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Dark QCD (aka Hidden Valley)
•               dark sector 
‣ Confinement scale 

‣       light dark quarks (no SM charges)  

• Talks featuring dark SU(N) 
‣ Katz 

‣ Hochberg, Kuflik, Schmaltz 

‣ Graham, Harnik 

‣  Strassler 
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Dark QCD - DM
• New mechanisms for relic density, extend mass range: 

‣ Asymmetric DM - GeV-TeV scale 

‣ Strong Annihilation - 100 TeV scale 

‣ SIMP - MeV scale 

• Advantages of Composite 

‣ DM mass scale and stability 

‣ Fast annihilation for ADM  

‣ Self-interactions for structure formation (?)
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Today
• Emerging Jets from a  

GeV scale dark sector 

• Gravitational Wave signals  
from hidden sector 
phase transitions
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Dark QCD
5
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• SU(N) dark sector 
with neutral  
“dark quarks”  

• Confinement scale 

• DM is composite 
“dark proton” 

•  “Dark pions” 
unstable, long 
lived

⇤darkQCD



Emerging Jets at the LHC
• Dark meson 

jets from  
dark parton 
shower 

• Macroscopic 
lifetime for

6

m⇡d ⇠ few GeV



Emerging Jets at the LHC
• Decay back 

to SM quarks 

• Jets emerge 
at distance 

• Several  
displaced  
vertices inside 
a jet “cone”
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Should we have seen this already?
• ATLAS (arXiv:1409.0746) 

• CMS (arxiv:1411.6530) 

• LHCb (arxiv:1412.3021)
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Main differences: 
• Lower mass 
• Lower track multiplicities 

from individual vertices 
• Multiple displaced vertices 

in same cone

(also: not trackless!)



Benchmark/Strategy
• Pair production  

of mediator: 

‣ Two QCD jets 

‣ Two Emerging Jets 

• 4-jet trigger (calo!)
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Benchmark/Strategy
• Pair production  

of mediator: 

‣ Two QCD jets 

‣ Two Emerging Jets 

• 4-jet trigger (calo!)
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Reach ATLAS/CMS

• Optimistic scenario (no non-collisional BGs) 

• More realistic studies under way at CMS (ATLAS soon?)
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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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Other New Physics
• RPV SUSY 

• One of the last “natural” MSSM scenarios
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Figure 15: Pair production of squarks q̃ with subsequent decay into quarks q and neutralinos �
1

.
The neutralino undergoes an R-parity violating three-body decay into a uds final state, and has
a macroscopic lifetime. Not shown is the corresponding diagram with initial state gluons.

6 Sensitivity to Other New Physics Scenarios

Long lived particles decaying with displaced vertices are well motivated in many extensions of

the SM. A well known example is the case of R-parity violating (RPV) supersymmetry [80].

Because the RPV couplings are in the superpotential, it is natural for them to be quite small,

possibly small enough to make the LSP decay length macroscopic. Other more recent examples

where displaced decays are motivated include displaced Higgs signatures [38, 81, 82] or late

Higgs production [83], Lepton Jets [84, 85] Baryogenesis [80, 86], keV dark matter [87], heavy

neutrinos [88], right-handed sneutrinos [89], and twin Higgs models [90].

When considering a specific model, a dedicated search will most likely deliver optimal results.

For instance, if muons are likely to appear in the final state, those can be used for triggering

purposes and to suppress backgrounds. On the other hand, given the variety of models on the

market, it is also desirable to have searches which are more model independent, and thus will

allow to place bounds on multiple new physics scenarios.

In the following we will demonstrate that the emerging jet analysis can easily be used to

obtain bounds on other new physics scenarios with displaced decays, even if their signature will

appear di↵erent at first sight. As an example, we will use a supersymmetric scenario where the

neutralino LSP decays through a UDD type RPV operator.

The process we have in mind is depicted in Fig. 15: squarks q̃ are pair produced and decay

to a quark q and the lightest neutralino �
1

. In the presence of UDD type RPV operators, the

lightest neutralino can undergo a three-body decay into three quarks, mediated by an o↵-shell

squark. In the super potential, these operators can be written as [80]

W
RPV

� 1

2
�

00
ijk

U
i

D
j

D
k

, (11)

where gauge invariance forces �
00
ijk

to be anti-symmetric in jk. If the neutralino �
1

is the lightest

supersymmetric particle (LSP), it can for example undergo the decay �
1

! uds, mediated by

an up or down-type squark. This decay is suppressed both by the squark masses and by the

potentially small9 RPV couplings �
00
ijk

, and therefore �
1

may have a macroscopic decay length.

9See e.g. [91, 92] for currently allowed values of these couplings.
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Higgs production [83], Lepton Jets [84, 85] Baryogenesis [80, 86], keV dark matter [87], heavy
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RPV SUSY sensitivity
• Competitive with 

displaced vertex 
searches 

• Less model 
dependent 

• “Natural SUSY” 
scenario with top jets 
to be done
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Figure 16: Sensitivity of the emerging jets search for the RPV MSSM toy model, at the 14 TeV
LHC. Contours are as in Fig. 10. A common mass M

q̃

is assumed for first and second generation
right-handed up-squarks, while all other MSSM particles are assumed to be heavy.

The squarks, of course, decay promptly via gauge or Yukawa interactions: q̃ ! q�
1

.

In the following we generate events for a RPV toy model where only the right-handed up and

charm squarks and the lightest neutralino are kinematically accessible. Signal events are generated

using the MSSM implementation [93] in Pythia. The squark masses M
ũR

= M
c̃R

⌘ M
q̃

and

the neutralino lifetime c⌧
�

are varied, and the neutralino mass is taken to be m
�

= 100 GeV.

Since the squark masses are of order TeV, the neutralino will have a significant boost, such that

its decay products will be collimated. This is a challenging regime for searches which rely on

reconstructing a common displaced vertex for a dijet pair. The emerging jets search has no

problem picking up this signature, and we show our reach estimate in Fig. 16. There is sensitivity

across four orders of magnitude in neutralino lifetime c⌧
0

for squark masses as high as 1500 GeV.

Compared with the dark QCD signature, the reach in c⌧
0

is larger. The reason for this is that

there is only one displaced decay per jet, while in the dark QCD model multiple displaced decays

happen, which reduce the cut e�ciency on the signal. Similar to the dark QCD case, going to

3000 fb�1 can significantly improve the reach in the 100 mm channel, while the benefits in the

3 mm search are more moderate.

Before concluding, we would like to stress that the supersymmetric model used here was

chosen purely for phenomenological reasons. From a naturalness perspective it would be more

motivated to only have third generation squarks in the kinematic range. The resulting signature

with prompt top-jets and displaced neutralino jets would be interesting to study in the future.

7 Conclusions

The LHC and its detectors are excellent machines for exploring the physics of the TeV scale. Yet,

there are only a finite number of analyses that can be done on the data, so it is important to
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Other scenarios
• Dark pions prompt/stable - jets with MET 
‣ Cohen, Lisanti, Lou, 1503.00009  

• Some prompt, some displaced dark pions 
‣ b-taggers  

‣ Simplified model (split Higgs portal) study underway  
with Kang, Mccullough, Scanlon 

• Heavy mediator - search for individual dark pions 
‣ LHCb, SHiP

14



The Dark Phase 
Transition



QCD Phase Diagram
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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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Phase Diagram II
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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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SU(N) - PT
• Consider              with      massless flavours  

• PT is first order for  
‣               , 

‣               , 

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

‣               (not yet known) 

18

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 Signal
19

First order PT ➞ Bubbles nucleate, expand

Bubble collisions ➞ Gravitational Waves



Peak Frequency
• Redshift:  

• Peak regions:

20

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⇤
H⇤

= 1.59⇥ 10�7 Hz⇥
⇣ g⇤
80

⌘ 1
6 ⇥

✓
T⇤

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

=
⇢

⇢
crit

=

✓
a⇤
a
0

◆
4 H2

⇤
H2

0

⌦⇤GW

= 1.77⇥ 10�5h�2

✓
80

g⇤

◆ 1
3

⌦⇤GW

, (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]

d⌦(B)

GW

h2

d log k
' 2

3⇡
h2⌦r0

✓
H⇤
�

◆
2

⌦2

S⇤v
3

(k/�)3

1 + (k/�)4
, (5)

d⌦(MHD)

GW

h2

d log k
' 8

⇡6

h2⌦r0

✓
H⇤
�

◆
⌦3/2
S⇤ v

4

(k/�)3

(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

p
3 ⇡ 1.3,
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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
(B)

peak

= 3.33⇥ 10�8 Hz⇥
⇣ g⇤
80

⌘ 1
6

✓
T⇤

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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T* ~ Few GeV
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Summary
• QCD like dark sectors motivated in many models 

• Emerging jets are “smoking  
gun”, good prospects  
for ATLAS/CMS 

• Gravitational waves are  
independent probe of  
dark sector phase  
transition
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Composition of QCD backgrounds 
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Dark Shower
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Figure 18: Average dark meson multiplicity in e+e� ! Z⇤

d

! Q̄
d

Q
d

as a function of the center-
of-mass energy

p
s. We compare the output of the modified Pythia implementation for n

f

= 7
(blue circles) and n

f

= 2 (red squares) to the theory prediction Eq. (18), where we only float the
normalization. The dark QCD scale and dark meson spectrum corresponds to benchmark model
B.

We have modified the Hidden Valley shower implementation in Pythia such that the the running

of ↵
d

can be incorporated, according to Eq. (17). As discussed above, with a fixed coupling the

parton shower does not faithfully reproduce QCD. If the coupling is small, too few dark mesons

will be produced, and if the coupling is large, the events will be spherical and the partons will

not be emitted in jet-like structures.

The fragmentation process that follows the parton shower is a non-perturbative process and

thus can only be modeled. Nevertheless there is some correspondence between the number of

patrons that are radiated and the number of mesons that are produced, such that the average

particle multiplicity as a function of the energy of the process is calculable up to an unknown

normalization factor. In the next to leading high energy approximation (MLLA), it was found

that
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see e.g. [99] for a partial derivation. This behavior of the average multiplicity as a function of

the energy has been verified experimentally for QCD in e+e� ! q̄q processes.

To test the modified dark QCD parton shower implementation in Pythia, we simulate

production of dark quark pairs through a Z
d

boson in e+e� collisions at center-of-mass energies

between 500 GeV and 4 TeV, followed by a dark parton shower. We set the dark pions to be

stable here. The energy dependence of the average particle multiplicity is shown in Fig. 18 and

agrees well with the theoretical prediction Eq. (18). For smaller n
f

, the running of the coupling

to smaller values is faster, so fewer partons are radiated at higher scales, resulting in a lower

number of dark mesons. This is the reason for the di↵erence in the curves for n
f

= 2 and n
f

= 7,
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We have modified the Hidden Valley shower implementation in Pythia such that the the running

of ↵
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can be incorporated, according to Eq. (17). As discussed above, with a fixed coupling the

parton shower does not faithfully reproduce QCD. If the coupling is small, too few dark mesons

will be produced, and if the coupling is large, the events will be spherical and the partons will

not be emitted in jet-like structures.

The fragmentation process that follows the parton shower is a non-perturbative process and

thus can only be modeled. Nevertheless there is some correspondence between the number of

patrons that are radiated and the number of mesons that are produced, such that the average

particle multiplicity as a function of the energy of the process is calculable up to an unknown

normalization factor. In the next to leading high energy approximation (MLLA), it was found

that
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(ŝ)

!
, (18)

see e.g. [99] for a partial derivation. This behavior of the average multiplicity as a function of

the energy has been verified experimentally for QCD in e+e� ! q̄q processes.

To test the modified dark QCD parton shower implementation in Pythia, we simulate

production of dark quark pairs through a Z
d

boson in e+e� collisions at center-of-mass energies

between 500 GeV and 4 TeV, followed by a dark parton shower. We set the dark pions to be

stable here. The energy dependence of the average particle multiplicity is shown in Fig. 18 and

agrees well with the theoretical prediction Eq. (18). For smaller n
f

, the running of the coupling

to smaller values is faster, so fewer partons are radiated at higher scales, resulting in a lower

number of dark mesons. This is the reason for the di↵erence in the curves for n
f

= 2 and n
f

= 7,
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+ modifications
github.com/pedroschwaller/EmergingJets

http://github.com/pedroschwaller/EmergingJets


Cut Efficiencies

• Factor 100-1000 improved S/B per jet, compared to 
ordinary 4-jet search
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Signal Background

0 tracks
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Figure 6: Fraction of signal events in Model A (top) and Model B (bottom) which have at least one
(left) or two (right) emerging jets with pmin

T

= 1 GeV as a function of r, the transverse distance.
Within each plot, the curves are a maximum of 0, 1, and 2 tracks with transverse origin less than r
going from bottom to top. A vertical line is put at the proper lifetime of the particular model. All
events must pass the kinematic preselection cuts.

20

0.1 1 10 100 1000

10-4

0.001

0.010

0.100

r [mm]
fra
ct
io
n

E(1 GeV, n, r) ≥ 1, QCD

Figure 7: Fraction of 4-jet QCD events that have at least one emerging jet as a function of the radius,
r. These events have the kinematic cuts already applied, see text. From bottom to top, the lines
are emerging jets with at most 0, 1, and 2 tracks inside of the radius r. The solid lines use the
standard PYTHIA tune, while the dashed lines are the modified tune designed to increase the number
of emerging jets in the sample [14].

lines in Fig. 7, and we see that while the fraction of trackless jets is increased, the e↵ect is small.

We now put all the elements together and show an example cut flow in Tab. 3. We see that having

just one emerging jet dramatically improves the signal to background ratio, but having two can bring

this to a nearly background free search. In the twenty million background events we generated, there

were only four events with two emerging jets for r = 3 mm, and zero events with more than one

emerging jet for r = 100 mm. We can therefore estimate an upper bound on the background cross

section and find it to be very small.

Put the reach plot here :)

4.5 Alternative Strategy: p
T

Weighting

In this section we present an alternative based on using the p
T

fraction of the jet which is emerging

rather than counting tracks. As before, this requires reconstruction of displaced charged tracks in

order to determine L
xy

, how far from the origin in the x � y plane they originate. This strategy,

however, is more robust to pileup because while a pile up event can produced tracks above the 1 GeV

threshold from the previous section, they are much more unlikely to make a substantial contribution

to the p
T

of a jet.

21



LHCb, SHIP, low energy
28

• Z’ mediator is difficult to trigger at ATLAS/CMS  
Same if dominant production is off-shell  

•  Reconstruct individual dark pions, differentiate  
  using lifetime, mass, decay products 

• Depends on flavour structure ➞ in progress

q

q

qD

qD

DANIEL STOLARSKI     October 3, 2014      ATLAS Kickoff

HEAVY MEDIATOR

6

Final state is  

• 2 QCD jets 

• 2 emerging jets

Cross section is stop-like

� ⇡ few ⇥ �(pp ! t̃1t̃1)

�(M� = 1TeV) ⇡ 10 fb

@ LHC14

pp ! ��† ! q̄ Qd Qd q

Collider Signature
• Pair production of heavy bi-fundamental fields:  

!

• Decay to quark - dark quark pairs 

‣ two QCD-jets 

‣ two “Emerging Jets”:  
dark quarks shower and hadronize in dark sector  
decay back to SM jets with displaced vertices

16

�q

q̄ �⇤

Also “Hidden Valley” signature!
Strassler, Zurek, 2007; …!
related: SIMP dark matter!
Bai, Rajaraman, 2011

q

q

qD

qD

Z 0



What is an Emerging Jet? 
29

Tracking
Volume QCD

hadrons

neutral, SM  
singlet states
(dark pions)



Model
• Mediators:  
‣ Bifundamental scalar 

‣ or      (Hidden Valleys!) 

• Pair production of heavy bi-fundamental fields:  

• Decay to quark - dark quark pairs: Two QCD jets, 
two Emerging Jets

30

�

Z 0

L � �Q̄DdR

L �g0 ¯QD�µQDZ 0
µ

+ couplings to SM

�q

q̄ �⇤



Emerging Jets at the LHC
• Characteristic: 
‣ few/no tracks 

in inner tracker 

• New “emerging” 
jet signature 

• Universal for 
large class of  
composite DM 
models!
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Benchmark Signal/Strategy
• Pair production of 1 TeV bi-fundamental scalars 

• Trigger on 4 HCAL jets  

• Require one or two “emerging jets:”  
Jets with at most 0/1/2 tracks originating from a 
distance  

• Two scenarios:

32

pT > 200 GeV

r < rcut

Model A Model B
⇤
d

10 GeV 4 GeV
m

V

20 GeV 8 GeV
m

⇡

d

5 GeV 2 GeV
c ⌧

⇡

d

150 mm 5 mm

Table 2: Dark sector parameters in our two benchmark models. ⇤
d

is the dark confinement scale, m
V

is the mass of the dark vector mesons, and m
⇡

d

is the pseudo-scalar mass. c ⌧
⇡

d

is the rest frame decay
length of the pseudo-scalars. We take N

c

= 3 and n
f

= 7 in both benchmarks.

multiplicity being much smaller for QCD like theories [3], and even further suppressed in the large

dark N
c

limit [4]. Since one can expect that all dark mesons decay to dark pions on a time scale given

by ⇤�1

d

⌧ �(⇡
d

! d̄d)�1, the dark pion lifetime will be crucial to determine where the dark jets will

emerge in the detector.

2.3 Benchmarks

In this section we will describe some of the parameters of the dark sector and the mediator, and we will

give benchmark models that we will analyze in the rest of the paper. We take our benchmark mass for

the mediator mass m
X

to be 1 TeV, though we will vary this parameter in order to estimate the LHC

reach for these scenarios. For the dark sector parameters, we consider two benchmark parameter points

which capture the relevant phenomenology and let us study which observables are model dependent

and which are relatively robust within this framework. The benchmark points are shown in Tab. 2.

Inspired by QCD, we take the dark vector masses to be somewhat heavier than the confinement scale

⇤
d

, and we take the dark pion masses to be lighter for both benchmarks. This means that dark vectors

will undergo rapid decay into dark pions before they can decay into SM hadrons.

Model A describes a somewhat heavier dark sector such that an average of O(10) visible hadrons

will be formed in each dark pion decay, while Model B is lighter and there will only be a few visible

hadrons per dark pion decay. Model A also has a relatively longer lifetime so that a substantial

fraction of the dark meson decays will occur in the calorimeters or beyond, while Model B has a short

lifetime and most decays occur within the tracker. In App. B we explore the parameter space of the

dark sector in more breadth and describe how our analysis is relatively robust to this variation. We

also give examples of collider level observables that are sensitive to the dark sector parameters. The

search strategy that we will present in the following is largely independent of the details of the dark

sector.

8

PS, Stolarski, Weiler, JHEP 2015



S/B

• Can still add paired di-jet cuts 

• Will also catch some displaced vertex & SIMP 
signals, possibly photon jets
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fb

fb

fb
fb

Model A Model B QCD 4-jet Modified PYTHIA
Tree level 14.6 14.6 410,000 410,000

� 4 jets, |⌘| < 2.5
p
T

(jet) > 200 GeV 4.9 8.4 48,000 48,000
H

T

> 1000 GeV

E(1GeV, 0, 3mm) � 1 4.1 4.1 45 57
E(1GeV, 0, 3mm) � 2 1.8 0.8 ⇠ 0.08 ⇠ 0.04

E(1GeV, 0, 100mm) � 1 1.7 . 0.01 8.5 12
E(1GeV, 0, 100mm) � 2 0.2 . 0.01 . 0.02 . 0.02

Table 3: Cut flow of the four jet analysis. Numbers in columns are cross sections in fb at LHC14.
For the signal we take the mass of the bifundamental M

X

= 1 TeV. The two right most columns are
di↵erent background estimates, the first using the standard PYTHIA tune, while the second uses the
modified tune [14]. The tree level cross section for the background is with the generator level cuts
discussed in the text.

For this section we define the p
T

fraction F (r) for a jet as a function of radius as:

F (r) =
1

pjet
T

X

L

xy

>r

pi
T

(8)

where pi
T

is the p
T

of charged tracks with L
xy

> r. This variable goes from 0 to 1 for a given jet. For

QCD jets it tends to take values near zero since most of the energy is in prompt tracks. A jet can only

have F = 1 if it is composed entirely of charged tracks which originate further away than r. This is

because neutral particles contribute to the denominator in the prefactor but do not contribute to the

sum. By isospin conservation, we expect approximately half of the decay products of the dark mesons

to be neutral, so we expect the F distribution for signal jets to be peaked around 0.5 for r less than

the lifetime of the dark pions.

We now analyze this variable more quantitatively. Looking first at the QCD background, in Fig. 8

we plot F for the jet with the highest and second highest value of F in an event. We see that it is

indeed peaked at zero and steeply falling. We also see that it is much more steeply falling for r = 100

mm than for 10 mm. This is a consequence of b hadrons; in Fig. 5 we see that b hadrons tend to decay

between 1 and 100 mm, so for r = 10 mm, there will be many undecayed neutral b mesons that will

contribute to F , but for r = 100 mm, only strange mesons contribute. Looking at the third row of

Fig. 8 we see that there is a strong break, and going to r = 100 can give QCD rejection O(103) by

requiring one jet with large F , and much better if we require two such jets.

We now turn to the signal. We see from the top four boxes of Fig. 9 that the F distribution for

signal jets peaks somewhat above 0.5 with very few jets having F near 1. From the second row we

see that a non-negligible fraction of events have only one signal jet. This comes from one of the signal

22
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Shapes  
& 

Substructure?



Jet Shape(s)
• Girth 

• Model discrimination (?) 

• Subtleties: Might loose hardest dark meson, etc…
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Figure 22: Girth distribution for signal vs. background. The background (green, dashed) in both
plots is four jet QCD events passing the kinematic cuts of Tab. 3, while the signal are model A
(left, blue, solid) and model B (right, red, solid) in the Z

d

model only requiring that jets have
p
T

> 200 GeV.

Another crucial parameter is the dark confinement scale ⇤
d

and the particle masses that are

associated with it. We have already seen in the main part of this work that within the mass

range motivated by dark matter, i.e. ⇤
d

of order 1 � 10 GeV, there is no strong dependence on

this parameter.

Some jet observables can, however, be sensitive to the mass scale. One such example is the

girth of an individual jet defined in Eq. (12). The distribution depends on the jet-clustering

algorithm. Using the same jet parameters as in the rest of this work, we plot the girth distributions

for emerging and QCD jets in Fig. 22. For the background, we use QCD 4-jet events passing the

kinematic cuts in Tab. 3, while for the signal, we get a pure sample of emerging jets by using the

Z
d

model and only requiring that each jet has p
T

> 200 GeV.

For model B, the girth distribution looks roughly like that of QCD, but for model A the

di↵erence substantial. The main reason for this is because of our detector mockup described

in App. A.3. Dark mesons which decay beyond the calorimeters are not counted towards the

energy of jets. These calorimeter jets exclude the longest lived mesons, particularly in model A

where the proper lifetime is 150 mm (this is a small e↵ect in model B where c⌧ = 5 mm). The

dark pions that live the longest are the ones that carry the most energy, so energetic core in

of the jet will be modified in a significant way, changing the jet shapes. Without our detector

simulation, the girth in model A looks much more like model B and QCD. Therefore, in order

to keep the range of validity of our search as broad as possible, we suggest not to introduce

additional discriminants based on jet observables. While they could increase the sensitivity to a

particular scenario, they might induce additional model dependence at the same time.

Motivated by QCD we have considered a particle spectrum where the dark pions ⇡
d

are

parametrically lighter than other dark mesons. Instead if their masses where similar to the other

dark mesons, the overall multiplicity of dark mesons would be reduced by at most a factor of

about two, since the decay of heavier dark mesons to dark pions would no longer be kinematically

allowed. In this scenario, however, the baryon fraction may be increased because there is no
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A Collider Simulation

A.1 Signal Events

In the context of Hidden Valley model phenomenology [38], a dark QCD sector with SU(N
d

)

gauge symmetry was implemented [58,59] in the event generator Pythia [51]. The model contains

n
f

dark quarks in the fundamental representation of SU(N
d

) and scalar mediators of the type

X
d

as well as the possibility to couple the dark quarks to a Z
d

boson. Furthermore the model

implements a parton shower and fragmentation in the dark sector, with some simplifications.

The string fragmentation produces only dark mesons which are either scalar (dark pion) or vector

resonances (dark rho), but no dark baryons. This is a good approximation for large N
d

theories,

but probably represents an O(10%) error for N
d

= 3 with a QCD-like spectrum as considered in

this work. Gluon splittings into dark quark pairs are also absent.

More importantly, the dark sector gauge coupling is not running but instead implemented

as a fixed parameter, and the equivalent of the confinement scale is mimicked by introducing

explicit dark quark masses. In general, we expect that when the coupling is fixed, for large

couplings events will look more spherical than in QCD-like theories, while for smaller couplings

fewer particles will be produced. We can quantify this by looking at two di↵erent observables.

The first is an event variable we call orphan p
T

, which is obtained by clustering the event into

jets and then summing the p
T

of particles which are not clustered into hard jets with p
T

> 200

GeV. The second variable is for individual jets and is called girth [97], defined as

girth =
1

pjet
T

X

i

pi
T

�R
i

, (12)

where the sum is over all constituents of the jet and �R is the distance in ⌘ � � space of a

constituent away from the jet axis. In Fig. 17 we compare Pythia with a fixed gauge coupling

of 0.7 to our modification with gauge coupling running included.11 We look at events produced

through a Z
d

so that all jets are emerging, and we see that without running, there is a lot more

orphan energy and that the jets themselves tend to be broader, consistent with having events

with energy spread all over the detector.

We therefore extend the Pythia implementation to allow running of ↵
d

from ⇤
d

to higher

scales, according to the one loop beta function with N
d

dark colors and n
f

dark flavors. As far

as the phenomenology is concerned, this mainly a↵ects the dark parton shower. It is easiest to

imagine the final state parton shower12 as a series of parton branchings a ! bc at scales Q2. The

11The fixed coupling of 0.7 was chosen since it most accurately reproduces the event hadron multiplicity of the
case with running.

12We closely follow Sec. 10 of the Pythia 6.4 manual [98].
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What if cτ ≪ mm ? 
• No displaced tracks. Can we still discriminate QCD 

and dark QCD jets?  

• Sub-jets from  
individual dark  
pion decays
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Figure 3: Distribution of transverse decay distances of individual dark pions for benchmark model B,
simulated for LHC14. The green curve shows to the average transverse laboratory frame decay length
�
T

�
T

c⌧
⇡

d

= p
T

/m
⇡

d

c⌧
⇡

d

.

can easily understand what a change of parameters will imply: the average decay distance will change

proportional to the proper lifetime and inversely proportional to the mass of the dark pions. Given

the physical size of the trackers and hadronic calorimeters, we can easily vary the parameters by one

to two orders of magnitude without changing the signal in a significant way. We further explore what

happens when di↵erent parameters are varied in App. B.

Before the dark pions decay, the jet is completely invisible, so we now describe this decay back into

the visible sector. When the dark pion decays to SM quarks, it will produce a sub-jet with a smaller

number of SM hadrons all originating from a common displaced vertex. This is depicted by the solid

colored lines in Fig. 1. The average multiplicity of the sub-jets will depend on the dark pion mass.

As we will see below, LHC searches exist which are optimized to search for a single displaced vertex,

but there is no search which looks for many nearby vertices. If we examine the jet a distance which

is large compared to the typical � � c ⌧
⇡

d

, we see many SM hadrons going in the same direction: an

object that very much resembles a standard jet. Therefore, if using only calorimeter information, the

usual techniques that measure jets will work well. On the other hand, if we look at the radial profile

of the jets, we see that at the interaction point there is very little visible energy, and there is more

and more as one is further from the initial interaction point. The jet emerges within the detector,

producing a very distinct signature.2

2It should also be noted that this signature is distinct from the ”trackless jets” considered in [81], which have absolutely

11

Probably discussed 8 years ago
in context of Hidden Valleys

Much better tools  
now available!!! 



Off-shell production

• Total rate: 
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Figure 10: Dark quark invariant mass distribution for di↵erent values of the cut-o↵ ⇤ at the 14 TeV
LHC. The total integrated cross section for the process pp ! Q

D

Q̄
D

is 14 fb for ⇤ = 5 TeV and 0.9 fb
for ⇤ = 10 TeV.

dominate. Still as far as LHCb is concerned, the e↵ective operator description is su�cient, since only

part of the event is reconstructed, and we are mostly interested in the fraction of events where one or

more dark pions enter the LHCb detector.4

In Fig. 11 we show the fraction of events where one or more dark pions end up in the LHCb

detector. For both benchmark models, about half of all Q
D

Q̄
D

events have one or more dark pions

in the pseudo-rapidity range of LHCb. Also shown is the momentum distribution of dark pions in

the LHCb detector, where we see that model A produces a harder spectrum, due to the overall larger

mass scale in that model.

Obtaining precise predictions for the decay modes and branching ratios of ⇡
D

to SM hadrons is

di�cult, since it depends on non-perturbative QCD fragmentation, as well as on the flavour structure

of the couplings. In the PYTHIA implementation, those decays are simulated using the LUND string

fragmentation model [84], which is successful at modelling QCD fragmentation. For dark pion masses

in the few GeV range, exclusive hadronic processes already become rare. Instead in order to get an

idea about the characteristics of the signal, in Fig. 12 we show the multiplicity of prompt (with respect

to the decay vertex) charged tracks from decays of dark pions. We see that up to 10 charged tracks

appear regularly for the case of a 5 GeV dark pion, while fewer tracks are expected for lighter ⇡
D

.

For the figure we assume 100% decays of dark pions into down quarks. If decays into heavier quarks

4Additional care would be necessary in order to convert a limit on ⇤ into a bound on the Z0 mass, since that limit
will depend on the couplings and branching ratios of the Z0 as well as on the relative contributions of on and o↵-shell
production of Q

D

, due to the scaling of the produced dark meson number with
p
ŝ.
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5 Prospects at LHCb

Our proposed analyses for the ATLAS and CMS detectors rely on on-shell production of heavy medi-

ators, whose decay give rise to emerging jets. The reach of those searches is limited by the kinematic

reach of the LHC experiment. However even if the mediators are too heavy to be produced directly

at the LHC, dark quark pairs can still be produced through e↵ective operators of the form

L � 1

⇤2

(q̄�
q

q)(Q̄
D

�
D

Q
D

) , (9)

with appropriate Dirac structures �. Above we already made use of such an operator to understand

the decays of dark pions. Events induced by these operators will not necessarily have large H
T

, so they

might be di�cult to trigger on at ATLAS and CMS. Nevertheless they can lead to sizeable production

rates for dark pions. The idea then would be to search directly for these dark pions in the LHCb

detector, from their decay to SM mesons.

Reconstructed dark pions can be di↵erentiated from SM mesons by their invariant mass, by their

lifetime and by their decay products and branching ratios. While a full simulation is beyond the scope

of this paper, in the following we will estimate the event rate that can be expected at LHCb and

show some kinematic properties of the produced dark pions. For definiteness, we will consider the

operator O
u

= 1/⇤2(ū�
µ

u)(Q̄
D

�µQ
D

), which can originate from integrating out either a Z 0 boson or a

bi-fundamental scalar, as discussed in Sec. 2. Coupling to up-quarks yields the largest cross sections,

which should give the strongest constraints. At the 14 TeV LHC, we find

�(pp ! Q̄
D

Q
D

) ⇡ 8.2 pb⇥
✓
TeV

⇤

◆
4

(10)

N
f

, N
c

dependence? for the tree level cross section (with a cut of
p
ŝ > 50 GeV), which scales as

1/⇤4, as long as the EFT description is valid. If instead we consider the operator from Eq. (4) with

⇤ = /M
X

d

, the cross section is about a factor 8 smaller due to the smaller down quark pdfs and due

to the chiral structure of the couplings.

When comparing with the direct on-shell production of mediators, a few comments are in order.

First, if we consider a t-channel mediator like X
d

, the on and o↵-shell contributions are independent

of each other, and controlled by di↵erent parameters, since the direct production of the mediator is

fully determined by the QCD coupling. While the o↵-shell production of Q
D

pairs can be larger, it

is important to realize that it now has to compete with QCD di-jet production, and it is unclear how

an emerging di-jet signal could be triggered on e�ciently at ATLAS and CMS.

Instead if the operators would originate from integrating out a Z 0 boson, the on-shell production

and e↵ective operator would contribute to the same final state, and direct Z 0 production could easily
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Figure 11: Left: Fraction of Q

D

Q̄
D

events with N
⇡

D

dark pions inside the LHCb detector. About
45% of all events have at least one dark pion in LHCb, and almost 30% have three or more. Right:
Momentum distribution of dark pions in the LHCb detector.

would dominate, we would instead to find fewer charged tracks, since for example charged Kaons can

carry away a larger fraction of the particle’s rest mass.

The trigger thresholds at LHCb [87] are very loose when compared with ATLAS or CMS. At the

level of the hardware trigger L0, a deposition of transverse energy E
T

of 3.7 GeV in the hadronic

calorimeter or 3 GeV in the electromagnetic calorimeter are required. Next the high level triggers

start with the reconstruction of tracks in the vertex locator (VELO). In total a few tracks in the

VELO and a moderate energy deposit in the calorimeters are enough for events to be recorded and

analyzed.5 We can therefore expect that most events with one or more dark pions can be captured.

Events with three or more reconstructed displaced dark pions might look su�ciently di↵erent from

QCD backgrounds for the search to be background free. Then if we assume a reconstruction e�ciency

of 10%, with 20 fb�1 one could probe cross sections for �(pp ! Q̄
D

Q
D

) as low as 10 fb, corresponding

to scales ⇤ ⇠ 5 TeV. While this is just a very crude estimate, the reach seems promising enough to

warrant a more careful analysis.

6 Sensitivity to other long lived new physics scenarios

Long lived particles decaying with displaced vertices are well motivated in many extensions of the SM.

A well known example is the case of R-parity violating (RPV) supersymmetry [73]. There the LSP is

allowed to decay to SM particles, however bounds from non-observation of baryon and lepton number

violation typically constrain the involved couplings to be tiny, such that their decay length can be

5We would like to thank Victor Coco for discussion on these points.
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Decay characteristics

• Number of charged tracks from dark pion decays 

• Also depend on flavour structure - some more work!

39

Model A

Model B

2 4 6 8 10 12 14
0.0

0.1

0.2

0.3

0.4

0.5

 charged tracks per pD

Figure 12: Multiplicity of charged tracks in ⇡
D

decays, assuming 100% decay to down quarks, and
with the fragmentation process simulated using PYTHIA.

macroscopic.

Other more recent examples where displaced decays are motivated include... Long lived Higgs [56,

69,70] or late Higgs production [74], Baryogenesis [73,75], keV dark matter [76], heavy neutrinos [71]

and right-handed sneutrinos [77].

When considering a specific model, a dedicated search will most likely deliver optimal results. For

instance, if muons are likely to appear in the final state, those can be used for triggering purposes and

to suppress backgrounds. On the other hand, given the variety of models on the market, it is also

desirable to have searches which are more model independent, and thus will allow one to place bounds

on multiple new physics scenarios.

In the following we will demonstrate that the emerging jet analysis can easily be used to obtain

bounds on other new physics scenarios with displaced decays, even if their signature will appear

di↵erent at first sight. As an example, we will use a supersymmetric scenario where the neutralino

LSP decays through a UDD type RPV operator.

Add more details if we decide to keep this

7 Conclusions

Awesome work :)
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Very very (very) rough estimate
• 20 inverse fb 

• Assume that events with 3 or more reconstructed 
dark pions are significantly different from QCD (i.e. 
no background) 

• 10% reconstruction efficiency 

➡ Sensitivity to               , corresponds to  
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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⇤
H⇤

= 1.59⇥ 10�7 Hz⇥
⇣ g⇤
80

⌘ 1
6 ⇥

✓
T⇤

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

=
⇢

⇢
crit

=

✓
a⇤
a
0

◆
4 H2

⇤
H2

0

⌦⇤GW

= 1.77⇥ 10�5h�2

✓
80

g⇤

◆ 1
3

⌦⇤GW

, (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]

d⌦(B)

GW

h2

d log k
' 2

3⇡
h2⌦r0

✓
H⇤
�

◆
2

⌦2

S⇤v
3

(k/�)3

1 + (k/�)4
, (5)

d⌦(MHD)

GW

h2

d log k
' 8

⇡6

h2⌦r0

✓
H⇤
�

◆
⌦3/2
S⇤ v

4

(k/�)3

(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

p
3 ⇡ 1.3,
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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
(B)

peak

= 3.33⇥ 10�8 Hz⇥
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80
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✓
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1 GeV

◆✓
�
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◆
, 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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