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

3.3.2 Higgs potential estimated

A qualitative but sharp assumption was made in Section3.1 on the nature
of the Composite Sector, which we characterized as a 1S1C (One Scale One
Coupling) model. By this assumption a powerful powerÐcounting formula
was derived (3.1.18) to estimate the expected size of operators in the lowÐ
energy e! ective Þeld theory describing the pNGB Higgs plus the other SM
particles. We got the same result for largeÐN QCDÐlike stronglyÐcoupled
theories, showing that they might e! ectively behave as 1S1C models. These
results were exclusively for e! ective operators generated by the Composite
Sector dynamics alone,i.e. by the sole exchange of Composite Sector virtual
states with no Elementary Þelds propagating in the internal lines. Extending
the analysis to the Higgs potential operators, which do not belong to the
latter category, is the purpose of the present Section. We do this with a
twofold aim. First, we want to estimate the overall magnitude of the potential
that controls such an important observable like the Higgs mass. Second, we
want to check if and to what extent the intuitive idea that we can expand
in the Elementary couplings, and thus in the number of Spurion insertions,
is actually valid or not. If it was not, the predictive power of the Spurion
method would get completely washed out since we would be forced to consider
an inÞnite series of operators with arbitrary powers of sin2 H/f , leading to a
potential of completely generic form.

Deriving the powerÐcounting estimate for the potential starts from out-
lining its origin in terms of Feynman diagrams. The potential is, almost
by deÞnition, the sum of 1PI (one particle irreducible) diagrams with zeroÐ
momentum external Higgs lines. Since the Higgs is part of the Composite
Sector, it does not couple directly to the Elementary Sector Þelds. Therefore
no diagram should be considered with only Elementary internal lines. Fur-
thermore the Higgs is a NGB and thus it gets no potential from the purely
Composite Sector diagrams that respect the Goldstone symmetry. Mixed
diagrams need to be considered, were at least one Elementary internal line
is present. In order to make them 1PI the Elementary line must close into a
loop, therefore the potential gets generated only at the radiative level. The
structure of the leading diagrams is reported in Figure3.1, where the dashed
lines ending on crosses denote Higgs Þeld insertions, the thin lines are El-
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ementary Sector gauge or fermionic fields and gE collectively denotes the
Elementary/Composite couplings. Depending on which Elementary Sector
state is exchanged, gE = {g, g0, �L

t , �R
t }. The double lines represent portions

of the graph made of purely Composite Sector propagators and vertices. We
denoted them as lines because in weakly–coupled models (such as the ones
we will deal with in Chapter 5) they are indeed single particle propagators,
making the ones in Figure 3.1 one–loop diagrams. However in a generic
strongly–interacting Composite Sector we should think to them as two–point
correlators
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of the Composite Sector operators the corresponding Elementary line is cou-
pled to. Namely, O is the global current J of the fermionic operators OL,R.

The contributions to the potential from the diagrams in Figure 3.1, for
each number of gE insertions, is immediately worked out in the 1S1C hy-
pothesis. The potential is one term in the Lagrangian density, thus it has the
dimension (see Eq. (3.1.3)) of C�2 · L�4, where C is the coupling dimension
we defined as C = [! ]�1/2. The correct coupling dimensionality is already
saturated by the one–loop factor ! / 16⇡2 and thus the dimension carried by
Elementary gE coupling insertions must be canceled by other dimensionful
objects. In the 1S1C hypothesis the only such an object that is present in
the Composite Sector is g⇤ and similarly m⇤ is the only one that carries L
dimension. Thus the potential, setting ! = 1, is

V =
Ncm4

⇤
16⇡2

! "
gE

g⇤

# 2

V(2)[H/f ] +

"
gE

g⇤

# 4

V(4)[H/f ] + . . .

$

, (3.3.33)

where we took into account that the Higgs, being a Goldstone, must appear
as H/f as apparent from the Spurion analysis in the previous Section. An
overall factor of Nc that counts QCD color multiplicity and equals 1 for the
gauge and 3 for the fermionic diagrams has been included in the estimate.

This was for perturbative 1S1C, but the same result holds for strongly–
coupled large–N theories. Indeed we saw in Section 3.1 that the !OO" two–
point correlators, under the assumption of mesonic O, scale with N like

!OO" #
N

16⇡2
$

1

g2
⇤

. (3.3.34)
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pled to. Namely, O is the global current J of the fermionic operators OL,R.

The contributions to the potential from the diagrams in Figure 3.1, for
each number of gE insertions, is immediately worked out in the 1S1C hy-
pothesis. The potential is one term in the Lagrangian density, thus it has the
dimension (see Eq. (3.1.3)) of C�2 · L�4, where C is the coupling dimension
we defined as C = [! ]�1/2. The correct coupling dimensionality is already
saturated by the one–loop factor ! / 16⇡2 and thus the dimension carried by
Elementary gE coupling insertions must be canceled by other dimensionful
objects. In the 1S1C hypothesis the only such an object that is present in
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dimension. Thus the potential, setting ! = 1, is
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where we took into account that the Higgs, being a Goldstone, must appear
as H/f as apparent from the Spurion analysis in the previous Section. An
overall factor of Nc that counts QCD color multiplicity and equals 1 for the
gauge and 3 for the fermionic diagrams has been included in the estimate.

This was for perturbative 1S1C, but the same result holds for strongly–
coupled large–N theories. Indeed we saw in Section 3.1 that the !OO" two–
point correlators, under the assumption of mesonic O, scale with N like

!OO" #
N

16⇡2
$

1

g2
⇤

. (3.3.34)

Res. scale = Tuning scale! m2
H !

Ncg2
E

8" 2

m4
!

g2
! f 2 =

Ncg2
E

8" 2 m2
! =

g2
E

y2
t

! m!

500 GeV

" 2
m2

H



! m2
H !

Ncg2
E

8" 2

m4
!

g2
! f 2 =

Ncg2
E

8" 2 m2
! =

g2
E

y2
t

! m!

500 GeV

" 2
m2

H

Composite Higgs
98 CHAPTER 3. BEYOND THE SIGMAÐMODEL

+ + + . . .

i

i

i

iM 1 M 2

M 3M n

j

jj

j

i

i j

j

k

k k

k

M 2

M 3

M 1

M n

i

i

i i

i

i M 2

M 3

M 1

M n i i

gE

gE

gE

gE

gE

gE

gE gE+ + . . .

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

3.3.2 Higgs potential estimated
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that controls such an important observable like the Higgs mass. Second, we
want to check if and to what extent the intuitive idea that we can expand
in the Elementary couplings, and thus in the number of Spurion insertions,
is actually valid or not. If it was not, the predictive power of the Spurion
method would get completely washed out since we would be forced to consider
an inÞnite series of operators with arbitrary powers of sin2 H/f , leading to a
potential of completely generic form.

Deriving the powerÐcounting estimate for the potential starts from out-
lining its origin in terms of Feynman diagrams. The potential is, almost
by deÞnition, the sum of 1PI (one particle irreducible) diagrams with zeroÐ
momentum external Higgs lines. Since the Higgs is part of the Composite
Sector, it does not couple directly to the Elementary Sector Þelds. Therefore
no diagram should be considered with only Elementary internal lines. Fur-
thermore the Higgs is a NGB and thus it gets no potential from the purely
Composite Sector diagrams that respect the Goldstone symmetry. Mixed
diagrams need to be considered, were at least one Elementary internal line
is present. In order to make them 1PI the Elementary line must close into a
loop, therefore the potential gets generated only at the radiative level. The
structure of the leading diagrams is reported in Figure3.1, where the dashed
lines ending on crosses denote Higgs Þeld insertions, the thin lines are El-

Potential from Elementary loops (Top dominates)

3.3. THE COMPOSITE HIGGS POTENTIAL 99
+ + + . . .

i

i

i

iM 1 M 2

M 3M n

j

jj

j

i

i j

j

k

k k

k

M 2

M 3

M 1

M n

i

i

i i

i

i M 2

M 3

M 1

M n i i

gE

gE

gE

gE

gE

gEgE

gE

+ + . . .
gE

gE

Figure 3.2: Subleading contributions to the potential.

ementary Sector gauge or fermionic fields and gE collectively denotes the
Elementary/Composite couplings. Depending on which Elementary Sector
state is exchanged, gE = {g, g0, �L

t , �R
t }. The double lines represent portions

of the graph made of purely Composite Sector propagators and vertices. We
denoted them as lines because in weakly–coupled models (such as the ones
we will deal with in Chapter 5) they are indeed single particle propagators,
making the ones in Figure 3.1 one–loop diagrams. However in a generic
strongly–interacting Composite Sector we should think to them as two–point
correlators

+ + + . . .

i

i

i

iM 1 M 2

M 3M n

j

jj

j

i

i j

j

k

k k

k

M 2

M 3

M 1

M n

i

i

i i

i

i M 2

M 3

M 1

M n i i

⇠ hOOi
of the Composite Sector operators the corresponding Elementary line is cou-
pled to. Namely, O is the global current J of the fermionic operators OL,R.

The contributions to the potential from the diagrams in Figure 3.1, for
each number of gE insertions, is immediately worked out in the 1S1C hy-
pothesis. The potential is one term in the Lagrangian density, thus it has the
dimension (see Eq. (3.1.3)) of C�2 · L�4, where C is the coupling dimension
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dimension. Thus the potential, setting ! = 1, is

V =
Ncm4

⇤
16⇡2

! "
gE

g⇤

# 2

V(2)[H/f ] +

"
gE

g⇤

# 4

V(4)[H/f ] + . . .

$

, (3.3.33)

where we took into account that the Higgs, being a Goldstone, must appear
as H/f as apparent from the Spurion analysis in the previous Section. An
overall factor of Nc that counts QCD color multiplicity and equals 1 for the
gauge and 3 for the fermionic diagrams has been included in the estimate.

This was for perturbative 1S1C, but the same result holds for strongly–
coupled large–N theories. Indeed we saw in Section 3.1 that the !OO" two–
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ementary Sector gauge or fermionic fields and gE collectively denotes the
Elementary/Composite couplings. Depending on which Elementary Sector
state is exchanged, gE = {g, g0, �L

t , �R
t }. The double lines represent portions

of the graph made of purely Composite Sector propagators and vertices. We
denoted them as lines because in weakly–coupled models (such as the ones
we will deal with in Chapter 5) they are indeed single particle propagators,
making the ones in Figure 3.1 one–loop diagrams. However in a generic
strongly–interacting Composite Sector we should think to them as two–point
correlators
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of the Composite Sector operators the corresponding Elementary line is cou-
pled to. Namely, O is the global current J of the fermionic operators OL,R.

The contributions to the potential from the diagrams in Figure 3.1, for
each number of gE insertions, is immediately worked out in the 1S1C hy-
pothesis. The potential is one term in the Lagrangian density, thus it has the
dimension (see Eq. (3.1.3)) of C�2 · L�4, where C is the coupling dimension
we defined as C = [! ]�1/2. The correct coupling dimensionality is already
saturated by the one–loop factor ! / 16⇡2 and thus the dimension carried by
Elementary gE coupling insertions must be canceled by other dimensionful
objects. In the 1S1C hypothesis the only such an object that is present in
the Composite Sector is g⇤ and similarly m⇤ is the only one that carries L
dimension. Thus the potential, setting ! = 1, is

V =
Ncm4

⇤
16⇡2

! "
gE

g⇤

# 2

V(2)[H/f ] +

"
gE

g⇤

# 4

V(4)[H/f ] + . . .

$

, (3.3.33)

where we took into account that the Higgs, being a Goldstone, must appear
as H/f as apparent from the Spurion analysis in the previous Section. An
overall factor of Nc that counts QCD color multiplicity and equals 1 for the
gauge and 3 for the fermionic diagrams has been included in the estimate.

This was for perturbative 1S1C, but the same result holds for strongly–
coupled large–N theories. Indeed we saw in Section 3.1 that the !OO" two–
point correlators, under the assumption of mesonic O, scale with N like

!OO" #
N

16⇡2
$

1

g2
⇤

. (3.3.34)

Res. scale = Tuning scale

Twin Higgs Cancellation

! m2
H !

Ncg4
E

8" 2

m4
!

g4
! f 2 =

Ncg4
E

8" 2 f 2 Tuning scale disentangled from res.
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Proving the cancellation: Spurion classiÞcationinvariants is equal to the number of singlets of the unbroken groupH that can be obtained
out of the various spurion components, minus the number of singlets of the full groupG.
In the present case the spurions are in the Adjoint ofG = SO(8), which decomposes as
28 = 21 ! 7 under H = SO(7). Since oneSO(7) singlet is present in the product of two
21Õs and one in the product of two7Õs, but one fullSO(8) singlet arises from two28Õs, only
one invariant exists, given by

I =
!

! ,öa

"
Tr[Töa

7 UtG! U]
#2

. (2.15)

Depending on which of the physical spurions is inserted, we obtain a di! erent dependence
on the Higgs Þeld

I =
3
4

g2
2 sin2 H

f
, $I =

3
4

$g2
2 cos2

H
f

. (2.16)

The two spurions are treated by the CS in exactly the same way, therefore the two terms
above must appear in the potential with the same coe" cient. That explains the form of
Eq. (2.11) and originates the cancellation atg2 = $g2.

The above argument is based on the symmetries and the selection rules of the underlying
UV theory and is thus completely conclusive. That is instead not the case of the original Twin
Higgs reasoning, which only establishes the cancellation of quadratic divergences. The reason
why this could not be enough is that the quadratic divergence corresponds, from the UV
viewpoint, only to some of the contributions to the potential, namely the ones coming from
the highÐscale propagation of the light degrees of freedom. The e! ects of heavy resonances
are equally sizable and they cannot be controlled by a purely lowÐenergy ÒcalculationÓ of the
quadratic divergence. One might thus expect that in some situations the quadratic divergence
might cancel in the lowÐenergy theory, but still equally large Þnite contributions arise in the
complete models making the Twin Higgs cancellation ine! ective. One example of that is
provided by the nonÐcustodial Twin Higgs model, based on theSU(4)/SU (3) coset where
the W and their Twins gauge theSU(2) " %SU(2) subgroup. As we explicitly veriÞed the
cancellation does not occur in a 2Ðsite implementation of this scenario, meaning that order
g2f 2m2

" / 16⇡2 term are present also in the TwinÐsymmetric limit and should be taken into
account in the study of the potential. A straightforward spurion analysis o! ers a simple
criterion to understand under what condition the quadratic divergence argument will either
fail, as in the SU(4)/SU (3) case, or be uplifted to a proper selection rule, as in the case of
SO(8)/SO (7). The point is that the quadratic divergence contribution to the potential itself
does respect the symmetries and the selection rules of the theory, and therefore it must have
a functional form which is allowed by the spurion analysis. InSO(8)/SO (7) there is only
one invariant, and thus theg2 and $g2 terms in the quadratic divergence must have the same
functional dependence on the Higgs VEV as the corresponding terms in the full potential.
If from the lowÐenergy calculation we Þnd that they have the appropriate form to cancel,
for instance a sin2 plus cos2 structure, the same must occur for the complete potential.
The SU(4)/SU (3) Twin Higgs fails because two independent invariants exist. The naive
quadratic divergence is proportional to one invariant, for which the cancellation occurs, but
also the other invariant arises in general in the complete potential.

The reader might wonder at this point what is the role of the Twin Parity symmetry in
our discussion. It actually played no role up to now, but it becomes essential when trying
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Enforcing the cancellation: Twin Parity

to really realize the cancellation via the conditiong2 = !g2. This can be enforced by Twin
Parity, which is deÞned as the operation

Wµ ! "Wµ , (2.17)

which ßips theWÕs with their Twin partners, supplemented by a transformation on the CS
which interchanges theSO(4)L and "SO(4)L . The latter is an element ofSO(8),

PTwin =
#

0 4

4 0

$
, (2.18)

and thus it is automatically a symmetry of our construction.
An exact Twin symmetry requiresg2 = !g2, but it would also require the existence of

a Twin partner of the Hypercharge gauge boson, which however we have not introduced.
Twin Parity is thus broken by the Hypercharge and thus in the Higgs potential we Þnd an
unsuppressedg2

1 contribution of the form

Vg2
1

=
3g2

! f 4

512! 2
g2

1 sin2 H
f

%
1 + log

4µ2

g2
! f 2

&
. (2.19)

2.2 The fermionic sector

To understand the symmetry breaking potential it is crucial to describe properly the source
of the top mass. It originates, as in the canonical Composite Higgs, from a linear interac-
tion among the elementary top Þelds and some Composite Sector fermionic operators. This
realizes the soÐcalled ÒPartial CompositenessÓ paradigm [20]. The lowÐenergy description of
the setup depends on the choice of the quantum numbers of the latter fermionic operators
under the CS global group. Here we take the elementaryqL doublet to interact with an 8
of SO(8) and the elementarytR to interact with a singlet operator. This choice is not only
simple and minimal, it is also suited to discuss the case of a compositetR Þeld, as we will
see below.

Adding fermions requires, again as in the ordinary Composite Higgs, the presence of
additional unbroken global symmetries of the CS. In the Þrst place, aqL doublet with 1/ 6
Hypercharge does not Þt in an8 if the Hypercharge is completely internal to theSO(8)
group. We will thus consider a globalU(1)X , deÞne Hypercharge asY = T3

R + X and
assign appropriateU(1)X quantum numbers to our Þelds. Second, and more importantly,
the SU(3)c color group of QCD must be assumed to be an unbroken symmetry of the CS.
This is because the quarks are color triplets and thus the CS must carry QCD color to
interact linearly with them. Clearly there is additional structure in the Twin Composite
Higgs. First of all, a second set of ES doublet and singlet Þelds!qL and !tR are introduced and
coupled to an8 and to a singlet ofSO(8), respectively. We call these particles the ÒTwin
PartnersÓ of the Top (andbL ) quarks. Second, since we do not want them to be colored or
charged under any of the SM groups but still we want them to be related by a symmetry to
qL and tR, also Twin !U(1)X and Twin "SU(3)c color global groups have to be introduced.

Let us now turn to our model, which incorporates fermions by a standard 2Ðsite construc-
tion [5]. The spirit is again to describe a minimal set of CS resonances, compatible with
the structure of the underlying CS theory. Given that we assumed the elementaryqL to be
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to really realize the cancellation via the conditiong2 = !g2. This can be enforced by Twin
Parity, which is deÞned as the operation
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which interchanges theSO(4)L and "SO(4)L . The latter is an element ofSO(8),
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and thus it is automatically a symmetry of our construction.
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2.2 The fermionic sector

To understand the symmetry breaking potential it is crucial to describe properly the source
of the top mass. It originates, as in the canonical Composite Higgs, from a linear interac-
tion among the elementary top Þelds and some Composite Sector fermionic operators. This
realizes the soÐcalled ÒPartial CompositenessÓ paradigm [20]. The lowÐenergy description of
the setup depends on the choice of the quantum numbers of the latter fermionic operators
under the CS global group. Here we take the elementaryqL doublet to interact with an 8
of SO(8) and the elementarytR to interact with a singlet operator. This choice is not only
simple and minimal, it is also suited to discuss the case of a compositetR Þeld, as we will
see below.

Adding fermions requires, again as in the ordinary Composite Higgs, the presence of
additional unbroken global symmetries of the CS. In the Þrst place, aqL doublet with 1/ 6
Hypercharge does not Þt in an8 if the Hypercharge is completely internal to theSO(8)
group. We will thus consider a globalU(1)X , deÞne Hypercharge asY = T3

R + X and
assign appropriateU(1)X quantum numbers to our Þelds. Second, and more importantly,
the SU(3)c color group of QCD must be assumed to be an unbroken symmetry of the CS.
This is because the quarks are color triplets and thus the CS must carry QCD color to
interact linearly with them. Clearly there is additional structure in the Twin Composite
Higgs. First of all, a second set of ES doublet and singlet Þelds!qL and !tR are introduced and
coupled to an8 and to a singlet ofSO(8), respectively. We call these particles the ÒTwin
PartnersÓ of the Top (andbL ) quarks. Second, since we do not want them to be colored or
charged under any of the SM groups but still we want them to be related by a symmetry to
qL and tR, also Twin !U(1)X and Twin "SU(3)c color global groups have to be introduced.

Let us now turn to our model, which incorporates fermions by a standard 2Ðsite construc-
tion [5]. The spirit is again to describe a minimal set of CS resonances, compatible with
the structure of the underlying CS theory. Given that we assumed the elementaryqL to be
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2.2 The fermionic sector

To understand the symmetry breaking potential it is crucial to describe properly the source
of the top mass. It originates, as in the canonical Composite Higgs, from a linear interac-
tion among the elementary top Þelds and some Composite Sector fermionic operators. This
realizes the soÐcalled ÒPartial CompositenessÓ paradigm [20]. The lowÐenergy description of
the setup depends on the choice of the quantum numbers of the latter fermionic operators
under the CS global group. Here we take the elementaryqL doublet to interact with an 8
of SO(8) and the elementarytR to interact with a singlet operator. This choice is not only
simple and minimal, it is also suited to discuss the case of a compositetR Þeld, as we will
see below.

Adding fermions requires, again as in the ordinary Composite Higgs, the presence of
additional unbroken global symmetries of the CS. In the Þrst place, aqL doublet with 1/ 6
Hypercharge does not Þt in an8 if the Hypercharge is completely internal to theSO(8)
group. We will thus consider a globalU(1)X , deÞne Hypercharge asY = T3

R + X and
assign appropriateU(1)X quantum numbers to our Þelds. Second, and more importantly,
the SU(3)c color group of QCD must be assumed to be an unbroken symmetry of the CS.
This is because the quarks are color triplets and thus the CS must carry QCD color to
interact linearly with them. Clearly there is additional structure in the Twin Composite
Higgs. First of all, a second set of ES doublet and singlet Þelds!qL and !tR are introduced and
coupled to an8 and to a singlet ofSO(8), respectively. We call these particles the ÒTwin
PartnersÓ of the Top (andbL ) quarks. Second, since we do not want them to be colored or
charged under any of the SM groups but still we want them to be related by a symmetry to
qL and tR, also Twin !U(1)X and Twin "SU(3)c color global groups have to be introduced.

Let us now turn to our model, which incorporates fermions by a standard 2Ðsite construc-
tion [5]. The spirit is again to describe a minimal set of CS resonances, compatible with
the structure of the underlying CS theory. Given that we assumed the elementaryqL to be
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2.2 The fermionic sector

To understand the symmetry breaking potential it is crucial to describe properly the source
of the top mass. It originates, as in the canonical Composite Higgs, from a linear interac-
tion among the elementary top Þelds and some Composite Sector fermionic operators. This
realizes the soÐcalled ÒPartial CompositenessÓ paradigm [20]. The lowÐenergy description of
the setup depends on the choice of the quantum numbers of the latter fermionic operators
under the CS global group. Here we take the elementaryqL doublet to interact with an 8
of SO(8) and the elementarytR to interact with a singlet operator. This choice is not only
simple and minimal, it is also suited to discuss the case of a compositetR Þeld, as we will
see below.

Adding fermions requires, again as in the ordinary Composite Higgs, the presence of
additional unbroken global symmetries of the CS. In the Þrst place, aqL doublet with 1/ 6
Hypercharge does not Þt in an8 if the Hypercharge is completely internal to theSO(8)
group. We will thus consider a globalU(1)X , deÞne Hypercharge asY = T3

R + X and
assign appropriateU(1)X quantum numbers to our Þelds. Second, and more importantly,
the SU(3)c color group of QCD must be assumed to be an unbroken symmetry of the CS.
This is because the quarks are color triplets and thus the CS must carry QCD color to
interact linearly with them. Clearly there is additional structure in the Twin Composite
Higgs. First of all, a second set of ES doublet and singlet Þelds!qL and !tR are introduced and
coupled to an8 and to a singlet ofSO(8), respectively. We call these particles the ÒTwin
PartnersÓ of the Top (andbL ) quarks. Second, since we do not want them to be colored or
charged under any of the SM groups but still we want them to be related by a symmetry to
qL and tR, also Twin !U(1)X and Twin "SU(3)c color global groups have to be introduced.

Let us now turn to our model, which incorporates fermions by a standard 2Ðsite construc-
tion [5]. The spirit is again to describe a minimal set of CS resonances, compatible with
the structure of the underlying CS theory. Given that we assumed the elementaryqL to be
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Notice that the ES Þelds, compatibly with the Partial Compositeness hypothesis, are taken
to interact linearly with the CS through massÐmixings with the resonance Þelds. The nonÐ
vanishing entries of the embeddingsQL and !QL are of course precisely designed to makeqL

and !qL couple to components of! and !! with the appropriate gauge quantum numbers.
The couplingsyL and !yL control the strength of the interaction between Elementary and
Composite fermions and are assumed to be weak, namelyyL , !yL ! g! . The mass parameters
M! ( "M! ) and MS( "MS) come instead purely from the CS. We thus expect them to be of
order m! , around the scale of the vector resonances described in the previous section. As
far as the tR and !tR mixing are concerned, two interpretations are possible which lead to
di" erent estimates for the size of the associated couplingsyR and !yR. If we regard tR and
!tR as ES Þelds, the couplings have to be weak, much belowg! and possibly close to their
leftÐhanded counterparts. However we can also interprettR and !tR as completely composite
chiral bound states originating from the CS, perhaps kept exactly massless by some anomaly
matching condition. If it is so, their mixing is a purely CS e" ect and thusyR, !yR " g! . We
will consider both options in what follows taking also into account the possibility of smoothly
interpolating between the two.

As a part of the Composite Twin Higgs construction we do have to impose Twin Parity,
at least to some extent as described in the previous section. Twin Parity acts as

QL # !QL , tR # !tR , ! # !! , (2.24)

times the SO(8) transformation in Eq. (2.18) acting on the resonance Þelds! and !! .3 If it
were an exact symmetry it would imply all masses and couplings in the Lagrangian (2.22)
to be equal to their Twin, unÐtilded, counterparts. We notice that the implementation of
Twin Parity is slightly di " erent in the fermionic and gauge sectors. In the gauge sector of
the CS, Twin Parity was acting just like an SO(8) transformation and thus it was auto-
matically a symmetry. Now instead Twin Parity entails the exchange of di" erent fermionic
CS resonances, charged under di" erent global groups. Imposing Twin Parity thus becomes
a nonÐtrivial constraint on the CS.

We can now turn to the determination of the mass spectrum. By working in the limit
yL , !yL ! g! , we will focus on the leading relavant order in an expansion in powers ofyL and
!yL . We will instead not treat yR and !yR as small parameters, so that our formulae will hold
for both completely composite and partially elementary rightÐhanded Þelds. Aside from the
exactly masslessbL and !bL Ðwhich will get a mass by mixing with other resonances or by
some other unspeciÞed mechanismÐ, the lightest particles are the Top quark and its Twin
partner, with masses
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If we remember that MS " m! = g! f and yRf is either " m! or smaller for a partially
elementarytR, we see that the Top mass respects the usual Partial compositeness estimate

mt =
yt&

2
· v "

yL yR

g!
· v , (2.26)

3We have not mentioned the mirror gluons which gauge#SU(3)c, needless to say they also get exchanged
with the SM gluons.
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to interact linearly with the CS through massÐmixings with the resonance Þelds. The nonÐ
vanishing entries of the embeddingsQL and !QL are of course precisely designed to makeqL

and !qL couple to components of! and !! with the appropriate gauge quantum numbers.
The couplingsyL and !yL control the strength of the interaction between Elementary and
Composite fermions and are assumed to be weak, namelyyL , !yL ! g! . The mass parameters
M! ( "M! ) and MS( "MS) come instead purely from the CS. We thus expect them to be of
order m! , around the scale of the vector resonances described in the previous section. As
far as the tR and !tR mixing are concerned, two interpretations are possible which lead to
di" erent estimates for the size of the associated couplingsyR and !yR. If we regard tR and
!tR as ES Þelds, the couplings have to be weak, much belowg! and possibly close to their
leftÐhanded counterparts. However we can also interprettR and !tR as completely composite
chiral bound states originating from the CS, perhaps kept exactly massless by some anomaly
matching condition. If it is so, their mixing is a purely CS e" ect and thusyR, !yR " g! . We
will consider both options in what follows taking also into account the possibility of smoothly
interpolating between the two.

As a part of the Composite Twin Higgs construction we do have to impose Twin Parity,
at least to some extent as described in the previous section. Twin Parity acts as

QL # !QL , tR # !tR , ! # !! , (2.24)

times the SO(8) transformation in Eq. (2.18) acting on the resonance Þelds! and !! .3 If it
were an exact symmetry it would imply all masses and couplings in the Lagrangian (2.22)
to be equal to their Twin, unÐtilded, counterparts. We notice that the implementation of
Twin Parity is slightly di " erent in the fermionic and gauge sectors. In the gauge sector of
the CS, Twin Parity was acting just like an SO(8) transformation and thus it was auto-
matically a symmetry. Now instead Twin Parity entails the exchange of di" erent fermionic
CS resonances, charged under di" erent global groups. Imposing Twin Parity thus becomes
a nonÐtrivial constraint on the CS.

We can now turn to the determination of the mass spectrum. By working in the limit
yL , !yL ! g! , we will focus on the leading relavant order in an expansion in powers ofyL and
!yL . We will instead not treat yR and !yR as small parameters, so that our formulae will hold
for both completely composite and partially elementary rightÐhanded Þelds. Aside from the
exactly masslessbL and !bL Ðwhich will get a mass by mixing with other resonances or by
some other unspeciÞed mechanismÐ, the lightest particles are the Top quark and its Twin
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As a part of the Composite Twin Higgs construction we do have to impose Twin Parity,
at least to some extent as described in the previous section. Twin Parity acts as
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times the SO(8) transformation in Eq. (2.18) acting on the resonance Þelds! and !! .3 If it
were an exact symmetry it would imply all masses and couplings in the Lagrangian (2.22)
to be equal to their Twin, unÐtilded, counterparts. We notice that the implementation of
Twin Parity is slightly di " erent in the fermionic and gauge sectors. In the gauge sector of
the CS, Twin Parity was acting just like an SO(8) transformation and thus it was auto-
matically a symmetry. Now instead Twin Parity entails the exchange of di" erent fermionic
CS resonances, charged under di" erent global groups. Imposing Twin Parity thus becomes
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, we will focus on the leading relavant order in an expansion in powers ofyL and
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for both completely composite and partially elementary rightÐhanded Þelds. Aside from the
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out of which we can determine the size ofyL in terms of the other parameters. IftR is
completely Composite, we expectyR ! g! and thus yL must be around the physical Top
Yukawa couplingyt ! 1. Larger values are obtained in the case of a partially ElementarytR.
The same parametric estimate can be performed for the Twin Top, whose mass scales like

m!t !
!yL !yR

g!
áf . (2.27)

Di! erently from the Top one, the Twin Top mass is not proportional tov but to f because
the Twin "SU(2)L is broken by the CS directly at the scalef .

The rest of the spectrum comprises the 16 components of" and !" . They all have masses
of order m! , though not degenerate because of the freedom to choose the CS mass param-
eters M "= MS, "M "= "MS. We expect two almost degenerate 7Ðplets, with massM and
"M respectively, plus 2 singlets whose masses are controlled byMS and "MS and by the
yRf and !yRf mixings. The interaction with qL and !qL remove part of the degeneracy and
the spectrum organizes in degenerate SM multiplets as described above, with splitting of
order y2

L f 2 and !y2
L f 2 in the mass squared. Further tiny splitting emerge after EWSB. The

qualitative structure of the spectrum respects the Twin Higgs expectation depicted in the
right panel of Figure 2.

Let us Þnally turn to the calculation of the Higgs potential, working once again in the
weak coupling expansionyL , !yL # g! . Notice that yL and !yL are the only sources ofSO(8)
breaking in our fermionic Lagrangian, therefore the Higgs potential must be proportional to
powers of those couplings. It receives its formally leading contribution at second order in the
coupling expansion, through a term
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Again, as in the orderg2
2 potential in the previous section, we see the Twin Higgs cancellation

mechanism at work. If Twin Parity is exact so that tilded and unÐtilded quantities are equal,
the sin2 and cos2 sum up to one and no contribution is left to the Higgs potential. As in the
gauge sector this cancellation can be explained in terms of symmetries and selection rules.
The relevant spurions in this case are the ElementaryqL and !qL couplings, which transform
in the 8 of SO(8). Only one nonÐtrivial invariant can be formed out of two8Õs,and that
precisely takes the sin2 and cos2 forms of the equation above.

The second relevant term in the potential is due to an IR e! ect. By looking at the spectrum
of the theory in Figure 2 we see that there is a considerable gap among the Top Partner scale
m! = g! f and the Top plus its Twin, with masses of orderyL v and !yL f . The lowÐenergy
Higgs potential thus receives a considerable logÐenhanced contribution that corresponds to
the RG evolution of the Higgs quartic coupling down from the scalem! . In our model, the
well known e! ect of the Top is complemented by the e! ect of its Twin, so that the potential
reads
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Composite fermions and are assumed to be weak, namelyyL , !yL ! g! . The mass parameters
M! ( "M! ) and MS( "MS) come instead purely from the CS. We thus expect them to be of
order m! , around the scale of the vector resonances described in the previous section. As
far as the tR and !tR mixing are concerned, two interpretations are possible which lead to
di" erent estimates for the size of the associated couplingsyR and !yR. If we regard tR and
!tR as ES Þelds, the couplings have to be weak, much belowg! and possibly close to their
leftÐhanded counterparts. However we can also interprettR and !tR as completely composite
chiral bound states originating from the CS, perhaps kept exactly massless by some anomaly
matching condition. If it is so, their mixing is a purely CS e" ect and thusyR, !yR " g! . We
will consider both options in what follows taking also into account the possibility of smoothly
interpolating between the two.
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times the SO(8) transformation in Eq. (2.18) acting on the resonance Þelds! and !! .3 If it
were an exact symmetry it would imply all masses and couplings in the Lagrangian (2.22)
to be equal to their Twin, unÐtilded, counterparts. We notice that the implementation of
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the CS, Twin Parity was acting just like an SO(8) transformation and thus it was auto-
matically a symmetry. Now instead Twin Parity entails the exchange of di" erent fermionic
CS resonances, charged under di" erent global groups. Imposing Twin Parity thus becomes
a nonÐtrivial constraint on the CS.

We can now turn to the determination of the mass spectrum. By working in the limit
yL , !yL ! g! , we will focus on the leading relavant order in an expansion in powers ofyL and
!yL . We will instead not treat yR and !yR as small parameters, so that our formulae will hold
for both completely composite and partially elementary rightÐhanded Þelds. Aside from the
exactly masslessbL and !bL Ðwhich will get a mass by mixing with other resonances or by
some other unspeciÞed mechanismÐ, the lightest particles are the Top quark and its Twin
partner, with masses
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If we remember that MS " m! = g! f and yRf is either " m! or smaller for a partially
elementarytR, we see that the Top mass respects the usual Partial compositeness estimate
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2
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yL yR

g!
· v , (2.26)

3We have not mentioned the mirror gluons which gauge#SU(3)c, needless to say they also get exchanged
with the SM gluons.
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Notice that the ES Þelds, compatibly with the Partial Compositeness hypothesis, are taken
to interact linearly with the CS through massÐmixings with the resonance Þelds. The nonÐ
vanishing entries of the embeddingsQL and !QL are of course precisely designed to makeqL

and !qL couple to components of! and !! with the appropriate gauge quantum numbers.
The couplingsyL and !yL control the strength of the interaction between Elementary and
Composite fermions and are assumed to be weak, namelyyL , !yL ! g

⇤

. The mass parameters
M ( "M ) and MS( "MS) come instead purely from the CS. We thus expect them to be of
order m

⇤

, around the scale of the vector resonances described in the previous section. As
far as the tR and !tR mixing are concerned, two interpretations are possible which lead to
di" erent estimates for the size of the associated couplingsyR and !yR. If we regard tR and
!tR as ES Þelds, the couplings have to be weak, much belowg

⇤

and possibly close to their
leftÐhanded counterparts. However we can also interprettR and !tR as completely composite
chiral bound states originating from the CS, perhaps kept exactly massless by some anomaly
matching condition. If it is so, their mixing is a purely CS e" ect and thusyR, !yR " g

⇤

. We
will consider both options in what follows taking also into account the possibility of smoothly
interpolating between the two.

As a part of the Composite Twin Higgs construction we do have to impose Twin Parity,
at least to some extent as described in the previous section. Twin Parity acts as

QL # !QL , tR # !tR , ! # !! , (2.24)

times the SO(8) transformation in Eq. (2.18) acting on the resonance Þelds! and !! .3 If it
were an exact symmetry it would imply all masses and couplings in the Lagrangian (2.22)
to be equal to their Twin, unÐtilded, counterparts. We notice that the implementation of
Twin Parity is slightly di " erent in the fermionic and gauge sectors. In the gauge sector of
the CS, Twin Parity was acting just like an SO(8) transformation and thus it was auto-
matically a symmetry. Now instead Twin Parity entails the exchange of di" erent fermionic
CS resonances, charged under di" erent global groups. Imposing Twin Parity thus becomes
a nonÐtrivial constraint on the CS.

We can now turn to the determination of the mass spectrum. By working in the limit
yL , !yL ! g

⇤

, we will focus on the leading relavant order in an expansion in powers ofyL and
!yL . We will instead not treat yR and !yR as small parameters, so that our formulae will hold
for both completely composite and partially elementary rightÐhanded Þelds. Aside from the
exactly masslessbL and !bL Ðwhich will get a mass by mixing with other resonances or by
some other unspeciÞed mechanismÐ, the lightest particles are the Top quark and its Twin
partner, with masses
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If we remember that MS " m
⇤

= g
⇤

f and yRf is either " m
⇤

or smaller for a partially
elementarytR, we see that the Top mass respects the usual Partial compositeness estimate

mt =
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2
· v "

yL yR

g
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· v , (2.26)

3We have not mentioned the mirror gluons which gauge #SU(3)c, needless to say they also get exchanged
with the SM gluons.
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out of which we can determine the size ofyL in terms of the other parameters. IftR is
completely Composite, we expectyR ! g! and thus yL must be around the physical Top
Yukawa couplingyt ! 1. Larger values are obtained in the case of a partially ElementarytR.
The same parametric estimate can be performed for the Twin Top, whose mass scales like

m!t !
!yL !yR

g!
áf . (2.27)

Di! erently from the Top one, the Twin Top mass is not proportional tov but to f because
the Twin "SU(2)L is broken by the CS directly at the scalef .

The rest of the spectrum comprises the 16 components of" and !" . They all have masses
of order m! , though not degenerate because of the freedom to choose the CS mass param-
eters M "= MS, "M "= "MS. We expect two almost degenerate 7Ðplets, with massM and
"M respectively, plus 2 singlets whose masses are controlled byMS and "MS and by the
yRf and !yRf mixings. The interaction with qL and !qL remove part of the degeneracy and
the spectrum organizes in degenerate SM multiplets as described above, with splitting of
order y2

L f 2 and !y2
L f 2 in the mass squared. Further tiny splitting emerge after EWSB. The

qualitative structure of the spectrum respects the Twin Higgs expectation depicted in the
right panel of Figure 2.

Let us Þnally turn to the calculation of the Higgs potential, working once again in the
weak coupling expansionyL , !yL # g! . Notice that yL and !yL are the only sources ofSO(8)
breaking in our fermionic Lagrangian, therefore the Higgs potential must be proportional to
powers of those couplings. It receives its formally leading contribution at second order in the
coupling expansion, through a term
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Again, as in the orderg2
2 potential in the previous section, we see the Twin Higgs cancellation

mechanism at work. If Twin Parity is exact so that tilded and unÐtilded quantities are equal,
the sin2 and cos2 sum up to one and no contribution is left to the Higgs potential. As in the
gauge sector this cancellation can be explained in terms of symmetries and selection rules.
The relevant spurions in this case are the ElementaryqL and !qL couplings, which transform
in the 8 of SO(8). Only one nonÐtrivial invariant can be formed out of two8Õs,and that
precisely takes the sin2 and cos2 forms of the equation above.

The second relevant term in the potential is due to an IR e! ect. By looking at the spectrum
of the theory in Figure 2 we see that there is a considerable gap among the Top Partner scale
m! = g! f and the Top plus its Twin, with masses of orderyL v and !yL f . The lowÐenergy
Higgs potential thus receives a considerable logÐenhanced contribution that corresponds to
the RG evolution of the Higgs quartic coupling down from the scalem! . In our model, the
well known e! ect of the Top is complemented by the e! ect of its Twin, so that the potential
reads

VIR (H ) =
Nc
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$
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Notice that the ES Þelds, compatibly with the Partial Compositeness hypothesis, are taken
to interact linearly with the CS through massÐmixings with the resonance Þelds. The nonÐ
vanishing entries of the embeddingsQL and !QL are of course precisely designed to makeqL

and !qL couple to components of! and !! with the appropriate gauge quantum numbers.
The couplingsyL and !yL control the strength of the interaction between Elementary and
Composite fermions and are assumed to be weak, namelyyL , !yL ! g! . The mass parameters
M! ( "M! ) and MS( "MS) come instead purely from the CS. We thus expect them to be of
order m! , around the scale of the vector resonances described in the previous section. As
far as the tR and !tR mixing are concerned, two interpretations are possible which lead to
di" erent estimates for the size of the associated couplingsyR and !yR. If we regard tR and
!tR as ES Þelds, the couplings have to be weak, much belowg! and possibly close to their
leftÐhanded counterparts. However we can also interprettR and !tR as completely composite
chiral bound states originating from the CS, perhaps kept exactly massless by some anomaly
matching condition. If it is so, their mixing is a purely CS e" ect and thusyR, !yR " g! . We
will consider both options in what follows taking also into account the possibility of smoothly
interpolating between the two.

As a part of the Composite Twin Higgs construction we do have to impose Twin Parity,
at least to some extent as described in the previous section. Twin Parity acts as

QL # !QL , tR # !tR , ! # !! , (2.24)

times the SO(8) transformation in Eq. (2.18) acting on the resonance Þelds! and !! .3 If it
were an exact symmetry it would imply all masses and couplings in the Lagrangian (2.22)
to be equal to their Twin, unÐtilded, counterparts. We notice that the implementation of
Twin Parity is slightly di " erent in the fermionic and gauge sectors. In the gauge sector of
the CS, Twin Parity was acting just like an SO(8) transformation and thus it was auto-
matically a symmetry. Now instead Twin Parity entails the exchange of di" erent fermionic
CS resonances, charged under di" erent global groups. Imposing Twin Parity thus becomes
a nonÐtrivial constraint on the CS.

We can now turn to the determination of the mass spectrum. By working in the limit
yL , !yL ! g! , we will focus on the leading relavant order in an expansion in powers ofyL and
!yL . We will instead not treat yR and !yR as small parameters, so that our formulae will hold
for both completely composite and partially elementary rightÐhanded Þelds. Aside from the
exactly masslessbL and !bL Ðwhich will get a mass by mixing with other resonances or by
some other unspeciÞed mechanismÐ, the lightest particles are the Top quark and its Twin
partner, with masses
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If we remember that MS " m! = g! f and yRf is either " m! or smaller for a partially
elementarytR, we see that the Top mass respects the usual Partial compositeness estimate

mt =
yt&

2
· v "

yL yR

g!
· v , (2.26)

3We have not mentioned the mirror gluons which gauge#SU(3)c, needless to say they also get exchanged
with the SM gluons.
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Notice that the ES Þelds, compatibly with the Partial Compositeness hypothesis, are taken
to interact linearly with the CS through massÐmixings with the resonance Þelds. The nonÐ
vanishing entries of the embeddingsQL and !QL are of course precisely designed to makeqL

and !qL couple to components of! and !! with the appropriate gauge quantum numbers.
The couplingsyL and !yL control the strength of the interaction between Elementary and
Composite fermions and are assumed to be weak, namelyyL , !yL ! g

⇤

. The mass parameters
M ( "M ) and MS( "MS) come instead purely from the CS. We thus expect them to be of
order m

⇤

, around the scale of the vector resonances described in the previous section. As
far as the tR and !tR mixing are concerned, two interpretations are possible which lead to
di" erent estimates for the size of the associated couplingsyR and !yR. If we regard tR and
!tR as ES Þelds, the couplings have to be weak, much belowg

⇤

and possibly close to their
leftÐhanded counterparts. However we can also interprettR and !tR as completely composite
chiral bound states originating from the CS, perhaps kept exactly massless by some anomaly
matching condition. If it is so, their mixing is a purely CS e" ect and thusyR, !yR " g

⇤

. We
will consider both options in what follows taking also into account the possibility of smoothly
interpolating between the two.

As a part of the Composite Twin Higgs construction we do have to impose Twin Parity,
at least to some extent as described in the previous section. Twin Parity acts as

QL # !QL , tR # !tR , ! # !! , (2.24)

times the SO(8) transformation in Eq. (2.18) acting on the resonance Þelds! and !! .3 If it
were an exact symmetry it would imply all masses and couplings in the Lagrangian (2.22)
to be equal to their Twin, unÐtilded, counterparts. We notice that the implementation of
Twin Parity is slightly di " erent in the fermionic and gauge sectors. In the gauge sector of
the CS, Twin Parity was acting just like an SO(8) transformation and thus it was auto-
matically a symmetry. Now instead Twin Parity entails the exchange of di" erent fermionic
CS resonances, charged under di" erent global groups. Imposing Twin Parity thus becomes
a nonÐtrivial constraint on the CS.

We can now turn to the determination of the mass spectrum. By working in the limit
yL , !yL ! g

⇤

, we will focus on the leading relavant order in an expansion in powers ofyL and
!yL . We will instead not treat yR and !yR as small parameters, so that our formulae will hold
for both completely composite and partially elementary rightÐhanded Þelds. Aside from the
exactly masslessbL and !bL Ðwhich will get a mass by mixing with other resonances or by
some other unspeciÞed mechanismÐ, the lightest particles are the Top quark and its Twin
partner, with masses
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If we remember that MS " m
⇤

= g
⇤

f and yRf is either " m
⇤

or smaller for a partially
elementarytR, we see that the Top mass respects the usual Partial compositeness estimate
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3We have not mentioned the mirror gluons which gauge #SU(3)c, needless to say they also get exchanged
with the SM gluons.
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out of which we can determine the size ofyL in terms of the other parameters. IftR is
completely Composite, we expectyR ! g! and thus yL must be around the physical Top
Yukawa couplingyt ! 1. Larger values are obtained in the case of a partially ElementarytR.
The same parametric estimate can be performed for the Twin Top, whose mass scales like

m!t !
!yL !yR

g!
áf . (2.27)

Di! erently from the Top one, the Twin Top mass is not proportional tov but to f because
the Twin "SU(2)L is broken by the CS directly at the scalef .

The rest of the spectrum comprises the 16 components of" and !" . They all have masses
of order m! , though not degenerate because of the freedom to choose the CS mass param-
eters M "= MS, "M "= "MS. We expect two almost degenerate 7Ðplets, with massM and
"M respectively, plus 2 singlets whose masses are controlled byMS and "MS and by the
yRf and !yRf mixings. The interaction with qL and !qL remove part of the degeneracy and
the spectrum organizes in degenerate SM multiplets as described above, with splitting of
order y2

L f 2 and !y2
L f 2 in the mass squared. Further tiny splitting emerge after EWSB. The

qualitative structure of the spectrum respects the Twin Higgs expectation depicted in the
right panel of Figure 2.

Let us Þnally turn to the calculation of the Higgs potential, working once again in the
weak coupling expansionyL , !yL # g! . Notice that yL and !yL are the only sources ofSO(8)
breaking in our fermionic Lagrangian, therefore the Higgs potential must be proportional to
powers of those couplings. It receives its formally leading contribution at second order in the
coupling expansion, through a term
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Again, as in the orderg2
2 potential in the previous section, we see the Twin Higgs cancellation

mechanism at work. If Twin Parity is exact so that tilded and unÐtilded quantities are equal,
the sin2 and cos2 sum up to one and no contribution is left to the Higgs potential. As in the
gauge sector this cancellation can be explained in terms of symmetries and selection rules.
The relevant spurions in this case are the ElementaryqL and !qL couplings, which transform
in the 8 of SO(8). Only one nonÐtrivial invariant can be formed out of two8Õs,and that
precisely takes the sin2 and cos2 forms of the equation above.

The second relevant term in the potential is due to an IR e! ect. By looking at the spectrum
of the theory in Figure 2 we see that there is a considerable gap among the Top Partner scale
m! = g! f and the Top plus its Twin, with masses of orderyL v and !yL f . The lowÐenergy
Higgs potential thus receives a considerable logÐenhanced contribution that corresponds to
the RG evolution of the Higgs quartic coupling down from the scalem! . In our model, the
well known e! ect of the Top is complemented by the e! ect of its Twin, so that the potential
reads
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Notice that the ES Þelds, compatibly with the Partial Compositeness hypothesis, are taken
to interact linearly with the CS through massÐmixings with the resonance Þelds. The nonÐ
vanishing entries of the embeddingsQL and !QL are of course precisely designed to makeqL

and !qL couple to components of! and !! with the appropriate gauge quantum numbers.
The couplingsyL and !yL control the strength of the interaction between Elementary and
Composite fermions and are assumed to be weak, namelyyL , !yL ! g! . The mass parameters
M! ( "M! ) and MS( "MS) come instead purely from the CS. We thus expect them to be of
order m! , around the scale of the vector resonances described in the previous section. As
far as the tR and !tR mixing are concerned, two interpretations are possible which lead to
di" erent estimates for the size of the associated couplingsyR and !yR. If we regard tR and
!tR as ES Þelds, the couplings have to be weak, much belowg! and possibly close to their
leftÐhanded counterparts. However we can also interprettR and !tR as completely composite
chiral bound states originating from the CS, perhaps kept exactly massless by some anomaly
matching condition. If it is so, their mixing is a purely CS e" ect and thusyR, !yR " g! . We
will consider both options in what follows taking also into account the possibility of smoothly
interpolating between the two.

As a part of the Composite Twin Higgs construction we do have to impose Twin Parity,
at least to some extent as described in the previous section. Twin Parity acts as

QL # !QL , tR # !tR , ! # !! , (2.24)

times the SO(8) transformation in Eq. (2.18) acting on the resonance Þelds! and !! .3 If it
were an exact symmetry it would imply all masses and couplings in the Lagrangian (2.22)
to be equal to their Twin, unÐtilded, counterparts. We notice that the implementation of
Twin Parity is slightly di " erent in the fermionic and gauge sectors. In the gauge sector of
the CS, Twin Parity was acting just like an SO(8) transformation and thus it was auto-
matically a symmetry. Now instead Twin Parity entails the exchange of di" erent fermionic
CS resonances, charged under di" erent global groups. Imposing Twin Parity thus becomes
a nonÐtrivial constraint on the CS.

We can now turn to the determination of the mass spectrum. By working in the limit
yL , !yL ! g! , we will focus on the leading relavant order in an expansion in powers ofyL and
!yL . We will instead not treat yR and !yR as small parameters, so that our formulae will hold
for both completely composite and partially elementary rightÐhanded Þelds. Aside from the
exactly masslessbL and !bL Ðwhich will get a mass by mixing with other resonances or by
some other unspeciÞed mechanismÐ, the lightest particles are the Top quark and its Twin
partner, with masses
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If we remember that MS " m! = g! f and yRf is either " m! or smaller for a partially
elementarytR, we see that the Top mass respects the usual Partial compositeness estimate
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3We have not mentioned the mirror gluons which gauge#SU(3)c, needless to say they also get exchanged
with the SM gluons.
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out of which we can determine the size of yL in terms of the other parameters. If tR is
completely Composite, we expect yR ⇠ g

⇤

and thus yL must be around the physical Top
Yukawa coupling yt ⇠ 1. Larger values are obtained in the case of a partially Elementary tR .
The same parametric estimate can be performed for the Twin Top, whose mass scales like
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Di! erently from the Top one, the Twin Top mass is not proportional to v but to f because
the Twin "SU(2)L is broken by the CS directly at the scale f .
The rest of the spectrum comprises the 16 components of " and !" . They all have masses

of order m
⇤

, though not degenerate because of the freedom to choose the CS mass param-
eters M! 6= MS, "M! 6= "MS. We expect two almost degenerate 7–plets, with mass M! and
"M! respectively, plus 2 singlets whose masses are controlled by MS and "MS and by the
yRf and !yRf mixings. The interaction with qL and !qL remove part of the degeneracy and
the spectrum organizes in degenerate SM multiplets as described above, with splitting of
order y2

L f
2 and !y2

L f
2 in the mass squared. Further tiny splitting emerge after EWSB. The

qualitative structure of the spectrum respects the Twin Higgs expectation depicted in the
right panel of Figure 2.
Let us finally turn to the calculation of the Higgs potential, working once again in the
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. Notice that yL and !yL are the only sources of SO(8)
breaking in our fermionic Lagrangian, therefore the Higgs potential must be proportional to
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Again, as in the order g2
2 potential in the previous section, we see the Twin Higgs cancellation

mechanism at work. If Twin Parity is exact so that tilded and un–tilded quantities are equal,
the sin2 and cos2 sum up to one and no contribution is left to the Higgs potential. As in the
gauge sector this cancellation can be explained in terms of symmetries and selection rules.
The relevant spurions in this case are the Elementary qL and !qL couplings, which transform
in the 8 of SO(8). Only one non–trivial invariant can be formed out of two 8’s,and that
precisely takes the sin2 and cos2 forms of the equation above.
The second relevant term in the potential is due to an IR e! ect. By looking at the spectrum

of the theory in Figure 2 we see that there is a considerable gap among the Top Partner scale
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f and the Top plus its Twin, with masses of order yL v and !yL f . The low–energy
Higgs potential thus receives a considerable log–enhanced contribution that corresponds to
the RG evolution of the Higgs quartic coupling down from the scale m

⇤
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UV log. We should also notice that analogous e↵ects are induced on the SU(3) and SU(2)
gauge couplings but they are numerically irrelevant.
The net e↵ect of all the above considerations is the addition to the potential in Eq. (3.1)

of a Twin breaking term
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where g! = M! /f is the e↵ective coupling associated with the overall size of the fermion
masses introduced above –which we expect to be of order g! – and g! is the vector coupling,
which is also expected to be around g! . Finally A and B are numerical coe�cients that
depend on the details of the model. A, as we mentioned, is robustly predicted to be positive,
while B can take either sign.
The overall potential
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s4 log
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(3.8)

is now capable to give rise to the desirable pattern of electroweak symmetry breaking. In order
to achieve that, ! must be positive. One is immediately convinced of that, by working with
the non canonical field $ = f sinh/f . In this parametrization ! only a↵ects the quadratic part
of the potential, and the quartic term $4 purely comes from the twin symmetric contribution:
a positive e↵ective quartic of the right size can only be achieved for a ! 1. But for a ! 1
the twin symmetric potential contributes a negative $2 term when expanded around H = 0
and this must be compensated by tuning against a positive ! , thus obtaining a vacuum
expectation value "sin2 H/f# = %$ 1. A value %% 0.2 could be su�cient to account for
present bounds on the Higgs couplings (see however Footnote 1).
From equation (3.8) we can readily study the condition for having a tunable minimum

with %$ 1. The minimization of Eq. (3.8) yields

!
#
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1 & 2 log
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%(1 & %)
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On the extremum defined by the above equation the Higgs mass is

m2
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= 8#(1 & %)

&
log

a2

%(1 & %)
& 3

'
. (3.10)

For a given %, the observed masses of the Higgs and of the Top, which controls # through
Eq. (3.3), fix then the value of a. Using the MS Top Yukawa coupling at the scale v, we have
y4t % 0.8 in #, so that we find

log a ' 6 + log
$

% (3.11)

which for a realistic %% 0.1 corresponds to log a % 5. Now notice that the definition of a in
Eq. (3.4) depends on µ. In a reasonable model we expect this contribution to be saturated
at the mass m! % g! f of the composite sector. With this interpretation, the first term in
Eq. (3.4) is % log(g! /yt)2. For a maximally strongly coupled theory g! % 4" , this is in the
right ballpark to match Eq. (3.11). For smaller g! , that is for lighter resonances, the remaining
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whereF1, which coincides witheF1 in the Twin symmetric case, was introduced in Eq. (2.33).
This potential is not realistic. For loga > 3/ 2" log 2 it is minimized at the Twin symmetric
point s = c = 1/

#
2, while for loga < 1/ 2 it has Twin breaking minima at respectivelys = 0,

c = 1 and s = 1, c = 0. In the intermediate range 1/ 2 < loga < 3/ 2 " log 2 it does have a
tunable minimum with c $= s $= 0: when loga approaches 1/ 2 from the above,# approaches
0. However the e! ective Higgs quartic in this case is purely generated by RG evolution in
the SM, and it results too small unlessf >% 1010 GeV, which we Þnd unacceptable from the
stanpoint of Þne tuning. In conclusion none of the above cases corresponds to a realistic
phenomenology.

A realistic potential can only be obtained by turning on the Twin Parity breaking sources.
We think a consistent picture can be obtained by treating Hypercharge as the main source
of that breaking. Its e! ects can be classiÞed by the loop order at which they arise. At one
loop there is the gauge contribution in Eq. (2.19). That equation features a logarithmic
divergence, but in a realistic model, that logarithm would be saturated at the scale of the
strong resonances:µ & m! . However, known theorems Þx the sign of that contribution to
the potential to always be positive. That is indeed compatible with the leading log behaviour
at µ ' m! in Eq. (2.19). Another source of breaking is the Hypercharge contribution to the
RG evolution of the top sector parameters, down tom! from the UV scale" UV ' m! , where
our model is microscopically deÞned. In general this RG contribution may turn on several
e! ects in the composite sector. In particular each and every Yukawa and mass parameter
in the top sector can be a! ected. However under the assumption that the composite sector
does not possess any twin-parity-odd relevant or marginal operator, the only couplings that
will be a! ected are the elementary-composite mixingsyL and potentially, if tR is Elementary,
yR. Focusing onyL , which a! ects the potential, we expect RG evolution to generate a twin
breaking splitting (for the couplings renormalized at the scalem! ) of the form

y2
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L log
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! # y2
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where b is an unpredictable numerical coe$ cient of order unity. In principle if the strong
sector between" UV and m! is approximately conformal,b could be related to the OPE
coe$ cients performing conformal perturbation theory. In the case of perturbative theories,
where the mixing is simply provided by mass terms, we know thatb > 0. That is the well
known sign of the running of masses induced by gauge interactions: it makesyL grow when
running towards the IR, and does not a! ect eyL as it involves hypercharge neutral states.
Although we have not studied the problem, we suspectb > 0 is a robust feature also at
strong coupling, though we shall not strongly rely on that. The insertion of Eq. (3.5) in the
fermion induced 1-loop potential will give rise to a two-loop contribution enhanced by the
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is now capable to give rise to the desirable pattern of electroweak symmetry breaking. In order
to achieve that, ! must be positive. One is immediately convinced of that, by working with
the non canonical field $ = f sinh/f . In this parametrization ! only a↵ects the quadratic part
of the potential, and the quartic term $4 purely comes from the twin symmetric contribution:
a positive e↵ective quartic of the right size can only be achieved for a ! 1. But for a ! 1
the twin symmetric potential contributes a negative $2 term when expanded around H = 0
and this must be compensated by tuning against a positive ! , thus obtaining a vacuum
expectation value "sin2 H/f# = %$ 1. A value %% 0.2 could be su�cient to account for
present bounds on the Higgs couplings (see however Footnote 1).
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For a given %, the observed masses of the Higgs and of the Top, which controls # through
Eq. (3.3), fix then the value of a. Using the MS Top Yukawa coupling at the scale v, we have
y4t % 0.8 in #, so that we find
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which for a realistic %% 0.1 corresponds to log a % 5. Now notice that the definition of a in
Eq. (3.4) depends on µ. In a reasonable model we expect this contribution to be saturated
at the mass m! % g! f of the composite sector. With this interpretation, the first term in
Eq. (3.4) is % log(g! /yt)2. For a maximally strongly coupled theory g! % 4" , this is in the
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tunable minimum with c $= s $= 0: when loga approaches 1/ 2 from the above,# approaches
0. However the e! ective Higgs quartic in this case is purely generated by RG evolution in
the SM, and it results too small unlessf >% 1010 GeV, which we Þnd unacceptable from the
stanpoint of Þne tuning. In conclusion none of the above cases corresponds to a realistic
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A realistic potential can only be obtained by turning on the Twin Parity breaking sources.
We think a consistent picture can be obtained by treating Hypercharge as the main source
of that breaking. Its e! ects can be classiÞed by the loop order at which they arise. At one
loop there is the gauge contribution in Eq. (2.19). That equation features a logarithmic
divergence, but in a realistic model, that logarithm would be saturated at the scale of the
strong resonances:µ & m! . However, known theorems Þx the sign of that contribution to
the potential to always be positive. That is indeed compatible with the leading log behaviour
at µ ' m! in Eq. (2.19). Another source of breaking is the Hypercharge contribution to the
RG evolution of the top sector parameters, down tom! from the UV scale" UV ' m! , where
our model is microscopically deÞned. In general this RG contribution may turn on several
e! ects in the composite sector. In particular each and every Yukawa and mass parameter
in the top sector can be a! ected. However under the assumption that the composite sector
does not possess any twin-parity-odd relevant or marginal operator, the only couplings that
will be a! ected are the elementary-composite mixingsyL and potentially, if tR is Elementary,
yR. Focusing onyL , which a! ects the potential, we expect RG evolution to generate a twin
breaking splitting (for the couplings renormalized at the scalem! ) of the form
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where b is an unpredictable numerical coe$ cient of order unity. In principle if the strong
sector between" UV and m! is approximately conformal,b could be related to the OPE
coe$ cients performing conformal perturbation theory. In the case of perturbative theories,
where the mixing is simply provided by mass terms, we know thatb > 0. That is the well
known sign of the running of masses induced by gauge interactions: it makesyL grow when
running towards the IR, and does not a! ect eyL as it involves hypercharge neutral states.
Although we have not studied the problem, we suspectb > 0 is a robust feature also at
strong coupling, though we shall not strongly rely on that. The insertion of Eq. (3.5) in the
fermion induced 1-loop potential will give rise to a two-loop contribution enhanced by the
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where g! = M! /f is the e! ective coupling associated with the overall size of the fermion
masses introduced above Ðwhich we expect to be of orderg! Ð andg! is the vector coupling,
which is also expected to be aroundg! . Finally A and B are numerical coe# cients that
depend on the details of the model.A, as we mentioned, is robustly predicted to be positive,
while B can take either sign.

The overall potential
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is now capable to give rise to the desirable pattern of electroweak symmetry breaking. In order
to achieve that, ! must be positive. One is immediately convinced of that, by working with
the non canonical Þeld$ = f sinh/f . In this parametrization ! only a! ects the quadratic part
of the potential, and the quartic term$4 purely comes from the twin symmetric contribution:
a positive e! ective quartic of the right size can only be achieved fora ! 1. But for a ! 1
the twin symmetric potential contributes a negative$2 term when expanded aroundH = 0
and this must be compensated by tuning against a positive! , thus obtaining a vacuum
expectation value"sin2 H/f # = %$ 1. A value %% 0.2 could be su# cient to account for
present bounds on the Higgs couplings (see however Footnote 1).

From equation (3.8) we can readily study the condition for having a tunable minimum
with %$ 1. The minimization of Eq. (3.8) yields

!
#

= &1 + 2 log
a

1 & %
+ 2 %

#

1 & 2 log
a

$
%(1 & %)

%

. (3.9)

On the extremum deÞned by the above equation the Higgs mass is
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For a given %, the observed masses of the Higgs and of the Top, which controls# through
Eq. (3.3), Þx then the value ofa. Using theMS Top Yukawa coupling at the scalev, we have
y4

t % 0.8 in #, so that we Þnd
loga ' 6 + log

$
% (3.11)

which for a realistic%% 0.1 corresponds to loga % 5. Now notice that the deÞnition ofa in
Eq. (3.4) depends onµ. In a reasonable model we expect this contribution to be saturated
at the massm! % g! f of the composite sector. With this interpretation, the Þrst term in
Eq. (3.4) is % log(g! /y t )2. For a maximally strongly coupled theoryg! % 4" , this is in the
right ballpark to match Eq. (3.11). For smallerg! , that is for lighter resonances, the remaining
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is now capable to give rise to the desirable pattern of electroweak symmetry breaking. In order
to achieve that, ! must be positive. One is immediately convinced of that, by working with
the non canonical field $ = f sinh/f . In this parametrization ! only a↵ects the quadratic part
of the potential, and the quartic term $4 purely comes from the twin symmetric contribution:
a positive e↵ective quartic of the right size can only be achieved for a ! 1. But for a ! 1
the twin symmetric potential contributes a negative $2 term when expanded around H = 0
and this must be compensated by tuning against a positive ! , thus obtaining a vacuum
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present bounds on the Higgs couplings (see however Footnote 1).
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For a given %, the observed masses of the Higgs and of the Top, which controls # through
Eq. (3.3), fix then the value of a. Using the MS Top Yukawa coupling at the scale v, we have
y4t % 0.8 in #, so that we find
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which for a realistic %% 0.1 corresponds to log a % 5. Now notice that the definition of a in
Eq. (3.4) depends on µ. In a reasonable model we expect this contribution to be saturated
at the mass m! % g! f of the composite sector. With this interpretation, the first term in
Eq. (3.4) is % log(g! /yt)2. For a maximally strongly coupled theory g! % 4" , this is in the
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tunable minimum with c $= s $= 0: when loga approaches 1/ 2 from the above,# approaches
0. However the e! ective Higgs quartic in this case is purely generated by RG evolution in
the SM, and it results too small unlessf >% 1010 GeV, which we Þnd unacceptable from the
stanpoint of Þne tuning. In conclusion none of the above cases corresponds to a realistic
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A realistic potential can only be obtained by turning on the Twin Parity breaking sources.
We think a consistent picture can be obtained by treating Hypercharge as the main source
of that breaking. Its e! ects can be classiÞed by the loop order at which they arise. At one
loop there is the gauge contribution in Eq. (2.19). That equation features a logarithmic
divergence, but in a realistic model, that logarithm would be saturated at the scale of the
strong resonances:µ & m! . However, known theorems Þx the sign of that contribution to
the potential to always be positive. That is indeed compatible with the leading log behaviour
at µ ' m! in Eq. (2.19). Another source of breaking is the Hypercharge contribution to the
RG evolution of the top sector parameters, down tom! from the UV scale" UV ' m! , where
our model is microscopically deÞned. In general this RG contribution may turn on several
e! ects in the composite sector. In particular each and every Yukawa and mass parameter
in the top sector can be a! ected. However under the assumption that the composite sector
does not possess any twin-parity-odd relevant or marginal operator, the only couplings that
will be a! ected are the elementary-composite mixingsyL and potentially, if tR is Elementary,
yR. Focusing onyL , which a! ects the potential, we expect RG evolution to generate a twin
breaking splitting (for the couplings renormalized at the scalem! ) of the form
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where b is an unpredictable numerical coe$ cient of order unity. In principle if the strong
sector between" UV and m! is approximately conformal,b could be related to the OPE
coe$ cients performing conformal perturbation theory. In the case of perturbative theories,
where the mixing is simply provided by mass terms, we know thatb > 0. That is the well
known sign of the running of masses induced by gauge interactions: it makesyL grow when
running towards the IR, and does not a! ect eyL as it involves hypercharge neutral states.
Although we have not studied the problem, we suspectb > 0 is a robust feature also at
strong coupling, though we shall not strongly rely on that. The insertion of Eq. (3.5) in the
fermion induced 1-loop potential will give rise to a two-loop contribution enhanced by the
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which for a realistic%% 0.1 corresponds to loga % 5. Now notice that the deÞnition ofa in
Eq. (3.4) depends onµ. In a reasonable model we expect this contribution to be saturated
at the massm! % g! f of the composite sector. With this interpretation, the Þrst term in
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Figure 19: Exclusion bounds in the 2-site model with! = 0 .2 for the 8 TeV LHC data. The blue and green
region are excluded by the searches for the exoticX 5/ 3 and the charge-2/ 3 resonances respectively. The solid
lines denote the excluded regions forc = 0, while the change in the bounds for c = 1 /

!
2 is shown by the

dashed lines. The darker green region shows the exclusions on the charge-2/ 3 states if only pair production
is taken into account, while the estimates of additional constraints from single production are shown by the
light green area.
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Figure 20: Exclusion bounds in the 2-site model with! = 0 .1 for the 8 TeV LHC data (left panel) and
projections for the 13 TeV run with L = 20 fb ! 1 integrated luminosity (right panel). For further details see
caption of Þg.19.
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Figure 3.3: Current experimental constraints in the (M V , gV ) plane in models A and B. The notation
is the same as in Figure3.2.

jj with W/Z tagged jets [57] respectively.10 The black curves represent constraints coming

from EWPT, i.e. from the öS parameter, which we computed in AppendixB. The black solid

curve corresponds to the strict 95% C.L. bound on öS of Ref. [67], while the dashed line is

obtained by artiÞcially enlarging the latter bound by a factor of two. This second line is

a more realistic quantiÞcation of the constraints than the strict limits because the EWPT

observables are eminently o! -shell observables and thus not calculable within the SimpliÞed

Model. Extra contributions, of the same order as the ones coming from the resonance exchange,

can easily arise in the underlying complete model. By enlarging the bound onöS we take these

contributions into account and obtain a conservative exclusion limit.

Any given explicit model corresponds to one point in the plots of Figure3.2. The two

points indicated by A and B correspond to the prediction of the two benchmarks models

for the assumed values ofgV and M V . For small gV the lepton-neutrino search dominates

the exclusion (Þrst plot) and only a narrow band around! 1 ! cF ! 1 remains allowed. Here

EWPT are not competitive with direct searches and the di-boson searches are almost irrelevant

due to the relatively small di-boson BR (see the discussion at the end of Section2.1). Moreover,

for small gV both our benchmark models are excluded. AsgV increases we notice four main

features: the constraints from EWPT become comparable to the direct searches, di-boson

searches become more and more relevant due to the enhanced BRs, model B evades bounds

from direct searches more and more compared to model A which remains close to the excluded

region, and bounds from EWPT constrain model B more than model A. The last two features

are due to the larger value ofcH predicted by model B, corresponding to a region which is

very di" cult to access with direct searches.

A second interesting way to present the experimental limits is to focus on explicit models

and draw exclusion curves in the plane of their input parameters. In both models A and B we

have two parameters, the coupling and the mass of the new vector. The limits in the (M V , gV )

10 For recent theoretical developments in the search for vector resonances using boosted techniques see, for
instance, in Refs. [80Ð82].
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Current Limits on W partners:

V>lv

V>WZ>jj

V>WZ>3lv

EWPT

Even weaker if Top Partner decays open "
[Contino et al. 2012; Greco et.al., 2013; Chala et al. 2014;]

[Pappadopulo, Torre, Thamm, AW, 2014]



Vector Resonances
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Direct versus Indirect @ FCC
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divergent contribution to the A parameter induced by its presence,

! A! ! "
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8
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!

2#f

" 2

# " 0.06

is negligible compared to! Atop .
As a provisional conclusion, the model as it stands so far is hard to defend because of the

EWPT. For f = 500 GeV we will have (sin$)2 # 0.25, mEWPT,e ! # 250Ö 500 GeV formh =
115Ö 300 GeV. The combination of (2.13), (2.14) leads therefore to an embarrassing comparison
with the experimental constraints on the electroweak parameters öS, öT. (See Fig. 2, the tip of the
arrow marked Ôfrom cuto" Õ).

One obvious way to make the model consistent with the EWPT is to increasef . For example,
for f = 1 TeV we will have (sin$)2 # 0.25, mEWPT,e ! # 145Ö 360 GeV formh = 115 Ö 300 GeV,
and # S # 0.04 from (2.14). In principle, this is consistent (at the border of the 2%ellipse) formh

close to the direct lower bound. However, the Þnetuning price of f = 1 TeV from (2.8) is $ 3%,
which in our opinion is starting to get uncomfortably large6. Because of this we would like to
stick to f = 500 GeV, and pursue another strategy to improve the EWPT consistency. Namely,
we will add a new sector to the model which provides an extra positive contribution to öT. In [8],
we solved a similar problem by enlarging the scalar sector ofthe SM.
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Figure 2: The minimal model in the ST plane, including the contributio ns (2.13) (Ôfrom scalarsÕ) and
(2.14) (Ôfrom cuto! Õ). The dashed arrow shows an extra positive contribution to T needed to make the
model consistent with the data. In Section 3.2 we discuss if such ! T > 0 may come from an extended
3rd generation. Experimental contours taken from the LEPEWWG ST plot [9].

6Recall that the MSSM requires $ 5% Þnetuning to increase the Higgs mass above the direct lower bound.

6

EWPT

[Barbieri, Bellazzini, Rychkov, Varagnolo, 2007]

However É

Collider Energy Luminosity ! [1" ] References

LHC 14 TeV 300 fb! 1 0.1 [60, 61]

ILC 250 GeV 250 fb! 1

0.6-1.2! 10! 2 [1, 62Ð64]
+ 500 GeV 500 fb! 1

CLIC 350 GeV 500 fb! 1

1.1-2.4! 10! 3 [65]+ 1 .4 TeV 1.5 ab! 1

+ 3 .0 TeV 2 ab! 1

TLEP 240 GeV 10 ab! 1

2! 10! 3 [66]
+ 350 GeV 2.6 ab! 1

Table 3.1: Summary of the precision on! and the corresponding reach on the compositeness scale at
various experiments from the study of single and double Higgs processes.

4 EWPT reassessment

As mentioned in the Introduction, EWPT, and in particular the oblique parameters öS and öT,

represent some of the strongest constraints on CH models. However, as we stressed before,

they su! er from an unavoidable model dependence, so that incalculable UV contributions can

substantially relax these constraints [20]. We believe that presenting the corresponding exclu-

sion contours in the previous plots without taking into account any possible UV contribution

would lead to a wrong and too pessimistic conclusion. Therefore we parametrize the new

physics contributions to öS and öT as

" öS =
g2

96#2 ! log
!

8#mW

gmh
"

!

"
+

m2
W

m2
!

+ $
g2

16#2 ! ,

" öT = #
3g! 2

32#2 ! log
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8#mW

gmh
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"
+ %

3yt

16#2 ! ,
(4.1)

where the Þrst terms represent the IR contributions due to the Higgs couplings modiÞcations,

the second term in" öS comes from tree-level exchange of vector resonances and the last terms

parametrize short distance e! ects. The coe# cients $ and %are of order one and could have

either sign [20]. In the literature, a constant positive contribution to " öT has often be assumed

to relax the constraints from EWPT [ 54, 67]. However, the Þnite UV contributions of the form

of the last terms in eq. (4.1) arising from loops of heavy fermionic resonances always depend

on ! , signiÞcantly changing the EW Þt compared to a constant contribution. In order to show

realistic constraints from EWPT, we deÞne a&2 as function of ! , m! , $, %, i.e. &2(! , m! , $, %),

and compute 95% CL exclusion contours in the (m! , ! ) plane marginalising over $ and %. In

order to control the level of cancellation in the &2 due to the contribution of the UV terms, we

deÞne the parameter

' " 2 =
&2(! , m! , $ = 0 , %= 0)

&2(! , m! , $, %)
. (4.2)

In Figure 4.1 we show contours for$ = %= 0, for ' " 2 < 10, and ' " 2 < 50. The marginalisation

over $ and %is performed by scanning over them in a logarithmically symmetric interval (1/ 3, 3)

for each point in the (m! , ! ) plane. The dependence on the chosen interval is very mild once

10

ModiÞed Higgs couplings go in bad direction.
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Resonance exchange as well
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on ! , signiÞcantly changing the EW Þt compared to a constant contribution. In order to show

realistic constraints from EWPT, we deÞne a&2 as function of ! , m! , $, %, i.e. &2(! , m! , $, %),

and compute 95% CL exclusion contours in the (m! , ! ) plane marginalising over $ and %. In

order to control the level of cancellation in the &2 due to the contribution of the UV terms, we

deÞne the parameter

' " 2 =
&2(! , m! , $ = 0 , %= 0)

&2(! , m! , $, %)
. (4.2)

In Figure 4.1 we show contours for$ = %= 0, for ' " 2 < 10, and ' " 2 < 50. The marginalisation

over $ and %is performed by scanning over them in a logarithmically symmetric interval (1/ 3, 3)

for each point in the (m! , ! ) plane. The dependence on the chosen interval is very mild once
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ModiÞed Higgs couplings go in bad direction.

Resonance exchange as well

Light Top Partners come to rescue.



EWPT

! " # $ %&
&'&&%

&'&%

&'%

%'

&'&&!

&'&!

&'!

&'&&(

&'&(

&'(

! �� !!"# "

��

)*+, %& -. ! !

*/0 1&& 2. ! !
! �� ! " ��

! �� ! %

Allowing for a 1/5 cancellation
[Torre, Thamm, AW, for FCC W.G.]


