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Figure 2: Graphical representation of
the dark QCD model. Baryon and
dark matter asymmetries are shared
via a mediator X

d

resulting in an
asymmetry in the stable dark baryons
p
d

, n
d

. The symmetric relic density
is annihilated e�ciently into dark pi-
ons, which eventually decay into SM
particles. The DM number density is
naturally of the same order as that of
baryons, so the correct DM relic den-
sity is obtained when the dark baryon
masses are in the 10 GeV range.

Field SU(3) ⇥ SU(2) ⇥ U(1) SU(3)
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Mass Spin

Q
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(1, 1, 0) (3) m
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X
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O(TeV) Complex Scalar
Z
d

(1, 1, 0) (1) M
Z

d

O(TeV) Vector Boson

Table 1: Particle content relevant for phenomenology. We use the Z
d

as a toy model and leave
detailed study to future work.

model for studying dark sector properties, but we leave detailed studies of its phenomenology at

the LHC to future work. The full particle content is summarized in Tab. 1.

For the scalar mediator with the hypercharge assignment in Tab. 1, the only allowed Yukawa

type coupling is of the form [12]

L
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= 
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d

i

q
j

X
d

+ h.c. (2)

where q
j

are the right-handed down-type SM quarks and  is a n
f

⇥3 matrix of Yukawa couplings.

Such couplings could in general lead to large flavor violating processes, but can be brought into

agreement with experimental bounds if dark flavor originates from the same dynamics as the SM

flavor structure or certainly if flavor symmetries are imposed on the dark sector [43–45]. For

definiteness, the fundamental Lagrangian which defines the model at high scales is given by
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G
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
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SM

, (3)

where Gµ⌫

d

is the dark gluon field strength tensor, and the covariant derivatives contain the

couplings to the gauge fields.

For the vector mediator, we assume that it couples vectorially to SM and dark quarks with

couplings g
q

and g
d

. While here we assume that Z
d

originates from a U(1) symmetry broken at

the TeV scale, it could in principle also originate from a non-abelian horizontal symmetry as in

Ref. [31], where the Sphaleron associated with this gauge interaction is used to connect the dark

matter with the baryon asymmetry.
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Figure 10: Region of lifetime and mediator mass parameter space probed with 100 fb�1 (top
row) and 3000 fb�1 (bottom row) at the 14 TeV LHC. For each model we show 2� (dashed)
and 5� contours (solid) in the M

X

� c⌧
0

plane, assuming a systematic uncertainty of 100% on
the background. The di↵erent colors correspond to requiring E(1 GeV, 0, 3 mm) � 2 (blue) and
E(1 GeV, 0, 100 mm) � 2 (red).
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Figure 10: Region of lifetime and mediator mass parameter space probed with 100 fb�1 (top
row) and 3000 fb�1 (bottom row) at the 14 TeV LHC. For each model we show 2� (dashed)
and 5� contours (solid) in the M

X

� c⌧
0

plane, assuming a systematic uncertainty of 100% on
the background. The di↵erent colors correspond to requiring E(1 GeV, 0, 3 mm) � 2 (blue) and
E(1 GeV, 0, 100 mm) � 2 (red).
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Short Story
4

Symmetry Breaking ➞ Phase Transition

First Order PT ➞ Gravitational Waves

• SM:  
‣ EWPT is weak crossover 

‣ QCD-PT is weak crossover

☹
☹

maybe twin QCD can do it? 
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Figure 1: Phase diagram of QCD at zero chemical potential (schematic). The dashed region
represents our current lack of knowledge about the order of the PT in the limit of two massless
flavours.

chemical potential could be su�cient to provide a strong first order PT [25]. The resulting signal
was studied in [26].

The aim of this work is to point out that gravitational waves could also be produced by a
strong PT in a dark or hidden sector. The particular scenario we have in mind is a dark sector
with a new SU(Nd) gauge interaction which confines at some scale ⇤d. Such models have recently
received renewed interest either as models of dark matter [27–42] or as part of the low energy
sector of so called Twin Higgs models [43–48]. Di↵erent from generic hidden sectors [49], these
models provide a preferred mass range and some restrictions on the particle content, such that
the frequency range of the potential GW signal can be predicted.

Given that the SM QCD transition is not first order, we will review the known results on the
order of the PT in strongly coupled gauge theories in the next section, followed by a discussion of
models that fall into this category. In Sec. 3 we calculate the GW spectra that can be produced
in these models, and compare them to the sensitivity of current and planned GW detection
experiments in Sec. 4. We discuss the complementarity of GW experiments with other searches
for dark sectors in Sec. 5, before presenting our conclusions.

2 Models with First Order Phase Transition

Near the QCD confinement scale ⇤
QCD

, the dynamics of QCD is governed by three flavours,
two of which are almost massless, while the strange quark mass is of order ⇤

QCD

. Lattice
studies [5, 6, 50] have shown that for these values of the quark masses, the QCD PT is a weak
cross-over.

However this is not a generic result for QCD and similar theories, but more a consequence
of the precise values of mu ⇡ md and ms in the SM. The QCD phase diagram for arbitrary
mu,d and ms can be summarised in the so called Columbia plot, which is reproduced in Fig. 1,
based on [51]. The pure Yang-Mills limit mu,d,ms ! 1 is known to have a strong first order
PT [52] from the restoration of a global Z

3

center symmetry at low temperatures. The opposite
mu,d,ms ! 0 limit, i.e. theories with three exactly massless quarks, also feature a strong first
order transition, related to the breakdown of the SU(3)⇥ SU(3) chiral symmetry [53].
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models provide a preferred mass range and some restrictions on the particle content, such that
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models that fall into this category. In Sec. 3 we calculate the GW spectra that can be produced
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for dark sectors in Sec. 5, before presenting our conclusions.
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However this is not a generic result for QCD and similar theories, but more a consequence
of the precise values of mu ⇡ md and ms in the SM. The QCD phase diagram for arbitrary
mu,d and ms can be summarised in the so called Columbia plot, which is reproduced in Fig. 1,
based on [51]. The pure Yang-Mills limit mu,d,ms ! 1 is known to have a strong first order
PT [52] from the restoration of a global Z
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center symmetry at low temperatures. The opposite
mu,d,ms ! 0 limit, i.e. theories with three exactly massless quarks, also feature a strong first
order transition, related to the breakdown of the SU(3)⇥ SU(3) chiral symmetry [53].
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More General
• Consider              with      massless flavours  

• PT is first order for  
‣               , 

‣               , 

• Not for: 
‣               (no global symmetry, no PT) 

‣               (not yet known) 

7

SU(Nd) nf

Nd � 3 nf = 0 Svetitsky, Yaffe, 1982
M. Panero, 2009

Nd � 3 3  nf < 4Nd Pisarski, Wilczek, 1983

nf = 1

nf = 2



GW spectrum
• From Bubble collisions  

and turbulence 

•    conformal wave  
number 

8

and gi counts the internal degrees of freedom of the i-th particle. It follows that the frequency
today can be expressed as

f =
a⇤
a
0

H⇤
f⇤
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= 1.59⇥ 10�7 Hz⇥
⇣ g⇤
80

⌘ 1
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1 GeV

◆
⇥ f⇤

H⇤
, (3)

where we have used the Hubble rate at time of production, H⇤ =
q

4⇡3g⇤
45

T 2
⇤

MPl
, and assumed that

all species are in thermal equilibrium at T = T⇤, i.e. g⇤ = g⇤,s. For the fraction of energy density
in gravitational waves today we similarly obtain

⌦
GW

=
⇢

⇢
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a
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◆
4 H2
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80
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◆ 1
3
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, (4)

where we used that ⇢
crit

/⇢⇤crit = H2

0

/H2

⇤ and H
0

= 2.13⇥ h⇥ 10�42 GeV. It is noteworthy that
the intensity of the GW signal is independent of the production temperature T⇤ (except for the
implicit dependence of g⇤ on T⇤).

The most sensitive frequency regions of pulsar timing arrays and satellite based experiments
are in the nano-Hz and milli-Hz range, respectively. To get an idea about the detectability of
GWs from a strong dark PT we will therefore need to understand the spectrum of the produced
GWs. For this, we will closely follow the discussion of [26].

Gravitational Waves are sourced by tensor fluctuations of the energy momentum tensor of
the primordial plasma. During first order phase transitions both bubble collisions [61,62] and
magnetohydrodynamical (MHD) turbulence [63–66] provide sources of gravitational waves. As
functions of the conformal wave number k = 2⇡af , the GW spectra produced by either source
can be approximated by [26]
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(1 + 4k/H⇤) (1 + (v/⇡2)(k/�))11/3
. (6)

Eqn. (5) is based on [67,68] while Eqn. (6) is a fit to the numerical results of [69]. Here H⇤ is
the conformal Hubble parameter H = Ha at T = T⇤, and ⌦r0 is the radiation energy density
today. The quantities that determine the GW spectrum are the bubble nucleation rate � (the
duration of the PT is ��1), the bubble velocity v and the relative energy density in the source,
⌦S⇤ = ⇢S⇤/⇢⇤,crit = ⌦⇤GW

. Dependence on the temperature of the PT enters through the
dependence of H⇤ on T⇤.

The duration of the PT is usually taken as (1 � 10)% of a Hubble time, and therefore
� = (10 � 100)H [2]. To understand the relation with the physical frequency, remember that
the conformal frequency is related to the conformal wave number via af = k/(2⇡). Furthermore
using H = Ha we see that f⇤/H⇤ = F⇤/H⇤ = (k/H⇤)/(2⇡), which together with Eqn. (3) allows
us to translate the GW spectra into physical frequencies.

In a given theory, the dynamics of the phase transition, and therefore the parameters �, v
and ⌦S⇤ are in principle calculable. For the strongly coupled models considered here they are
however not known, and can only be estimated using lattice simulations. We will therefore take
� and v as additional input parameters, with values motivated by results of analyses in weakly
coupled models.

Following [26], we will use ⌦S⇤ = 0.1 and � = 10H⇤, but v = 1.0 instead of 0.7. We are now in
a position to study the location of the peaks of the GW signals from bubble collisions and MHD
turbulence. The bubble collision signal is triangular shaped with a maximum at k/� = 4
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Figure 2: Left: Peak frequencies of the GW spectra (in mHz) from bubble collisions (blue,solid)
and MHD turbulence (red, dashed) in the T⇤ � � plane, for v = 1.0. Right: GW spectrum from
bubble collisions (blue, solid) and turbulence (red, dashed) as well as the combined spectrum
(black, thick), as a function of conformal wave number k, for v = 1.0 and � = 10H⇤.

while the MHD turbulence peaks at somewhat larger wave numbers k/� ⇡ ⇡2/v. To obtain
physical frequencies, we use Eqn. (3) and f⇤/H⇤ = (�/(2⇡H))(k/�). Then the peak locations are

f
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peak

= 3.33⇥ 10�8 Hz⇥
⇣ g⇤
80
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1 GeV

◆✓
�

H⇤

◆
, f

(MHD)

peak

⇡ 10f (B)

peak

. (7)

In Fig. 2 we show the location of the frequency peaks as function of the PT temperature T⇤
and �. As expected from Eqn. (3), the peak frequencies increase linearly with the transition
temperature T⇤ and with �/H⇤.

The source term ⌦S⇤ can be di↵erent for bubble collision and turbulence. Here we will assume
that equal amounts of energy act as source for ⌦(B)

GW

and ⌦(MHD)

GW

. In this case the turbulence
signal dominates over the one from bubble collisions over most of the relevant frequency range,
see Fig. 2. The intensity of both signals decreases as (�/H⇤)�2, therefore smaller values of �
are preferable. From Eqn. (6) it might appear that the turbulence signal only decreases as ��1,
however the k/H⇤ term in the denominator gives another power of H⇤/� for k & 1.

Recent simulations of first order PTs suggest that sound waves generated by the expansion
of bubbles could be the dominant source of GWs from these transitions [70–72]. Sound waves
continue propagating through the early universe after the PT is finished, and decay on a timescale
H⇤. Compared to the above discussed spectra, they will therefore not be suppressed as much by
the velocity of the transition �, and the signal could be increased by a factor (�/H⇤) compared
to the bubble collision signal, but with a spectrum decaying as k�3. This could potentially boost
the signal, in particular for cases where the PT is fast, i.e. �/H � 1.

4 Detectability

In the previous section, we have seen that the peak frequencies of GW signals from GeV-TeV
scale PTs are of order (10�6 � 10�3) Hz. Furthermore it is important to note that a broad
spectral region around the peak is populated by GWs, from (10�10 � 1) Hz.
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k

� ⇠ (1� 100)H⇤
PS, to appear

Caprini, Durrer, Siemens, 2010
Huber, Konstandin, Servant, … 



Physical frequencies
• Redshift:  

• Peak regions:
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however not known, and can only be estimated using lattice simulations. We will therefore take
� and v as additional input parameters, with values motivated by results of analyses in weakly
coupled models.
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p
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Figure 2: Left: Peak frequencies of the GW spectra (in mHz) from bubble collisions (blue,solid)
and MHD turbulence (red, dashed) in the T⇤ � � plane, for v = 1.0. Right: GW spectrum from
bubble collisions (blue, solid) and turbulence (red, dashed) as well as the combined spectrum
(black, thick), as a function of conformal wave number k, for v = 1.0 and � = 10H⇤.

while the MHD turbulence peaks at somewhat larger wave numbers k/� ⇡ ⇡2/v. To obtain
physical frequencies, we use Eqn. (3) and f⇤/H⇤ = (�/(2⇡H))(k/�). Then the peak locations are

f
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⇣ g⇤
80
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�

H⇤

◆
, f

(MHD)

peak

⇡ 10f (B)

peak

. (7)

In Fig. 2 we show the location of the frequency peaks as function of the PT temperature T⇤
and �. As expected from Eqn. (3), the peak frequencies increase linearly with the transition
temperature T⇤ and with �/H⇤.

The source term ⌦S⇤ can be di↵erent for bubble collision and turbulence. Here we will assume
that equal amounts of energy act as source for ⌦(B)

GW

and ⌦(MHD)

GW

. In this case the turbulence
signal dominates over the one from bubble collisions over most of the relevant frequency range,
see Fig. 2. The intensity of both signals decreases as (�/H⇤)�2, therefore smaller values of �
are preferable. From Eqn. (6) it might appear that the turbulence signal only decreases as ��1,
however the k/H⇤ term in the denominator gives another power of H⇤/� for k & 1.

Recent simulations of first order PTs suggest that sound waves generated by the expansion
of bubbles could be the dominant source of GWs from these transitions [70–72]. Sound waves
continue propagating through the early universe after the PT is finished, and decay on a timescale
H⇤. Compared to the above discussed spectra, they will therefore not be suppressed as much by
the velocity of the transition �, and the signal could be increased by a factor (�/H⇤) compared
to the bubble collision signal, but with a spectrum decaying as k�3. This could potentially boost
the signal, in particular for cases where the PT is fast, i.e. �/H � 1.

4 Detectability

In the previous section, we have seen that the peak frequencies of GW signals from GeV-TeV
scale PTs are of order (10�6 � 10�3) Hz. Furthermore it is important to note that a broad
spectral region around the peak is populated by GWs, from (10�10 � 1) Hz.
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Figure 1. Summary of key results from the analysis of a 6 pulsar dataset from the 2015 EPTA data release (D15). Results are presented in terms of ⌦gw( f ) as a
function of GW frequency, with H0 = 70km s�1 Mpc�1. We indicate the 95% upper limits on the amplitude of a correlated GWB assuming a power law model
with a spectral index of � = 13/3 (solid black line; Section 5) and for a more general analysis where the power is determined simultaneously at a set of discrete
frequencies (dashed line) as discussed in Section 5.1.1. The red shaded areas represent the central 68%, 95%, and 99.7% confidence interval of the predicted
GWB amplitude according to Sesana (2013b) under the assumptions that a SMBHB evolves purely due to gravitational radiation reaction and binaries are
circular (See Section 6.1 for more details). Only about 5% of the distribution is excluded, meaning that our limit does not place significant restrictions on the
cosmic SMBHB population. We also indicate 95% upper limits obtained for a stochastic relic background (green dash-dotted line; Section 6.3), and for cosmic
string network backgrounds (blue triple-dashed line; Section 6.2). The cosmic string limit plotted corresponds to a fiducial model for a population of cosmic
strings, with the following parameters: string tension Gµ/c2 = 10�7, the birth-scale of loops relative to the horizon ↵cs = 1.6 ⇥ 10�6, spectral index q = 4/3,
cut-o↵ on the number of emission harmonics n⇤ = 1 and intercommutation probability p = 1. Finally we indicate recent constraints placed by CMB (Sendra
& Smith 2012), and BBN (Allen 1997; Maggiore 2000; Planck Collaboration et al. 2015) observations.

ters (Aasi et al. 2014), or by reporting a value for GW energy den-
sity integrated over all frequencies as is done by Big Bang Nu-
cleosynthesis measurements, e.g. (Cyburt et al. 2005) and Cosmic
Microwave Background (CMB) measurements (Smith, Pierpaoli &
Kamionkowski 2006; Sendra & Smith 2012). As such, an upper
limit on the stochastic GWB reported in terms of either ⌦gw( f )h2,
or ⌦gw( f ) for a specified value of h provides a clear way to report
our limits.

In the last few years the European PTA (EPTA), Parkes PTA
(PPTA), and the North American NanoHertz Observatory for Grav-
itational waves (NANOGrav) have placed 95% upper limits on the
amplitude of a stochastic GWB at a reference frequency of 1yr�1

of 6⇥10�15 (van Haasteren et al. 2011), 2.4⇥10�15 (Shannon et al.
2013), and 7⇥10�15 (Demorest et al. 2013) respectively. Each has
done so using a di↵erent dataset, and di↵erent methodologies. As
such, these similarly constraining limits should not be seen as re-
dundant, but rather as complementary. For example, the first EPTA
limit used Bayesian analysis methods, producing an upper limit
while simultaneously fitting for the intrinsic timing noise of the
pulsars. Subsequent limits have used simulations to obtain con-
servative upper bounds consistent with the data, or made use of
frequentist methods, fixing the noise at values derived from analy-
sis of the individual pulsars. Naturally a simultaneous analysis of

the intrinsic properties of the pulsar, and the GWB is the preferred
method, and indeed we will show explicitly in Section 5 that fixing
the noise properties of the individual pulsars can lead to an erro-
neously stringent limit on the amplitude of a GWB in the pulsar
timing data. The three PTA projects also work together as the In-
ternational PTA (IPTA; Hobbs et al. 2010), where all three datasets
are combined in order to produce ever more robust and constrain-
ing limits on the GWB, with the eventual goal of making a first
detection.

In this work we make use of the Bayesian methods presented
in Lentati et al. (2013) (henceforth L13), which allows us to greatly
extend what is computationally feasible for a Bayesian analysis of
pulsar timing data. In particular, while we obtain upper limits on
the amplitude of a GWB using a simple, two parameter power law
as in van Haasteren et al. (2011), we can also make use of a much
more general model, enabling us to place robust limits on the corre-
lated power spectrum at discrete frequencies. We can also include
additional sources of common noise in our analysis simultaneously
with the GWB, such as those that could be expected from errors
in the Solar System ephemeris, or in the reference time standard
used to measure the TOAs of the pulses. Finally we also take two
approaches to parameterising the spatial correlations between pul-
sars, without having to assume anything about the form it might

c� 0000 RAS, MNRAS 000, 000–000
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Figure 3: GW spectra ⌦(f)h2 for T⇤ = 0.1 GeV, T⇤ = 3 GeV (CDM1, TH models), T⇤ = 300 GeV
and T⇤ = 10 TeV (CDM2 models). The upper (lower) edges of the contours correspond to � = H
(� = 10H), and furthermore v = 1 and ⌦S⇤ = 0.1 for all curves. The red band T⇤ = 0.1 GeV
indicates where a signal of the QCD PT would lie if it was strong. The projected reach of several
planned GW detection experiments is shown (dashed).

GWs with frequencies down to 10�5 Hz can be probed by satellite based experiments like
ELISA [73], however the sensitivity quickly degrades below 10�3 Hz. On the other end of the
spectrum, pulsar timing arrays (PTA) can probe frequencies in the (10�9 � 10�7) Hz range. In
Fig. 3 we overlay the expected GW signal for di↵erent model parameters with the expected
sensitivities of current and planned GW detection experiments (based on [74]).

Clearly the most promising signals are those from models with a PT temperature in the TeV
range, where the peak region of the GW spectrum falls right into the most sensitive frequency
range of satellite experiments. Here the signal should even be detectable for choices of the
parameters that are less optimistic than those used for Fig. 3. Models of the CDM2 type
naturally fall into this region, but also the CDM1 models can be viable with a confinement scale
in that region.

For models with T⇤ ⇠ (1� 10) GeV the situation is a bit more di�cult, since the signal peak
ends up in a frequency region where neither PTA nor (e)LISA are sensitive. Looking at the
T⇤ = 3 GeV curve in Fig. 3 more closely, we see that in the best case scenario, for � = H, both
PTAs and LISA would be able to detect parts of the GW spectrum. For larger � the signal
quickly drops out of the PTA sensitivity region, however LISA remains sensitive. This is due
to the increase of the observed frequency with (�/H), which partially compensates the overall
(H/�)2 drop of the signal in the LISA sensitivity region. Therefore there is a chance to detect a
GW signal from the CDM1 and TH models, even if the predicted frequency range is not optimal.

The fact that TeV dark sectors predict an observable GW signal is not surprising, since now
we are in the energy range of the electroweak PT or beyond, and the observability in particular
of TeV scale strong PTs has been noted before [75,76]. The novelty here is that the dynamics
leading to this strong PT does not have to be connected to the electroweak sector of the SM,
and is therefore not in tension with the non-observation of new physics at the LHC.

Another way of interpreting these results is that GW searches have the potential to observe
signals of completely unknown physics in the early universe, while the absence of a signal in a
certain frequency range would place (very weak) bounds on the dynamics of new physics at the
corresponding energy scale.
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Figure 3: GW spectra ⌦(f)h2 for T⇤ = 0.1 GeV, T⇤ = 3 GeV (CDM1, TH models), T⇤ = 300 GeV
and T⇤ = 10 TeV (CDM2 models). The upper (lower) edges of the contours correspond to � = H
(� = 10H), and furthermore v = 1 and ⌦S⇤ = 0.1 for all curves. The red band T⇤ = 0.1 GeV
indicates where a signal of the QCD PT would lie if it was strong. The projected reach of several
planned GW detection experiments is shown (dashed).

GWs with frequencies down to 10�5 Hz can be probed by satellite based experiments like
ELISA [73], however the sensitivity quickly degrades below 10�3 Hz. On the other end of the
spectrum, pulsar timing arrays (PTA) can probe frequencies in the (10�9 � 10�7) Hz range. In
Fig. 3 we overlay the expected GW signal for di↵erent model parameters with the expected
sensitivities of current and planned GW detection experiments (based on [74]).

Clearly the most promising signals are those from models with a PT temperature in the TeV
range, where the peak region of the GW spectrum falls right into the most sensitive frequency
range of satellite experiments. Here the signal should even be detectable for choices of the
parameters that are less optimistic than those used for Fig. 3. Models of the CDM2 type
naturally fall into this region, but also the CDM1 models can be viable with a confinement scale
in that region.

For models with T⇤ ⇠ (1� 10) GeV the situation is a bit more di�cult, since the signal peak
ends up in a frequency region where neither PTA nor (e)LISA are sensitive. Looking at the
T⇤ = 3 GeV curve in Fig. 3 more closely, we see that in the best case scenario, for � = H, both
PTAs and LISA would be able to detect parts of the GW spectrum. For larger � the signal
quickly drops out of the PTA sensitivity region, however LISA remains sensitive. This is due
to the increase of the observed frequency with (�/H), which partially compensates the overall
(H/�)2 drop of the signal in the LISA sensitivity region. Therefore there is a chance to detect a
GW signal from the CDM1 and TH models, even if the predicted frequency range is not optimal.

The fact that TeV dark sectors predict an observable GW signal is not surprising, since now
we are in the energy range of the electroweak PT or beyond, and the observability in particular
of TeV scale strong PTs has been noted before [75,76]. The novelty here is that the dynamics
leading to this strong PT does not have to be connected to the electroweak sector of the SM,
and is therefore not in tension with the non-observation of new physics at the LHC.

Another way of interpreting these results is that GW searches have the potential to observe
signals of completely unknown physics in the early universe, while the absence of a signal in a
certain frequency range would place (very weak) bounds on the dynamics of new physics at the
corresponding energy scale.
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Summary
• Strong PT generic in SU(N) dark sectors 

• “Smoking gun” of twin Higgs scenario 

• Probe composite DM up to unitarity limit 

• Detectable in planned GW experiments
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