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Spectrum of RCD:
Scalars without hiemrohg problem

P, 1 GreV
The RCP scale cuts their quantum
rho corvections naturally off
Koo Plons as psewdo-Nambu Golastone
bosowns, watwrally much Lighter than
RLCD scale
,5 RLD scale Ls natural,
Plon o 0.1 CreV can be largely separated from any high

scale duwe to Logarithmica!, rvcwwiwg



Composite Higgs Models

[Georgi, Kaplan ’84]
light, since pseudo-Goldstone boson

strongly interacting sector elementary sector
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Composite Higgs Models

[Georgi, Kaplan ’84]

light, since pse O~(Goldstone boson

spin 0: H, ...

spin 1/2: T, B, X°/3 .

spin 1: p, 4,...

strongly interacting sector , elementary sector

exact &
Inkeractions bebween

ei.emem&arj and

strongly interacting
sector break G at scale §;
coset &/H should

contain the SM gauge
group
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Composite Higgs Models

[Georgi, Kaplan ’84]

light, since pse O~(Goldstone boson

spin 0: H, ...
spin 1/2: T, B, X°/3 .
spin 1: p, 4,...

strongly interacting sector elementary sector

exact &

Higgs mass generated by quantum corrections

Partial compositeness: top quark mass generated by Linear interactions
with strongly interacting sector
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Requirements:
* the unbroken group H contains the SM gauge group G

G HCSUR) X Uu(@@)

* The coset space o/H contains at least 4 Goldstone bosons (corresponding to
the Higgs doublet)

* Custodial symmetry: to be conform with BWPTs
HCSUR): XSU(R) L
Mintmal model:
SO(5) X U(1)/sOo(#) XU (L)

contains 4 Goldstone bosons (3 the usuwal Goldstones + Higgs boson)



Lagrang Lan from CCWZ, constructlon: Icallan, Coleman, Wess, Zumino'e9]

Goldstone matrix (X denote the broken generators) [J — o i Frxe
Defining

iU 0,U =d, o X+ e, o T°

the Lagrangiawn is

f2
;C = ZTI(d,lLd“)

, wore details tn [Pantco, Wulzer '1.5]
Minimeal meodel:

wetake a Yo = (0,0,0,0,1)" to project on coset space.

Thewn

_

L== (D,2)' DY, with ¥ = UX,,

1 g° . . h _g? , h
L= iﬁﬂh(?“h + Zf2 sin? (?> WJW“ + %F sin? (?> 2, Z".



Lagrang Lan from CCWZ, constructlon: Icallan, Coleman, Wess, Zumino'e9]

Goldstone matrix (X denote the broken generators) [J — o i Frxe

Defining
U0,U = dy o X° + €, 4T

the Lagrangiawn is
f2
L = ITI(d,lLd“)

Minitmal model:
Leads to mon-Linearities

wetake a Yo = (0,0,0,0,1)" to project on coset space.

Thewn




Lagrang Lan from CCWZ, constructlon: Icallan, Coleman, Wess, Zumino'e9]

Goldstone matrix (X denote the broken generators) [J — o i Frxe

Defining
U0,U = dy o X° + €, 4T

the Lagrangiawn is
f2
L = ITI(d,lLd“)

Minitmal model:
Leads to mon-Linearities

wetake a Yo = (0,0,0,0,1)" to project on coset space.
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Elementary fermions mix with strong-interacting sector by Linear couplings

Mixing with top partners generate the top Yukawas

Yt = = @4 - sin 9£ : sin@{%

If we are only interested in the non-Linearities:
Example : fermiows tra wsformiwg L the fundamental of SO(5)

T T
25 _ (0 idy g, iu o) U —i<0000 f2u>
L \/§<L7 Ly WL, L ) R \/§ y Uy Uy Uy R

Ly = f |-0Tr2)(ETQY) - va(Dr2)(57Q; )| +hoe.

Gy 12 o Sur 122 Y S e
 , MCHMS: _ MCHMLO: s = MCHM4: = /1
Goiz VI-¢ g VITE Inss



[Kaplan ‘91]
Elementary fermions mix with strong-interacting sector by Linear couplings

L =AG;Or + A\rtrOy

Mixing with top partners generate the top Yukawas
sin 9£ [Panico, Wulzer '1.5]

fL
\r*@ .

Yt = = (4 - SIn 9£ : sin@é

The couplings break the global symmetry explicitly

—  Cownection between top partner masses and Higgs mass

) ) [Matsedowsk%gj L, Panteo, Wulzer 12,
Low tvwwwg = LL@ ht tO‘P Pa rtner mmasses Marzocea, Serone, Shu 12, Pomarol, Riva 12,
Panico, Redl, Test, Wulzer 12,
Pappadopulo, Thamm, Torre '13]



How to test whether the Higgs Ls Compostite?

* Higgs coupling modifications

* wmore resonances from the strongly-tnteracting sector

* non-linearities tn Higgs tnteractions
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How to test whether the Higgs Ls Compostite?

Holds true also Ln other models,

e Hioos coudling modifications
919 ) fi L e.9. S0(6)/S0(5)
with dark wmatter candidate

In SO(5)/S0(4) models: g’;‘jw‘/ —V1-¢
hVV

Higgs self-couplings and couplings to fermion depend on fermion embedding

* wmore resonances from the strongly-tnteracting sector

* non-linearities tn Higgs tnteractions
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How to test whether the Higgs Ls Compostite?

* Higgs coupling modifications

In SO(5)/S0(4) models: g’;‘jw‘/ —V1-¢
hVV

Higgs self-couplings and couplings to fermion depend on fermion embedding

* wmore resonances from the strongly-tnteracting sector

Light Higgs + low tuning = light top partners

* non-linearities tn Higgs tnteractions
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* Higgs coupling modifications

In SO(5)/S0O(4) models: zf;‘@/ —V/1-¢
hVV

Higgs self-couplings ana couplings to fermion depeno on fermion embedding

more resonances from the strongly-interacting sector

Light Higgs + low tuning = Light top partners

* non-Liuneartties L Higgs Lnteractlons

Probe couplings of n Higgs bosons

3
Cet 7é i(ct — 1) Cq 7& Cqg



Higgs couplings

gLL 1 .8 4 ' | | 1 1 I | ] | | 1 1 I | ] 1 1 1 l 1 | ] 1 1 I 1 | ] 1 1 F

- ATLAS [arXiv:1509.00672]

MCHM4: 1.6 Vs=7TeV, 4.5-4.7 fb" -
ke =+/1—¢ 1 4:_ Vs =8 TeV, 20.3 b =TT el .
1.2 > -

MCHMS: ; -
1 e -

o 1-% - . .
R 0.8 -
06F o, 02 X Best fit + SM _
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Higgs couplings

talk of M.Testa, HL-LHC workshop

-+  Standard Model
Combined

h— vy, ZZ', WW*
h — Zy, up, tt, bb
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Pair production of VL ®s:
pure RCP process, model Lwdepewalewt

g t

T H
T W.H,Z
g _
b.1,1

Limits from palr prod uetlon:
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ng 0s non-LunearttLes

Needs to be probed in multi-Higgs interactions

[gillioz, RG, 4rojeaw, Mithllettner, Salviont 121

pp -> hh, 14 TeV
10 ! ! ! .: !

Di-thags production via
Gluon fusion

8 I No partner, N 0 partner LET ::: LET, Shne=0 =
- mhh>600 GeV :~: .: mhh>600 GeV 9

New hhff coupling Leads to large
tncrease of cross section o

G/Gg\

[RqG, Mihllettner '10, Contino, Ghezzt,
Morettl, Pantco, Pleclnint, Wulzer 121 4
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Needs to be probed in multi-Higgs interactions

[Gillioz, RG, Grojean, Mithlleitner, Salviont '12]

pp -> hh, 14 TeV
10 I I I B I

DL-Higgs production via
Gluown fuston

8 No partner, N 0 partner LET _,:: LET, Zhn=0 ]
: my; >600 GeV :." ;' my>600 GeV .

New hhff coupling Leads to Large

tncrease of cross section _ | ]
90!

[Rq, Mihllettner 10, Contino, Ghezzt, g

Morettl, Panico, Pleclnint, Wulzer 12] 4 i

Full LO MCHMS pp->hh cross sectlon

.
.
.
..
.
.
Py
Py
-----
-----
ws
.
st
1L
e

0 " l
0.1 0.2 0.3 0.4 0.5 0] 0.7 0.8 0.9
g

MCHMS pp->hh cross section setting hhff coupling to zero




Needs to be probed in multi-Higgs interactions

[Gillioz, RG, Grojean, Mithlleitner, Salviont '12]

pp -> hh, 14 TeV

DL-Higgs production via e A A N
Gluon fuston - , : |
‘ 8 No partner, “No partner LET LET, ghhi=0 -
s my;>600 GeV : my,>600 GeV ]
New hh{ff coupling Leads to large [ '
lncrease of cross section . ]
[Rq, Mihllettner 10, Contino, Ghezzt, %
Morettl, Panico, Pleclnint, Wulzer 12] 4 i
e rempmmnsmemmes BN S0 _
0.05 ol . . . . . . . .
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, g
0.00}-
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T —
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Composite Bi-Higgs production

can the tnerease n the cross section even be so Large that New Physies will be first
observed n di-Higgs production?

More freedom necessary than just new parameter &
Take a wmodel with top and bottom partwners

t/T}
>

9 ToTOO) ,H g ----H 9 oEET0) H
A R A vt/ Ti g=t, T A :
q:t,T \\ N
g TOOTO S g < ----H g OO H
t/T;
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can the ncerease in the cross section evew be so large that New Physies will be
first observed in di-Higgs production?

Direct searches:

projected sensitivities
for vector-like quarks

Indirect tests: Higgs couplings:

EWPT, |Vyp| > 0.92 projected sensitivities

Valid points:
Ssm+ By Ssms S

S=0BRLA

‘fDY bE’yfy ano bbTT ﬁwaL state [eaglio, Djouadi, RG, Mithlleitner, Ruevillon, Spira ‘121
BWPTS from [gillioz, Re, kapuvari, Midhlleitner ‘141
[Englert, Freitas, Mithllettner,

Projected senstitivities for Higgs couplings from Plehn, Rawch, Spira, walz ‘141

Projected sensitivities for direct searches of VLRs m = 1.5 Tev



onLo [1b]

onro [1b]

Composite Bi-Higgs production
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onro [1b]

[RaG, Mihlleitner, Spira "16]
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Non-minimal Compostte Higgs Models

[Mrazek et al 117

G H Ne  NGBs rep.[H] = rep.[SU(2) x SU(2)]
SO(5) SO(4) 4 4=(2,2)
S0(6)  SO(5) 5 5=(1,1)+(2,2) ‘e e e e
80(6) 80(4) X SO(Z) 8 4+2 -+ Z_z =2 % (2, 2)[Mmzela et al 11 De Curtls etal'16]
SO(7) SO(6) 6 6=2x(1,1)+(2,2) [ealkin et al 1]
80(7) G2 7 7 = (1, 3) + (2, 2) [Chala "12; Ballesteros et al 16]

SO(7) SO(5) x SO(2) 10 100 =(3,1) +(1,3) + (2,2)
SO(7) [SO(3)]° 12 (2,2,3) =3 x (2,2)

Sp(6) Sp(4) x SU(2) 8 (4,2)=2x(2,2),(2,2)+2 x (2,1)

SU(5) SU@4) x U(1) 8 4 5+4,5=2x(2,2)

SU(5) SO(5) 14 14=(3,3)+(2,2)+(1,1)
Larger coset space — extended Higgs sector
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Non-minimal Compostte Higgs Models

If new scalar stable ——  possible dark matter candidate

L.e. Lf there ls a Z, or U(1)
symmetry

Geweral parameterisation:

S2 a2 1 |H|2
N, HP? _|H* 8> _SHP] [
- myf* (47ry)t2 [ |f| |f4| T o l‘4| ] " [ZEFSQQLHtR+hC]

Ramona Grober —IPPP, Durham l/u/\,'wersi‘cg



If new scalar stable ——  possible dark wmatter candioate

General parameterisation:

iG%SQQ_LHtR +he |+

Annthilation A=a,=0a.=a,

Cross sectlon , , ,
, Lie d t ay> 0/10):
dominated bg feete 6::25L J (Lf ! )

H2S2 Lnteractlons Qh? p with My, = g,f
P

Main difference to non-composite case: derivative Lnteractions



Non-minimal Compostte Higgs Models

So(6)/sSo(5) model [Chala, Rq, Spannowsky preliminaryl

5.0
4.5F

future LZ %g

probed 3.

4

Prelimiing ry

FCC probed

N

0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 overabundance
f [TGV] of dark watter

LHC excluded
Using vilimits [Chala 17]

LUX excluded
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* Cowmposite Higgs Models viable alternative to Standard Moolel

e Testable at LHC bg

* Higgs coupling measurements
* Searches for new resonances
* Now-lineartties

o C'/omposite Dark matter scemarios very preolicti\/e

* Hints to values of f above tuning expectation
* future colliders and dark matter direct detection
experiments will shed Light on such scenarios



* Cowmposite Higgs Models viable alternative to Standard Moolel

e Testable at LHC bg

* Higgs coupling measurements
* Searches for new resonances
* Now-lineartties

o composi‘ce Dark matter scemarios very predic’ci\/e

* Hints to values of f above tuning expectation
* future colliders and dark matter direct detection
experiments will shed Light on such scenarios

Thanks for You attention!



