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Introduction

• After the discovery of the Higgs boson, one of 
the most important jobs is to determine its 
properties.

• Because of the hierarchy problem, new physics is 
expected near the weak scale, which can modify 
the Higgs sector from the Standard Model.

• A crucial question is whether the Higgs boson is 
elementary or composite. 



• A composite Higgs boson is generically expected 
to be heavy.  To make it light, its mass should be 
protected by some symmetry, i.e., Higgs as a 
pseudo-Nambu-Goldstone boson (pNGB)  
(Kaplan & Georgi ’84). 

• The large top quark mass is a challenge for 
composite Higgs models. The top quark should 
(at least partially) participate in the strong 
dynamics which forms the composite Higgs.

- An example is top condensation (Nambu ’89, 
Miransky et al ’89): Higgs is a bound state of    .    

Composite Higgs
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• The 4-fermion interaction may arise from 
integrating out new physics at high scale, e.g., 
topcolor (Hill, ’91), SU(3)1×SU(3)2→SU(3)C.

• Similar to the Nambu-Jona-Lasinio model (1961), 
for g ≫1, it can form           bound state, which 
has the same quantum number as the Higgs field.

• The 4-fermion interaction is not confining.
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• For                            ⇒ bound state gets a VEV, 

breaking the chiral (EW) symmetry.

Top Condensation

FIG. 1. The relevant graphs contributing to induced terms of composite scalars in quark loop approxi-

mation. Full lines represent the top quark, and dashed lines the (composite) scalars.

the theory with the Λ cutoff (2.3). Λ- and µ-dependent parts of the two- and four-leg Green
functions7 of Fig. 1 give
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Lagrangian density (2.6) can be brought into the canonical form of the MSM by rescaling

the scalar field Φ = Φ(µ)/
√
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√
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λ(µ) =
λ(Λ; µ)

Z2
Φ(Λ; µ)

=
32π2

Nc ln(Λ2/µ2)
. (2.12)

These parameters are to be interpreted as the running parameters of the MSM at the “probe”
(cutoff) energy E=µ in quark loop approximation,8 and in addition they are now interde-
pendent. Here we see explicitly that in these physical parameters the initial arbitrary scaling
mass M0 cancels out. For µ$Λ, they can be applied in either the unbroken (m2

Φ>0) or broken

7Green functions with more external legs are “finite” (Λ- and µ-independent for Λ, µ%Eew).

8In quark loop approximation, quark fields don’t evolve with energy µ: Ψ(µ)=Ψ(Λ) (=Ψ).
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- Mh, mt  may be reduced by raising the 
compositeness scale at the expenses of fine 
tuning, but still too heavy. (Bardeen, Hill, Linder ’90)

Top Condensation

• Top Yukawa coupling: ⇠ '

s
8⇡2

Nc ln(⇤/µ)

For Λ/μ not too large, ξ ~3-4 ⇒ mt ~ 600 GeV

• Higgs quartic coupling: in leading Nc (fermion 
bubble) approximation,  λ = 2ξ 2 ⇒ Mh = 2mt.



• An attractive solution to the top mass problem is 
to invoke the seesaw mechanism (Dobrescu & Hill 
’98): introducing vector-like singlet quarks χL, χR 
to mix with top quark.

Top Seesaw Model

A light eigenstate ~ 173 GeV can be obtained 
which is identified as the top quark.

v = 246 GeV.

L = �(t̄L �̄L)

 
0 ⇠p

2
v

m�t m��

!✓
tR
�R

◆
+H. c.,



• What about the Higgs boson mass? If it’s still 
heavy as one may naively expect, then it is ruled 
out by the discovery of a relatively light Higgs.

• A light Higgs boson arises naturally if the 
underlying strong dynamics preserves a U(3) 
symmetry among (tL, bL, χL).

‣ Higgs field belongs to NGBs of U(3) →U(2)

Top Seesaw with a Light Higgs



• Assuming the underlying (non-confining) strong 
dynamics is approximately U(3)L X U(2)R 
symmetric for (tL, bL, χL) and (tR, χR), they form 
composite scalars,

Scalar Potential

significantly below mt is generic. A 125 GeV Higgs boson is compatible with reasonable

parameters of this model. This model contains two composite Higgs doublets and two

composite complex singlet scalars, together with the vector-like top-partner fermion. The

strongest constraint of this model comes from the custodial SU(2) violating T parameter,

which requires the chiral symmetry breaking and hence all heavy states other than the

light Higgs boson to be near ∼ 10 TeV. This does requires some tuning to obtain the

electroweak symmetry breaking at ∼ 250 GeV. Nevertheless, given that no new physics

is found at the LHC so far, some tuning in the electroweak scale is probably inevitable in

any theory which attempts to explain the origin of the electroweak symmetry breaking.

This paper is organized as follows.

2 U(3)L × U(2)R global symmetry

We consider an effective theory at a scale Λ # 1 TeV that includes the SM gauge group

and fermions, an SU(2)W -singlet vector-like quark, χ, of electric charge +2/3, and some

4-fermion interactions suppressed by Λ. This theory does not include a Higgs doublet nor

any elementary scalars. We assume that some of the 4-fermion interactions involving third

generation quarks and χ are attractive and sufficiently strongly coupled to form quark-

antiquark bound states. These strong interactions are not confining, because at distances

longer than 1/Λ the effects of the 4-fermion interactions (other then the presence of bound

states) are exponentially suppress.

The low energy theory below Λ then consists of the SM gauge group and fermions,

the vector-like quark χ, and the composite fields that are deeply bound such that their

masses are less than the compositeness scale Λ. Concretely, we take the constituents of

the deeply bound states to be only χL, χR, the right-handed top quark tR, and the left-

handed top-bottom doublet ψ3
L = (tL, bL). In the limit where the electroweak interactions

are ignored, the kinetic terms of these quarks have an U(3)L × U(2)R chiral symmetry,

which we assume to be approximately preserved by the 4-fermion interactions. In Section

? we outline some renormalizable model that induces 4-fermion interactions of this type.

The U(3)L×U(2)R symmetric interactions give rise to the following Yukawa couplings

of the composite scalars (collectively labelled by Φ) to their constituents:

LYukawa = −ξ
(

ψ̄3
L, χ̄L

)

Φ

(

tR
χR

)

+H.c. (2.1)

Here ξ is a dimensionless coupling whose value at scale Λ, upon integrating out Φ, matches
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the coefficient of the 4-fermion interactions. The scalar field Φ is a 3× 2 complex matrix

Φ =
(

Φt Φχ

)

, (2.2)

where the scalar fields Φt and Φχ are the bound states of the U(3)L triplet (tL, bL,χL)

with tR and χR, respectively:

Φt ∼ t̄R

(

ψ3
L

χL

)

, Φχ ∼ χ̄R

(

ψ3
L

χL

)

. (2.3)

At scales µ < Λ, the Yukawa couplings (2.1) give rise to the following potential for Φ:

VΦ =
λ1
2
Tr[(Φ†Φ)2] +

λ2
2

(

Tr[Φ†Φ]
)2

+M2
ΦΦ

†Φ . (2.4)

The quartic couplings λ1 and λ2 depend on the scale µ; if the kinetic term for Φ is

canonically normalized, then λ1 and λ2 become non-perturbative near Λ. In the large

Nc limit, λ1 is generated by a fermion loop, while λ2 vanishes. Scalar loops, however,

generate a non-zero value for λ2, so that λ1 # |λ2|. In Section A, we will use one loop

RG equations to estimate the relative ratio of λ1 and λ2.

The squared mass of Φ satisfies M2
Φ $ Λ2, and if the 4-fermion interactions are

super-critical, then M2
Φ < 0 triggering spontaneous symmetry breaking of U(3)L×U(2)R.

Given that |MΦ| $ Λ, sub-leading effects that break the U(2)R chiral symmetry (which

rotates tR and χR) can induce a large relative splitting of the masses for Φt and Φχ. We

parametrize these effects by

VU(2)R = δM2
tt Φ

†
tΦt + δM2

χχ Φ†
χΦχ + (M2

χtΦ
†
χΦt +H.c.) (2.5)

The U(2) breaking masses can be diagonalized by a U(2) rotation. As we will see later, it

is convenient to work in a different basis from the one that diagonalizes these mass terms

so we will keep Eq. (2.5) general.

Gauge invariant masses for the SU(2)W -singlet quarks can be present at the scale Λ:

Lmass = −µχtχ̄LtR − µχχχ̄LχR +H.c. (2.6)

We assume that µχt, µχχ $ Λ, so that the tree-level quark masses do not disrupt the

formation of bound states. The above mass terms break U(3)L ×U(2)R down to U(2)L ×
U(1)R. Below Λ, these fermion masses map to tadpole terms for the SU(2)W -singlet

scalars:

Vtadpole = −(0, 0, Cχt)Φt − (0, 0, Cχχ)Φχ +H.c. (2.7)
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• We assume that there are large U(2)R breaking 
effects:                                                                 

Symmetry Breaking

the coefficient of the 4-fermion interactions. The scalar field Φ is a 3× 2 complex matrix
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• The tadpole       induces a nonzero 

Minimizing the Scalar Potential

Minimizing the potential, we obtain:

same notation in this basis as in Eqs. (2.9)-(2.11). In this basis we define ut = u sin γ and

uχ = u cos γ, and the short-hand notation sγ = sin γ and cγ = cos γ.

The extremization conditions for Vscalar relate the parameters from the effective po-

tential to the VEVs:

v

(

M2
χt +

λ1
2
u2sγcγ

)

= 0 ,

v

(

M2
χχ +

λ1
2
(u2c2γ + v2) +

λ2
2

(

u2 + v2
)

)

= 0 , (2.12)

for the derivatives with respect to ht and hχ, and

Cχt = u

[

M2
χtcγ +

(

M2
tt +

λ1
2
u2 +

λ2
2
(u2 + v2)

)

sγ

]

,

Cχχ = u

[

M2
χtsγ +

(

M2
χχ +

λ1 + λ2
2

(u2 + v2)

)

cγ

]

, (2.13)

for the derivatives with respect to ϕt and ϕχ. Eqs. (2.12) and (2.13) have a solution for

v = 0, and a different solution for v > 0. The latter is the global minimum of the effective

potential provided the following condition is satisfied: ... ???

For v > 0, Eqs. (2.12) imply

M2
χt = −

λ1
2
u2sγcγ ,

M2
χχ = −

λ1
2

(

u2c2γ + v2
)

−
λ2
2

(

u2 + v2
)

. (2.14)

Substituting these into Eqs. (2.13) gives

√
2Cχt = u sγ

[

M2
tt +

λ1
2
u2s2γ +

λ2
2

(

u2 + v2
)

]

,

√
2Cχχ = 0 . (2.15)

Thus, the basis where the only SU(2)W -doublet that has a VEV is Hχ is the one where

Cχχ = 0 (or equivalently, where tR and χR are defined such that µχχ = 0). Since the

electroweak symmetry is broken only by the VEV of Hχ, the eaten Nambu-Goldstone

bosons are contained in Hχ only. The charged Higgs bosons resides entirely within Ht,

and their mass squared is

M2
H± = M2

tt +
λ1
2
u2s2γ +

λ2
2

(

u2 + v2
)

. (2.16)
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In terms of the physical charged Higgs boson mass, the tadpole coefficient Cχt is given by

√
2Cχt = u sγ M

2
H± . (2.17)

Neglecting the mixing of the charm and up quarks with t and χ, the mass terms of

the heavy charge-2/3 fermions quarks, arising from Eq. (2.1), are given by

−
ξ√
2
(tL,χL)

(

0 v
usγ ucγ

)(

tR
χR

)

+H.c. . (2.18)

3 Analytical expression for the Higgs mass

Substituting Eqs. (2.14)-(2.17) back into the scalar potential (2.9), one can find the masses

of various scalar fields. In particular, the mass-squared matrix of the CP-even neutral

scalars are given by the 4× 4 matrix:
























M2
H± +

λ1
2
v2 0 −

λ1
2
uvcγ −

λ1
2
uvsγ

0 (λ1 + λ2)v2 λ2uvsγ (λ1 + λ2)uvcγ

−
λ1
2
uvcγ λ2uvsγ M2

H±+

[

λ1

(

1−
c2γ
2

)

+ λ2

]

u2

(

λ1
2

+ λ2

)

u2sγcγ

−
λ1
2
uvsγ (λ1 + λ2)uvcγ

(

λ1
2

+ λ2

)

u2sγcγ

[

λ1

(

1−
s2γ
2

)

+ λ2c
2
γ

]

u2

























(3.19)

For v $ u, the top seesaw mechanism requires sγ ≈ λt/ξ ∼ 1/ξ to obtain the correct

top quark mass. For large ξ, sγ $ 1. The lightest Higgs boson mass-squared is given by

the smallest eigenvalue of the mass matrix (3.19). Performing an expansion in sγ we find

m2
h =

λ1v2s2γM
2
H±

2M2
H±+ λ1u2

[

1 +
(λ1 + 2λ2)(M2

H±+ λ1u2)2 + (λ1 + λ2)λ1v2M2
H±

(λ1 + λ2)M2
H±(2M2

H±+ λ1u2)
s2γ +O(s4γ)

]

.

(3.20)

4 U(3) Breaking from Electroweak Interactions

In the previous sections we have assumed that the mass and the quartic terms in the

potential respect the U(3)L symmetry, and the only explicit U(3)L breaking comes from

the tadpole terms. However, other explicit U(3) breaking effects, such as the SU(2)W ×
U(1)Y gauge interactions can feed into the mass and the quartic terms through loops. In
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Top Quark Mass
In terms of the physical charged Higgs boson mass, the tadpole coefficient Cχt is given by

√
2Cχt = u sγ M

2
H± . (2.17)

Neglecting the mixing of the charm and up quarks with t and χ, the mass terms of

the heavy charge-2/3 fermions quarks, arising from Eq. (2.1), are given by
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Substituting Eqs. (2.14)-(2.17) back into the scalar potential (2.9), one can find the masses

of various scalar fields. In particular, the mass-squared matrix of the CP-even neutral

scalars are given by the 4× 4 matrix:
























M2
H± +

λ1
2
v2 0 −

λ1
2
uvcγ −

λ1
2
uvsγ

0 (λ1 + λ2)v2 λ2uvsγ (λ1 + λ2)uvcγ

−
λ1
2
uvcγ λ2uvsγ M2

H±+

[

λ1

(

1−
c2γ
2

)

+ λ2

]

u2

(

λ1
2

+ λ2

)

u2sγcγ

−
λ1
2
uvsγ (λ1 + λ2)uvcγ

(

λ1
2

+ λ2

)

u2sγcγ

[

λ1

(

1−
s2γ
2

)

+ λ2c
2
γ

]

u2

























(3.19)

For v $ u, the top seesaw mechanism requires sγ ≈ λt/ξ ∼ 1/ξ to obtain the correct

top quark mass. For large ξ, sγ $ 1. The lightest Higgs boson mass-squared is given by

the smallest eigenvalue of the mass matrix (3.19). Performing an expansion in sγ we find

m2
h =

λ1v2s2γM
2
H±

2M2
H±+ λ1u2

[

1 +
(λ1 + 2λ2)(M2

H±+ λ1u2)2 + (λ1 + λ2)λ1v2M2
H±

(λ1 + λ2)M2
H±(2M2

H±+ λ1u2)
s2γ +O(s4γ)

]

.

(3.20)

4 U(3) Breaking from Electroweak Interactions

In the previous sections we have assumed that the mass and the quartic terms in the

potential respect the U(3)L symmetry, and the only explicit U(3)L breaking comes from

the tadpole terms. However, other explicit U(3) breaking effects, such as the SU(2)W ×
U(1)Y gauge interactions can feed into the mass and the quartic terms through loops. In

7

• Charge-2/3 fermion mass matrix:

Light eigenvalue: mt ⇡
⇠p
2
v s� ) s� ⇡ yt

⇠
⇡ 1

4
⇠ 1

5
.

Heavy t’ fermion: mt0 ⇡
⇠p
2
u (⇠ 2.5f)



• CP-even scalar mass matrix:

Light Higgs Mass
(ht, h�,�t,��)

Lightest eigenvalue:

Neglecting the mixing of the charm and up quarks with t and �, the mass terms of

the heavy charge-2/3 quarks, arising from Eq. (2.1), are given by

� ⇠p
2

�
tL,�L

�✓ 0 v
us� uc�

◆✓
tR
�R

◆
+H.c. (2.18)

Diagonalizing this matrix gives the masses of the top quark t and the new quark, which

we label by t0 in the mass eigenstate basis. Keeping only the leading nonvanishing term

in v2/f 2, we find the mass of the top quark,

mt ' ⇠p
2
vs� . (2.19)

Thus, ⇠ and s� can be related to the top Yukawa coupling yt by

s� ' yt
⇠

. (2.20)

⇠ is expected to have a value around 3 or 4 (see Section 4) and yt ⇠ 1, so s2� ⇠ O(0.1).

Again to leading order in v2/f 2, the mass of the new quark is given by

mt0 ' ⇠p
2
f . (2.21)

while the mixing angle ✓L, which rotates the tL and �L gauge eigenstates into the mass

eigenstate quarks, is given by

sin ✓L ⌘ sL ' v

f
. (2.22)

2.2 Analytical expression for the Higgs mass

Substituting Eqs. (2.15)-(2.17) back into the scalar potential (2.9), we find that the 4⇥ 4

mass-squared matrix of the CP-even neutral scalars (ht, h�, 't, '�) is given by

0

BBBBBBBBBB@

M2

H± +
�
1

2
v2 0 ��

1

2
uvc� ��

1

2
uvs�

0 (�
1

+ �
2

)v2 �
2

uvs� (�
1

+ �
2

)uvc�

��
1

2
uvc� �

2

uvs� M2

H±+


�
1

✓
1� c2�

2

◆
+�

2

s2�

�
u2

✓
�
1

2
+ �

2

◆
u2s�c�

��
1

2
uvs� (�

1

+ �
2

)uvc�

✓
�
1

2
+ �

2

◆
u2s�c�


�
1

✓
1� s2�

2

◆
+ �

2

c2�

�
u2

1

CCCCCCCCCCA

.

(2.23)

9M2
h '

✓
�1

2⇠2

◆✓
M2

H±

M2
H± + �1u2/2

◆
y2t v

2

In the limit ξ → ∞ or mt→ 0,  sinγ→ 0 and Cχt→ 0, 
there is no explicit U(3) breaking, Higgs becomes 
an exact NGB. 



Light Higgs Mass
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2⇠2
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Figure 6: One-loop RG evolutions of the coupling ratios �
1

/(2⇠2) and �
2

/�
1

for initial
values �

1

/(2⇠2) = 1, �
2

/�
1

= 0 and ⇠ = 5 or 20. The horizontal axis is the logarithm of
the energy scale.

For NL = 3, NR = 2 and Nc = 3, we have

s⇤ ⇡ 1 and r⇤ ⇡ �0.2 . (A.11)

To check the accuracy of the analytical approximation of the IR fixed point solution,

we solve the 1-loop RG equations (A.1)–(A.4) numerically. We set the initial condition

�
1

= 2⇠2, �
2

= 0 and choose several di↵erent initial values for ⇠. The results of 1-loop

RG running are shown in Fig. 6. We see that the ratios of couplings are quickly driven to

the approximate fixed point values given by Eq. (A.11), though we should not trust the

exact evolution in the beginning due to potentially large higher loop contributions. The

infrared value of r is a bit smaller than the approximate result in Eq. (A.11) due to the

gauge loop contribution from g
3

.

If the chiral symmetry breaking scale is not far below the compositeness scale, we can

not trust the 1-loop RG results. However, if we assume a smooth evolution, the ratios of

couplings are expected to lie in between their initial values and the infrared fixed point

values:

0.4 . �
1

2⇠2
. 1, �0.2 . �

2

�
1

. 0 . (A.12)

We use these ranges in Sections 2 and 4.
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✓
M2

H±

M2
H± + �1u2/2

◆
< 1



Electroweak Interactions
• Explicit U(3) breaking electroweak interaction can 

further decreases the Higgs boson mass.

(mass splitting)�m2
h (mass) =

9g22 + 3g21
64⇡2

M2
⇢

u2
v2 ⇡ �0.16v2

M2
⇢

(5u)2

�m2
h (quartic) = �9g22 + 3g21

64⇡2
�1v

2 ln
M⇢

µ
⇡ �0.16v2

✓
�1

2⇠2

◆✓
⇠

3.6

◆2

ln
M⇢

µ

(quartic splitting)

• Mh =125 GeV corresponds to λh = 0.14 @ 10 TeV.

where Mρ is the cutoff the EW gauge loop.



Numerical Results
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Figure 3: Contours of Higgs boson mass (labelled in GeV), for ⇠ = 3.6, �
2

= 0, and
f = 4 TeV. The solid (blue) lines correspond to no electroweak corrections (M⇢ = 0, see
Section 3), while the dashed (red) and dotted (brown) lines correspond to M⇢/f = 3 and
5, respectively.

RG equations to evolve �h down to the weak scale, we find that the physical Mh grows

monotonically from 80 GeV formt0 = 6 TeV (corresponding, e.g., to f = 3.5 TeV, ⇠ = 2.5)

to 90 GeV formt0 = 25 TeV. Thus, the lower bound onMh is around 80 GeV. We conclude

that, in our composite Higgs model, the Higgs boson mass is constrained to be in the

80 GeV < Mh < 175 GeV (4.7)

range, with the upper limit significantly tighter for most of the parameter space (as shown

in Figs. 1 and 3); the measured 126 GeV Higgs mass sits comfortably in the middle of

this range.

So far we have considered the Higgs boson mass dependences on the more sensitive

parameters. To check how the Higgs mass varies with the less sensitive parameters,

we show in Fig. 4 the Higgs mass as a function of MH±/f for several di↵erent sets of

{⇠, f, �
2

}, by fixing �
1

/(2⇠2) = 0.7 and M⇢ = 3f . We see that indeed the dependences

on these parameters are rather mild. Among them, the Yukawa coupling ⇠, which enters

both the higher order correction in Eq. (2.25) (through mt0) and the electroweak gauge

loop correction in Eq. (3.8) [for a fixed value of �
1

/(2⇠2)], has a slightly larger e↵ect. The

�
2

dependence is almost negligible.
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• Higgs mass depends on  

Requiring λh > 0 at mt’ puts a lower bound ~ 80 GeV
80GeV . Mh . 175GeV

�1/(2⇠
2),MH±/f,M⇢/f,

but is insensitive to ⇠,�2, f.

⇠ ⇠ 3� 4

0.4 . �1

2⇠2
. 1

�0.2 . �2/�1 . 0

Expected range:

MH±/f, M⇢/f . 4⇡

f & 3.5TeV

(T -parameter)



Weak-isospin violation

0.025

0.05

0.1

0.2

0.4

2.0 2.5 3.0 3.5 4.0 4.5 5.0
2

4

6

8

10

x

f
HTeV

L

T

Figure 2: Contour plot of the T parameter in the ⇠ � f plane, given by Eq. (4.5). The
T parameter is roughly proportional to 1/f 2. The constraint from the electroweak fit
(T < 0.15 at the 95% CL) implies f � v.

dependence on ⇠. Eq. (4.5) can be rewritten in terms of ⇠ and f as

T ⇡ 3

16⇡2↵f 2


v2⇠2

2
+ 4m2

t ln

✓
⇠fp
2mt

◆
� 2m2

t

�
. (4.6)

Contours of T in the (f, ⇠) plane are shown in Fig. 2. From the current electroweak fit [25],

the 68% and 95% bound roughly correspond to T = 0.1 and T = 0.15 (for S = 0). For

⇠ = 3.6, these bounds translate to f & 4.3 TeV at 68% CL, and f & 3.5 TeV at 95% CL.

Among the six parameters of Eq. (4.3), the Higgs boson mass in the leading order is

only sensitive to �
1

/(2⇠2), MH±/f and M⇢/f . The dependence on the other parameters

are expected to be mild. To study the Mh dependence on the more sensitive parameters,

we fix ⇠ = 3.6, �
2

= 0, and f = 4 TeV (which corresponds to T=0.12, close to its lower

bound), and make the contour plot of the Higgs boson mass in the �
1

/(2⇠2)-versus-MH±/f

plane for several di↵erent values of M⇢/f (Fig 3). As expected, a larger Mh occurs for

larger MH±/f , �
1

/(2⇠2) and smaller M⇢/f . There is an upper limit Mh . 175 GeV even

for extreme values of these parameters. This is close to our estimate from the analytic

formula, Eq. (2.26).

A lower bound on Mh follows from the condition that the quartic coupling �h is

positive at the matching scale mt0 . Otherwise of our vacuum is not a minimum of the

tree-level potential, and the universe is more likely to end up in wrong vacuum. Imposing

the boundary condition �h = 0 at the scale mt0 ' ⇠f/
p
2, and using the SM 1-loop
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• The main constraint comes from weak isospin 
violating T parameter from the t’ loop 
contribution.  [U(3)L doesn’t contain a custodial 
SU(2) symmetry.]

100 126 157

90 126 145
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10

MH±ê f

f
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L

T= 0.1

T= 0.2

MhHGeVL
l1

2 x2
= 0.7

x = 3.6

Mr= 0
Mr= 3 f
Mr= 5 f

Figure 1: Contours of Higgs boson mass (labelled in GeV), for ⇠ = 3.6, �
1

/2⇠2 = 0.7
and �

2

= 0. The solid (blue) lines correspond to no electroweak corrections (M⇢ = 0, see
Section 3), while the dashed (red) and dotted (brown) lines correspond toM⇢/f = 3 and 5,
respectively. The dark and light shaded regions correspond to T > 0.2 and 0.1 < T < 0.2,
respectively, with the T -parameter given by Eq. (4.5).

In Fig. 1 we also include contours of the T parameter [24], which measures the weak

isospin violation and constitutes the strongest constraint on this model. As shown in

Ref. [10–12], the heavy fermion t0 can give a large contribution to the T parameter. In

our model this is related to the fact that U(3)L does not contain a custodial SU(2)

symmetry.1 The contribution from t0 is given by [11]

T =
3s2L

16⇡2↵v2


s2Lm

2

t0 + 4(1� s2L)
m2

t0m
2

t

m2

t0 �m2

t

ln

✓
mt0

mt

◆
� (2� s2L)m

2

t

�
, (4.5)

where sL is the sine of the left-handed mixing angle, given in Eq. (2.22). Other contribu-

tions to the T parameter, such as loops with heavier scalars, are very small compared to

the contribution from t0. The correction to the S parameter is also negligible because we

only add vector-like quarks to the SM.

Eq. (4.5) only depends on ⇠, f , v and mt, where the last two are fixed by their

experimental values. With mt0 ⇡ ⇠f/
p
2, sL ⇡ v/f [Eqs. (2.21), (2.22)], one can see that

all three terms in Eq. (4.5) are roughly proportional to 1/f 2, while they have di↵erent

1The dimension-6 operator (H†
�DµH�)

2, which represents the T parameter, is generated by the heavy
fermion loop, by the same diagram which produces the quartic coupling.
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sL = sin ✓L ' v/f

T < 0.1 (0.15) [68% (95%)CL]

) f & 4.3 (3.5)TeV for ⇠ = 3.6

if there is no cancellation

with other contributions.



Phenomenology
• Large f implies fine tuning (~v2/f2 ) of the EW 

scale, also makes all other states very heavy 
[except the 5th PNGB, A1, with a mass ~ (f/v) Mh]. 
They are beyond of reach of the LHC.

• It also means the model is near the decoupling 
limit.  Corrections to the Higgs coupling to SM 
fields is ~ v 2/(2f 2) ≲ 0.2%, difficult even for a 
future lepton collider.  However,T-parameter can 
be precisely measured at a future Z factory

• t’ of mass up to ~10 TeV may be reachable at a 100 
TeV collider, through t’→Wb, tZ, th, tA1.



Custodial SU(2) Extensions 

• The T constraint could be alleviated if the model 
can be extended to include a custodial SU(2). 

• Extension to bottom seesaw is strongly 
constrained by             . 

• To avoid the constraint from             , we need to 
assign (t, b)L as (2, 2) under SU(2)L×SU(2)R with a 
PLR symmetry. (Agashe et al, hep-ph/0605341)

- Introduce a vector-like hypercharge +7/6 
doublet quark (X, T) in addition to the singlet χ.  
The weak isospin can be protected by the O(5)L 
⊂ U(5)L among ΨL=(tL, bL, XL,TL, χL).

Z ! bb̄

(HC and J. Gu, arXiv:1406.6689)

Z ! bb̄



• In the limit μQ→0 (MX →0), adding (X,T )L cancels 
the SM (t, b)L contribution to T,  resulting in a 
negative T. 

• In the limit μQ→∞ (MX →∞),  (X,T ) decouples 
and we recover the minimal model.  There is a 
large positive contribution to T if f  is low.

• For a suitable range of μQ (MX≲f ) we expect to 
get a T value compatible with the EW precision 
measurement. 

Weak-isospin T Parameter
Explicit O(5)L breaking masses:

• �0

�t and �0

�� are EW singlets;

•
✓
�0

XX �+

XT

��
TX �0

TT

◆
contains one EW triplet and one singlet, which can be parameterized

as 0

@
�+

XT
1p
2

(�0

XX � �0

TT )

��
TX

1

A ,
1p
2
(�0

XX + �0

TT ), (2.5)

respectively. Similarly,

✓
��
tX �0

tT

���
bX ��

bT

◆
also contains one triplet

0

@
�0

tT
1p
2

(��
tX � ��

bT )

���
bX

1

A and

one singlet 1p
2

(��
tX + ��

bT ).

The vector-like fermions can possess gauge invariant masses, which may be generated

by the physics at some higher scale than ⇤:

L
fermion masses

= �µt�LtR � µ���L�R � µQ

�
XL TL

�✓XR

TR

◆
+H.c. (2.6)

These fermion mass terms explicitly break the U(5)L⇥U(4)R symmetry. They are assumed

to be small compared to ⇤ so that they do not a↵ect the strong dynamics. Below the

compositeness scale, these mass terms are matched to the tadpole terms of the composite

scalars.

At scales µ < ⇤, the Yukawa couplings give rise to the quartic couplings and corrections

to the masses of the scalars. We assume that there are additional explicit U(4)R breaking

e↵ects which distinguish tR, �R and QR. Since mass terms are quadratically sensitive to

the UV physics, such e↵ects could induce a large relative splitting of the masses for ⌃X,T ,

⌃t and ��. Combining the quartic couplings, mass terms and tadpole terms, the scalar

potential below scale ⇤ is given by

V =
�
1

2
Tr[(�†�)2] +

�
2

2
(Tr[�†�])2

+M2

⌃X,T
⌃†

X⌃X +M2

⌃X,T
⌃†

T⌃T +M2

⌃t
⌃†

t⌃t +M2

��
�†

���

� CQ�
0

XX � CQ�
0

TT � C�t�
0

�t � C���
0

�� +H.c. (2.7)

Because QR ⌘ (XR, TR) is an EW doublet, ⌃X , ⌃T have the same mass-squared M2

⌃X,T
,

and �0

XX , �
0

TT have the same tadpole coe�cient CQ. (This guarantees that the VEV of

triplet scalars are suppressed.) Matching at the scale ⇤, the size of the tadpole terms are

related to the fermion mass terms by

CQ ' µQ

⇠
⇤2 , C�t ' µt

⇠
⇤2 , C�� ' µ��

⇠
⇤2 . (2.8)
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Figure 2: Higgs boson mass as a function of mX and tan �. We fix f = 1 TeV and
choose the other parameters to be ⇠ = 3.6, �

1

/(2⇠2) = 0.7, �
2

/�
1

= 0, M⇢ = 3f and
M

⌃X,T,t = 10f . The 68% and 95% CL for the T parameter roughly corresponds to
�0.06 < T < 0.1 and �0.11 < T < 0.15 (fixing S = 0), which are shown on the plots
with di↵erent color regions.

parameter constraint. For the e↵ective theory below the composite scale ⇤ to be a valid

description, the states in the theory should have masses below ⇤ ⇠ 4⇡f . Furthermore,

for the e↵ective theory at µ ⌧ ⇤ described in Section 3 to be a valid description, the

heavy scalar masses M
⌃X,T,t need to be much larger than f . Thus, we require M⇢ . 4⇡f

and f ⌧ M
⌃X,T,t . 4⇡f . Finally, the current bound from LHC requires mX > 0.8 TeV.

In this model, we incorporate the custodial symmetry by introducing a vector-like

EW doublet (X, T ), in order to reduce the chiral symmetry scale f without introducing

large weak isospin violation. We first would like to verify whether this can indeed be

achieved. In Fig. 2, we show the Higgs boson mass Mh as a function of mX and tan �, by

fixing f = 1 TeV and other parameters to some typical values, ⇠ = 3.6, �
1

/(2⇠2) = 0.7,

�
2

/�
1

= 0, M⇢ = 3f . For simplicity, we set the heavy scalar masses to be M
⌃X,T,t = 10f ,

a value close to the compositeness scale. We also show the contours of the T parameter

calculated using the expressions in Appendix A. The regions �0.06 < T < 0.1 and

�0.11 < T < 0.15 roughly correspond to the 68% and 95% CL (fixing S = 0) [19], which

are shown on the plots with di↵erent colors. We see that, indeed, there is a region for

which the T parameter is within the constraint, while a 126 GeV Higgs boson mass can

20

Higgs Boson Mass

f = 1TeV,

⇠ = 3.6,

�1/(2⇠
2) = 0.7,

�1/�2 = 0,

M⇢ = 3f,

M⌃X,T,t = 10f

Current bound MX >800 GeV (CMS).  Small T and 
correct Higgs mass can be obtained for MX ≲f.



• hgg coupling receives 
loop contributions from 
top partners. However, 
they are small within 
the allowed parameter 
space.

Higgs Couplings
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Figure 5: The ratio of the e↵ective Higgs-gluon-gluon coupling to its SM value (cg/(cg)SM)
in the (mX , tan �) plane. We fix f = 1 TeV and choose the other parameters to be ⇠ = 3.6,
�
1

/(2⇠2) = 0.7, �
2

/�
1

= 0, M⇢ = 3f and M
⌃X,T,t = 10f . This plot displays the same

region of the parameter space as Fig. 2.

5 Conclusions

Top seesaw models are a natural framework to incorporate the composite Higgs as the

pNGB of the broken chiral symmetry which relates the SM top, bottom quarks and new

vector-like quarks. The Higgs boson mass is strongly correlated with the top quarks mass

because both come from the same explicit chiral symmetry breaking e↵ect. Consequently,

the 126 GeV Higgs is easily accommodated within natural range of model parameters.

This type of models also have a decoupling limit where the standard model is recovered

in the limit of large chiral symmetry breaking scale, albeit with a price of fine tuning.

A natural model should have the chiral symmetry breaking scale not far above the weak

scale. However, it will potentially give large corrections to the SM observables, and hence

subjects to strong experimental constraints. In the minimal top seesaw model where only

one vector-like singlet quark � is added, the strongest constraint comes from the weak-

isospin violation T parameter. The U(3)L chiral symmetry among (tL, bL,�L) does not

contain a custodial symmetry to protect the weak-isospin. As a result, a large contribution

to T is generated from the fermion loops if the chiral symmetry breaking scale is close to

the weak scale. The experimental constraint pushes the chiral symmetry breaking scale

26

• Most tree-level Higgs couplings are suppressed 
by1-v2/(2f2).  Corrections are ~3% for f=1 TeV.



Compared with other models
• Holographic composite Higgs: (Agashe, Contino, Pomarol, ...)

- The global symmetry is preserved by the strong sector 
exactly.  Explicit breaking comes from coupling to SM 
fermions, which are not complete multiplets.

- Higgs boson mass related to the top partner masses 
which cut off the radiative contributions.

• Top seesaw model:

- Top and new quarks form a complete multiplet of the 
global symmetry.  Explicit breaking comes from fermion 
mass terms, similar to QCD.

- Higgs boson mass related to the top quark mass through 
the top seesaw mechanism.



Conclusions
• A light Higgs boson of 125 GeV can arise naturally 

in a composite Higgs model from top condensation 
with the top seesaw mechanism. 

• The simplest model based on U(3) symmetry 
requires a large f ⇒ fine-tuned and probably out of 
the reach of LHC.

• Extension to O(5) can reduce fine-tuning.  It 
requires relatively light exotic top partners           
The 14 TeV LHC can significantly extend their reach. 

• Most heavy states (scalars and singlet top partner) 
require a higher energy machine beyond LHC. 

(X
5
3 , T

2
3 ).
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Light Fermion Masses and FCNC

• The light SM fermion masses come from 4-fermion 
interactions at the compositeness scale. 

• There are 2 Higgs doublets. Large tree-level FCNCs 
can be induced if they have general couplings (not 
type I or II) to fermions. 

• However, fermion masses and mixings are 
hierarchical. It’s likely there is some approximate 
flavor symmetry which controls the 4-fermion 
interactions. In that case FCNC constraints can be 
satisfied if the other Higgses are heavier than ~ 1 TeV. 
(Cheng, Sher, ’84, , Antaramian, Hall, Rasin, ’92, ...)



Custodial SU(2) Extensions 
• We introduce a vector-like hypercharge +7/6 

doublet quark (X, T) in addition to the singlet χ.  
The strong dynamics has approximate U(5)L ×U(4)R 
symmetry among ΨL=(tL, bL, XL,TL, χL) and 
ΨR=(XR, TR, tR, χR).

+2/3, same as the SM top quark t, while X has electric charge +5/3. We assume that

these new quarks, the left-handed (tL, bL) doublet and the right-handed tR in the SM

(but not bR) have some new non-confining strong interactions, which can be represented

by 4-fermion interactions with strength proportional to 1/⇤2. The strong dynamics is

further assumed to approximately preserve the U(5)L ⇥ U(4)R chiral symmetry of the

five left-handed fermions  L ⌘ (tL, bL, XL, TL,�L) and the four right-handed fermions

 R ⌘ (XR, TR, tR,�R).2 The strong dynamics among the fermions at scale ⇤ is given by

L = L
kinetic

+G( Li Rj)( Rj Li) . (2.1)

We assume the 4-fermion interactions in Eq. (2.1) are su�ciently strong to form com-

posite scalars that are quark-antiquark bound states. These strong interactions are not

confining, so that both the composite scalars and their constituents are present below the

compositeness scale ⇤. The 4-fermion interactions give rise to the Yukawa couplings of

the composite scalars (collectively labelled by �) to their constituents and the masses of

the scalars,

L
Yukawa

= �⇠ L� R + H.c. , (2.2)

L
scalar masses

= �M2

�

Tr[�†�] , (2.3)
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tt �0

t�

���
bX ��

bT ��
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⌘ �

⌃X ⌃T ⌃t ��

�
. (2.4)

For each of the 20 complex scalars, the superscript denotes the electric charge and the

subscript indicates the fermion constituents of the scalar. For example, ��
tX ⇠ (tLXR),

and has electric charge �1. The fields that contain �R are labelled di↵erently (� instead

of �) because they contain the light scalars which will be the focus of our study. It is

useful to classify the scalar fields in Eq. (2.4) into the following categories:
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◆
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✓
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,

✓
��
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◆
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2The di↵erent orderings of left-handed and right-handed fermions are purely for convenience of later
analysis.
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with Yukawa interaction
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Custodial SU(2) Extensions 
The vector-like fermion can have gauge invariant masses,

• �0

�t and �0

�� are EW singlets;

•
✓
�0

XX �+

XT

��
TX �0

TT

◆
contains one EW triplet and one singlet, which can be parameterized

as 0

@
�+

XT
1p
2

(�0

XX � �0

TT )

��
TX

1

A ,
1p
2
(�0

XX + �0

TT ), (2.5)

respectively. Similarly,

✓
��
tX �0

tT

���
bX ��

bT

◆
also contains one triplet

0

@
�0

tT
1p
2

(��
tX � ��

bT )

���
bX

1

A and

one singlet 1p
2

(��
tX + ��

bT ).

The vector-like fermions can possess gauge invariant masses, which may be generated

by the physics at some higher scale than ⇤:

L
fermion masses

= �µt�LtR � µ���L�R � µQ

�
XL TL

�✓XR

TR

◆
+H.c. (2.6)

These fermion mass terms explicitly break the U(5)L⇥U(4)R symmetry. They are assumed

to be small compared to ⇤ so that they do not a↵ect the strong dynamics. Below the

compositeness scale, these mass terms are matched to the tadpole terms of the composite

scalars.

At scales µ < ⇤, the Yukawa couplings give rise to the quartic couplings and corrections

to the masses of the scalars. We assume that there are additional explicit U(4)R breaking

e↵ects which distinguish tR, �R and QR. Since mass terms are quadratically sensitive to

the UV physics, such e↵ects could induce a large relative splitting of the masses for ⌃X,T ,

⌃t and ��. Combining the quartic couplings, mass terms and tadpole terms, the scalar

potential below scale ⇤ is given by

V =
�
1

2
Tr[(�†�)2] +

�
2

2
(Tr[�†�])2

+M2

⌃X,T
⌃†

X⌃X +M2

⌃X,T
⌃†

T⌃T +M2

⌃t
⌃†

t⌃t +M2

��
�†

���

� CQ�
0

XX � CQ�
0

TT � C�t�
0

�t � C���
0

�� +H.c. (2.7)

Because QR ⌘ (XR, TR) is an EW doublet, ⌃X , ⌃T have the same mass-squared M2

⌃X,T
,

and �0

XX , �
0

TT have the same tadpole coe�cient CQ. (This guarantees that the VEV of

triplet scalars are suppressed.) Matching at the scale ⇤, the size of the tadpole terms are

related to the fermion mass terms by

CQ ' µQ

⇠
⇤2 , C�t ' µt

⇠
⇤2 , C�� ' µ��

⇠
⇤2 . (2.8)
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They turn into scalar tadpole terms in low energy EFT.
We also assume that U(4)R is strongly broken so that 
only Φχ have negative mass-squared, while ΣΧ, ΣΤ, Σt 
remain heavy.  The scalar potential at low energy is given 
by 
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to be small compared to ⇤ so that they do not a↵ect the strong dynamics. Below the

compositeness scale, these mass terms are matched to the tadpole terms of the composite

scalars.

At scales µ < ⇤, the Yukawa couplings give rise to the quartic couplings and corrections

to the masses of the scalars. We assume that there are additional explicit U(4)R breaking

e↵ects which distinguish tR, �R and QR. Since mass terms are quadratically sensitive to

the UV physics, such e↵ects could induce a large relative splitting of the masses for ⌃X,T ,

⌃t and ��. Combining the quartic couplings, mass terms and tadpole terms, the scalar

potential below scale ⇤ is given by
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Custodial SU(2) Extensions 
For heavy ΣΧ, ΣΤ, Σt , they can be integrated out and 
we focus on Φχ.  The leading effects of ΣΧ, ΣΤ, Σt  are 
their VEVs induced by the tadpole terms.

The scalar potential at µ ⌧ ⇤ can be written as

V =
�
1

2
Tr[(�†�)2] +

�
2

2
(Tr[�†�])2 +M2

��
�†

��� � C��(�� + �†
�), (3.9)

where3

� =

0

BBBBB@

0 0 0 �0

t

0 0 0 ��
b

wp
2

0 0 �+

X

0 wp
2

0 �0

T

0 0 utp
2

�0

�

1

CCCCCA
, �� =

0

BBBB@

�0

t

��
b

�+

X

�0

T

�0

�

1

CCCCA
, (3.10)

w and ut are defined as

h�XXi = h�TT i ⌘ wp
2
, h��ti ⌘ utp

2
. (3.11)

At the lowest order, �XX and �TT have the same VEVs since they have the same tadpole

terms. This guarantees that the triplet scalar does not develop a VEV at the lowest order,

which may otherwise cause a large weak isospin violation.

Eq. (3.9) has an U(5)L chiral symmetry which is explicitly broken by the heavy field

VEVs w and ut and the tadpole term C��. Without the explicit breaking terms, U(5)L

is spontaneously broken to U(4)L due to a negative mass-squared M2

��
, and �� contains

9 NGBs which includes two massless Higgs doublets. If the explicit breaking is small,

the theory will have two light Higgs doublet. Although the possibility of additional light

scalars is not ruled out, such a theory will not have an EWSB minimum that approxi-

mately preserves the custodial symmetry. As we will see in Section 3.1, the VEV w is

constrained by the search of the charge +5/3 quark to be at least several hundred GeV.

A large w can raise the masses of one of the Higgs doublet by explicit breaking the U(5)L

chrial symmetry down to an approximate U(3)L symmetry of (�0

t ,�
�
b ,�

0

�). However, the

U(3)L symmetry does not contain the SU(2) custodial symmetry and we just recover the

minimal model of Ref. [7] in this limit, which makes the extension of the hypercharge

+7/6 quarks (X and T ) and the corresponding composite scalars totally pointless! To

solve this problem, we introduce the following mass terms (parameterized by the mass-

squared parameter K2) that also explicitly break U(5)L,

VU(5)

=
1

2
K2

�
Tr[⌃0†⌃0] + A2

�

�
, (3.12)

3From now on, we will drop the subscript � for the fields in �� and sometimes the electric charge
label as well (e.g. �0

t� ! �t) for convenience.
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Custodial SU(2) Extensions 
To avoid 2 light Higgs doublets and to protect the 
custodial symmetry, we include a scalar mass term 
which breaks U(5)L down to O(5)L,

The scalar potential at µ ⌧ ⇤ can be written as
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t� ! �t) for convenience.
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and A� is the CP-odd field in �0

� shown later in Eq. (3.16). They can come from gauge

invariant 4-fermion operators in the UV theory. We require K2 to be positive. Eq. (3.12)

lifts up the masses of A� and one linear combination of the two Higgs doublets, hence

breaks U(5)L down to O(5). The custodial symmetry will approximately hold as long as

the value of K2 is large enough (K2 � �
1

w2). (More explicitly discussion will be done in

Section 3.2.) In this case, the theory has only 4 pNGBs that forms the light SM-like Higgs

doublet from spontaneous breaking of O(5) to O(4). At the same time an approximate

custodial symmetry is also retained.

Combining Eq. (3.9) and Eq. (3.12), the scalar potential is
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�
2

2
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t , �
0

T and �0

� develop VEVs from tadpoles, heavy field VEVs and the negative mass

squared M2

��
. We parameterize them as

�0

t =
vt + ht + iAtp

2
, �0

T =
vT + hT + iATp

2
, �0

� =
u� + h� + iA�p

2
. (3.16)

The electroweak VEV, v =
p

v2t + v2T , is required to be about 246 GeV. Due to the explicit

breaking from the VEV w, vt > vT is required for the potential to be at a minimum. For

convenience, we define the ratio vt/vT as

tan � ⌘ vt
vT

> 1 . (3.17)

u� is a singlet VEV which is expected to be significantly larger than the electroweak VEV.

The scale of O(5) breaking is defined as4

f =
q
v2t + v2T + u2

� , (3.18)

which is conventionally called the chiral symmetry breaking scale.

4This is di↵erent from the definition of f in Ref. [7], which was given by f =
q

v2 + u2
t + u2

�. ut

and w are induced by tadpoles so they mainly represent the explicit breaking instead of the spontaneous
breaking of the chiral symmetry, so we exclude them in the definition of f , though it only makes little
di↵erence since u2

t , w
2 ⌧ u2

�.
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O(5)L is then spontaneously broken by negative       ,
generating light Goldstone bosons as the Higgs.

M2
��

A� =
p
2 Im ��
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Custodial SU(2) Extensions 
Due to the tadpoles,            also obtain VEVs in 
addition to      , breaking EW symmetry. 

�0
t , �

0
T

�0
�

v =
q

v2t + v2T = 246GeV,

Chiral symmetry breaking scale:

(tan� ! 1 as K2 ! 1)



Generalized Top Seesaw

3.1 Extended top seesaw

Once the scalar fields develop VEVs as in Eq. (3.11) and (3.16), the Yukawa couplings in

Eq. (2.2) generate the following mass terms of the fermions:

L � � ⇠p
2

�
tL TL �L

�
0

@
0 0 vt
0 w vT
ut 0 u�

1

A

0

@
tR
TR

�R

1

A� ⇠wp
2
XLXR . (3.19)

The X quark has electric charge +5/3 and does not mix with any other fermions. Its

mass is given by

mX =
⇠wp
2
. (3.20)

The most recent CMS search has excluded the charge +5/3 quark with a mass below

800 GeV at 95% confidence level (CL), assuming that they decay exclusively to tW [22].5

This constrains the value of w to be at least a few hundred GeV. The T quark, on the

other hand, mixes with t and � so that the 2 ⇥ 2 mass matrix in the usual top seesaw

model is extended to a 3⇥ 3 mass matrix. We denote the three mass eigenstates as t
1

, t
2

and t
3

, ordered by mt1  mt2  mt3 . Given that w can not be too small (w & 300 GeV

for ⇠ ⇠ 3.6), the top quark is always the the lightest mass eigenstate t
1

, and its mass

(m
top

⌘ mt1) is approximately given by

m2

top

⇡ ⇠2v2t
2

u2

t

f 2

. (3.21)

As we will see later f � w is required to obtain the correct Higgs mass. The lighter top-

partner t
2

is mainly T , its massmt2 is almost degenerate withmX due to the small mixing.

There is also a bound onmt2 from the searches of the heavy top-like quarks [23,24], similar

to but slightly weaker than the bound of mX . The heavier top partner t
3

is mostly the

EW singlet �, with a mass given by mt3 ⇠ ⇠f/
p
2. Finally, to obtain the correct top mass

in Eq. (3.21), we have the following constraint

ut

f
⇡ yt

⇠ sin �
, (3.22)

where yt is the SM top Yukawa coupling, define as m2

top

⌘ y2t v
2

2

.6

5This is a very good approximation in our model since the charged Higgs are much heavier than X as
shown in Section 3.2.

6Since the mass of the heavier Higgs doublet in our model is much larger than f , it is not very useful

to define m2
top

⌘ y2
t v

2
t

2 as in 2HDM.
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⇒

The heavy top partners:

mt3 ⇡ ⇠fp
2

⇠ (2� 3)f

mt2 ⇡ mX =
⇠wp
2

( < f  to minimize T)

Current experimental bound: mX > 800 GeV (CMS).



Higgs Boson Mass

which explicitly shows that tan� > 1 as K2

�1w2 is positive, and that the custodial symmetric

limit tan � ! 1 corresponds to K2 � �
1

w2. The constraint on the weak-isospin violation

T parameter puts an upper bound on tan �. In Section 4 it will be shown that tan � can

not be much larger than 1 if the chiral symmetry breaking scale is close to the weak scale

(f ⇠ 1 TeV).

Substituting Eq. (3.24) back to the potential in Eq. (3.15), we can write the Higgs

mass in terms of the VEVs and quartic couplings, which is the smallest eigenvalue of

the 3⇥ 3 mass-squared matrix of the CP-even neutral scalars (ht, hT , h�). It is useful to

switch to the basis (h
1

, h
2

, h�) with the following rotation
0

@
h
1

h
2

h�

1

A =

0

@
vt
v

vT
v

0
�vT

v
vt
v

0
0 0 1

1

A

0

@
ht

hT

h�

1

A , (3.26)
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which explicitly shows that tan� > 1 as K2

�1w2 is positive, and that the custodial symmetric
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EW gauge loops further reduce the Higgs mass.
125 GeV Higgs (λh = Mh2/v2 = 0.26) is typically 
obtained for mX ≲ f.
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Figure 4: Left: Higgs boson mass as a function of mX/f and f . We set the other
parameters to be ⇠ = 3.6, �

1

/(2⇠2) = 0.7, �
2

/�
1

= 0, tan � = 1.25, mX = 0.9 TeV,
M⇢ = 3f and M

⌃X,T,t = 10f . Right: Contour plots of M⇢/f in the (mX , tan �) plane
with the Higgs boson mass fixed at 126 GeV. We fix f = 1.5 TeV and other parameters
are set to be ⇠ = 3.6, �

2

/�
1

= 0, M
⌃X,T,t = 10f .

heavier top partner mt3 is expected to be at least 2 or 3 times mX . On the other hand,

higher f requires more fine-tuning. For natural values of f , mX should not be very far

above the current experimental bound.

Apart from the SM-like Higgs doublet, the other scalars in the model are heavy. The

masses of the heavy scalar doublet (MH) and the CP-old singlet scalar are constrained to

be larger than K, which needs to be large for small f to retain an approximate custodial

symmetry. For f ⇠ 1 TeV, the constraint on the T parameter requires tan� . 1.5 (from

Fig. 2), which gives K2 & 1.2�
1

w2 & 1.7m2

X so that MH & 1.3mX . The CP-even (mostly)

singlet scalar has a mass ⇠ p
�
1

f , which is related to the mass of the heavier top partner

mt3 ⇠ ⇠f/
p
2 by the standard NJL relation. We have also assumed that the scalars in

⌃X,T,t have masses much larger than f . Therefore, the hypercharge +7/6 quarks (X, T ),

being the lightest states in the model and carrying color, will be the first particles to be

discovered if this model is realized in nature. Such hypercharge +7/6 quarks (X, T ) are a

generic prediction of a composite Higgs model with a low chiral symmetry breaking scale

and a custodial symmetry to avoid the T parameter and Zbb̄ coupling constraints. To

unravel the underlying theory we would still need to find the other states and study their
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Higgs mass dependence on model parameters


