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with the Higgs bosow the last missing ingredient of the
sStandaro Model Ls found ...



with the Higgs bosow the last missing ingredient of the
sStandaro Model Ls found ...

..out Ls it the only Higgs boson? (s Lt elementary or composite?
s the Higgs sector really as predicted by the SM?



Opewn problems of the Standard Model

* Hierarchy the electroweak scale? ——fp conmected to Higgs sector
why ts My << Apianck ?

* Dark matter p  could there be a connection

to the Higogs sector?
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Opewn problems of the Standard Model

* Hierarchy the electroweak scale? ——fp conmected to Higgs sector
why ts My << Apianck ?

Explain both within the
same framework?

* park matter p  could there be a connection

to the Higogs sector?
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outline

* Introduction to Composite Higgs Models

* Parameterisation of Dark Matter in Composite Higgs Models

*  Collider probes of Dark Matter tn Composite Higgs Models
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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 pseuddo~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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[Georgi, Kaplan ’84]

light, since pseuddo~Goldstone boson

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

SM fermions:
t, b, ...

SM gauge bosons

spin 1: p, 4,...

strongly interacting sector

exact &

Higgs mass generated by quantum corrections

Partial compositeness: top quark mass generated by linear Lnteractions
with strongly interacting sector

Minimal Model: SO (5)/SO(4) Agashe, contino, pomarel 041+ GoLdAstone bosons
(1 Higgs +3 usual would-be gBs)



Lagrangian for a Composite Higgs

Lagrangian fromw CCWZ construction: [callan, Coleman, wess, Zumino'e9]

Goldstone matrix ( X denote the broken generators) U — e—i%W&X ¢

Defining
U0,U = dy o X° + €, 4T

the Lagrangian Ls
f2

;. ) wore details tn [Panico, Wulzer "15]
Mintmal model: [Agashe, contino, Pomarol '04]

wetake a 3y = (0,0,0,0,1)" to project on coset space.

Then 2
L= (D) D*%,  with ¥ = UX,,
1 2 , h _ 2 , h
L= §8uh0“h + ng2 sin” (?) WIWH™ + 8i—2Wf2 sin” (?) Z,Z".
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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“)

MLV\«LMHL VWDD[CL: [Agashe, contino, Pomarol '04]
leads to non-Lineartties

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

Thewn

2
— f? (D,2)' DY, with ¥ =&

Z, 2"



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

Golostone matrix ( X denote the broken generators)

Defining
U0,U = dy o X° + €, 4T

the Lagrangiawn is
f2
L= ITI(d,lLd“)
Mintmal model: LAgashe, contino, Pomarol ‘041

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

Thewn I
T2

(D,2)' DY, with ¥ =&

_iﬁﬂ-an

U:e f

Leads to mon-Linearities

Z, 2"



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]



Dark Matter tn Composite Higgs
Modlels



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 00 5 =(1,1)+ (2,2) o
80(6) 80(4) X 80(2) 8 4+2 + 45 Z X (2, 2)[Mmzele et al 11 De Curtls et al’'16]
SO(7) S0(6) 6 6=2x(1,1)+(2,2) s
SO(7) Go 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 % (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
N—
Larger coset space — extended Higgs sector
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[Mrazek et al 117

G i Ng NGBs rep.[H| = rep.[SU(2) x SU(2)]
SO(5) SO(4) 4 4=(2,2)
S0(6)  SO() 3 5= (L,1)+(2,2) [ se @ o s e
SO(G) SO(4) X SO(Z) 8 4+2 + 4_2 =2 % (2, 2)[Mmzele et al ’1,1, De Curtls et al'16]
SO(7) SO(6) 6 6=2x(1,1)+(2,2) [ealkin et al 27]
30(7) G2 r4 7 = (1, 3) -4 (2’ 2) [Chala "12; Ballesteros et al “1&]
SO(7) SO(5) x SO(2) 10 100 =(3,1) +(1,3) + (2,2)
SO(7) [SO(3)]° 12 (2,2,3) =3 % (2,2)
Sp(6) Sp(4) xSU(2) 8 (4,2)=2x(2,2),(2,2)+2x(2,1)
SU(5) SU(4) X U(].) 8 4_5 + l_1+5 = 2% (2,2)
SU(5) SO(5) 14 14 =(3,3)+(2,2) + (1,1)
Larger coset space — extended Higgs sector
If new scalar stable — possible dark matter candioate
L.e. Lf there ls a Z, or U(1) expla atiom Whg

S 5 mme’crg

WIMP mass scale = electrowealk scale



Composite Higgs Park Matter

General parameterisation:  [chala, R, Spannowsky 18]

9 2
— D, H| [1_@?2] ;’g M|H|2(58#S)+1(8MS)2 [1_2%'[}[2' ]
2 4 2 2 2
Nt [ S ST T g e +
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General parameterisation:  [Chala, RG, Spannowsky 18]

Annthilation

cross sectlon
dominated bg
H2S2 Linteractlons

Relic density Qh* ~ mg/V? ~ /g using Microwmegas

ZiNCm/Q)

v (4m)? f?

2(2a1 + 2a2 + ag)y — I]

Main difference to non-composite case: derivative Lnteractions



G/H qr, +tRr aq a2 a3 8l 0
6+ 1 - -
6+ 15 <1 <1

SO(6)/S0(5) 15+ 15 1/3 1/3 1/3 <1 <1
20 + 1 1/4 1/5
7+1 - -

SO(7)/S0(6) 7+7 | 1/3 | 1/3 | 1/3 - -
27 + 1 <1/4| <1/5

SO(7)/Gs 385181 s s s
SO(6)/S0(4) 6+ 6 0 1/6 | 1/3 — =
SO(B) xU(1)/SO(4) | 5+5 0 0 0 <1 <1

SO(7)/SO(5) T+7 | <1/3|<1/3 ] 1/3 — —

SO(7)/S0(6)
27+1 | ~03 | ~03 | ~03|~1/4| ~~2/5

lcomplex case]




Collider searches: Vector-like quarks

Bl-doublet under sSUR) x SU(R)=

BR(B — W™t) ~ BR(Xs3 — W) ~ 1

Singet
BR(T' — St) ~ 1

Current Limits with VLOlimits [chala ‘27#]
m, = g,/ <12 TeV

High luminosity LHC

m, = gpf < 1.7 TeV
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3-lepton final state

Lepton cuts me| < 2.5 pre, > 250 GeV pre, > 100 GeV pres > 20 GeV
at least 4 jets with  pr; >40 GeV  |n;| < 5 prji > 70 GeV
angular seperation AR(j, £) = \/A¢2, + An, > 0.3
CKUlOtLg two 'O—JCtS AR(j,b) > 0.3 [Chala, —rRqG, Spannowsky 17
%
S 1; —— TT mp =5TeV OI/LtDI/\»H’—r> e TevV
= - —— TT mr =3TeV
S f — tEVj[j]
5[ i for top-partner also
5 B ttvv
= i one reconstructed

Z, bosown

10

71 GeV < My+,- < 111 GeV

ustng
MG5_aMC@NLO,
Herwig, Sherpa,
1 2 3 4 5 6 7 8 9 10 RLivet

10




L =300}

| 08+ £ =1000 tb™

N

| T

] S 04

| o

| M

1 0.2
O “““““““““““““““““““““““““““““““ O “““““““““““““““““““““““““““““““
1.5 2 25 3 35 4 45 5 55 6 1.5 2 25 3 35 4 45 5 5.5

mp [TeV] mr [TeV]

VL®s can be excluded up to at L = 1000 fh~*
bottom-partner/ (5/3)-charged mx;,,, = 5.5 TeV

top-partner mp = 5.7 TeV
4-plet m, = 6.4 TeV



singlet VLR can decay with BR =1 to St

missing Erand top quarks . SUSY searches for stops

recast sensitivity study of

[Chala, RG, Spa ninowsk Y 1]

L =1000 b~

O W =~ O

mg [TeV]

e BR. =0.8
e BR =0.5
e BR.=0.2




more results tn appewalix

[Chala, RG, Spannowsky 1L]

overabundance

1.5 2.0 25 3.0 3.54.0 4.5 5.0 ofdark matter
f |TeV]

FCC probed
log searches
for vi®s

LHC excluded

l
LuUX excluded
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* Nown-minimal Composite Higgs Models can provide a framework adoressing
both the Hierarchy problem and Dark wmatter

. Explanation for stmilarity of WIMP scale and electroweak scale

* We proposed a model-independent framework to parameterise Composite Higgs
Models with Dark Matter

*  Dark Matter scenarios Ln Composite Higgs Models can be probed at future
expertments

* Collider experinnents : searches for VL ®s

m, = 6.4 TeV for VL@ decays to SM particles @ 100 TeV collider

m, = 9 TeV for VL@ decays to dark wmatter @ 100 TeV collider

* dark matter direct detection



* Nown-minimal Composite Higgs Models can provide a framework adoressing
both the Hierarchy problem and Dark wmatter

. Explanation for stmilarity of WIMP scale and electroweak scale

* We proposed a model-independent framework to parameterise Composite Higgs
Models with Dark Matter

*  Dark Matter scenarios Ln Composite Higgs Models can be probed at future
expertments

* Collider experinnents : searches for VL ®s

m, = 6.4 TeV for VL@ decays to SM particles @ 100 TeV collider

m, = 9 TeV for VL@ decays to dark wmatter @ 100 TeV collider

* dark matter direct detection

Thanks for Your attention!



Movre results

50 [Chala, RG, SPD.MWO.WSR.Z’ ’1|8]
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Effect fermion couplings

effect sizeable if there is a cancellation in the computation of the relic density

L=|D,HP [1—a1S2] f2 9,|H|%(S8,5) + (a S)?2 [1—2@,@]

+ 08—+~

Ncyt [ |H‘2
f f

P TP

taking € Lnto account
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|H‘4 S2

S2H2
5 52

£2

] + [ie—SQQLHtR-I—hc]

f 12

€ =0
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