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Introduction
The existence of dark matter (DM) in the universe is 
firmly established, but the nature of the DM is still 
unknown.
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Introduction
There are many viable DM candidates, including axions, 
primordial blackholes, etc. A most popular and studied 
scenario is DM being a thermal relic from the Big Bang, 
which was frozen out in the early universe. 
• The observed DM abundance can be naturally given 

by the thermal relic of a stable weakly interacting 
particle with a weak scale mass. (WIMP miracle)
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• The proximity with the weak scale may indicate a 
connection between DM and the hierarchy problem, 
i.e., DM may belong to the new physics sector which 
solves the hierarchy problem.
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Experimental Tests of WIMP
The interaction responsible for the relic density of WIMP 
DM also provide ways to test it experimentally. 
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Dark Matter Searches
Unfortunately, DM hasn’t been found in any of these 
experiments.

5

Mediator Mass [TeV]
0 0.5 1 1.5 2 2.5 3

DM
 M

as
s 

[T
eV

]

0.2

0.4

0.6

0.8

1

1.2
DM Simplified Model Exclusions Preliminary July 2017ATLAS 

 = 1
DM

 = 0, g
l

 = 0.25, g
q

g
Axial-vector mediator, Dirac DM

All limits at 95% CL

Pe
rtu

rb
at

ive
 U

nit
ar

ity

Di
je

t

arXiv:1703.09127 [hep-ex]

-1 = 13 TeV, 37.0 fbs
Dijet

Di
je

t 8
 T

eV

Phys. Rev. D. 91 052007 (2015)

-1 = 8 TeV, 20.3 fbs
Dijet 8 TeV

Di
je

t T
LA

ATLAS-CONF-2016-030

-1 = 13 TeV, 3.4 fbs
Dijet TLA

Di
je

t +
 IS

R

 ATLAS-CONF-2016-070

-1 = 13 TeV, 15.5 fbs
Dijet + ISR

γ+miss
TE

Eur. Phys. J. C 77 (2017) 393

-1 = 13 TeV, 36.1 fbs
γ+miss

TE
+jetmiss

TE

ATLAS-CONF-2017-060

-1 = 13 TeV, 36.1 fbs
+jetmiss

TE

+Zmiss
TE

ATLAS-CONF-2017-040

-1 = 13 TeV, 36.1 fbs
+Zmiss

TE

 DM M
as

s =
 M

ed
iat

or 
Mas

s

×2 

 = 
0.1

2
2hcΩ

The
rm

al 
Relic

 

16

1 10 100 1000 10000
m�[GeV]

10�27

10�26

10�25

10�24

10�23

f e
↵

h�
v
i[

cm
3
s�

1
]

Thermal relic

Planck TT,TE,EE+lowP
WMAP9
CVL
Possible interpretations for:
AMS-02/Fermi/Pamela
Fermi GC

FIG. 6: Limits on the parameter fe↵h�vi, as derived by the Planck Collaboration. The blue region is ruled out by Planck
data; the region above the yellow line was previously excluded by WMAP9. The green line indicates the potential reach of a
cosmic-variance-limited experiment. Reproduced from Ref. [63]; see that work for further details.

values for the reference model and the model of interest.
For the case of annihilation, it is conventional to normalize f

e↵

to the case of a reference model where 100%
of the injected power is promptly absorbed by the gas, and roughly 1/3 of this power goes into ionization if the
background ionization level is low. Choosing f

e↵

= 1 for this reference model, CMB data can be used to set a limit
on f

e↵

h�v
rel

i/m
DM

. Fig. 6 shows this limit derived from Planck data [63]. Fig. 7 shows the resulting upper bounds
on h�v

rel

i as a function of m
DM

, for various 2-body SM final states, using the curves shown in Fig. 4 to calculate the
final-state-dependent and mass-dependent f

e↵

factors. Similar calculations can be performed for the case of decaying
DM; see Ref. [61].

Because the CMB constraints measure total injected power, and the e↵ect on the CMB anisotropy spectrum is
essentially model-independent up to the overall normalization factor, these limits can be applied to a very wide range
of DM models. In particular, they are often the strongest available constraints for DM masses and annihilation
channels where the annihilation products are di�cult to detect directly with current telescopes (e.g. because low-
energy electrons and positrons are deflected by the solar wind, or low-energy photons are absorbed on their way to
Earth, or we have no current telescopes observing the relevant energy range, or the astrophysical backgrounds are
large and di�cult to characterize).

However, when the annihilation/decay products can be observed directly, the resulting constraints are typically
much stronger. We will discuss some such constraints next.

B. WIMP annihilation limits from gamma rays

The most stringent robust bounds for weak-scale DM annihilating to photon-rich channels come from observations
of the Milky Way’s dwarf galaxies by Fermi [68]. These limits are publicly available as likelihood functions for the

Slatyer, TASI 2016 
1710.05137



Collider Searches for New Physics
LHC hasn’t found new particles which cut off the 
quadratic contributions from the SM particles to the 
Higgs potential either. The constraints on colored 
partners are quite strong.
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Introduction
• With 36 fb-1 at 13 TeV, unfortunately SUSY 

hasn’t been found yet.

• The stop mass limit has reached ~1 TeV for a 
light LSP.

Summary
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• Presented the status of VLQ searches in CMS focusing on some of the recent results
• No sign of VLQ yet
• But we are setting stronger limits than ever

• More data is coming in, stay tuned for many interesting results



Neutral Naturalness
The new physics responsible for the hierarchy problem 
and DM may be stealthier than we thought. 
Ex. Neutral naturalness models for the hierarchy 
problem.
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Exceptions to DM Relic Calculation

3 well-known exceptions of the WIMP dark matter 
calculation (Griest Seckel, PRD’91) 

- Coannihilation: annihilation with other states close in 
mass 

- Forbidden channel: annihilation to heavier states 

- Annihilation near a resonance
8
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To evade the detection, one may want to suppress the  
DM-SM interactions (at the present time).



Nontraditional DM Models
Many new mechanisms for the DM freeze-out have been 
proposed recently. They can obtain the correct DM thermal 
relic abundance while potentially evading current 
experimental searches. 
• Strongly interacting massive particles (SIMP) (Hochberg, et al,

1402.5143) 

• Elastically decoupling relic DM (ELDER) (Kuflik, et al,1512.04545) 
• Coscattering DM (D’Agnolo, et al, 1705.08450)  
• Codecaying DM (Dror, et al,1607.03110)  

• … 
They are often proposed as ad hoc models. However, some 
of them can be naturally incorporated in neutral naturalness 
models, providing a connection to the hierarchy problem. 
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Strongly Interacting Massive Particles

• DM has strong self-interaction. After annihilation to SM 
particles decouples, it goes through 3→2 annihilation 
process. The relic density is determined when the 
3→2 process freezes out.
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The SIMP Miracle
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We present a new paradigm for achieving thermal relic dark matter. The mechanism arises when
a nearly secluded dark sector is thermalized with the Standard Model after reheating. The freezeout
process is a number-changing 3 ! 2 annihilation of strongly-interacting-massive-particles (SIMPs)
in the dark sector, and points to sub-GeV dark matter. The couplings to the visible sector, necessary
for maintaining thermal equilibrium with the Standard Model, imply measurable signals that will
allow coverage of a significant part of the parameter space with future indirect- and direct-detection
experiments and via direct production of dark matter at colliders. Moreover, 3 ! 2 annihilations
typically predict sizable 2 ! 2 self-interactions which naturally address the ‘core vs. cusp’ and
‘too-big-to-fail’ small structure problems.

INTRODUCTION

Dark matter (DM) makes up the majority of the mass
in the Universe, however, its identity is unknown. The
few properties known about DM are that it is cold and
massive, it is not electrically charged, it is not colored and
it is not very strongly self-interacting. One possibility for
the identity of DM is that it is a thermal relic from the
early Universe. Cold thermal relics are predicted to have
a mass
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WIMP miracle, provides an alternate motivation beyond
the hierarchy problem for TeV-scale new physics.

In this work we show that there is another mechanism
that can produce thermal relic DM even if ↵
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' 1 in the above. As
we will see, the 3 ! 2 mechanism points to strongly self-
interacting DM at or below the GeV scale. In similar
fashion, a 4 ! 2 annihilation mechanism, relevant if DM
is charged under a Z
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FIG. 1: A schematic description of the SIMP paradigm. The
dark sector consists of DM which annihilates via a 3 ! 2 pro-
cess. Small couplings to the visible sector allow for thermal-
ization of the two sectors, thereby allowing heat to flow from
the dark sector to the visible one. DM self interactions are
naturally predicted to explain small scale structure anomalies
while the couplings to the visible sector predict measurable
consequences.

to MeV mass range. In this case, however, a more com-
plicated production mechanism, such as freeze-out and
decay, is typically needed to evade cosmological bounds.

If the dark sector does not have su�cient couplings
to the visible sector for it to remain in thermal equilib-
rium, the 3 ! 2 annihilations heat up the DM, signif-
icantly altering structure formation [1, 2]. In contrast,
a crucial aspect of the mechanism described here is that
the dark sector is in thermal equilibrium with the Stan-
dard Model (SM), i.e. the DM has a phase-space dis-
tribution given by the temperature of the photon bath.
Thus, the scattering with the SM bath enables the DM to
cool o↵ as heat is being pumped in from the 3 ! 2 pro-
cess. Consequently, the 3 ! 2 thermal freeze-out mech-
anism generically requires measurable couplings between
the DM and visible sectors. A schematic description of
the SIMP paradigm is presented in Fig. 1.

The phenomenological consequences of this paradigm
are two-fold. First, the significant DM self-interactions
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Strongly Interacting Massive Particles

• A natural SIMP DM can be pions from a hidden QCD, 
with the Wess-Zumino-Witten (WZW) term giving the 
3→2 interactions.

11

Hochberg, Kuflik, Volansky, Murayama, Wacker, 1411.3727

2

to chiral symmetry breaking with the order parameter

hqiqji = µ3Jij , (2)

where µ is of mass dimension one and J = i�
2

⌦ Nf

is a 2Nf ⇥ 2Nf anti-symmetric matrix that preserves an
Sp(2Nf ) subgroup of the SU(2Nf ) flavor symmetry [5–8].
For Nf � 2, the topological condition is met,

⇡
5

(SU(2Nf )/Sp(2Nf )) = Z , Nf � 2 , (3)

and the WZW term is non-vanishing. The coset space
SU(2Nf )/Sp(2Nf ) is a symmetric space and is parame-
terized by N⇡ = 2N2

f �Nf�1 pion fields, ⇡a, correspond-
ing to the broken generators T a, with a = 1, . . . N⇡. The
pions furnish a rank-two anti-symmetric tensor represen-
tation of the unbroken Sp(2Nf ), and are stable. Assum-
ing the pions are the lightest states in the theory, dark
matter is comprised of these N⇡ pions.

A simple parametrization is found by performing a
transformation on the vacuum and promoting the trans-
formation parameters to fields,

hqqi = µ3J ! µ3V JV T ⌘ µ3⌃ , (4)

where V = exp(i⇡/f⇡) and f⇡ is the decay constant.
Since the broken generators obey ⇡J � J⇡T = 0 with
⇡ = ⇡aT a and Tr(T aT b) = 2�ab, we have

⌃ = exp(2i⇡/f⇡)J . (5)

A minimal realization of the 3 ! 2 mechanism is an
Sp(2) ' SU(2) gauge theory with Nf = 2 flavors. Dark
matter is comprised of 5 pions that transform as a 5-plet
under the preserved Sp(4) flavor symmetry. The coset
space of SU(4)/Sp(4) = SO(6)/SO(5) is then topolog-
ically an S5. (See e.g. Refs. [9–20] for lattice work on
low-lying spectra in the minimal Sp(2) with quarks in the
fundamental representation, and Refs. [21–24] for dark-
matter examples.)

The relevant pion Lagrangian receives contributions
from several terms. The canonically normalized kinetic
term yields kinetic and 4-point interactions for the pions,
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where in our normalization, Tr(⇡2) = 2⇡a⇡a. The Wess-
Zumino-Witten term [3, 4] yields 5-point pion interac-
tions. It can be written as an integral on the bound-
ary of a five-dimensional disk, identified with our four-
dimensional spacetime,

S
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Z
Tr (⌃†d⌃)5 . (7)

To leading order in pion fields,
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which is responsible for the required 3 ! 2 annihilation
process. Finally, an Sp(2Nf )-preserving mass term can
be written for the quarks:

L
mass
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2
M ijqiqj + c.c., M ij = mQ J ij . (9)

The pions are then pseudo-Goldstone bosons of the bro-
ken symmetry and acquire a mass, as well as contact
interactions:

�L
e↵

= �1

2
mQµ

3TrJ⌃+ c.c. (10)

= �m2

⇡

4
Tr⇡2 +

m2

⇡

12f2

⇡

Tr⇡4 +O(⇡6/f4

⇡) ,

where

m2

⇡ = 8
mQµ

3

f2

⇡

. (11)

Combining all the above we arrive at the relevant pion
Lagrangian,

L⇡ = L
kin

+�L
e↵

+ L
WZW

(12)

=
1

4
Tr @µ⇡@

µ⇡ � m2

⇡

4
Tr⇡2 +

m2

⇡

12f2

⇡

Tr⇡4

� 1

6f2

⇡

Tr
�
⇡2@µ⇡@µ⇡ � ⇡@µ⇡⇡@µ⇡

�

+
2Nc

15⇡2f5

⇡

✏µ⌫⇢�Tr [⇡@µ⇡@⌫⇡@⇢⇡@�⇡] +O(⇡6) .

There can also be O(⇡4) terms with four derivatives
and higher. These contribute to four-pion self-scattering
with a naive-dimensional-analysis [25] suppression of at
least O(m2

⇡/⇤
2), where ⇤ = 2⇡f⇡, compared to those we

keep. The O(⇡5) terms with four derivatives that we use
are the leading 5-point pion interactions of the theory.
The same principle presented above to construct

strongly coupled models, that admit 3 ! 2 interac-
tions and realize the SIMP mechanism, is generalizable to
other gauge and flavor symmetries. For instance, one can
consider a generalized QCD-like theory with an SU(Nc)
gauge group and Nf Dirac-fermions in the fundamental
representation. The global flavor symmetry of the theory
is SU(Nf )⇥SU(Nf ), which upon chiral symmetry break-
ing preserves an SU(Nf ) subgroup. Similarly, an O(Nc)
gauge group with Nf fermions in the vector representa-
tion exhibits an SU(Nf ) flavor symmetry, which breaks
to SO(Nf ) once chiral symmetry breaking occurs. The
topological condition on the coset space in each of these
cases,

⇡
5

(SU(Nf )) = Z , Nf � 3 ,

⇡
5

(SU(Nf )/SO(Nf )) = Z , Nf � 3 , (13)

7

SU(4), Nf = 3

SU(5), Nf = 3

SU(10), Nf = 3

10-2 10-1 1 10
0

2

4

6

8

10

10-2

10-1

1

10

102

mπ [GeV]

m
π
/f π

SU(Nf )×SU(Nf ) / SU(Nf )

σ s
ca
tte
r/m

π
[c
m
2 /g

]

FIG. 2: Solid curves: the solution to the Boltzmann equation of the 3 ! 2 system, yielding the measured dark matter relic
abundance for the pions, m⇡/f⇡ as a function of the pion mass (left axis). Dashed curves: the self-scattering cross section
along the solution to the Boltzmann equation, �scatter/m⇡ as a function of pion mass (right axis). All curves are for selected
values of Nc and Nf , for an SU(Nc) (top panel) or an O(Nc) (bottom panel) gauge group with a conserved (left panel)
or broken (right panel) SU(Nf ) or SO(Nf ) flavor symmetry, respectively. The solid horizontal line depicts the perturbative
limit of m⇡/f⇡ ⇠< 2⇡, providing a rough upper limit on the pion mass; the dashed horizontal line depicts the bullet-cluster and
halo shape constraints on the self-scattering cross section, Eq. (16), placing a lower limit on the pion mass. Each shaded region
depicts the resulting approximate range for m⇡ for the corresponding symmetry structure.

below those depicted exhibit a tension between the per-
turbativity regime m⇡/f⇡ ⇠< 2⇡ and the self-interaction
constraint of Eq. (16).
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• A more accurate calculation should include vector 
meson exchange. (Choi, Lee, Ko, Natale, 1801.07726)



SIMP in Neutral Naturalness Models

• A hidden QCD is ubiquitous in neutral naturalness 
models. 
- In twin Higgs model, if one imposes an exact SU(2)f 

symmetry to the two light generations of twin 
quarks, the twin pions are stable and can be SIMP 
DM. (Hochberg, Kuflik, Volansky, 1805.09345) 

- In a variant of the tripled top model (HC, Li, Salvioni, 
Verhaaren, 1803.03651), a Z2 symmetry is a natural 
requirement for the hidden sector fields, which 
implies the isospin symmetry for the dark pions.

12



Twin Higgs Models

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

• The SM Higgs doublet and twin Higgs doublet have 
an approximate SU(4) invariant potential, due to the Z2 
symmetry. 

• SU(4) is spontaneously broken by H VEV down to 
SU(3), producing 7 Goldstone modes.

13

Chacko, Goh, Harnik, hep-ph/0506256

The Twin Higgs
Consider a scalar H transforming as a 

fundamental under a global SU(4):

V (H) = �m2|H|2 + �|H|4

SU(4)! SU(3) yields seven goldstone bosons.

|⇥H⇤|2 =
m2

2�
� f2

Potential leads to spontaneous symmetry breaking,

UV: λ≫1 NLSM;  λ≲1 LSM12

The Twin Higgs

V (H) � 9
64�2

�
g2

A�2|HA|2 + g2
B�2|HB |2

�

Then 6 goldstones are eaten, leaving one behind.

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

Now gauge SU(2)A x SU(2)B ⊂ SU(4), w/ H =
✓

HA

HB

◆

Us Twins

Explicitly breaks the SU(4); expect radiative corrections.

Quadratic potential has accidental SU(4) symmetry.
13

 SU(2)A

 SU(2)B

|hHi|2 =
m2

2�
⌘ f2

2



Twin Higgs Models

• In a realistic model, a soft Z2 breaking term is needed to 
make the twin Higgs VEV larger than the SM Higgs VEV, 

• 6 of 7 Goldstones are eaten by SM W/Z and twin W/Z, 
leaving one as the observed light Higgs boson. 

• Cancelation of the quadratic divergence in the Higgs 
mass from the top loop:

14

follows,

SU(4) �
 
SU(2)

B

SU(2)
A

!
, (2.4)

Y = �1

2

 
0
2

1
2

!
= �1

4
+

1

4

 
1
2

�1
2

!
= X +

1p
2
TSU(4)

d

, (2.5)

D = �1

2

 
1
2

0
2

!
= �1

4
� 1

4

 
1
2

�1
2

!
= X � 1p

2
TSU(4)

d

. (2.6)

The U(1)
Y

and U(1)
D

are linear combinations of U(1)
X

(with X = �1/4 for H) and the

diagonal U(1) subgroup of SU(4) with the generator TSU(4)

d

proportional to diag(1
2

,�1
2

).

Their normalizations are chosen such that the SM Higgs field has hypercharge Y = �1/2 and

no D charge, and vice versa for the twin sector Higgs.4 The two SU(2) gauge couplings need

to be approximately equal by the Z
2

symmetry to preserve the U(4) symmetry of the Higgs

mass term. On the other hand, the U(1) couplings do not need to be related as long as they

are small enough not to a↵ect the naturalness.

Six of the seven Goldstone bosons are eaten by the W, Z bosons of the SM sector and

twin sector. Going to the unitary gauge ⇡
4

= h, ⇡
i

= 0 for i 6= 4, we find

H !

0

BBB@

fp
2

cos h

f

0
fp
2

sin h

f

0

1

CCCA
. (2.7)

To have a viable model we require hhi ⌧ f . This can be achieved by adding a soft Z
2

breaking

mass term

µ2H†
A

H
A

, (2.8)

which suppresses the H
A

VEV relative to the H
B

VEV. Expanding the H kinetic term

(D
µ

H)†DµH we obtain the masses of W
A,B

,

m2

W

A

=
g2f2

4
sin2

✓
v
A

f

◆
=

g2v2

4
, m2

W

B

=
g2f2

4
cos2

✓
v
A

f

◆
=

g2f2

4

✓
1� v2

f2

◆
, (2.9)

where v
A

⌘ hhi and v = f sin (v
A

/f) ' 246 GeV. The masses of Z
A,B

are obtained by

replacing g ! g/ cos ✓
w

where ✓
w

is the Weinberg angle.

In the fermion sector, the top Yukawa interaction and the corresponding term in the twin

sector are given by

� y
t

H†
A

ūA
3R

qA
3L

� ŷ
t

H†
B

ūB
3R

qB
3L

, (2.10)

where qB
3L

, uB
3R

are the twin top partners which are completely neutral under the SM gauge

interactions. The approximate Z
2

which exchanges A $ B requires ŷ
t

⇡ y
t

so that the

4The choice of Y = �1/2 for the Higgs is more convenient later for writing down the top Yukawa coupling.

– 6 –

) hHi = 1p
2

0

BB@

0
v
0

f
p
1� v2/f2

1

CCA , f/v ⇠ 3� 5
Neutral top partners

5

• Is it necessary to have strongly interacting top partners?

• No, first counter-example in 2005: the ‘Twin Higgs’. 

The cancellation of the radiative corrections is enforced by a                             

discrete symmetry

Cancellation goes through as in global symmetry case, all we need

is 3 copies of the (fermionic) top partner 𝑡̂
it must be charged under some SU(3) symmetry, not the QCD one.  

x

+



Twin SIMPs

• Impose an exact SU(2)f symmetry on the first two 
generations of the twin quarks, so that twin “pions” are 
stable, serving as the SIMP DM.

15

Hochberg, Kuflik, Murayama, 1805.09345 
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FIG. 1. A sample spectrum of twin particles. Here we
use f/v = 1 to demonstrate the Z2 invariance between the
visible and twin sectors for t, h, Z, W ; lighter particles are
subject to Z2-breaking e↵ects without spoiling the solution
to the hierarchy problem. In practice, twin sector masses are
raised by a factor of f/v & 3.

Majorana) are likewise heavy, and can decay away. The
typical cosmological problem of twin Higgs models, where
too-large contributions to N

e↵

often arise, is thus natu-
rally absent here.

Amongst the first two generations of twin
quarks, we impose an exact global SU(2)f symme-
try. The lightest twin mesons are a flavor triplet⇣
d0s̄0, s0d̄0, 1p

2

(s0s̄0 � d0d̄0)
⌘
, which we call pions, ⇡. They

are stable since they are the lightest particles with a
conserved SU(2)f quantum number. Here and below,
we denote particles in the twin sector with a prime on
the corresponding SM particles, except for the twin
mesons, further defined below.

THERMAL HISTORY

A simple example of a twin mass spectrum for our
framework is shown in Fig. 1. The twin particles at
the electroweak scale —W 0, Z 0, t0, h0— have similar
masses to their visible sector counterparts due to the
Z
2

symmetry. In practice, the ratio of vacuum expecta-
tion values between the twin and SM sectors is f/v & 3
and the twin particles are heavier by the common fac-
tor. In the early Universe, they decay away quickly.
The neutrinos also decay, ⌫0l ! l0u0d̄0, l0c0s̄0. The bot-
tom quark and charged leptons annihilate away b0b̄0 !
g0g0, q0q̄0, l0+l0� ! �0�0, q0q̄0, with negligible abundances.
The heavy meson abundances are likewise negligible (see
Ref. [22] for a detailed analysis). The twin photon is also
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2
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TABLE I. Decomposition of the meson SU(4)f 15-plet under
SU(2)U ⇥ SU(2)D ⇥ U(1)EM. The 3rd column shows the lin-
ear combination of quark masses that determines the meson
masses-squared. The 4th column shows the mass splittings.
From top to bottom, the meson masses go from heaviest to
lightest, assuming md0 = ms0 < mu0 = mc0 = md0,s0(1 + 2�).

massive (as can be achieved via the Stückelberg mech-
anism for the U(1)0Y gauge boson). At temperatures of
order the GeV-scale, only four light twin quarks, the twin
gluons, and possibly the massive twin photon are around.
The global SU(2)f invariance dictates mu0 = mc0 ,

md0 = ms0 . We arbitrarily take md0,s0 < mu0,c0 =
md0,s0(1 + 2�), with a mass splitting � . 10%. An
approximate SU(4)f flavor symmetry for the twin QCD
exists in addition to the twin U(1)

EM

, and is broken to
SU(2)U ⇥ SU(2)D ⇥ U(1)

EM

by �. The two SU(2)’s
are broken to the diagonal subgroup SU(2)f by the twin
weak interaction SU(2)L, and the remaining global sym-
metry is SU(2)f ⇥ U(1)

EM

.
Twin QCD confines and produces a 15-plet of

mesons M in the adjoint representation of the approxi-
mate SU(4)f symmetry. Table I shows the meson decom-
position, as well as the combination of quark masses that
generates the masses-squared of the mesons. The lightest
meson states, which are the pions ⇡, are the SIMP dark
matter. A visual representation of the meson spectrum
is given in Fig. 2.

We note that the global SU(2)f symmetry forbids
Cabbibo–Kobayashi–Maskawa (CKM) mixing among
twin quarks. As a result, twin generation number is con-
served in this setup.

The twin mesons undergo 3 ! 2 annihilations [9, 10]
via the Wess–Zumino–Witten action of the SU(4)f chiral
Lagrangian [11–13]:

L
3!2

=
2

5⇡2f5

⇡

✏µ⌫⇢�Tr (⇡@µ⇡@⌫⇡@⇢⇡@�⇡) . (1)

The meson mass splittings are given by ⇠ ( 1
2

� 1)� .
5 � 10% so that all 15 mesons can co-annihilate at the
freeze-out temperature Tf = m⇡/xf ⇡ m⇡/20. The
observed dark matter relic abundance is obtained for
twin pion masses m⇡ of order a few hundred MeV, in
the strongly interacting regime of the theory, m⇡/f⇡ ⇠
2⇡ [10]. Strong self-scattering cross sections, relevant for
puzzles in structure formation, are thus expected as well.
The above features persist even in the presence of small
mass splittings amongst the mesons. For further details,
see Ref. [10].
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use f/v = 1 to demonstrate the Z2 invariance between the
visible and twin sectors for t, h, Z, W ; lighter particles are
subject to Z2-breaking e↵ects without spoiling the solution
to the hierarchy problem. In practice, twin sector masses are
raised by a factor of f/v & 3.

Majorana) are likewise heavy, and can decay away. The
typical cosmological problem of twin Higgs models, where
too-large contributions to N
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often arise, is thus natu-
rally absent here.

Amongst the first two generations of twin
quarks, we impose an exact global SU(2)f symme-
try. The lightest twin mesons are a flavor triplet⇣
d0s̄0, s0d̄0, 1p
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(s0s̄0 � d0d̄0)
⌘
, which we call pions, ⇡. They

are stable since they are the lightest particles with a
conserved SU(2)f quantum number. Here and below,
we denote particles in the twin sector with a prime on
the corresponding SM particles, except for the twin
mesons, further defined below.

THERMAL HISTORY

A simple example of a twin mass spectrum for our
framework is shown in Fig. 1. The twin particles at
the electroweak scale —W 0, Z 0, t0, h0— have similar
masses to their visible sector counterparts due to the
Z
2

symmetry. In practice, the ratio of vacuum expecta-
tion values between the twin and SM sectors is f/v & 3
and the twin particles are heavier by the common fac-
tor. In the early Universe, they decay away quickly.
The neutrinos also decay, ⌫0l ! l0u0d̄0, l0c0s̄0. The bot-
tom quark and charged leptons annihilate away b0b̄0 !
g0g0, q0q̄0, l0+l0� ! �0�0, q0q̄0, with negligible abundances.
The heavy meson abundances are likewise negligible (see
Ref. [22] for a detailed analysis). The twin photon is also
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ū

0 � c

0
c̄

0) mu0 +md0 m⇡(1 + �
2 )

⇡

0(1,3) d

0
s̄

0
, s

0
d̄

0
,

1p
2
(d0d̄0 � s

0
s̄

0) 2md0 m⇡

TABLE I. Decomposition of the meson SU(4)f 15-plet under
SU(2)U ⇥ SU(2)D ⇥ U(1)EM. The 3rd column shows the lin-
ear combination of quark masses that determines the meson
masses-squared. The 4th column shows the mass splittings.
From top to bottom, the meson masses go from heaviest to
lightest, assuming md0 = ms0 < mu0 = mc0 = md0,s0(1 + 2�).

massive (as can be achieved via the Stückelberg mech-
anism for the U(1)0Y gauge boson). At temperatures of
order the GeV-scale, only four light twin quarks, the twin
gluons, and possibly the massive twin photon are around.
The global SU(2)f invariance dictates mu0 = mc0 ,

md0 = ms0 . We arbitrarily take md0,s0 < mu0,c0 =
md0,s0(1 + 2�), with a mass splitting � . 10%. An
approximate SU(4)f flavor symmetry for the twin QCD
exists in addition to the twin U(1)

EM

, and is broken to
SU(2)U ⇥ SU(2)D ⇥ U(1)

EM

by �. The two SU(2)’s
are broken to the diagonal subgroup SU(2)f by the twin
weak interaction SU(2)L, and the remaining global sym-
metry is SU(2)f ⇥ U(1)

EM

.
Twin QCD confines and produces a 15-plet of

mesons M in the adjoint representation of the approxi-
mate SU(4)f symmetry. Table I shows the meson decom-
position, as well as the combination of quark masses that
generates the masses-squared of the mesons. The lightest
meson states, which are the pions ⇡, are the SIMP dark
matter. A visual representation of the meson spectrum
is given in Fig. 2.

We note that the global SU(2)f symmetry forbids
Cabbibo–Kobayashi–Maskawa (CKM) mixing among
twin quarks. As a result, twin generation number is con-
served in this setup.

The twin mesons undergo 3 ! 2 annihilations [9, 10]
via the Wess–Zumino–Witten action of the SU(4)f chiral
Lagrangian [11–13]:
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The meson mass splittings are given by ⇠ ( 1
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5 � 10% so that all 15 mesons can co-annihilate at the
freeze-out temperature Tf = m⇡/xf ⇡ m⇡/20. The
observed dark matter relic abundance is obtained for
twin pion masses m⇡ of order a few hundred MeV, in
the strongly interacting regime of the theory, m⇡/f⇡ ⇠
2⇡ [10]. Strong self-scattering cross sections, relevant for
puzzles in structure formation, are thus expected as well.
The above features persist even in the presence of small
mass splittings amongst the mesons. For further details,
see Ref. [10].
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Note that our definition of the decay constant f⇡ follows
that in Refs. [10, 12, 13] and di↵ers from the notation
often used in the SM by a factor of 2

p
2. The decay is

fastest for the largest value of kinetic mixing and smallest
twin photon mass, ✏ ⇡ 10�3 and m0

� ⇡ 2m⇡.
The decay rate of the ⌘ via the two-loop 2-body process

where the dark photons are closed into a loop (see middle
diagram of Fig. 3) is helicity suppressed, and hence the
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While more important for higher m�0 , this is moderately
suppressed compared to Eq. (2) for small m�0 .
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which is much longer than the age of the Universe. If
� < 4me/m⇡, the decay is kinematically forbidden. For
lifetime longer than 1027 sec, the decay does not lead to
an excessive �-ray signal from the galactic halo [29].

We learn that the ⌘ and ✓ twin mesons can both be
present at the time of freeze-out and participate in the
3 ! 2 annihilation process.

After freezeout, the strong interactions among the twin
mesons can maintain chemical equilibrium between ⇡ and
heavier mesons. For instance, with the strong interaction
of

h�vi⌘⌘!⇡⇡ =
m2

⇡

128⇡f4

⇡

�f , �f =

s

1� m2

⇡

m2

⌘

, (5)

this process decouples at

h�vi⌘⌘!⇡⇡Y⇡e
�2(m⌘�m⇡)/Tchems(T

chem

) ' H(T
chem

),
(6)

and similarly for other mesons. We find that the heavier
meson abundances are Boltzmann suppressed and do not
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FIG. 4. A schematic description of the sequence of events
for twin SIMPs. Solid (dashed) curves depict the mass times
total meson (⌘ meson) yield per degree of freedom. At very
high temperatures, the 3 ! 2 annihilation process reduces
the abundance of all twin mesons. At x = m⇡/T ' 20, the
3 ! 2 annihilations freeze out. Two di↵erent lifetimes are
shown to illustrate distinct scenarios: (1) Blue curves, ⌧⌘ =
105 sec, � = 10�2. The decay happens much after chemical
decoupling, in which case the pion abundance is not a↵ected
by the decays, and the correct dark matter abundance is set by
the 3 ! 2 annihilations. (2) Orange curves, ⌧⌘ = 10 sec, � =
10�4. The ⌘ decays out of equilibrium with the SM, but
decays in chemical equilibrium with the other mesons. In this
case the dark matter abundance is depleted via the decays,
and then freezes out, leading to too small a relic abundance.

contribute significantly to the current dark matter den-
sity. This can be seen in Fig. 4, where we present solu-
tions to the Boltzmann equations. Solid curves represent
the total mesons, while the dashed curves represent the ⌘
mesons, for di↵erent mass splittings and lifetimes. As is
evident, for su�ciently large ⌘ lifetimes, the pion abun-
dance set by the 3 ! 2 annihilations is una↵ected by the
decays of the heavy ⌘ meson.
The decays of ⌘ can also potentially cause dissocia-

tion of light elements after BBN and/or possibly a↵ect
the CMB. If the lifetime of ⌘ is longer than 106 sec, its
decay may cause distortions in the CMB spectrum, de-
pending on how Boltzmann-suppressed the ⌘ abundance
is [30]. The BBN constraints may be stronger down to
⌧⌘ ⇠ 104 sec for decays to electrons. However, the limits
have been derived in the literature only for heavy decay-
ing particles, with masses above a few 10’s of GeV (see
e.g. Ref. [30]), as opposed to the case at hand where the
decaying particles are O(300 MeV). As a result, the con-
straints in the literature are not directly applicable here:
the actual BBN constraint in our setup is expected to be
weaker. We are not aware of detailed constraints on elec-
tromagnetic energy injection during the BBN era when
the decay products have sub-GeV energies [31]. When
taking into account the Boltzmann suppression of the



SIMP in a Variant of Tripled Top Model
• SU(3)2×SU(2)×U(1) SUSY extension of the SM
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down an alternative model with the roles of uc
B,C and QB,C switched. The superpotential is

W = ytQAHuc
A + ytQBHuc

B + ytQCHuc
C + !(uc

Bu
0
B + uc

Cu
0
C) +M(QBQ

0c
B +QCQ

0c
C) , (6)

and the leading soft masses are

Vs = m̃2(|Q̃A|2 + |ũc
A|2)� m̃2(|Q̃B|2 + |Q̃C |2) . (7)

Again M ⇠ em ⇠ a few TeV, and � ⌘ p
M2 � em2 < 1 TeV. Now the top partners that cut

o↵ the top loops come from the scalar components of the QB,C fields. The singlets uc
B,C , u

0
B,C

are top cousins in this case. Because they are complete SM singlets, ! can be taken to be

very small without violating any experimental constraint. The scalar components ũc
B,C , ũ

0
B,C

may still receive some significant soft SUSY breaking masses. The fermions will stay light

and if ! is smaller than the strong scale ⇤h of SU(3)B,C , they can break the hidden QCD

string and form light hadrons. The phenomenology of these states will be the subject of this

study.

After electroweak symmetry breaking, the Higgs VEV induces mixings between the light

singlet states and the heavy states that carry SM electroweak quantum numbers. Conse-

quently, the light mass eigenstates acquire some small couplings to the Z boson. They can

appear in rare Z or Higgs decays. Also through these couplings, the light mesons from by

the light fermions in the hidden QCD sectors can decay back to SM particles. To discuss

these e↵ects, we first derive the mass eigenstates.

The mass matrix for the fermions in the B sector (identical for the C sector) is

�
⇣
u0
B tB

⌘
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@ ! 0

yth M

1
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0

@uc
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t0cB

1

A . (8)

This is diagonalized by the rotations (we use capital letters for the mass eigenstate fields)
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A , (9)

with mixing angles given by

sin ✓L =
m 

M
sin ✓R ' !yth

M2 + y2t h2
, sin ✓R =

ythp
M2 + y2t h2

�
1 +O(!2/M2)

�
, (10)

where the first relation is exact, whereas in the others we expanded for small !. As a result,

 B ⌘ (U 0
B, U

c †
B ) form a Dirac fermion with small mass of O(!), whereas  B ⌘ (TB, T

0c †
B )
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M ~ a few TeV,  ω< ΛB,C≪M

em ⇡ M � =
p
M2 � em2 ⇠ few hundred GeV

1 Mostly singlet top partners (model 50), new notation

In this version the states with mass ⇠ ! are EW doublets, while the singlet top partners have mass ⇠ �. The
case � < ! provides an example of (mostly) SM singlet scalar top partner. The superpotential is

W = ytQAHucA + ytQBHucB + ytQCHucC +M(ucBu
0
B + ucCu

0
C) + !(QBQ

0c
B +QCQ

0c
C) . (1)

The soft masses are
Vs = m̃2(|Q̃A|2 + |ũcA|2)� m̃2(|ũcB|2 + |ũcC |2) . (2)

The doublets have the following charges under the SM electroweak group,

H =

✓

h+

h0

◆

⇠ 21/2 , QA =

✓

tA
bA

◆

⇠ 21/6 , QB,C =

✓

tB,C

bB,C

◆

⇠ 2�1/2, Q0c
B,C =

✓

b0cB,C

t0cB,C

◆

⇠ 21/2 (3)

which also defines the component fields. For the singlets we have

ucA ⇠ 1�2/3 , ucB,C , u
0
B,C ⇠ 10 . (4)

Notice that we denote with “u” the SU(2)L singlets, while “t” denotes the states that belong to doublets.
In the A sector, the masses for the top and stops are m2

t = y2t h
2 and m2

t̃A
= m2

ũc
A
= m̃2 + y2t h

2, respectively.
The mass matrix for the fermions in the B sector is

�
�

u0B tB
�

✓

M 0
yth !

◆✓

ucB
t0cB

◆

, (5)

whose eigenvalues, assuming M � !, yth , are ⇠ {!,M}. We have defined h = Reh0. The scalar masses in the B
sector are given by

�
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ũ0B t̃B
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M2 ythM
ythM !2 + y2t h

2
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ũcB
t̃ 0cB

◆⇤
. (6)

Assuming m̃2 ⌘ M2 ��2, the second mass matrix in Eq. (6) has a zero eigenvalue for � ! 0. In practice, this
mass matrix can lead to significant mixing, depending on the relative sizes of ! and �. Finally, for the electrically
charged states: the Dirac fermion {bB, b0c †B } and the scalars b̃B, b̃0cB all have mass !. Entirely analogous formulae
apply for the C sector.

1.1 Higgs mass protection

We discuss here the protection of the Higgs mass in the limit m̃ ! M (i.e. � ! 0).
Let us first consider the limit m̃ ! M , ! ! 0. In this case the superpotential and soft masses are

W = ytQAHucA + (ytQBHucB +MucBu
0
B + {B ! C}),

Vs = M2(|Q̃A|2 + |ũcA|2)� (M2|ũcB|2 + {B ! C}) . (7)

Let us then list the field-dependent squared masses of the fields, omitting states that do not couple to the Higgs
at all and therefore do not a↵ect naturalness. In the A sector, we have one Dirac fermion (tA, u

c †
A ) at y2t h

2 and
two scalars t̃A, ũcA at M2 + y2t h

2. In the B sector, after the rotation
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(8)

we find one Dirac fermion (U 0
B = Mp

M2+y2t h
2
u0B + ythp

M2+y2t h
2
tB, u

c †
B ) at M2 + y2t h

2. For the scalars, the first mass

matrix in Eq. (6) gives after the rotation
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yth M
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T̃B

Ũ 0
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(9)

1

B,C sector quarks carry a hidden QCD color but not SM 
color. Their EW quantum numbers are 
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Tripled Top Model
• Top Yukawas respect a Z3 symmetry, which is softly 

broken to Z2 by mass terms 
• The SM colored stops are raised to multi-TeV by soft 

SUSY breaking mass. 
•              masses are reduced to Δ~ few hundred GeV. 

They play the roles of top partners, cutting off the 
quadratic top loop contribution to the Higgs mass.       

• This model is natural from a bottom-up point of view, 
though the special soft masses require a UV explanation. 

• The hidden QCD has two light flavors with a Z2 symmetry, 
which keeps dark pions stable. They can be the SIMP 
DM candidate. 
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Q̃B , Q̃C



Coscattering Dark Matter 

• Coscattering DM is closely relate to coannihilation. 
- χ : DM particle 
- ψ : Coannihilation partner 
- φ : SM particles or new particles which decay to SM 

particles.

18

m & m� > m�

χ

χ

χ

ψ

ψ

ψ

φ

φ

φ

φ

φ

φA CA CS

In coannihilation, freeze out is decided by weighted  
average of the above annihilation processes.

D’Agnolo, Pappadopulo, Ruderman, 1705.08450, Garny et al, 1705.09292



Coscattering Dark Matter 
• ψ and χ are kept in thermal equilibrium by the 

scattering process.

19

χ ψ

φ φS

If the scattering S freezes out before the coannihilation 
CS, the relic density is determined by the freeze-out 
temperature of the scattering process, which has strong 
momentum dependence. The relic density calculation is 
more complicated, which requires solving unintegrated 
Boltzmann equations.
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Coannihilation vs Coscattering

TCS > TS TCS < TS

Coannihilat ion Phase

Xf HSLHMomentum DependentL

Xf HCSL

Dark Sector Chemical Equilibrium

DM Momentum

x
=
m
D
M
êT
~
a

Coscat tering Phase

Xf HSLHMomentum DependentL

Xf HCSL

DM Momentum

x
=
m
D
M
êT
~
a

FIG. 1 Schematic plots of di↵erent scenarios, displayed by the freeze-out temperature and di↵erent

momentum of ⌫̂. Left: Coannihilation phase where the DM relic density is dominantly determined

by CS . Right: Coscattering phase discussed in Ref. [7] where DM relic density is determined by S.

then determined by freeze-out of CS and S. Denoting their freeze-out temperatures by TCS

and TS, then there are two main scenarios.

1. TCS > TS: This occurs if ✓2
1

e�(m⌧̂+m�̂)/T � e�2m⌧̂/T during freeze-out so that CS

freezes out earlier. After that the total number of ⌫̂ and ⌧̂ in a comoving volume is

fixed. The coscattering process only re-distributes the densities between ⌫̂ and ⌧̂ , but

eventually all ⌧̂ ’s will decay down to ⌫̂’s. The DM relic density is determined by CS.

This is the coannihilation phase. It is schematically depicted in the left panel of Fig. 1.

2. TCS < TS: In the opposite limit, S freezes out before CS, and hence stops converting ⌫̂

into ⌧̂ . On the other hand, CS is still active and will annihilate most of the leftover ⌧̂ ’s.

The relic density in this case is determined by the coscattering process S. (Remember

that A has frozen out earlier.) This is the coscattering phase discovered in Ref. [7]. It

is illustrated in the right panel of Fig. 1.

In the above discussion, we have associated each process with a single freeze-out tem-

perature. This is a good approximation for the annihilation and coannihilation processes,

but not for the coscattering process which has a strong momentum dependence. In the

coscattering phase, the processses ⌫̂�̂ ! ⌫̂�̂, ⌫̂⌫̂ ! ⌫̂⌫̂ are suppressed by ✓4
1

and hence are

11



Mixed Phases

21

Due to the momentum dependence of the freeze-out of 
the scattering process, the relic density may be 
determined by a combination of coscattering and 
coannihilation.

SêCS Mixed Phase
Xf HCAL

DM stops
annililation

Xf HSL

Xf HCSL

DM Momentum

x
=
m
D
M
êT
~
a

SêCA Mixed Phase

Xf HCALCA depleting DM

Xf HSL
Xf HCSL

DM Momentum

x
=
m
D
M
êT
~
a

FIG. 2 Schematic illustrations of the mixed coscattering/coannihilation phases. Left: The S/CS mixed

phase: for low (high) momentum modes S freezes out earlier (later) than CS . Right: The CA/S

mixed phase: for low (high) momentum modes CA freezes out earlier (later) than S.

expected to freeze out earlier and cannot re-equilibrate the ⌫̂ momentum. Consequently,

di↵erent momentum modes in the coscattering process freeze out at di↵erent time, with

low momentum modes freeze out earlier. If ✓2
1

e�(m⌧̂+m�̂)/T ⇠ e�2m⌧̂/T during freeze-out, we

can have a situation that coscattering of the low momentum modes freezes out earlier than

CS while the coscattering of the high momentum modes freezes out later than CS. This is

illustrated in the left panel of Fig. 2. In this case, the relic density of low momentum modes

is determined by the coscattering process and the relic density of high momentum modes is

determined by the coannihilation process CS. We have a mixed coscattering/coannihilation

phase where the relic density is determined by both S and CS.

If the masses of the twin photon and the twin neutrino are close, we have ✓2
1

e�(m⌧̂+m�̂)/T ⇠
✓2
1

e�(m⌧̂+m⌫̂)/T < e�2m⌧̂/T during freeze-out from our assumption. One expects that this

belongs to the coscattering phase since TCS < TS. However, the rates of S and CA become

comparable in this limit so we have TS ⇠ TCA > TCS . Due to the strong momentum

dependence of S, one can have a situation depicted in the right panel of Fig. 2. The

coscattering of low momentum modes freezes out early, but their comoving density is still

reduced by the coannihilation CA until CA freezes out. The relic density of high momentum

modes is determined by S as in the coscattering phase. In this case we have another mixed

12

S ⇠ CAS ⇠ CS



Fraternal Twin Higgs (FTH)

Only particles that have large couplings to the Higgs 
(e.g., top, W/Z) need to have the Z2 symmetry to address 
the naturalness problem. 
• The twin sector only contains the 3rd generation twin 

fermions. 
- Top Yukawas need to respect Z2. 
- Twin bottom, tau, and neutrino masses are free 

parameters as long as much lighter than twin top. 
• SU(2) and SU(3) gauge couplings of the SM and twin 

sectors need to be approximately equal. 
• Twin U(1) is not needed. (Twin photon can be removed 

or have a mass.)
22

Craig, Katz, Strassler, Sundrum, arXiv:1501.05310



The recent XENON1T result puts strong constraints on 
twin tau DM, ruling out most natural parameter space 
with f/v< 5. 
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4

the strength of the transition slowly increases. However
the properties of the phase transition at ✓QCD0 6= 0 are
not firmly established, especially once ✓QCD0 is not small.
Thus to be conservative, in the cases with twin-CP vi-
olation we take ✓QCD0 ⌧ ⇡, a limit that is su�cient for
our purposes.

IV. TWIN TAU DARK MATTER

Having argued in Section III that the twin-QCD phase
transition leads to no significant dilution of relics by en-
tropy production we now proceed to calculate the freeze-
out density of the stable twin-sector states. We start with
the simplest case, that of the twin ⌧ lepton (since U(1)0

is not gauged, the situation for ⌫0 is identical to that of
⌧ 0 assuming a suitable Yuakawa coupling giving a Dirac
mass). In most of parameter space the annihilation of
⌧ 0’s dominantly proceeds via twin-SU(2) weak interac-
tions into the (assumed lighter) b0-quarks/quarkonia and
⌫0⌫0 pairs. Annihilation via the Higgs, with couplings

that are given by y0
⌧p
2
v
f h⌧

0⌧ 0, is subdominant apart from

a narrow resonance region around m⌧ 0 ⇠ mh/2.
Figure 1 shows the contribution to the present energy

density of the Universe from ⌧ 0 species, normalized to the
observed DM density for di↵erent values of f/v. This
calculation, along with the other relic density calcula-
tions throughout this paper, was performed using the
MicrOMEGAs software package [29]. For f/v ⇡ 3, the
least tuned case, the observed DM density is obtained
for m⌧ 0 ⇡ 63GeV. Larger values of the ratio f/v, which
imply worse tuning, result in larger DM masses.1

We emphasise that, for (symmetric) twin DM candi-
dates with O(0.1) Yukawa couplings, we can obtain the
correct relic density since the couplings and mass of the
W 0 bosons are set by the TH mechanism to be g02 ' g2
and MW 0 ' (f/v)MW± . These are constrained by natu-
ralness to be close to SM weak interaction values, giving
rise to a natural ‘twin-WIMP-miracle’.

Turning now to direct detection, scattering of ⌧ 0 with
SM nuclei occurs, at tree level, via Higgs exchange, and
this process sets the scattering cross section in direct de-
tection experiments. In Figure 2 we show the spin inde-
pendent scattering cross section per nucleon o↵ SM nu-
clei for ⌧ 0 DM as a function of m⌧ 0 and for values of f/v
such that the correct DM abundance is obtained. For
f/v ⇡ 3�5 (tuning 20�8%), the predicted direct detec-
tion signatures fall below current experimental bounds

1 For concreteness, we take mb0 ⇡ 15GeV, which saturates the
experimental bound coming from constraints on the Higgs width
for f/v ⇡ 3. This also corresponds to the Z2 symmetric value
(f/v)mb for f/v ⇡ 3. The twin bottom Yukawa in the FTH
is only constrained by tuning to be ⌧ yt0 . Also, as long as
mb0 ,⇤

0
QCD ⌧ m⌧ 0 , the ⌧ 0 relic density is insensitive to the pre-

cise b0 mass. Thus, di↵erent (but still su�ciently light) values of
mb0 would not a↵ect our conclusions.

f êv = 3
f êv = 3.5
f êv = 4
f êv = 5
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FIG. 1. Contribution to the energy density of the Universe
from ⌧ 0 species normalized to the observed DM energy density
as a function of m⌧ 0 for di↵erent values of f/v. Light (dark)
pink area indicates the 2-sigma bounds from invisible Higgs
width and modified couplings to visible sector particles in the
case f/v = 3 (3.5), whereas f/v = 4, 5 remain unconstrained
in the region of parameter space shown. Note that, if ⇤0

QCD

is large enough so that m0 & 2mb0 , then annihilations of low-
mass ⌧ 0s will have significant non-perturbative corrections.
However, this regime generically leads gives too high a ⌧ 0

density, so is not of primary concern here.

[30] but above the region of parameter space that will be
probed in the very near future by LUX [31]. Larger (more
tuned) values of f/v will be probed by next-generation
experiments such as LUX-ZEPLIN (LZ) [32].

V. MULTICOMPONENT, W 0, & �0 DARK
MATTER

In the case where the sum of ⌧ 0 and ⌫0 masses is larger
than the W 0 mass, the latter is not able to decay. In
the regime where m⌧ 0 ⇠ m⌫0 and m⌧ 0 ,m⌫0 < mW 0 , this
implies that all three states are stable and may signifi-
cantly contribute to the DM energy density, opening a
possibility for a 3-component DM scenario.
Figure 3 shows the contribution to the DM energy den-

sity of these three particle species (normalized to the ob-
served value) for di↵erent values of the twin weak cou-
pling, that we allow to vary by 10% from its central
value g02 = g2 ⇡ 0.64. For concreteness, we have taken
m⌧ 0 = m⌫0 ⇡ 0.55 mW 0 , with mW 0 = g02f/2. As one can
see, the observed DM energy density is only achieved for
relatively large values of the ratio f/v, where the fine-
tuning is in the range 5% to 1%. This occurs since ⌧ 0

and ⌫0 are forced to be heavier than considered in the
f/v ' 3 case, so their annihilation cross sections set by
m2/f4 are larger — to compensate, f must be increased.

As can be read o↵ from Figure 3, the correct DM abun-
dance is obtained for f/v ⇡ 9.7 for g02 = g2, which implies
a tuning of approximately 2%. In this case, ⌧ 0 and ⌫0
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Figure 2. Thermal relic abundance of the twin tau ⌧̂ in a fraternal twin Higgs scenario without
gauging twin hypercharge. The blue, green and purple line stand for v/f = 1/3, 1/4, 1/5 respectively.
The red line indicates the measured relic abundance ⌦DMh2

= 0.1187. Left: Relic abundance of ⌧̂
assuming a relatively light twin bottom quark ˆb and low scale of twin confinement. Right: Relic
abundance of ⌧̂ assuming a heavy twin bottom quark ˆb and high scale of twin confinement. As we see
the dependence on the exact mass spectrum of the twin particles is relatively weak.

The case for dark matter stabilized by twin electromagnetic charge becomes even more
compelling if the twin hypercharge global symmetry is weakly gauged. In this scenario, twin
electromagnetism is an exact gauged symmetry and the lightest EM-charged particle must be
stable. As explained in [11] this gauging can radically change the collider signatures of the
model, but as we will see here it has only a minor effect on the dark matter relic abundance
and direct detection in a wide range of parameter space.

In the fraternal twin Higgs, the natural candidates for lightest fermion carrying (gauge
or global) twin electromagnetic charge are the twin tau and twin b-quark. The masses of these
fermions are in principle free parameters (so long as their yukawas are not large enough to pose
a threat to naturalness at one loop), and therefore either of them can be the lightest electrically
charged particle. However, due to the confinement of twin color, at low energy the b-quarks are
not present as free particles, but rather a complicated spectrum of electromagnetically neutral
twin quarkonia states. Therefore the likeliest DM candidate stabilized by twin electromagnetic
charge in the hidden sector is a twin tau, and we will focus on this case in what follows.4

If the twin hypercharge is not gauged, twin taus annihilate via twin weak gauge bosons
into twin neutrinos. The differential cross section is

d�(⌧̂ ⌧̂ ! ⌫̂⌫̂)

d cos ✓
=

ĝ42
1024⇡

s
s2m2

⌧̂

s� 4m2
⌧̂

0

@
1 + c✓

s

1� 4m2
⌧̂

s

1

A
2 �����

1

s�m2
Ŵ

� 2

t�m2
Ŵ

�����

2

(4.2)

where t = m2
⌧̂ � s

2

✓
1� c✓

q
1� 4m2

⌧̂
s

◆
, we approximate the resonant region with a Breit-

Wigner distribution in the s-channel, and we have neglected the mass of the twin neutrinos.
4Apart from (gauged or global) twin electromagnetism, the twin sector also possesses accidental twin

lepton and baryon number symmetries. These symmetries are good accidental symmetries at the level of the
light degrees of freedom, but more generally higher-dimensional operators connecting the Standard Model
and twin sector lead to a single set of conserved baryon and lepton number symmetries. If twin baryon and
lepton number are good symmetries, they may also serve to stabilize a dark matter candidate. This requires
production of matter-antimatter asymmetry in the hidden sector, leading naturally to asymmetric DM [29].
We will not study this possibility here.
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Garcia Garcia, Lasenby, March-
Russell, 1505.07109

Craig, Katz, 1505.07113
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Dark Matter in FTH
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Twin Neutrino Dark Matter

24

The FTH can naturally realize the coscattering 
mechanism: (HC, L. Li, R. Zheng, 1805.12139) 
- χ → twin neutrino 
-ψ → twin tau 
- φ → twin photon

�(✏/2)Fµ⌫ F̂
µ⌫

• Twin U(1) is broken, twin photon has a mass. Twin tau 
and twin neutrino can mix by inserting U(1) breaking 
VEV (spurions), twin neutrino mass eigenstate acquire 
a small coupling to twin photon. 

• A kinetic mixing between the SM photon and the twin 
photon,                       , keeping twin photon in thermal 
equilibrium during the DM freeze-out (ε>10-9).



Numerical Results
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Experimental Constraints
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• Direct detection: Experiments based on electron recoiling can 
probe part of the parameter space with larger mixings. 

• Indirect constraints from DM annihilation: CMB observables 
restrict the net energy deposited from DM annihilation into 
visible particles during the reionization era. (Liu, et al,1604.02457) 

• Dark photon constraints: 
- Neff constrains                      . 
- ε constrained by fixed target, meson decay, and beam 

dump experiments and SN1987A. 
• Twin tau and twin neutrino constraints: 

- Higgs invisible width from future Higgs factory. 
- Long-lived twin tau constrained by BBN.

m�̂ & 11 MeV
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e+e- Colliders
Meson Decays
Fixed Targets

No Thermal Equilibrium

Beam Dumps

SN1987A

BM1: q1=10-3, D=0.1, r=0.65
BM2 : q1=10-3, D=0.18 , r=0.36
BM3 : q1=10-4.5 , D=0.2, r=0.6
BM4 : q1=10-5.5 , D=0.26 , r=0.35
BM5 : q1=10-2 , D=0.1, r=0.14
BM6 : q1=10-2 , D=0.04 , r=0.54
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FIG. 8 Constraints on the kinetic mixing parameter ✏ and the twin photon mass m�̂ . The green and cyan

shaded regions are ruled out by lab experiments. The magenta shaded region is the constraint from

SN1897A cooling. In the red shaded region ✏ is too small to keep �̂ in thermal equilibrium with the

SM. We also plot 6 benchmark models which give the correct DM relic density from the numerical

calculations in Sec. V. For small enough ✏, models 1, 3, 4, and 6 are in the coscattering phase and

model 2 is in the mixed phase. At large values of ✏ these model curves turn right because the

three-body (inverse) decay rate becomes large and freezes out after the coannihilation process,

driving the models into the coannihilation phase. Model 5 is in the coannihilation phase for all ✏

large enough to keep �̂ in thermal equilibrium. The ticks on each benchmark curve represent ⌧̂

lifetime, starting from ⌧(⌧̂)=1 sec and increasing by 102 each tick below. The dashed parts of the

curves are ruled out by the BBN constraint.

visible decay modes described in the previous subsection. Moreover, ⌫̂ pair production via

�̂⇤ will be further suppressed by ✓4
1

, leaving h ! ⌫̂⌫̂/⌧̂ ⌧̂ to be the main production channel.

At the LHC, the ⌧̂ produced from h/�̂⇤ will be long-lived in general, if the two-body decay
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Conclusions
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• DM in a hidden sector may explain the absence of 
detections and new physics so far. 

• Many new mechanisms for the freeze-out of the DM 
relic density can find home in neutral naturalness 
models, providing a link between the DM and the 
hierarchy problem. 

• These new scenarios are typically difficult to cover a 
single type of experiments. A combination of lab 
experiments and astro/cosmology observations are 
needed to constrain their parameter spaces.


