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Hierarchy problem
 All elementary scalars expected to be ultra heavy 

Mass of Higgs not protected by symmetries (like  
fermion, gauge boson) 

• Sensitive to any UV scale physics - 𝚲 a stand-in for 
mass of whatever new physical particle appears there



Composite Higgses
•  One simple way to solve hierarchy: Higgs NOT 
elementary, but composite.  

•  Most naive assumption: scale of compositeness 𝚲 
~ 10 TeV. At that scale lots of resonances giving  
dim 6 operators. To avoid LEP bounds need 𝚲>~ 
5-10 TeV 

• Expected Higgs mass  

• For 𝚲~10 TeV this is still ~ (1 TeV)2 about 100 times 
too large… little hierarchy 

1/⇤2



The pNGB Composite Higgses

•  To further lower Higgs mass make Higgs also a 
pNGB  

• Strong dynamics producing composites  has a 
global symmetry G 

• During confinement G→H breaking, which 
produces GB’s.  Some of these will be identified 
with SM Higgs  

• Global symmetry breaking scale: f 

• Cutoff scale (scale of generic composites): 𝚲 
⇤ ⇠ 4⇡f



The pNGB Composite Higgses

• For 𝚲~10 TeV we find f~1 TeV, and IF corrections 
given by f2/(4𝜋)2 then Higgs mass can be natural… 

• New particles at f~1 TeV (top and spin 1 partners) 

• This is eventually what is called ``composite Higgs 
model”   
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Figure 10: Pattern of symmetry breaking. (left, tree level) Strong dynamics breaks G ! Hglobal

spontaneously, while Hgauge ⇢ G is explicitly broken through gauging. The unbroken group H =
Hgauge \Hglobal contains the sm electroweak group, SU(2)L ⇥ U(1)Y. (right, loop level) Vacuum
misalignment from sm interactions shifts the unbroken group H ! H

0 and breaks the electroweak
group to U(1)EM. The degree of misalignment is parametrized by ⇠, the squared ratio of the ewsb

vev to the G ! H vev. Adapted from [157].

2. In addition to this, we will explicitly break G by weakly gauging a subgroup Hgauge which
contains the sm electroweak group SU(2)L ⇥ U(1)Y. This is analogous to the gauging of
U(1)EM.

We assume that the sm electroweak group is a subgroup of H = Hgauge [ Hglobal so that it is
gauged and preserved by the strong dynamics. This is shown on the left of Fig. 10. This results
in dimHgauge transverse gauge bosons and (dimG� dimHglobal) Goldstone bosons. The breaking
G ! Hglobal also breaks some of the gauge group so that there are a total of (dimHgauge �H)
massive gauge bosons and (dimG� dimHglobal)� (dimHgauge � dimH) ‘uneaten’ massless Gold-
stones.

Now we address the white elephant of the Higgs interactions—can we bequeath to our Goldstone
bosons the necessary non-derivative interactions to make one of them a realistic Higgs candidate?
This is indeed possible through vacuum misalignment, which we illustrate on the right of Fig. 10.
The gauging of Hgauge gives loop-level corrections to the dynamical symmetry breaking pattern
since this is an explicit breaking of the global symmetry. This is analogous to how the gauged
U(1)EM splits the masses of the charged and neutral pions through a photon loop. Loops of sm
gauge bosons can generate an electroweak symmetry breaking potential for the Higgs. We illustrate
this below.

One key point here is that since the Higgs potential is generated dynamically through sm gauge
interactions, the electroweak scale v is distinct from the G ! H symmetry breaking scale f . The
‘angle’

⇠ =

✓
v

f

◆2

(4.36)

parameterizes this separation of scales and quantifies the degree of vacuum misalignment. Note
that this is a separation of scales which does not exist in technicolor and is the key to parame-
terizing how the Higgs remains light relative to the heavier resonances despite not being a ‘true’
Goldstone boson. The limits ⇠ ! 0 and ⇠ ! 1 correspond to the sm (heavy states completely
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Collective symmetry breaking  
• Generically explicit breaking reintroduces the 
quadratic divergence of the Higgs potential!  

• Explicit breaking has to have a very special form to 
avoid quadratically divergent corrections! 

• Basic idea: No single explicit breaking term itself 
will completely break the global symmetry 

• Need 2 (or more) explicit breaking terms 
simultaneously to given mass to Higgs 

• Presence of several insertions usually softens 
divergence and makes potential finite (or log div)



Simplest example of collective breaking  

• Take SU(3)/SU(2) coset - will produce a doublet GB 
(+singlet - ignore for simplicity) 

• Enlarge SM fermion doublet to triplet 

• T is top partner, and we need two right handed tops 
now (one for SM, one top partner) 

• Yukawa coupling: 

If we were only considering a single SU(3)!SU(2) global symmetry breaking, then we would still
be out of luck since the massive gauge bosons would have eaten all of our Goldstone bosons—so
even though we got rid of the ⇤2 sensitivity of the pseudo-Goldstone masses, we also would have
gotten rid of the pseudo-Goldstones themselves. With foresight, however, we have followed the
advice of footnote 24: we have more Goldstones than our gauge bosons can possibly eat.

A useful way to parameterize our Goldstones is to follow the convention in (4.16):
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where we have identified the Higgs as the axial combination of global shifts, while the vector
combination of Goldstones, V , is eaten by the gauge bosons to become massive.

Now the H pseudo-Goldstones only pick up mass from diagrams that involve both the (gq0)
and the (gq00) couplings. In other words, it requires a combination of the ⌃0 and the ⌃00 fields. The
leading order contribution comes from diagrams of the form
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Since ⌃0†⌃00 = f
2
�2H†

H+ · · · , we see that the leading term in the Higgs mass is only logarithmi-
cally sensitive to ⇤ because it required one power each of the ⌃0 and ⌃00

vevs. The Higgs mass sets
the electroweak scale to be on the order of f/(4⇡). This is a factor of (4⇡) suppressed compared to
the global symmetry breaking scale f—generating the hierarchy in ⇠ that we wanted—and also a
further factor of (4⇡) from the cuto↵ ⇤ = 4⇡f . In this sense, collective symmetry breaking shows
us what we can buy for factors of (4⇡) and why those factors are important in näıve dimensional
analysis.

4.5.3 Top partners

As before, the largest contribution to the Higgs mass comes from the top quark. In the simple
scenario above, we have extended our gauge group26 from SU(2)L to Hgauge =SU(3) so we’ll need
to also extend the usual top doublet to include a partner TL
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We must also include a right-handed SU(3) singlet T 0

R
as a partner for the TL, in parallel to the

usual right-handed t
0

R
partner of the sm tL. The prime on the t

0

R
—what is normally called tR in

26For simplicity we ignore the U(1)Y factor, it is straightforward to assign charges appropriately.
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Simplest example of collective breaking  

• First term SU(3) invariant. Second term does not 
contain Higgs field. Need BOTH terms to make Higgs 
a pNGB and generate potential!  

• Let us expand now      to get form of Yukawa 
coupling  

• One loop quadratic divergence will cancel by 
collective breaking of SU(3) symmetry!  
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Simplest example of collective breaking  

• Easiest to do WITHOUT going to mass eigenbasis 

  

• Leading pieces of two diagrams cancel - seems like 
a miracle but really governed by underlying symmetry 

the sm—is for future convenience. The Yukawa terms for the top quarks are,
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where the fermions are written in terms of Weyl spinors. Other terms, such as ⌃0†
QT

0

R

† or ⌃00†
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R

†,
can typically be prohibited by invoking chiral symmetries. Observe that the �

0 term is invariant
under G

0 if Q is a fundamental under G
0. Similarly, the �

00 term is invariant under G
00 if Q is a

fundamental under G00. This is indeed consistent since Q is a fundamental under Hgauge which is
the diagonal subgroup of G0

⇥G
00. This shows us how collective symmetry breaking is embedded in

the Yukawa sector. When only one of the � terms is nonzero, Ltop is G0
⇥G

00 invariant. However,
when both are turned on, the global symmetry is broken down to the diagonal subgroup.

This is collective breaking is similar to the breaking of the global U(3)Q⇥U(3)U ⇥U(3)D flavor
symmetry to U(3) by the up- and down-type Yukawas in the Standard Model. If yu = 0 and
yd 6= 0, then the flavor symmetry would be enhanced to U(3)2 since the right-handed up-type
quarks could be rotated independently of the other fields.

We can now plug in the expansion (4.78 – 4.79) into the Yukawa terms (4.82), ignoring the V

terms since we now know those are eaten by the gauge bosons. Expanding the resulting product
gives
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From this we can write out the right-handed top eigenstates
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and the resulting top Yukawa, top partner mass, and top partner coupling to H
†
H,
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where we see that all of the couplings are simply related to the sm top Yukawa, �t =
p
�02 + �002.

These relations ensure the cancellation between diagrams that give a ⇤2 contribution to the Higgs
mass,

h h
t

�t �t

+

h h

�tf

��t/f

T

= O(log ⇤). (4.86)

Note the symmetry factor of 1/2 in the h
2
TLT

†

R
Feynman rule. For simplicity we also drop an

overall
p
2 in the normalization of the h field which is irrelevant for the ⇤2 cancellation. We

see that indeed collective symmetry breaking can protect against the reintroduction of quadratic
sensitivity to the cuto↵ by the Yukawa interactions.

Just as in the case of natural susy, an important signature of this class of models is to look
for the ‘partner top’ particles which are responsible for the softening of the cuto↵ dependence of
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Minimal Composite Higgs (MCH)  
• Most commonly used example. Reason: minimal 
setup where so called T-parameter is protected. 

• G=SO(5), H=SO(4) = SU(2)L x SU(2)R 

                                     breaking via VEV of SO(5) vector 

• 4 Goldstone bosons - identified with Higgs 

decoupled) and technicolor, respectively. We note that this parameter is also a source of tuning in
realistic composite Higgs models. Once the pseudo-Goldstone Higgs state is given non-derivative
interactions, these interactions generically introduce quadratic divergences at loop level which
would lead to an expected O(1%) tuning. To avoid this, one needs to introduce a smart way
of dealing with these explicit breaking terms called collective symmetry breaking which we
discuss below. First, however, we focus on the e↵ects of gauge bosons on the Higgs potential.

We have the following constraints for picking a symmetry breaking pattern:

1. The sm electroweak group is a subgroup of the unbroken group, SU(2)L ⇥ U(1)Y ⇢ H. In
fact, it is better to have the full custodial SU(2)L ⇥ SU(2)R ⇠= SO(4) group embedded in H

since this will protect against large contributions to the ⇢-parameter.

2. There is at least one pseudo-Goldstone boson with the quantum numbers of the sm Higgs.
To protect the ⇢-parameter, it is better to have a (2,2) under the custodial group.

At this point we have said nothing about the sm fermions. These, too, will have to couple to
the strong sector to generate Yukawa couplings with the Higgs. We show below that a reasonable
way to do this is to allow the sm fermions to be partially composite, a scheme that we had
already seen in the holographic interpretation of the rs scenario. Indeed, extra dimensions provide
a natural language to construct composite Higgs models.

4.4.2 Minimal Composite Higgs: set up

We now consider an explicit example, theminimal composite Higgs model, which was explored
in [158, 159] using the intuition from the rs framework. Following the guidelines set above, we
would like to choose choose Hglobal = SO(4), the custodial group which is the minimal choice to
protect the ⇢-parameter. However, the SO(4) = SU(2)L ⇥ SU(2)R charge assignments don’t give
the correct U(1)Y charges, as is well known in left-right symmetric models. Thus our ‘minimal’
choice for Hglobal requires an additional U(1)X so that one may include hypercharge in the unbroken
group, H,

Y = (TR)3 +X. (4.37)

We then choose G = SO(5)⇥U(1)X and introduce a linear field ⌃ that is an SO(5) fundamental and
uncharged under U(1)X. Note that we can ignore the U(1)X charge in our spontaneous symmetry
breaking analysis since it’s really just ‘coming along for the ride’ at this point. ⌃ acquires a vev

to break SO(5) ! SO(4),

h⌃i = (0, 0, 0, 0, 1)T . (4.38)

This is analogous to the qcd chiral condensate. We can now follow the intuition we developed
with chiral perturbation theory. The Goldstone bosons of this breaking are given by transforming
this vev by the broken generators. A useful parameterization of the four broken generators is
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where â 2 {1, · · · 4}. We refer to the unbroken generators with an undecorated index: T
a. The

SO(5) group element that acts non-trivially on the vev, exp(ihâ
T

â
/f), can be written in terms

of sines and cosines by separately summing the odd and even terms of the exponential. The
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linear field ⌃ can then be decomposed into the Goldstone pieces h
â(x) and a radial component
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p
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With this parameterization, the sm Higgs doublet is
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4.4.3 Gauge couplings

Why ⇠ is an angle. As a quick exercise, let’s see why we said (4.36) should be identified with an angle.
Starting from the kinetic term for ⌃ in (4.40) with electroweak covariant derivative, one finds that the W and
Z mass terms are

L �
g2f2

4
sin

hhi

f

✓
|W |

2 +
1

2 cos2 ✓W
Z2

◆
. (4.42)

Using the relation MW = cos ✓W mZ , this tells us that
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f
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f
, (4.43)

so that we now see the relation between ⇠ = v2/f2 and the ‘angle’ hhi/f . Note that the vev hhi 6= 246 GeV.

We would like to write down a Lagrangian for this theory and parameterize the e↵ects of the strong
sector on the sm couplings. A useful trick for this is to pretend that the global SO(5) ⇥ U(1)X
symmetry is gauged and then ‘demote’ the additional gauge fields to spurions—i.e. turn them o↵.
We can then parameterize the quadratic part of the Lagrangian for the full set of SO(5) [partially
spurious] gauge bosons, Vµ = A

a

µ
T

a + A
â

µ
T

â, and the U(1)X gauge boson, X, by writing down the
leading SO(5)⇥ U(1)X-invariant operators:
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Where the form factors are completely analogous to (4.25) and (4.26). Contained in this expression
are the kinetic and mass terms of the sm electroweak gauge bosons. To extract them, we must
expand the form factors ⇧(q2) in momenta and identify the O(q0) terms as mass terms and the
O(q2) terms as kinetic terms. Since the ⇧X and ⇧0 terms include gauge fields in the unbroken
directions, they should vanish at q2 = 0, otherewise masses would be generated for those directions.
The ⇧1 term, however, selects out the broken direction upon inserting the ⌃ ! ⌃0 and thus
contains the Goldstone pole, (4.27). We thus find

⇧0(0) = ⇧X(0) = 0 ⇧1(0) = f
2
. (4.45)

Assuming that the Higgs obtains a vev, one may rotate it into a convenient location (h1
, · · · , h

4) =
(0, 0, v/

p
2, 0) corresponding to the usual sm Higgs vev parameterization. We now assume that
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O(q2) terms as kinetic terms. Since the ⇧X and ⇧0 terms include gauge fields in the unbroken
directions, they should vanish at q2 = 0, otherewise masses would be generated for those directions.
The ⇧1 term, however, selects out the broken direction upon inserting the ⌃ ! ⌃0 and thus
contains the Goldstone pole, (4.27). We thus find

⇧0(0) = ⇧X(0) = 0 ⇧1(0) = f
2
. (4.45)

Assuming that the Higgs obtains a vev, one may rotate it into a convenient location (h1
, · · · , h

4) =
(0, 0, v/

p
2, 0) corresponding to the usual sm Higgs vev parameterization. We now assume that
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Partial compositeness  
•  Best way to introduce fermionic partners:  they will 
be assumed to be composite fermions from the 
strong sector.  

• To couple them (for flavor physics): small mixing 
between SM (elementary) and heavy fermions 

• Will result in 

• 𝜀 will control the flavor properties of the model - has 
wonderful automatic RS GIM mechanism (separate 
talk needed for that) 

(a) Mass from technicolor (b) Higgs and sm fermion (c) Yukawa coupling

Figure 11: Fermion couplings to the composite sector, represented by shaded blobs. (a): Bilinear
coupling of fermions to the composite sector (4.54) lead to fermion masses from the condensate
of techniquarks. (b): Partial compositeness scenario. In addition to the Higgs being part of the
strong sector, the elementary sm fermions mix linearly with strong sector operators with the same
quantum numbers. (c): Yukawa interactions are generated through the strong sector dynamics.
Adapted from [160].

where we have used the dimensional analysis limit ⇤ = 4⇡f . We see that having explained the
lightness of the Higgs by appealing to the Goldstone shift symmetry, reintroducing the Higgs
couplings to the gauge bosons breaks this shift symmetry and wants to push the Higgs mass back
up towards the symmetry breaking scale. In order to avoid this, one additional ingredient called
collective breaking (along with light gauge and top partners) is necessary. We present this in
Section 4.5.

4.4.4 Partial compositeness

Having introduced the Higgs couplings to the gauge bosons, we can move on to finding a way to
incorporate the Yukawa couplings into composite Higgs models. The way this is done in technicolor
is to introduce a four-Fermi interaction that is bilinear in sm fields, e.g.

�L ⇠ (Q̄LuR)( ̄TC TC) (4.54)

where the ( ̄TC TC) are bilinears of the techni-quarks. The resulting fermion mass is shown in
Fig. 11a. This strategy typically runs afoul of constraints on cp violation and flavor-changing
neutral currents since one can imagine the composite sector similarly generating a four-fermion
operator between sm states unless elaborate flavor symmetry schemes are assumed.

Instead of connecting the strong sector to a sm fermion bilinear, we can consider a linear

connection. This is known as partial compositeness [106, 164] and is shown in Fig. 11b. We
assume that instead of (4.54), the elementary fermions mix with a fermionic composite operator,

�L ⇠ Q̄LOQL , (4.55)

where OQL is a strong sector operator that is interpolated into a composite quark doublet. We
assume similar mixing terms for each of the other sm fermions. In order to preserve the sm

quantum numbers we must assume that the the sm gauge group is a weakly gauged subgroup
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of the strongly coupled sector’s flavor symmetries. Note that the gauge bosons are also partially
composite20, as we saw in (4.23). The resulting Yukawa interactions are shown in Fig. 11c.

The degree of mixing is now a freedom in our description. Let us parameterize the elementary–
composite mixing by ‘angles’ ✏,

|observed particlei ⇠ |elementaryi+ ✏|compositei. (4.56)

We can use this degree of compositeness to control flavor violation. Since the strongest flavor
constraints are for the first two generations, we assume that the first two generations have very
small mixing with the composite sector. This suppresses dangerous flavor-violating four-fermion
operators. On the other hand, we may assume that the third particles are more composite than
the first two generations,

✏3 � ✏1,2. (4.57)

Since the degree of compositeness also controls the interaction with the Higgs, this means that
the third generation particles have a larger Yukawa coupling and, upon electroweak symmetry
breaking, have heavier masses. The astute reader will note that this is exactly the same as the
flavor structure of the ‘realistic’ Randall-Sundrum models in Sec. 3.11-3.12. The observation that
light fermions can automatically avoid flavor bounds is precisely what we called the ‘rs gim

mechanism.’ This is no surprise since the holographic interpretation of the rs model is indeed one
where the Higgs is composite.

Let us briefly see how this works with an explicit example. Let us write out (4.55) with a
coupling �QL and cuto↵ ⇤ = 4⇡f :

�L �
�QL

⇤dimOQL
�5/2

Q̄LOQL + h.c., (4.58)

where the power of ⇤ is chosen so that �L has mass dimension four. We assume that at low
energies, the operator OQL dimensionally transmutes into a fermion  QL with canonical mass
dimension. We say that  QL is an interpolating field for the composite operator OQL . It is treated
as a local field in the same way that one may treat the proton as a local interpolating field for a uud
composite operator in qcd. We further assume that  QL comes with conjugate  c

QL
(interpolating

a conjugate operator Oc

QL
) so that it may form a vectorlike mass,

�L � g⇤⇤
2 ̄QL 

c

QL
+ h.c., (4.59)

which comes from a coupling g⇤⇤
4�2dimOQL ŌQLO

c

QL
in the uv; the powers of ⇤ sort themselves

out as the operators dimensionally transmute into the interpolating fields. The coupling g⇤ is a
characteristic coupling of the strong sector discussed below in (4.92). Together, (4.58) and (4.59)
give the mass matrix

�L = �⇤2
�
Q̄L  ̄QL  ̄c

QL

�
0

@
0 0 �QL

0 0 g⇤

�QL g⇤ 0

1

A

0

@
QL

 QL

 c

QL

1

A . (4.60)

20In this framework the longitudinal modes of the massive sm gauge bosons pick up this partial compositeness from
the Higgs. It is also possible to have a scenario where the transverse modes are partially composite, see [165, 166]
for explicit realizations.
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5D implementation   

• Using AdS/CFT has a nice interpretation in warped 
space

UV IR

SO(4) x U(1)SU(2) x U(1)

[+,+] : LH zero mode

SO(5) x U(1)



5D implementation   

• Strong correlation between light Higgs and light top 
partner in minimal models 

• Usual prediction: light top partners
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   • Direct bounds   
Spin 1/2 top partners 

 



   • Direct bounds   
Spin 1 partners W’, Z’  
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Tuning in CHM’s   

• Leading contribution to Higgs potential from top 
sector  

• Structure of Higgs potential: 
where  

• Minimal tuning - if 𝝱 and 𝝲 of same order:  

• From EWP, Higgs couplings we know 

• However in actual models usually turns out larger  
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generated. Again we can see we need all three terms
to generate a potential. If the twisted mass term
is turned o↵ we again have the vectorlike SO(5)V
containing the shift symmetry. If for example c+L

is turned o↵, we again have the global symmetry
U +R ! RU +R and  +L ! V U †RU +L which
contains the Higgs shift symmetry. So we need all
three terms to show up, and in fact to be able to
actaully generate a potential all three have to show
up twice, giving rise to a finite contribution of the
form.

|c+L|
2
|c+R|

2f4(MQ �MS)
2/⇤2. (24)

Integrating out the heavy top partner  + from the
Lagrangian in (19) we obtain the form factors ⇧q,t

0 , ⇧q,t

1
and M t

1 for the e↵ective Lagrangian of the elementary
quarks as in Eq. (5). The explicit expressions of the
form factors are given in App. E. Recalling that the ef-
fect of the SO(5)L⇥SO(5)R global symmetry on the ele-
mentary fields is  tR ! R tR , QL ! L QL , it is clear
that ⇧q

0(⇧
t

0) is SO(5)L(SO(5)R) invariant, while ⇧
q

1 (⇧
t

1)
break the full SO(5)L ⇥ SO(5)R to SO(5)V corespond-
ing to L = R. However the top mass term M t

1 leaves the
maximal SO(5)V 0 invariant, since that symmetry corre-
sponds to the choice where L†⌃0R = ⌃0. Thus for the
maximally symmetric SO(5)V 0 case we automatically get
⇧q,t

1 = 0. The expression for the top mass in this case
simplifies tomt = c+Lc+R(MQ�MS)f2/(2MTMT1), and
we see that the contribution to the Higgs potential is
proportional to the top mass square V ⇠ (M t

1⌃
0)2 ⇠

�2
L
�2
R
f4(MQ�MS)2/⇤2, which is finite and has the form

as expected from the general symmetry arguments.
We summarize this section by restating the conditions

for maximal symmetry: the composites should fill out
a full SO(5) representation, the elementary-composite
mixing terms should be fully SO(5) invariant, then the
twisted mass term for the composites preserves the max-
imal symmetry SO(5)V 0 (while the untwisted mass term
should vanish).

IV. TUNING IN THE HIGGS POTENTIAL

Parametrizing the potential as usual as

V (h) = ��s2
h
+ �s4

h
(25)

we find at the minimum ⇠ ⌘ s2
h
= �

2� . Our main result
on tuning is that as a result of maximal symmetry the
fermionic contribution to � and � are equal. Hence the
only source of tuning is the approximate cancellation be-
tween the fermionic and gauge contributions to � imply-
ing �f +�g ⇡ 0, yielding in a minimally tuned composite
Higgs model. Below we present a detailed explanation of
this result.

In generic composite Higgs models the Higgs potential

is usually (quadratically) divergent, with

�f =
NcM4
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where ✏ is a Yukawa coupling ✏qS(Q), ✏tS(Q) and Mf is a
typical fermion resonance mass with interaction strength
gf , and Mf = gff . To obtain ⇠ ⌧ 1 requires that
we first tune the quadratically divergent coe�cient c2
(by cancelling various O(✏2) contributions against each
other) such that the quadratically divergent contribution
gets reduced to the size of the log divergent term. This
impies a tuning of the order of the ratio of the two con-
tributions to �. In addition, one needs to ensure that
� = 2⇠�, which implies another tuning of order 1/⇠. The
total tuning will be of the order

� '
1

⇠

g2
f

✏2
⇤2

M2
f
log ⇤2

M
2
f

(27)

which is paremetrically much larger than the minimal
tuning �min = 1/⇠ [23].
Holographic composite Higgs [24] models based on a

warped extra dimension and their deconstructed ver-
sions [25–28] yield a log divergent or finite Higgs po-
tential. For symmetric spaces the low-energy e↵ective
Lagrangian after integrating out the heavy fermions is
still given by (5), except the form factors will be more
strongly suppressed at large momenta due to the ad-
ditional fermion propagators needed to be inserted for
the additional intermediate sites (in deconstructed ver-
sions) or propagation in the bulk (in extra dimensional
versions). For example for a three site model, the lead-
ing local contribution to the Higgs potential arises from
dimension six operators, implying that ⇧q,t

1 behaves as
O(p�6) for large p and thus � and � are finite (See Ap-
pendix D for details). However � is still O(✏2) while
� is O(✏4) in the Yukawa insertions. Thus the discrete

MCHM5 has a double tuning given by �5+5
'

1
⇠

g
2
f

✏2
[23],

which is bigger than the minimal tuning for ✏ < gf .
However the model with maximal symmetry presented

in (20) does not su↵er from this double tuning, but rather
has the minimal tuning 1/⇠. Thus maximal symmetry
implies minimal tuning. A simple way to see this is
to realize that for models with maximal symmetry the
Higgs potential will have an additional Z2 symmetry cor-
responding to the sh ! �ch exchange, analogous to the
case of twin higgs models (where the exchange symmetry
is a consequence of the Z2 symmetry between the visi-
ble and twin sectors). Here instead one has another Z2

symmetry of the form:

 +L ! P1 +L,  +R ! V P1V +R, U ! V UV P1V,

 qL ! V qL =  qL ,  tR ! P2 tR =  tR (28)
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where ✏ is a Yukawa coupling ✏qS(Q), ✏tS(Q) and Mf is a
typical fermion resonance mass with interaction strength
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where ✏ is a Yukawa coupling ✏qS(Q), ✏tS(Q) and Mf is a
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still given by (5), except the form factors will be more
strongly suppressed at large momenta due to the ad-
ditional fermion propagators needed to be inserted for
the additional intermediate sites (in deconstructed ver-
sions) or propagation in the bulk (in extra dimensional
versions). For example for a three site model, the lead-
ing local contribution to the Higgs potential arises from
dimension six operators, implying that ⇧q,t

1 behaves as
O(p�6) for large p and thus � and � are finite (See Ap-
pendix D for details). However � is still O(✏2) while
� is O(✏4) in the Yukawa insertions. Thus the discrete

MCHM5 has a double tuning given by �5+5
'

1
⇠

g
2
f

✏2
[23],

which is bigger than the minimal tuning for ✏ < gf .
However the model with maximal symmetry presented

in (20) does not su↵er from this double tuning, but rather
has the minimal tuning 1/⇠. Thus maximal symmetry
implies minimal tuning. A simple way to see this is
to realize that for models with maximal symmetry the
Higgs potential will have an additional Z2 symmetry cor-
responding to the sh ! �ch exchange, analogous to the
case of twin higgs models (where the exchange symmetry
is a consequence of the Z2 symmetry between the visi-
ble and twin sectors). Here instead one has another Z2

symmetry of the form:

 +L ! P1 +L,  +R ! V P1V +R, U ! V UV P1V,

 qL ! V qL =  qL ,  tR ! P2 tR =  tR (28)
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Tuning in CHM’s   
• ``Double tuning”: in simplest holographic models 

• Both finite at one loop, but different order in  

• Actual tuning 

• Using                   

• Numerical expression of tuning: 

• Already pretty bad for                       and grows 
quadratically with top partner mass       
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Tuning in CHM’s   
•  To find natural CHM 

1. Need to eliminate double tuning - Maximal 
symmetry 

2. Remove quadratic dependence on top partner 
mass - soft breaking 

3. Combined version has very simple 5D 
implementation, not at all more involved than 
original holographic CHM’s    

 



Maximal symmetry    

• Maximal symmetry is an enhanced global symmetry 
of (part of) the composite sector 

• Will render Higgs potential finite, minimize tuning 
and give very specific form of the Higgs potential  

• Generically               breaking composite sector has 
only H symmetry  

• Composites in general don’t even have to form 
complete G multiplets   

  

Figure 9: ‘Cat diagram’ adapted from [151]. Despite the silly appearance, the key point is that
the photon couples to the electric current Jµ = e ̄�µ (‘ears’) formed from interactions with
fundamental quarks in the strongly coupled sector. The ‘whiskers’ are the pseudo-Goldstone
external states when expanding the U(x) field in (4.28). The contribution to the charged meson
masses come from the ‘two whisker’ diagram.

4.3.5 Electromagnetic mass splitting

In addition to the spontaneous chiral symmetry breaking by strong dynamics, the SU(3)L⇥SU(3)R
group is also broken explicitly from the gauging of U(1)EM ⇢ SU(3)V. The neutral Goldstones
(pions, kaons, and the ⌘) are una↵ected by this. The charged Goldstones, on the other hand, pick
up masses from photon loop diagrams of the form in Fig. 9. These diagrams contribute to an
operator that gives a shift in the [pseudo-]Goldstone mass,

�L ⇠ e
2Tr

⇥
QU(x)†QU(x)

⇤
, (4.28)

where Q = 1

3
diag(2,�1,�1) is the matrix of quark electric charges. Since the electromagnetic

force does not distinguish between the down and strange quarks, this diagram gives an equal shift
to both the charged pions (e.g. ud̄) and kaons (e.g. us̄). Since the up and anti-down/strange quark
have the same charge, the bound state is more energetic than the neutral mesons and we expect the
shift in the mass-squared to be positive [151,152]. Note that the contribution to the charged pion
mass is quadratically sensitive to the chiral symmetry breaking scale, though it is also suppressed
by the smallness of ↵EM.

4.3.6 Explicit breaking from quark spectrum

One can add quark masses that constitute a small (mq ⌧ ⇤qcd) explicit breaking of the global
symmetry and generate small masses to the pseudo-Goldstone bosons. One can write this as a
spurion M = diag(mu,md,ms) which has the same quantum numbers as U(x). One can add these
terms to the e↵ective Lagrangian by forming the appropriate global symmetry group invariant. In
particular, we add to the Lagrangian

�L ⇠ Tr [MU(x)] ⇠ Tr

"
M

✓
⇡
a(x)

f
T

a

◆2
#
+ · · · (4.29)

In the limit where mu = md and ignoring the electromagnetic splitting above, one may identify the
masses for the pions, kaons, and ⌘ (di↵erent components of ⇡a) to derive the Gell-Mann–Okubo
relation,

m
2

⌘
+m

2

⇡
= 4m2

K
. (4.30)
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Emergence of Maximal Symmetry   

• It is possible that the composite sector itself has a 
global symmetry bigger than H - an emerging 
accidental symmetry: maximal symmetry 

• Key object: U Goldstone matrix 

• Transforms as 

• Best interpretation: U connects elementary and 
composite sector symmetries 

• Where composite sector breaks  
(assumed G=SO(5) and H=SO(4) for concreteness)     

Figure 9: ‘Cat diagram’ adapted from [151]. Despite the silly appearance, the key point is that
the photon couples to the electric current Jµ = e ̄�µ (‘ears’) formed from interactions with
fundamental quarks in the strongly coupled sector. The ‘whiskers’ are the pseudo-Goldstone
external states when expanding the U(x) field in (4.28). The contribution to the charged meson
masses come from the ‘two whisker’ diagram.

4.3.5 Electromagnetic mass splitting

In addition to the spontaneous chiral symmetry breaking by strong dynamics, the SU(3)L⇥SU(3)R
group is also broken explicitly from the gauging of U(1)EM ⇢ SU(3)V. The neutral Goldstones
(pions, kaons, and the ⌘) are una↵ected by this. The charged Goldstones, on the other hand, pick
up masses from photon loop diagrams of the form in Fig. 9. These diagrams contribute to an
operator that gives a shift in the [pseudo-]Goldstone mass,
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diag(2,�1,�1) is the matrix of quark electric charges. Since the electromagnetic

force does not distinguish between the down and strange quarks, this diagram gives an equal shift
to both the charged pions (e.g. ud̄) and kaons (e.g. us̄). Since the up and anti-down/strange quark
have the same charge, the bound state is more energetic than the neutral mesons and we expect the
shift in the mass-squared to be positive [151,152]. Note that the contribution to the charged pion
mass is quadratically sensitive to the chiral symmetry breaking scale, though it is also suppressed
by the smallness of ↵EM.

4.3.6 Explicit breaking from quark spectrum

One can add quark masses that constitute a small (mq ⌧ ⇤qcd) explicit breaking of the global
symmetry and generate small masses to the pseudo-Goldstone bosons. One can write this as a
spurion M = diag(mu,md,ms) which has the same quantum numbers as U(x). One can add these
terms to the e↵ective Lagrangian by forming the appropriate global symmetry group invariant. In
particular, we add to the Lagrangian
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tial in agreement with the general result from the master
formula. Next we discuss the tuning necessary to ob-
tain a realistic Higgs sector, and explain why this model
minimizes the tuning. Finally we show possible signals
for maximal symmetry and conclusion. The Appendices
contain a concrete realization of the maximal symmetry,
more examples of the Higgs-parity operator for various
cosets, the detailed symmetry structure of the gauge sec-
tor, the explicit expressions for the form factors of the
MCH model, as well as the details of the numerical scan.

II. EFFECTIVE LAGRANGIAN FOR PNGB’S
ON SYMMETRIC SPACES AND MAXIMAL

SYMMETRY

As usual in composite Higgs models, we will con-
sider a strongly coupled system which dynamically breaks
its global symmetry G to H, and the Higgs fields are
identified with the pNGBs which lie in the coset space
G/H. The additional assumption we will make is that
the coset space is a “symmetric space”, which means
that it has the additional property that the commuta-
tor of two broken generators closes into the unbroken
group H. While properties of such spaces have been
studied before [16], the general formalism has not been
commonly applied to composite Higgs models. First
we summarize the basic features of symmetric spaces.
The general structure of the commutation relations for
the T â(T a) (un)broken generators is [T a, T a] ⇠ T a,
[T a, T â] ⇠ T â and [T â, T â] ⇠ T a where the first two
relations are standard requirements such that T a form
a subgroup, and the last relation is the added con-
dition for the space to be symmetric. Some of the
most commonly used moduli spaces satisfy this require-
ment, including SU(N +M)/(SU(N)⇥SU(M)⇥U(1)),
SO(N +M)/(SO(N)⇥SO(M)) and others. These con-
ditions imply the existence of a parity operator V (which
is called Higgs-parity), which is an automorphism of the
form V T aV † = T a and V T âV † = �T â [40]. As usual
the pNGB fields hâ can be described by the Goldstone
matrix

U = exp

✓
ihâT â

f

◆
. (1)

The main consequence of the existence of the Higgs par-
ity operator V is that one can define a modified pNGB
matrix which transforms linearly under the full set of
symmetries G. The original pNGB matrix U has the
non-linear transformation properties [17, 18]

U ! gUh(hâ, g)† (2)

where g 2 G and h 2 H, and h depends non-linearly
on the pNGB field hâ and the transformation element
g. However the parity transformed pNGB matrix Ũ =
V UV = U† transforms as

Ũ ! V gV Ũh† . (3)

We can then define the modified pNGB matrix ⌃0
⌘

UŨ †V = U2V , which transforms linearly under the full
global symmetries

⌃0
! g⌃0g† . (4)

The linearly realized global symmetry can be used to fully
fix the structure of the low-energy e↵ective Lagrangian
of the theory. The SM fermions are charged under the
SU(2)L ⇥ U(1)Y which is a subgroup of the full global
symmetries G, thus they can always be embedded into
the full symmetry group G. For the low-energy e↵ec-
tive action we consider a spurionic embedding, which
can always be written in the form  QL = ⇤↵

L
Q↵

L
and

 tR = ⇤RtR if the left-handed (LH) top doublet Q and
right-handed (RH) top singlet tR are embedded into  Q

and  tR , which are in some representation of the full
global symmetry group G. Thus imposing the original G
symmetry will completely fix the most general e↵ective
action for the SM fermion fields coupled to the pseudo-
Goldstone boson Higgses:

Le↵ =  ̄QL/p(⇧
q

0(p) +⇧
q

1(p)⌃
0) QL

+  ̄tR/p(⇧
t

0(p) +⇧
t

1(p)⌃
0) tR

+  ̄QLM
t

1(p)⌃
0 tR + h.c. (5)

where the form factors ⇧q,t

0,1 and M t

1 encode the e↵ect of
the strong dynamics, and we assumed that  QL,tR are in
the fundamental of G. In this case (since ⌃02 = 1) only
terms linear in ⌃0 can show up. Using the spurions ⇤L,R

we can go back to the basis of the SM fermions to write
the e↵ective Lagrangian as

Le↵ = Q̄↵

L/pTr[(⇧
q

0 +⇧
q

1⌃
0)P↵�

l
]Q�

L

+ t̄R/pTr[(⇧
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0)Pr]tR

+ M t

1Q̄
↵

L
tRTr[⌃

0.P↵

lr
] , (6)

using the projection operators Pl,r,lr defined from the

spurions as P↵�

l
= (⇤�

L
)†⇤↵

L
, Pr = (⇤R)†⇤R and P↵

lr
=

(⇤R)†⇤↵

L
.

A careful examination of the symmetries of the e↵ec-
tive Lagrangian (5) will allow us to identify an enlarged
global symmetry in certain limits, which we will call the
maximal symmetry. This maximal symmetry is the key
new ingredient of composite Higgs models which will be
the focus of discussions for the rest of this paper. Let us
first start with the massless limit of (5) when M t

1 = 0
and also ⇧q,t

1 = 0. In this case the global symmetry G
is enlarged to a chiral GL ⇥GR symmetry acting on the
left/right handed fermions  QL/ tR . Now turning on
the top mass term  ̄QLM

t

1(p)⌃
0 tR (while still keeping

⇧q,t

1 = 0) we observe that we do not break the enlarged
global symmetry completely, but rather leave a subgroup
GV 0 ofGL⇥GR unbroken [41]. We call thisGV 0 the maxi-
mal symmetry, which is identified with the subgroup that
keeps the pNGB field invariant gL⌃0g†

R
= ⌃0. We explain

the structure of this maximal symmetry in more detail
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f

◆
. (1)

The main consequence of the existence of the Higgs par-
ity operator V is that one can define a modified pNGB
matrix which transforms linearly under the full set of
symmetries G. The original pNGB matrix U has the
non-linear transformation properties [17, 18]

U ! gUh(hâ, g)† (2)
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symmetry will completely fix the most general e↵ective
action for the SM fermion fields coupled to the pseudo-
Goldstone boson Higgses:
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where the form factors ⇧q,t

0,1 and M t

1 encode the e↵ect of
the strong dynamics, and we assumed that  QL,tR are in
the fundamental of G. In this case (since ⌃02 = 1) only
terms linear in ⌃0 can show up. Using the spurions ⇤L,R

we can go back to the basis of the SM fermions to write
the e↵ective Lagrangian as

Le↵ = Q̄↵

L/pTr[(⇧
q

0 +⇧
q

1⌃
0)P↵�

l
]Q�

L

+ t̄R/pTr[(⇧
t

0 +⇧
t

1⌃
0)Pr]tR

+ M t

1Q̄
↵

L
tRTr[⌃

0.P↵

lr
] , (6)

using the projection operators Pl,r,lr defined from the
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A careful examination of the symmetries of the e↵ec-
tive Lagrangian (5) will allow us to identify an enlarged
global symmetry in certain limits, which we will call the
maximal symmetry. This maximal symmetry is the key
new ingredient of composite Higgs models which will be
the focus of discussions for the rest of this paper. Let us
first start with the massless limit of (5) when M t

1 = 0
and also ⇧q,t

1 = 0. In this case the global symmetry G
is enlarged to a chiral GL ⇥GR symmetry acting on the
left/right handed fermions  QL/ tR . Now turning on
the top mass term  ̄QLM

t

1(p)⌃
0 tR (while still keeping

⇧q,t

1 = 0) we observe that we do not break the enlarged
global symmetry completely, but rather leave a subgroup
GV 0 ofGL⇥GR unbroken [41]. We call thisGV 0 the maxi-
mal symmetry, which is identified with the subgroup that
keeps the pNGB field invariant gL⌃0g†

R
= ⌃0. We explain

the structure of this maximal symmetry in more detail

2

FIG. 1: Sketch of the pattern of symmetries leading to max-
imal symmetry in the composite sector.

G global symmetry. This enhanced global symmetry is
maximal symmetry, which can play an important role in
the structure of the induced Higgs potential.

For concreteness we will consider the G = SO(5) and
H = SO(4) symmetry breaking pattern corresponding
to the minimal choice that incorporates a custodial sym-
metry for the SM. The Higgs field is contained in the
non-linear sigma field U which transforms as [19, 20]

U ! gUh† (1)

where g 2 G is an element of the linearly realized full
G symmetry while h 2 H is the non-linearly realized
shift-symmetry. Thus the U field can also be inter-
preted as the field connecting SO(5) symmetry of the
elementary sector with the spontaneously broken SO(5)
symmetry of the composite sector: it transforms under
an SO(5)el ⇥ SO(5)co symmetry, where the composite
sector breaks SO(5)co to SO(4). The special case of
maximal symmetry is when some remnant of the full
SO(5)el⇥SO(5)co is left over providing additional protec-
tion for the Higgs potential and softening its UV behav-
ior. If either SO(5)el or SO(5)co is unbroken there will
simply be no Higgs potential: either of these symmetries
is su�cient to fully protect the pNGB’s from acquiring
any potential. We thus need to break both SO(5)’s but
in such a manner that some remnant bigger than SO(4)
is left over. There are two simple options emerging, de-
pending on the embedding of the SM fermions into the
global symmetries.

1. Both the left handed top doublet qL and the right
handed top tR are embedded into SO(5)el. This is the
standard assumption, corresponding to the SM fermions
being mainly elementary. The embedding of these fields
into incomplete SO(5)el multiplets breaks the elementary
symmetry, but does not say anything about the structure
of the composite sector. The enhancement of the global
symmetries will depend entirely on the structure of the
composite fields. To achieve our goal we need to pre-
serve an SO(5) symmetry that does not coincide with
the original SO(5)co. The original proposal of maximal
symmetry is exactly that: an SO(5)co0 symmetry that

appears in the composite sector, where the SO(5)co0 is
not identical to SO(5)co, see Fig.1.
2. The second option is when qL is embedded in the

elementary sector, but tR in the composite sector. Since
tR is an SU(2)L singlet this can be easily achieved by
simply making tR a singlet under SO(4)co. In this case
already the embedding of qL and tR will have the right
symmetry breaking pattern of SO(5)el ⇥ SO(5)co to en-
sure that a Higgs potential will be generated. If the re-
maining composites maintain any form of SO(5) sym-
metry (which now could also coincide with the original
SO(5)co) a softening of the UV behavior of the Higgs
potential is expected. We call this new possibility the
minimal realization of maximal symmetry.

III. IMPLICATIONS OF MAXIMAL
SYMMETRY

We have argued that maximal symmetry is an emer-
gent accidental symmetry in the composite sector. Next
we show how such a symmetry will potentially soften the
UV behavior of the Higgs potential. Consider first the
case considered in [18] when both qL and tR are em-
bedded in the elementary sector. For concreteness we
assume that they are both in fundamentals of SO(5)el
transforming as  qL ! g qL and  tR ! g tR . We also
assume that the coset G/H is a so-called “symmetric
space” (which means that there exists a Higgs-parity op-
erator V ). In this case one can always construct the lin-
early realized pNGB matrix ⌃0 = UV U† = U2V , which
transforms linearly under the full set of global symmetries
⌃0 ! g⌃0g†. By integrating out the composite sector one
can always find the e↵ective Lagrangian for the elemen-
tary fields. Since the composite sector is fully integrated
out, its e↵ect will show up only via some form factors,
and the e↵ective Lagrangian can be constrained by only
considering the elementary symmetries. This will restrict
the form to be [18]
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where the form factors ⇧L/R

0,1 (p) and M t

1 encode the ef-
fects of the composite sector. A global symmetry in the
composite sector will manifest itself in some special rela-
tion among the form factors, in most cases some of the
form factors are simply vanishing due to the symmetry.
Most interesting is the example where ⇧L,R

1 = 0 due
to the symmetry in the composite sector, the example
considered in [18], while M t

1 6= 0. Note that ⇧L,R

1 = 0
automatically ensures the finiteness of the Higgs poten-
tial. How can one use composite global symmetries to
forbid ⇧1 but allow M t

1 (which is necessary to generate
any Higgs potential)? The method used in [18] was to
introduce an SO(5)co,L⇥SO(5)co,R chiral global symme-
try in the composite sector and ensure that the composite
mass term breaks this chiral global symmetry to SO(5)co0
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the structure of the induced Higgs potential.

For concreteness we will consider the G = SO(5) and
H = SO(4) symmetry breaking pattern corresponding
to the minimal choice that incorporates a custodial sym-
metry for the SM. The Higgs field is contained in the
non-linear sigma field U which transforms as [19, 20]

U ! gUh† (1)

where g 2 G is an element of the linearly realized full
G symmetry while h 2 H is the non-linearly realized
shift-symmetry. Thus the U field can also be inter-
preted as the field connecting SO(5) symmetry of the
elementary sector with the spontaneously broken SO(5)
symmetry of the composite sector: it transforms under
an SO(5)el ⇥ SO(5)co symmetry, where the composite
sector breaks SO(5)co to SO(4). The special case of
maximal symmetry is when some remnant of the full
SO(5)el⇥SO(5)co is left over providing additional protec-
tion for the Higgs potential and softening its UV behav-
ior. If either SO(5)el or SO(5)co is unbroken there will
simply be no Higgs potential: either of these symmetries
is su�cient to fully protect the pNGB’s from acquiring
any potential. We thus need to break both SO(5)’s but
in such a manner that some remnant bigger than SO(4)
is left over. There are two simple options emerging, de-
pending on the embedding of the SM fermions into the
global symmetries.

1. Both the left handed top doublet qL and the right
handed top tR are embedded into SO(5)el. This is the
standard assumption, corresponding to the SM fermions
being mainly elementary. The embedding of these fields
into incomplete SO(5)el multiplets breaks the elementary
symmetry, but does not say anything about the structure
of the composite sector. The enhancement of the global
symmetries will depend entirely on the structure of the
composite fields. To achieve our goal we need to pre-
serve an SO(5) symmetry that does not coincide with
the original SO(5)co. The original proposal of maximal
symmetry is exactly that: an SO(5)co0 symmetry that

appears in the composite sector, where the SO(5)co0 is
not identical to SO(5)co, see Fig.1.
2. The second option is when qL is embedded in the

elementary sector, but tR in the composite sector. Since
tR is an SU(2)L singlet this can be easily achieved by
simply making tR a singlet under SO(4)co. In this case
already the embedding of qL and tR will have the right
symmetry breaking pattern of SO(5)el ⇥ SO(5)co to en-
sure that a Higgs potential will be generated. If the re-
maining composites maintain any form of SO(5) sym-
metry (which now could also coincide with the original
SO(5)co) a softening of the UV behavior of the Higgs
potential is expected. We call this new possibility the
minimal realization of maximal symmetry.

III. IMPLICATIONS OF MAXIMAL
SYMMETRY

We have argued that maximal symmetry is an emer-
gent accidental symmetry in the composite sector. Next
we show how such a symmetry will potentially soften the
UV behavior of the Higgs potential. Consider first the
case considered in [18] when both qL and tR are em-
bedded in the elementary sector. For concreteness we
assume that they are both in fundamentals of SO(5)el
transforming as  qL ! g qL and  tR ! g tR . We also
assume that the coset G/H is a so-called “symmetric
space” (which means that there exists a Higgs-parity op-
erator V ). In this case one can always construct the lin-
early realized pNGB matrix ⌃0 = UV U† = U2V , which
transforms linearly under the full set of global symmetries
⌃0 ! g⌃0g†. By integrating out the composite sector one
can always find the e↵ective Lagrangian for the elemen-
tary fields. Since the composite sector is fully integrated
out, its e↵ect will show up only via some form factors,
and the e↵ective Lagrangian can be constrained by only
considering the elementary symmetries. This will restrict
the form to be [18]
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where the form factors ⇧L/R

0,1 (p) and M t

1 encode the ef-
fects of the composite sector. A global symmetry in the
composite sector will manifest itself in some special rela-
tion among the form factors, in most cases some of the
form factors are simply vanishing due to the symmetry.
Most interesting is the example where ⇧L,R

1 = 0 due
to the symmetry in the composite sector, the example
considered in [18], while M t

1 6= 0. Note that ⇧L,R

1 = 0
automatically ensures the finiteness of the Higgs poten-
tial. How can one use composite global symmetries to
forbid ⇧1 but allow M t

1 (which is necessary to generate
any Higgs potential)? The method used in [18] was to
introduce an SO(5)co,L⇥SO(5)co,R chiral global symme-
try in the composite sector and ensure that the composite
mass term breaks this chiral global symmetry to SO(5)co0
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Figure 9: ‘Cat diagram’ adapted from [151]. Despite the silly appearance, the key point is that
the photon couples to the electric current Jµ = e ̄�µ (‘ears’) formed from interactions with
fundamental quarks in the strongly coupled sector. The ‘whiskers’ are the pseudo-Goldstone
external states when expanding the U(x) field in (4.28). The contribution to the charged meson
masses come from the ‘two whisker’ diagram.

4.3.5 Electromagnetic mass splitting

In addition to the spontaneous chiral symmetry breaking by strong dynamics, the SU(3)L⇥SU(3)R
group is also broken explicitly from the gauging of U(1)EM ⇢ SU(3)V. The neutral Goldstones
(pions, kaons, and the ⌘) are una↵ected by this. The charged Goldstones, on the other hand, pick
up masses from photon loop diagrams of the form in Fig. 9. These diagrams contribute to an
operator that gives a shift in the [pseudo-]Goldstone mass,

�L ⇠ e
2Tr

⇥
QU(x)†QU(x)

⇤
, (4.28)

where Q = 1

3
diag(2,�1,�1) is the matrix of quark electric charges. Since the electromagnetic

force does not distinguish between the down and strange quarks, this diagram gives an equal shift
to both the charged pions (e.g. ud̄) and kaons (e.g. us̄). Since the up and anti-down/strange quark
have the same charge, the bound state is more energetic than the neutral mesons and we expect the
shift in the mass-squared to be positive [151,152]. Note that the contribution to the charged pion
mass is quadratically sensitive to the chiral symmetry breaking scale, though it is also suppressed
by the smallness of ↵EM.

4.3.6 Explicit breaking from quark spectrum

One can add quark masses that constitute a small (mq ⌧ ⇤qcd) explicit breaking of the global
symmetry and generate small masses to the pseudo-Goldstone bosons. One can write this as a
spurion M = diag(mu,md,ms) which has the same quantum numbers as U(x). One can add these
terms to the e↵ective Lagrangian by forming the appropriate global symmetry group invariant. In
particular, we add to the Lagrangian

�L ⇠ Tr [MU(x)] ⇠ Tr
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In the limit where mu = md and ignoring the electromagnetic splitting above, one may identify the
masses for the pions, kaons, and ⌘ (di↵erent components of ⇡a) to derive the Gell-Mann–Okubo
relation,

m
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+m
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⇡
= 4m2

K
. (4.30)
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G global symmetry. This enhanced global symmetry is
maximal symmetry, which can play an important role in
the structure of the induced Higgs potential.

For concreteness we will consider the G = SO(5) and
H = SO(4) symmetry breaking pattern corresponding
to the minimal choice that incorporates a custodial sym-
metry for the SM. The Higgs field is contained in the
non-linear sigma field U which transforms as [19, 20]

U ! gUh† (1)

where g 2 G is an element of the linearly realized full
G symmetry while h 2 H is the non-linearly realized
shift-symmetry. Thus the U field can also be inter-
preted as the field connecting SO(5) symmetry of the
elementary sector with the spontaneously broken SO(5)
symmetry of the composite sector: it transforms under
an SO(5)el ⇥ SO(5)co symmetry, where the composite
sector breaks SO(5)co to SO(4). The special case of
maximal symmetry is when some remnant of the full
SO(5)el⇥SO(5)co is left over providing additional protec-
tion for the Higgs potential and softening its UV behav-
ior. If either SO(5)el or SO(5)co is unbroken there will
simply be no Higgs potential: either of these symmetries
is su�cient to fully protect the pNGB’s from acquiring
any potential. We thus need to break both SO(5)’s but
in such a manner that some remnant bigger than SO(4)
is left over. There are two simple options emerging, de-
pending on the embedding of the SM fermions into the
global symmetries.

1. Both the left handed top doublet qL and the right
handed top tR are embedded into SO(5)el. This is the
standard assumption, corresponding to the SM fermions
being mainly elementary. The embedding of these fields
into incomplete SO(5)el multiplets breaks the elementary
symmetry, but does not say anything about the structure
of the composite sector. The enhancement of the global
symmetries will depend entirely on the structure of the
composite fields. To achieve our goal we need to pre-
serve an SO(5) symmetry that does not coincide with
the original SO(5)co. The original proposal of maximal
symmetry is exactly that: an SO(5)co0 symmetry that

appears in the composite sector, where the SO(5)co0 is
not identical to SO(5)co, see Fig.1.
2. The second option is when qL is embedded in the

elementary sector, but tR in the composite sector. Since
tR is an SU(2)L singlet this can be easily achieved by
simply making tR a singlet under SO(4)co. In this case
already the embedding of qL and tR will have the right
symmetry breaking pattern of SO(5)el ⇥ SO(5)co to en-
sure that a Higgs potential will be generated. If the re-
maining composites maintain any form of SO(5) sym-
metry (which now could also coincide with the original
SO(5)co) a softening of the UV behavior of the Higgs
potential is expected. We call this new possibility the
minimal realization of maximal symmetry.

III. IMPLICATIONS OF MAXIMAL
SYMMETRY

We have argued that maximal symmetry is an emer-
gent accidental symmetry in the composite sector. Next
we show how such a symmetry will potentially soften the
UV behavior of the Higgs potential. Consider first the
case considered in [18] when both qL and tR are em-
bedded in the elementary sector. For concreteness we
assume that they are both in fundamentals of SO(5)el
transforming as  qL ! g qL and  tR ! g tR . We also
assume that the coset G/H is a so-called “symmetric
space” (which means that there exists a Higgs-parity op-
erator V ). In this case one can always construct the lin-
early realized pNGB matrix ⌃0 = UV U† = U2V , which
transforms linearly under the full set of global symmetries
⌃0 ! g⌃0g†. By integrating out the composite sector one
can always find the e↵ective Lagrangian for the elemen-
tary fields. Since the composite sector is fully integrated
out, its e↵ect will show up only via some form factors,
and the e↵ective Lagrangian can be constrained by only
considering the elementary symmetries. This will restrict
the form to be [18]

Le↵ =  ̄qL/p(⇧
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where the form factors ⇧L/R

0,1 (p) and M t

1 encode the ef-
fects of the composite sector. A global symmetry in the
composite sector will manifest itself in some special rela-
tion among the form factors, in most cases some of the
form factors are simply vanishing due to the symmetry.
Most interesting is the example where ⇧L,R

1 = 0 due
to the symmetry in the composite sector, the example
considered in [18], while M t

1 6= 0. Note that ⇧L,R

1 = 0
automatically ensures the finiteness of the Higgs poten-
tial. How can one use composite global symmetries to
forbid ⇧1 but allow M t

1 (which is necessary to generate
any Higgs potential)? The method used in [18] was to
introduce an SO(5)co,L⇥SO(5)co,R chiral global symme-
try in the composite sector and ensure that the composite
mass term breaks this chiral global symmetry to SO(5)co0
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to the minimal choice that incorporates a custodial sym-
metry for the SM. The Higgs field is contained in the
non-linear sigma field U which transforms as [19, 20]

U ! gUh† (1)

where g 2 G is an element of the linearly realized full
G symmetry while h 2 H is the non-linearly realized
shift-symmetry. Thus the U field can also be inter-
preted as the field connecting SO(5) symmetry of the
elementary sector with the spontaneously broken SO(5)
symmetry of the composite sector: it transforms under
an SO(5)el ⇥ SO(5)co symmetry, where the composite
sector breaks SO(5)co to SO(4). The special case of
maximal symmetry is when some remnant of the full
SO(5)el⇥SO(5)co is left over providing additional protec-
tion for the Higgs potential and softening its UV behav-
ior. If either SO(5)el or SO(5)co is unbroken there will
simply be no Higgs potential: either of these symmetries
is su�cient to fully protect the pNGB’s from acquiring
any potential. We thus need to break both SO(5)’s but
in such a manner that some remnant bigger than SO(4)
is left over. There are two simple options emerging, de-
pending on the embedding of the SM fermions into the
global symmetries.

1. Both the left handed top doublet qL and the right
handed top tR are embedded into SO(5)el. This is the
standard assumption, corresponding to the SM fermions
being mainly elementary. The embedding of these fields
into incomplete SO(5)el multiplets breaks the elementary
symmetry, but does not say anything about the structure
of the composite sector. The enhancement of the global
symmetries will depend entirely on the structure of the
composite fields. To achieve our goal we need to pre-
serve an SO(5) symmetry that does not coincide with
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appears in the composite sector, where the SO(5)co0 is
not identical to SO(5)co, see Fig.1.
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elementary sector, but tR in the composite sector. Since
tR is an SU(2)L singlet this can be easily achieved by
simply making tR a singlet under SO(4)co. In this case
already the embedding of qL and tR will have the right
symmetry breaking pattern of SO(5)el ⇥ SO(5)co to en-
sure that a Higgs potential will be generated. If the re-
maining composites maintain any form of SO(5) sym-
metry (which now could also coincide with the original
SO(5)co) a softening of the UV behavior of the Higgs
potential is expected. We call this new possibility the
minimal realization of maximal symmetry.

III. IMPLICATIONS OF MAXIMAL
SYMMETRY

We have argued that maximal symmetry is an emer-
gent accidental symmetry in the composite sector. Next
we show how such a symmetry will potentially soften the
UV behavior of the Higgs potential. Consider first the
case considered in [18] when both qL and tR are em-
bedded in the elementary sector. For concreteness we
assume that they are both in fundamentals of SO(5)el
transforming as  qL ! g qL and  tR ! g tR . We also
assume that the coset G/H is a so-called “symmetric
space” (which means that there exists a Higgs-parity op-
erator V ). In this case one can always construct the lin-
early realized pNGB matrix ⌃0 = UV U† = U2V , which
transforms linearly under the full set of global symmetries
⌃0 ! g⌃0g†. By integrating out the composite sector one
can always find the e↵ective Lagrangian for the elemen-
tary fields. Since the composite sector is fully integrated
out, its e↵ect will show up only via some form factors,
and the e↵ective Lagrangian can be constrained by only
considering the elementary symmetries. This will restrict
the form to be [18]
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where the form factors ⇧L/R
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1 encode the ef-
fects of the composite sector. A global symmetry in the
composite sector will manifest itself in some special rela-
tion among the form factors, in most cases some of the
form factors are simply vanishing due to the symmetry.
Most interesting is the example where ⇧L,R

1 = 0 due
to the symmetry in the composite sector, the example
considered in [18], while M t

1 6= 0. Note that ⇧L,R

1 = 0
automatically ensures the finiteness of the Higgs poten-
tial. How can one use composite global symmetries to
forbid ⇧1 but allow M t

1 (which is necessary to generate
any Higgs potential)? The method used in [18] was to
introduce an SO(5)co,L⇥SO(5)co,R chiral global symme-
try in the composite sector and ensure that the composite
mass term breaks this chiral global symmetry to SO(5)co0
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Figure 9: ‘Cat diagram’ adapted from [151]. Despite the silly appearance, the key point is that
the photon couples to the electric current Jµ = e ̄�µ (‘ears’) formed from interactions with
fundamental quarks in the strongly coupled sector. The ‘whiskers’ are the pseudo-Goldstone
external states when expanding the U(x) field in (4.28). The contribution to the charged meson
masses come from the ‘two whisker’ diagram.

4.3.5 Electromagnetic mass splitting

In addition to the spontaneous chiral symmetry breaking by strong dynamics, the SU(3)L⇥SU(3)R
group is also broken explicitly from the gauging of U(1)EM ⇢ SU(3)V. The neutral Goldstones
(pions, kaons, and the ⌘) are una↵ected by this. The charged Goldstones, on the other hand, pick
up masses from photon loop diagrams of the form in Fig. 9. These diagrams contribute to an
operator that gives a shift in the [pseudo-]Goldstone mass,

�L ⇠ e
2Tr

⇥
QU(x)†QU(x)

⇤
, (4.28)

where Q = 1

3
diag(2,�1,�1) is the matrix of quark electric charges. Since the electromagnetic

force does not distinguish between the down and strange quarks, this diagram gives an equal shift
to both the charged pions (e.g. ud̄) and kaons (e.g. us̄). Since the up and anti-down/strange quark
have the same charge, the bound state is more energetic than the neutral mesons and we expect the
shift in the mass-squared to be positive [151,152]. Note that the contribution to the charged pion
mass is quadratically sensitive to the chiral symmetry breaking scale, though it is also suppressed
by the smallness of ↵EM.

4.3.6 Explicit breaking from quark spectrum

One can add quark masses that constitute a small (mq ⌧ ⇤qcd) explicit breaking of the global
symmetry and generate small masses to the pseudo-Goldstone bosons. One can write this as a
spurion M = diag(mu,md,ms) which has the same quantum numbers as U(x). One can add these
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In the limit where mu = md and ignoring the electromagnetic splitting above, one may identify the
masses for the pions, kaons, and ⌘ (di↵erent components of ⇡a) to derive the Gell-Mann–Okubo
relation,
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For concreteness we will consider the G = SO(5) and
H = SO(4) symmetry breaking pattern corresponding
to the minimal choice that incorporates a custodial sym-
metry for the SM. The Higgs field is contained in the
non-linear sigma field U which transforms as [19, 20]

U ! gUh† (1)

where g 2 G is an element of the linearly realized full
G symmetry while h 2 H is the non-linearly realized
shift-symmetry. Thus the U field can also be inter-
preted as the field connecting SO(5) symmetry of the
elementary sector with the spontaneously broken SO(5)
symmetry of the composite sector: it transforms under
an SO(5)el ⇥ SO(5)co symmetry, where the composite
sector breaks SO(5)co to SO(4). The special case of
maximal symmetry is when some remnant of the full
SO(5)el⇥SO(5)co is left over providing additional protec-
tion for the Higgs potential and softening its UV behav-
ior. If either SO(5)el or SO(5)co is unbroken there will
simply be no Higgs potential: either of these symmetries
is su�cient to fully protect the pNGB’s from acquiring
any potential. We thus need to break both SO(5)’s but
in such a manner that some remnant bigger than SO(4)
is left over. There are two simple options emerging, de-
pending on the embedding of the SM fermions into the
global symmetries.

1. Both the left handed top doublet qL and the right
handed top tR are embedded into SO(5)el. This is the
standard assumption, corresponding to the SM fermions
being mainly elementary. The embedding of these fields
into incomplete SO(5)el multiplets breaks the elementary
symmetry, but does not say anything about the structure
of the composite sector. The enhancement of the global
symmetries will depend entirely on the structure of the
composite fields. To achieve our goal we need to pre-
serve an SO(5) symmetry that does not coincide with
the original SO(5)co. The original proposal of maximal
symmetry is exactly that: an SO(5)co0 symmetry that

appears in the composite sector, where the SO(5)co0 is
not identical to SO(5)co, see Fig.1.
2. The second option is when qL is embedded in the

elementary sector, but tR in the composite sector. Since
tR is an SU(2)L singlet this can be easily achieved by
simply making tR a singlet under SO(4)co. In this case
already the embedding of qL and tR will have the right
symmetry breaking pattern of SO(5)el ⇥ SO(5)co to en-
sure that a Higgs potential will be generated. If the re-
maining composites maintain any form of SO(5) sym-
metry (which now could also coincide with the original
SO(5)co) a softening of the UV behavior of the Higgs
potential is expected. We call this new possibility the
minimal realization of maximal symmetry.

III. IMPLICATIONS OF MAXIMAL
SYMMETRY

We have argued that maximal symmetry is an emer-
gent accidental symmetry in the composite sector. Next
we show how such a symmetry will potentially soften the
UV behavior of the Higgs potential. Consider first the
case considered in [18] when both qL and tR are em-
bedded in the elementary sector. For concreteness we
assume that they are both in fundamentals of SO(5)el
transforming as  qL ! g qL and  tR ! g tR . We also
assume that the coset G/H is a so-called “symmetric
space” (which means that there exists a Higgs-parity op-
erator V ). In this case one can always construct the lin-
early realized pNGB matrix ⌃0 = UV U† = U2V , which
transforms linearly under the full set of global symmetries
⌃0 ! g⌃0g†. By integrating out the composite sector one
can always find the e↵ective Lagrangian for the elemen-
tary fields. Since the composite sector is fully integrated
out, its e↵ect will show up only via some form factors,
and the e↵ective Lagrangian can be constrained by only
considering the elementary symmetries. This will restrict
the form to be [18]
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composite sector will manifest itself in some special rela-
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forbid ⇧1 but allow M t

1 (which is necessary to generate
any Higgs potential)? The method used in [18] was to
introduce an SO(5)co,L⇥SO(5)co,R chiral global symme-
try in the composite sector and ensure that the composite
mass term breaks this chiral global symmetry to SO(5)co0
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Maximal Symmetry   

•  Simplest possibility: assume matter content of 
composites fills out full SO(5): Q - 4, S - 1 under SO(4) 
combine to SO(5).  

•  Vectorlike matter has chiral SO(5)LxSO(5)R (without 
mass terms). Mass term can break 
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Thus  + and  � are related by the Higgs parity op-
erator:  + = V �, and are not idependent fields.

Our original fermion Lagrangian in terms of  ± is:

Lf=  ̄+i /5 + + f(c�R ̄tRUV +L + c+R ̄tRU +L)

+ f(c�L ̄qLUV +R + c+L ̄qLU +R)

� (MQ +MS) ̄+L +R � (MQ �MS) ̄
0
+L

V +R (19)

where the Yukawas are c±R = ✏tQ±✏tS

2 , c±L = ✏qQ±✏qSp
2

.

Since the composite fermions  Q and  S fill out a full
SO(5) representation, the kinetic terms will have the en-
larged SO(5)L ⇥ SO(5)R chiral global flavor symmetry,
which can have various symmetry breaking patterns de-
pending on the structure of the Yukawa couplings and
composite mass terms. These symmetry breaking pat-
terns will determine the form of the radiatively induced
Higgs potential and its degree of divergence. Since our
goal is to find an implementation of the maximal symme-
try, we will set c�L = c�R = 0 in the general Lagrangian.
If c� and c+ were to appear simultaneously in the La-
grangian one would not be able to maintain an entire
SO(5) global symmetry as needed for maximal symme-
try. Of course one could as well have chosen c+L,R = 0
and arrive at similar results. In this case, the Lagrangian
is

Lf=  ̄+i /5 + + fc+R ̄tRU +L + fc+L ̄qLU +R

� (MQ +MS) ̄+L +R � (MQ �MS) ̄+LV +R(20)

Once we impose c�L,R = 0 the mixing terms will have
the full SO(5)L ⇥ SO(5)R chiral global symmetry, and
the breaking pattern depends on the relation of the mass
termsMQ,S , giving rise to the following possible breaking
patterns:

MQ �MS = 0 ) SO(5)L ⇥ SO(5)R/SO(5)V

MQ +MS = 0 ) SO(5)L ⇥ SO(5)R/SO(5)V 0

|MQ| 6= |MS | ) SO(5)L ⇥ SO(5)R/SO(4)V (21)

Let us now examine what these symmetries imply for the
structure of the Higgs potential.

• If MQ = MS the second (twisted) mass term
vanishes. The entire remaining Lagrangian is in-
variant under the SO(5)V global symmetry where
U +L,R ! WU +L,R, tR,QL ! W tR,QL . This
global symmetry contains the original shift sym-
metry, so the entire Higgs potential vanishes, thus
every term must be proportional to MQ �MS .

• If the untwisted mass vanishes MQ + MS = 0,
then there is still a remaining global symmetry,
the maximal symmetry SO(5)V 0 , but it does not
contain the entire Goldstone shift symmetry, thus
a potential will be generated. The transforma-
tion here is U +L ! LU +L, U +R ! RU +R.
Since the twisted mass term can be also written
as  ̄+LU†⌃0U +R, the condition for the unbroken
SO(5)V 0 symmetry is L†⌃0R = ⌃0.

In order to find the actual structure of the radiatively
induced Higgs potential we need to examine the collective
symmetry breaking properties of (20).

• The combination of the c+L and the two mass terms
will break the shift symmetry. However we can see
that we need all three of these terms to generate a
potential. If c+L = 0 we don’t have U appearing at
all. If MQ�MS = 0 we have the vectorlike SO(5)V
symmetry as above. If MQ + MS = 0 we have
the unbroken global symmetry U +R ! RU +R

and  +L ! V U †RU +L which contains the Higgs
shift symmetry. Thus the Higgs potential must be
proportional to c+L(MQ+MS)(MQ�MS), and to
be able to close the Feynman diagram c+L actaully
has to show up as |c+L|

2, resulting in a contribution
logarithmically sensitive to the cuto↵:

VL⇠ ⇠ |c+L|
2f2(MQ +MS)(MQ �MS) log⇤

2 (22)

A similar term is obtained using c+R:

VR⇠ ⇠ |c+R|
2f2(MQ +MS)(MQ �MS) log⇤

2 (23)

• The combination of c+L, c+R and the twisted mass
term will break the shift symmetry (but leave the
maximal symmetry intact), and a potenial will be
generated. Again we can see we need all three terms
to generate a potential. If the twisted mass term
is turned o↵ we again have the vectorlike SO(5)V
containing the shift symmetry. If for example c+L

is turned o↵, we again have the global symmetry
U +R ! RU +R and  +L ! V U †RU +L which
contains the Higgs shift symmetry. So we need all
three terms to show up, and in fact to be able to
actaully generate a potential all three have to show
up twice, giving rise to a finite contribution of the
form we need the Feynman diagram here

|c+L|
2
|c+R|

2f4(MQ �MS)
2/⇤2. (24)

So according to Eq. (16), we find the top mass is
proportional to mt ⇠ |MQ �MS |.

Inetgrating out the heavy top partner  + from the
Lagrangian in (19) we obtain the form factors ⇧q,t

0 , ⇧q,t

1

and M t

1 for the e↵ective Lagrangian of the elementary
quarks as in (5). The explicit expressions of the form
factors are given in App. ??. Recalling that the e↵ect
of the SO(5)L ⇥ SO(5)R global symmetry on the ele-
mentary fields is  tR ! R tR , QL ! L QL , it is clear
that ⇧q

0(⇧
t

0) is SO(5)L(SO(5)R) invariant, while ⇧
q

1 (⇧
t

1)
break the full SO(5)L ⇥ SO(5)R to SO(5)V corespond-
ing to L = R. However the top mass term M t

1 leaves the
maximal SO(5)V 0 invariant, since that symmetry corre-
sponds to the choice where L†⌃0R = ⌃0. Thus for the



Maximal Symmetry   

•  Simplest possibility: assume matter content of 
composites fills out full SO(5): Q - 4, S - 1 under SO(4) 
combine to SO(5).  

• Vectorlike matter has chiral SO(5)LxSO(5)R (without 
mass terms). Mass term can break  

• Full SO(5)co unbroken - no Higgs potential 

4

Thus  + and  � are related by the Higgs parity op-
erator:  + = V �, and are not idependent fields.

Our original fermion Lagrangian in terms of  ± is:

Lf=  ̄+i /5 + + f(c�R ̄tRUV +L + c+R ̄tRU +L)

+ f(c�L ̄qLUV +R + c+L ̄qLU +R)

� (MQ +MS) ̄+L +R � (MQ �MS) ̄
0
+L

V +R (19)

where the Yukawas are c±R = ✏tQ±✏tS

2 , c±L = ✏qQ±✏qSp
2

.

Since the composite fermions  Q and  S fill out a full
SO(5) representation, the kinetic terms will have the en-
larged SO(5)L ⇥ SO(5)R chiral global flavor symmetry,
which can have various symmetry breaking patterns de-
pending on the structure of the Yukawa couplings and
composite mass terms. These symmetry breaking pat-
terns will determine the form of the radiatively induced
Higgs potential and its degree of divergence. Since our
goal is to find an implementation of the maximal symme-
try, we will set c�L = c�R = 0 in the general Lagrangian.
If c� and c+ were to appear simultaneously in the La-
grangian one would not be able to maintain an entire
SO(5) global symmetry as needed for maximal symme-
try. Of course one could as well have chosen c+L,R = 0
and arrive at similar results. In this case, the Lagrangian
is

Lf=  ̄+i /5 + + fc+R ̄tRU +L + fc+L ̄qLU +R

� (MQ +MS) ̄+L +R � (MQ �MS) ̄+LV +R(20)

Once we impose c�L,R = 0 the mixing terms will have
the full SO(5)L ⇥ SO(5)R chiral global symmetry, and
the breaking pattern depends on the relation of the mass
termsMQ,S , giving rise to the following possible breaking
patterns:

MQ �MS = 0 ) SO(5)L ⇥ SO(5)R/SO(5)V

MQ +MS = 0 ) SO(5)L ⇥ SO(5)R/SO(5)V 0

|MQ| 6= |MS | ) SO(5)L ⇥ SO(5)R/SO(4)V (21)

Let us now examine what these symmetries imply for the
structure of the Higgs potential.

• If MQ = MS the second (twisted) mass term
vanishes. The entire remaining Lagrangian is in-
variant under the SO(5)V global symmetry where
U +L,R ! WU +L,R, tR,QL ! W tR,QL . This
global symmetry contains the original shift sym-
metry, so the entire Higgs potential vanishes, thus
every term must be proportional to MQ �MS .

• If the untwisted mass vanishes MQ + MS = 0,
then there is still a remaining global symmetry,
the maximal symmetry SO(5)V 0 , but it does not
contain the entire Goldstone shift symmetry, thus
a potential will be generated. The transforma-
tion here is U +L ! LU +L, U +R ! RU +R.
Since the twisted mass term can be also written
as  ̄+LU†⌃0U +R, the condition for the unbroken
SO(5)V 0 symmetry is L†⌃0R = ⌃0.

In order to find the actual structure of the radiatively
induced Higgs potential we need to examine the collective
symmetry breaking properties of (20).

• The combination of the c+L and the two mass terms
will break the shift symmetry. However we can see
that we need all three of these terms to generate a
potential. If c+L = 0 we don’t have U appearing at
all. If MQ�MS = 0 we have the vectorlike SO(5)V
symmetry as above. If MQ + MS = 0 we have
the unbroken global symmetry U +R ! RU +R

and  +L ! V U †RU +L which contains the Higgs
shift symmetry. Thus the Higgs potential must be
proportional to c+L(MQ+MS)(MQ�MS), and to
be able to close the Feynman diagram c+L actaully
has to show up as |c+L|

2, resulting in a contribution
logarithmically sensitive to the cuto↵:

VL⇠ ⇠ |c+L|
2f2(MQ +MS)(MQ �MS) log⇤

2 (22)

A similar term is obtained using c+R:

VR⇠ ⇠ |c+R|
2f2(MQ +MS)(MQ �MS) log⇤

2 (23)

• The combination of c+L, c+R and the twisted mass
term will break the shift symmetry (but leave the
maximal symmetry intact), and a potenial will be
generated. Again we can see we need all three terms
to generate a potential. If the twisted mass term
is turned o↵ we again have the vectorlike SO(5)V
containing the shift symmetry. If for example c+L

is turned o↵, we again have the global symmetry
U +R ! RU +R and  +L ! V U †RU +L which
contains the Higgs shift symmetry. So we need all
three terms to show up, and in fact to be able to
actaully generate a potential all three have to show
up twice, giving rise to a finite contribution of the
form we need the Feynman diagram here

|c+L|
2
|c+R|

2f4(MQ �MS)
2/⇤2. (24)

So according to Eq. (16), we find the top mass is
proportional to mt ⇠ |MQ �MS |.

Inetgrating out the heavy top partner  + from the
Lagrangian in (19) we obtain the form factors ⇧q,t

0 , ⇧q,t

1

and M t

1 for the e↵ective Lagrangian of the elementary
quarks as in (5). The explicit expressions of the form
factors are given in App. ??. Recalling that the e↵ect
of the SO(5)L ⇥ SO(5)R global symmetry on the ele-
mentary fields is  tR ! R tR , QL ! L QL , it is clear
that ⇧q

0(⇧
t

0) is SO(5)L(SO(5)R) invariant, while ⇧
q

1 (⇧
t

1)
break the full SO(5)L ⇥ SO(5)R to SO(5)V corespond-
ing to L = R. However the top mass term M t

1 leaves the
maximal SO(5)V 0 invariant, since that symmetry corre-
sponds to the choice where L†⌃0R = ⌃0. Thus for the



Maximal Symmetry   

•  Simplest possibility: assume matter content of 
composites fills out full SO(5): Q - 4, S - 1 under SO(4) 
combine to SO(5).  

• Vectorlike matter has chiral SO(5)LxSO(5)R (without 
mass terms). Mass term can break  

• An SO(5) different from the original SO(5)co is left 
unbroken. Potential will be generated BUT symmetry 
will impose restrictions (maximal symmetry) 

4

Thus  + and  � are related by the Higgs parity op-
erator:  + = V �, and are not idependent fields.

Our original fermion Lagrangian in terms of  ± is:

Lf=  ̄+i /5 + + f(c�R ̄tRUV +L + c+R ̄tRU +L)

+ f(c�L ̄qLUV +R + c+L ̄qLU +R)

� (MQ +MS) ̄+L +R � (MQ �MS) ̄
0
+L

V +R (19)

where the Yukawas are c±R = ✏tQ±✏tS

2 , c±L = ✏qQ±✏qSp
2

.

Since the composite fermions  Q and  S fill out a full
SO(5) representation, the kinetic terms will have the en-
larged SO(5)L ⇥ SO(5)R chiral global flavor symmetry,
which can have various symmetry breaking patterns de-
pending on the structure of the Yukawa couplings and
composite mass terms. These symmetry breaking pat-
terns will determine the form of the radiatively induced
Higgs potential and its degree of divergence. Since our
goal is to find an implementation of the maximal symme-
try, we will set c�L = c�R = 0 in the general Lagrangian.
If c� and c+ were to appear simultaneously in the La-
grangian one would not be able to maintain an entire
SO(5) global symmetry as needed for maximal symme-
try. Of course one could as well have chosen c+L,R = 0
and arrive at similar results. In this case, the Lagrangian
is

Lf=  ̄+i /5 + + fc+R ̄tRU +L + fc+L ̄qLU +R

� (MQ +MS) ̄+L +R � (MQ �MS) ̄+LV +R(20)

Once we impose c�L,R = 0 the mixing terms will have
the full SO(5)L ⇥ SO(5)R chiral global symmetry, and
the breaking pattern depends on the relation of the mass
termsMQ,S , giving rise to the following possible breaking
patterns:

MQ �MS = 0 ) SO(5)L ⇥ SO(5)R/SO(5)V

MQ +MS = 0 ) SO(5)L ⇥ SO(5)R/SO(5)V 0

|MQ| 6= |MS | ) SO(5)L ⇥ SO(5)R/SO(4)V (21)

Let us now examine what these symmetries imply for the
structure of the Higgs potential.

• If MQ = MS the second (twisted) mass term
vanishes. The entire remaining Lagrangian is in-
variant under the SO(5)V global symmetry where
U +L,R ! WU +L,R, tR,QL ! W tR,QL . This
global symmetry contains the original shift sym-
metry, so the entire Higgs potential vanishes, thus
every term must be proportional to MQ �MS .

• If the untwisted mass vanishes MQ + MS = 0,
then there is still a remaining global symmetry,
the maximal symmetry SO(5)V 0 , but it does not
contain the entire Goldstone shift symmetry, thus
a potential will be generated. The transforma-
tion here is U +L ! LU +L, U +R ! RU +R.
Since the twisted mass term can be also written
as  ̄+LU†⌃0U +R, the condition for the unbroken
SO(5)V 0 symmetry is L†⌃0R = ⌃0.

In order to find the actual structure of the radiatively
induced Higgs potential we need to examine the collective
symmetry breaking properties of (20).

• The combination of the c+L and the two mass terms
will break the shift symmetry. However we can see
that we need all three of these terms to generate a
potential. If c+L = 0 we don’t have U appearing at
all. If MQ�MS = 0 we have the vectorlike SO(5)V
symmetry as above. If MQ + MS = 0 we have
the unbroken global symmetry U +R ! RU +R

and  +L ! V U †RU +L which contains the Higgs
shift symmetry. Thus the Higgs potential must be
proportional to c+L(MQ+MS)(MQ�MS), and to
be able to close the Feynman diagram c+L actaully
has to show up as |c+L|

2, resulting in a contribution
logarithmically sensitive to the cuto↵:

VL⇠ ⇠ |c+L|
2f2(MQ +MS)(MQ �MS) log⇤

2 (22)

A similar term is obtained using c+R:

VR⇠ ⇠ |c+R|
2f2(MQ +MS)(MQ �MS) log⇤

2 (23)

• The combination of c+L, c+R and the twisted mass
term will break the shift symmetry (but leave the
maximal symmetry intact), and a potenial will be
generated. Again we can see we need all three terms
to generate a potential. If the twisted mass term
is turned o↵ we again have the vectorlike SO(5)V
containing the shift symmetry. If for example c+L

is turned o↵, we again have the global symmetry
U +R ! RU +R and  +L ! V U †RU +L which
contains the Higgs shift symmetry. So we need all
three terms to show up, and in fact to be able to
actaully generate a potential all three have to show
up twice, giving rise to a finite contribution of the
form we need the Feynman diagram here

|c+L|
2
|c+R|

2f4(MQ �MS)
2/⇤2. (24)

So according to Eq. (16), we find the top mass is
proportional to mt ⇠ |MQ �MS |.

Inetgrating out the heavy top partner  + from the
Lagrangian in (19) we obtain the form factors ⇧q,t

0 , ⇧q,t

1

and M t

1 for the e↵ective Lagrangian of the elementary
quarks as in (5). The explicit expressions of the form
factors are given in App. ??. Recalling that the e↵ect
of the SO(5)L ⇥ SO(5)R global symmetry on the ele-
mentary fields is  tR ! R tR , QL ! L QL , it is clear
that ⇧q

0(⇧
t

0) is SO(5)L(SO(5)R) invariant, while ⇧
q

1 (⇧
t

1)
break the full SO(5)L ⇥ SO(5)R to SO(5)V corespond-
ing to L = R. However the top mass term M t

1 leaves the
maximal SO(5)V 0 invariant, since that symmetry corre-
sponds to the choice where L†⌃0R = ⌃0. Thus for the



Maximal Symmetry   

•  Simplest possibility: assume matter content of 
composites fills out full SO(5): Q - 4, S - 1 under SO(4) 
combine to SO(5).  

• Vectorlike matter has chiral SO(5)LxSO(5)R (without 
mass terms). Mass term can break  

• No enhanced symmetry of the composite sector - 
usual divergent Higgs potential

4

Thus  + and  � are related by the Higgs parity op-
erator:  + = V �, and are not idependent fields.

Our original fermion Lagrangian in terms of  ± is:

Lf=  ̄+i /5 + + f(c�R ̄tRUV +L + c+R ̄tRU +L)

+ f(c�L ̄qLUV +R + c+L ̄qLU +R)

� (MQ +MS) ̄+L +R � (MQ �MS) ̄
0
+L

V +R (19)

where the Yukawas are c±R = ✏tQ±✏tS

2 , c±L = ✏qQ±✏qSp
2

.

Since the composite fermions  Q and  S fill out a full
SO(5) representation, the kinetic terms will have the en-
larged SO(5)L ⇥ SO(5)R chiral global flavor symmetry,
which can have various symmetry breaking patterns de-
pending on the structure of the Yukawa couplings and
composite mass terms. These symmetry breaking pat-
terns will determine the form of the radiatively induced
Higgs potential and its degree of divergence. Since our
goal is to find an implementation of the maximal symme-
try, we will set c�L = c�R = 0 in the general Lagrangian.
If c� and c+ were to appear simultaneously in the La-
grangian one would not be able to maintain an entire
SO(5) global symmetry as needed for maximal symme-
try. Of course one could as well have chosen c+L,R = 0
and arrive at similar results. In this case, the Lagrangian
is

Lf=  ̄+i /5 + + fc+R ̄tRU +L + fc+L ̄qLU +R

� (MQ +MS) ̄+L +R � (MQ �MS) ̄+LV +R(20)

Once we impose c�L,R = 0 the mixing terms will have
the full SO(5)L ⇥ SO(5)R chiral global symmetry, and
the breaking pattern depends on the relation of the mass
termsMQ,S , giving rise to the following possible breaking
patterns:

MQ �MS = 0 ) SO(5)L ⇥ SO(5)R/SO(5)V

MQ +MS = 0 ) SO(5)L ⇥ SO(5)R/SO(5)V 0

|MQ| 6= |MS | ) SO(5)L ⇥ SO(5)R/SO(4)V (21)

Let us now examine what these symmetries imply for the
structure of the Higgs potential.

• If MQ = MS the second (twisted) mass term
vanishes. The entire remaining Lagrangian is in-
variant under the SO(5)V global symmetry where
U +L,R ! WU +L,R, tR,QL ! W tR,QL . This
global symmetry contains the original shift sym-
metry, so the entire Higgs potential vanishes, thus
every term must be proportional to MQ �MS .

• If the untwisted mass vanishes MQ + MS = 0,
then there is still a remaining global symmetry,
the maximal symmetry SO(5)V 0 , but it does not
contain the entire Goldstone shift symmetry, thus
a potential will be generated. The transforma-
tion here is U +L ! LU +L, U +R ! RU +R.
Since the twisted mass term can be also written
as  ̄+LU†⌃0U +R, the condition for the unbroken
SO(5)V 0 symmetry is L†⌃0R = ⌃0.

In order to find the actual structure of the radiatively
induced Higgs potential we need to examine the collective
symmetry breaking properties of (20).

• The combination of the c+L and the two mass terms
will break the shift symmetry. However we can see
that we need all three of these terms to generate a
potential. If c+L = 0 we don’t have U appearing at
all. If MQ�MS = 0 we have the vectorlike SO(5)V
symmetry as above. If MQ + MS = 0 we have
the unbroken global symmetry U +R ! RU +R

and  +L ! V U †RU +L which contains the Higgs
shift symmetry. Thus the Higgs potential must be
proportional to c+L(MQ+MS)(MQ�MS), and to
be able to close the Feynman diagram c+L actaully
has to show up as |c+L|

2, resulting in a contribution
logarithmically sensitive to the cuto↵:

VL⇠ ⇠ |c+L|
2f2(MQ +MS)(MQ �MS) log⇤

2 (22)

A similar term is obtained using c+R:

VR⇠ ⇠ |c+R|
2f2(MQ +MS)(MQ �MS) log⇤

2 (23)

• The combination of c+L, c+R and the twisted mass
term will break the shift symmetry (but leave the
maximal symmetry intact), and a potenial will be
generated. Again we can see we need all three terms
to generate a potential. If the twisted mass term
is turned o↵ we again have the vectorlike SO(5)V
containing the shift symmetry. If for example c+L

is turned o↵, we again have the global symmetry
U +R ! RU +R and  +L ! V U †RU +L which
contains the Higgs shift symmetry. So we need all
three terms to show up, and in fact to be able to
actaully generate a potential all three have to show
up twice, giving rise to a finite contribution of the
form we need the Feynman diagram here

|c+L|
2
|c+R|

2f4(MQ �MS)
2/⇤2. (24)

So according to Eq. (16), we find the top mass is
proportional to mt ⇠ |MQ �MS |.

Inetgrating out the heavy top partner  + from the
Lagrangian in (19) we obtain the form factors ⇧q,t

0 , ⇧q,t

1

and M t

1 for the e↵ective Lagrangian of the elementary
quarks as in (5). The explicit expressions of the form
factors are given in App. ??. Recalling that the e↵ect
of the SO(5)L ⇥ SO(5)R global symmetry on the ele-
mentary fields is  tR ! R tR , QL ! L QL , it is clear
that ⇧q

0(⇧
t

0) is SO(5)L(SO(5)R) invariant, while ⇧
q

1 (⇧
t

1)
break the full SO(5)L ⇥ SO(5)R to SO(5)V corespond-
ing to L = R. However the top mass term M t

1 leaves the
maximal SO(5)V 0 invariant, since that symmetry corre-
sponds to the choice where L†⌃0R = ⌃0. Thus for the



Consequence of Maximal Symmetry   

•  Kinetic term of effective Lagrangian can not have 
non-trivial Higgs dependence  

• Will not generate                        type terms - these 
are exactly the ones responsible for double tuning 

• Form of Higgs potential will be 

• Both 𝝱, 𝝲 originate from same term  

• ``Trigonometric parity”                         unbroken     

3

defined by gco,LV g†
co,R

= V for gco,L 2 SO(5)co,L and
gco,R 2 SO(5)co,R. One can then trace back the ac-
tion of the composite symmetries in the Lagrangian (2)
by noting that the dressed elementary fields U † qL,tR

transform under the composite symmetries. For the chi-
rally enhanced composite global symmetries U † qL,tR !
gco,L,RU † qL,tR . The  ̄qL/p⌃

0 qL can be rewritten in

terms of the dressed fields as ( ̄qLU)V (U† qL) and is
not invariant under the SO(5)co0 symmetry. The struc-
ture of the M t

1 term however exactly coincides with the
symmetry breaking pattern of the chiral composite sym-
metries  ̄qL⌃

0 tR = ( ̄qLU)V (U† tR) which is invari-

ant for transformations obeying gco,LV g†
co,R

= V .
Let us now consider the second possibility, not dis-

cussed so far in the literature, which we will refer to as
the “minimal maximal symmetry”. In this case qL is
still embedded in the elementary sector, however tR is
now assumed to be transforming under the global sym-
metries of the composite sector. Note that this does not
necessarily imply that tR is a composite itself. Since tR
is an SU(2)L singlet, it can for example easily mix with
a singlet from the composite sector without being dressed
by the U field. Such a mixing would imply that tR will
be transforming under the composite global symmetries
rather than the elementary ones. For simplicity we will
again assume that qL and tR are embedded into funda-
mental representations of SO(5)el and SO(5)co respec-
tively, transforming as  qL ! gel qL and  tR ! gco tR

with gel 2 SO(5)el and gco 2 SO(5)co. Since the com-
posite sector must be H ⌘ SO(4) ⇢ SO(5)co invariant,
 tR should be a full H representation to keep H un-
broken. After integrating out the composite sector the
general form of the e↵ective Lagrangian invariant under
the SO(5)el global symmetry can be written as

Le↵ =  ̄qL/p(⇧
L

0 (p) +⇧
L

1 (p)⌃
0) qL +  ̄tR/p⇧

R

0 (p) tR

+  ̄qLM
t

1(p)U tR + h.c. (3)

di↵ering slightly from (2): the form factor ⇧R

1 is au-
tomatically vanishing, while the M t

1 mass term has a
U insertion connecting the elementary and composite
sectors, rather than the ⌃0. Following the discussion
in the first case, if any SO(5) subgroup of the chi-
rally enhanced composite global symmetries, defined as
U† qL ! gco,LU† qL and  tR ! gco,R tR , is unbroken,
the form factor ⇧L

1 will again be forbidden. However the
M t

1 term is automatically invariant under this symme-
try and will be allowed. Note that in some sense this
scenario is even more powerful than the traditional im-
plementation of maximal symmetry. Usually one needs
to choose an alignment for the composite mass terms to
point exactly in the SO(5)co0 direction, one which will
also leave the M t

1 term in the e↵ective action invariant.
For the minimal maximal symmetry however any SO(5)
subgroup of the chiral global symmetries is su�cient -
the modified M t

1 term will always be left invariant. How-
ever the embedding of the qL and tR into  qL and  tR

will now explicitly break both the elementary and the

FIG. 2: Moose diagrams for the two-site models. Left: ordi-
nary maximal symmetry; Right: minimal maximal symmetry.

composite global symmetries, and a Higgs potential will
be generated.

IV. SIMPLEST MODEL FOR FINITE EWSB:
2-SITE MODEL WITH MAXIMAL SYMMETRY

In this section we present the simplest concrete exam-
ples of models with maximal symmetry. These also rep-
resent the simplest realistic finite EWSB models. One
of the main takeaways from these models is that gauge
symmetry can be used to enforce the relations needed
for the appearance of maximal symmetry, and no special
tuning or coincidence of parameters is needed to achieve
the maximally symmetric limit. We present the two-site
models corresponding to both implementations of maxi-
mal symmetry explained in detail in our general discus-
sion above. Later we will show how to generalize them to
N sites as well as to full extra dimensional constructions.

A. The Minimal Model for a Maximally
Symmetric Composite Higgs

The two-site model can realize maximal symmetry in
an extremely simple way. The appearance of the maxi-
mal symmetry will be a consequence of the gauge symme-
tries of the model. For concreteness, we take a two-site
model realizing the coset SO(5)/SO(4) [16] as an ex-
ample. We will have a global SO(5) symmetry at both
sites, hence the full global symmetry of the moose is
SO(5)1 ⇥ SO(5)2. The link field U1 connecting these
two sites is in the bi-fundamental representation of the
global symmetry, breaking it to the diagonal subgroup
SO(5)V . We gauge the SU(2)L ⇥ U(1)Y subgroup of
SO(5)1 at the first site, which will correspond to the
usual EW symmetry, while at the second site the en-
tire SO(5)2 is fully gauged, as shown in the left panel
in Fig. 2.[29] This gauged SO(5)2 will be at the heart of
the appearance of the maximal symmetry. In order for
the moose to realize the SO(5)/SO(4) coset, the gauge
symmetry at the last site should be broken to SO(4). To
achieve this we will use a VEV in the symmetric represen-
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where P1 = diag(13⇥3,�1), P2 = diag(13⇥3,��3). Using
V P1V = P1 one can easily show that this leaves (20)
invariant, while the e↵ect of this transformation on the
Goldstone matrix U is the exchange sh , �ch, implying
that the Higgs potential must be invariant under this
exchange symmetry. This symmetry will then forbid the
✏2s2

h
term (similar to twin composite Higgs models [29–

31]) and eliminate the double tuning.[42]
The explicit expression of the Higgs potential in our

model with maximal symmetry up to O(c2+L
c2+R

/g4
f
) us-

ing (7) will be

Vh ' cLR

NcM2
f
(MS �MQ)2

16⇡2g4
f

 
c2+L

c2+R

g4
f

!
[�s2

h
+ s4

h
]

' cLR

NcM4
f

16⇡2

✓
yt
gf

◆2

[�s2
h
+ s4

h
] (29)

where yt = mt/v ' c+Lc+R/gf is the top Yukawa cou-
pling and cLR is an order one dimensionless constant.
Thus the leading fermion loops result in � = �, and an
almost constant vacuum alignment parameter ⇠ ' 0.5.
In order to reduce ⇠ to experimentally allowed values
⇠ ⌧ 1 one needs to include gauge contributions, and
impose a cancelation between the fermionic and gauge
contributions of the � terms �f ' ��g (while �g is at
order O(g4/g4

⇢
) which is always negligible compared to

�f ). The tuning required will then be

�(5+5) =
max(|�f |, |�g|)

|�f + �g|
'

1

2⇠
(30)

which is the minimal universal tuning necessary for a
small ⇠. As discussed in App. C, imposing that the vector
meson ⇢µ and the axial-vector meson aµ form a full ad-
joint representation of SO(5) automatically renders the
higgs potential finite, and the corresponding gauge con-
tributions to the potential are [22]

�g = �
9f2g2m2

⇢
ln 2

64⇡2
, �g =

9f4g4

1024⇡2

✓
5 + log

m2
W

32m2
⇢

◆
. (31)

For general composite Higgs models one usually needs
some additional tuning to get the Higgs mass down to
125 GeV. However the model with maximal symmetry
has the special property that the top mass is maximized:
mt ⇠ sin ✓L sin ✓R |MQ�MS |sh where ✓L and ✓R are the
degrees of LH and RH top compositeness. Since maxi-
mal symmetry implies MQ = �MS , the |MQ �MS | fac-
tor is maximized, hence the degree of compositeness can
be minimized while the top mass is held fixed at the
physical value. This also implies that the mass of the
lightest top partner min{MT ,MT1} = min{ MS

cos ✓L
, MQ

cos ✓R
}

is also automatically reduced, which in turn cuts o↵
the top contribution to the Higgs mass earlier, mH _
min{MT ,MT1}mt/f , and allows us to obtain a light 125
GeV Higgs in the maximally symmetric limit.

To explicitly verify our estimates we have numerically
evaluated the tuning in the model of (20). We have used

the measure [23] of tuning

�m = max(�i), �i =

����
2xi

sh

c2
h

f2m2
h

@2Vh

@xi@sh

���� (32)

where the xi’s are the parameters of the theory. The
maximal symmetry implies MS = �MQ and ✏tQ = ✏tS =
c+R, ✏qQ = ✏qS = c+Lp

2
, which we have imposed here. The

analytical expression for the maximal tuning (using the
above measure) at order O(y2

t
/g2

f
) is

�m ' 2�g/|�f + �g| '
1

⇠
� 2 . (33)

The numerical values of the tuning are shown in the
top panel of Fig. 1 as a scatter plot for the contribution
from the di↵erent fundamental parameters xi, which are
chosen to be c+R(black), c+L(blue), f(red), MS(green),
and m⇢(magenta), as a function of mh with ⇠ = 0.1 held
fixed. In the bottom panel the amount of tuning as a
function of the vacuum alignment parameter ⇠ are shown
mh = 125 GeV. We can clearly see that the largest tuning
is from m⇢ which is from the requirement �f ' ��g and
is slightly smaller than 8 for ⇠ = 0.1 because corrections
beyond those at O(c2+L

c2+R
/g4

f
) can also contribute to �f

making it slightly smaller than �f .

V. SIGNALS OF MAXIMAL SYMMETRY

The main consequence of maximal symmetry on the
general e↵ective Lagrangian in Eq. (5) is the vanishing of
the form factors ⇧q,t

1 = 0, which is what one would like
to check experimentally. The best way to do that is to
consider the properties of the top quark. In Eq. (5) one
can canonically normalize the top quark field, such that
the form factors now appear in the top mass term:

Le↵ =
M t

1Tr[⌃
0.P 1

lr
]t̄tp

Tr[(⇧q

0 +⇧q

1⌃
0)P 11

l
]Tr[(⇧t

0 +⇧t

1⌃
0)Pr]

(34)

Expanding this in terms in powers of the Higgs field will
give the various top-top-Higgs couplings, which (at least
tth and tthh) should be measurable at the LHC. The
presence of the ⇧q,t

1 form factors in (34) make the top
Yukawa to depend on more than a single trigonometric
function of h/f , which is absent for the case of maximal
symmetry. Thus precise measurements of the top-Higgs
couplings could be used to test maximal symmetry. For
example, in MCHM5, the top Yukawa couplings can be
parametrized as

LY ⇠ M t

1 sin
2h

f

✓
1 + (↵q⇧

q

1 + ↵t⇧
t

1) sin
2 h

2f

◆
t̄t. (35)

The prescription would be to first measure the top higgs
coupling in ordere to guess the form of Tr[⌃0.P 1

lr
] (which

also depends on the representation of the fermions). A
more precise measurement of those couplings at future
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Consequence of Maximal Symmetry   

• No double tuning! Wants to sit at         need to invoke 
cancellation of the order of minimal tuning with gauge 
sector to ensure realistic model   

• Resulting tuning   

• Double tuning removed, minimal tuning  

• But still quadratically dependent on top partner mass     
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Soft symmetry breaking   

• Makes SM fermions also complete SO(5) multiplets 

• Breaks the link between the Higgs mass and the top 
partner mass   

• Add explicit masses for additional elementary vector-
like fermions   

• Usual partial compositeness 

(Simone Blasi + Florian Goertz)

and ↵ through trigonometric parity. As we will see in the next section, the outcome

is then a fully softened Higgs potential.

To illustrate these points in detail, let us focus on the softended MCHM5 with

minimal fermion embeddings, dubbed sMCHM5, and investigate the compatibility of

maximal symmetry with this minimal proposal of Ref. [17], employing three new ele-

mentary fermions v, w and s. The SM quarks qL and tR are part of full (elementary)

5 representations of SO(5),  t
L and  t

R with

 t
L = �†

qL
qL +�†

wwL +�†
ssL,  t

R = �†
tRtR +�†

wwR +�†
vvR, (2.17)

where the new spurions are given by

�s = �tR , �v = �qL , �w =
1
p
2

✓
1 �i 0 0 0

0 0 1 i 0

◆
. (2.18)

As emphasized before this amounts to restoring complete SO(5) multiplets by rein-

troducing the missing components:

�†
qL
qL =

1
p
2

0

BBBBB@

bL
�ibL
tL
itL
0

1

CCCCCA
!  t

L =
1
p
2

0

BBBBB@

bL � w1

L

�ibL � iw1

L

tL + w2

L

itL � iw2

L

�i
p
2sL

1

CCCCCA
, (2.19)

and

�†
tRtR =

0

BBBBB@

0

0

0

0

�itR

1

CCCCCA
!  t

R =
1
p
2

0

BBBBB@

v2R � w1

R

�iv2R � iw1

R

v1R + w2

R

iv1R � iw2

R

�i
p
2tR

1

CCCCCA
. (2.20)

The most general set of masses and mixings between the SM quarks and the new

vector-like fermions is given by

�Lel =mw(w̄LwR + w̄RwL) +mv(v̄LvR + v̄RvL) +ms(s̄LsR + s̄RsL)

+ (�1s̄LtR + �2q̄LvR + h.c.),
(2.21)

whereas the partial compositeness Lagrangian reads

�Lmass =m4Q̄LQR +m1
¯̃TLT̃R

+ yLf  ̄
t
LI

⇣
aLUIiQ

i
R + bLUI5T̃R

⌘

+ yRf  ̄
t
RI

⇣
aRUIiQ

i
L + bRUI5T̃L

⌘
+ h.c. .

(2.22)

This Lagrangian generically describes the interactions of the elementary fields  t
L,R

with the lightest resonances Q and T̃ of the strong sector, transforming as Q ⇠ 4 and
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Soft symmetry breaking   

•  Now origin of explicit breaking no longer in the 
interactions between composites and elementary 
fields, but rather in the explicit elementary masses! 

• Two limits:  
1. Vector masses >> f - complete decoupling (usual 

CHM) 
2.Vector masses << f - No Higgs potential generated 

• In between - relation between Higgs and top partner 
masses broken  

• Where                and M composite mass scale 

T̃ ⇠ 1 under SO(4). The model described by (2.21) and (2.22) is the one discussed

in [17]. Due to the use of full SO(5) multiplets in (2.19) and (2.20), all the explicit

breaking of the SO(5) global symmetry is contained in (2.21) corresponding to the

masses of the new vector-like fermions in addition to possible mixing terms with the

SM quarks.

As emphasized before, the main advantage of this setup is that the direct link

between the top-Yukawa and the Higgs potential is removed, and it becomes possible

to raise the top partner masses at constant f , while keeping the Higgs fixed at 125

GeV. This e↵ect can already be captured by looking at the case in which the singlet

s is much lighter than the other vector-like fermions. The only new parameter with

respect to the MCHM5 is the singlet mass, ms, and one can obtain simple analytical

formulae for the lightest top-partner mass, mT . In [17], it was found that the latter

is given by

mT ' 2.2
mh

mt

1� ✏/4
p
✏

f, (2.23)

where we have takenm4 = �m1 = M for concreteness (although the overall behavior

does not depend on this choice), and

✏ ⌘ 1�
M

ms
(2.24)

controls the impact of the singlet state. If ms is much above the mass-scale of the

composites, ms � M , one has ✏ ⇡ 1, and in that limit all the results of the MCHM5

are recovered, in particular mT ' 1.1 TeV with f = 800 GeV. Conversely, if ms

is comparable to M , one has ✏ < 1 and (2.23) always yields heavier top partners.

For instance, the case of ms ' 2M (✏ = 0.5) already implies mT ' 1.8 TeV for the

same value of f . However, as mentioned above, the overall tuning of this model is

still rather large, because the setup still inherits the typical double tuning of the

MCHM5.

As a warm-up let us try to implement maximal symmetry in (2.22) in the most

naive way. This would simply correspond to setting m4 = �m1, aL = bL and

aR = bR. In this case, the resonances also always appear as full multiplets in the 5

of SO(5),  ⌘ (Q, T̃ ). As discussed in Sec. 2.1, under the SO(5)0 transformations

the chiral components of  transform with gL 2 SO(5)L and gR 2 SO(5)R as

U L ! gL (U L), U R ! gR (U R), (2.25)

where we have used the fermions dressed by the Goldstone matrix U in the definition

of SO(5)0 as in [18]. As before, the contributions to the Higgs potential must be

proportional to the terms that explicitly break the SO(5) symmetry. In the soft-

breaking setup, these are given in (2.21). For the moment, let us focus on the

contribution from terms involving the new fermion w, whose vector-like mass mw
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Successfully combining maximal symmetry 
and soft breaking    

• The soft sector has left and right fields separated 
(otherwise trigonometric parity badly broken)  

• All new fermions have their own partners to make 
them massive  

• Can group the non-interacting helicities

naturally above the LHC bounds. As we have seen, the only obstacle was the mass

of the vector-like fermion w which badly broke maximal symmetry and reintroduced

the double-tuning. We will now show that there is a simple way to avoid the double

tuning. All we need to do is to further split the vector-like fermion w into two:

rather than marrying up wL appearing in  L directly with wR appearing in  R, we

introduce separate partners for these two w’s. Hence our embedding will be

 t
L = �†

qL
qL +�†

w1
w1L +�†

ssL,  t
R = �†

tRtR +�†
w2
w2R +�†

vvR, (3.1)

where �w1 = �w2 = �w. For the mass terms of the elementary fields we will take a

simple modification of (2.21):

�Lel =mw1(w̄1Lw1R + w̄1Rw1L) +mw2(w̄2Lw2R + w̄2Rw2L)

+mv(v̄LvR + v̄RvL) +ms(s̄LsR + s̄RsL) .
(3.2)

Note that there are additional mixing terms that would be allowed by the SM gauge

symmetries. We will discuss these below in (3.6).

It is convenient to collect the chiralities that do not enter either of  t
L,R in two

multiplets,

⌘R ⌘ (w1R, sR), ⇠L ⌘ (w2L, vL). (3.3)

The full Lagrangian of our model in terms of these fields is then

�L =  ̄t
L M

†
R ⌘R +  ̄t

R M †
L ⇠L + yLf  ̄

t
LU R + yRf  ̄

t
RU L +M ̄LV R + h.c.,

(3.4)

where V is the usual Higgs parity V = diag (1, 1, 1, �3), and for maximal symmetry

we choose M = m4 = �m1, see below Eq. (2.22). The first two terms correspond

to a compact way of writing (3.2) via matrices accounting for the masses of the

elementary vector-like fermions:

M †
R =

1
p
2

0

BBBBB@

mw1 0 0

imw1 0 0

0 mw1 0

0 �imw1 0

0 0 ims

1

CCCCCA
, M †

L =
1
p
2

0

BBBBB@

mw2 0 0 mv

imw2 0 0 �imv

0 mw2 mv 0

0 �imw2 imv 0

0 0 0 0

1

CCCCCA
, (3.5)

where the columns correspond to the SO(5) indices while the rows to the SU(3)0 vs.

SU(4)0 global symmetries of the kinetic terms of the ⌘R and ⇠L multiplets.

As we mentioned before, there are three more mixing terms between the elemen-

tary fields that would be allowed, which are given by

�Lodd = �1s̄LtR + �2q̄LvR + �12w̄1w2 + h.c.

⌘  ̄t
L�(�1, �2) 

t
R + ⇠̄L�

0(�12)⌘R + h.c.,
(3.6)
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Successfully combining maximal symmetry 
and soft breaking    

• The resulting potential: 

• Trigonometric parity broken, but various terms allow 
for non-trivial minimum. Eg. 

• Get easily away from            except if 
when trigonometric parity is restored 

• For example            for     

where the last line defines the spurions �(�1, �2) and �0(�12). Based on the discussion

in the previous section, it is clear that a non-zero value for any of the �’s in (3.6)

would be incompatible with maximal symmetry and reintroduce the double-tuning;

we thus require �1 = �2 = �12 = 0. This can be easily achieved by introducing a

Z2 symmetry under which the parities of  t
L and ⌘R are opposite to the parities of

 t
R and ⇠L, for example  t

L, ⌘R : + and  t
R, ⇠L : �. When considering the whole

Lagrangian in (3.4), the Z2 is broken softly by the the composite mass M . In the

5D picture (see Sec. 5), this will have a very nice interpretation corresponding to a

Z2 symmetry that is only broken on the IR brane.

Let us now investigate the key properties of our main model defined in (3.4),

regarding double-tuning and trigonometric parity, by using spurion analysis. For

this we need to derive the transformation properties of the MR,L spurions in (3.5).

First, as long as the electroweak gauge interactions are neglected, when MR,L = 0 the

fields ⌘R and ⇠L are “free” and exhibit a large symmetry of their kinetic terms, i.e.

SU(3)0⇥SU(4)0 (notice that ⌘R is a triplet and ⇠L a fourplet). This large symmetry

extends the SU(2)0L ⇥ U(1)0Y discussed above Eq. (2.5), and similarly implies that

ML,R enter the potential only through the combinations

�R ⌘ M †
RMR, �L ⌘ M †

LML, (3.7)

which transform under SO(5)0 similarly to (2.12) (except with L$R):

�R ! gR �R g†R, �L ! gL �L g
†
L. (3.8)

We note that, unlike in Sec. 2.1, higher orders in the expansion parameter yL,R/g⇤
(with g⇤ the typical interaction strength of the composite states) do not correspond

to more insertions of the spurions �L,R, which only depend on the vector-like masses.

The leading order Higgs potential is rather determined by the least number of ⌃

insertions, since the Higgs only enters through the Goldstone matrix that always

appears together with yL,R in (3.4). Due to (3.8), the leading contribution requires

two ⌃’s to appear simultaneously and its structure is fixed as:

VLO(h) = cLR

1X

i,j=1

aij Tr(⌃
†�i

L⌃�j
R), (3.9)

where i, j are arbitrary powers for the �L,R matrices, for which (3.9) is still formally

invariant under SO(5)0, and the coe�cients aij can be determined from explicit

calculation. Next-to-leading terms in the potential correspond to more insertions of

⌃. On the other hand, since the elementary vector-like masses are not necessarily

small, all powers of �L,R can in principle contribute. In order to illustrate the e↵ects

of the terms in (3.9), we explicitly evaluate the first one corresponding to i = j = 1:

V (1,1)
LO

(h) /
�
m2

sm
2

v +m2

sm
2

w2
� 2m2

w1
m2

w2

�
sin2(h/f)

+ (m2

vm
2

w1
�m2

sm
2

v +m2

w1
m2

w2
�m2

sm
2

w2
) sin4(h/f),

(3.10)

– 12 –

where the last line defines the spurions �(�1, �2) and �0(�12). Based on the discussion

in the previous section, it is clear that a non-zero value for any of the �’s in (3.6)

would be incompatible with maximal symmetry and reintroduce the double-tuning;

we thus require �1 = �2 = �12 = 0. This can be easily achieved by introducing a

Z2 symmetry under which the parities of  t
L and ⌘R are opposite to the parities of

 t
R and ⇠L, for example  t

L, ⌘R : + and  t
R, ⇠L : �. When considering the whole

Lagrangian in (3.4), the Z2 is broken softly by the the composite mass M . In the

5D picture (see Sec. 5), this will have a very nice interpretation corresponding to a

Z2 symmetry that is only broken on the IR brane.

Let us now investigate the key properties of our main model defined in (3.4),

regarding double-tuning and trigonometric parity, by using spurion analysis. For

this we need to derive the transformation properties of the MR,L spurions in (3.5).

First, as long as the electroweak gauge interactions are neglected, when MR,L = 0 the

fields ⌘R and ⇠L are “free” and exhibit a large symmetry of their kinetic terms, i.e.

SU(3)0⇥SU(4)0 (notice that ⌘R is a triplet and ⇠L a fourplet). This large symmetry

extends the SU(2)0L ⇥ U(1)0Y discussed above Eq. (2.5), and similarly implies that

ML,R enter the potential only through the combinations

�R ⌘ M †
RMR, �L ⌘ M †

LML, (3.7)

which transform under SO(5)0 similarly to (2.12) (except with L$R):

�R ! gR �R g†R, �L ! gL �L g
†
L. (3.8)

We note that, unlike in Sec. 2.1, higher orders in the expansion parameter yL,R/g⇤
(with g⇤ the typical interaction strength of the composite states) do not correspond

to more insertions of the spurions �L,R, which only depend on the vector-like masses.

The leading order Higgs potential is rather determined by the least number of ⌃

insertions, since the Higgs only enters through the Goldstone matrix that always

appears together with yL,R in (3.4). Due to (3.8), the leading contribution requires

two ⌃’s to appear simultaneously and its structure is fixed as:

VLO(h) = cLR

1X

i,j=1

aij Tr(⌃
†�i

L⌃�j
R), (3.9)

where i, j are arbitrary powers for the �L,R matrices, for which (3.9) is still formally

invariant under SO(5)0, and the coe�cients aij can be determined from explicit

calculation. Next-to-leading terms in the potential correspond to more insertions of

⌃. On the other hand, since the elementary vector-like masses are not necessarily

small, all powers of �L,R can in principle contribute. In order to illustrate the e↵ects

of the terms in (3.9), we explicitly evaluate the first one corresponding to i = j = 1:

V (1,1)
LO

(h) /
�
m2

sm
2

v +m2

sm
2

w2
� 2m2

w1
m2

w2

�
sin2(h/f)

+ (m2

vm
2

w1
�m2

sm
2

v +m2

w1
m2

w2
�m2

sm
2

w2
) sin4(h/f),

(3.10)

– 12 –

which would give ⇠ = 0.1 for instance for ms = 2.4 TeV, mw1 = 3 TeV, mw2 = 4

TeV and mv = 5 TeV (although the actual value of ⇠ is expected to change when

also including the terms with i, j > 1).

We thus conclude that the soft MCHM5 with maximal symmetry specified in

(3.4) is free from double-tuning, because the structure in (3.9) is rich enough to

provide a non-trivial minimum for EWSB at the leading order. Moreover, we notice

that ⇠ is not constrained to be ⇠ = 0.5 as it was found for the leading-order potential

in (2.14). As we have seen, this prediction for the misalignment ⇠ is controlled by

trigonometric parity and we can ask what is its fate in the soft-breaking setup. While

a detailed analysis is presented in App. A, here we just give the result, which is that

trigonometric parity is always broken in the fermion sector of the soft-breaking setup

with the exception of some particular values for the vector-like fermion masses:

sh $ �ch is unbroken ) ⇠ = 0.5 , (m2

v �m2

w2
)m2

w1
= 0. (3.11)

We then conclude that, for generic values of the vector-like masses, the unwanted

prediction ⇠ = 0.5 can be avoided without reintroducing the double tuning, since at

generic points trigonometric parity is broken in a controlled way by the vector-like

masses.

In the next section, we will provide a quantitative analysis of the potential in

(3.9) and calculate the tuning in our model, which will turn out to be natural also

with top partner masses above 2 TeV.

4 Heavy top partners with minimal tuning

Next we present the quantitative results for our model and calculate the amount of

tuning needed in order to achieve correct EWSB and heavy top and gauge partners

above the LHC bounds. Using the standard parametrization of the potential (2.1),

we find at leading order in yL,R

↵ + � = �C

Z 1

0

p3 dp
M2m2

w1
(m2

v �m2

w2
)

(M2 + p2)2(m2
w1

+ p2)(m2
w2

+ p2)(m2
v + p2)

, (4.1)

and

� = C

Z 1

0

p3dp
M2(2m2

vm
2

w2
+ (m2

v +m2

w2
)p2)(m2

s(m
2

w1
+ 2p2)�m2

w1
p2)

p2(p2 +M2)2(p2 +m2
s)(p

2 +mv)2(p2 +m2
w1
)(p2 +m2

w2
)
, (4.2)

where C = 2Nc
8⇡2 y2Ly

2

Rf
4. In particular, since ⇠ = �↵/(2�), one can see that the point

corresponding to unbroken trigonometric parity ⇠ = 0.5 is realized if the integrand in

(4.1) vanishes, which happens when m2

w1
(m2

v �m2

w2
) = 0, in agreement with (3.11).

The result for ⇠ is shown in Fig. 1 as a function of mv, fixing the other parameters

such that the Higgs mass and the top mass are correctly reproduced at the point
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that ⇠ is not constrained to be ⇠ = 0.5 as it was found for the leading-order potential

in (2.14). As we have seen, this prediction for the misalignment ⇠ is controlled by

trigonometric parity and we can ask what is its fate in the soft-breaking setup. While

a detailed analysis is presented in App. A, here we just give the result, which is that

trigonometric parity is always broken in the fermion sector of the soft-breaking setup

with the exception of some particular values for the vector-like fermion masses:

sh $ �ch is unbroken ) ⇠ = 0.5 , (m2

v �m2

w2
)m2

w1
= 0. (3.11)

We then conclude that, for generic values of the vector-like masses, the unwanted

prediction ⇠ = 0.5 can be avoided without reintroducing the double tuning, since at

generic points trigonometric parity is broken in a controlled way by the vector-like

masses.

In the next section, we will provide a quantitative analysis of the potential in

(3.9) and calculate the tuning in our model, which will turn out to be natural also

with top partner masses above 2 TeV.

4 Heavy top partners with minimal tuning

Next we present the quantitative results for our model and calculate the amount of

tuning needed in order to achieve correct EWSB and heavy top and gauge partners

above the LHC bounds. Using the standard parametrization of the potential (2.1),

we find at leading order in yL,R

↵ + � = �C

Z 1

0

p3 dp
M2m2

w1
(m2

v �m2

w2
)

(M2 + p2)2(m2
w1

+ p2)(m2
w2

+ p2)(m2
v + p2)

, (4.1)

and

� = C

Z 1

0

p3dp
M2(2m2

vm
2

w2
+ (m2

v +m2

w2
)p2)(m2

s(m
2

w1
+ 2p2)�m2

w1
p2)

p2(p2 +M2)2(p2 +m2
s)(p

2 +mv)2(p2 +m2
w1
)(p2 +m2

w2
)
, (4.2)

where C = 2Nc
8⇡2 y2Ly

2

Rf
4. In particular, since ⇠ = �↵/(2�), one can see that the point

corresponding to unbroken trigonometric parity ⇠ = 0.5 is realized if the integrand in

(4.1) vanishes, which happens when m2

w1
(m2

v �m2

w2
) = 0, in agreement with (3.11).

The result for ⇠ is shown in Fig. 1 as a function of mv, fixing the other parameters

such that the Higgs mass and the top mass are correctly reproduced at the point
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Successfully combining maximal symmetry 
and soft breaking    

• An illustration       
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Figure 1. The value of ⇠ ⌘ sin2(hhi/f) = �↵/2� as a function of mv for M = 2.6 TeV,

mw1 = mw2 = 8 TeV, ms = 2.4TeV.

⇠ = 0.1. As we can see, the curve hits ⇠ = 0.5 at mv = mw2 and ⇠ is slowly varying

with mv, such that getting down to ⇠ = 0.1 does not require significant tuning.

In addition to the terms from the top sector (4.1) and (4.2), the potential also

contains a contribution from the gauge sector. It mainly a↵ects ↵, and we will take

this into account by adding the following term [30]:

↵g =
9

64⇡2
g2f 2m2

⇢, (4.3)

where m⇢ is the mass of the spin-1 vector resonance ⇢.

In order to quantitatively estimate the tuning of the theory �, we adopt the

Barbieri-Giudice measure [31]

� = max{|�i|}, �i =
2xic2h

shm2

hf
2

@2V

@xi@sh
, (4.4)

where sh ⌘ sin(h/f) and similarly for ch, and the independent variables xi are

xi = {yL, yR, f,m⇢,M,ms,mv,mw1 ,mw2}. (4.5)

Before computing the tuning in our model, let us briefly review the tuning in

various other incarnations of composite Higgs models. In the standard MCHM5, the

tuning has been estimated in Ref. [16] as

�5 '
1

⇠
⇥ 20⇥

⇣g⇤
5

⌘2

'
f 2

v2
⇥ 10, (4.6)

where the Higgs mass is fixed at mh = 125GeV and we have taken g⇤ ' 3.6 for

concreteness. The resulting extra factor of 10 on top of the irreducible tuning f 2/v2

corresponds to the double-tuning extensively discussed above.
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Successfully combining maximal symmetry 
and soft breaking    

• The tuning  

• To leading order: minimal tuning 
independent of the top partner mass 
(Can raise top partner mass - to a point - without 
raising f)        
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Figure 2. Comparison of the tuning � in several models as a function of the mass of the

lightest top partner mT . Solid lines correspond to the analytical estimates and dots to an

actual calculation according to Eq. (4.4). The mass of the vector-resonance ⇢ is assumed

to obey the bound m⇢ > 2 TeV. The dashed gray line corresponds to ��1 = 10%.

Of course, the relation above cannot hold for arbitrarily heavy top partners and will

start getting non-negligible corrections above some critical value ofmT due to the fact

that one cannot keep raising mT while holding f and mh fixed, unless the vector-like

masses are pushed to more tuned regions in the parameter space. Nevertheless large

improvement is possible allowing to approximately double the top-partner masses at

minimal tuning.

The tuning of the various models discussed above as a function of mT is pre-

sented in Fig. 2 assuming m⇢ > 2TeV. Solid lines correspond to the simple analytic

estimates while the dots to actual calculations using the full one-loop expression as

well as the measure in (4.4). As we can observe, for the soft maximal symmetry

case (green color) the tuning is actually flat and well approximated by (4.11) for

mT . 2TeV, which is the maximal top partner mass that can be reached without

increasing the tuning. For mT & 2TeV, extra cancellations are required in order to

correctly misalign the vacuum while keeping the Higgs light and some dependence

on mT is found. Nevertheless, the model still remains rather natural: we find for

instance � ' 15 for mT ' 2.4TeV. On the other hand, by taking a more stringent

cut on m⇢, e.g. m⇢ > 3TeV, the flat region for the tuning would shift from � ' 8

to � ' 15. One can clearly see how the sMCHM5 with maximal symmetry allows

for a minimal tuning, at the level of ��1 & 10%, while avoiding light top partners

below 2TeV— thus escaping the current direct collider bounds 7.

7We have checked that the tuning needed for obtaining a light Higgs mass,
max {|@ logm2

h/@ logxi|} with xi in Eq. (4.5), is always subleading with respect to � in
Eq. (4.4). This tuning is the same as in the maximally symmetric MCHM5 as long as mT . 2TeV,
consistent with the discussion above.
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For the maximally-symmetric version of the model, the double-tuning is removed

and the tuning is reduced to [18]

�max sym

5 '
1

⇠
� 2 '

f 2

v2
� 2. (4.7)

In both models, the top partner and Higgs masses are related [9] via

mh ' 130
mT

1.4f
GeV, (4.8)

where mT is the mass scale of the lightest top partner, which gives f ' 0.75mT for

mh = 125GeV. Thus, the tuning in (4.6) can be expressed as a function of mT as

�5 ' 90
⇣ mT

1TeV

⌘2

, (4.9)

whereas for maximal symmetry, Eq. (4.7) leads to the expression

�max sym

5 ' 9
⇣ mT

1TeV

⌘2

. (4.10)

In the original incarnation of soft breaking, the sMCHM5 [17], the tuning as a

function of the lightest partner, mT , is expected to roughly follow the estimate for

the MCHM5, Eq. (4.9). This can be understood by first noticing that the sMCHM5

still su↵ers from double tuning. Furthermore, although heavier top partners with soft

breaking are compatible with smaller f ' 800GeV, reducing � with the help of the

vector-like masses as in Eq. (2.23) to keep the Higgs light requires extra cancellations

in ↵ in order to reproduce the correct misalignment, ⇠ = �↵/(2�) ' 0.1. The conser-

vative estimate of unchanged ↵ in the soft breaking setup, together with Eq. (2.23),

eventually leads to a similar dependence on mT and no significant reduction in the

overall tuning.

This picture changes when combining soft breaking and maximal symmetry.6 In

order to estimate the tuning in our new model, Eq. (3.4), we start again by con-

sidering the basic expression for the tuning in the maximally symmetric MCHM5,

Eq. (4.7). The crucial di↵erence, however, is that raising the top partner mass will

not require a larger f any more, thus avoiding the quadratic growth with mT in

Eq. (4.10). Moreover, ↵ and � are now connected through trigonometric parity and

the softening due to the vector-like masses simultaneously applies to the whole po-

tential. Therefore, as a first approximation, we expect the tuning to be actually

given by (4.7) with f = 800 GeV, independently of the top partner masses:

� '
1

⇠
� 2 ' 8. (4.11)

6We thank Kaustubh Agashe for clarifying discussions on this topic.
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Implementation in 5D extremely simple!    

• Simply use UNIVERSAL BC’s for all fermions - IR 
will ensure maximal symmetry, UV will ensure 
elementary partners  

  Lyon 2020                           F. Goertz
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sector

SO(5) preserving universal BCs, 
breaking by finite UV-brane masses

SO(5) broken hardly by Dirichlet 
UV-boundary conditions
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Implementation in 5D extremely simple!    

• To remove extra DOF’s add elementary partners as 
UV brane localized fields 

• If field IR localized, UV mass naturally very small! 
Happens automatically for 3rd generation (which is 
exactly what we need) 

UNIVERSAL BOUNDARY CONDITIONS
All the features that we have employed have 
a simple interpretation in the holographic 5D 
setup

SO(5)
SO(5)/SO(4)

BOUND STATESVECTOR-LIKE MASSES

SU(2) x U(1)

2. Maximal symmetry is implemented by 
requiring the IR-localized action to respect 
SO(5)' 

3. Similarly, the discrete symmetry is imposed on 
the UV brane and only broken in the IR 

4. The mass of the 4D vector-like fermions can 
be TeV-scale due to wave-function 
suppression; automatically at work for third 
generation quarks

IR-localized terms are 
SO(5)' invariant

WARPED 5D IMPLEMENTATION
are the bulk profiles. One also needs to expand the brane-localized field, sR 2 ⌘R, in

the same basis, in order to account for the mixing in (5.2) with the 5D field:

s̄R(x) =
X

n

en ̄n(x). (5.4)

The presence of the UV action (5.2) modifies the BCs for the bulk fields as

fn(R) = 0 ! fn(R)�
µ2

s

mnR
gn(R) = 0, (5.5)

whereas fn(R0) = 0 is una↵ected (we are for now neglecting all e↵ects from the IR

brane). One can derive an approximate formula for the mass of the lightest resonance,

m1, in the limit m1R0 . 1 (see e.g. [36])

m2

1
⇠

(
(2cl � 1)µ2

sR
�2 cl > 1/2 ) UV

(1�4c2l )µ
2
s

|1+2cl�µ2
s|
R0�2

�
R
R0

��1�2cl cl < 1/2 ) IR
, (5.6)

where cl is the (5D) bulk mass of  l in units of 1/R. In case of UV localized zero

modes (corresponding to cl > 1/2), the mass of this state is indeed given by the

mass term on the UV brane. Unless µs is tuned to be tiny, µs ⇠ 10�16, the UV-

localized spinor sR decouples from the low energy theory and this model would be

indistinguishable from the conventional holographic Higgs.

However a TeV scale state with a sizeable overlap with the elementary spinor sR
can naturally emerge in case of deep IR localization, namely 2cl+1 ⇡ 0, correspond-

ing to a (partially-) elementary lightest KK mode, allowing to lift the full spectrum.

Notice that, since the occurrence of such a partially-elementary state is linked to the

presence of IR-localized zero modes, it is relevant only for third generation fermions,

which are exactly those that usually come with light partners. Hence the issue of

light partners is getting naturally resolved in this setup, no additional tweaking of

the model is needed.

The comparison between the approximate formula (5.6) shown in orange and

the true numerical result shown in blue is displayed in Fig. 3 for cl = �0.3 (left)

and cl = �0.4 (right), where R0 = 1/3TeV�1. We see a good agreement up to

m1R0
⇠ 1, as expected. The green lines in Fig. 3 show the elementary content of

the lightest state with mass m1, corresponding to the numerical value of e2
1
in (5.4)

after canonically normalizing  1(x). As expected it is almost completely elementary

in the µs ! 0 limit and becomes mostly composite for large values of µs which

approach the limit of the [�,+] BC. We notice that the closer cl is to �0.5, the more

natural the value of µs can be: for cl = �0.4 a largely elementary state with ⇠ 1TeV

mass is realized for µs ⇠ 0.01, whereas cl = �0.3 requires µs ⇠ 0.001, but allows

for m1 & 2TeV. In general, we see that for larger values of µs, the elementary state

“migrates” towards higher KK excitations and decouples. Slightly smaller values of
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Figure 3. The mass of the lightest state, m1, as a function of µs for cl = �0.3 (left) and

cl = �0.4 (right). The blue line is the true numerical value, that is compared with the

approximate formula (5.6) in orange. As expected, the two lines depart at m1R
0
⇡ 1. The

green line represents the overlap of this state with the UV-localized spinor sR. When such

overlap becomes negligible, the [�,+] BC is e↵ectively recovered and there is no elementary

state in the spectrum at low energy.

µs show instead a sizeable elementary component for the lightest excitation, thus

realizing the 4D low-energy theory discussed in the previous section.

Notice that due to the almost complete IR localization, the mass of this state is

very similar to the mass of a light custodian from a [�,+] BC to which it asymp-

totes, m1 . mcust [8]. Of course, even though the mass is similar, this state is

substantially di↵erent from a light custodian due to its degree of ’elementariness’

and its correspondingly di↵erent impact on the Higgs potential. If one wants to keep

µs 2 (0.001, 0.01) and therefore cl 2 (�0.4,�0.3), we need to raise R0 to compensate

the suppression typical of a light custodian, if we want to realize m1 & 2TeV. This

is the reason behind the choice of R0 = 1/3TeV�1 in Fig. 3. With f = 800GeV, such

value of R0 implies g⇤ ⇠ 7.5 and thus NCFT ⇠ 3.8 Moreover, we have checked that

the top mass can be successfully reproduced in the presence of partially elementary

KK states, confirming the findings in Ref. [17] for the 4D model.

From the 5D perspective, the raising of the top partner masses is achieved by

the softened global symmetry breaking allowing for less extreme IR localization of

the top for a fixed R0 and top and Higgs masses (or if one fixes the localization then

R0 can be raised). This opens the possibility to go beyond the small mcust of the

minimal MCHM5. Finally, let us mention that these results hold in the very minimal

setup, where no localized brane kinetic terms for bulk fields are included and the

e↵ects of the IR-brane localized terms are neglected. These additional ingredients

are expected to make the model more flexible and able to reproduce all details of the

4D scenario beyond the general agreement shown here. Such a study, including the

8Of course, allowing for (technically natural) smaller cs makes possible to keep R
0 = 1TeV�1.
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Conclusions   

•  Composite Higgs models solve hierarchy but under 
stress from LHC 

• Top partner bound now above TeV, tuning ~ 1% 

• Maximal symmetry eliminates double tuning 

• Soft breaking removes quadratic dependence on top 
mass - easy to combine with maximal symmetry 

• Extra dimensional version very natural  

• Resulting tuning ~ 10% - back to pre-LHC era. Heavy 
top partners ideal target for FCC. 


