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With the Higgs boson the last missing ingredient of the
Standard Model is found E



With the Higgs boson the last missing ingredient of the
Standard Model is found E

Ebut is it the only Higgs boson? Is it elementary or composite?
Is the Higgs sector really as predicted by the SM?



Open problems of the Standard Model

¥ Hierarchy the electroweak scale? - connected to Higgs sector
Why IS M H << ! Planck ?

¥ Dark matter - could there be a connection
to the Higgs sector?
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Open problems of the Standard Model

¥ Hierarchy the electroweak scale? - connected to Higgs sector
Why IS M H << ! Planck ?

Explain both within the
same framework?

¥ Dark matter - could there be a connection
to the Higgs sector?
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¥ Introduction to Composite Higgs Models

¥ Parameterisation of Dark Matter in Composite Higgs Models

¥ Collider probes of Dark Matter in Composite Higgs Models



Spectrum of QCD:
Scalars without hierarchy problem

p, N 1 GeV

The QCD scale cuts their quantum
rho corrections naturally off

Pions as pseudo-Nambu Goldstone

Kaon .
bosons, naturally much lighter than
QCD scale

| QCD scale Is natural,
Pion 0 1 GeV can be largely separated from any high

scale due to logarithmical running



Composite Higgs Models

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

strongly interacting sector elementary sector
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Composite Higgs Models

. [Georgi, Kaplan ’84]
light, since pseudo<(

spin 1/2: T, B, X% 3, ...

spin 1:!, a,...

strongly interacting sector elementary sector

exact G |
Interactions between

elementary and

strongly interacting
sector break G at scale f;

coset G/H should
contain the SM gauge

group
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[Georgi, Kaplan ’84]

light, since pseude<Goldstone boso

spin O: H, ...

SM fermions:
t b, E

spin 1/2: T, B, X* 3, ...

SM gauge bosons
spin 1:!, a,...

strongly interacting sector

exact G

Higgs mass generated by quantum corrections

Partial compositenesstop quark mass generated by linear interactions
with strongly interacting sector

. . ~ 4 Goldstone bosons
- /] [Agashe, Contino, Pomarol O04]
Minimal Model: 80(5)/50( ) ( i 3 | would-be GB )



Lagrangian from CCWZ construction:  [Callan, Coleman, Wess, ZuminoO69]

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

Defining
iU'0U = dyo X+ e,oT°

the Lagrangian is
2
L= f—Tr(d d)

. y more details in [Panico, Wulzer 015
Minimal model: [Agashe, contino, Pomarol O04] | ]

We take a ¥y = (0,0,0,0,1)" to project on coset space.

Then f2
— (D, 1) DM, with ! = U! ,

1 g*., ., (h , g ., (h
— = u 2ain2 [ 1 +\A\/ 1! 2 a2 [ u
L 28Hh8h+ 4f sin (f>W“W +83f sin (f>ZHZ.



Lagrangian from CCWZ construction:  [Callan, Coleman, Wess, ZuminoO69]

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

Defining
iU'0U = dyo X+ e,oT°

the Lagrangian is

f 2
L= 5 Tr(d.d)

Minimal model: [Agashe, contino, Pomarol O04]

_ leads to non-linearities
We take a ¥y = (0,0,0,0,1)" to project on coset space.

Then

f2



Lagrangian from CCWZ construction:  [Callan, Coleman, Wess, ZuminoO69]

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

Defining
iU'0U = dyo X+ e,oT°

the Lagrangian is

f 2
L= 5 Tr(d.d)

Minimal model: [Agashe, contino, Pomarol O04]

_ leads to non-linearities
We take a ¥y = (0,0,0,0,1)" to project on coset space.

Then

f2




Elementary fermions mix with strong-interacting sector by linear couplings
L — $|_§|_ OR + $RERO|_

Mixing with top partners generate the top Yukawas

in1
f\Lﬁ;'”!L
H

Yy = = 0 -sinH{ : sin@};

If we are only interested in the non-linearities:
Example : fermions transforming in the fundamental of SO(5)

1 ! ' T

2/3 / d o 0 Us = 1 0.0.0 0 2
Q ) v y UL, UL, ) 7 g o By B fuR
L \/E L L L L ) R \/7 )

Ly = f[$3u(Tr!)( TQYY) $ ya(Dr! ) TQLY)] + e

L Gyr_ 1-2 . Ser 122 .
—— MCHMS: o= o= MCHM10:  ow = = MCHM4:

s7

SM
957

o

Iy



[Kaplan O91]
Elementary fermions mix with strong-interacting sector by linear couplings

L = $|_§|_ Or + $rtrOL

Mixing with top partners generate the top Yukawas

fr r+Sin| f [Panico, Wulzer O15]
~_ 0 ’

Yi = = g -sing} -sindy
T g,
fR K+SiIl 0£

The couplings break the global symmetry explicitly

——  Connection between top partner masses and Higgs mass

M g Nem*
mZ — 9% f2
_ _ [Matsedonskyi, Panico, Wulzer 012,
Low tuning = light top partner masses Marzocca, Serone, Shu 012, Pomarol, Riva O1:

Panico, Redi, Tesi, Wulzer 012,
Pappadopulo, Thamm, Torre O13]



Dark Matter in Composite Higgs
Models



Non-minimal Composite Higgs Models

[Mrazek et al 011]

G H Ne  NGBs rep.[H] = rep.[SU(2) x SU(2)]
SO(5) SO(4) - 4= (2,2) [ . .
Gripaios et al O09; Frigerio et al O1
SO(6) SO(5) 9 5 = @ +(2,2) i Marzocca, Urbar?o 014]
SO(6) SO(4) x SO(2) 8 42+ 475 = 2 X (2, 2)Mrazek et al B11, De Curtis et al®
SO(7) SO(6) 6 6=2x(1,1)+(2,2) [Bakinetal 017
30(7) Go 7 ; (1 < (2, 2) [Chala O12; Ballesteros et al 016
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)+2x (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
St
Larger coset space @ —— extended Higgs sector
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[Mrazek et al O11]

G i Ng NGBs rep.[H| = rep.[SU(2) x SU(2)]
SO(5) SO(4) 4 4= (2.2) o . )
S0()  SO() 5 5= (1,1) +(2,2) [Pt 00 Feerp el
SO(6) SO(4) x SO(2) 8 4.2+ 4_3 =2 X (2, 2)Mrazek et al 511, De Curtis et al®
SO(7) SO(6) 6 6=2x(1,1)+(2,2) [Balkin et al O17]
SO(7) & 7 7=(1,3)+(2,2) [Chala O12; Ballesteros et al 016
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(l) 8 4_5 + li+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 candidate

l.e. iIf thereis a Z, or U(1)

symmetry

explanation why

WIMP mass scale= electroweak scale



Composite Higgs Dark Matter

General parameterisation: [Chala, RG, Spannowsky O18]

2 82 2 2 |H2
L =|D,H] 1—alf—2 +—(9 LIH12(S0,.S) + (88) 1—2a3f—2
|
N.y? IHI2 IHI4 S° 82I ° W
— maf 2= — 2S¢ .C. &
m; (47T)2 +5 + f2+5 2 + |f28qutR+hc +4aa
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General parameterisation: [Chala, RG, Spannowsky O18]

' S2qpHty + he. +A4é

Annihilation
Cross section
dominated by
H2S2 interactions

Relic density 9 b2~ m2/V2 ~ f2/g? using MicrOmegas

d=d4dji1= dz= adig

2iN cm’

|7 (47‘(‘)2f 5 [2(281 + 2a9 + ag)’}/ ' 5]

Main difference to non-composite case: derivative interactions



G H O +tr ap ap as Y 0
6+ 1 ! !
6+ 15 # 1 # 1
SO(6)/SO (5) 5 o 1 1/3 1/3 1/3 o g
20 + 1 1/ 4 1/5
7+1 ! |
SO(7)/ISO (6) T+T 1/3 1/3 1/3 ! |
27 4+ 1 $1/4] $1/5
SO(7)/G 5 385:81 /3 | U3 | 13 1!/ ) 1!/5
SO(6)/SO (4) 6+ 6 0 1/6 1/3 ! |
SO(5) %U(1)/[SO(4) | 5+5 0 0 0 # 1 # 1
SO(7)/SO (5) T+7 |<1/3|<1/3| 1/3 ! !
SO(7)/SO (6) .
27+1 | &03 | &03 [ &03 | &1/4|& 2/5

lcomplex case]




Collider searches: Vector-like quarks

Bi-doublet under SU(2) . x SU(2) r

BR(T, X2/3 — ht) ~ BR(T, X2/3 — Zt) ~ 0.5
BR(B - W™t) ~BR(Xg 3 — W"t) ~1

Singlet
BR(T % St)" 1

Current limits with  VLQIlimits [Chala O17]

m =qgf< 12 TeV

High luminosity LHC

m =qgf< 17 TeV

Ramona Gr3ber NIPPP, Durham University




3-lepton final state

lepton cuts -] < 25 pr-, > 250 Ge\ pr, > 100 GeV Pty > 20 GeV
at least 4 jets with  pr; >40Gev |[|I;|< 5 orj, > 70 GeV
angular seperation | R(j, ") = ! #2.+ 112> 03
exactly two b- jets 1 RU,b)> 03 chala, RG, Spannowsky O18]
>
g 1 —— TPmr=5TeV cuton Hy> 6 TeV
— - —— TPmy = 3TeV
5 : — t@jj]
—~ B 1§47
s | oy for top-partner also
= one reconstructed
Z boson

10!1%,
71 GeV< M +, < 111 GeV

using
MG5 aMC@NLO,
Herwig, Sherpa,
Rivet

10! 2 -




— 0.8
< 06

04|

BR(B !

0.2

L =300fb?
L =1000 fb* —

VLQs can be excluded up to at. = 1000 fb' *

11—y
L =300 fb *

08 L =1000fb!—

()] A S S P P W W WP S
15 2 256 3 35 4 45 5 K5

bottom-partner/(5/3)-charged mx.,, =5.5 TeV

top-partner
4-plet

mt =5.7 TeV
m =6.4 TeV



singlet VLQ can decay withBR ! 1to St

missing E yand top quarks P SUSY searches for stops

recast sensitivity study of

[Chala, RG, Spannowsky O18]

5
4l L =1000f6*

E) 3/ LRI :

— > = Voo

V) 2— \\////// \\ ‘\ \\ -

S \\ st BR =0.8
1¢£ \\ - s RO BR =0.5

3 4 5 6 7 8 9 10
m, [TeV]



LHC excluded
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[Chala, RG, Spannowsky O18]

more results in appendix
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Overabundance
of dark matter



¥ Non-minimal Composite Higgs Models can provide a framework addressing
both the Hierarchy problem and Dark matter

¥ Explanation for similarity of WIMP scale and electroweak scale

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

¥ Dark Matter scenarios in Composite Higgs Models can be probed at future
experiments

¥ Collider experiments : searches for VLQs

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

m = 9 TeV, for VLQ decays to dark matter @ 100 TeV collider

¥ dark matter direct detection



¥ Non-minimal Composite Higgs Models can provide a framework addressing
both the Hierarchy problem and Dark matter

¥ Explanation for similarity of WIMP scale and electroweak scale

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

¥ Dark Matter scenarios in Composite Higgs Models can be probed at future
experiments

¥ Collider experiments : searches for VLQs

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

m = 9 TeV, for VLQ decays to dark matter @ 100 TeV collider

¥ dark matter direct detection

Thanks for your attention!
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effect sizeable if there is a cancellation in the computation of the relic density

‘ 32 a 1 | IH|?
L=|D,H]? 1 Talf—2 + f—iaum 2(S0,S) + §<aus>2 1I ~ 285 55
2 2 4 2 2 2 ]
—mlzfz(l\i:;tz —a“:—2|+5“:—l+7]cs—2+5sflljl S iefy—;SZWHtRJrh.c. +aacé
taking " into account =0
5.0 5.0 —
4.5 4.5 N a=0.3
4.0f 4.0f . = 0.1
3.5¢ 3.5 O #=0.3
3.0} S 3.0f N
2.5 : 25|
2.0 \\\\\: 2.0 \\\\\
1.5¢ ! 1.5}
1.0 1.0

f [TeV]

10 1.5 2.0 25 3.0 35 4.0 45 5.0
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f [TeV]



