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Twin Higgs

• There exists a “mirror” or “twin” sector related 
to SM by an (approximate) Z2 symmetry.

• The quadratic term of the SM Higgs and twin 
Higgs potential respects an SU(4) symmetry.

• SU(4) is spontaneously broken down to SU(3)

Chacko, Goh, Harnik, hep-ph/0506256 

The Twin Higgs

Then 6 goldstones are eaten, leaving one behind.

But these become SU(4) symmetric if gA=gB from a Z2 
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Twin Higgs Phenomenology

• The twin sector particles do not carry SM gauge 
charges and hence are difficult to find.

• The only bridge (in the low energy theory) 
between the SM and twin sectors is through the 
mixing of the Higgses. The physical Higgs boson 
has a small component ~v/f in the twin sector 
direction. Its coupling to SM particles is 
universally reduced by (1-v2/f2)1/2. It can have a 
small invisible decay width to the twin sector.



• The current LHC data bound is f/v ≳ 3. Future 
LHC runs won’t improve it by much.
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FIG. 8: Current bounds on v/f and the Higgs branching ratio into the twin sector from a combined

fit to Higgs coupling measurements. Solid, dashed, and dotted black lines denote the 1-, 2-, and 3-�

bounds (defined as ��2 = 2.30, 6.18, 11.83) due to ATLAS and CMS Higgs coupling measurements.

The grey lines correspond to the perturbative calculation of the Higgs branching ratio into the twin

sector as a function of v/f for ŷ
b

/y
b

= 0, 1, 2; as discussed in the text, the actual branching ratio

may di↵er significantly from the perturbative result for a given value of ŷ
b

.

evaluate the impact of current Higgs coupling measurements on v/f , we have performed a

combined fit of the most recent ATLAS and CMS Higgs measurements [67–75] using the

profile likelihood method [76]. The resulting bounds on v/f are shown in Fig. 8 as a function

of v/f and the Higgs branching ratio into the twin sector.9 We also show contours corre-

sponding to the perturbative calculation of Br(h ! twin sector) as a function of v/f for

ŷ

b

/y

b

= 0, 1, 2. As discussed in Appendix B, the complications of bottomonium production

suggest that the actual branching ratio is potentially much smaller than the perturbative

value for su�ciently large ŷ

b

/y

b

, while the irreducible rate for glueball production applies

9 This fit does not include implicit precision electroweak bounds from infrared contributions to S and T .

However, as we will discuss more in Appendix D, in contrast to composite Higgs models where the infrared

contribution is cut o↵ by m⇢ ⇠ few TeV and provides the strongest constraint on coupling deviations [60],

here the infrared contribution is cut o↵ by the mass of the heavy Higgs. For mĥ . TeV these corrections

to S and T are comfortably compatible with current precision electroweak bounds and do not strongly

influence the coupling fit.
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UV Completion
• The Z2 does not imply SU(4) invariance of the 

quartic term. 

• |HA|4+|HB|4 will be generated by radiative 
corrections, but only has logarithmic sensitivity to 
the cutoff.  Such a term is needed to give the 
physical Higgs boson a mass.

�V =

3y4t
8⇡2

log⇤ (|HA|4 + |HB |4)

• A UV completion of Twin Higgs should regularize 
the log divergence, making the Higgs boson mass 
finite and calculable.



UV Completion
• New states should appear at or below 5-10 TeV 

(< 4πf) to regularize the logarithmic divergence 
in the Higgs potential.

• In non-SUSY UV completions, the top sector 
needs to be extended to form complete 
SU(6)×SU(4) (⊃[SU(3)×SU(2)]2) multiplets ⟹ 

new fermions charged under both SM and twin 
gauge groups.

Beyond the low-energy theory

15

• Low-energy theory is incomplete: quartic couplings from top loops are        

log-divergent

In the full theory, Λ must be replaced by physical mass thresholds.

• Proposal already in original Twin Higgs paper: extend the symmetry of

top Yukawa to  

• New fermions charged under both sectors

They appear in all non-supersymmetric UV completions proposed so far.

• is charged under SM color new portal to the twin sector

color weak
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Exotic Fermions

• The exotic quarks 
(carrying SM color) 
can be copiously 
produced at hadron 
colliders if their 
masses are within 
reach.
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• In composite models, these new fermions are 
resonances of composite dynamics. In extra 
dimensional models, they are KK excitations.



Exotic Quarks

• The top component of the 
exotic quarks mixes with top 
quark.

group, but have identical SM quantum numbers. The exotic quark ũA
3

has zero twin electic

charge, therefore it can mix with the top at O(f). The relevant terms contained in L
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where we defined s
h

= sin(h/f) and c
h

= cos(h/f). The mass matrix, which we denote by

M
f

, is diagonalized by the unitary transformations U
R,L

, U †
R

M
f

U
L

= diag (m
t

,mT ), with
 
uA
3R

ũA
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where the mass eigenstates t and T are the observed top quark and the heavy exotic quark

(m
t

< mT ). The masses are given approximately by

m
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where we only retained the leading order in v, and the mixing angles are given by
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For M̃ = 0 the mass matrix has a zero eigenvalue, therefore there is a minimum value of M̃

consistent with the observed value of the top mass
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This is also a lower bound on the mass of d̃A
3

⌘ B, which is simply given by M̃ . From Eq. (3.5)

one can derive a lower bound on the mass of T ,
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For f = 1 TeV the corresponding lower bounds are M̃ & 0.99 TeV and mT & 1.38 TeV.

Using the Goldstone equivalence theorem, we can compute the decays of the exotic quarks

from the top Yukawa coupling. Plugging into the first two terms of Eq. (3.1) the expression

of H expanded up to O(1/f), and subsequently performing the rotations on the fermions, we

arrive to the leading terms controlling the decays of T
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) mass eigenstates:

✓
t
T

◆

˜dA3 ⌘ B (also with electric charge 2/3)

is the a diagonal generator of SU(6) which commutes with SU(3)
B

and SU(3)
A

. The fermion

Yukawa coupling L
t

and the mass term L
m

are given by
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where under SU(6) ⇥ SU(4) ⇥ U(1)
X

we have Q
3L

⇠ (6,4, 1/12), u
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⇠ (6,1, 1/3) and

H ⇠ (1,4,�1/4), and
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Because of mass mixings, these gauge eigenstates are not mass eigenstates. To distinguish

them from the physical top quark which is a mass eigenstate, we use subscript “3” to denote

the gauge eigenstates. The fermion kinetic terms can be written in terms of the component

fields given in Table 1. The states contained in q̃A
3

and q̃B
3

are charged under both sectors. In

particular, q̃A
3

is a SU(2)
B

-doublet of fermions that carry SM color and are vector-like with

respect to the SM electroweak interactions. These “exotic quarks” are the focus of our study.

The e↵ective potential for the SM Higgs generated by Eqs. (2.16), (2.17) was calculated in

Ref. [1] and is finite.5 The vector-like mass M̃ plays the role of the cuto↵ to the logarithmically

divergent contribution to the Higgs quartic term from the SM top and the twin top. Therefore

it a↵ects the physical Higgs boson mass. Of course, there could exist a “bare” Z
2

symmetric

Higgs quartic term at the scale M̃ already,
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In a UV-complete theory, it could arise from integrating out high energy physics above M̃ ,

e.g., higher resonances or KK modes, or from a brane term in extra dimensional models.6

The complete Higgs potential can thus be written as V = V
top

+V
gauge

+V⇢⇢Z2
+V



, where

V
top

is the radiative Coleman-Weinberg (CW) contribution computed using Eqs. (2.16), (2.17),

V
gauge

is the CW gauge contribution, whereas V⇢⇢Z2
is given by Eq. (2.8) and V



by Eq. (2.18).

With the extended top sector, V
top

is finite and its one-loop CW contribution has been calcu-

lated in Ref. [1]. Because it depends on the fourth power of the top Yukawa coupling which

has a strong scale dependence, the higher loop contributions are non-negligible and can signif-

icantly a↵ect the Higgs mass prediction, analogous to the SUSY case. The leading logarithmic

corrections can be re-summed using renormalization group (RG) techniques. To include the

leading higher loop contribution, we follow the results of Ref. [23], which demonstrated that

in SUSY a good approximation to the RG-improved potential is obtained by replacing every

5Our normalization of the symmetry breaking scale f di↵ers from that of Ref. [1] by
p
2, i.e., fus =

p
2fCGH.

6If the underlying strong dynamics respects only SU(4) global symmetry, the  term could arise at the

order  ⇠ g2SM, where gSM is an SM coupling representing the explicit breaking of SU(4) [12, 21]. On the other

hand if the underlying strong dynamics respect an SO(8) global symmetry which also protects the custodial

SU(2) symmetry, the  term will be suppressed by an additional loop factor g2SM/(16⇡2) [12, 22].
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ū
3R

+ h.c. = y
t

⇣
H†

B

H†
A

⌘ qB
3L

q̃A
3L

q̃B
3L

qA
3L

! 
uB
3R

uA
3R

!
+ h.c. (2.16)

where under SU(6) ⇥ SU(4) ⇥ U(1)
X

we have Q
3L

⇠ (6,4, 1/12), u
3R

⇠ (6,1, 1/3) and

H ⇠ (1,4,�1/4), and

� L
m

= M̃(q̃
A

3R

q̃A
3L

+ q̃
B

3R

q̃B
3L

) + h.c. . (2.17)

Because of mass mixings, these gauge eigenstates are not mass eigenstates. To distinguish

them from the physical top quark which is a mass eigenstate, we use subscript “3” to denote

the gauge eigenstates. The fermion kinetic terms can be written in terms of the component

fields given in Table 1. The states contained in q̃A
3

and q̃B
3

are charged under both sectors. In

particular, q̃A
3

is a SU(2)
B

-doublet of fermions that carry SM color and are vector-like with

respect to the SM electroweak interactions. These “exotic quarks” are the focus of our study.

The e↵ective potential for the SM Higgs generated by Eqs. (2.16), (2.17) was calculated in

Ref. [1] and is finite.5 The vector-like mass M̃ plays the role of the cuto↵ to the logarithmically

divergent contribution to the Higgs quartic term from the SM top and the twin top. Therefore

it a↵ects the physical Higgs boson mass. Of course, there could exist a “bare” Z
2

symmetric

Higgs quartic term at the scale M̃ already,


�|H

A

|4 + |H
B

|4� = 
f4

4

 
sin

✓
h

f

◆
4

+ cos

✓
h

f

◆
4

!
. (2.18)

In a UV-complete theory, it could arise from integrating out high energy physics above M̃ ,

e.g., higher resonances or KK modes, or from a brane term in extra dimensional models.6

The complete Higgs potential can thus be written as V = V
top

+V
gauge

+V⇢⇢Z2
+V



, where

V
top

is the radiative Coleman-Weinberg (CW) contribution computed using Eqs. (2.16), (2.17),

V
gauge

is the CW gauge contribution, whereas V⇢⇢Z2
is given by Eq. (2.8) and V



by Eq. (2.18).

With the extended top sector, V
top

is finite and its one-loop CW contribution has been calcu-

lated in Ref. [1]. Because it depends on the fourth power of the top Yukawa coupling which

has a strong scale dependence, the higher loop contributions are non-negligible and can signif-

icantly a↵ect the Higgs mass prediction, analogous to the SUSY case. The leading logarithmic

corrections can be re-summed using renormalization group (RG) techniques. To include the

leading higher loop contribution, we follow the results of Ref. [23], which demonstrated that

in SUSY a good approximation to the RG-improved potential is obtained by replacing every

5Our normalization of the symmetry breaking scale f di↵ers from that of Ref. [1] by
p
2, i.e., fus =

p
2fCGH.

6If the underlying strong dynamics respects only SU(4) global symmetry, the  term could arise at the

order  ⇠ g2SM, where gSM is an SM coupling representing the explicit breaking of SU(4) [12, 21]. On the other

hand if the underlying strong dynamics respect an SO(8) global symmetry which also protects the custodial

SU(2) symmetry, the  term will be suppressed by an additional loop factor g2SM/(16⇡2) [12, 22].

– 9 –

• Fermion mass eigenstates:
SU(3) SU(2) U(1) U(1)
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Table 1. Quantum numbers of the fermion and scalar fields under the gauged subgroup.
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which is defined by y
t

(µ) =
p
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(µ)/v without the Higgs wave function renormalization.

The couplings on the right-hand side of the equation are evaluated at m
t

. In our calculation
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Exotic Quark Decays
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Traditional Searches

• t’ search reaches from 

• Stop search reaches:

T ! bW + t Z + t h

Based on Collider Reach method, Salam & Weiler, 
http://collider-reach.web.cern.ch/collider-reach/

tt̄+ 6ET

mT & 1.41TeV (13TeV, 300fb�1)

mT & 4.13TeV (100TeV, 1ab�1)

if twin sector is invisible

mB & 1.43TeV (13TeV, 300fb�1)

mB & 7.58TeV (100TeV, 1ab�1)



• To discuss collider signals of the twin particles ZB, 
WB, one needs to specify the twin sector.  We 
assume the Fraternal Twin Higgs scenario.

- A minimal approach to the naturalness problem 
by including only the particles that have large 
couplings to the Higgs (e.g., top, W/Z) in the 
twin sector. 

- Avoid cosmological problems caused by the 
light states in the twin sector.

Twin Particle Phenomenology

(Craig, Katz, Strassler, Sundrum, 1501.05310)

Similar phenomenology for vector-like Twin Higgs.
(Knapen’s talk)



Fraternal Twin Higgs

• Only 3rd generation fermions are needed (to 
cancel anomalies). Only top Yukawas need to 
respect Z2. The twin bottom, tau, neutrino masses 
are free parameters as long as they are much 
lighter than the twin top.

• SU(2) and SU(3) gauge couplings need to be 
approximately equal to SM gauge couplings.

• Twin U(1) is not needed (or twin photon can be 
heavy). 

In the twin sector:



Twin Hadronizations
• The twin b’s from ZB decay form a long string.

mb̂ . ⇤ mb̂ � ⇤

String breaking dominates, 
producing multiple twin 
bottomonia.

Twin glueball emission 
from twin b scattering 
dominates.

Ĝ0++(m0 ⇡ 6.8⇤)

Ĝ2++(⇠ 1.4m0)
Ĝ0�+(⇠ 1.5m0)

⌘̂b (0
�+, s-wave)

⌥̂ (1��, s-wave)

�̂b0 (0
++, p-wave)



Twin Hadron Decays

• Assuming no light twin leptons

- 0++ states can decay back to SM through mixing 
with Higgs

For the benchmark point:

glueball emission the remnant string can annihilate into two twin glueballs. The details of

the computation are provided in App. A, where we find that for our benchmark (⇤, m
Z

B

) =

(5, 360) GeV the de-excitation of the b̂¯̂b string produces a total of n
ˆ

G
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in the relevant range m
ˆ

b

2 (17,m
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/2). We then turn to a description of the properties of

the twin glueballs, which is needed to identify their possible displaced signatures. We first

assume that the twin leptons are heavy, and comment on how having light leptons would

a↵ect the exotic quark signals at the end.

Based on lattice computations in pure-glue QCD [48, 49], the three lightest glueballs are
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Their masses are related by m
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= (3.1, 0.038, 0.51). The gluonic operators corresponding to the decay constants are

given in Eq. (1) of Ref. [49].
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++ decays into SM particles through its mixing with the Higgs, which is mediated
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This leads to a width for the decay Ĝ
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where �(h(m
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++) ! Y Y )
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is the partial width of a SM Higgs with its mass taken to be

m
0

++ . The factor (1 � v2/f2) is due to the fact that the h couplings to SM particles are

suppressed by
p
1� v2/f2 compared to their SM values. From Eq. (4.16), by assuming that
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++ decays only into SM particles, its lifetime is determined from the lifetime of a light SM

Higgs. In the mass range of interest to us, 2m
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. m
G

. m
W

, the following simple scaling

approximately holds [2]

c⌧
ˆ

G0++
' 1 cm

✓
5 GeV

⇤

◆
7

✓
f

1 TeV

◆
4

. (4.17)

A more accurate value can be obtained by computing the SM Higgs width with HDECAY

[50]. For our benchmark values f = 1 TeV, ⇤ = 5 GeV this gives a lifetime of 3 mm.

The Ĝ
0

�+ is long-lived if the twin leptons are heavy. This however does not pose a

problem for cosmology, because the pseudoscalar can annihilate e�ciently into the Ĝ
0

++ . For

the Ĝ
2

++ , the gauge and Lorentz invariance permit the coupling

ĥ
µ⌫

✓
Fµ↵F ⌫

↵

� 1

4
gµ⌫F↵�F

↵�

◆
, (4.18)
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4.1 Twin Bottomonium Signals

If the twin quark mass is comparable to or smaller than the confinement scale ⇤, the bound

state formed right after the Z
B

decay will soon break into shorter twin color strings from the

pair production of b̂¯̂b pairs in the string. To study the collider phenomenology we need to

know how many twin bottomonia are produced at the end and their typical energy. In App. A

we use a simplified string model to estimate the number of twin bottomonia produced, taking

into account the fact that when a string breaks the energy is deposited in both the binding

energy and the kinetic energy of the shorter strings. It is found that they are comparable

and the number of produced mesons is close to half the number obtained by simply dividing

the total energy by the twin bottomonium mass. Previous studies of hadronization in the

context of Hidden Valley models [32] were performed in Refs. [33, 34] with similar results.

To identify the candidate displaced signals, we need to understand the properties of the

twin bottomonia. In most of the following discussion we will assume that twin leptons are

heavy, and play no role in the twin bottomonium decays. We will comment at the end on

how light twin leptons would a↵ect the exotic quark signals.

Based on the SM cc̄ and bb̄ meson spectra, the lightest twin bottomonia are expected to

be, in order of increasing mass, ⌘̂
b

(0�+), ⌥̂ (1��) and �̂
b0

(0++).9 While the �̂
b0

decays into

SM particles through the Higgs portal, in the absence of other mediation channels the ⌘̂
b

and

⌥̂ are meta-stable on cosmological time scales. Thus a universe where twin bottomonia are

the lightest twin particles typically possesses a too large mass density. Requiring the decay

of the lightest states to be su�ciently fast gives an interesting interplay between cosmological

constraints and collider searches. Here we report the main results of our analysis, while

several technical details are collected in App. B.

The proper decay length of the �̂
b0

through the Higgs mixing is

c⌧
�̂

b0
' 8.3 cm

✓
m

b

m
ˆ

b

◆
5

✓
f

1 TeV

◆
4

✓
5GeV

⇤

◆
2

"
9

5

✓ p
s

3m
ˆ

b

◆
2

� 4

5

#�1

(m
ˆ

b

� ⇤), (4.6)

c⌧
�̂

b0
' 3.8 cm

✓
m

b

m
ˆ

b

◆
2

✓
f

1 TeV

◆
4

✓
5GeV

⇤

◆
5

✓p
s

3⇤

◆�2

(m
ˆ

b

⌧ ⇤), (4.7)

valid in the range 2m
b

<
p
s ⌧ m

h

, where
p
s is the mass of the (excited) twin bottomonium

(we neglected the small decay width into ⌧+⌧�). Based on the SM quarkonium spectra, we

estimate that the lightest twin bottomonium has a mass ⇠ 2(m
ˆ

b

+ ⇤). The value of
p
s is

therefore expected to range between 2(m
ˆ

b

+ ⇤) and 4(m
ˆ

b

+ ⇤), above which the string can

split again into two light twin bottomonia. We will use
p
s = 3(m

ˆ

b

+ ⇤) in Eqs. (4.6, 4.7)

as the representative value for our estimate. The variation of the lifetime from scanning
p
s

within the allowed range is approximately a factor 2 up or down, which can be taken as

9This is true in the limit m
b̂

� ⇤. In the opposite regime m
b̂

⌧ ⇤, according to lattice studies of 1-flavor

QCD [35] the 0�+ is lighter than the 0++. However, no results for the mass of the 1�� meson are currently

available (we thank G. Münster for clarifications about this point). For definiteness, in the following we assume

m
⌘̂b < m⌥̂ < m

�̂b0 for all m
b̂

.
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f = 1 TeV, ⇤ = 5 GeV, mZB = 360 GeV.



Twin Hadron Decays
-     (1--) could decay back to SM through kinematic 

mixing between the U(1)’s,

an uncertainty in our prediction. Notice that, di↵erently from Ref. [2], where the b̂¯̂b bound

state was treated as a non-relativistic quarkonium system, our discussion focuses on the case

where the internal energy of the twin meson is comparable to the twin quark mass. Due

to the geometrical suppression that follows from having a longer string, our �̂
b0

lifetime is

longer than the estimate in Ref. [2] for the same value of m
ˆ

b

. The decay is prompt when the

temperature of the universe is ⇠ m
ˆ

b

(⇠ 10�8 sec) and releases the �̂
b0

density into the SM

sector.

The vector bound state ⌥̂ instead does not decay through the Higgs portal. It can decay,

on the other hand, through the U(1)
D

gauge boson if it exists and has a kinetic mixing with

the SM hypercharge gauge boson. Such a mixing term, �(✏/2)B
µ⌫

B̂µ⌫ , will be induced at one

loop by the exotic quarks q̃A,B

3

, with a typical size ✏ ⇠ g0 2N
c

log(⇤
UV

/M̃)/(16⇡2) ⇠ 10�3.

This operator allows the ⌥̂ to decay to SM fermions, via the mixing of the twin and SM

photons. The corresponding decay length is

c⌧
ˆ

⌥

' 1.5 cm

✓
m

b

m
ˆ

b

◆
3 ⇣ m

ˆ

A

100GeV

⌘
4

✓
10�3

✏

◆
2

✓
5GeV

⇤

◆
2

"✓ p
s

3m
ˆ

b

◆
2

+
2

9

#�1

(m
ˆ

b

� ⇤), (4.8)

c⌧
ˆ

⌥

' 1.3 cm
⇣ m

ˆ

A

100GeV

⌘
4

✓
10�3

✏

◆
2

✓
5GeV

⇤

◆
5

✓p
s

3⇤

◆�2

(m
ˆ

b

⌧ ⇤), (4.9)

valid in the range 2m
b

<
p
s ⌧ m

ˆ

A

(twin photon mass). For an electroweak-scale twin

photon, the current bound on ✏ mainly comes from electroweak precision measurements and

the dilepton resonance searches [36], which require ✏ ⇠< 10�2. For a very small ✏ and/or a

very large m
ˆ

A

, ⌥̂ would decay outside the detector, leaving only missing energy signals at

colliders. However as we will see, the metastability of the pseudo-scalar ⌘̂
b

and the constraints

from the big-bang nucleosynthesis (BBN) motivate that ⌥̂ should decay inside the detector.

The argument for the need of a relatively short ⌥̂ decay length goes as follows: Since

the pseudo-scalar ⌘̂
b

cannot decay through a single gauge boson,10 it decays into four SM

fermions, via a one-loop triangle coupling to two o↵-shell twin photons. This process has a

rate � ⇠ ↵4✏4⇤9/(64⇡3m8

ˆ

A

), and the decay happens after the start of BBN (⇠ 0.1 sec) when

✏ ⇠< (m
ˆ

A

/200GeV)2. This decay dumps a large amount of entropy into the SM sector and

can easily destroy the delicate BBN process. The number changing process 4⌘̂
b

! 2⌘̂
b

, which

could reduce the matter density, freezes out too early to be e↵ective if the mass of ⌘̂
b

is above

100 keV [38]. Without introducing any other mediation processes, the only way to reduce the

⌘̂
b

density is to have them annihilate into a slightly heavier state, ⌘̂
b

⌘̂
b

! ⌥̂⌥̂, followed by a

fast decay of ⌥̂ to the SM. Since the scattering rate from the twin strong interaction is much

larger than Hubble at temperature ⇠ m
ˆ

b

, the scattering remains e↵ective when T > �m
ˆ

b

between the two bound states. If the ⌥̂ decay is prompt compared to Hubble, we can reduce

the ⌘̂
b

density to an acceptable value. The comoving number of two mesons decreases with

10The inner product between the derivative coupling of the pseudo-scalar and the kinetic mixing operator

⇠ (gµ⌫p2 � pµp⌫) vanishes [37].
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an uncertainty in our prediction. Notice that, di↵erently from Ref. [2], where the b̂¯̂b bound

state was treated as a non-relativistic quarkonium system, our discussion focuses on the case

where the internal energy of the twin meson is comparable to the twin quark mass. Due

to the geometrical suppression that follows from having a longer string, our �̂
b0

lifetime is

longer than the estimate in Ref. [2] for the same value of m
ˆ

b

. The decay is prompt when the

temperature of the universe is ⇠ m
ˆ

b

(⇠ 10�8 sec) and releases the �̂
b0

density into the SM

sector.

The vector bound state ⌥̂ instead does not decay through the Higgs portal. It can decay,

on the other hand, through the U(1)
D

gauge boson if it exists and has a kinetic mixing with

the SM hypercharge gauge boson. Such a mixing term, �(✏/2)B
µ⌫

B̂µ⌫ , will be induced at one

loop by the exotic quarks q̃A,B

3

, with a typical size ✏ ⇠ g0 2N
c

log(⇤
UV

/M̃)/(16⇡2) ⇠ 10�3.

This operator allows the ⌥̂ to decay to SM fermions, via the mixing of the twin and SM

photons. The corresponding decay length is

c⌧
ˆ

⌥
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✓
m

b
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ˆ

b
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3 ⇣ m

ˆ

A

100GeV

⌘
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✓
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◆
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ˆ

b

◆
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ˆ
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100GeV

⌘
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✓
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✓
5GeV

⇤

◆
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✓p
s
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b

⌧ ⇤), (4.9)

valid in the range 2m
b

<
p
s ⌧ m

ˆ

A

(twin photon mass). For an electroweak-scale twin

photon, the current bound on ✏ mainly comes from electroweak precision measurements and

the dilepton resonance searches [36], which require ✏ ⇠< 10�2. For a very small ✏ and/or a

very large m
ˆ

A

, ⌥̂ would decay outside the detector, leaving only missing energy signals at

colliders. However as we will see, the metastability of the pseudo-scalar ⌘̂
b

and the constraints

from the big-bang nucleosynthesis (BBN) motivate that ⌥̂ should decay inside the detector.

The argument for the need of a relatively short ⌥̂ decay length goes as follows: Since

the pseudo-scalar ⌘̂
b

cannot decay through a single gauge boson,10 it decays into four SM

fermions, via a one-loop triangle coupling to two o↵-shell twin photons. This process has a

rate � ⇠ ↵4✏4⇤9/(64⇡3m8

ˆ

A

), and the decay happens after the start of BBN (⇠ 0.1 sec) when

✏ ⇠< (m
ˆ

A

/200GeV)2. This decay dumps a large amount of entropy into the SM sector and

can easily destroy the delicate BBN process. The number changing process 4⌘̂
b

! 2⌘̂
b

, which

could reduce the matter density, freezes out too early to be e↵ective if the mass of ⌘̂
b

is above

100 keV [38]. Without introducing any other mediation processes, the only way to reduce the

⌘̂
b

density is to have them annihilate into a slightly heavier state, ⌘̂
b

⌘̂
b

! ⌥̂⌥̂, followed by a

fast decay of ⌥̂ to the SM. Since the scattering rate from the twin strong interaction is much

larger than Hubble at temperature ⇠ m
ˆ

b

, the scattering remains e↵ective when T > �m
ˆ

b

between the two bound states. If the ⌥̂ decay is prompt compared to Hubble, we can reduce

the ⌘̂
b

density to an acceptable value. The comoving number of two mesons decreases with

10The inner product between the derivative coupling of the pseudo-scalar and the kinetic mixing operator

⇠ (gµ⌫p2 � pµp⌫) vanishes [37].
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⌥̂

⌥̂
If twin photon is heavy and/or the kinematic mixing 
is small,     could decay outside the detector, leaving 
only missing energy signals. However, cosmological 
constraints motivate that     should decay fast 
enough to occur inside the detector. 

⌥̂



Twin Hadron Decays
- The lightest twin bottomonium     (0-+) is long-

lived, decaying after BBN, could cause cosmological 
problems. Only way to get rid of them is to have 
them annihilate to slightly heavier   , then to have   
decay quickly before freeze out.

�/H & 1 when T > �mb̂

Ŷ (T ) ' Ŷ
0

exp[��
ˆ

⌥

/H(T )], where the initial number Ŷ
0

is fixed by the SM-twin sector

decoupling, which gives Ŷ
0

= n/s = 0.27/g⇤S(T ⇠> m
ˆ

b

) ' 0.03 [39, 40]. This is a large number

compared to Y ⇠ 10�11 for a 10 GeV DM particle that gives the observed relic density. To

greatly reduce the ⌘̂
b

abundance, we need �/H ⇠> 1 when the temperature is around the

confinement scale ⇤ of few GeV, which sets the decay lifetime

c⌧
ˆ

⌥ ⇠< 10�9 sec, or ⇠< 30 cm. (4.10)

Thus the cosmological constraints suggest that the decay of ⌥̂ should happen inside the

collider detectors.

On the other hand, the 125 GeV Higgs boson has a small branching fraction of decay into

twin bottom quarks, which through twin hadronization can produce ⌥̂’s. The ⌥̂ displaced

signals from Higgs production can be detected at colliders [41, 42]. CMS has searched for

generic long-lived particles (X) decaying to a lepton pair in the inner detector [43]. The X

particles are assumed to be produced in pairs by the decay of a scalar resonance, which can

also be the Higgs. The result is an upper bound on the production �(h) ⇥ BR(h ! XX)

times the branching ratio BR(X ! `+`�), as a function of the proper lifetime c⌧
X

. Because

⌥̂ decays through the kinetic mixing between the SM and twin photons, it has a sizable

branching ratio into SM leptons. We can adopt this search result by identifying X = ⌥̂. The

relevant process is

pp ! h ! ⌥̂⌥̂, ⌥̂ ! (µ+µ�)
DV

, (4.11)

where DV indicates a displaced vertex. We focus on the dimuon final state because it provides

the strongest constraint. (See the top left panel of Fig. 5 in Ref. [43].) Based on the string

breaking model in App. A, the string breaking still dominates over the scattering process

(⌧
scatt

> 10 ⌧
break

) in the b̂¯̂b system produced from the Higgs decay for m
ˆ

b

< 8 GeV. In this

range the average twin meson mass 3(m
ˆ

b

+⇤) lies between 15 and 39 GeV.11 For a very small

m
ˆ

b

, the Higgs decay may produce more than two twin hadrons, but in order to match to

the search of Ref. [43] we make the conservative assumption that only two bottomonia are

produced in the twin hadronization. To obtain the final constraint we also need the fraction

of the bottomonia produced being the vector ⌥̂ states, R
ˆ

⌥

, which is a major uncertainty in

our result.

To estimate R
ˆ

⌥

, we again resort to the string breaking model. The original b̂¯̂b pair

produced from the Higgs decay does not carry any angular momentum. However, when the

string is broken by the creation of the b̂¯̂b pair, that can happen at a point away from the

center of the string cross section and the newly produced twin quark could pick up an impact

factor ⇠ ⇤�1 with respect to the quark at the string end. The two twin bottom quarks

of the final twin meson typically have a relative kinetic energy ⇠ m
ˆ

b

+ ⇤, so the orbital

angular momentum is expected to be O(1). States with higher orbital angular momenta also

have larger masses and their production is suppressed. If we assume that all states with

11Notice that, to remove the contribution of SM quarkonium resonances, CMS applied a m
``

> 15 GeV cut,

which is automatically satisfied for the range of twin meson masses we consider.
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Interplay of cosmology and colliders
• Need to deplete 0 abundance below observed DM density

lifetime of 1 must be

Safe cosmology requires the decay to be inside the detector!

SM

SM

SM

SM

⌥̂ ⌥̂

⌘̂b

(See Yuhsin’s talk)



Collider Constraints on Twin Υ
- It depends on the fraction      of the twin 

bottomonia being    .  ⌥̂

⌥̂

‣ Most twin bottomonia should have low l.
‣ There are 4(l+1)2 states with orbital angular 
momentum up to l.       has 3 states.
‣ Assuming that all states below l are produced 
equally:

R⌥̂

R⌥̂ = 3/4, 3/16, 3/36

(l = 0) (l  1) (l  2)



Twin Υ from Higgs Decay
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0

exp[��
ˆ

⌥

/H(T )], where the initial number Ŷ
0

is fixed by the SM-twin sector

decoupling, which gives Ŷ
0

= n/s = 0.27/g⇤S(T ⇠> m
ˆ

b

) ' 0.03 [39, 40]. This is a large number

compared to Y ⇠ 10�11 for a 10 GeV DM particle that gives the observed relic density. To

greatly reduce the ⌘̂
b

abundance, we need �/H ⇠> 1 when the temperature is around the

confinement scale ⇤ of few GeV, which sets the decay lifetime

c⌧
ˆ

⌥ ⇠< 10�9 sec, or ⇠< 30 cm. (4.10)

Thus the cosmological constraints suggest that the decay of ⌥̂ should happen inside the

collider detectors.

On the other hand, the 125 GeV Higgs boson has a small branching fraction of decay into

twin bottom quarks, which through twin hadronization can produce ⌥̂’s. The ⌥̂ displaced

signals from Higgs production can be detected at colliders [41, 42]. CMS has searched for

generic long-lived particles (X) decaying to a lepton pair in the inner detector [43]. The X

particles are assumed to be produced in pairs by the decay of a scalar resonance, which can

also be the Higgs. The result is an upper bound on the production �(h) ⇥ BR(h ! XX)

times the branching ratio BR(X ! `+`�), as a function of the proper lifetime c⌧
X

. Because

⌥̂ decays through the kinetic mixing between the SM and twin photons, it has a sizable

branching ratio into SM leptons. We can adopt this search result by identifying X = ⌥̂. The

relevant process is

pp ! h ! ⌥̂⌥̂, ⌥̂ ! (µ+µ�)
DV

, (4.11)

where DV indicates a displaced vertex. We focus on the dimuon final state because it provides

the strongest constraint. (See the top left panel of Fig. 5 in Ref. [43].) Based on the string

breaking model in App. A, the string breaking still dominates over the scattering process

(⌧
scatt

> 10 ⌧
break

) in the b̂¯̂b system produced from the Higgs decay for m
ˆ

b

< 8 GeV. In this

range the average twin meson mass 3(m
ˆ

b

+⇤) lies between 15 and 39 GeV.11 For a very small

m
ˆ

b

, the Higgs decay may produce more than two twin hadrons, but in order to match to

the search of Ref. [43] we make the conservative assumption that only two bottomonia are

produced in the twin hadronization. To obtain the final constraint we also need the fraction

of the bottomonia produced being the vector ⌥̂ states, R
ˆ

⌥

, which is a major uncertainty in

our result.

To estimate R
ˆ

⌥

, we again resort to the string breaking model. The original b̂¯̂b pair

produced from the Higgs decay does not carry any angular momentum. However, when the

string is broken by the creation of the b̂¯̂b pair, that can happen at a point away from the

center of the string cross section and the newly produced twin quark could pick up an impact

factor ⇠ ⇤�1 with respect to the quark at the string end. The two twin bottom quarks

of the final twin meson typically have a relative kinetic energy ⇠ m
ˆ

b

+ ⇤, so the orbital

angular momentum is expected to be O(1). States with higher orbital angular momenta also

have larger masses and their production is suppressed. If we assume that all states with

11Notice that, to remove the contribution of SM quarkonium resonances, CMS applied a m
``

> 15 GeV cut,

which is automatically satisfied for the range of twin meson masses we consider.
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Based on CMS search for generic long-lived particles decaying 
into a lepton pair in the inner detector, 1411.6977.

Assuming fraction of 
twin bottomonia being 
⌥̂, R⌥̂ = 3/16



Exotic Quark Searches

30

Back to the exotic quarks

• Simple projection of the reach of LHC 13 TeV and 100 TeV collider

• Focus on decays of 0 twin hadrons via Higgs mixing,

(more robust than 1 via kinetic mixing)

• Prompt leptons + displaced vertex: search is background-free

mass M̃ < mT and BR(B ! tW
B

) > BR(T ! tZ
B

), we first focus on B production. To

estimate the future reach, we make use of the Snowmass study of Ref. [27]. From its Fig. 1-24

right and assuming a neutralino mass equal to m
W

B

(f = 1 TeV) ' 316 GeV, we extract the

bounds m
˜

t

> 1.17 TeV at 14 TeV with 300 fb�1 of data, and m
˜

t

> 6.04 TeV at a 100 TeV

collider with 3 ab�1 of data. Within the Collider Reach approximation, this corresponds to

m
˜

t

> 1.11 (1.49) TeV at 13 TeV with 300 (3000) fb�1, and m
˜

t

> 5.07 TeV at 100 TeV with 1

ab�1. Finally, by making use of the stop production cross sections at 13 and 100 TeV [28],

we are able to set the bounds on M̃ by solving the following equations for m,7

�
pp!˜

t

˜

t

⇤
, 13 TeV

(m
˜

t

= 1.11 TeV) =�
pp!BB, 13 TeV

(m),

�
pp!˜

t

˜

t

⇤
, 13 TeV

(m
˜

t

= 1.49 TeV) =�
pp!BB, 13 TeV

(m),

�
pp!˜

t

˜

t

⇤
, 100 TeV

(m
˜

t

= 5.07 TeV) =2�
pp!BB, 100 TeV

(m). (3.14)

In the 100 TeV case we included a factor 2 to approximately account for the contribution of

T , which for large masses is almost degenerate with B and has branching ratio into tZ
B

close

to unity. On the contrary, in the 13 TeV case the e↵ect of T was neglected, because in the

relevant mass range it is significantly heavier than B, and has suppressed branching ratio into

tZ
B

. In this way we arrive at

M̃ & 1.43 TeV (mT & 1.63 TeV) 13 TeV, 300 fb�1,

M̃ & 1.86 TeV (mT & 2.00 TeV) 13 TeV, 3000 fb�1, (stop searches)

M̃ & 7.58 TeV (mT & 7.62 TeV) 100 TeV, 1 ab�1, (3.15)

where the bounds on mT are obtained for f = 1 TeV. Compared to top partner searches,

stop searches will provide comparable constraints at 13 TeV and much stronger ones at a 100

TeV collider, due to the decrease of BR(T ! bW + tZ + th) at large masses.

4 Hidden Sector Phenomenology

As we saw in the previous section, the dominant decay of the exotic quark T is into a SM top

and a twin gauge boson Z
B

. About 60% of the Z
B

’s then promptly decay into a pair of b̂’s,

which soon build up a twin QCD string and form a bound state. The bound state eventually

undergoes twin hadronization and produces a number of twin hadrons, some of which can

decay back to the SM with long lifetimes, giving rise to displaced vertices. Thus the signal

we will be after is

pp ! (T ! tZ
B

)(T ! t̄Z
B

) ! tt̄ + twin hadrons , twin hadron ! displaced vertex.

(4.1)

Triggering on these events is straightforward, for example by requiring one hard lepton from

top decays, and the combination of the prompt tt̄ pair and displaced vertex (DV) makes

7The ratio of the fermion to scalar QCD pair production cross section varies between 6 and 8 for the particle

masses and collider energies considered here.

– 15 –

mass M̃ < mT and BR(B ! tW
B

) > BR(T ! tZ
B

), we first focus on B production. To

estimate the future reach, we make use of the Snowmass study of Ref. [27]. From its Fig. 1-24

right and assuming a neutralino mass equal to m
W

B

(f = 1 TeV) ' 316 GeV, we extract the

bounds m
˜

t

> 1.17 TeV at 14 TeV with 300 fb�1 of data, and m
˜

t

> 6.04 TeV at a 100 TeV

collider with 3 ab�1 of data. Within the Collider Reach approximation, this corresponds to

m
˜

t

> 1.11 (1.49) TeV at 13 TeV with 300 (3000) fb�1, and m
˜

t

> 5.07 TeV at 100 TeV with 1

ab�1. Finally, by making use of the stop production cross sections at 13 and 100 TeV [28],

we are able to set the bounds on M̃ by solving the following equations for m,7

�
pp!˜

t

˜

t

⇤
, 13 TeV

(m
˜

t

= 1.11 TeV) =�
pp!BB, 13 TeV

(m),

�
pp!˜

t

˜

t

⇤
, 13 TeV

(m
˜

t

= 1.49 TeV) =�
pp!BB, 13 TeV

(m),

�
pp!˜

t

˜

t

⇤
, 100 TeV

(m
˜

t

= 5.07 TeV) =2�
pp!BB, 100 TeV

(m). (3.14)

In the 100 TeV case we included a factor 2 to approximately account for the contribution of

T , which for large masses is almost degenerate with B and has branching ratio into tZ
B

close

to unity. On the contrary, in the 13 TeV case the e↵ect of T was neglected, because in the

relevant mass range it is significantly heavier than B, and has suppressed branching ratio into

tZ
B

. In this way we arrive at

M̃ & 1.43 TeV (mT & 1.63 TeV) 13 TeV, 300 fb�1,

M̃ & 1.86 TeV (mT & 2.00 TeV) 13 TeV, 3000 fb�1, (stop searches)

M̃ & 7.58 TeV (mT & 7.62 TeV) 100 TeV, 1 ab�1, (3.15)

where the bounds on mT are obtained for f = 1 TeV. Compared to top partner searches,

stop searches will provide comparable constraints at 13 TeV and much stronger ones at a 100

TeV collider, due to the decrease of BR(T ! bW + tZ + th) at large masses.

4 Hidden Sector Phenomenology

As we saw in the previous section, the dominant decay of the exotic quark T is into a SM top

and a twin gauge boson Z
B

. About 60% of the Z
B

’s then promptly decay into a pair of b̂’s,

which soon build up a twin QCD string and form a bound state. The bound state eventually

undergoes twin hadronization and produces a number of twin hadrons, some of which can

decay back to the SM with long lifetimes, giving rise to displaced vertices. Thus the signal

we will be after is

pp ! (T ! tZ
B

)(T ! t̄Z
B

) ! tt̄ + twin hadrons , twin hadron ! displaced vertex.

(4.1)

Triggering on these events is straightforward, for example by requiring one hard lepton from

top decays, and the combination of the prompt tt̄ pair and displaced vertex (DV) makes

7The ratio of the fermion to scalar QCD pair production cross section varies between 6 and 8 for the particle

masses and collider energies considered here.

– 15 –

Easy to trigger from hard objects from top decay. 
Combination of displaced vertex and hard objects 
from prompt top quarks should make it basically 
background free.



• For the benchmark Λ=5 GeV,

String breaking dominates 
for

Twin glueball emission 
dominates for mb̂ . 8GeV mb̂ & 17GeV

Typically 10 − 4 twin 
bottomonia are produced 
for 

Typically 8 − 2 twin 
glueballs are produced for 

mb̂ 2 (0, 8)GeV mb̂ 2 (17, 180)GeV

Presumably dominated by 
the lightest 

Can produce various 
excited states, collider 
searches depend on their 
fractions.

Ĝ0++
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One Ĝ0++ from each ZB decay

All glueballs are Ĝ0++



Discussion
• Light twin leptons deplete the twin bottomonium 

signals (Twin bottomonium decays to twin leptons), 
but enhance the twin glueball signals (all twin 
glueballs decays to        + twin leptons).

• Light twin leptons can overclose the universe if 
stable. 

• They look like sterile neutrinos to us, can mix with 
SM leptons through higher dimensional operators, 
then they decay to 3 leptons or 1 lepton+2 quarks. 
For appropriate parameters they can also give rise to 
displaced vertices.

Ĝ0++



Conclusions

• Twin Higgs models will contain new particles charged 
under SM once it’s UV completed. In non-SUSY UV-
completion, there are exotic top partners carrying 
SM color and twin EW.  These exotic quarks provide 
a strong probe to Twin Higgs models.

• Displaced vertex signals are common in Twin Higgs 
models from the hidden sector.  When generated 
from the exotic quarks, they are typically 
accompanied by hard objects from top decays, 
resulting in distinct clean signals, and hence high 
reaches in UV scales of Twin Higgs models.



Twin Leptons
• The twin tau and twin neutrino are singlets under 

unbroken gauge symmetries. They behave like 
sterile neutrinos, may mix with SM neutrinos 
through higher-dim operators.

Ĝ
0

++ , enhancing the (bb̄)
DV

signal. This is in contrast to the twin bottomonium case, where

the lightest twin hadron ⌘̂
b

prefers to decay into twin leptons if it is kinematically allowed

and therefore light twin leptons are expected to deplete the signals. The collider reach of

this optimistic scenario is shown by the upper blue curves in Fig. 4. We can see that the

sensitivity to the exotic quark mass based on the displaced twin glueball decay is better than

the stop search channel. At the LHC it reaches mT ⇠ 2 (2.5) TeV with 300 (3000) fb�1,

whereas for the 100 TeV collider it goes up to ⇠ 12TeV ⇠ 4⇡f . Notice that if the twin

leptons from the twin glueball cascade decays further decay back to SM particles via higher

dimensional operators, a combination of twin glueball and twin lepton signals is also possible,

although it is more model dependent. The region 8 < m
ˆ

b

< 17 GeV, shaded in grey in Fig. 4,

corresponds to the regime where string breaking and scattering happen on comparable time

scales. In this region we expect a combination of the bottomonium and glueball signals, but

it is di�cult to make quantitative predictions. The region shaded in red is instead already

excluded by the 8 TeV Higgs fit, see Eq. (2.11).

4.3 Twin Lepton Signals

We now turn to the signals that arise from the twin leptons, if they can decay back to the SM

sector within the detector. The masses of the twin tau and twin neutrino are free parameters

in the Fraternal Twin Higgs scenario. The twin neutrino mass can be either Majorana, or

Dirac type if one also introduces the right-handed twin neutrino. Since both SU(2)
B

and

U(1)
D

gauge groups are broken in the twin sector, twin tau and twin neutrino are singlets

under the unbroken gauge groups at low energies. From the SM point of view, they can

behave like sterile neutrinos. One could introduce higher-dimensional operators that couple

them to the SM neutrino sectors, for instance,

O
⌫̂SM

=
1

M
1

(H†
B

`B
3L

)(H†
A

`A
3L

), O
⌧̂SM

=
h�i
M

2

⌧B
3R

H†
A

`A
3L

, (4.23)

where h�i is a spurion breaking the U(1)
D

symmetry with charge �1. These operators induce

mass mixings between the twin leptons and the SM neutrinos after substituting in the Higgs

VEVs. Therefore they allow the twin leptons to decay into three SM fermions (as long as the

phase space is open), either three leptons or one neutrino plus a pair of quarks.15

As already mentioned in the previous two subsections, if the twin leptons are light they

can be produced in twin hadron decays. However, making robust predictions for these signa-

tures is di�cult, because it requires a detailed modeling of the complex twin hadron decays.

On the other hand, the exotic quarks also produce twin leptons through purely weak decays:

the B always decays to t(W
B

! ⌧̂ ⌫̂). In the following we concentrate on this process. Since

both ⌧̂ and ⌫̂ act like sterile neutrinos and they can have di↵erent mixings with SM neutri-

nos and have di↵erent decay lengths, we will simply consider one of them which can give us

15With the U(1)
D

breaking spurion, one can also write down the operator h�i
M3

⌧B

3RH
†
B

`B3L which mixes the

twin tau and the twin neutrino. If one is more than three times heavier than the other, the heavier one can

also decay into three lighter ones.
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favorable signals and denote it as ˆ̀. If both can decay to SM inside the detector, that will

further enhance our signals and the search reach.

In the presence of a sterile neutrino x beyond the three SM ones, we can generally write

the gauge eigenstates as linear combinations of the mass eigenstates

⌫
↵L

= U
↵i

⌫
iL

, ↵ = e, µ, ⌧ , i = 1, 2, 3, x . (4.24)

With this parameterization, the decays of x are given by [52–54] 16

�(x ! ⌫⌫⌫̄) = �
µx

X

�=e,µ,⌧

|U
�x

|2 ,

�(x ! ⌫`+
↵

`�
↵

) =
�
µx

4

"
(1� 4s2

w

+ 8s4
w

)
X

�=e,µ,⌧

|U
�x

|2 + 8s2
w

|U
↵x

|2
#
,

�(x ! ⌫`+
�

`�
↵

) = �
µx

|U
↵x

|2 (↵ 6= �),

�(x ! ⌫qq̄) = N
c

�
µx

�
1� 2s2

w

+ 2s4
w

� X

�=e,µ,⌧

|U
�x

|2 (q = u, d, c, s),

�(x ! `�
↵

qq̄0) = 2N
c

�
µx

|U
↵x

|2 (q = u, c; q0 = d, s), (4.25)

where for convenience we defined �
µx

⌘ G2

F

m5

x

/(192⇡3) (muon lifetime with muon mass

replaced by m
x

), and we assumed m
x

. 2m
b

. There is also a rare one-loop decay into a

photon and a neutrino, which we will neglect. To illustrate, we assume that the twin lepton

mixes directly only with the SM third generation, i.e., the SM lepton doublet in Eq. (4.23)

being the third generation one,

0

B@
⌫
eL

⌫
µL

⌫
⌧L

1

CA =

0

B@
1

1

cos ✓
⌫

� sin ✓
⌫

1

CA

0

BBB@

⌫
1L

⌫
2L

⌫
3L

ˆ̀

1

CCCA
! U

�x

= � sin ✓
⌫

�
�⌧

. (4.26)

Summing over the decay modes in Eq. (4.25), we find the total width of ˆ̀

�
ˆ

`

=
G2

F

m5

ˆ

`

192⇡3

✓
51

4
� 7s2

w

+ 12s4
w

◆
sin2 ✓

⌫

⇡
✓
sin ✓

⌫

10�3

◆
2 ⇣ m

ˆ

`

6GeV

⌘
5

✓
1

10 cm

◆
. (4.27)

Therefore, the proper decay length is of order of 10� 0.1 m for sin ✓
⌫

⇠ 10�4 � 10�3 (which

satisfies all constraints on the mixing angle, see e.g. Ref. [55]) and m
ˆ

`

' 6GeV . This is a

favorable range for displaced decay signals to appear at the LHC and future hadron colliders.

16We used the fact that the mixing matrix in the active sector is unitary up to subleading corrections, which

gives X

l=1,2,3

���
X

�

U†
x�

U
�l

���
2

=
X

�

|U
�x

|2 and
X

l=1,2,3

|U
�l

|2 = 1 .

Also, these formulae assume that x is a Dirac fermion. For a Majorana sterile neutrino the decay width will

be twice as large, because lepton number does not need to be conserved.
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E.g., if only mixes with tau neutrino,



Twin Leptons
• The twin tau and twin neutrino masses are free 

parameters in the Fraternal Twin Higgs scenario. 
For suitable masses and mixing angles, a twin 
lepton may decay inside the detector with a 
displaced vertex.

favorable signals and denote it as ˆ̀. If both can decay to SM inside the detector, that will

further enhance our signals and the search reach.

In the presence of a sterile neutrino x beyond the three SM ones, we can generally write

the gauge eigenstates as linear combinations of the mass eigenstates

⌫
↵L

= U
↵i

⌫
iL

, ↵ = e, µ, ⌧ , i = 1, 2, 3, x . (4.24)

With this parameterization, the decays of x are given by [52–54] 16

�(x ! ⌫⌫⌫̄) = �
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+ 2s4
w

� X
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|2 (q = u, d, c, s),
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↵

qq̄0) = 2N
c

�
µx

|U
↵x

|2 (q = u, c; q0 = d, s), (4.25)

where for convenience we defined �
µx

⌘ G2

F

m5

x

/(192⇡3) (muon lifetime with muon mass

replaced by m
x

), and we assumed m
x

. 2m
b

. There is also a rare one-loop decay into a

photon and a neutrino, which we will neglect. To illustrate, we assume that the twin lepton

mixes directly only with the SM third generation, i.e., the SM lepton doublet in Eq. (4.23)

being the third generation one,

0
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Summing over the decay modes in Eq. (4.25), we find the total width of ˆ̀

�
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Therefore, the proper decay length is of order of 10� 0.1 m for sin ✓
⌫

⇠ 10�4 � 10�3 (which

satisfies all constraints on the mixing angle, see e.g. Ref. [55]) and m
ˆ

`

' 6GeV . This is a

favorable range for displaced decay signals to appear at the LHC and future hadron colliders.

16We used the fact that the mixing matrix in the active sector is unitary up to subleading corrections, which

gives X

l=1,2,3

���
X

�

U†
x�

U
�l

���
2

=
X

�

|U
�x

|2 and
X

l=1,2,3

|U
�l

|2 = 1 .

Also, these formulae assume that x is a Dirac fermion. For a Majorana sterile neutrino the decay width will

be twice as large, because lepton number does not need to be conserved.
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Compared to the twin hadron production via twin QCD hadronization that we studied in

Secs. 4.1 and 4.2, twin lepton production in purely (twin) weak decays of the B is a↵ected

by smaller theoretical uncertainties. Therefore in this subsection we perform a slightly more

refined collider study of the twin lepton signals than the crude approximations adopted in

the twin hadron analyses.

The last four decay modes in Eq. (4.25) can lead to various DV signals composed of dis-

placed dileptons or displaced hadronic jets. Given the assumption of Eq. (4.26), the branching

ratios of the twin lepton are independent of ✓
⌫

. We find BR(ˆ̀! `+`(0)�+⌫) ' 2.1% for dilep-

tons (`, `0 = e, µ) without including tau leptonic decays. The latter contribute an additional

6.1%, giving a total branching ratio into leptons of 8.2%. The branching ratio into quarks is

larger, equal to 67% for m
ˆ

`

. 2m
b

. Here we do not include the hadronic tau decay, because

hadronic taus typically do not produce enough tracks to be detected as DVs. In any case,

including them does not increase the hadronic branching ratio significantly. The remaining

decay modes involve either a mixture of leptons and hadronic taus or pure neutrinos, which

we neglect in our collider study. The processes of interest are then

pp ! (B ! tW
B

)(B ! t̄W
B

) ! tt̄ + twin leptons , ˆ̀ ! (`+`�)
DV

or ˆ̀ ! (qq̄(0))
DV

.

(4.28)

To estimate the prospects for these signals we adopt currently available LHC search strategies

and DV reconstruction e�ciencies, referring to several analyses that as a whole can cover a

large range of twin lepton lifetimes. For leptonic ˆ̀ decays, in addition to the ID dilepton DV

search by CMS [43], to which we already referred in the ⌥̂ analysis, we include the ATLAS

displaced lepton jets search in the HCAL and MS [56]. The ID dilepton DV search targets

long-lived decays into a dilepton pair in the ID. While only ee and µµ vertices were searched

for in 8 TeV data, the eµ combination can be produced by the twin lepton decay and it is

therefore included. Displaced ID lepton tracks must have d
0

> 0.2 mm, where the impact

parameter d
0

is the distance of closest approach to the primary vertex. We also require an

angular separation of �R > 0.2 among the leptons, as imposed in Ref. [43] for µµ pairs.

This requirement may be relaxed by some amount for electron DVs. However, as discussed

later, this would not a↵ect our results significantly and therefore we conservatively and simply

impose �R > 0.2 for all dilepton combinations. For same-flavor dileptons, an invariant mass

cut m
``

> 15 GeV is additionally imposed, to avoid contamination from SM quarkonium

decays. The displaced lepton jet search looks instead for displaced collimated (�R < 0.5)

lepton pairs in the HCAL or MS, composed of ee or µµ, respectively. For hadronic ˆ̀ decays

we consider the ATLAS hadronic DV searches in the ID, HCAL and MS [46, 47], to which we

already made reference for the �̂
0b

and Ĝ
0

++ analyses. To reject the backgrounds, in the ID

hadronic search a minimum number of tracks with relatively large d
0

> 10 mm are required.

In addition to the displaced decay products, the signals feature prompt and hard objects

stemming from the tt̄ pair. As we already mentioned, the combination of a displaced signa-

ture with prompt hard objects, in addition to guaranteeing e�cient triggering, is potentially

free from backgrounds, because the main processes that can fake displaced signals (such as
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• Since WB from 𝔅 exotic quark always decays to 
twin leptons, we study the following signals:



Twin Leptons

detector e/µ r
DV

(ˆ̀) range �R(`, `) p
T

(`), |⌘(`)| d
0

(`),m
``

DV e↵.

ID all (1, 50) cm � 0.2 30 GeV, 2 0.2mm, 15GeV [43, 57]

MS µµ (0.5, 4) m  0.5 30 GeV, 2 – fig. 6b of [56]

HCAL ee (1, 3.5) m  0.5 30 GeV, 2 – fig. 7b of [56]

Table 2. Dilepton DV parameters used in our parton-level study. If the leptons satisfy these cuts, we
assume that the DV is reconstructable with the e�ciency taken from the reference in the last column.
In addition, pT > 50 GeV and |⌘| < 2.5 is imposed on at least one top quark.

detector r
DV

(ˆ̀) range �R(j, j) p
T

(j), |⌘(j)| d
0

(j) DV e↵.

ID (4, 28) cm – 30 GeV, 2 10mm fig. 6 of [46]

MS (4, 8) m – 30 GeV, 2 – fig. 7 of [46]

HCAL (1.9, 3.5) m – 30 GeV, 2 – fig. 1a of [47]

Table 3. Hadronic DV parameters used in our parton-level study. We require at least one jet to pass
these cuts, because a single jet alone can leave multiple tracks and be reconstructable as a DV. In
addition, pT > 50 GeV and |⌘| < 2.5 is imposed on at least one top quark.

accidental track crossings, non-prompt hadronic decays and photon conversions) are normally

not accompanied by hard prompt objects. We require p
T

> 50 GeV and |⌘| < 2.5 for at least

one top quark, which essentially ensures the detection of some hard prompt object(s) from

the top decays.

A realistic study of the signals in Eq. (4.28) would require dedicated simulations of de-

tector performance, hadronic showering and reconstruction algorithms. Instead, to glimpse

search prospects, we simplify the study by using parton-level event samples; applying sim-

plified cuts on partons that ensure DVs can be properly reconstructed; and including the

DV reconstruction e�ciencies, which are given in the experimental papers as a function of

the decay length. The parton-level cuts, as well as the experimental references where the

e�ciencies can be found, are collected in Table 2 for dilepton DVs and Table 3 for hadronic

DVs. Typical DV reconstruction e�ciencies are 10%, 35% and 15% for hadronic DV in the

ID, leptonic DV in the ID, and both types of DVs in MS+HCAL, respectively. We use the

same cuts and e�ciencies for the 13 TeV LHC and a future 100 TeV collider. The signal rate

is then obtained multiplying the cross section for ˆ̀ production, the probability for it to decay

in the relevant parts of the detector, the cut e�ciencies and the DV reconstruction e�ciency.

At least one DV is required to be reconstructed in each event.

Under the assumption of zero background, we can exclude a signal hypothesis if more

than 3 events are expected and none observed. In Fig. 5 we show the resulting exclusion reach

on M̃ at the 13 TeV LHC and at the 100 TeV collider, as a function of the ˆ̀mass. At the 13

TeV LHC, the maximum reach on M̃ is obtained for c⌧
ˆ

`

⇠ 40 mm, which for sin ✓
⌫

= 10�3

(top left panel in Fig. 5) corresponds to m
ˆ

`

⇠ 7� 8 GeV. For a heavier (lighter) twin lepton,

the decay length becomes too short (long), and the sensitivity drops. For smaller sin ✓
⌫

(right

top panel) the optimal m
ˆ

`

increases, to compensate the suppression from the smaller mixing
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• Signal selections based on current ATLAS and CMS 
studies.



Expected 
reaches:



Higgs Potential and Higgs Mass
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D

is the a diagonal generator of SU(6) which commutes with SU(3)
B

and SU(3)
A

. The fermion

Yukawa coupling L
t

and the mass term L
m

are given by

� L
t

= y
t

H†Q
3L

ū
3R

+ h.c. = y
t

⇣
H†

B

H†
A

⌘ qB
3L

q̃A
3L

q̃B
3L

qA
3L

! 
uB
3R

uA
3R

!
+ h.c. (2.16)

where under SU(6) ⇥ SU(4) ⇥ U(1)
X

we have Q
3L

⇠ (6,4, 1/12), u
3R

⇠ (6,1, 1/3) and

H ⇠ (1,4,�1/4), and

� L
m

= M̃(q̃
A

3R

q̃A
3L

+ q̃
B

3R

q̃B
3L

) + h.c. . (2.17)

Because of mass mixings, these gauge eigenstates are not mass eigenstates. To distinguish

them from the physical top quark which is a mass eigenstate, we use subscript “3” to denote

the gauge eigenstates. The fermion kinetic terms can be written in terms of the component

fields given in Table 1. The states contained in q̃A
3

and q̃B
3

are charged under both sectors. In

particular, q̃A
3

is a SU(2)
B

-doublet of fermions that carry SM color and are vector-like with

respect to the SM electroweak interactions. These “exotic quarks” are the focus of our study.

The e↵ective potential for the SM Higgs generated by Eqs. (2.16), (2.17) was calculated in

Ref. [1] and is finite.5 The vector-like mass M̃ plays the role of the cuto↵ to the logarithmically

divergent contribution to the Higgs quartic term from the SM top and the twin top. Therefore

it a↵ects the physical Higgs boson mass. Of course, there could exist a “bare” Z
2

symmetric

Higgs quartic term at the scale M̃ already,


�|H

A

|4 + |H
B

|4� = 
f4

4

 
sin

✓
h

f

◆
4

+ cos

✓
h

f

◆
4

!
. (2.18)

In a UV-complete theory, it could arise from integrating out high energy physics above M̃ ,

e.g., higher resonances or KK modes, or from a brane term in extra dimensional models.6

The complete Higgs potential can thus be written as V = V
top

+V
gauge

+V⇢⇢Z2
+V



, where

V
top

is the radiative Coleman-Weinberg (CW) contribution computed using Eqs. (2.16), (2.17),

V
gauge

is the CW gauge contribution, whereas V⇢⇢Z2
is given by Eq. (2.8) and V



by Eq. (2.18).

With the extended top sector, V
top

is finite and its one-loop CW contribution has been calcu-

lated in Ref. [1]. Because it depends on the fourth power of the top Yukawa coupling which

has a strong scale dependence, the higher loop contributions are non-negligible and can signif-

icantly a↵ect the Higgs mass prediction, analogous to the SUSY case. The leading logarithmic

corrections can be re-summed using renormalization group (RG) techniques. To include the

leading higher loop contribution, we follow the results of Ref. [22], which demonstrated that

in SUSY a good approximation to the RG-improved potential is obtained by replacing every

5Our normalization of the symmetry breaking scale f di↵ers from that of Ref. [1] by
p
2, i.e., fus =

p
2fCGH.

6If the underlying strong dynamics respects only SU(4) global symmetry, the  term could arise at the

order  ⇠ g2SM, where gSM is an SM coupling representing the explicit breaking of SU(4) [11, 20]. On the other

hand if the underlying strong dynamics respect an SO(8) global symmetry which also protects the custodial

SU(2) symmetry, the  term will be suppressed by an additional loop factor g2SM/(16⇡2) [11, 21].
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plus the radiative corrections to the Higgs potential 
in the low energy theory.

• Higgs boson mass is determined by the bare quartic 
term at the UV cutoff of the low energy theory,



Exotic Quark Searches


