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The cosmic frontier plays a crucial role in the global particle physics programme
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⇒ σanni ≈ 1 pb

σ ∼ α2/m2   

 ⇒ m ∼ 100 GeV

Thermal relic: ΩDM ∝ 1/σanni

XX � ff

XX ff

XX ff

Thermal Relics!

Chemical equilibrium is maintained!
as long as annihilation rate exceeds!
the Hubble expansion rate!

‘Freeze-out’ occurs when annihilation rate:!

becomes comparable to the expansion rate!

                where g ~ # relativistic species  !

i.e. ‘freeze-out’ occurs at T ~ mN /45, with: !

However the observed ratio is 109 times bigger for baryons, and there are no 
antibaryons, so we must invoke an initial asymmetry:!
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Thermal Relics!

Chemical equilibrium is maintained!
as long as annihilation rate exceeds!
the Hubble expansion rate!

‘Freeze-out’ occurs when annihilation rate:!

becomes comparable to the expansion rate!

                where g ~ # relativistic species  !

i.e. ‘freeze-out’ occurs at T ~ mN /45, with: !

However the observed ratio is 109 times bigger for baryons, and there are no 
antibaryons, so we must invoke an initial asymmetry:!

freese-out :

~

ΩΩDM≈ O(1) pb
σanni

→ a particle with a typical EW-scale cross section 
σanni ≈ 1 pb leads to the correct dark matter abundance. 

The “WIMP miracle”

WIMP Relic abundance from Standard thermal freeze-out

annihilation 
rate of 
particle

expansion 
rate of 
universe



Wimps under pressure 
from the LHC, Fermi, Xenon, LUX ...
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FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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FIG. 3. Flux upper limits on spectral features arising from
the emission of a hard photon in the DM annihilation pro-
cess. Limits are exemplary shown for features of comparable
shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.

20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, ⟨σv⟩χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on ⟨σv⟩χχ→γγ . Limits are obtained in a neutralino
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Photon Line Searches Towards the GC 

HESS, PRL 110 (2013) HESS, PRL 110 (2013)

Gerrit Spengler

● Measure CR background flux from extended GC region
→ Fit with “smooth function” in energy

● Refit with line fluxes (folded with HESS energy resolution) on top of fitted CR background flux

→ Amplitude of fitted lines connected to annihilation cross section
     [For a given DM profile]

Best limits 
above 400 GeV

WIMP mass

HESS Galactic Center Dataset

400GeV

The WIMP landscape: prospects
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Figure 1. A comparison of the current 90% CL LUX and SuperCDMS limits (red and orange
lines, respectively), the mono-jet limits in the MSDM models (blue lines) and the limits in the EFT
framework (green line) in the cross section vs mDM plane used by the direct detection community.
The left and right panels show the limits on the SD and SI cross sections appropriate for axial-
vector and vector mediators respectively. For the MSDM models we show scenarios with couplings
gq =gDM = 0.25, 0.5, 1.0, 1.45.

interaction problematic. For gq = g
DM

. 0.25 the 8 TeV CMS mono-jet search no longer

has su�cient sensitivity to place a significant limit on the parameter space.

Figure 1 also shows the limit obtained from an interpretation of the mono-jet search in

the framework of the EFT (green line). The EFT limits should agree with the MSDM limit

in the domain where the EFT framework is valid. We see that it is only for the extreme

coupling scenario gq = g
DM

= 1.45 that the EFT limit approximates the MSDM limit,

and only for DM masses below around 300 GeV. For larger m
DM

the EFT fails to describe

any of the coupling scenarios. For weaker couplings, the MSDM limits get stronger for

DM masses below around 50 to 300 GeV, due to the resonant enhancement of the cross

section for a s-channel mediator that was explained above. This e↵ect is absent within

the EFT framework. The reach in DM mass of the MSDM limits increases with larger

couplings. Overall, this comparison of the EFT and MSDM limits demonstrates again

that the EFT framework is unable to capture all of the relevant kinematic properties of

the collider searches, which is demonstrated by the large disparity between the EFT and

MSDM limits. Comparing EFT collider limits with those of DD searches gives a misleading

representation of the relative sensitivity of the two search strategies, especially for weaker

coupling scenarios and m
DM

& 300 GeV.

Finally Figure 1 also shows the LUX limits for both interactions (red lines) and the

spin-independent SuperCDMS limit (orange lines). Whilst the comparison of the DD

search result with the EFT collider limit is biased, a comparison with the MSDM limits

from the LHC mono-jet analysis, which properly describes the kinematic properties of

the collider search, represents a comparison of collider and DD experiments on an equal

– 5 –



- Freese-in versus Freese-out

Beyond WIMPS.   Dark Matter production mechanisms

- Freese-out and decay

- Asymmetric production

- Non-thermal, e.g. from preheating

- Misalignment

...

1 10 100

10
�15
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�12

10
�9

Y

x = m/T

Figure 1: Log-Log plot of the evolution of the relic yields for conventional freeze-
out (solid coloured) and freeze-in via a Yukawa interaction (dashed coloured) as a
function of x = m/T . The black solid line indicates the yield assuming equilibrium is
maintained, while the arrows indicate the e↵ect of increasing coupling strength for the
two processes. Note that the freeze-in yield is dominated by the epoch x ⇠ 2 � 5, in
contrast to freeze-out which only departs from equilibrium for x ⇠ 20� 30.

of the freeze-out mechanism is that for renormalisable couplings the yield is dominated by low
temperatures with freeze-out typically occurring at a temperature a factor of 20 � 25 below the
DM mass, and so is independent of the uncertain early thermal history of the universe and possible
new interactions at high scales.

Are there other possibilities, apart from freeze-out, where a relic abundance reflects a com-
bination of initial thermal distributions together with particle masses and couplings that can be
measured in the laboratory or astrophysically? In particular we seek cases, like the most attractive
form of freeze-out, where production is IR dominated by low temperatures of order the DM mass,
m, and is independent of unknown UV quantities, such as the reheat temperature after inflation.

In this paper we show that there is an alternate mechanism, “freeze-in”, with these features.
Suppose that at temperature T there is a set of bath particles that are in thermal equilibrium and
some other long-lived particle X, having interactions with the bath that are so feeble that X is
thermally decoupled from the plasma. We make the crucial assumption that the earlier history
of the universe makes the abundance of X negligibly small, whether by inflation or some other
mechanism. Although feeble, the interactions with the bath do lead to some X production and,
for renormalisable interactions, the dominant production of X occurs as T drops below the mass
of X (providing X is heavier than the bath particles with which it interacts). The abundance of
X “freezes-in” with a yield that increases with the interaction strength of X with the bath.

Freeze-in can be viewed as the opposite process to freeze-out. As the temperature drops below
the mass of the relevant particle, the DM is either heading away from (freeze-out) or towards
(freeze-in) thermal equilibrium. Freeze-out begins with a full T 3 thermal number density of DM

2

particle
 abundance
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[Chala, Kahlhoefer, McCullough,  Nardini, Schmidt-Hoberg, 1503.05916]

Constraining Dark Sectors with Monojets & Dijets

Complementarity 
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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)
dark

Mass Spin

Q
d

(1, 1, 0) (3) m
d

O(GeV) Dirac Fermion
X

d

(3, 1, 1

3

) (3) M
X

d

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


= 
ij

Q̄
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

L � Q̄
d

i

(D/ � m
d

i

)Q
d

i

+ (D
µ

X
d

)(DµX
d

)† � M2

X

d

X
d

X†
d

� 1

4
Gµ⌫

d

G
µ⌫,d

+ L


+ L
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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FIG. 3. GW spectra ⌦(f)h2 for T⇤ = 0.1 GeV (SIMP), 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 projected reach of several planned GW detection experiments is shown (dashed lines).

sensitive to the tails of signals that peak at lower frequency,
like the T⇤ = 3 GeV band in Fig. 3. An interesting feature
here is that the frequencies shift to larger values with
(�/H), which partially compensates the overall (H/�)2

drop of the signal in the high frequency tails. Therefore
satellite based experiments have the potential to probe a
large range of PT temperatures from few GeV to 100s of
TeV.

A distinct feature of GW signals is that it directly
probes the gravitational e↵ects of new physics sectors,
whereas dark matter direct detection or collider experi-
ments have to rely on su�ciently strong non-gravitational
interactions of the dark sectors through mediator par-
ticles. All of the models introduced in Sec. remain
viable even if the masses or couplings of the mediators
are adjusted such that their detection becomes di�cult
in current collider and DM detection experiments. The
non-observation of new physics in the near future would
therefore not exclude the possibility of observing a GW
signal from a dark sector. This is very di↵erent from
e.g. models of strong EWPT [89–91], which could be in
trouble if no new physics is discovered at the LHC.

Finally it is worth noting that perturbative unitar-
ity constrains the mass of thermal DM to be below
110 TeV [92, 93], beyond the reach of the next generation
of collider experiments. For composite non-perturbative
DM this limit does not apply directly, instead a lower
bound on the radius of the extended object can be ob-
tained, R . (100 TeV)�1. It is reasonable to expect
the radius R to be of order of the inverse mass, which
again implies an upper bound on the DM mass of order
100 TeV. GW signals could therefore be a unique probe

of the thermal DM paradigm.

CONCLUSIONS

Models beyond the SM with a confining dark sector can
lead to unexpected phenomenological signatures. Here we
have explored the possibility to detect gravitational waves
due to a first order phase transition at the confinement
scale ⇤d. The main messages from this paper are:

• Di↵erent from QCD, dark sectors with QCD-like
interactions can undergo strong first order PTs, with
only mild constraints on the particle content.

• Several classes of new physics models that are cur-
rently being explored fulfil the criteria for first order
PTs. The physics problems these models are try-
ing to address, either dark matter or naturalness,
constrain the confinement scales and therefore the
temperature range of the phase transition.

• The GW signals originating from these dark phase
transitions are in the detectable frequency range
of future GW experiments, either at (E)LISA and
BBO for high scale models, or in PTA experiments
for the lower end of the spectrum.

Depending on other aspects of the model, GW signals
will either provide complementary information about the
models in question, or might even be the the best option
to find evidence for these models of new physics.

It will be interesting to further study the PT in strongly
coupled systems, to obtain a more precise understanding

Displaced Collider Signals: “Emerging Jets” 
from composite dark sectors

[Schwaller, 1502.0540]

Dark QCD

Dark QCD
Model

26

GeV

TeV

asymmetry
sharing

annihilation

Xd

QCD Dark QCD

⇡ , K , . . .

p , n
decay

pd, nd, . . .

⇡d, �d, . . .

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)
dark

Mass Spin

Q
d

(1, 1, 0) (3) m
d

O(GeV) Dirac Fermion
X

d

(3, 1, 1

3

) (3) M
X

d

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.
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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
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FIG. 3. GW spectra ⌦(f)h2 for T⇤ = 0.1 GeV (SIMP), 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 projected reach of several planned GW detection experiments is shown (dashed lines).

sensitive to the tails of signals that peak at lower frequency,
like the T⇤ = 3 GeV band in Fig. 3. An interesting feature
here is that the frequencies shift to larger values with
(�/H), which partially compensates the overall (H/�)2

drop of the signal in the high frequency tails. Therefore
satellite based experiments have the potential to probe a
large range of PT temperatures from few GeV to 100s of
TeV.

A distinct feature of GW signals is that it directly
probes the gravitational e↵ects of new physics sectors,
whereas dark matter direct detection or collider experi-
ments have to rely on su�ciently strong non-gravitational
interactions of the dark sectors through mediator par-
ticles. All of the models introduced in Sec. remain
viable even if the masses or couplings of the mediators
are adjusted such that their detection becomes di�cult
in current collider and DM detection experiments. The
non-observation of new physics in the near future would
therefore not exclude the possibility of observing a GW
signal from a dark sector. This is very di↵erent from
e.g. models of strong EWPT [89–91], which could be in
trouble if no new physics is discovered at the LHC.

Finally it is worth noting that perturbative unitar-
ity constrains the mass of thermal DM to be below
110 TeV [92, 93], beyond the reach of the next generation
of collider experiments. For composite non-perturbative
DM this limit does not apply directly, instead a lower
bound on the radius of the extended object can be ob-
tained, R . (100 TeV)�1. It is reasonable to expect
the radius R to be of order of the inverse mass, which
again implies an upper bound on the DM mass of order
100 TeV. GW signals could therefore be a unique probe

of the thermal DM paradigm.

CONCLUSIONS

Models beyond the SM with a confining dark sector can
lead to unexpected phenomenological signatures. Here we
have explored the possibility to detect gravitational waves
due to a first order phase transition at the confinement
scale ⇤d. The main messages from this paper are:

• Di↵erent from QCD, dark sectors with QCD-like
interactions can undergo strong first order PTs, with
only mild constraints on the particle content.

• Several classes of new physics models that are cur-
rently being explored fulfil the criteria for first order
PTs. The physics problems these models are try-
ing to address, either dark matter or naturalness,
constrain the confinement scales and therefore the
temperature range of the phase transition.

• The GW signals originating from these dark phase
transitions are in the detectable frequency range
of future GW experiments, either at (E)LISA and
BBO for high scale models, or in PTA experiments
for the lower end of the spectrum.

Depending on other aspects of the model, GW signals
will either provide complementary information about the
models in question, or might even be the the best option
to find evidence for these models of new physics.

It will be interesting to further study the PT in strongly
coupled systems, to obtain a more precise understanding

Connecting Dark Matter 
and Baryogenesis
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Figure 3. Excluded parameter regions for a pseudoscalar A with Yukawa-like couplings to all
fermions (left) and Yukawa-like couplings only to quarks (right); the coupling gY was defined in
Eq. (2.3).

In particular, there are strong constraints from BaBar on new states A produced in the

radiative decay ⌥ ! A�, which apply for a wide range of di↵erent final states. For Yukawa-

like couplings the strongest bound comes from A ! µ+µ� for mA < 2m⌧ [92] and from

A ! ⌧+⌧� above the kinematic threshold [93]. For universal quark couplings, strong

bounds can still be obtained from hadronic decays of A by searching for a bump in the

momentum spectrum of the photon [94].

4 Excluded parameter regions

The parameter regions excluded by the various experimental results discussed above are

presented in Fig. 3 for the case of Yukawa-like couplings and Yukawa-like quark couplings,

and in Fig. 4 for the case of universal quark couplings and third generation quark couplings.

Let us briefly discuss the di↵erent cases in more detail.

4.1 Yukawa-like couplings

A straight-forward bound on gY can be obtained from Kµ2, which gives BR(K+ ! ⇡+A) <

10�6 for mA . 100 MeV independent of the decay modes of A. Substituting the value for

hSds from Eq. (2.10) into Eq. (A.2), we obtain the prediction BR(KL ! ⇡0A) ⇠ 10�4 g2Y in

this mass region. Consequently, the bound from Kµ2 implies gY . 0.1 for mA ⇠ 100MeV.

As many other searches, this bound is significantly weakened for mA ⇠ m⇡.4

Most of the experimental constraints that we consider depend on the pseudoscalar

branching ratios and its decay length. For example, the bound BR(B ! K+inv) . 5 ·10�5

4Indeed, there appears to be an allowed region for mA ⇡ m⇡ and gY ⇠ 1. However, for mA so close

to the pion mass, the pseudoscalar mediator would significantly enhance the pion decay rate, disfavouring

such a set-up.

– 15 –

Dark Matter-Flavour Connection

Constraints on light (sub-GeV) pseudo-scalar mediators from rare 
meson decays (otherwise allowed by direct searches & LHC)

Dolan, Kahlhoefer, McCabe, Schmidt-Hoberg, 1412.5174

b q

W±

A

b q

W±

A

ss s⇤

Figure 1. Flavour-changing transitions such as b ! sA (and also s ! dA after relabelling the
external lines) are generated by diagrams with heavy quarks and W±-bosons.

SM particles. In the context of our model, these processes can be decomposed into the

production of a pseudoscalar in a flavour changing process, such as K ! ⇡A followed by

the decay of A into SM particles. We will therefore now discuss the theoretical predictions

for both contributions.

2.1 E↵ective flavour-changing interactions

Although the tree-level interactions of A are assumed to be flavour-diagonal, flavour-

changing neutral currents (FCNCs) arise at the one-loop level from diagrams with heavy

quarks and W -bosons, such as those depicted in Fig. 1. We will be interested in the transi-

tions b ! sA and s ! dA. The relevant flavour-changing terms are typically parameterised

in the form [63]:

L
FCNC

� A d̄(hSds + hPds�
5)s+A s̄(hSsb + hPsb�

5)b+ h.c. (2.5)

where the coe�cients hS,Pqq0 are typically complex, so we do not include an extra factor i in

front of the pseudoscalar coupling. To connect to various results in the literature, we note

that this expression can also be written as

L
FCNC

� hRdsA d̄LsR + hLdsA d̄RsL + hRsbA s̄LbR + hLsbA s̄RbL + h.c. (2.6)

where qR,L = 1

2

(1± �5)q and the couplings are related by

hSqq0 = (hRqq0 + hLqq0)/2 hPqq0 = (hRqq0 � hLqq0)/2 . (2.7)

In order to calculate the loop-induced flavour-changing couplings, we first of all need to

determine the quark field renormalisation constants. This can be done by calculating the

loop-induced contribution to the quark two-point function and fixing the counterterms in

such a way that all flavour changing transitions q ! q0 vanish for on-shell quarks [64, 65].

Since we assume that the pseudoscalar has no flavour-changing interactions at tree-level,

this requirement then fully determines the counterterm for the three-point vertex, which

contributes to the processes b ! sA and s ! dA.1

Using FeynArts FormCalc and LoopTools [67, 68], we find that the the one-loop contri-

bution to flavour-changing transitions is in general divergent. In dimensional regularisation

1We note that it is also possible to perform the same calculation by explicitly including self-energy

diagrams for the external quark lines [66]. We have checked that both approaches yield the same result.

– 5 –
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[Kahlhoefer, Schmidt-Hoberg, Kummer, 
Sarkar 1504.06576]

Interpretation of separation between DM and stars in 
galaxy cluster Abell 3827 due to  DM self-interactions
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Astrophysical probes of 
self-interacting Dark Matter

DM Self interactions can lead to observable separation 
between the DM halo and the stars of a galaxy

very large cross section needed. In tension with other astro observations.

Drag force slows down any DM subhalo falling into a larger DM halo compared to 
objects experiencing only gravitational forces, such as the stars bound in the subhalo. 
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Cosmological perturbation 
Theory at 3-loop order

[Blas, Garny, 
Konstandin 1309.3308]

Analysis of Dark Matter power spectrum at three-loop order in standard perturbation theory of large scale structure.

Comparison 
with data 

from N-body 
simulations 
at different 
redshifts

Restoration of the convergence in the limit of small momentum 
(large scales, in particular where baryonic acoustic oscillations are present).
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Figure 2: Comparison at redshifts z = {0, 0.375, 0.833, 1.75} of SPT up to one
loop (black dashed lines), two loops (black dot-dashed) and three loops (black
diamonds) with N-body results of the Horizon Run 2 [28] (red dots, see App. C).
The black line corresponds to the linear result. We also show the results of Padé
resummation (same styles as for SPT but in blue, see Sec. 4); at z = 0 the blue
and black dashed line lie on top of each other.

SPT results (black lines and diamonds) and N-body simulations (red dots,
Horizon Run 2 [28]) for various redshifts (see App. C for further details). For
large redshift (z ! 1.75) the three-loop contribution may lead to an improved
agreement with the N-body data, while it clearly degrades the agreement
compared to the two-loop at lower redshifts. The same happens for the two-
loop at even smaller redshifts and at small momenta. This indicates that for
any redshift, adding loop contributions improves the agreement only up to a
certain order, as typically expected for asymptotically converging series.

In general, in such a situation, one expects that the partial sum up to
the smallest term yields the most accurate estimate of the full result, with

12

Analytical models & 
Large scale structures

Large-scale structure surveys are the next leading probe for precision cosmology
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Are the Dark Matter 
and baryon abundances related ?

 ΩΩDM≈ 5 ΩΩbaryons 

18

a non-coincidence

Atoms:      4.9 %

Photons:   0.0022 %

Neutrinos: 0.0016 %

Particle-antiparticle asymmetry

Relativistic 
thermal relics
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 natural WIMP-baryogenesis Connection:
 Asymmetric dark matter

Asymmetric dark matter 

• WIMP paradigm assumes symmetric DM 
– Equal DM and antiDM densities (or DM = antiDM) 

• DM can have an asymmetry (if DM z�antiDM) 
– DM becomes similar to baryon asymmetry 

Initial B 
asymmetry 

Initial DM 
asymmetry 

annihilation 

Residual 
asymmetric 
component 
remains 

and the Higgs may be responsible for the transfer of asymmetries 
Servant & Tulin, 1304.3464
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Electroweak Baryogenesis @ LHC

Cold Baryogenesis

Leptogenesis: connecting the baryon 
asymmetry with neutrino masses

Higgs-catalysed transfer of matter asymmetries 
between Dark & Visible sectors (Higgsogenesis)
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FIG. 1: Left: Schematic representation of the charge transfer dynamics of case I. A primordial B�L charge generates a Higgs asymmetry,
which subsequently flows to X2 by the Higgs transfer operator. When this operator freezes out at Ttr , the visible and X sectors are no longer
in chemical equilibrium and X charge is frozen in. Later, X2 ! X1H decays transfer the DM asymmetry to X1. Right: For case I, the red
solid lines represent the contours for the correct DM relic abundance for given ⇤2. The shaded area is excluded to guarantee m1 < m2 and
m2 & 100 GeV. For the smallest ⇤2 values that lead to a large range of DM masses at the (sub)TeV scale and m1 . xfTew ⇠ 3 TeV, the
symbols on the contours indicate the yH -dependent lower bounds on (m1,m2) for X1-X̄1 oscillations to start after X1 freeze-out.

Tosc ⇠ min(Tew,
p

�1Mpl), with no gauge scattering to de-
lay their onset. The “min” corresponds to the fact that �1 is
proportional to the Higgs vev and becomes nonzero only after
the EWPT. If ⇤1 ⇠ ⇤2 and Ttr < Mpl, then �1 & v2/Mpl

and Tosc ⇠ Tew. The only way to avoid erasure of the X1

asymmetry is if annihilation freezes out before Tew, requir-
ing either multi-TeV DM or an unusually small Tew ⌧ 100

GeV [5]. On the other hand, if ⇤1 � ⇤2, then �1 is sup-
pressed by ✓ ⌧ 1. In this case, imposing that X1 freezes
out before oscillating leads to lower bounds on m1 and m2,
which depend on the value of the Yukawa coupling yH . This
is illustrated in Fig. 1, where the symbols on the red contours
indicate the lowest allowed masses (for a given yH ) for the
asymmetry not to be erased by oscillations. There is no such
bound for m1 & xfTew ⇠ 3 TeV.

Case II — Asymmetry from the X sector: Next, we con-
sider an alternative case where an asymmetry from the X sec-
tor is transferred to the visible sector, thereby generating the B
asymmetry. At some initial time an X asymmetry is generated
(e.g., a heavy scalar may decay out-of-equilibrium, with CP-
violating rates for X1X1, ¯X1

¯X1 final states). The X1 asym-
metry generates a chemical potential for H , which flows to the
visible sector through Yukawa and sphaleron interactions (see
Fig. 2). As before, the resulting B asymmetry is determined
by requiring these interactions to be in chemical equilibrium
(with Y = 0), given by Eqs. (3-6). We have

nB

nX
=

12kX2

13kX1kX2 + 316(kX1 + kX2)

, (10)

even though B�L is zero. We also require that the dimension-
five operators are not in equilibrium, which otherwise would
wash out this asymmetry. That is, we do not impose Eqs. (7);
otherwise the only solution is nX = nB = 0.

The B asymmetry freezes-out at the EWPT. In the limit that
the EWPT is instantaneous, the B-to-X charge ratio is fixed
by Eq. (10) at Tew, given by

✓
nB

nX

◆

Tew

⇡
(

0.024 m1,2 ⌧ Tew

0.076

⇣
m2
m1

⌘3/2
e� m2�m1

Tew m1,2 � Tew
.

(11)
Values of nB/nX at Tew are shown in Fig. 2.

The finite duration of the EWPT causes additional washout
of nB . Since µH is rapidly relaxed to zero during the
EWPT (since the vacuum violates Higgs number), the B
asymmetry also relaxes away if sphalerons are still active.
The washout factor W has been calculated from the finite
temperature sphaleron rate after the EWPT to be W ⇡
exp(�10

10⇣7e�⇣
) where  ⇠ 0.001 is the fluctuation deter-

minant (for mh = 125 GeV) and ⇣ = Esph(Tc)/Tc gives the
sphaleron barrier energy at the critical temperature Tc [12].

Ultimately, the baryon asymmetry today is

nB/s = W (nB/nX)Tew
(nX/s)in , (12)

where (nX/s)in is the initial X charge asymmetry, and s
is the entropy density. Since (nB/nX)Tew . 10

�2 and
(nX/s)in . g�1

⇤ ⇠ 10

�2, we require W & 10

�6 to achieve

1304.3464
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broken phase 

<Φ>≠0
Baryon number

 is frozen

2)  CP violation at phase interface
 responsible for mechanism  

of charge separation

3)  In symmetric phase,<Φ>=0,
very active sphalerons convert chiral 
asymmetry into baryon asymmetry

Chirality Flux 
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Electroweak baryogenesis mechanism relies on a 
first-order phase transition satisfying     
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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
d

O(GeV) Dirac Fermion
X
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(3, 1, 1

3

) (3) M
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d

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


= 
ij

Q̄
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

L � Q̄
d

i

(D/ � m
d

i

)Q
d

i

+ (D
µ

X
d

)(DµX
d

)† � M2

X

d

X
d

X†
d

� 1

4
Gµ⌫

d

G
µ⌫,d

+ L


+ L
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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FIG. 3. GW spectra ⌦(f)h2 for T⇤ = 0.1 GeV (SIMP), 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 projected reach of several planned GW detection experiments is shown (dashed lines).

sensitive to the tails of signals that peak at lower frequency,
like the T⇤ = 3 GeV band in Fig. 3. An interesting feature
here is that the frequencies shift to larger values with
(�/H), which partially compensates the overall (H/�)2

drop of the signal in the high frequency tails. Therefore
satellite based experiments have the potential to probe a
large range of PT temperatures from few GeV to 100s of
TeV.

A distinct feature of GW signals is that it directly
probes the gravitational e↵ects of new physics sectors,
whereas dark matter direct detection or collider experi-
ments have to rely on su�ciently strong non-gravitational
interactions of the dark sectors through mediator par-
ticles. All of the models introduced in Sec. remain
viable even if the masses or couplings of the mediators
are adjusted such that their detection becomes di�cult
in current collider and DM detection experiments. The
non-observation of new physics in the near future would
therefore not exclude the possibility of observing a GW
signal from a dark sector. This is very di↵erent from
e.g. models of strong EWPT [89–91], which could be in
trouble if no new physics is discovered at the LHC.

Finally it is worth noting that perturbative unitar-
ity constrains the mass of thermal DM to be below
110 TeV [92, 93], beyond the reach of the next generation
of collider experiments. For composite non-perturbative
DM this limit does not apply directly, instead a lower
bound on the radius of the extended object can be ob-
tained, R . (100 TeV)�1. It is reasonable to expect
the radius R to be of order of the inverse mass, which
again implies an upper bound on the DM mass of order
100 TeV. GW signals could therefore be a unique probe

of the thermal DM paradigm.

CONCLUSIONS

Models beyond the SM with a confining dark sector can
lead to unexpected phenomenological signatures. Here we
have explored the possibility to detect gravitational waves
due to a first order phase transition at the confinement
scale ⇤d. The main messages from this paper are:

• Di↵erent from QCD, dark sectors with QCD-like
interactions can undergo strong first order PTs, with
only mild constraints on the particle content.

• Several classes of new physics models that are cur-
rently being explored fulfil the criteria for first order
PTs. The physics problems these models are try-
ing to address, either dark matter or naturalness,
constrain the confinement scales and therefore the
temperature range of the phase transition.

• The GW signals originating from these dark phase
transitions are in the detectable frequency range
of future GW experiments, either at (E)LISA and
BBO for high scale models, or in PTA experiments
for the lower end of the spectrum.

Depending on other aspects of the model, GW signals
will either provide complementary information about the
models in question, or might even be the the best option
to find evidence for these models of new physics.

It will be interesting to further study the PT in strongly
coupled systems, to obtain a more precise understanding
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Figure 6: Prediction for the CMB observables ns and r of the leading-order e↵ective inflaton potential.

In the limit 'M ! 1 the observables asymptote to the predictions of pure quadratic inflation. De-

creasing 'M brings the potential increasingly into the hill-top regime. This leads to the green band of

decreasing ns and r values spanned by the 60 and 50 e-fold curves. Note, once more, that the regime

of true hill-top inflation can actually never be reached because moduli destabilization occurs to the

left of the would-be local maximum in V (') at 'M.

quadratic inflation potential by subtracting (at leading order) a higher-power monomial term

in '

V (') ⇠ 'p0f(') , f(') = 1 � c'2 + . . . , p
0

= 2 . (6.7)

The flattening occurs in a regime with c ⌧ 1 and small higher-oder coe�cients.

On the other hand, there is a large class of models of axion monodromy inflation which

feature a form of monomial flattening [39–43]. Some of these setups work without a super-

gravity embedding or with inflation from a sector with non-linearly realized supersymmetry

arising from non-supersymmetric compactifications like Riemann surfaces [39, 43–46] while

another one involves F-term monodromy on D-branes [12]. In these constructions a quadratic

33
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COSMOLOGY OF 
AXIONS

The hunt for axions

Figure 1: Current experimental constraints on the photon coupling of an axion or ALP [16]. Theoretically
and astrophysically favored regions are shown for axions within the yellow model band (classical axion
window in dark orange, mixed axion-WIMP DM in light orange, RG and WD cooling hint within the area
surrounded by the dashed blue line) and for ALPs (brown dashed line for transparency hint, below red dashed
diagonal line for ALP cold DM). Future prospects of ALPS II (above light blue line), IAXO (dashed black
region), and ADMX (dashed brown region) are also shown.

Conservatively, the authors of this analysis determine also an upper bound, gag < 6.6⇥10�11 GeV�1,
at 95 % confidence level (CL), which represents the strongest limit on gag for a wide mass range.

Clearly, the result (4.1) gives only a marginal hint for the existence of the QCD axion or an
ALP. In fact, at around two sigma it is still compatible with the SM, gag = 0. However, there are
other mismatches between theory and observations which may also be seen as slight indications
for the existence of a Nambu-Goldstone boson with such a coupling to the photon. One of them is
the fact that the ratio of blue to red supergiants (SGs) is smaller than predicted by stellar evolution
models. Moreover, the blue SGs appear to be less blue than expected [19]. This effect could also
be explained by an axion/ALP with gag = few⇥10�11 GeV�1 [20, 21].

Interestingly enough, Red Giants (RGs) in GCs also mildly prefer additional energy losses,
this time, however, due to axion/ALP emission via bremsstrahlung of axions or ALPs, e+Ze !
Ze+ e+a, pointing to an electron coupling in the range [22]

gae ⌘
Caeme

fa
= 1.8+0.6

�0.8 ⇥10�13 , for ma . few⇥10 keV. (4.2)

Still, at ⇠ 2s , the result is compatible with the SM, gae < 4.3⇥10�13 (95% CL).
Another astrophysical observable probing the electron coupling is the luminosity function of

white dwarfs (WDs). Intriguingly, recent analyses, based on detailed WD cooling treatment and
new data, find weak evidence that the WD luminosity function fits better with a new energy-loss
channel that can be interpreted in terms of axion/ALP losses via bremsstrahlung in electron-ion or

In the last few years, the interest for Axion-Like Particles has 
greatly accelerated. The Hamburg group, which has long been active 
in this area, should remain a key player in this new race and benefit 

from close interactions between theorists and experimentalists.
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The amount of QCD axion Dark Matter today depends on the temperature 
dependence of the axion mass controlled by the free energy in QCD. This sets 
the time when axion oscillations start. -> Non-perturbative  calculations.

AXION COSMOLOGY & LATTICE QCD

excluded, DM 
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data with the rescaled DIGA expression in the tempera-
ture range T/Tc � 1, one finds

K = 9.2 ± 0.6 , at 95% CL, (26)

while a fit in the temperature range T/Tc � 2 yields

K = 8.0 ± 3.5 , at 95% CL. (27)

Apparently, in the temperature range accessible to the
lattice, the higher order corrections to the pre-factor of
the DIGA are still appreciable, but there are indications
of a trend that the K-factor gets smaller, as expected,
towards larger values of T/Tc.

The K-factor strongly depends on the value of
Tc//⇤

(n f=0)
MS

: it reduces to one for Tc//⇤
(n f=0)
MS

' 1.03.
However, the latter value is about 3 sigma below the
central value determined in Ref. [18], Tc//⇤

(n f=0)
MS

'
1.26(7).

4. Conclusions

This paper presents lattice and DIGA calculations of
the ✓ and temperature dependence of the free energy
density of QCD in the quenched limit, i.e. for infinite
quark masses. In the lattice approach the temperature
ranges from 0.9Tc to 4Tc and thus significantly extends
former results. The precise high temperature data al-
lows to compare the lattice results with first principle
calculations within the DIGA. For the evaluation of
�(T ) we use the two-loop RGI version of the instanton
size distribution, which is less sensitive with respect to
the renormalization scale. We find that the two di↵er-
ent methods show nice agreement after one includes an
overall correction factor in the DIGA results. This order
ten correction is supposed to take into account higher
loop contributions in the normalization, similar to so-
called K-factors in perturbative QCD processes. These
are significant, since in the considered temperature re-
gion the strong coupling constant is still large. Never-
theless, the achieved results motivate an investigation of
more realistic models involving light quarks.

The possible consequences of our findings on the pre-
dictions of the amount of axion dark matter can be read
o↵ from Fig. 7. First, we have plotted the regions where
axion DM would be overproduced with respect to ob-
servations and are thus excluded. The darker yellow
region is excluded just by the axions produced from
the misalignment mechanism, cf. Eq. (7), assuming a
flat distribution of initial misalignment angles in the ob-
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Figure 7: Consequence of our findings for axion dark matter from
quenched (top) and full QCD (bottom). The dark yellow region is
excluded because RA > 1 even without a contribution from strings.
The light yellow region indicates RA > 1 when string contributions
are included. In the dark green region axions even including strings
give a small contribution (RA < 0.1) to dark matter. The light green
region indicates RA < 0.1 just from the misalignment mechanism. In
order to compare the quenched results with the axion dark matter sce-
nario we had to transform dimensionless quantities into dimensionful
ones. This is not unambiguous since we do not have pure gauge the-
ory in nature. Using di↵erent quantities to set the scale one gets 280
– 310 MeV for Tc. For illustrative purposes we use Tc = 294 MeV
which lies in the middle of the range and is a factor two larger than the
full QCD transition temperature. Our lattice results are shown by the
blue points and the two-loop RGI DIGA prediction by the gray band
in the quenched Figure. In the unquenched case the blue and gray
bands correspond to the two-loop RGI DIGA predictions with K = 1
and K = 9.22± 0.6, respectively. The dashed red line shows the IILM
prediction of Refs. [10, 11].
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The light yellow region indicates RA > 1 when string contributions
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order to compare the quenched results with the axion dark matter sce-
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which lies in the middle of the range and is a factor two larger than the
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blue points and the two-loop RGI DIGA prediction by the gray band
in the quenched Figure. In the unquenched case the blue and gray
bands correspond to the two-loop RGI DIGA predictions with K = 1
and K = 9.22± 0.6, respectively. The dashed red line shows the IILM
prediction of Refs. [10, 11].
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A coupling of the type ~ 

2

arise via dimensional transmutation, i.e. from an addi-
tional coupling of the axion to the gauge fields of some
strongly coupled hidden sector. Given a dynamical scale
⇤H in this hidden sector, the axion mass is then of
O �

⇤2

H/fa
�
. For consistency, we require ma to be smaller

than H
inf

, the Hubble rate at the end of inflation:

ma . H
inf

. (3)

When inflation is over, the axion field remains practically
at rest until the Hubble parameter drops to H

osc

= ma.
Once the axion field is in motion, the e↵ective Lagrangian
contains the term

L
e↵

� g2
2

32⇡2

a(t)

fa
FF̃ = � a(t)

Nffa
@µ

�
 ̄�µ 

�
(4)

=
@ta(t)

Nffa

�
 ̄�0 

�
+ · · · = µ

e↵

j0 + · · · , (5)

with g
2

being the SU(2) gauge coupling and Nf = 3 the
number of fermion generations in the standard model,
where we have used the anomaly equation in Eq. (4), and
integration by parts in Eq. (5). In the following, we will
absorb Nf in our definition of fa and simply determine
the e↵ective chemical potential as µ

e↵

= ȧ/fa.
Now the necessary conditions for generating a lepton

asymmetry are satisfied. A nonzero e↵ective chemical
potential shifts the energy levels of particles as compared
to antiparticles. If lepton number is not conserved, the
minimum of the free energy in the plasma is reached for a
di↵erent number density of leptons than for antileptons,
i.e. for nL ⌘ n` � n

¯` 6= 0. Instead, if the lepton number
violation is very rapid, the minimum of the free energy
is obtained for an equilibrium number density of

neq

L =
4

⇡2

µ
e↵

T 2. (6)

Lepton number violation is mediated by the exchange
of right-handed neutrinos. In contrast to thermal lepto-
genesis [13], we will assume all heavy right-handed neu-
trino masses to be close to the scale of grand unification
(GUT), Mi ⇠ O �

10�1 · · · 1�⇤
GUT

⇠ 1015 · · · 1016 GeV,
so that the heavy neutrinos are never thermally pro-
duced on the mass shell, i.e. T ⌧ Mi at all times. In
the expanding universe, the evolution of the lepton num-
ber density nL is described by the Boltzmann equation

ṅL + 3HnL ' �4neq

` �
e↵

(nL � neq

L ) , (7)

where neq

` = 2/⇡2 T 3 and with �
e↵

⌘ h�
�L=2

vi denoting
the thermally averaged cross section of two-to-two scat-
tering processes with heavy neutrinos in the intermediate
state that violate the lepton number by two units,

�L = 2 : `i`j $ HH , `iH $ ¯̀
jH̄ , (8)

`Ti =
�
⌫i ei

�
, HT =

�
h
+

h
0

�
, i, j = 1, 2, 3 .

We note that the term proportional to neq

L now acts as a
novel production term for the lepton asymmetry, as long
as the axion field is in motion. For center-of-mass ener-
gies much smaller than the heavy neutrino mass scale,p
s ⌧ Mi, the e↵ective cross section �

e↵

is practically
fixed by the experimental data on the light neutrino sec-
tor [14], assuming the seesaw mass matrix [15]:

�
e↵

⇡ 3

32⇡

m̄2

v4
ew

' 1⇥ 10�31 GeV�2 , m̄2 =
3X

i=1

m2

i , (9)

where v
ew

' 174GeV and where we have assumed that
the sum of the light neutrino masses squared is of the
same order of magnitude as the atmospheric neutrino
mass di↵erence, �m2

atm

' 2.4⇥ 10�3 eV2 [16].
For a

0

⌧ M
Pl

, and as long as H � ma, i.e. prior to the
onset of the axion oscillations, the axion energy density
⇢a is much smaller than the total energy density ⇢

tot

=
⇢'+ ⇢R + ⇢a ⇡ ⇢'+ ⇢R, where ⇢' and ⇢R are the energy
densities of the inflaton and of radiation. Reheating is
described by a system of equations:

⇢̇' + 3H⇢' = ��'⇢' , ⇢̇R + 4H⇢R = +�'⇢' , (10)

H2 ⌘ �
Ṙ/R

�
2

=
⇢
tot

3M2

Pl

, ⇢
tot

⇡ (⇢' + ⇢R) , (11)

where �' is the inflaton decay rate. The inflaton must
not decay before the end of inflation, which implies

�' . H
inf

. (12)

The solution for the temperature, T 4 ⌘ ⇡2/3/g⇤ ⇢R,
according to Eqs. (10) and (11) shows the following char-
acteristic behavior: within roughly one Hubble time after
the end of inflation, T quickly rises to its maximal value,

T
max

' 5⇥ 1013 GeV

✓
�'

109 GeV

◆
1/4✓

H
inf

1011 GeV

◆
1/2

, (13)

after which the temperature decreases because the en-
ergy density is dominated by the inflaton oscillations
(which scale as matter). During reheating, the tempera-
ture drops as T / R�3/8 until radiation comes to dom-
inate at time t = t

rh

' ��1

' , when ⇢R = ⇢', and the
reheating temperature is

T
rh

' 2⇥ 1013 GeV

✓
�'

109 GeV

◆
1/2

. (14)

After the end of reheating, i.e. for t > t
rh

, the expansion
is then driven by relativistic radiation and the tempera-
ture simply decreases adiabatically, T / R�1. In the case
of a large axion decay constant, this phase of radiation
domination, however, does not last all the way to the time
of primordial nucleosynthesis. Instead, the axion comes
to dominate the total energy density at some time prior
to its decay, which marks the beginning of yet another

will induce from the motion of the axion field a chemical 
potential for baryon number given by 

This is non-zero only once the axion starts to oscillate after it 
gets a potential around the QCD phase transition.

@ta(t)

fa

EW field strength

Time variation of axion field can be CP violating source for 
baryogenesis if EW phase transition is supercooled

Cold Baryogenesis
Servant, 1407.0030

Baryogenesis from 
the QCD axion

requires a coupling between the Higgs and an additional light scalar: testable @ 
LHC & compatible with usual QCD axion Dark matter predictions
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Recently, a new approach to the Higgs Mass 
Hierarchy has been proposed

Key Question: 
Does this require new degrees of freedom at the weak scale?

New paradigm ?

Graham, Kaplan, Rajendran [1504.07551]

We Propose: 
A Dynamical Solution

• Higgs mass-squared promoted to a field.

• The field evolves in time in the early universe.

• The mass-squared relaxes to a small negative 
value.

• The electroweak symmetry breaking stops the 
time-dependence.

• The small electroweak scale is fixed until today.



Key idea: Higgs mass parameter is field-dependent

m2|H|2 ! m2(�)|H|2

m2(�) = ⇤2

✓
1� g�

⇤
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stabilized such that m2(�) ⌧ ⇤2

: cutoff of the theory ⇤



Cosmological evolution (during inflation)

2

a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M2 + g�)|h|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫Gµ⌫ (1)

where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.

�

V (�)

FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that
the e↵ective mass-squared of the Higgs, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs

⇤/g

Cosmological evolution:

1 Introduction

Our understanding of Nature is based on the empirical evidence that natural phenomena

taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:

V (�, h) = ⇤3g�� 1

2
⇤2

✓
1� g�

⇤

◆
h2 + ✏⇤4

c

✓
h

⇤c

◆n

cos(�/f) + · · · , (1)

where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier

1⟨h⟩ ≠ 0

stops 
when steepness 
of both terms 

equalize

for �, dependent on h, necessary to stop the rolling of � once electroweak symmetry breaking

(EWSB) occurs. For this mechanism to work, it is also crucial to have a friction force, coming

for example from Hubble friction during inflation, in order to make the rolling of � very slow

to access the right minimum during the cosmological evolution. We will discuss the possible

ultraviolet (UV) origin of Eq. (1) later on.

At the classical level, the proposed mechanism can be understood in the following way.

Assuming that � starts, at the beginning of the inflationary epoch, at a very large value

� >⇠ ⇤/g, it will slow-roll until it takes the critical value �c = ⇤/g, at which the Higgs mass-

squared becomes zero. From this time on, as � continues slowly rolling down, the Higgs mass

becomes negative, and it is energetically favored to turn on the Higgs field. This raises the

third term of Eq. (1) up to the point at which � stops rolling. For g ⌧ 1, this occurs for a

Higgs value v given by

g⇤3 ' ⇤4�n
c vn

f
✏ . (2)

This equation arises from demanding that the steepness of the linear �-term of the potential,

first term of Eq. (1), equals the steepness of the Higgs barrier, third term of Eq. (1). From

Eq. (2) we see that we can have v ⌧ ⇤ by taking g small enough, which is technically natural

as g defines the spurion that breaks the symmetry � ! �+ 2⇡f . At the quantum level, the

described cosmological evolution is not much a↵ected provided certain conditions, specified

in [4] and discussed later, are fulfilled. Therefore, this mechanism potentially o↵ers a new

solution to the hierarchy problem. We will refer to this as the cosmological Higgs-axion

interplay (CHAIN) mechanism.

For n = 1, the third term of Eq. (1) is linear in h, implying that ✏⇤3
c must arise from a

source of EWSB other than the Higgs. This can be the QCD quark-condensate hqq̄i ⇠ ⇤3
QCD,

as proposed in [4]. In this case ⇤c ⇠ ⇤QCD and ✏ ⇠ yu, where yu is the up-quark Yukawa.

This model, however, predicts too large a value for the QCD ✓-angle, in conflict with neutron

electric dipole moment constraints. A possible way to fix this problem was explained in [4],

but it requires a low cut-o↵ scale, ⇤ <⇠ 30 � 1000 TeV. Alternatively, one could consider

models in which the condensate comes from a new strongly-coupled sector, a la Technicolor,

with ⇤c ⇠ TeV, or advocate the presence of an additional elementary Higgs doublet. This

latter case however requires some extra symmetries to keep the second Higgs doublet light, as

we discuss in Appendix B. These models predict extra physics carrying electroweak charges

around the TeV scale that can be found in present or near-future experiments.

For n = 2 on the contrary, the h2 cos(�/f) term in V (�, h) can arise from the electroweak-

invariant term |H|2 cos(�/f), where H is the Higgs doublet, and therefore no extra source

2

2

a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M2 + g�)|h|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫Gµ⌫ (1)

where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.

�

V (�)

FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that
the e↵ective mass-squared of the Higgs, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs

Cosmological evolution:

1 Introduction

Our understanding of Nature is based on the empirical evidence that natural phenomena

taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:

V (�, h) = ⇤3g�� 1

2
⇤2

✓
1� g�

⇤

◆
h2 + ✏⇤4

c

✓
h

⇤c

◆n

cos(�/f) + · · · , (1)

where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier

1

α

small Higgs mass
if the steepness, α, is small:

Notice that large field excursions for ! needed:  !~Λ/g≫Λ

➥ ⟨h⟩≪Λ  for  g≪1

⟨h⟩ ≠ 0

small Higgs mass requires small slope
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Cosmological Higgs-Axion Interplay for 
a Naturally Small Electroweak Scale

V (�,�, H) = ⇤

4
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ALPine Cosmology:
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existence proof  of a model that generates a large mass gap 
between the Higgs mass and the new physics threshold, with no new physics 

@ the weak scale. Only ultra-light scalars.



SUMMARY 

Cosmology is a growing and fast-evolving field.

Visionary investigations fueled by intense experimental 
activity in the near and long term future

Coherence within the Theory group in the area of early Universe cosmology 
and in the connections with high energy theory and particle phenomenology

Emergent activities related to the late Universe and large scale 
structures, where gravitational physics plays a key role

Interdisciplinary problems such as Dark Matter, Dark Energy, 
Baryogenesis and Inflation require a complementarity of approaches



Connections of early universe particle cosmology:
A multi-form and  integrated approach
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