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Introduction
In Standard Model (SM) electroweak symmetry breaking 
is achieved by an elementary scalar Higgs field with a 
potential:

2

• From the Higgs VEV v=246 GeV and the observed 
Higgs boson mass 125 GeV, we can determine the 
parameters of the Higgs potential:

V(H) = − m2H†H + λ(H†H)2

m2 ≃ (88 GeV)2, λ ≃ 0.13.
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• The largest comes from the top Yukawa interaction. 
The solutions to the hierarchy problem based on 
symmetries require new particles (top partners) to cut 
off the top quark loop. 

γW,Z, higgstop

Figure 1: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model.

give

top loop − 3
8π2 λ2

t Λ
2 ∼ −(2 TeV)2

SU(2) gauge boson loops 9
64π2 g2Λ2 ∼ (700 GeV)2

Higgs loop 1
16π2 λ2Λ2 ∼ (500 GeV)2.

The total Higgs mass-squared includes the sum of these loop contributions and
a tree-level mass-squared parameter.

To obtain a weak-scale expectation value for the Higgs without worse than
10% fine tuning, the top, gauge, and Higgs loops must be cut off at scales
satisfying

Λtop
<
∼ 2 TeV Λgauge

<
∼ 5 TeV ΛHiggs

<
∼ 10 TeV. (1)

We see that the Standard Model with a cut-off near the maximum attainable
energy at the Tevatron (∼ 1 TeV) is natural, and we should not be surprised
that we have not observed any new physics. However, the Standard Model with
a cut-off of order the LHC energy would be fine tuned, and so we should expect
to see new physics at the LHC.

More specifically, we expect new physics that cuts off the divergent top
loop at or below 2 TeV. In a weakly coupled theory this implies that there are
new particles with masses at or below 2 TeV. These particles must couple to the
Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be natural, the new
particles must be related to the top quark by some symmetry, implying that the
new particles have similar quantum numbers to top quarks. Thus naturalness
arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.

Similarly, the contributions from SU(2) gauge loops must be canceled by
new particles related to the Standard Model SU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHC’s 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore different possibilities
for what the new particles could be.
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• The SM Higgs receives quadratically divergent 
radiative corrections from its interactions with SM 
fields.
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• If top partners carry SM color as in traditional 
supersymmetric (SUSY) or composite Higgs models, 
they are strongly constrained by LHC searches 
(beyond 1 TeV except for special cases).Summary of t̃1 ! t�̃
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Introduction
• With 36 fb-1 at 13 TeV, unfortunately SUSY 

hasn’t been found yet.

• The stop mass limit has reached ~1 TeV for a 
light LSP.
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Figure 4: Observed lower limits at 95% CL on the mass of the (a) T and (b) B as a function of branching ratio
assuming B(T!Ht) + B(T!Zt) + B(T ! Wb) = 1 and B(B!Hb) + B(B!Zb) + B(B!Wt) = 1. The yellow
markers indicate the branching ratios for the SU(2) singlet and doublet scenarios where the branching ratios become
approximately independent of the VLQ mass [8].
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Δm2 ∼ − (250 GeV)2( Λ
1.5 TeV )
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• In actual models the tuning is often more severe. 
- In SUSY models the contribution is enhanced by a 

log due to running from high scales. 
- In most composite Higgs models, there are even 

larger UV contributions to the Higgs potential, as will 
be discussed later. 

• If the cutoff of the top quark loop is larger than 1 TeV, 
some tuning in the Higgs potential is already required.

• Tuning can be reduced if top partners do not carry SM 
color as in neutral naturalness models, which are not 
the subject of this talk.
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• To naturally separate the scales of the Higgs mass and 
the strong composite dynamics, Higgs field should be 
the pseudo-Nambu-Goldstone bosons (PNGBs) of 
spontaneously broken (approximate) global symmetry 
(G→H) of the strong dynamics (analogous to pions in 
QCD).

E.g., SO(5)/SO(4) (minimal composite Higgs). There 
are 4 PNGBs identified as the Higgs field.

SU(2)W ×U(1)Y is embedded in SO(5) ×U(1)X, the 
SO(5) breaking VEV f is slightly misaligned with the 
direction which preserves SU(2)W ×U(1)Y, 
corresponding to an EW breaking VEV .v ≪ f
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• To obtain SM Yukawa couplings, we have SM 
(elementary) fermions mix with composite operators of 
strong dynamics.

λLq̄LOR, λROLqR

qL, qR : elementary fermions
OL, OR : composite operators of some representations of G

SM Yukawa couplings y ≃
λLλR

gψ
≃ ϵL ⋅ gψ ⋅ ϵR

 : coupling of the strong resonances (analogue of  in 
QCD, expected >>1). The resonances created by  
have masses ~ .   

gψ gρ
OL,R

gψ f ϵL,R = λL,R/gψ < 1
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• The resonances created by  are divided into 
representations of H (since G is broken). They play the 
roles of SM fermion partners which cut off the 
divergent contribution to the Higgs potential.  
- Adding the contribution from an individual set of 

resonances of a representation of H is still divergent. 
The finiteness is imposed by the Weinberg’s sum 
rules, which can be shown explicitly in holographic 
(or deconstructed) models. 

• Higgs potential is generated by  (and also SM 
gauge couplings) which break the global symmetry G 
explicitly.

OL,R

λL, λR
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• To leading order, the Higgs potential takes the form: 

V(H) = − α f2 sin2 H
f

+ β f2 sin4 H
f

where  and  are model dependent, generated by 
explicit breaking parameters , …

α β
λL, λR

• To achieve realistic EWSB with , we need v ≪ f
α
β

= 2ξ ≡ 2 sin2 ⟨H⟩
f

≪ 1

also the right size of  for the 125 GeV Higgs boson.β

• In most composite Higgs models, one expects , 
which is the source of fine tuning.

α ≳ β
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• Ex: SO(5)/SO(4),  of SO(5)OL, OR ∈ 5

α ∼
Nc

16π2
λ2

L,R m2
ψ ∼ ϵ2

L,R

Ncg4
ψ

16π2
f2

β ∼
Nc

16π2
λ4

L,R f2 ∼ ϵ4
L,R

Ncg4
ψ

16π2
f2
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Figure 3.1: The structure of the leading diagrams contributing to the potential.

3.3.2 Higgs potential estimated

A qualitative but sharp assumption was made in Sect. 3.1 on the nature of the
composite sector, which we characterized as a 1S1C (One Scale One Coupling)
model. By this assumption the power-counting formula in Eq. (3.1.18) was
derived to estimate the expected size of operators in the low-energy e↵ective
field theory describing the pNGB Higgs plus the other SM particles. We
got the same result for large-N QCD-like strongly-coupled theories, showing
that they might e↵ectively behave as 1S1C models. These results were valid
exclusively for e↵ective operators generated by the composite sector dynamics
alone, i.e. by the sole exchange of composite sector virtual states with no
elementary fields propagating in the internal lines. Extending the analysis to
the Higgs potential operators, which do not belong to the latter category, is
the purpose of the present section. We do this with a twofold aim. First, we
want to estimate the overall magnitude of the potential that controls such
an important observable like the Higgs mass. Second, we want to check if
and to what extent the intuitive idea that we can expand in the elementary
couplings, and thus in the number of spurion insertions, is actually valid
or not. If it was not, the predictive power of the spurion method would
get completely washed out since we would be forced to consider an infinite
series of operators with arbitrary powers of sin2 H/f , leading to a potential
of completely generic form.

Deriving the power-counting estimate for the potential starts from out-
lining its origin in terms of Feynman diagrams. The potential is, almost
by definition, the sum of 1PI (one particle irreducible) diagrams with zero-
momentum external Higgs lines. Since the Higgs is part of the composite
sector, it does not couple directly to the elementary sector fields. Therefore
no diagram should be considered with only elementary internal lines. Fur-
thermore the Higgs is a NGB and thus it gets no potential from the purely
composite sector diagrams because they respect the Goldstone symmetry.
Mixed diagrams need to be considered, where at least one elementary in-
ternal line is present. In order to make them 1PI the elementary line must
close into a loop, therefore the potential gets generated only at the radiative
level. The structure of the leading diagrams is reported in Fig. 3.1, where the
dashed lines ending on crosses denote Higgs field insertions, the black single
lines are elementary sector gauge or fermionic fields and gE collectively de-
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momentum external Higgs lines. Since the Higgs is part of the composite
sector, it does not couple directly to the elementary sector fields. Therefore
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composite sector diagrams because they respect the Goldstone symmetry.
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gE = �L,R

 arises at higher order in  than , also 
 is larger than the IR contribution from 

the top quark loop.

β ϵ α
α

Δm2
IR ∼

Nc

8π2
y2

t m2
ψ ∼ ϵ2

Lϵ2
R

Ncg4
ψ

8π2
f2
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• In some models, e.g.,  of SO(5),  and  
arise at the same order.

OL, OR = 14 α β

α ∼ β ∼
Nc

16π2
λ2

L,R m2
ψ ∼ ϵ2

L,R

Ncg4
ψ

16π2
f2

It’s less tuned to obtain  (called “minimal 
tuning”), but both  are generically too large 
phenomenologically.

α/β = 2ξ
α, β
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• To obtain a more natural Higgs potential, we would like 
to 

- suppress the  contributions to the quadratic 
term in the Higgs potential (keeping  small), 

- generate some quartic potential without inducing the 
quadratic term (making ). 

• The wishlist calls for the collective symmetry breaking 
of the little Higgs mechanism.

𝒪(λ2
L,R)

α

β > α
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• To suppress  contributions to the Higgs 
potential, we look for models where any single  
preserves a larger symmetry which protects the 
Goldstone nature of the Higgs, and the Higgs potential 
can only arise by combining two or more such 
couplings.

𝒪(λ2
L,R)

λL,R

• The Higgs potential arise at  because the 
resonances created by  are split into 
representations of H.  The partial compositeness 
couplings  do not preserve any symmetry to 
protect the Goldstone nature of the Higgs field.

𝒪(λ2
L,R)

OL, OR

λL,R
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• The cosets SU(5)/SO(5) and SU(6)/Sp(6) considered in 
little Higgs theories are promising candidates.  

• If  of SU(5) (or SU(6)), the corresponding 
resonances do not split under the unbroken subgroup 
SO(5) (Sp(6)). (They remain complex because they 
need to carry an additional U(1)X charge to account for 
the hypercharge.) As they are complete G (=SU(5) or 
SU(6)) multiplets. There is an enhanced symmetry for 
each individual partial compositeness coupling, which 
protects the Higgs mass.

OL,R = 5(or 6)
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SU(6)
⟨Σ⟩

⟶ Sp(6) ⟨Σ⟩ ∝ (0 −I
I 0 ) ≡ Σ0CCWZ:

Goldstone matrix: ξi
α = ei πAXA

2f → Vi
j ξj

β U†β
α

i: SU(6) index 
α: Sp(6) index 
a: SU(2)w index 
A: generator index

(ξ → gξh−1)

Gauge generators: QA =

σA

0
−σA*

0

, Y =

0
1/2

0
−1/2

BRIEF ARTICLE

THE AUTHOR

⇡AXA =

0

BBBBBB@

�B
2 wB H2

✓
0 s

�s 0

◆
H1

H
†
2 z/2 �H

T
1 0✓

0 �s
⇤

s
⇤ 0

◆
�H

⇤
1

�⇤
B
2 wB H

⇤
2

H
†
1 0 H

T
2 z/2

1

CCCCCCA

1

14 GBs = 
2 doublets, H1, H2 
1 complex singlet s 
real triplet + singlet 
wB +z
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Partial compositeness couplings:

Compositeness resonances  of Sp(6)×U(1)XQL,R = 61/6

[ = 21/6 ⊕ 12/3 ⊕ 2̄1/6 ⊕ 1−1/3]Oi
L,R ∼ ξi

αQα
L,R ∼ 61/3 of SU(6)

λL q̄La Λa
i (ξi

αQα
R)

Λa
i = (1 0 0 0 0 0

0 1 0 0 0 0) is the spurion keeping track of 
symmetry breaking 

The interaction preserves an SU(6) 
represented by the  index, which 
protects the Higgs mass. Without an 
insertion of , it can’t distinguish 
Sp(6) from SU(6).

α

Σ0

qL

QR

ξ ξλL λL

∝ Λξξ†Λ† = ΛΛ†

No Higgs potential at !𝒪(λ2
L)
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To obtain SM Yukawa couplings, we have the partial 
compositeness coupling for the right-handed fermions 

  whereλ*R t̄R Γj O′ L,j

[ = 2̄1/6 ⊕ 1−1/3 ⊕ 21/6 ⊕ 12/3]O′ L,R,j ∼ ξ*β
j Σ0βαQα

L,R ∼ 6̄1/3 of SU(6)

Γj = (0 0 0 0 0 1)

Combining  and , we generate the SM Yukawa coupling:λL λR

∼ λL λR q̄La Λa
i ξi

αΣαβ
0 ξTj

β

Σij

Γ†
j tR ⊃ yt q̄L H2 tR

With , SU(6) is explicitly broken and the Higgs mass 
term is generated at the order , which is the 
same as the IR contribution estimated earlier.

Σ0
λ2

Lλ2
R ∼ y2

t
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Little Higgs mechanism:

V ⊃ c1 f 2 s +
i
2f

H1H2

2

+ c2 f 2 s −
i
2f

H1H2

2

First term invariant under H1 → H1 + ϵ1 + ⋯,
H2 → H2 + ϵ2 + ⋯,

s → s −
i
2f

(ϵ1H2 + H1ϵ2) + ⋯,

Second term invariant under H1 → H1 + η1 + ⋯,
H2 → H2 + η2 + ⋯,

s → s +
i
2f

(η1H2 + H1η2) + ⋯,

A quartic term  is generated after integrating out . |H1H2 |2 s
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λL q̄La Λa
i (ξi

αQα
R) Λa

i = (1 0 0 0 0 0
0 1 0 0 0 0)

 contains 2 doublets with 
the same quantum numbers.
QL,R ∼ 21/6 ⊕ 12/3 ⊕ 2̄1/6 ⊕ 1−1/3

In addition to 
we can have a coupling

λ′ L q̄′ La ϵabΩi
b (ξ*α

i Σ0αβQβ
R) Ωi

a = (1 0 0 0 0 0
0 1 0 0 0 0)

ξ ξ

ξ

ξ

QR

QR

qL

q′ L

λL

λL λ′ L
λ′ L

Λ and Ω preserve an SU(4) symmetry which protects 
H1, H2 but not the singlet s. 

∼ |yL |2 |y′ L |2 tr (Λ†Λ Σ Ω†Ω Σ†)
⊃ |yL |2 |y′ L |2 s +

i
2f

H1H2

2
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qL

QR

ξ ξλL λ′ L

∼ λ*L λ′ L(s +
i
2f

H1H2)

•  should be different, to avoid 
generating a large  tadpole term.            
This term violates a U(1)PQ symmetry 
where  and  carry different charges.

qL, q′ L
s

qL q′ L

• The other collective quartic term can be generated by a 
different set of quarks or leptons which are arranged to 
preserve the other SU(4) symmetry (of 1,2,3,6 entries).

• The quartic coupling is generated at the order , 
can be larger than the quadratic term  if .

|λLλ′ L |2

(β > α) λ′ L > λR

TPQ = diag(+1, + 1,0, − 1, − 1,0),
s(+2), H1(+1), H2(+1), qL(+1), q′ L(−1) .

This PQ symmetry also avoids large FCNC.
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• The fine tuning problem in composite Higgs models 
can be largely relieved by choosing appropriate cosets 
and implementing the little Higgs mechanism to obtain 
the Higgs quartic coupling. There are different 
phenomenological implications for specific models. 

• The Higgs couplings to gauge bosons and fermions are 
modified by  as in all composite Higgs models. The 
current constraints require .The SU(6)/Sp(6) 
model has two Higgs doublets. It should be close to the 
alignment or decoupling limit to be consistent with 
experimental data.

𝒪(ξ)
ξ ≲ 10 %
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• In SU(6)/Sp(6) model, the partial compositeness 
interactions induce corrections to  couplings for SM 
fermions, which is measured to . To achieve 
the desired Higgs quartic coupling and to satisfy the 
constraints, the corresponding composite resonances 
should be heavy (  5-10 TeV). This means that it’s 
preferable to generate the collective Higgs quartic 
coupling using the first 2 generation quarks and leptons  
so that the top partner can be light (  2 TeV).

Zf̄f
∼ 𝒪(10−3)

≳

≲
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• The SU(5)/SO(5) model has the custodial symmetry to 
suppress the  vertex correction (and it contains the 
charge 5/3 top partner). 

• The collective Higgs quartic term in SU(5)/SO(5) is 
obtained somewhat differently. (The two doublets in 5 
have different hypercharges and are inequivalent). It 
can be obtained by using the neutrino couplings or 
adding new elementary fermions.  

• However, the SU(2) triplet Higgs in this model in 
general will get a VEV, causing custodial SU(2) 
violation, and producing too large Majorana masses for 
neutrinos.

Zb̄b


