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The Standard Model is very strong, but
it cannot explain all observations

Planck scale

valid up to

TeV scale

HEFT 2017, May 22 2017



4 )
Composite Higgs models

(very good candidates for new physics)

o /

B No hierarchy problem because the Higgs is a bound state,

B This is lighter than the new physics scale (presumably
slightly above the TeV) because is a Goldstone of G/H

B Fermion masses are induced by non-hierarchical couplings

in the UV,
4 )

(almost) a high-energy copy of QCD
N _/
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The composite Higgs paradigm

(a high-energy copy of QCD)
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The composite Higgs paradigm

(a high-energy copy of QCD)
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4 )
The composite Higgs paradigm

(a high-energy copy of QCD)
N /
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l parton condensate
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4 | N
Source of breaking: [, ~ A\[TeV|gQ"

(driven mainly by the top mixing)
N\ J

B Sigma model Lagrangian 4+ symmetry-breaking terms

4 N
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Source of breaking: [, ~ )\[TeV]@Qi

(driven mainly by the top mixing)
N\ J

B Coefficients estimated via SILH formalism /hep-ph/070316/]
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4 )
Non-minimal composite Higgs models

(even better candidates for new physics)

o /

B No hierarchy problem because the Higgs is a bound state,

B This is lighter than the new physics scale (presumably
slightly above the TeV) because is a Goldstone of G/H

B Fermion masses are induced by non-hierarchical couplings
in the UV,

4 N

provide dark matter candidates, explanation for baryon
anti-baryon asymmetry, feasible UV completions...
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Non-minimal composite Higgs models

(table taken from Bellazzini et al, 1401.2457)

=
SO(5)

H C Ng ry = rsy@)xsu() (Fsu@xun))
SO(4) v 4 4= (2,2)

SU(3) x U(1)  SU(2) x U(1) 5 2.1/2 + 1o 10}/35
SU(4) Sp(4) v 5 5=(1,1) +(2,2) 291/47//64
SU(4) [SU(2)]2 xU®1) v* 8 (2,2)12 =2-(2,2) 65
SO(7) SO(6) v 6 6 =2-(1,1) + (2,2) —
SO(7) Go YT 7=1(1,3) +(2,2) 66
SO(7) SO(5) x U(1) v* 10 100 = (3,1) + (1,3) + (2,2) —
SO(7) [SU(2)]? v 12 (2,2,3)=3-(2,2) —
Sp(6) Sp(4) x SU(2) 8 (4,2) =2-(2,2) 65
SU(5) SUM4) x U(1) v* 8 4 5+4,.5=2-(2,2) 67
SU(5) SO(5) v¥oo14 14 = (3,3) + (2,2) + (1,1) |9l[47]/49
SO(8) SO(7) v 7 7=3-(1,1)+ (2,2) —
SO(9) SO(8) v 8 8 =2-(2,2) 67
SO(9) SO(5) x SO(4) v* 20 (5,4) = (2,2) + (1 + 3,1 + 3) 34

[SU(3)]? SU(3) 8 8 =10+ 211/2 + 30 8
[SO(5)]? SO(5) v ¥ 10 10 =(1,3)+ (3,1) + (2,2) 32

SU(4) x U(1) SU(3) x U(1) 7 3_1/3+311/3+1o=3-1o+241,2 35141

SU(6) Sp(6) v 14 14=2-(2,2)+(1,3)+3-(1,1) 3044
[SO(6)]? SO(6) v ¥ 15 15=(1,1)+2-(2,2) +(3,1) + (1, 3) 3
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Source of breaking: [, ~ )\[TeV]@Qi
(driven mainly by the top mixing)

~

J

B Coefficients estimated via SILH formalism /hep-ph/070316/]

/

\_

1

Cs | cS ;
~ 5 0u(SH) + 55 (570,
2 _ .

(82 - "; (St Hapl) +

~

/

HEFT 2017, May 22 2017



4 )
The EFT of next-to-minimal CHMs

(the scalar sector consists of H+S)

NS /

B 1S1C(f,9,;mp = g,f) + dimensional analysis determines
the scaling of the effective operators, [1506.01961]

B Operator coefficients of order one, up to selection rules

B It is actually an assumption, but is not an arbitrary one
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4 )
The EFT of next-to-minimal CHMs

(the scalar sector consists of H+S)

NS /

B There is a priori no reason for the mass of S to be tuned.
It is then expected that

4 N
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4 I
Concrete expression in calculable

composite Higgs models

e /

m {p~1, mip~1,

g~ 20 m g ~ 35
~1+5+14 ~ 147427
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The coset SO(6)/S0O(5)

(first studied in 0902.1/83)
- J
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The coset SO(6)/S0O(5)

(first studied in 0902.1/83)
- J
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The coset SO(7)/G>

(first studied in 1210.6208 )
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4 N
The EFT of next-to-minimal CHMs

(the scalar sector consists of H+S)

- J

p ~ tew TeV / \
————————————— Strong sector

Integrating out S,
S|H|*,SqHq

. (] 2
EW scale \(aj —|_ b) ‘Hl qu/

N




4 N
The EFT of next-to-minimal CHMs

(the scalar sector consists of H+S)

- J

p ~ few TeV / \
Strong sector

S, generic but lighter

Integrating out S,
S|H|*, SqHq
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4 )
A basis tor the EF'T of H+S

(regarding S, we focus on dimension 5)

NS /

B Caveat: eliminating operator redundancies can break the
power counting estimates:

@ B
2
FIDHIS = gglHIDS

——(H'OHS +h.c)
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A basis tor the EF'T of H+S

(regarding S, we focus on dimension 5)

o /

B Caveat: eliminating operator redundancies can break the
power counting estimates.

B The operators are related. One of them can be removed

4 N
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A basis tor the EF'T of H+S

(regarding S, we focus on dimension 5)

o /

B Caveat: eliminating operator redundancies can break the
power counting estimates.

B It can be removed in favor of 9,5 gy"q

4 N
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a2 )
A basis tor the EF'T of H+S

(regarding S, we focus on dimension 5)

o /

B Caveat: eliminating operator redundancies can break the
power counting estimates.

B We end up with the minimal set of operators

4 N

SX* , §* S|D,H|? , S§%°
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Estimated size of the dimension-5 operators

(cases beyond the PNGB one are also present)

scalar pseudo-scalar
generic | PNGB | generic | PNGB (PC) | PNGB (anom.)
2 2 2 2 2 2 N 2
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4 )
Impact on direct production of S

(PNGB scalar; the pseudoscalar goes to tt)
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Impact on Higgs physics

(cases beyond the PNGB one are also present)

effect of scalar S compositeness
Jeneric PNGE effects [+MC]
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Impact on Higgs physics

(cases beyond the PNGB one are also present)

NS /
4k \ 1 \
PNGB § generic S
Ry
QL
* ol

tanfq,=1

Onuw,OHB

|
\ 0.05 0.1




Limits on new vector-like quarks

(mainly QCD-produced top partners)
. /

B Bounds considering all branching ratios (also elusive decays)

in light of 1505.04306, ATLAS-2016-102, ATLAS-2016-104, ATLAS-2017-
015, CMS-SUS-16-029
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Limits on new vector-like quarks

(mainly QCD-produced top partners)

J

B Bounds can be automatically obtained using the VLQ-limits,
available at http://github.com /mikaelchala/viglimits
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® Non-minimal composite Higgs models are very good
candidates for new physics

® Power counting estimates suggest that extra scalar singlets
S are heavier than the Higgs boson

e We have worked out a basis of dimension-5 operators for S.
Some redundant operators must be kept in order not to
break the power counting

® The effects of S on Higgs physics can be larger than those
coming from the strong sector

HEFT 2017, May 22" 2017



® Non-minimal composite Higgs models are very good
candidates for new physics

® Power counting estimates suggest that extra scalar singlets
S are heavier than the Higgs boson

e We have worked out a basis of dimension-5 operators for S.
Some redundant operators must be kept in order not to

break the power counting

® The effects of S on Higgs physics can be larger than those
coming from the strong sector
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4 )
The EFT of next-to-minimal CHMs

(the scalar sector consists of H+S)

NS /

B The form of the H4+S potential can be obtained using the
aforementioned power counting:

4 N
N.y?Z | H|? H|*
yt Ckl ‘ | ﬁ‘ ‘
ame [T T
\_ /

VNmeZ

P




4 )
The EFT of next-to-minimal CHMs

(the scalar sector consists of H+S)

NS /

B o and 5 have to be tuned in order to achieve the
separation v < f . £ = v? /f 2 “measures” the tuning

4 N
N.y?Z | H|? H|*
yt Oél ‘ | 6‘ ‘
ame [T T
\_ /

VNmeZ

P




4 )
The EFT of next-to-minimal CHMs

(the scalar sector consists of H+S)

NS /

B o and 5 have to be tuned in order to achieve the
separation v < f . £ = v? /f 2 “measures” the tuning
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A basis tor the EF'T of H+S

(regarding S, we focus on dimension 5)

NS /

B Caveat: eliminating operator redundancies can break the
power counting estimates.

B The reason is that the kinetic terms are not suppressed

4 N

2 2
Ve Tog\HP?  ~SH'OH or ~
1672 O 77 T
\_ /
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4 )
The composite Higgs paradigm

(a high-energy copy of QCD)
N /

W \

~mqqrqr+ SU(2)r x SU(2)r

l quark condensate

GeV scale 2N SPAND MRS
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The composite Higgs paradigm
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4 )
The composite Higgs paradigm

(a high-energy copy of QCD)
N /

W \

~mqqrqr+ SU(2)r x SU(2)r

l quark condensate

GeV scale 2N SPAND MRS
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