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Necessary ingredients: 
 
(i) twin sector — copy of the SM  
      
 
(ii)      symmetry between twin and SM sectors 
      
 
(iii) Higgs quadratic term satisfies an accidental SU(4) 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• Tree-level Higgs scalar potential (fully SU(4)-symmetric):	
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• SU(4)-breaking quartic (generated at 1-loop):
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• SU(4)-breaking quartic (generated at 1-loop):
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•     symmetry must be broken (we will be agnostic about 
breaking mechanism):
Z2
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��������������������  to���������	
��������������������  get���������	
��������������������  right���������	
��������������������  vev!���������	
��������������������  ���������	
��������������������  ���������	
��������������������  ���������	
��������������������  Z2

Tuning: � ⇠ 2v2

f2 ~���������	
��������������������  20%���������	
��������������������  for���������	
��������������������  f/v���������	
��������������������  =���������	
��������������������  3���������	
��������������������  



Mass eigenvalues and eigenstates are now given by

m̂2 = 4�v2

M̂2 = 2�f2
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couplings���������	
��������������������  to���������	
��������������������  visible���������	
��������������������  sector���������	
��������������������  
modified���������	
��������������������  by���������	
��������������������  a���������	
��������������������  factor���������	
��������������������  cos(���������	
��������������������  ���������	
��������������������  )v

f

l

couplings���������	
��������������������  to���������	
��������������������  twin���������	
��������������������  sector���������	
��������������������  
suppressed���������	
��������������������  by���������	
��������������������  a���������	
��������������������  factor���������	
��������������������  sin(���������	
��������������������  ���������	
��������������������  )v

f

l

Two very important features of Twin Higgs models:

• Higgs portal	


• Collider signatures
Interactions���������	
��������������������  between���������	
��������������������  visible���������	
��������������������  and���������	
��������������������  twin���������	
��������������������  sector���������	
��������������������  only���������	
��������������������  through���������	
��������������������  the���������	
��������������������  Higgs

Higgs���������	
��������������������  coupling���������	
��������������������  measurements���������	
��������������������  should���������	
��������������������  deviate���������	
��������������������  from���������	
��������������������  SM���������	
��������������������  prediction

Non-zero���������	
��������������������  Higgs���������	
��������������������  invisible���������	
��������������������  width

Twins���������	
��������������������  not���������	
��������������������  produced���������	
��������������������  very���������	
��������������������  much���������	
��������������������  at���������	
��������������������  LHC���������	
��������������������  -���������	
��������������������  they���������	
��������������������  are���������	
��������������������  SM���������	
��������������������  neutral!���������	
��������������������  



Fraternal Twin Higgs
 
Minimum necessary ingredients: 
 
(i) twin SU(2) with twin H’ in the fundamental 	


     
 
(ii) partial twin 3rd generation 
 
(iii) couplings in the two sectors similar to a high degree	


        (iv) twin SU(3) gauge group. 

(���������	
��������������������  Minimal���������	
��������������������  implementation���������	
��������������������  of���������	
��������������������  Twin���������	
��������������������  Higgs���������	
��������������������  mechanism���������	
��������������������  )

N. Craig et al.	


(hep-ph/1501.05310)

(���������	
��������������������  at���������	
��������������������  the���������	
��������������������  heart���������	
��������������������  of���������	
��������������������  the���������	
��������������������  Twin���������	
��������������������  Higgs���������	
��������������������  mechanism)

Rb’���������	
��������������������  ,���������	
��������������������  L’���������	
��������������������  (anomaly���������	
��������������������  cancellation)
RH���������	
��������������������  leptons���������	
��������������������  optional

Q’,���������	
��������������������  t’���������	
��������������������  ���������	
��������������������  R

so���������	
��������������������  that���������	
��������������������  running���������	
��������������������  of 
top���������	
��������������������  Yukawas���������	
��������������������  is���������	
��������������������  similar

)



• How similar do the couplings need to be? 
 
- Top Yukawas: 
 
 
- SU(2) couplings: 
 
 
 
- SU(3) couplings (feeds into running of    ): 
 
 
 
- other Yukawa couplings allowed to differ from SM 
  (as long as                                 ).

yt

����
g02(⇤)� g2(⇤)

g2(⇤)

���� . 0.1

����
g03(⇤)� g3(⇤)

g3(⇤)

���� . 0.15

����
y0t(⇤)� yt(⇤)

yt(⇤)

���� . 0.01
the���������	
��������������������  two���������	
��������������������  yukawas���������	
��������������������  
must���������	
��������������������  be���������	
��������������������  equal���������	
��������������������  
within���������	
��������������������  1%���������	
��������������������  !

(e.g.���������	
��������������������  for���������	
��������������������  a���������	
��������������������  5���������	
��������������������  TeV���������	
��������������������  cutoff)

yb0 , y⌧ 0 , y⌫0 ⌧ yt0 ⇡ 1



Twin���������	
��������������������  SU(3)���������	
��������������������  confinement 
scale���������	
��������������������  ���������	
��������������������  ���������	
��������������������  ���������	
��������������������  ���������	
��������������������  ���������	
��������������������  ���������	
��������������������  ���������	
��������������������  is���������	
��������������������  bigger���������	
��������������������  !QCD

’

mb0

• Twin SU(3) 
 
- less twin quarks 
           coupling runs 
   quicker to large 
   values in the IR. 
 
 
 
- no light pions in 
   the twin sector 
   (regardless of      ):  
   there is only one 
   generation of quarks.

) g03

No���������	
��������������������  flavour���������	
��������������������  symmetry���������	
��������������������  is 
recovered���������	
��������������������  in���������	
��������������������  the���������	
��������������������  limit���������	
��������������������  m���������	
��������������������  ���������	
��������������������  ���������	
��������������������  ���������	
��������������������  ���������	
��������������������  ���������	
��������������������  0���������	
��������������������  !b’
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FIG. 3: The confinement scale ⇤̂3 of the twin SU(3) coupling given fractional variations in ĝ3

and ŷ
b

at the cuto↵ ⇤ for the minimal Twin Higgs (dependence on ŷ
t

is negligible). Here we take

⇤ = 10m̂
t

and f = 3v. The mild kinks are due to the b̂ threshold.

becomes more complex. We will not explore this regime carefully in this paper, leaving its

details for future study. However, the calculation of ⇤̂3 and of glueball masses given below

still applies approximately.

The twin and SM SU(3) couplings are similar at the cuto↵ ⇤, but the twin sector has

fewer quark flavors, faster running (i.e. a more negative beta function), and therefore a

modestly higher confinement scale. This is illustrated in Fig. 3, which shows the strong

coupling scale ⇤̂3 of twin QCD as a function of the variation �g3 between SM and twin QCD

couplings at the cuto↵ as well as the value of ŷ
b

relative to y

b

. Note that for g3 ⇡ ĝ3, ⇤̂3 is

typically one to two orders of magnitude above that of QCD, with weak dependence on ŷ

b

through its impact on the twin QCD beta function.5

We may now estimate the mass scale of twin glueballs. Using lattice estimates of the

5 At two loops, we define the MS confinement scale ⇤̂3 via

⇤̂MS
3

µ
= exp

✓
� 1

2b0ĝ23(µ)

◆�
b0ĝ

2
3(µ)

��b1/2b
2
0

✓
1 +

b1
b0
ĝ23(µ)

◆b1/2b
2
0

, (35)

where b0, b1 are the one-loop and two-loop twin QCD beta functions respectively, and ĝ3(µ) is understood

to be the MS coupling.

24

⇤0
QCD(GeV)

y0b/yb

�g3
g3
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(for ⇤ = 5 TeV,
f

v
= 3)



• Collider signatures/constraints:

constrains���������	
��������������������  twin���������	
��������������������  Yukawas 
(other���������	
��������������������  than���������	
��������������������  y’���������	
��������������������  )t

ỳ b
ë y b
=
2

y` b
ë y b
=
1

ỳb ë yb = 0
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L

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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v/f

B
R
(ĥ

!
tw

in
)

y b
0
=
2y

b

y b
0
=
y b

1���������	
��������������������  O

2���������	
��������������������  O

3���������	
��������������������  O

yb0 = 0

) f/v & 3

⌧0++ ⇡ 10 cm

✓
21 GeV

m0

◆7 ✓f/v

3

◆4

- twins not very 
produced at LHC

- deviations from Higgs 
coupling measurements.

- Higgs invisible width.

- Twin glueball/
quarkonium 

ĥ
X0++

SM

(for m0 . 40 GeV, ⇤

0
QCD . 6 GeV)



Twin WIMPs IGG, RL, JMR (hep-

ph/1505.07109)

(���������	
��������������������  most���������	
��������������������  natural���������	
��������������������  DM���������	
��������������������  candidates���������	
��������������������  in���������	
��������������������  a���������	
��������������������  Fraternal���������	
��������������������  Twin���������	
��������������������  Higgs���������	
��������������������  scenario���������	
��������������������  )

Simplest possibility:	


• First, we assume no asymmetry in the twin sector 

• Heavy quark limit (                   ), naturally the case for 
             and              (                         ) 

• Symmetries 

mb0 � ⇤0
QCD

yb0 ⇡ yb f/v & 3 ) mb0 & 15 GeV

{ U(1)B0 , U(1)L0 , U(1)Q0global: 
discrete: C’ , P’ broken; CP’ may be conserved.

focus���������	
��������������������  on���������	
��������������������  this���������	
��������������������  case,���������	
��������������������  but���������	
��������������������  interesting���������	
��������������������  
things���������	
��������������������  can���������	
��������������������  potentially���������	
��������������������  occur���������	
��������������������  if���������	
��������������������  CP’���������	
��������������������  
is���������	
��������������������  broken

final���������	
��������������������  abundance���������	
��������������������  determined���������	
��������������������  purely���������	
��������������������  by���������	
��������������������  annihilation���������	
��������������������  cross���������	
��������������������  section



• Natural Dark Matter candidates: 
 
- Lepton sector: 
 
          (assume                 for simplicity) 
  
  Since                                      , both twin leptons are 
  naturally stable 
 
   
 
  We take

⌧ 0, ⌫0 m⌫0 . m⌧ 0

mW 0 = g02f/2 & 240 GeV

{ m⌧ 0 & mh/2  
or massless.m⌫0 & mh/2

evades���������	
��������������������  Higgs���������	
��������������������  invisible���������	
��������������������  width���������	
��������������������  constraints

N���������	
��������������������  ���������	
��������������������  ���������	
��������������������  ���������	
��������������������  within���������	
��������������������  bounds���������	
��������������������  eff

automatic���������	
��������������������  DM���������	
��������������������  candidates



• Natural Dark Matter candidates: 
 
- Strong sector:  
 
  Twin baryon                 is the lightest state with            but 
        annihilation to twin gluons is very efficient 
 
 
   
   
 
 
 
  Very interesting glueball sector: lightest glueball is scalar.

�0 ⇠ b0b0b0

b̄0b0

) �0 irrelevant as DM candidate unless mb0 & 1 TeV.

B0 6= 0

very���������	
��������������������  bad���������	
��������������������  level���������	
��������������������  of���������	
��������������������  tuning���������	
��������������������  -���������	
��������������������  
worse���������	
��������������������  than���������	
��������������������  0.5���������	
��������������������  %���������	
��������������������  

plays���������	
��������������������  a���������	
��������������������  big���������	
��������������������  role���������	
��������������������  in���������	
��������������������  indirect���������	
��������������������  detection



• Natural Dark Matter candidates: 
 
- Strong sector:  
 
  Twin baryon                 is the lightest state with            but 
        annihilation to twin gluons is very efficient 
 
   
   
 
 
 
  Very interesting glueball sector: lightest glueball is scalar

�0 ⇠ b0b0b0

b̄0b0

) �0 irrelevant as DM candidate unless mb0 & 1 TeV.

B0 6= 0

very���������	
��������������������  bad���������	
��������������������  level���������	
��������������������  of���������	
��������������������  tuning���������	
��������������������  -���������	
��������������������  
worse���������	
��������������������  than���������	
��������������������  0.5���������	
��������������������  %���������	
��������������������  

plays���������	
��������������������  a���������	
��������������������  big���������	
��������������������  role���������	
��������������������  in���������	
��������������������  indirect���������	
��������������������  detection

we���������	
��������������������  foc
us���������	
��������������������  on

���������	
��������������������  twin 

lepto
n���������	
��������������������  DM

���������	
��������������������  !



• Comment on SU(3)’ phase transition.  
 
- 1 flavour QCD: 
  expect smooth  
  crossover for masses  
  up to               ⇠ 8⇤0

QCD

1st

1st

smooth 
crossover

mu,md

m
s

N
f
=

1

Nf = 2

Nf = 3

⇠ 8⇤0
QCD
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1
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- 1 flavour QCD: 
  expect smooth  
  crossover for masses  
  up to                
 
 

⇠ 8⇤0
QCD
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• Comment on SU(3)’ phase transition.  
 
- 1 flavour QCD: 
  expect smooth  
  crossover for masses  
  up to                
 
 
 
- even if we go above 
              , the phase 
transition is weakly 1st 
order, with negligible 
entropy production

⇠ 8⇤0
QCD

no���������	
��������������������  non-equilibrium���������	
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• why weakly first order?

Consider pure SU(3) phase transition.  Most recent & 
detailed lattice studies tell us following facts
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Thus nucleation occurs after a very small amount of 
supercooling and nucleations quickly become very efficient 
[for                     have                                         ]� ⇠ 10�nuc exp(��Fc/T ) ⇠ O(1)
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• Comment on SU(3)’ phase transition.  
 
- 1 flavour QCD: 
  expect smooth  
  crossover for masses  
  up to                
 
 
 
 
- even if we go above 
              , the phase 
transition is weakly 1st 
order, with negligible 
entropy production.
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• Twin     Dark Matter: 
 
- Annihilation 
cross section: 
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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 [28]. For f/v ⇡ 3, the
least tuned case, the observed DM density is obtained for
m⌧ 0 ⇡ 63GeV (for concreteness, we take the case where
mb0 ⇡ 15GeV, which saturates the experimental bound
coming from constraints on the Higgs width for f/v ⇡ 3).
Larger values of the ratio f/v, which imply worse tuning,
result in larger DM masses.

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
[29] but above the region of parameter space that will be
probed in the very near future by LUX [30]. Larger (more
tuned) values of f/v will be probed by next-generation
experiments such as LZ [31].
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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.
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FIG. 2. Dashed green line is the spin independent scattering
cross section per nucleon for ⌧ 0 DM for those values of m⌧ 0

and f/v such that the correct DM density is obtained. Red
dots point out particular values of f/v (indicated in num-
bers). Blue area: LUX current bounds [29]; blue line: LUX
projected sensitivity (300 live-days) [30]; pink area: region
of parameter space ruled out from invisible Higgs width and
modified couplings to visible sector particles [6].
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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 [28]. For f/v ⇡ 3, the
least tuned case, the observed DM density is obtained for
m⌧ 0 ⇡ 63GeV (for concreteness, we take the case where
mb0 ⇡ 15GeV, which saturates the experimental bound
coming from constraints on the Higgs width for f/v ⇡ 3).
Larger values of the ratio f/v, which imply worse tuning,
result in larger DM masses.

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
[29] but above the region of parameter space that will be
probed in the very near future by LUX [30]. Larger (more
tuned) values of f/v will be probed by next-generation
experiments such as LZ [31].
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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.
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FIG. 2. Dashed green line is the spin independent scattering
cross section per nucleon for ⌧ 0 DM for those values of m⌧ 0

and f/v such that the correct DM density is obtained. Red
dots point out particular values of f/v (indicated in num-
bers). Blue area: LUX current bounds [29]; blue line: LUX
projected sensitivity (300 live-days) [30]; pink area: region
of parameter space ruled out from invisible Higgs width and
modified couplings to visible sector particles [6].
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ĥ

~���������	
��������������������  y���������	
��������������������  ���������	
��������������������  ���������	
��������������������  vf

l

𝜏

Twin���������	
��������������������  WIMP���������	
��������������������  
Miracle���������	
��������������������  !

Similar���������	
��������������������  work���������	
��������������������  done���������	
��������������������  by���������	
��������������������  
Nathaniel���������	
��������������������  Craig���������	
��������������������  &���������	
��������������������  
Andrey���������	
��������������������  Katz:���������	
��������������������  

“The���������	
��������������������  Fraternal���������	
��������������������  WIMP���������	
��������������������  Miracle”���������	
��������������������  
hep-ph/1505.07113



• Twin     Dark Matter: 
 
- Direct Detection: 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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 [28]. For f/v ⇡ 3, the
least tuned case, the observed DM density is obtained for
m⌧ 0 ⇡ 63GeV (for concreteness, we take the case where
mb0 ⇡ 15GeV, which saturates the experimental bound
coming from constraints on the Higgs width for f/v ⇡ 3).
Larger values of the ratio f/v, which imply worse tuning,
result in larger DM masses.

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
[29] but above the region of parameter space that will be
probed in the very near future by LUX [30]. Larger (more
tuned) values of f/v will be probed by next-generation
experiments such as LZ [31].
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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.
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FIG. 2. Dashed green line is the spin independent scattering
cross section per nucleon for ⌧ 0 DM for those values of m⌧ 0

and f/v such that the correct DM density is obtained. Red
dots point out particular values of f/v (indicated in num-
bers). Blue area: LUX current bounds [29]; blue line: LUX
projected sensitivity (300 live-days) [30]; pink area: region
of parameter space ruled out from invisible Higgs width and
modified couplings to visible sector particles [6].
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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 [28]. For f/v ⇡ 3, the
least tuned case, the observed DM density is obtained for
m⌧ 0 ⇡ 63GeV (for concreteness, we take the case where
mb0 ⇡ 15GeV, which saturates the experimental bound
coming from constraints on the Higgs width for f/v ⇡ 3).
Larger values of the ratio f/v, which imply worse tuning,
result in larger DM masses.

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

50 100 500

10-44

10-45

10-46

10-47

mt ' HGeVL

st '
SI

cm2

LUX 300 live-days

mb ' = 15 GeV

3

4
5

6
7

9
11

13
15H

ig
gs
w
id
th

FIG. 2. Dashed green line is the spin independent scattering
cross section per nucleon for ⌧ 0 DM for those values of m⌧ 0

and f/v such that the correct DM density is obtained. Red
dots point out particular values of f/v (indicated in num-
bers). Blue area: LUX current bounds [29]; blue line: LUX
projected sensitivity (300 live-days) [30]; pink area: region
of parameter space ruled out from invisible Higgs width and
modified couplings to visible sector particles [6].
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- if                              DM 
 
 
 
 
 
- if 
 
                       DM

m⌧ 0 +m⌫0 & mW 0

) ⌧ 0, ⌫0,W 0±

2-component���������	
��������������������  DM���������	
��������������������  scenario 
very���������	
��������������������  similar���������	
��������������������  to 

single-component���������	
��������������������  case���������	
��������������������  
(���������	
��������������������  not���������	
��������������������  very���������	
��������������������  exciting…⋯���������	
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3-component���������	
��������������������  scenario���������	
��������������������   Though���������	
��������������������  tuning���������	
��������������������  is���������	
��������������������  bad…⋯ 
(large���������	
��������������������  f/v���������	
��������������������  needed)

5

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.
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FIG. 3. Contribution to the energy density of the Universe
from ⌧ 0, ⌫0 and W 0, species normalized to the observed DM
energy density, as a function of f/v and for di↵erent values
of the twin weak coupling g02. Vertical lines represent tuning
contours. We indicate the W 0 mass for the three di↵erent
values of g02 considered when the right DM density is achieved.

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

species would contribute roughly 75% to the DM energy
density, with W 0 species making for the remaining 25%.

Regarding direct detection experiments, the predicted
spin independent scattering cross section per nucleon for

all three particle species is of order ⇠ 10�46cm2 for values
of the masses that result in the correct DM abundance.
This lies around an order of magnitude below LUX cur-
rent projected sensitivity for the range of masses consid-
ered, which means that next-generation direct detection
experiments such as LZ [31] will be able to cover the
relevant region of parameter space.
Small variations of the values of ⌧ 0 and ⌫0 masses

around the case we have considered do not make a
significant di↵erence to our conclusions, except when
m⌧ 0 ⇠ m⌫0 but m⌧ 0 + m⌫0 < mW 0 . In this case, the
W 0 is no longer stable and then only ⌧ 0 and ⌫0 species
would contribute to the DM density. In this 2-component
DM scenario, su�cient annihilation requires m⌧ 0 and
m⌫0 to be in the mass range above mh/2, automatically
evading invisible Higgs width constraints. The di↵er-
ent contribution to the DM density from the two par-
ticle species would depend solely on the ratio of their
masses: for equal masses, both components would con-
tribute 50%, whereas if they di↵er by approximately
10GeV the right DM abundance requires m⌫0 ⇡ 70GeV
(therefore m⌧ 0 ⇡ 80GeV) and ⌫0 and ⌧ 0 species would
make for 65% and 35% of DM respectively. Regard-
ing direct detection signals, this 2-component scenario
is analogous to the single-component case discussed in
Section IV, for interactions between the DM species and
the visible sector proceed only via Higgs exchange.
Finally we turn to the most complicated of the possible

twin DM candidates, the�0 baryon. Although for light b0

quarks, and in the absence of a matter-antimatter asym-
metry (a subject of a companion paper [7]), the spin-3/2
�0 baryons e�ciently annihilate to glueballs and quarko-
nia, leaving an un-interestingly small freeze-out density,
this is no longer the case if the b0-quarks, and thus the �0

baryons, are su�ciently heavy, mb0
>⇠ 1TeV � ⇤0

QCD.
To estimate the freeze-out density of such states let

us consider the case where the freeze-out temperature is
well above ⇤0

QCD, a situation that applies if mb0 is su�-
ciently large. In this case we may self-consistently work
with b0 quarks and twin-gluons, and first calculate the
freeze-out density of b0 quarks, via a leading annihilation
cross section to two gluons that parametrically goes as
�v ⇠ (↵0

3/mb0)2. We find that a numerical evaluation of
the annihilation rate leads to a freeze-out temperature
Tf ⇠ mb0/30 and gives a substantial freeze-out density of
b0 quarks and anti-quarks only once mb0

>⇠ 1TeV, which
implies very large f/v >⇠ 30 and thus a very badly tuned
TH model (here we have taken yb0 <⇠ 0.2 so as not to
have yet further tuning at 1-loop). We therefore come
to the conclusion that the �0 baryon in the absence of a
matter-antimatter asymmetry is a poor DM candidate in
TH models. (We remark that the freeze-out density esti-
mated this way provides the most optimistic estimate of
the minimum b0 mass. The reason is that the b0 quark and
anti-quark densities do not simply translate, via a factor
of 1/3, into the final freeze-out density of �0 baryons and
anti-baryons. Post twin-confinement only a proportion
of b0-(anti-)quarks end up in �0 (anti-)baryons, and thus

IGG, RL, JMR (hep-ph/1505.07109)
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• Twin glueballs: in the heavy quark limit, lightest twin 
strong-sector states are glueballs. 
 
- lightest twin glueball: 
  If                   not allowed 
  kinematically, decay happens 
  mostly to SM states.  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Chapter 2

A pure-glue hidden valley

In this chapter we consider a hidden valley that at low energy is a pure-Yang-Mills theory,

a theory that has its own gluons (“v-gluons”) and their bound states (“v-glueballs”). This

scenario easily arises in models; for example, in many supersymmetric v-sectors, supersymmetry

breaking and associated scalar expectation values may lead to large masses for all matter fields.

The spectrum of stable bound states in a pure Yang-Mills theory is known, to a degree,

from lattice simulations [24]. The spectrum of such states for an SU(3) gauge group is shown

in figure 2.1. The spectrum includes many glueballs of mass of order the confinement scale Λv

(actually somewhat larger), and various JPC quantum numbers. All of the states shown are

stable against decay to the other states, due to kinematics and/or conserved quantum numbers.

Figure 2.1: Spectrum of stable glueballs in pure glue SU(3) theory [24].

In this work we will further specialize to the case where the coupling between the SM sector

and the v-sector occurs through a multiplet of massive particles (which we will call X) charged

under both SM-sector and v-sector gauge groups.1 A loop of X particles2 induces dimension-D

1Recently such states, considered long ago [47,48], have been termed “quirks”; some of their very interesting
dynamics, outside the regime we consider here, have been studied in [49].

2Much of the study covered in this and the next chapter was carried out before the proposal of [49] to name
the X particles as “quirks”. In most of the following discussion, the names “X particles” and “quirks” are used
indistinctly.
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• Indirect Detection:

very���������	
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• Indirect Detection:

- quickly to        plus        pairs if              0++ ⌫̄0⌫0 m⌫0 ⇡ 0

- some metastable states might hang around if there are no 
  light twins

Glueballs will finally decay…

(���������	
��������������������  late���������	
��������������������  decays���������	
��������������������  might���������	
��������������������  provide���������	
��������������������  striking���������	
��������������������  signatures���������	
��������������������  !���������	
��������������������  )

-        will decay mostly to         strongest constraints come 
  from antiproton injection and gamma rays      
0++ b̄b )
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Relativistic DOF?

You might be worried that with light dof in twin sector we have	

too large changes to Neff (as SM-Twin sectors weakly coupled via	

Higgs portal)  	

!
Even if glueball decay rate to light twin dof >> glueball rate to SM	

as long as glueball rate to SM >> H then re-equilibriate after	

twin-QCD PT. Requires                                   if f/v~3
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��������������������  from���������	
��������������������  
single���������	
��������������������  light���������	
��������������������  twin���������	
��������������������  neutrino���������	
��������������������  )



Twin Asymmetric DM
IGG, RL, JMR	


(hep-ph/

1505.07410)

• Asymmetric DM: tries to explain why  
by assuming a non-zero asymmetry in the DM sector. 
 
 
 
 
 
A model with                    and                           naturally 
explains the         ratio of energy densities.

⌦
DM

/⌦
baryon

⇡ 5

⌦
DM

⌦
baryon

⇡ m
DM

mN

⌘
DM

⌘
baryon

mDM ⇠ mN |⌘
DM

| ⇠ |⌘
baryon

|
O(1)

Important���������	
��������������������  that���������	
��������������������  symmetric���������	
��������������������  component���������	
��������������������  annihilates���������	
��������������������  very���������	
��������������������  efficiently,���������	
��������������������  
so���������	
��������������������  that���������	
��������������������  final���������	
��������������������  DM���������	
��������������������  abundance���������	
��������������������  is���������	
��������������������  mostly���������	
��������������������  set���������	
��������������������  by���������	
��������������������  the���������	
��������������������  asymmetry



• Twin Baryon Asymmetric DM: 
 
- We consider the case where only the twin baryon                  
  is affected by the asymmetry, which can be achieved if 
                          and              .   
 
- Concentrate on light quark limit: 
  twin hadron masses set by            and spectrum of 
  quarkonia is lighter than glueballs.

�0 ⇠ b0b0b0

m⌫0 ⇡ 0

mb0 ⌧ ⇤0
QCD )

⇤0
QCD

⌘̂ with m⌘̂ ⇡ 2⇤0
QCD

�̂ with m�̂ ⇡ 3⇤0
QCD

�0 with m�0 ⇡ 5⇤0
QCD

} pseudoscalar

scalar
⇠ O(1� 10) GeV

⌘B0 ⇡ �⌘Q0 6= 0
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scalar

attractive���������	
��������������������  ADM���������	
��������������������  mass���������	
��������������������  that���������	
��������������������  is���������	
��������������������  set���������	
��������������������  
by���������	
��������������������  twin���������	
��������������������  confinement���������	
��������������������  scale

⇠ O(1� 10) GeV

• Twin Baryon Asymmetric DM: 
 
- We consider the case where only the twin baryon                  
  is affected by the asymmetry, which can be achieved if 
                          and              .   
 
- Concentrate on light quark limit: 
  twin hadron masses set by            and spectrum of 
  quarkonia is lighter than glueballs.

m⌫0 ⇡ 0⌘B0 ⇡ �⌘Q0 6= 0



• Direct Detection: 
 
Scattering off SM nuclei happens via Higgs portal.
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��������������������  unclear���������	
��������������������  
which���������	
��������������������  is���������	
��������������������  the���������	
��������������������  

dominant���������	
��������������������  process
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mass range where ADM scenarios work most naturally.
(Scattering cross sections of such states o↵ SM nucleons
via the Higgs portal are <⇠ 10�45 cm2 for f/v >⇠ 4, close
to current bounds.)

III.2. Direct Detection

Scattering of �0 baryons o↵ SM nucleons happens via
Higgs exchange or by exchanging a twin scalar state (�̂
meson or 0++ glueball) that mixes with the Higgs. Cou-
plings between scalar mesons/glueballs and a pair of twin
baryons are unknown and require dedicated lattice com-
putation. We find that within a reasonable range for
the couplings and mixing angles either Higgs exchange
or meson/glueball exchange can dominate the scattering.
We therefore separately consider the processes (ignoring
interference e↵ects) to give an idea of the possible scat-
tering cross sections.

In the case where Higgs exchange dominates, the spin
independent scattering cross section is given by

�SI

h ⇡ 1

⇡
µ2

N�

0
(fNmN )2

m4

hv
4

(m
�

0f
�

0)2

(f/v)4
(2)

where µN�

0 = mNm
�

0/(mN + m
�

0) is the reduced
mass of the �0-nucleon system. fN ⇡ 0.32 [34, 35] and
f
�

0 = (2 + 87fb0)/31 (following [36]) are the e↵ective
Higgs couplings to nucleons and �0 baryons, respectively,
where fb0 is the dimensionless part of the matrix element
of b0 in �0. In the light b0 case, one expects fb0 ⌧ 1 al-
beit its exact value requires dedicated lattice study. In
the case where the dominant process is meson exchange,
the cross section can be written as

�SI

�̂ ⇡ 1

⇡
µ2

N�

0
(fNmN )2

m4

�̂v
2

�02✓0
2

(3)

where �0 is the coupling between �̂ and a pair of �0

baryons and ✓0 is the Higgs-�̂ mixing angle

✓0 =
f�̂m�̂

2f(f/v)

F�̂

m2

h �m2

�̂

(4)

with F�̂ the 0++ meson decay constant that we define
as F�̂ ⌘ a0m2

�̂ (with a0 an unknown dimensionless con-

stant) and f�̂ = (2 + 58f̃b0)/31 accounts for the e↵ective
coupling between meson and Higgs. Numerical evalua-
tion shows that for �0 . 1 Higgs exchange dominates,
whereas for �0 & 4⇡ (the NDA value) meson exchange
provides the leading interaction. In the event of glue-
ball exchange being the dominant process, the scattering
cross section is given by Eq(3) after performing the ap-
propriate substitutions.

Figure 1 shows these spin independent scattering cross
sections for particular choices of the unknown parame-
ters. To illustrate the range possible we have chosen the

minimum Higgs-exchange cross section (i.e. fb0 = 0),
while for meson exchange we have selected reasonably
large values of the parameters. Note that di↵erent
choices allow Higgs or glueball exchange to dominate.
A significant portion of parameter space is covered by
the neutrino floor, in particular the region m

�

0 ⇡ 5GeV
that would allow for ⌘

B

0 ⇡ ⌘
baryon

. For values m
�

0 ⇡
10� 50GeV, that correspond to ⌘

B

0/⌘
baryon

⇡ 0.5� 0.1,
predicted cross sections escape the neutrino background
and sit close to (or within) the region that will be probed
by next-generation experiments such as LZ [37].

f êv = 3
f êv = 4
f êv = 5

1 5 10 50

10-44
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10-46
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m D' HGeVL

sSI

cm2

LUX

LZ

c̀
h

FIG. 1: Illustrative range of possible spin independent scat-
tering cross sections of �0 baryons o↵ SM nucleons when ei-
ther Higgs or �̂ meson exchange dominates (dashed and thick
lines respectively). We take m�̂ = 3⇤0

QCD

, �0 = 4⇡, a0 = 1,

fb0 = 0 and f̃b0 = 0.1 for illustration. Blue: LUX excluded
[38]; blue line: LUX projected sensitivity (300 live-days) [39];
orange: neutrino background [37]; pink dotted line: LZ sen-
sitivity [37]; pink: values of m

�

0 (equivalently, of ⇤0
QCD

) that
imply extra tuning [19].

IV. TWIN ATOMS

Once the U(1)0 group is gauged, the physics becomes
substantially richer. Twin-charge neutrality of the Uni-
verse requires ⌘

Q

0 = 0, which means that a B0 asym-
metry resulting in a non-zero asymmetric population of
�0 baryons must be balanced by an L0 asymmetry, such
that an equal asymmetric population of ⌧ 0 is present (we
here assume that W 0± are unstable). Due to twin elec-
tromagnetic interactions, the asymmetric populations of
�0 and ⌧ 0 states may form bound states. In fact, the
late-time DM population must consist of overall-neutral
‘twin atoms’, rather than a plasma of charged states,

LUX���������	
��������������������  
excluded

neutrino���������	
��������������������  floor

}

}

Higgs���������	
��������������������  exchange���������	
��������������������  
dominates

Twin���������	
��������������������  meson���������	
��������������������  
exchange���������	
��������������������  
dominates

(twin baryon - twin meson 
        coupling:              )� = 4⇡
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• Natural modification: gauged U(1)’ 
 
- Neutrality of the Universe under twin electromagnetic 
  charge requires              
 
             Asymmetric population of      needs to be 
             compensated by an equal population of     
 
 
-      -      form bound states

⌘Q0 = 0

)

�0

⌧̄ 0

⌧̄ 0

In���������	
��������������������  fact,���������	
��������������������  they’d���������	
��������������������  better���������	
��������������������  form���������	
��������������������  
atoms:���������	
��������������������  DM���������	
��������������������  in���������	
��������������������  plasma���������	
��������������������  form���������	
��������������������  is���������	
��������������������  
very���������	
��������������������  constrained���������	
��������������������  from���������	
��������������������  plasma���������	
��������������������  

instability���������	
��������������������  effects

twin���������	
��������������������  atom
s

physics���������	
��������������������  changes���������	
��������������������  a���������	
��������������������  lot

�0



• Constraints on Twin Atom DM: 
 
- Sufficient recombination 
 
 
 
- DM self-interactions  
 
 
In the allowed region  
of parameter space, 
annihilation of the 
symmetric components 
happen very efficiently 
(even for light    )

so���������	
��������������������  that���������	
��������������������  there���������	
��������������������  is���������	
��������������������  
little���������	
��������������������  plasma���������	
��������������������  left

4

for values of the twin electromagnetic coupling ↵0 that
are not extremely small; otherwise, the long-range in-
teractions between DM particles result in plasma in-
stabilities that strongly a↵ect Bullet Cluster-like colli-
sions [40]. Requiring that e�cient twin recombination
takes place imposes non-trivial constraints on the sizes
of ↵0 and the mass of the twin atom Ĥ [41]. Further con-
straints are present due to DM self-interactions: Low en-
ergy atom-atom scattering processes have cross sections
� ⇡ 102(a0

0

)2 where a0
0

= (↵0µ
ˆH)�1 is the atomic Bohr

radius and µ
ˆH the reduced mass of the atomic system, al-

though the exact value of � depends strongly on the ratio
R ⌘ m

�

0/m⌧ 0 for values R & 15 [42]. We impose the con-
straint �/m

ˆH . 0.5 cm2 g�1 [33] applicable to contact-
like DM scattering, since the e↵ect of hard scatterings
generally dominates over soft or dissipative processes for
atom-atom scattering in the regimes we consider. Fig-
ures 2 and 3 show constraints from recombination [41]
and DM self-interactions, for ratios R ⌘ m

�

0/m⌧ 0 = 1
and 10 respectively.

1 10 50
10-3

10-2

10-1

1

mH
` HGeVL

a'

R = 1

self interactions

recombination

FIG. 2: Constraints in the ↵0,m
ˆH plane, for a ratio R =

m
�

0/m⌧ 0 = 1. Blue: twin recombination is ine�cient, an
ionised fraction & 0.1 remaining; pink: self-interaction cross
section is & 0.5 cm2 g�1; green: twin atom masses small
enough that significant extra tuning is present.

For values of ↵0 and m
ˆH satisfying recombination and

self-interaction constraints, and for the parameter ranges
we consider, annihilation of the symmetric populations of
�0 and ⌧ 0 happens very e�ciently. As can be seen from
Figures 2 and 3, the minimum value of ↵0 consistent with
all constraints is ↵0 ⇡ 10�2, in which case the twin atom
mass is constrained to be m

ˆH ⇡ 20, 40GeV for R = 1, 10
respectively. This results in binding energies of order
O(102) keV, and a hyperfine splitting of the first atomic
energy level of order �E ⇠ 10 eV.

1 10 50
10-3

10-2

10-1

1

mH
` HGeVL

a'

R = 10self interactions

recombination

FIG. 3: As Figure 2 but for a ratio R = m
�

0/m⌧ 0 = 10.

Before twin sector recombination occurs, the �0 and ⌧ 0

are coupled to the twin photon bath, constituting a dark
plasma that can undergo ‘dark acoustic oscillations’ [41].
If twin sector recombination is late enough, these oscil-
lations can leave an imprint in the power spectrum of
baryonic matter. However, since ↵0 & 10�2 in our al-
lowed regions, the binding energy of our twin atoms is
su�ciently high (� 10 keV) that twin recombination is
always too early to realise this possibility.
Another possibility is that, after dark recombination,

molecular bound states may form at lower temperatures.
However, radiative capture of two neutral atoms to a
‘dark hydrogen molecule’ is very suppressed [43], with
molecule formation requiring that there is an abundance
of charged particles to catalyse the reactions. Given the
constraints that must already be satisfied, our estimates
indicate that a significant proportion of molecules will
not be formed, either in the early universe, or in halos.
We remark that most of the physics discussed in this

section is not specific to FTH models, relying only on
asymmetric DM charged under a dark U(1). There is
a large body of literature on the physics of such ‘dark
atoms’, e.g. [44–47], which in particular can arise in many
‘mirror world’ models [48, 49].

IV.2. Direct Detection

We first neglect the impact of kinetic mixing between
the twin and SM photons on direct detection (DD) signa-
tures and concentrate on the process of scattering purely
via Higgs exchange or by exchange of a twin scalar that
mixes with the Higgs. An interesting situation arises
for R ⇡ 1. In this case, m

�

0 ⇡ m⌧ 0 and therefore the

IGG, RL, JMR (hep-ph/1505.07410)

mĤ(GeV)

↵0

⌧ 0



• Direct Detection: 
 
- Via Higgs portal interactions, very similar to twin 
   baryon DM



• Direct Detection: 
 
- Via Higgs portal interactions, very similar to twin 
   baryon DM

• Kinetic Mixing: 
 
Twin and visible sector photons are massless and it is  
possible to have a term  
 
 
       twins pick up charges         , but atoms are neutral 
       and have zero electric dipole moments 
 
Moreover, radiative contributions to    absent up to 3 
loop order: at most, expect                                

)

L � ✏

2
Fµ⌫F 0

µ⌫

⇠ ✏e0

✏

✏ ⇠ O(10�9)

magnetic���������	
��������������������  dipole���������	
��������������������  moments���������	
��������������������  will���������	
��������������������  provide���������	
��������������������  the���������	
��������������������  leading���������	
��������������������  constraint

seems���������	
��������������������  totally���������	
��������������������  OK���������	
��������������������  with���������	
��������������������  current���������	
��������������������  bounds



Twin Nuclear DM?

Can get twin nuclear DM — possibly with large nucleon number A	

if turn back on 2nd generation with now both “p” and “n” like	

states (if mp>mn so that p eventually decays to n + twin leptons no	

Coulomb barrier at large A, and no dark atoms either) 

In just 3rd generation case don’t form significant di-B and beyond as 
even with photon present the radiative capture rate too slow (both M1 
and E1 processes zero by fact that B is only (semi-)stable nucleon)



Twin Nuclear DM

Comment: Get all the attractiveness of ADM with mB = 5GeV without having 
halo DM states actually at mass 5GeV.  They can have much bigger mass 
Ax5GeV with baryon number A (potentially changes DD region/pheno a lot)

⌦X

⌦B
=

⌘X

⌘B

mX

mB

This would still be true with 
⌘X = ⌘B

ÊÊ
‡‡

10 5020 3015 70
R ê fm

10-6

10-4

0.01

Hdn êdRL ë fm-1
Note:���������	
��������������������  example���������	
��������������������  of���������	
��������������������  dark-sector���������	
��������������������  BBN���������	
��������������������  result���������	
��������������������  for���������	
��������������������  number���������	
��������������������  dist'n



Twin Nuclear DM

If get through bottleneck region at small A 
number then can potentially build up large 
nuclei. Interesting case for us is A~10

LUX HprojectedL

f êv = 3
f êv = 4
f êv = 5

10 20 50 100 200 500

10-47
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10-45

10-44

mB ' HGeVL

s
SI

Such large-A, and thus spatially 
extended, dark nuclei have effective 
coherent enhancement of DD cross 
section by A2 (but more massive by A)

Can effectively move DD signal to higher 
mass and cross section even if mB=5GeV
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When���������	
��������������������  you���������	
��������������������  twin���������	
��������������������  the���������	
��������������������  SM���������	
��������������������  there���������	
��������������������  are���������	
��������������������  (unsurprisingly)���������	
��������������������  a���������	
��������������������  huge���������	
��������������������  range���������	
��������������������  of���������	
��������������������  
possibilities���������	
��������������������  for���������	
��������������������  stable���������	
��������������������  states���������	
��������������������  with���������	
��������������������  rich���������	
��������������������  dynamics���������	
��������������������  (variety���������	
��������������������  of���������	
��������������������  WIMP’s���������	
��������������������  
but���������	
��������������������  also���������	
��������������������  nucleon���������	
��������������������  DM,���������	
��������������������  atomic���������	
��������������������  DM,���������	
��������������������  nuclear���������	
��������������������  DM,���������	
��������������������  meson���������	
��������������������  DM,���������	
��������������������  spin���������	
��������������������  1���������	
��������������������  DM,…⋯)���������	
��������������������  ���������	
��������������������  

In���������	
��������������������  many���������	
��������������������  parts���������	
��������������������  of���������	
��������������������  parameter���������	
��������������������  space���������	
��������������������  the���������	
��������������������  DM���������	
��������������������  is���������	
��������������������  a���������	
��������������������  multi-component���������	
��������������������  
cocktail.���������	
��������������������  ���������	
��������������������  Sub-dominant���������	
��������������������  parts���������	
��������������������  can���������	
��������������������  be���������	
��������������������  interesting���������	
��������������������  (halo���������	
��������������������  dynamics,���������	
��������������������  late���������	
��������������������  
decays���������	
��������������������  &���������	
��������������������  BBN,���������	
��������������������  spectrum���������	
��������������������  of���������	
��������������������  states���������	
��������������������  in���������	
��������������������  direct���������	
��������������������  or���������	
��������������������  indirect���������	
��������������������  detection,���������	
��������������������  
inelasticity,…⋯)���������	
��������������������  

Higgs���������	
��������������������  portal���������	
��������������������  gives���������	
��������������������  definite���������	
��������������������  and���������	
��������������������  very���������	
��������������������  interesting���������	
��������������������  predictions���������	
��������������������  for���������	
��������������������  DD���������	
��������������������  and���������	
��������������������  
ID���������	
��������������������  signals���������	
��������������������  even���������	
��������������������  in���������	
��������������������  most���������	
��������������������  minimal���������	
��������������������  vanilla���������	
��������������������  cases���������	
��������������������  

!

!
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Twin Dark Matter

Comments



Conclusions
• Theories based on the Twin Higgs 

mechanism have very rich physics	


 
 
 
 
!

• Lots of things left to do 

even���������	
��������������������  richer���������	
��������������������  as���������	
��������������������  soon���������	
��������������������  as���������	
��������������������  you���������	
��������������������  add���������	
��������������������  more���������	
��������������������  generations

UV���������	
��������������������  completion

twin���������	
��������������������  hadronisation

better���������	
��������������������  understanding���������	
��������������������  of���������	
��������������������  twin���������	
��������������������  
phase���������	
��������������������  transition

???…⋯
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