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Gauge principle + (unnatural) separation of scales describes observations.
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hints of high UV scales
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Figure 1:
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BSM (approximate) symmetries
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Higgs potential & top partners
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for a sizable degree of compositeness of the top. Collective breaking then requires that g⇤ must

not be much larger than gSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
⇤
).3 The collective breaking mechanism also ensures that the large

tree-level e↵ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

• Loop-level mass and quartic: a = O(1), b = O(1), g⇤ ⌧ 4⇡
“Holographic” composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order ⇠ = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.

Again the divergences in the Higgs potential are cut o↵ at the scale of the top and vector

partners. Thus, the generic tuning required in this case scales as

� = �µ2 ⇥ �� ⇠ (7 %)�1

✓
f

1 TeV

◆2 ✓
g⇤p
Ncyt

◆4

. (3.3)

where g2
SM

⇠ Ncy2
t

has been taken.

These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of “weakly” coupled resonances in the large N regime, with

coupling g⇤ ⇠ 4⇡/
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get ⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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Different realizations depending on quantum numbers of top operators:
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for a sizable degree of compositeness of the top. Collective breaking then requires that g⇤ must

not be much larger than gSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
⇤
).3 The collective breaking mechanism also ensures that the large

tree-level e↵ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

• Loop-level mass and quartic: a = O(1), b = O(1), g⇤ ⌧ 4⇡
“Holographic” composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order ⇠ = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.

Again the divergences in the Higgs potential are cut o↵ at the scale of the top and vector

partners. Thus, the generic tuning required in this case scales as
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where g2
SM

⇠ Ncy2
t

has been taken.

These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of “weakly” coupled resonances in the large N regime, with

coupling g⇤ ⇠ 4⇡/
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get ⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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not be much larger than gSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
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).3 The collective breaking mechanism also ensures that the large

tree-level e↵ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

• Loop-level mass and quartic: a = O(1), b = O(1), g⇤ ⌧ 4⇡
“Holographic” composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order ⇠ = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.
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These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of “weakly” coupled resonances in the large N regime, with

coupling g⇤ ⇠ 4⇡/
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get ⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.

7

Different realizations depending on quantum numbers of top operators:

• V(H) @

‘Holographic’:

Figure 1:

1 A

a, b ∼ 1

∆µ2 =
δµ2

µ2
exp

∼
ag2

SMm2
∗

(800 GeV)2
∼ (0.3)−1

(a

1

)

(

g2
SM

Ncy2
t

)

( m∗

800 GeV

)2

∆λ =
δλ

λexp

∼
bg2

SMg2
∗

32
∼ 1

(

b

1

) (

g2
SM

Ncy
2
t

)

(g∗
2

)2

a, b ∼ 1

g∗ = gΨ, gρ ≪ 4π

1

Figure 1:

1 A

a, b ∼ 1

∆µ2 =
δµ2

µ2
exp

∼

ag2

SMm2

∗

(800 GeV)2
∼ (0.3)−1

(a

1

)

(

g2

SM

Ncy2
t

)

( m∗

800 GeV

)2

∆λ =
δλ

λexp

∼

bg2

SMg2

∗

32
∼ 1

(

b

1

) (

g2

SM

Ncy
2
t

)

(g∗
2

)2

a, b ∼ 1

g∗ ∼ 4π

1

The importance of: Representations                                                                         .

Figure 1:

1 A

a, b ∼ 1

∆µ2 =
δµ2

µ2
exp

∼
ag2

SMm2
∗

(800 GeV)2
∼ (0.3)−1

(a

1

)

(

g2
SM

Ncy2
t

)

( m∗

800 GeV

)2

∆λ =
δλ

λexp

∼
bg2

SMg2
∗

32
∼ 1

(

b

1

) (

g2

SM

Ncy2
t

)

(g∗
2

)2

a ∼ 1 , b ∼ 16π2/g2

∗

g∗ = gΨ, gρ ≪ 4π

∆ = ∆µ2 × ∆λ ∼ (0.01%)−1

(

f

1 TeV

)2

∆ = ∆µ2 × ∆λ ∼ (5%)−1

(

f

1 TeV

)2
(g∗

2

)4

∆ = ∆µ2 × ∆λ ∼ (5%)−1

(

f

1 TeV

)2
(g∗

2

)2

O(λ2

L,R, λ4

L,R)

SO(5)/SO(4)

V (h) ∼

1

Figure 1:

1 A

SO(6)/SO(5) ⇠= SU(4)/Sp(4)

OqL = 6 , OtR = 1

1

tL,R

O(�4)

V (h) ' m4
⇤

g2⇤

Nc

8⇥2


�2
L,R A

✓
h

f

◆
+

�2
L�

2
R

g2⇤
B

✓
h

f

◆�
tL

tR

16

 If EWSB is triggered at

t R

t L

+

Figure 1:

1 A

OqL = 6 , OtR = 6

µ2
⇠

2Ncy2tm
2
 

16⇡2

� ⇠
2Ncy4t
16⇡2

� ⇠
2Nc�4

L,R

16⇡2

n = 5

1

Figure 1:

1 A

� = �µ2 ⇥�� ⇠ (5%)�1

✓
f

1TeV

◆2 ⇣g 
2

⌘n=4

OqL = 6 , OtR = 6

µ2
⇠

2Ncytg m2
 

16⇡2

� ⇠
2Ncy2t g

2
 

16⇡2

� ⇠
2Nc�4

L,R

16⇡2

n = 5

g ⌘ m /f

1

Figure 1:

1 A

� = �µ2 ⇥�� ⇠ (5%)�1

✓
f

1TeV

◆2 ⇣g 
2

⌘n=4

OqL = 6 , OtR = 6

µ2
⇠

2Ncytg m2
 

16⇡2

� ⇠
2Ncy2t g

2
 

16⇡2

� ⇠
2Nc�4

L,R

16⇡2

n = 5

g ⌘ m /f

1

Figure 1:

1 A

� = �µ2 ⇥�� ⇠ (5%)�1

✓
f

1TeV

◆2 ⇣g 
2

⌘n=4

OqL = 6 , OtR = 6

µ2
⇠

2Ncytg m2
 

16⇡2

� ⇠
2Ncy2t g

2
 

16⇡2

� ⇠
2Nc�4

L,R

16⇡2

n = 5

g ⌘ m /f

1

Figure 1:

1 A

OqL = 6 , OtR = 6

µ2
⇠

2Ncytg m2
 

16⇡2

� ⇠
2Ncy2t g

2
 

16⇡2

n = 5

� ⇠ 1%

1

Figure 1:

1 A

/ (y2t � ey2t ) ' 0

gV ' g⇢

OqL � 4 � SO(4)

1

Zbb protection

Figure 1:

1 A

OqL = 6 , OtR = 1

OqL = 6 , OtR = 6

OqL = 200 , OtR = 1

H � U(1)X

v/f . 0.4

1

spurions

radiatively generated potential

✏t = �t/g⇤
✏q = �q/g⇤
✏g = g/g⇤

… 

O(✏2) : V =

for a sizable degree of compositeness of the top. Collective breaking then requires that g⇤ must

not be much larger than gSM . In particular, this fact implies that the top/vector partners
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parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
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).3 The collective breaking mechanism also ensures that the large
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so-called collective quartic [37].
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for a sizable degree of compositeness of the top. Collective breaking then requires that g⇤ must

not be much larger than gSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
⇤
).3 The collective breaking mechanism also ensures that the large

tree-level e↵ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

• Loop-level mass and quartic: a = O(1), b = O(1), g⇤ ⌧ 4⇡
“Holographic” composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order ⇠ = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.

Again the divergences in the Higgs potential are cut o↵ at the scale of the top and vector

partners. Thus, the generic tuning required in this case scales as

� = �µ2 ⇥ �� ⇠ (7 %)�1

✓
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. (3.3)

where g2
SM

⇠ Ncy2
t

has been taken.

These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of “weakly” coupled resonances in the large N regime, with

coupling g⇤ ⇠ 4⇡/
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get ⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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Higgs potential & top partners

Top partners control the Higgs potential.

gT = mT /f

reproduced only if light & weakly coupled top partners:
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Higgs couplings

Higgs potential & top partners

Top partners control the Higgs potential.

gT = mT /f

reproduced only if light & weakly coupled top partners:
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top partners phenomenology

 1 = (3,1,1)2/3

 4 = (3,2,2)2/3

Phenomenology dictated by quantum numbers:
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top partners phenomenology

 1 = (3,1,1)2/3

 4 = (3,2,2)2/3

p(g)p(g) !   ̄

T ! (h, ZL) t

X5/3 ! W+
L t

Phenomenology dictated by quantum numbers:

… 
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5 = (1,1)� (2,2)
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QCD double production:

EW single production:

Branching ratios:
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where are the top partners?

LHC 13TeV data
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What if there are non-standard top-partner decays.

e.g. SO(6)/SO(5)
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Figure 3: Branching ratios of  1 to ht (dotted black), Zt (dot-dashed green), Wb (dashed
blue), and ⌘t (solid red), in the 6L + 6R model. The left panel correspond to �2 = 2 and the
right one to �2 = 4. The singlet mass has been fixed in both cases to m⌘ = 300GeV, while
yR = yL/

p
2.

Therefore a large non-standard branching ratio requires significantly large values of �̂, to
overcome the v2/f 2 suppression. For instance, given �̂2 = 4 and f = 600GeV, one finds
BR( 1

! ⌘t) ' 20%. We can understand the feasibility of this regime by matching the
e↵ective Lagrangian Eq. (43) to the model presented in section 3.2, assuming that the top
partners in the 5-plet and the 14-plet are heavy. In that case we find

M =
q
M2

1 + (�Rf)2 , yL = �

r
6

5

�LM1p
M2

1 + (�Rf)2
, ct = �

�Rf

M1
. (46)

Recall in particular that the regime M1/f ⌧ �R was preferred for fine-tuning considerations,
in which case M1 was playing little role in the Higgs potential. Besides, even though large
values of �̂ were preferable, the theoretical lower limit on M14 scaled also with �̂, possibly
becoming the leading source of tuning for �̂ � 1. Therefore, we can conclude that a non-
standard branching ratio of  1 to ⌘t can become comparable to those into the standard
channels, but not dominant.

4.2 5-plet phenomenology

We discuss next the phenomenology of the top partner 5-plet of SO(5),  5. For the case
where both the qL and tR are embedded in the 62/3 of SO(6)⇥ U(1)X , the leading e↵ective
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becoming the leading source of tuning for �̂ � 1. Therefore, we can conclude that a non-
standard branching ratio of  1 to ⌘t can become comparable to those into the standard
channels, but not dominant.
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Figure 3: LHC bounds for scenario 1, T ! t⌘. Left panel: Exact t-parity case. The

blue/orange shaded areas are excluded by the CMS [34]/ATLAS [35] searches for isolated

lepton, jets, and missing transverse momentum, assuming the same acceptance and cut e�-

ciency for spin-1/2 and spin-0 signal models. The dashed line indicates the bound from the

CMS cut-and-count search in the same channel [36], including the di↵erence in the cut e�-

ciencies. The purple area is excluded by the mono-jet search [37]. Right panel: Approximate

t-parity case, ⌘ ! jj. The blue shaded area is excluded by the ATLAS multijet analysis [38].

In both panels, below the horizontal gray line the Higgs decay h ! ⌘⌘ is kinematically

accessible.

do not consider the case where LtP lifetime corresponds to displaced decays inside a detector,

since displaced decays into jet pairs are very strongly constrained at the LHC independent of

the details of the event [33]. In all scenarios we assume 100% branching ratio in the channels

of interest for both T and the scalars.

3.1 Scenario 1: T T̄ ! tt̄⌘⌘

If the singlet ⌘ is the LtP, the decay T ! t⌘ dominates. We consider two cases: exact t-parity

(stable LtP) and broken t-parity (unstable LtP).

3.1.1 Exact t-Parity

The signal topology in this case is identical to that of stop squark (t̃) pair-production, where

the stop decays via t̃ ! tÑ and Ñ is a stable neutralino. Many searches for this SUSY process

have been performed at the LHC. In the region of the parameter space where a two-body

decay to tÑ is kinematically allowed, the strongest bounds can be derived from the ATLAS

and CMS searches for isolated lepton, jets, and missing transverse momentum (MET) [34–36].

The ATLAS collaboration supplies acceptances and e�ciencies to pass the selection cuts as a

function of m
t̃
and m

Ñ
for m

t̃
< 800 GeV. We assume that these acceptances and e�ciencies

– 8 –

(recast of) LHC 8TeV data

Anandakrishnan et al. 1506.05130

The bounds, thus tuning, are mildly weaker.

BR(⌘ ! gg) ⇡ 1 m⌘ . 2mtif
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Z2 breaking

In the Z2 symmetric case the potential has possible minima

In order to achieve                           one needs to explicitly break the Z2 symmetry

For instance a small Z2 (soft) breaking mass term is sufficient

This can be realized in many ways, examples are:

1. Twin hypercharge is not gauged

2. Only some fermions have twins (fraternal)

3. All twin EW group is not gauged (exceptional)

4. Z2 broken by bottom and gauge sectors

5. Hard breaking (relaxing     tuning)
7Riccardo Torre Twins and Brothers of the Higgs

Barbieri, Greco, Rattazzi, Wulzer, 1501.07803 [hep-ph]

Low, Tesi, Wang, 1501.07890 [hep-ph]

Craig, Katz, Strassler, Sundrum, 1501.05310 [hep-ph]
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the last epicycle on BSM (approximate) symmetries

Are colored top partners really needed?

Twin Higgs mechanism
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for a sizable degree of compositeness of the top. Collective breaking then requires that g⇤ must

not be much larger than gSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
⇤
).3 The collective breaking mechanism also ensures that the large

tree-level e↵ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

• Loop-level mass and quartic: a = O(1), b = O(1), g⇤ ⌧ 4⇡
“Holographic” composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order ⇠ = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.

Again the divergences in the Higgs potential are cut o↵ at the scale of the top and vector

partners. Thus, the generic tuning required in this case scales as

� = �µ2 ⇥ �� ⇠ (7 %)�1

✓
f

1 TeV

◆2 ✓
g⇤p
Ncyt

◆4

. (3.3)

where g2
SM

⇠ Ncy2
t

has been taken.

These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of “weakly” coupled resonances in the large N regime, with

coupling g⇤ ⇠ 4⇡/
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get ⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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Different realizations depending on quantum numbers of top operators:
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Z2 breaking

In the Z2 symmetric case the potential has possible minima

In order to achieve                           one needs to explicitly break the Z2 symmetry

For instance a small Z2 (soft) breaking mass term is sufficient

This can be realized in many ways, examples are:

1. Twin hypercharge is not gauged

2. Only some fermions have twins (fraternal)

3. All twin EW group is not gauged (exceptional)

4. Z2 broken by bottom and gauge sectors

5. Hard breaking (relaxing     tuning)
7Riccardo Torre Twins and Brothers of the Higgs

Barbieri, Greco, Rattazzi, Wulzer, 1501.07803 [hep-ph]

Low, Tesi, Wang, 1501.07890 [hep-ph]

Craig, Katz, Strassler, Sundrum, 1501.05310 [hep-ph]

Serra, RT, to appear

Serra, RT, 1709.05399

Katz, Mariotti, Pokorski, Redigolo, Ziegler 

Z2 breaking

In the Z2 symmetric case the potential has possible minima

In order to achieve                           one needs to explicitly break the Z2 symmetry

For instance a small Z2 (soft) breaking mass term is sufficient

This can be realized in many ways, examples are:

1. Twin hypercharge is not gauged

2. Only some fermions have twins (fraternal)

3. All twin EW group is not gauged (exceptional)

4. Z2 broken by bottom and gauge sectors

5. Hard breaking (relaxing     tuning)
7Riccardo Torre Twins and Brothers of the Higgs

Barbieri, Greco, Rattazzi, Wulzer, 1501.07803 [hep-ph]

Low, Tesi, Wang, 1501.07890 [hep-ph]

Craig, Katz, Strassler, Sundrum, 1501.05310 [hep-ph]

Serra, RT, to appear

Serra, RT, 1709.05399

Katz, Mariotti, Pokorski, Redigolo, Ziegler 

the last epicycle on BSM (approximate) symmetries

Are colored top partners really needed?

Twin Higgs mechanism

Z2 !
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for a sizable degree of compositeness of the top. Collective breaking then requires that g⇤ must

not be much larger than gSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
⇤
).3 The collective breaking mechanism also ensures that the large

tree-level e↵ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

• Loop-level mass and quartic: a = O(1), b = O(1), g⇤ ⌧ 4⇡
“Holographic” composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order ⇠ = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.

Again the divergences in the Higgs potential are cut o↵ at the scale of the top and vector

partners. Thus, the generic tuning required in this case scales as
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has been taken.

These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of “weakly” coupled resonances in the large N regime, with

coupling g⇤ ⇠ 4⇡/
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get ⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions
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Z2 breaking

In the Z2 symmetric case the potential has possible minima

In order to achieve                           one needs to explicitly break the Z2 symmetry

For instance a small Z2 (soft) breaking mass term is sufficient

This can be realized in many ways, examples are:

1. Twin hypercharge is not gauged

2. Only some fermions have twins (fraternal)

3. All twin EW group is not gauged (exceptional)

4. Z2 broken by bottom and gauge sectors

5. Hard breaking (relaxing     tuning)
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3. All twin EW group is not gauged (exceptional)

4. Z2 broken by bottom and gauge sectors

5. Hard breaking (relaxing     tuning)
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the last epicycle on BSM (approximate) symmetries

Are colored top partners really needed?

Twin Higgs mechanism

Z2 !
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for a sizable degree of compositeness of the top. Collective breaking then requires that g⇤ must

not be much larger than gSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
⇤
).3 The collective breaking mechanism also ensures that the large

tree-level e↵ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

• Loop-level mass and quartic: a = O(1), b = O(1), g⇤ ⌧ 4⇡
“Holographic” composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order ⇠ = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.

Again the divergences in the Higgs potential are cut o↵ at the scale of the top and vector

partners. Thus, the generic tuning required in this case scales as
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where g2
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⇠ Ncy2
t

has been taken.

These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of “weakly” coupled resonances in the large N regime, with

coupling g⇤ ⇠ 4⇡/
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get ⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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for a sizable degree of compositeness of the top. Collective breaking then requires that g⇤ must

not be much larger than gSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
⇤
).3 The collective breaking mechanism also ensures that the large

tree-level e↵ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

• Loop-level mass and quartic: a = O(1), b = O(1), g⇤ ⌧ 4⇡
“Holographic” composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order ⇠ = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.

Again the divergences in the Higgs potential are cut o↵ at the scale of the top and vector

partners. Thus, the generic tuning required in this case scales as
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where g2
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⇠ Ncy2
t

has been taken.

These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of “weakly” coupled resonances in the large N regime, with

coupling g⇤ ⇠ 4⇡/
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get ⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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twin Higgs
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V (H, eH) = �µ
2
⇣
|H|2 + | eH|2

⌘
+

�

4

⇣
|H|2 + | eH|2

⌘2
+

�̂

8

⇣
|H|4 + | eH|4

⌘

SO(4)⇥ ŜO(4)

for a sizable degree of compositeness of the top. Collective breaking then requires that g⇤ must

not be much larger than gSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
⇤
).3 The collective breaking mechanism also ensures that the large

tree-level e↵ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

• Loop-level mass and quartic: a = O(1), b = O(1), g⇤ ⌧ 4⇡
“Holographic” composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order ⇠ = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.

Again the divergences in the Higgs potential are cut o↵ at the scale of the top and vector

partners. Thus, the generic tuning required in this case scales as
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where g2
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has been taken.

These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of “weakly” coupled resonances in the large N regime, with

coupling g⇤ ⇠ 4⇡/
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get ⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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for a sizable degree of compositeness of the top. Collective breaking then requires that g⇤ must

not be much larger than gSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
⇤
).3 The collective breaking mechanism also ensures that the large

tree-level e↵ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

• Loop-level mass and quartic: a = O(1), b = O(1), g⇤ ⌧ 4⇡
“Holographic” composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order ⇠ = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.

Again the divergences in the Higgs potential are cut o↵ at the scale of the top and vector

partners. Thus, the generic tuning required in this case scales as

� = �µ2 ⇥ �� ⇠ (7 %)�1

✓
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. (3.3)

where g2
SM

⇠ Ncy2
t

has been taken.

These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of “weakly” coupled resonances in the large N regime, with

coupling g⇤ ⇠ 4⇡/
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get ⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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for a sizable degree of compositeness of the top. Collective breaking then requires that g⇤ must

not be much larger than gSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
⇤
).3 The collective breaking mechanism also ensures that the large

tree-level e↵ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

• Loop-level mass and quartic: a = O(1), b = O(1), g⇤ ⌧ 4⇡
“Holographic” composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order ⇠ = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.

Again the divergences in the Higgs potential are cut o↵ at the scale of the top and vector

partners. Thus, the generic tuning required in this case scales as
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where g2
SM

⇠ Ncy2
t

has been taken.

These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of “weakly” coupled resonances in the large N regime, with

coupling g⇤ ⇠ 4⇡/
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get ⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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for a sizable degree of compositeness of the top. Collective breaking then requires that g⇤ must

not be much larger than gSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
⇤
).3 The collective breaking mechanism also ensures that the large

tree-level e↵ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

• Loop-level mass and quartic: a = O(1), b = O(1), g⇤ ⌧ 4⇡
“Holographic” composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order ⇠ = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.

Again the divergences in the Higgs potential are cut o↵ at the scale of the top and vector

partners. Thus, the generic tuning required in this case scales as
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where g2
SM

⇠ Ncy2
t

has been taken.

These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of “weakly” coupled resonances in the large N regime, with

coupling g⇤ ⇠ 4⇡/
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get ⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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for a sizable degree of compositeness of the top. Collective breaking then requires that g⇤ must

not be much larger than gSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
⇤
).3 The collective breaking mechanism also ensures that the large

tree-level e↵ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

• Loop-level mass and quartic: a = O(1), b = O(1), g⇤ ⌧ 4⇡
“Holographic” composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order ⇠ = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.

Again the divergences in the Higgs potential are cut o↵ at the scale of the top and vector

partners. Thus, the generic tuning required in this case scales as
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where g2
SM

⇠ Ncy2
t

has been taken.

These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of “weakly” coupled resonances in the large N regime, with

coupling g⇤ ⇠ 4⇡/
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get ⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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for a sizable degree of compositeness of the top. Collective breaking then requires that g⇤ must

not be much larger than gSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
⇤
).3 The collective breaking mechanism also ensures that the large

tree-level e↵ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

• Loop-level mass and quartic: a = O(1), b = O(1), g⇤ ⌧ 4⇡
“Holographic” composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order ⇠ = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.

Again the divergences in the Higgs potential are cut o↵ at the scale of the top and vector

partners. Thus, the generic tuning required in this case scales as
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where g2
SM

⇠ Ncy2
t

has been taken.

These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of “weakly” coupled resonances in the large N regime, with

coupling g⇤ ⇠ 4⇡/
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get ⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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for a sizable degree of compositeness of the top. Collective breaking then requires that g⇤ must

not be much larger than gSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
⇤
).3 The collective breaking mechanism also ensures that the large

tree-level e↵ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

• Loop-level mass and quartic: a = O(1), b = O(1), g⇤ ⌧ 4⇡
“Holographic” composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order ⇠ = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.

Again the divergences in the Higgs potential are cut o↵ at the scale of the top and vector

partners. Thus, the generic tuning required in this case scales as
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where g2
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⇠ Ncy2
t

has been taken.

These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of “weakly” coupled resonances in the large N regime, with

coupling g⇤ ⇠ 4⇡/
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get ⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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for a sizable degree of compositeness of the top. Collective breaking then requires that g⇤ must

not be much larger than gSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
⇤
).3 The collective breaking mechanism also ensures that the large

tree-level e↵ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

• Loop-level mass and quartic: a = O(1), b = O(1), g⇤ ⌧ 4⇡
“Holographic” composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order ⇠ = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.

Again the divergences in the Higgs potential are cut o↵ at the scale of the top and vector

partners. Thus, the generic tuning required in this case scales as
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where g2
SM

⇠ Ncy2
t

has been taken.

These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of “weakly” coupled resonances in the large N regime, with

coupling g⇤ ⇠ 4⇡/
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get ⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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for a sizable degree of compositeness of the top. Collective breaking then requires that g⇤ must

not be much larger than gSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
⇤
).3 The collective breaking mechanism also ensures that the large

tree-level e↵ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

• Loop-level mass and quartic: a = O(1), b = O(1), g⇤ ⌧ 4⇡
“Holographic” composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order ⇠ = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.

Again the divergences in the Higgs potential are cut o↵ at the scale of the top and vector

partners. Thus, the generic tuning required in this case scales as
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where g2
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⇠ Ncy2
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has been taken.

These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of “weakly” coupled resonances in the large N regime, with

coupling g⇤ ⇠ 4⇡/
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get ⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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parameter hence a = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16⇡2/g2
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).3 The collective breaking mechanism also ensures that the large

tree-level e↵ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

• Loop-level mass and quartic: a = O(1), b = O(1), g⇤ ⌧ 4⇡
“Holographic” composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order ⇠ = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.
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These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of “weakly” coupled resonances in the large N regime, with

coupling g⇤ ⇠ 4⇡/
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e↵ectively two-loop suppressed, and hence is not dominating even if it

is cut o↵ at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get ⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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⟨H⟩ =
v√
2

v/f = 1

v/f = 0

1

v/f < 1/
p
2

Explicit Z2 breaking is required to misalign the Higgs VEV, e.g.:

��1
v = 2

v2

f2

Minimal tuning:

twin Higgs

Twin U(1)Y is not gauged.

Only 3rd generations fermions have twins (fraternal Higgs).

Only the top has a twin (brother Higgs); see next.

… 
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Replace the linear σ-model by strong sector and follow through.

egi

e� 

SMgSM
eAi , e 
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PC

�qqLOq + �ttROt
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eAi $ Ai egi = gi !Z2 :

Oq = (8,3,1)2/3,0
eOq = (8,1,3)0,2/3 eOt = (1,1,3)0,2/3
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twin Higgs phenomenology

The Higgs remains a pseudo-NGB:

Higgs couplings
1

f2
(@µ|H|2)2 �gh ⇠ v2

f2
. 0.1 f & 750GeV

The strong sector has a mass gap naturally high*:

e.g. S-parameter

m⇤ ⇡ 5TeV

No production of heavy resonances at the LHC.

bS ⇠ m2
W

m2
⇤

. 10�3

Higgs portal type of collider phenomenology.



summary

Symmetries have shaped the way we address the limitations of the SM.

One may argue that we have taken this philosophy to the extreme,  
for a good purpose, the electroweak hierarchy problem.

Variants of the standard solutions based on symmetries, such as Composite 
Higgs models, no longer require light colored top partners.

Searches for these theories are on its way.



Thank you!

NP: Themes
1. Necessity for new particles at TeV mass

2. Candidate TeV particles
weakly coupled: SUSY, Dark Matter, Long-lived

strongly coupled/composite: Randall-Sundrum, KK 
and Z’ resonances, long-lived particles

evolution of robust search strategies

3. Connection to dark matter problem
4. Connection to flavor issues

the questions of fine tuning 
and dark matter are still open
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New particle searches at the current LHC.

current LHC searches

CMS Exotics Searches 

5!

q* (qg), dijet
q* (qW)
q* (qZ) 

q* , dijet pair
q* , boosted Z

e*, Λ = 2 TeV
μ*, Λ = 2 TeV

0 1 2 3 4 5 6
Z’SSM (ee, µµ)

Z’SSM (ττ)
Z’ (tt hadronic) width=1.2%

Z’ (dijet)
Z’ (tt lep+jet) width=1.2%

Z’SSM (ll) fbb=0.2
G (dijet)

G (ttbar hadronic)
G (jet+MET) k/M = 0.2

G (γγ) k/M = 0.1
G (Z(ll)Z(qq)) k/M = 0.1

W’ (lν)
W’ (dijet)

W’ (td)
W’→ WZ(leptonic)

WR’ (tb)
WR, MNR=MWR/2

WKK μ = 10 TeV
ρTC, πTC > 700 GeV

String Resonances (qg)
s8 Resonance (gg)

E6 diquarks (qq)
Axigluon/Coloron (qqbar)

gluino, 3jet, RPV
0 1 2 3 4 5 6

gluino, Stopped Gluino
stop, HSCP

stop, Stopped Gluino
stau, HSCP, GMSB

hyper-K, hyper-ρ=1.2 TeV
neutralino, cτ<50cm

0 1 2 3 4 5 6

Ms, γγ, HLZ, nED = 3
Ms, γγ, HLZ, nED = 6
Ms, ll, HLZ, nED = 3
Ms, ll, HLZ, nED = 6

MD, monojet, nED = 3
MD, monojet, nED = 6
MD, mono-γ, nED = 3
MD, mono-γ, nED = 6

MBH, rotating, MD=3TeV, nED = 2
MBH, non-rot, MD=3TeV, nED = 2

MBH, boil. remn., MD=3TeV, nED = 2
MBH, stable remn., MD=3TeV, nED = 2

MBH, Quantum BH, MD=3TeV, nED = 2
0 1 2 3 4 5 6Sh. Rahatlou 1

LQ1, β=0.5
LQ1, β=1.0
LQ2, β=0.5
LQ2, β=1.0

LQ3 (bν), Q=±1/3, β=0.0
LQ3 (bτ), Q=±2/3 or ±4/3, β=1.0

stop (bτ)
0 1 2 3 4 5 6

b’ → tW, (3l, 2l) + b-jet
q’, b’/t’ degenerate, Vtb=1

b’ → tW, l+jets
B’ → bZ (100%)
T’ → tZ (100%)

t’ → bW (100%), l+jets
t’ → bW (100%), l+l

0 1 2 3 4 5 6
C.I. Λ , Χ analysis, Λ+ LL/RR
C.I. Λ , Χ analysis, Λ- LL/RR

C.I., µµ, destructve LLIM
C.I., µµ, constructive LLIM

C.I., single e (HnCM)
C.I., single µ (HnCM)

C.I., incl. jet, destructive
C.I., incl. jet, constructive

0 5 10 15

95% CL EXCLUSION LIMITS (TEV)CMS EXOTICA

*similar results obtained by ATLAS!

ATLAS Supersymmetry Searches 

4!*similar results obtained by CMS!
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There might be several reasons, e.g.:

 !

mT < m⇤ ⇡ 2.5TeV
S-parameter  bound

d(Oq,t) ! 3/2 =  free field dimension✏q,t ! 1

light & weakly coupled top partners

Accidental Ψ chiral symmetry.

Large N counting.
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Figure 2: Confidence level contours (at 65%, 95% and 99%) for Ŝ and T̂ from [97]. The IR contributions
alone would imply ⇠ = v

2
/f

2 . 0.1.

6.1.2 Non-universal

Besides the oblique parameters, strongly interacting models usually induce non-universal mod-

ifications to the couplings of the top, and due to SU(2)L invariance, also to those of the

left-handed bottom [99]. This is due to the necessarily large coupling of the top quark to

the strong sector, in order to reproduce its large Yukawa coupling. The strongest constraints

come from measurements of the ZbLb̄L coupling, sensitive to the masses of the new-physics

states. However, it was shown in [100] that the ZbLb̄L vertex can be protected from large

corrections by a PLR parity symmetry, as long as the bL embedding does not break it, that

is if bL has �1/2 charge under both SU(2)L and SU(2)R.4 As for the custodial symmetry,

when this custodial parity is preserved by the strong sector, corrections to ZbLb̄L can be kept

under control. Both symmetries yield important consequences for the quantum numbers and

spectrum of the top partner resonances (for instance extended representations such as the

4 = (2,2)).

Fig. (3) reproduced from [101] shows the best fit region with a small positive �gRb where

4Notice that in symmetry breaking cosets with unbroken SO(4), PLR actually arises as an accidental
symmetry of the leading order derivative Lagrangian [65].
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EWPT & top partners

� bT ⇠ 3y2L
16⇡2

y2Lv
2

m2
⇤



the last epicycle on BSM (approximate) symmetries

Another way to understand twin Higgs:



brother Higgs


