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OUTLINE

» Composite Higgs models and EWPT

» Minimal SO(5)-»S0(4) Model

» UV extension (resonances)

» EWPO test



STRONG EWSB:

COMPOSITE HIGGS MODELS

> A heavy (~TeV) strong sector triggers the EWSB: the Higgs Boson
IS composite

> Problem: big mass gap between the Higgs and the other
resonances!

M, My = 126 GeV
M, 2 TeV
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STRONG EWSB:

COMPOSITE HIGGS MODELS

» Learn from QCD: the Higgs as a pseudo Nambu-Goldstone
Boson accounts naturally for such a picture [Georgi, Kaplan, 1984]

» (General recipe: SU12), @ U1y
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breaking G - Hatascalef>v

* Couple SM linearly to the strong
sector = explicit breaking of G

* A Higgs Potential is generated at one loop = Higgs mass, EWSB
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STRONG EWSB:

COMPOSITE HIGGS MODELS

» EFT for the Higgs as a NGB = Nonlinear Sigma model = Non-
standard Higgs couplings

» Experimental sighatures:

* Direct: measure Higgs couplings, discover resonances

e Indirect: EWPT < = Universal contributions
to EWPO
A/

(As3 (0) — A+ (0) — MZF' (M3)

1
_M‘%V

€1

o = SPi (M3) + ¢ (B (0) — Fyy (M3)) - M3, ; (M3)

2\ _ A.. 210 (A2
I (¢°) = Aij (0) + ¢° Fij (¢°) [Altarelli, Barbieri, Caravaglios, 1993]
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STRONG EWSB:

COMPOSITE HIGGS MODELS

» Non-standard coupling effect on EWPO

» Same effect for €,

» Fine tuning (~5-10%) on a
required!

> Investigate resonances
contribution to see If this picture

can be improved or not
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SO(5) —» SO(4) MINIMAL

COMPOSITE HIGGS MODEL

» SO(5) = SO(4) = 4 NGBs

SU2)r @U(1)y
" = M,_, EWSB = 3 NGBs eaten by W=, Z

» The Higgs is left in the
spectrum as a massive pNGB

» SO(5) = SO(4) breaking: scale f

- (2) : Separation
>  EWSB breaking: scale v f of scales

» Resonances mass: M, ~ g, f » Decoupling: E—0



SO(5) —» SO(4) MINIMAL

COMPOSITE HIGGS MODEL

» CCWZ: natural formalism for spontaneusly broken effective

theories, chiral (derivative) expansion is built-in.
[Callan, Coleman, Wess, Zumino, 1977]

» Building blocks:

\/5 a 1 abc __b C C
7 i —|—fﬂe T (Wu‘|‘53Bu)+---

1
E, =FET =T [2—102 (eabcwbﬁ’uﬂc + ¢ ,u7'('4 — 7T48’u7'('a) + W5 +.. ]

d,, =d3T* =T*

d > h(g, z)d, h'(g,
P geso(s) (9, 2)du (9, ) h € SO(4)

E s h d, hl — ihd, hl
W g€S0(5) (gam) M (g,iIf) t H

dy, B, <—» 1 derivative



SO(5) —» SO(4) MINIMAL

COMPOSITE HIGGS MODEL

2
u L} [ 1
» Two-derivatives lagrangian: L) = fZTr d"d,] D §8Mwa6’“wa 1

» Manually account for the one-loop generated ESWB: introduce a
vev for i, & H.
(m)
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o> sin <T> = ? = \/E Usual mass term

> Infinite interaction terms with rescaled couplings: a = /1 —¢

’ .
. J
d
: ;.
” ~
”, ’ N rd
>
’ ’ ~
>
’ L4 ~
z
rd L ~
>
/\/\/\/\Q O\
~ ~ P [ ] [ ] [ ]
, .
:
"
s d
’ ’
i
.,



VECTOR RESONANCES

LAGRANGIAN

» Introduce a single resonance much lighter than the others

A
» Constrain its coupling strenghts {gpi}

M, with the following:

- A
gp (M) ~ g7 = 7 (< dm)

Mg

» Partial UV completion of it scattering amplitude (PUVC)

[Contino, Marzocca, Pappadopulo, Rattazzi, 2011]



VECTOR RESONANCES

LAGRANGIAN

» Our choice will be a vector resonance living in a (3,1)®(1,3)
of SU(2)®SU(2) (=S0(4)).

a a N T — 1 T
ng/R) _ pLL/R) 7(L/R) Pu e h(z)p,h'(z) —ihd,h
» Minimal lagrangian:
1 1 M? )
Loy =——=Tr|puwp™]+=—LTr {(p“ — E*) ]
(2) 493 H 2 93/
Mass + interactions: :>’\/\W\\/\/\/\/\/ 4+ ...
. M,
» Interactions regolated by a, = —
gpf

> PUVC: a, ~ 1



VECTOR RESONANCES

LAGRANGIAN

» Another relevant operator (tree-level contribution to S):

SRR (e e i)

» Describes a coupling between the composite and the elementary
sector

» PUVC does not apply here
» Can only impose, by positivity of the SU(2), spectral density:
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CALCULATION OF

EW OBSERVABLES

» Some diagrams:

EICH_WQ\W + W
\BM/
e

T, = W\Ai;;;gm +...

€30y = +W

S*p = AVAVAViViVViVVaVa Vil o m + ...

~— -




CALCULATION OF

EW OBSERVABLES

> Final expressions for the case of a single p, (=p;) (€ =€ + Ag. ):

342 A M2 (ap B %)
() ()

Composite Higgs
contribution (full €)

2 A M2
o) o ()

1 2 3 A 41
+g°¢ (— — 042) — 927725 [— (a?, + 28) log ( ) + 1—6a?) + 1]




CALCULATION OF

EW OBSERVABLES

> Final expressions for the case of a single p, (=p;) (€ =€ + Ag. ):

3" A M? <ap B f%")
aa == gise s (5 )+ ()

3972 M,

Resonance contribution

: A M?2 .
Aes = ) ¢ [log (_) s (_H>] (Heavy physics T, S)

+92§(L—Of2>— ng fF(ai—l—ZS)log( A )—I—gaQ—l—l]
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CALCULATION OF

EW OBSERVABLES

> Final expressions for the case of a single p, (=p;) (€ =€ + Ag. ):

3g2 A M?2 <ap K f%“)
s =gt s (37 + 1 (32

3272 My M2
3g2 3, A 3
! 30725 1% llog (ﬁ) + 1]
<0 T
>0




CALCULATION OF

EW OBSERVABLES

> Final expressions for the case of a single p, (=p;) (€ =€ + Ag. ):

39/2 A M2 <CLp = ;\j—;>
ool 3

3972 M,

>0
Y
2 A M2
31 gt o6 (57 ) + (M—H)} <¢O

>0 =, (] \ 9 L3, A 41
P s (4 2 %) T g [Z (@, +28) log (M ) T 6% T
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PARAMETER SPACE

CONSTRAINTS

_ » Four independent
> Set as =10
’ parameters: €, M. A aj

> FiXx:
47v
A:AMAX:47Tf=——
V&

a, =1

» Constrain (g, Mp) @ 99% CL



PARAMETER SPACE

CONSTRAINTS
_ » Four independent
> Set as =0
>e ? parameters: €, M. A aj
1F > Fix:
0.5} 4
s A:AMAX:ZLT(']CZLU
0.2 V€
0.1 ap =1
§ 0.05}
- » Constrain (g, Mp) @ 99% CL
0.02
0.01 ¢
- EWPT allowed
0.005 |
: B> A

ISIoop| > IStree|




PARAMETER SPACE

CONSTRAINTS
» Set 80% cancellation of S, _: > Four independent
o — 1/593 parameters: §, M, A, a_
1F > Fix:
0.5} 4
I A:AMAX:ZLT(']CZLU
0.2} | V€
0.1 ap =1
§ 0.05}
- » Constrain (g, Mp) @ 99% CL
0.02
0.01F 85
- ] EWPT allowed
0.005 gp= i
W_———ss———— - B> A
0 2 4 6 8 10
M, [TeV ]



» Include fermion resonances (almost done):

* Light fermions (<TeV) needed for the Higgs potential

. T >0

Jerm [Grojean, Matsedonskyi, Panico, 2013]

* Vector + fermions: new strongly-coupled interactions (effects
on S, Zbb)

U c SO(5) m> cr, UyH (pp —E,) VU > §

» Combine with direct searches constraints
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