* Adding mixed " top partuers at 5-6 TeV
keeps this quartic funte, correct Higgs mass.

QL — (6721)
= (3,2;1,1)+(1,1;3,2) +(3,1;1,2) + (1,2; 3, 1)



* The potential as 15 gives vy = vg ~

Soft Breaking

* But then A~d4nf 15 too low.

f

V2

* Add  Viose = p|Hal? to geft v<f.

Arev) | fcev)| M (tev)| Mg (Tev) | pt(cev) |mp (cev) | Tuning
10 800 6 1 239 122 0.134
6 500 5.5 1 145 121 0.378
10 800 — 0 355 166 0.112
6 500 — 0 203 153 0.307




Higgs Couplings

* Higgs gauge boson couplings: IDAH,|” + |DPHp|’

(h'h)?
32

* figgs boson couplings are modified by cos(’;').

* Recall HYH4, = hih—

* This 1s umversal to all Higgs couplings.

(in linear language: h s mixing with a singlet Hg)

All SM Higgs sxBR's are modified by cos‘f(;vz)



O(&)

* O(8) can protect the Higgs from explicit U(4)
breaking effects.

* O(8) 15 explicitly broken to SU(2)axSU(2)e.
* But each generator breaks O(8) to an SU(4).

* This collective symmetry breaking 1s enough to
protect the Higgs at order g°.

Chacko, Goh, Haruik (hep-ph/0512088)

For an elegant spurion analysis see-

Barbieri, Greco, Rattazzi, Wulzer (15071.0%803)
(Falks by Wulzer and RH)



Precision EWK

* Pracision EW measurements place a coustraint

on the scale £ but depend on UV completion.
* SM Higgs (oops contribute to S & T

— modified Higgs couplings are constrained.

* Coupling modifications are “made up” by states
at cutoff or by heavy Higgs for strong/weak
UV completion (respectively).

1 /v~ mp 3 v\’ mp
AS~ — (=] 1 < AT ~ — — | 1 E
° 67 (f) Og(mh> 167 cos? Oy (f) Og(mh>

Franco, Mishima, Silverstini (13) Falkowski, Riva, Urbano (13)




Other Signals

* Other collider signals depend on the UV:

O

Weakly coupled UV Completion - Heavy Higgses at
~TeV, superpartuners at few T2V (eq. Craig and Howe)

Strongly coupled UV completion - loads of resomamnces
For discovery at the 100 TeV machine! :-)

More @ 100 TeV:

top partner
- < C() production via
7 ¢ ofp-shell Hiaas

torn from Nima's sales pitch.
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Twin Higgs
B Folded Supersymmetry

25
my, [GeV]

30 35 40

20

10 15

Expected 95% CL Exlcusion Vs = 13 TeV, 3000 fb~!

. Twin Higgs
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