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  at around the weak scale]
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Higgs and Beyond Standard Model searches at LEP 5
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Figure 3. LEP SUSY Working Group results for sfermions: (a) slepton mass exclusion plot; (b)
stop mass exclusion plot in case of t̃→ cχ decay for minimal (θt̃ =56◦) and maximal production
cross section (θt̃ =0◦).

fermions or sfermions, f̃L and f̃R, are the partners of the left- and right-handed SM
fermions and mix to form the mass eigenstates. The mixing angle θ

f̃
is so defined

that f̃ = f̃L cos θ
f̃
+f̃R sin θ

f̃
is the lightest sfermion. In general mixing is relevant for

the third family, while f̃ ≡ f̃R otherwise. The SM gauge boson as well as MSSM
Higgs bosons states have fermionic super-partners, gauginos and higgsinos. The
neutral higgsinos and gauginos mix into four mass eigenstates, the neutralinos χ,
χ2, χ3, χ4 (Mχ4

>Mχ3
>Mχ2

>Mχ). The charged gauginos and higgsinos mix into
two mass eigenstates, the charginos χ± and χ±

2 (Mχ±

2

>Mχ±).

The lepton and baryon number conservation is normally embedded into SUSY
models through the “R-parity” conservation. The LSP (Lightest Supersymmetric
Particle) is stable and must be also neutral and weakly interacting to fit the cosmo-
logical observations. Within the standard MSSM the LSP is the lightest neutralino
χ or, less likely, the sneutrino, ν̃. At LEP the sparticles are pair produced and the
decay brings to final states containing at least one LSP.

Except few pathological cases, sparticle pair production leads to the typical
acoplanar particles topology due to missing energy (E/) and momentum (P/) from
escaping LSP’s. The energy of the visible system is related to the mass difference
between the sparticle P̃ and the LSP (∆M =M

P̃
−MLSP). The acoplanar topologies

studied cover each type of visible final state (leptons, hadronic jets, γ’s).
The analyses for slepton signals (e+e− → %̃+%̃−, %̃ → %χ) search for acoplanar

leptons by using the powerful lepton and tau identification of LEP detectors, and
the LEP combined cross section upper limits range from 10 to 60 fb. The resulting
mass lower limits are 100 GeV/c2, 94 GeV/c2 and 86 GeV/c2 for ẽR, µ̃R and τ̃R

respectively, valid for ∆M >10 GeV/c2, as shown in Fig. 3(a) [2].
The production of a squark pair results into an acoplanar jet topology. These

hadronic events can be selected by using event variables and requiring E/ and P/. In

case of e+e−→ t̃̃̄t, t̃→ cχ, the mass lower limit is 94 GeV/c2 for ∆M > 10 GeV/c2

and any mixing, as visible in Fig. 3(b) [2]. Further specialized selections are used for

other squark processes: b-tagging is effective for e+e−→ b̃¯̃b, b̃→bχ, allowing a limit

• Super-Soft natural models (e.g. SUSY) already constrained at LEP2
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ẽ  ẽR R
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Both kind kind of theories are now confined into fine-tuned territory☞
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The Twin Higgs paradigm: Higgs mass saturated by new states 
neutral under the SM gauge group

Naive difficulty:

Twin Higgs idea:       the SM sector related to a copy through a Z2 (Twin) parity

yt

SM sector Twin sectorTwin parity

[ Chacko, Goh, Harnik, PRL 96 (2006) 231802 ]

t
t̃
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Structure of  Twin Higgs Theories

SM states
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Twin states

Colored states SM and Twin sectors extended to a more 
fundamental Z2-invariant dynamics at this scale
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SO(8) → SO(7) ⊃ SU(2)L × U(1)Y

- 3 NGB eaten to give mass to 
- Twin photon remains massless
- one massless SU(2) doublet 

V (φ) = −m2
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|φ|4
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...
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†
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7  Nambu-Goldstone bosons

�W

In the unitary gauge:
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7  Nambu-Goldstone bosons

�W

In the unitary gauge:

W �W

sin2(h/f) cos2(h/f)

H H̃
+

Cancellation in the mass 
term (due to accidental 
SO(8) from Z2 invariance)

[ Chacko, Goh, Harnik ]
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H H̃
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A similar cancellation occurs in the correction to the mass term from fermions:
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Massless twin photon can be removed by 
not gauging         (small Z2 breaking)

m2
�W =

1

4
g2f2

mt̃ =
yt√
2
f

m2
φ = f2λφ � m2

∗

�U(1)

�W, t̃

m∗
mφ

H,W, t

Mass of twin states:

Mass of radial mode:
gSMf

E

colored states

radial mode
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4
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• Effect of the SO(8)-breaking terms 

A non-vanishing SO(8)-breaking quartic gives the NGB a potential:

at LO in
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2
φ(|H|2 + | �H|2) +

λφ

2
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• Effect of the SO(8)-breaking terms 

A non-vanishing SO(8)-breaking quartic gives the NGB a potential:

at LO in

�W, t̃

m∗

mφ

H,W, t

E

colored states

radial mode

twin states

Need to relate       to mφ☞
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This can be ensured through symmetries and selection rules of the UV 
dynamics



• Hierarchy between colored and twin states controlled by

m2
t̃ ∼ y2t f

2 ∼ 4π2

3y2t

1

log
m2

∗
mtmt̃

× m2
h

�

g∗

m2
∗ ∼ 4π2

3y2t

1

log
m2

∗
mtmt̃

× m2
h

�
× g2∗

y2t

12

Fine Tuning and scales of New Physics

• Higgs mass term saturated by color-less twin tops

FT minimized for maximal
(i.e. when UV dynamics strongly coupled)

g∗



• Hierarchy between colored and twin states controlled by

m2
t̃ ∼ y2t f

2 ∼ 4π2

3y2t

1

log
m2

∗
mtmt̃

× m2
h

�

g∗

m2
∗ ∼ 4π2

3y2t

1

log
m2

∗
mtmt̃

× m2
h

�
× g2∗

y2t

12

Fine Tuning and scales of New Physics

• Higgs mass term saturated by color-less twin tops

FT minimized for maximal
(i.e. when UV dynamics strongly coupled)

g∗

Composite Twin Higgs models emerge as 
natural candidates



Q:   How large     can be ?

• Hierarchy between colored and twin states controlled by

m2
t̃ ∼ y2t f

2 ∼ 4π2

3y2t

1

log
m2

∗
mtmt̃

× m2
h

�

g∗

m2
∗ ∼ 4π2

3y2t

1

log
m2

∗
mtmt̃

× m2
h

�
× g2∗

y2t

g∗

12

Fine Tuning and scales of New Physics

• Higgs mass term saturated by color-less twin tops

FT minimized for maximal
(i.e. when UV dynamics strongly coupled)

g∗

☞

Composite Twin Higgs models emerge as 
natural candidates



Imposing an upper bound on the scattering phase:

πa

πb

πc

πd

A(πaπb → πcπd) =
s

f2
δabδcd +

t

f2
δacδbd +

u

f2
δadδbc

a1j=0 =
N − 2

32π

s

f2

|δ| < π

2

7× 7 = 1+ 21+ 27

g∗ =
m∗
f

≤
√
s

f
≤ 4π√

N − 2
� 5

for SO(N)/SO(N − 1)

N=8

13

Estimating the strong coupling scale through the scattering of NGBs  
(low-energy viewpoint)

Decomposing into partial wave amplitudes:



Imposing an upper bound on the scattering phase:

πa

πb

πc

πd

A(πaπb → πcπd) =
s

f2
δabδcd +

t

f2
δacδbd +

u

f2
δadδbc

a1j=0 =
N − 2

32π

s

f2

|δ| < π

2

7× 7 = 1+ 21+ 27

g∗ =
m∗
f

≤
√
s

f
≤ 4π√

N − 2
� 5

for SO(N)/SO(N − 1)

N=8

13

Estimating the strong coupling scale through the scattering of NGBs  
(low-energy viewpoint)

Decomposing into partial wave amplitudes:

large size of multiplets lowers strong 
scale compared to naive expectation



Imposing an upper bound on the scattering phase:

πa

πb

πc

πd

A(πaπb → πcπd) =
s

f2
δabδcd +

t

f2
δacδbd +

u

f2
δadδbc

a1j=0 =
N − 2

32π

s

f2

|δ| < π

2

7× 7 = 1+ 21+ 27

g∗ =
m∗
f

≤
√
s

f
≤ 4π√

N − 2
� 5

m∗ ∼ 0.45TeV× g∗
yt

× 1�

log
m2

∗
mtmt̃

×
�

1

�

g∗ � 5
m∗ � (3− 4) TeV×

�
0.1

�

for SO(N)/SO(N − 1)

N=8

13

Estimating the strong coupling scale through the scattering of NGBs  
(low-energy viewpoint)

Decomposing into partial wave amplitudes:

... just beyond the LHC reach

large size of multiplets lowers strong 
scale compared to naive expectation



Ratio of colored/twins obtained through a large     at fixed   g∗ f m∗=g∗f

m̃=gSMf

m=gSMv

v

f

14

EW and Higgs precision physics

effects scaling with    do not decouplef

E

g∗



ξ≡ v2

f2
� 0.1− 0.2

Ratio of colored/twins obtained through a large     at fixed   g∗ f m∗=g∗f

m̃=gSMf

m=gSMv

v

fδc

c
∼ v2

f2

14

EW and Higgs precision physics

effects scaling with    do not decouplef

E

g∗

• Higgs couplings

same constraint as for CH models



ξ≡ v2

f2
� 0.1− 0.2

Ratio of colored/twins obtained through a large     at fixed   g∗ f m∗=g∗f

m̃=gSMf

m=gSMv

v

f

∆T̂Ψ ∼ 3y2t
16π2

y2t v
2

m2
∗

δc

c
∼ v2

f2

14

EW and Higgs precision physics

effects scaling with    do not decouplef

E

g∗

• Higgs couplings

same constraint as for CH models

• EW precision observables

Ξ�0 �SM�
Ξ�0.1
Ξ�0.2
Ξ�0.25

UV con tr.

fe
rm
io
n
co
n t
r.

IR
con tr.

�2 �1 0 1 2 3

�1

0

1

2

S
�
� 103

T�
�
10

3

Figure 2: Constraints on the oblique EW parameters �S and �T [51]. The gray ellipses correspond to
the 68%, 95% and 99% confidence level contours for mh = 126 GeV and mt = 173 GeV. The red
lines show the contributions that arise in composite Higgs models as explained in the main text. The
IR contribution corresponds to the corrections due to non-linear Higgs dynamics, approximately
given in eqs. (3.2) and (3.7), and is obtained fixing m∗ ∼ 3 TeV. The UV contribution is due to
the EW gauge resonances (see eq. (3.1)).

ysis. As we will see, these corrections are typically large and including them is essential in order to
obtain a reliable fit of the EW parameters. Although these effects have been already considered in
the literature, most of the previous analyses did not take into account the full non-linear structure
of the composite Higgs Lagrangian. Our analysis will show that the non-linearities are relevant and
their inclusion can significantly affect the result and lead to new important effects.

The �S parameter

At tree level the �S parameter receives a correction due to the mixing of the elementary gauge fields
with the composite vector bosons. An estimate of this correction is given by [12]

∆�S � g2

g2∗
ξ � m2

w

m2
∗
. (3.1)

The UV dynamics can lead to deviations with respect to the above formula. However those devia-
tions are typically small and eq. (3.1) is usually in good agreement with the predictions of explicit
models. Assuming that the correction in eq. (3.1) is the dominant contribution to �S (or at least
that the other contributions to �S are positive), a rather strong upper bound on the mass of the
EW gauge resonances is found, m∗ � 2 TeV (see the fit of the oblique parameters in fig. 2).

The other contributions to the �S parameter arise at loop level due to the non-linear Higgs
dynamics and to the presence of fermion resonances. The leading contribution due to the non-

8
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Higgs compositeness is 
a non-decoupling one

Fermion contribution

is a decoupling one
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their inclusion can significantly affect the result and lead to new important effects.

The �S parameter
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tions are typically small and eq. (3.1) is usually in good agreement with the predictions of explicit
models. Assuming that the correction in eq. (3.1) is the dominant contribution to �S (or at least
that the other contributions to �S are positive), a rather strong upper bound on the mass of the
EW gauge resonances is found, m∗ � 2 TeV (see the fit of the oblique parameters in fig. 2).

The other contributions to the �S parameter arise at loop level due to the non-linear Higgs
dynamics and to the presence of fermion resonances. The leading contribution due to the non-
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Can EWPT be satisfied in 
Composite TH theories ?
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µ
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+ yL q̄LOq + yR t̄ROt + ỹL �̄qL �Oq + ỹR
¯̃tR �Ot + h.c.

SU(3)c×SU(2)L×U(1)Y

�SU(3)c×�SU(2)L

f
SO(8)×U(1)X →SO(7)×U(1)X

Oq,t,
�Oq,t −→ Ψ, �Ψ = 8 of SO(8)
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µ
,−→ ρµ = 28 of SO(8)
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µ
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Jµ
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Phenomenology of an SO(8) Twin Higgs model
[ R.C., D. Greco, R. Mahbubani, R. Rattazzi and R. Torre  arXiv:1702.00797]

Composite Sector

7 NG bosons

Standard Model

Twin sector

Partial compositeness:

Low, Tesi, Wang, Phys.Rev. D91 (2015) 095012
Barbieri, Greco, Rattazzi, Wulzer,  JHEP 1508 (2015) 161
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up to D=7 contribute 
and must be included 
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Figure 6: Contour plots of the renormalized Higgs mass (in GeV) at NNLL in the plane (m∗, ξ).

in black for the full prediction in the Twin Higgs low-energy model and a second one in red for

the pure SM quartic coupling evolution. In each of the two cases, we reported the Higgs mass

at the LL, the NLL and the NNLL. For both results, the LL solution appears to be quite an

overestimation of the logarithmic series, indicating the importance of extending the computation

to the higher orders including the effects of the top Yukawa running. At the NLL, the Higgs

mass reduces drastically because yt and �yt become considerably smaller along the flow from mt

to m∗ due to QCD effects. For the Twin Higgs model we get (M2
H
)
NLL

IR
(mt) ∼ (105 GeV)

2
with

a cut-off at 10 − 20 TeV, which is considerably bigger than the SM value of (80 GeV)
2
due to

the presence of the extra light degrees of freedom. The truncation of the logarithmic series to

quadratic order, however, is still a rude approximation of the re-summed solution; we see in

fact that the NNLL introduces non-negligible effects already for m∗ ∼ 2− 3 TeV and for bigger

values of the cut-off the NLL solution becomes less reliable. At cubic order, the prediction for

the Higgs mass increases in both cases, mostly due to QCD effects that tend to rise the value of

yt, as in Eq. (5.2), and of its corresponding twin. The growth of M2
H

in the Twin Higgs model

is however less sharp than in the SM, because of non-renormalizable effects. In particular, the

contributions to the effective potential from four fermions interactions and from the operator O�

are both negative and tend to reduce the Higgs mass with respect to QCD. We may wonder if

the NNLL solution is a reliable approximation for values of the cut-off scale of 10− 20 TeV or if

quartic effects will still give non-negligible corrections. We do not have a result at this order in

the logarithmic series for the Twin Higgs model, but we can estimate its behavior studying the
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UV threshold are sub-dominant
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satisfied, EWPT can be passed in a 
sizable portion of the parameter space 
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n Twin Higgs models interesting example of Neutral Naturalness

n Gap colored/twins (hence FT) controlled by strength of underlying UV dynamics
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n Perturbativity bound on     made stringent by large multiplicity of states required 
for realistic models. Naive estimates give: 

n Z2 parity alone not sufficient to guarantee gain in FT:  one needs accidental 
SO(8) at       O(gSM )2

m∗/f � 1.5

m∗/f � 3− 5

21

Conclusions

n Twin Higgs models interesting example of Neutral Naturalness

Condition on symmetries/selection rules of UV dynamics is required

n Gap colored/twins (hence FT) controlled by strength of underlying UV dynamics
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Maximal FT gain for strongly coupled UV dynamics

g∗

   This bound to be compared with                   in CH models from Higgs mass
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n Phenomenology of an SO(8)/SO(7) model analyzed:

- Higgs mass almost entirely accounted for by RG evolution 
from       to       , UV threshold correction sub-dominant

Higgs mass parametrically smaller than in CH models, 
experimental value easier to reproduce



- Naively, larger       in tension with EWPT (because of too small        )

In practice,            still allowed (though borderline) for

m∗ mh

MΨ

MΨ�4TeVξ∼0.2

∆T̂Ψ
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On the size of SO(8)-breaking quartic term
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For example, consider the case: - SO(8)-invariant UV dynamics
- coset SO(8)/SO(7)
- gauge contribution to the potential

spurion transforms as                          of SO(7)

1 non-trivial invariant

✔
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Hypersoft Theories

Consider the case in which

Then:

Examples: 1) Theories where    itself is a pNGBφ

2) SUSY with soft masses       generated at a scale          where    is massless m∗ ∼m∗ φ
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Hypersoft Theories

Consider the case in which

Then:

Examples: 1) Theories where    itself is a pNGBφ

2) SUSY with soft masses       generated at a scale          where    is massless m∗ ∼m∗ φ

for

as naturally expected if

as in Technicolor
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Super-Hypersoft Theories

Variant of the Hypersoft case where leading correction to       comes from the top quark:

Example: Approximate SUSY in the scalar sector below m∗

gain in FT


