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Motivation

• If we’re hoping to learn about fundamental physics from early cosmological 
probes such as the abundances of dark matter or baryons, knowledge of the 
cosmological history of the Universe is essential.


• A non-standard picture, even at early times, could distort how we interpret these 
observations.  We need to have some understanding of the space of possibilities 
to put them into context.


• The idea that coupling “constants” could have taken different values at different 
times is a familiar one.  We have very good indications that at late times any 
such evolution must have been very slow based on a variety of measurements.


• At times before BBN, there is still some room for a theoretical physicist to play.  



Motivation
• I will focus on the rather radical idea that QCD has such a different coupling at 

some early epoch that it actually confines at that time with a much larger 
confinement scale than the Λ ~ 1 GeV of the Standard Model.


• Before BBN, it must relax back to something that looks a lot like the Standard 
Model with Λ ~ 1 GeV.


• Of course, more modest modifications are interesting and could even be 
considered more likely.


• So why jump to the dramatic case first?


• It does seem to recast old problems in a new light.


• It’s fun!


• One can play similar games with SU(2) Weak and get an even weirder Universe 
than the one I will describe…

E.g. Electroweak Baryogenesis from Temperature-varying Couplings

S.A.R. Ellis, S. Ipek, G. White 1905.11994 & JHEP

Phases of Confined Electroweak Force in the Early Universe

J. Berger, A. Long, J. Turner 1906.05157 & PRD


DM Freeze Out: Howard, Ipek, TMPT, Turner 2103.?????



A Period of Early 
Confinement



• We introduce dynamics promoting the strong coupling to a 
dynamical field (denoted by φ or S):


• Φ could be something like a dilation, or a radion in a theory with 
extra dimensions.  It could also have a coupling induced 
radiatively.


• g0  is the strong coupling in the absence of a φ VEV.  It runs just 
like in ordinary QCD.

Strong Coupling
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• At one loop:


• The scale at which QCD gets strong 
is about:


• For nf = 6, to get Λ ~ TeV:


• This is pushing the EFT, a bit.  If 
induced radiatively, it would require 
~10 vector-like quarks at M*.
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Figure 1: Schematic description of the various phases and phase transitions. At Tc, QCD
confines at a high scale due to the value of vs at those temperatures. The Higgs potential
continues to evolve with temperature due to the plasma of electroweak bosons and top-flavored
mesons. At Td, these corrections induce a transition to a new vs (typically, but not necessarily
triggering deconfinement as the QCD scale moves to its low temperature value) and also
triggering a corresponding shift in the Higgs VEV.

Nf � 3 at temperatures comparable to the confinement scale. This finding has been verified
on the lattice for particular choices of Nf [3]. Confinement above the EW phase transition
takes place with six massless quarks, and is thus expected to occur out of thermal equilibrium,
through bubble nucleation. Through the Yukawa couplings, i.e. hq̄u, the quark condensate
induces a tadpole term in the Higgs potential. Thus chiral symmetry breaking through QCD
confinement and EWSB occur simultaneously.

If the QCD ✓̄-angle is dynamically relaxed to zero by means of an axion, one generically
expects CP violation before chiral symmetry breaking at the confinement scale. Prior to
EWSB, the electroweak sphalerons are active and induce a baryonic chemical potential from
the rolling axion field. This mechanism was employed to produce the BAU in [4–6]. Our work
completes the scenario originally proposed in [6], in a minimal way, by realizing the relaxation
to the SM vacuum after the baryon asymmetry has been frozen in.

Ref. [6] relied on a dimension-5 interaction between a real, singlet scalar field S and
the gluon kinetic term. When the singlet acquires a vacuum expectation value (VEV), it
constitutes a contribution to the effective strong coupling and may therefore raise the QCD
confinement scale. In this work we also consider the mixing between S and the SM Higgs boson,
and investigate the parameter space in which the EW phase transition triggers deconfinement
and subsequent relaxation to the SM-like vacuum before the onset of Big Bang Nucleosynthesis
(BBN), as shown schematically in Figure 1.

In addition to a rather standard axion, this minimal model contains a single new degree
of freedom with couplings that can be probed by future colliders. It also typically predicts
a characteristic spectrum of gravitational waves, which falls within the frequency window of
future space-based interferometers.
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Φ Potential
• The potential for φ should receive temperature-dependent 

corrections such that <φ> shifts, moving from a value at high 
temperatures corresponding to a large Λ to a value at low 
temperatures matching on to Λ ~ 1 GeV.
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<φ>

Thermal Corrections
• One could imagine different ways to obtain 

appropriate thermal corrections to the φ potential. 


• For example, there could be some new fields Ψ 
with O(1) couplings to φ and masses around the 
~TeV scale.


• At T~m, their corrections become exponentially 
suppressed.


• They don’t need to be colored or electroweak-
charged, so LHC bounds on them are probably not 
very strong.  


• Dark matter?


• Of course, they could be important for the φ 
phenomenology and play an important role in its 
decays, etc.

V(φ)

<φ>
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Higgs Interactions

consider the mixing between S and the Higgs boson and investigate a parameter region where

an electroweak (EW) phase transition triggers another transition where v
T
S ! 0 such that the

QCD confinement returns to the SM case before BBN.

2 A model of early (de)confinement

The Lagrangian of the model that we will study in this paper is given by,

L = LSM �
1

4
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4
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V (S) = a2(S � S0)
2 + a3(S � S0)

3 + a4(S � S0)
4
,

V (H,S) = �b1S|H|
2 + b2S

2
|H|

2
.

LSM is the Lagrangian of the Standard Model (not including the explicitly written gluon

kinetic term and tree level Higgs potential), Gµ⌫ is the gluon field strength, and S is a gauge-

singlet scalar which mixes with the SM Higgs boson. Note that this is the same Lagrangian

considered in [4]. However in that earlier work the Higgs mixing was set to zero for simplicity.

The current work will focus on this mixing.

The scalar potential V (S) differs from the one given in [4] slightly. Here we chose to shift

S by S0 in order to get rid of the tadpole term. [SI: Is what I just said is correct?] The scalar

potential, taken together with mixing with the Higgs the finite-temperature corrections, which

we will discuss shortly, has two vacua: i) the high-temperature confining vacuum and ii) the

SM-like vacuum.

The scale of the scalar–gluon interactions, M⇤, can be constrained at hadron colliders. For

example, the dijet resonance search by ATLAS [1] can be used to constrain M⇤ & 4�15 TeV for

scalar masses 2-4 TeV [2]. We will discuss shortly that the scalar masses that are interesting

in our study are O(10 GeV). In this light-scalar regime non-resonant searches are more

applicable. In [3] such searches were reinterpreted for axion-like particles (ALPs). In contrast

to ALPs, the scalar here only couples to the gluon field strength. Hence, most of the constraints

are not applicable. In fact, the only constraint comes from CMS dijet angular distribution [6],

requiring M⇤ > 3 TeV, independent of the S mass for masses lighter than ⇠ 100 GeV
1
. Further

constraints on the model parameters will be discussed later.

[SI: Write: H � S mixing and mass eigenstates.]

3 Fantastic phase transitions and where to find them

In this section we will discuss the finite-temperature behavior of the scalar sector of the model

as well as the confinement/deconfinement phase transitions in the strong sector, starting

1
It is important to note that this constraint was obtained for a pseudoscalar. We expect the constraint for

a scalar to be less stringent, but leave a more detailed LHC analysis for future work.
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Figure 2: [SI: is this a useful figure to have? If yes, I will fix the figure to look better.]

correct.] We stress that there could be scenarios where the transition to the SM-like vacuum

happens below ⇤SM , in which case QCD would not deconfine. (See Figure 2 for a schematic

description.)

4 Baryogenesis in the confined phase

• Description of axion mechanism, estimate for time taken

• Description of washout, conservative condition: vh/T > 1

5 Benchmark study

The model described in section 2 has 9 parameters:

µ, �, ⇤S , ṽS , S0, ↵, b1, b2, ⇤0.

The parameters in the Higgs potential, µ and �, can be fixed in the SM-like vacuum (in terms

of the other parameters) by the vacuum expectation value of the Higgs (vh = 175GeV) and

the mass of the Higgs-like mass eigenstate (mh = 125GeV). As mentioned above, we may fix

S0 by defining a SM-like confinement scale and fixing ⇤0. This reduces the number of free

parameters to six: four parameters defining the potential for S, and the two Higgs-S couplings.

In a benchmark study we will fix the former as in the table below, and scan over the latter.

⇤0 ⇤S ṽS ↵

500MeV 150GeV 1.5TeV 0.51

At large temperature, temperature corrections in the Higgs directions ensure H = 0, and

S takes the value defined by its tree-level potential. As the temperature drops, the thermal

corrections become less important, and both vaccua move to finite values in the h direction.
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Figure 5: Contours of constant potential for the benchmark point 2, with b1 = 0.7GeV, and
b2 = 1. ⇥ 10�3 at three indicated temperatures. In each panel, the red dot marks the global
minimum at that temperature, and the blue dot a local minimum. We point out that at
T = Tc the global minimum is separated from the local minimum by a barrier and tunneling
is not efficient enough. At a lower temperature, Td, this barrier disappears and the system
rolls to the SM-like vacuum.

above. At high temperatures, finite-temperature corrections in the Higgs direction ensure
vh = 0, and vs takes the (negative) value defined by S0, eventually leading to high scale
confinement when T ⇠ ⇤QCD(vs). Before confinement, but after T ⇠ TEW, the SM-like point
becomes the global minimum. However, it is sepearated from vh = 0 vacuum by a barrier.
Typically, the large distance in field space between the two vacua implies that tunneling is
expected to be strongly suppressed before confinement, as the Euclidean bounce action scales
as SE/T / (��i/�V (�i))

4
⇠ 10�8 (see e.g. [20, 21]). Hence the universe is in a metastable

state. Confinement triggers a change in the degrees of freedom contributing to the effective
potential in the Higgs direction, as described in Section 3.2, which in turn quickly shifts the
minimum to non-zero vh due to the tadpole term from chiral symmetry-breaking. Note that
this minimum may still be a local minimum, separated from the true, SM-like, vacuum by
a potential barrier. As the temperature drops further, the thermal corrections become less
important while the mixing terms governed by b1 and b2 take over. Subsequently the mixing
terms lift the potential and eventually the field can roll to the SM-like vacuum, instead of
tunneling.

Figure 6 summarizes the allowed parameter space in the b1-b2 plane for benchmarks 1
and 2. The black dotted lines indicate contours of the labelled values for vh at Tc, and blue
dotted lines show contours for the values of ⇤QCD. The pink-shaded region corresponds to the
parameter space in which sphalerons are not active at the time of QCD confinement, vh 6= 0

right before Tc, whereas the blue-shaded region corresponds to the parameter space in which
vh/Tc < 1.4, risking that the generated baryon asymmetry will be washed out. Grey shading
indicates points in which transitioning to the SM-like vacuum is via suppressed tunneling,
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• Another option would be to make use of the 
(inevitable) cross interactions between the SM 
Higgs and the singlet.


• The Higgs potential is also evolving with 
temperature, and its evolution could trigger a switch 
in the singlet potential to a new minimum.
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• Since this picture requires 
balance between the singlet and 
Higgs potentials, it works 
effectively when the dynamics is 
close to the weak scale.

Global Minimum

Local Minimum
TS
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• The (first) QCD phase transition 
takes place at high temperatures, 
before the electroweak breaking, 
and thus with massless SM quarks.


• For nF = 6 massless flavors, this 
is expected to be a first order 
transition.


• The confined vacuum forms via 
bubble nucleation.


• After confinement, chiral symmetry 
breaking also breaks the 
electroweak symmetry, and the 
condensate acts as a tadpole for 
the Higgs, inducing a VEV for it.
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Figure 1: Schematic phase transition behavior of Nf = 2+1 flavor QCD in the (T, µ) plane (left panel)
and for vanishing chemical potential in the (mu,d, ms) quark mass plane (right panel)[4].

In the opposite quark mass limit, the so-called quenched limit of QCD with infinitely heavy quark
masses, QCD reduces to a pure SU(Nc) gauge theory which is invariant under a global Z(Nc) center
symmetry. In contrast to the chiral symmetry, the center symmetry is spontaneously broken at high
temperatures and densities, i.e., in the color deconfined quark-gluon plasma phase and is restored in
the hadronic phase at small temperatures and densities. The associated phase transition from the
hadronic (glueball) phase to the color deconfined plasma phase is the confinement/deconfinement phase
transition. The center symmetry is always broken explicitly when dynamical quarks are present, i.e.,
when the quenched limit of QCD is left.

Both phase transitions are conceptually distinct phenomena of QCD. For the experiment it is im-
portant to investigate and understand the interplay between these phase transitions, in particular, for
realistic quark masses. Based on theoretical models and QCD lattice simulations a generic phase dia-
gram for Nf = 2 + 1 quark flavors in the temperature and (baryo)chemical potential µ plane can be
drawn as in the left panel of Fig. 1. Here not only the chiral and deconfinement phase transition from
the hadronic fluid phase to the quark-gluon plasma are shown. The regions probed by some already
running or planned relativistic heavy-ion collision experiments such as ALICE, RHIC, CBM and SPS
are also marked in the figure. So far, it is still an open issue whether both phase transitions, the chiral
and deconfinement transition, take place at the same temperatures and densities yielding thus a single
transition or crossover line in the QCD phase diagram as indicated in the figure. For example, McLerran
and Pisarksi suggested that this is not the case at moderate temperature and large chemical potential.
Based on large-Nc arguments, they concluded that in this phase diagram region there might be a new,
so-called quarkyonic phase which is still confining but chirally symmetric [3].

The situation is even more sophisticated since some properties of the chiral phase transition such
as its order depend on Nf and the strength of the axial anomaly. The status for vanishing chemical
potential is partly summarized in the right panel of Fig. 1: in the limiting case of two massless light
quarks, mu,d = 0, and an infinite strange quark mass ms, which corresponds to Nf = 2, it is conjectured
that the finite temperature chiral phase transition is of second-order for a constant anomaly strength
and lies in the universality class of the Heisenberg O(4) model in three dimensions.

If the anomaly strength is identified with the instanton density, a temperature-dependent strength
of the axial anomaly would arise. It is supposed that the strength vanishes at high temperatures. This
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Figure 3: Schematic description of QCD confinement, bubble nucleation and the baryon
asymmetry generation. QCD confines at a temperature Tc via a first-order phase transition,
for which the Higgs VEV is zero outside the bubbles, which means baryon number violation is
efficient via EW sphalerons. If there is a QCD axion, there is also typically large CP violation
due to the uncancelled ✓̄ angle, which shuts off in the confined phase.

In the parameter region discussed below, the transition to the SM-like vacuum happens
above TSM ⇠ ⇤SM

QCD ⇠ GeV, implying that at Td, quarks and gluons deconfine (again). It
is worth noting that variations could realize scenarios where the transition to the SM-like
vacuum happens below ⇤SM

QCD, but still above TBBN, in which case QCD remains confined at
all temperatures below Tc.

4 Baryogenesis during QCD confinement

If QCD confines at a temperature when the Higgs VEV is zero, i.e. quarks are massless,
the phase transition is expected to be first order [8] and proceeds through bubble nucleation.
This first-order phase transition, combined with an axion solution to the strong CP problem,
results in a novel baryogenesis mechanism. In [6] this phase transition was imagined to occur at
T > TEW such that Higgs VEV is expected to be zero because of the SM thermal corrections.

In this work, we highlight a scenario in which although the QCD confinement happens
at Tc . 100 GeV, the Higgs VEV before confinement is zero due to the extended scalar
sector. As long as the EW symmetry is unbroken, sphalerons are active and baryon number is
efficiently violated. This is the case outside of the bubbles of confined phase. Inside, the QCD
confinement triggers EW symmetry breaking and sphalerons are inoperative, thus preserving
any baryon asymmetry. The need for CP violation can be accounted for if there is large
CP violation from the uncancelled strong phase before the axion rolls to the minimum of
its potential [4–6]. (Note that this is essentially a spontaneous baryogenesis mechanism [9].)
Figure 3 provides a schematic description.

In this section we summarize the mechanism for the generation of the baryon asymmetry.
The axion is driven to its minimum after confinement occurs, dynamically solving the strong
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Confined Universe
• In the confined phase, the important 

active degrees of freedom are the ~35 
pNGB mesons.


• Their properties are described by chiral 
perturbation theory, with parameters 
matched to low energy QCD data, and 
dimensionful quantities scaled up to 
the high scale confinement scale.


• The thermal corrections to the Higgs 
potential are dominated by the top-
flavored (or bottom-flavored) mesons 
rather than top/bottom quarks.


• The chiral condensate acts as a tadpole 
for the Higgs doublet.
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The meson masses in the confined phase are calculated as described in the previous section.
We find that for the values of ⇠ under consideration, the mesons containing top quarks are
typically much heavier than the temperature during the period of early confinement such that
they are Boltzmann suppressed. Hence the dominant thermal corrections are from the mesons
containing bottom quarks. We keep all 35 mesons in our numerical calculations.

At high temperatures, the potential is dominated by the T 2h2 term, driving vh ! 0, and
the electroweak symmetry is restored. At T = ⇤QCD, chiral symmetry is broken via the quark
condensate, and the tadpole triggers a non-zero Higgs VEV that is larger than v0h for the ⇠

values we consider. At Td, QCD deconfines and the Higgs VEV relaxes to its SM value. This
behavior is shown in Figure 3 for Td = 10 GeV and two values of ⇠.

3.3 Dark Matter Interactions with pions

At leading order in chiral perturbation theory, the interactions with the dark matter map
onto,



M2
S

�̄� tr

⇣
U †� + U�†

⌘
+

i

M2
V

�̄�µ� tr

⇣
(@µU †

) [�, U ] � [U †, �†
] (@µU)

⌘
, (3.15)
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Figure 2: Spectrum of pion masses for two choices of ⇠, with vh corresponding to the Higgs
VEV at T = 100 GeV.

where f⇡ is the pion decay constant and  is a constant with mass dimension 3, both of which
represent the strong dynamics. The generators are normalized such that tr[T aT b

] = �ab/2,
leaving the ⇡a canonically normalized. The mass matrix Mq is a spurion representing the
explicit SU(6)L⇥ SU(6)R breaking from the Yukawa interactions,

Mq =
1
p

2
h Diag(yu, yd, ys, yc, yb, yt) . (3.7)

Expanding the field U in Equation (3.6) to second order in ⇡/f⇡ results in pion mass terms
and a tadpole for the Higgs:

Lch �
p

2 yt h �


f2
⇡

tr[{T a, T b
}M ] ⇡a⇡b , (3.8)

both of which are controlled by . (In the tadpole term we keep only the top Yukawa as the
contributions from light quarks are typically negligible.) We match f⇡ and  to the SM pion
mass, m⇡0 = 135 MeV, and decay constant, f⇡0 = 94 MeV at ⇠ = 1 and vh = v0h, where
v0h = 246 GeV is the zero temperature SM Higgs VEV. Naive dimensional analysis provides
the scaling for other values of ⇠ (for which the tadpole implies there will typically be a different
vh):

 ' (220 MeV)
3 ⇠3 , f⇡ ' 94 MeV ⇠, m2

⇡ ' m2
⇡0 ⇠ vh/v0h, (3.9)

The resulting pion mass matrix is diagonalized numerically to determine the spectrum of
mesons in the mass basis. Example spectra at T = 100 GeV for two different choices of ⇠ are
shown in Figure 2.
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here will descend from a dimension seven operator after the SM Higgs gets its VEV. The
vector interactions could represent a Z 0 from an additional U(1) gauge symmetry that couples
to both quarks and dark matter. We will consider cases in which either scalar or vector
interactions dominate over the other one. We follow the guidance of minimal flavor violation
[18] in choosing the couplings such that

�ij ⌘ ±�ij
yi
yu

, (3.3)

which is normalized to the coupling to up quarks, and with an over-all factor absorbed into
M2

S . The possibility of choosing either sign for � will play an important role, described in 3.17
below.

The vector couplings �ij are diagonal and have equal values for the up-type quarks, and
equal (but different from the up-type) values for the down-type quarks,

�ij ⌘

(
�ij , j = u, c, t

(1 + ↵)�ij , j = d, s, b ,
(3.4)

where ↵ determines the difference between up- and down-type couplings. When ↵ = 0, the
vector coupling assigns charges equivalent to baryon number, and the mesons decouple from
the dark matter.

During early confinement, the Universe looks very different from the standard cosmological
picture based on the SM extrapolation. (Massless) quark and gluon degrees of freedom are
replaced by mesons and baryons, and chiral symmetry breaking induces a tadpole for the
Higgs which is relevant for the evolution of its VEV. In order to determine how dark matter
interactions are affected by this early cosmological period of QCD confinement, we first give
a description of this era in terms of chiral perturbation theory.

3.1 Chiral Perturbation Theory

In the limit ⇤QCD � mt, the QCD sector of the Lagrangian for quarks,

L �

X

q

�
iq̄ /Dq � yq hq̄LqR + H.c.

 
(3.5)

(where h is the SM Higgs radial mode) possesses an approximate global SU(6)L⇥ SU(6)R
chiral symmetry, which is softly broken by the Yukawa interactions. We work in the basis in
which the yq’s are diagonal, for which all flavor-changing processes reside in the electroweak
interactions. Non-perturbative QCD is expected to break SU(6)L⇥ SU(6)R ! SU(6)V to the
diagonal subgroup, resulting in 6

2
� 1 = 35 pions as pseudo-Nambu-Goldstone bosons.

At scales below ⇤QCD, the pions are described by a nonlinear sigma model built out of
U(x) ⌘ exp (i2T a⇡a

(x)/f⇡), where T a are the SU(6) generators. The leading terms in the
chiral Lagrangian (neglecting electroweak interactions) are

Lch =
f2
⇡

4
tr(|DµU |

2
) +  tr(UM †

q + MqU
†
) , (3.6)
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] = �ab/2,
leaving the ⇡a canonically normalized. The mass matrix Mq is a spurion representing the
explicit SU(6)L⇥ SU(6)R breaking from the Yukawa interactions,

Mq =
1
p

2
h Diag(yu, yd, ys, yc, yb, yt) . (3.7)

Expanding the field U in Equation (3.6) to second order in ⇡/f⇡ results in pion mass terms
and a tadpole for the Higgs:

Lch �
p

2 yt h �


f2
⇡

tr[{T a, T b
}M ] ⇡a⇡b , (3.8)

both of which are controlled by . (In the tadpole term we keep only the top Yukawa as the
contributions from light quarks are typically negligible.) We match f⇡ and  to the SM pion
mass, m⇡0 = 135 MeV, and decay constant, f⇡0 = 94 MeV at ⇠ = 1 and vh = v0h, where
v0h = 246 GeV is the zero temperature SM Higgs VEV. Naive dimensional analysis provides
the scaling for other values of ⇠ (for which the tadpole implies there will typically be a different
vh):

 ' (220 MeV)
3 ⇠3 , f⇡ ' 94 MeV ⇠, m2

⇡ ' m2
⇡0 ⇠ vh/v0h, (3.9)

The resulting pion mass matrix is diagonalized numerically to determine the spectrum of
mesons in the mass basis. Example spectra at T = 100 GeV for two different choices of ⇠ are
shown in Figure 2.
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Spontaneous 
Baryogenesis



Strong CP Phase
• Famously, the Standard Model does not have sufficient CP violation in the CKM 

phase to generate a sufficient baryon asymmetry.


• An interesting idea is to invoke a strong CP phase as the source of CP violation.


• But if there is a dynamical solution to the strong CP problem such as the axion, 
the effective phase could be different in the early Universe before the axion 
reaches the minimum of its potential.


• In some sense, the axion is another way in which one imagines that the 
properties of the strong nuclear force are different in the early Universe than 
they are today for dynamical reasons.


• The rolling of the axion to its minimum also provides an out-of-equilibrium 
condition necessary to produce a net baryon asymmetry.
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The Challenge

There is a mismatch between the 
periods of  B-violation and the 

Universe being out of equilibrium
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See also:

Servant, von Harling

JHEP 01, 159 (2018)

(KST addressed this challenge by invoking a super-cooled electroweak phase transition.) 
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<latexit sha1_base64="WV8gAjV/eCYamlMpbuU65LkH9h0=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiDES5iRgB6DXjxGyAbJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sLIiKeVDweK+KqnpRwpmxvv/p5dbWNza38tuFnd29/YPi4VHLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY1vZn77gWrDlGzYSUJDgYeSxYxg66SW6ONy47xfLPkVfw4UrCQlWKLeL370BoqkgkpLODamG/iJDTOsLSOcTgu91NAEkzEe0q6jEgtqwmx+7RSdOWWAYqVdSYvm6s+JDAtjJiJynQLbkfnrzcT/vG5q46swYzJJLZVksShOObIKzV5HA6YpsXziCCaauVsRGWGNiXUBFVwIq3//Jq2LSuD4XbVUu17GkYcTOIUyBHAJNbiFOjSBwD08wjO8eMp78l69t0VrzlvOHMMveO9fs6GOig==</latexit><latexit sha1_base64="WV8gAjV/eCYamlMpbuU65LkH9h0=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiDES5iRgB6DXjxGyAbJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sLIiKeVDweK+KqnpRwpmxvv/p5dbWNza38tuFnd29/YPi4VHLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY1vZn77gWrDlGzYSUJDgYeSxYxg66SW6ONy47xfLPkVfw4UrCQlWKLeL370BoqkgkpLODamG/iJDTOsLSOcTgu91NAEkzEe0q6jEgtqwmx+7RSdOWWAYqVdSYvm6s+JDAtjJiJynQLbkfnrzcT/vG5q46swYzJJLZVksShOObIKzV5HA6YpsXziCCaauVsRGWGNiXUBFVwIq3//Jq2LSuD4XbVUu17GkYcTOIUyBHAJNbiFOjSBwD08wjO8eMp78l69t0VrzlvOHMMveO9fs6GOig==</latexit><latexit sha1_base64="WV8gAjV/eCYamlMpbuU65LkH9h0=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiDES5iRgB6DXjxGyAbJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sLIiKeVDweK+KqnpRwpmxvv/p5dbWNza38tuFnd29/YPi4VHLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY1vZn77gWrDlGzYSUJDgYeSxYxg66SW6ONy47xfLPkVfw4UrCQlWKLeL370BoqkgkpLODamG/iJDTOsLSOcTgu91NAEkzEe0q6jEgtqwmx+7RSdOWWAYqVdSYvm6s+JDAtjJiJynQLbkfnrzcT/vG5q46swYzJJLZVksShOObIKzV5HA6YpsXziCCaauVsRGWGNiXUBFVwIq3//Jq2LSuD4XbVUu17GkYcTOIUyBHAJNbiFOjSBwD08wjO8eMp78l69t0VrzlvOHMMveO9fs6GOig==</latexit><latexit sha1_base64="WV8gAjV/eCYamlMpbuU65LkH9h0=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiDES5iRgB6DXjxGyAbJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sLIiKeVDweK+KqnpRwpmxvv/p5dbWNza38tuFnd29/YPi4VHLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY1vZn77gWrDlGzYSUJDgYeSxYxg66SW6ONy47xfLPkVfw4UrCQlWKLeL370BoqkgkpLODamG/iJDTOsLSOcTgu91NAEkzEe0q6jEgtqwmx+7RSdOWWAYqVdSYvm6s+JDAtjJiJynQLbkfnrzcT/vG5q46swYzJJLZVksShOObIKzV5HA6YpsXziCCaauVsRGWGNiXUBFVwIq3//Jq2LSuD4XbVUu17GkYcTOIUyBHAJNbiFOjSBwD08wjO8eMp78l69t0VrzlvOHMMveO9fs6GOig==</latexit>

✓e↵
<latexit sha1_base64="U6ilyijN6LuQ2QiRMqgiI9k1zuI=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSyCq5KIoMuiG5cV7APaECbTm3boTBJmbgol9J+4caGIW/+JO/+N0weitQcGPs65l7mcKJPCoOd9OWvrG5tb26Wd8u7e/sGhe3TcNGmuOTR4KlPdjpgBKRJooEAJ7UwDU5GEVjS8m+atEWgj0uQRxxkEivUTEQvO0Fqh63ZxAMjCoqsVhTiehG7Fr3oz0R/wlp0KWageup/dXspzBQlyyYzp+F6GQcE0Ci5hUu7mBjLGh6wPHYsJU2CCYnb5hJ5bp0fjVNuXIJ25vzcKpowZq8hOKoYDs5xNzVVZJ8f4JihEkuUICZ9/FOeSYkqnNdCe0MBRji0wroW9lfIB04yjLau8soR/0Lys+pYfriq120UdJXJKzsgF8ck1qZF7UicNwsmIPJEX8uoUzrPz5rzPR9ecxc4J+SPn4xuew5Oi</latexit><latexit sha1_base64="U6ilyijN6LuQ2QiRMqgiI9k1zuI=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSyCq5KIoMuiG5cV7APaECbTm3boTBJmbgol9J+4caGIW/+JO/+N0weitQcGPs65l7mcKJPCoOd9OWvrG5tb26Wd8u7e/sGhe3TcNGmuOTR4KlPdjpgBKRJooEAJ7UwDU5GEVjS8m+atEWgj0uQRxxkEivUTEQvO0Fqh63ZxAMjCoqsVhTiehG7Fr3oz0R/wlp0KWageup/dXspzBQlyyYzp+F6GQcE0Ci5hUu7mBjLGh6wPHYsJU2CCYnb5hJ5bp0fjVNuXIJ25vzcKpowZq8hOKoYDs5xNzVVZJ8f4JihEkuUICZ9/FOeSYkqnNdCe0MBRji0wroW9lfIB04yjLau8soR/0Lys+pYfriq120UdJXJKzsgF8ck1qZF7UicNwsmIPJEX8uoUzrPz5rzPR9ecxc4J+SPn4xuew5Oi</latexit><latexit sha1_base64="U6ilyijN6LuQ2QiRMqgiI9k1zuI=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSyCq5KIoMuiG5cV7APaECbTm3boTBJmbgol9J+4caGIW/+JO/+N0weitQcGPs65l7mcKJPCoOd9OWvrG5tb26Wd8u7e/sGhe3TcNGmuOTR4KlPdjpgBKRJooEAJ7UwDU5GEVjS8m+atEWgj0uQRxxkEivUTEQvO0Fqh63ZxAMjCoqsVhTiehG7Fr3oz0R/wlp0KWageup/dXspzBQlyyYzp+F6GQcE0Ci5hUu7mBjLGh6wPHYsJU2CCYnb5hJ5bp0fjVNuXIJ25vzcKpowZq8hOKoYDs5xNzVVZJ8f4JihEkuUICZ9/FOeSYkqnNdCe0MBRji0wroW9lfIB04yjLau8soR/0Lys+pYfriq120UdJXJKzsgF8ck1qZF7UicNwsmIPJEX8uoUzrPz5rzPR9ecxc4J+SPn4xuew5Oi</latexit><latexit sha1_base64="U6ilyijN6LuQ2QiRMqgiI9k1zuI=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSyCq5KIoMuiG5cV7APaECbTm3boTBJmbgol9J+4caGIW/+JO/+N0weitQcGPs65l7mcKJPCoOd9OWvrG5tb26Wd8u7e/sGhe3TcNGmuOTR4KlPdjpgBKRJooEAJ7UwDU5GEVjS8m+atEWgj0uQRxxkEivUTEQvO0Fqh63ZxAMjCoqsVhTiehG7Fr3oz0R/wlp0KWageup/dXspzBQlyyYzp+F6GQcE0Ci5hUu7mBjLGh6wPHYsJU2CCYnb5hJ5bp0fjVNuXIJ25vzcKpowZq8hOKoYDs5xNzVVZJ8f4JihEkuUICZ9/FOeSYkqnNdCe0MBRji0wroW9lfIB04yjLau8soR/0Lys+pYfriq120UdJXJKzsgF8ck1qZF7UicNwsmIPJEX8uoUzrPz5rzPR9ecxc4J+SPn4xuew5Oi</latexit>

TQCD

Raise ΛQCD

1811.00559

Early Confinement



• The non-zero θeff looks like a tadpole for GG:


• Which in turn sources WW:

Spontaneous Baryogenesis
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~
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<latexit sha1_base64="rW5GF9QSNr+v/WNxxuEW2co5JFU="></latexit><latexit sha1_base64="rW5GF9QSNr+v/WNxxuEW2co5JFU="></latexit><latexit sha1_base64="rW5GF9QSNr+v/WNxxuEW2co5JFU="></latexit><latexit sha1_base64="rW5GF9QSNr+v/WNxxuEW2co5JFU="></latexit>
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<latexit sha1_base64="8vbA6chxJ4T5HkDn+KYCZ2Q13ko=">AAACbnicjZHNahRBFIWr2784/mSi4MIgFg5iVqF7EMxGCLqICxcRnXRgetLcrr6dKVLV3VTdVoaisvMF3fkMbnwEayaDxKDghYLDd86lilNlp6SlJPkexdeu37h5a+P24M7de/c3h1sPjmzbG4ET0arWHJdgUckGJyRJ4XFnEHSpMCvP3i797DMaK9vmEy06nGk4bWQtBVBAxfCrywUo/t4XLjeaY117/prntQHh0sS7usg7eT Lm5zoEkOCFPxn7tZ+D6uZQfPRuj4fUFZz9xuf8gOdfZIUkVYXuIJDsMsh8MRylu8lq+L/FiK3nsBh+y6tW9BobEgqsnaZJRzMHhqRQ6Ad5b7EDcQanOA2yAY125lZ1ef48kIrXrQmnIb6ilzccaGsXugxJDTS3V70l/Js37anemznZdD1hIy4uqnvFqeXL7nklDQpSiyBAGBneysUcQmcUfmjwfyUcjXfToD+8HO2/WdexwbbZM7bDUvaK7bN37JBNmGA/oq3ocbQd/YwfxU/ipxfROFrvPGR/TLzzCxXbvAU=</latexit><latexit sha1_base64="8vbA6chxJ4T5HkDn+KYCZ2Q13ko=">AAACbnicjZHNahRBFIWr2784/mSi4MIgFg5iVqF7EMxGCLqICxcRnXRgetLcrr6dKVLV3VTdVoaisvMF3fkMbnwEayaDxKDghYLDd86lilNlp6SlJPkexdeu37h5a+P24M7de/c3h1sPjmzbG4ET0arWHJdgUckGJyRJ4XFnEHSpMCvP3i797DMaK9vmEy06nGk4bWQtBVBAxfCrywUo/t4XLjeaY117/prntQHh0sS7usg7eT Lm5zoEkOCFPxn7tZ+D6uZQfPRuj4fUFZz9xuf8gOdfZIUkVYXuIJDsMsh8MRylu8lq+L/FiK3nsBh+y6tW9BobEgqsnaZJRzMHhqRQ6Ad5b7EDcQanOA2yAY125lZ1ef48kIrXrQmnIb6ilzccaGsXugxJDTS3V70l/Js37anemznZdD1hIy4uqnvFqeXL7nklDQpSiyBAGBneysUcQmcUfmjwfyUcjXfToD+8HO2/WdexwbbZM7bDUvaK7bN37JBNmGA/oq3ocbQd/YwfxU/ipxfROFrvPGR/TLzzCxXbvAU=</latexit><latexit sha1_base64="8vbA6chxJ4T5HkDn+KYCZ2Q13ko=">AAACbnicjZHNahRBFIWr2784/mSi4MIgFg5iVqF7EMxGCLqICxcRnXRgetLcrr6dKVLV3VTdVoaisvMF3fkMbnwEayaDxKDghYLDd86lilNlp6SlJPkexdeu37h5a+P24M7de/c3h1sPjmzbG4ET0arWHJdgUckGJyRJ4XFnEHSpMCvP3i797DMaK9vmEy06nGk4bWQtBVBAxfCrywUo/t4XLjeaY117/prntQHh0sS7usg7eT Lm5zoEkOCFPxn7tZ+D6uZQfPRuj4fUFZz9xuf8gOdfZIUkVYXuIJDsMsh8MRylu8lq+L/FiK3nsBh+y6tW9BobEgqsnaZJRzMHhqRQ6Ad5b7EDcQanOA2yAY125lZ1ef48kIrXrQmnIb6ilzccaGsXugxJDTS3V70l/Js37anemznZdD1hIy4uqnvFqeXL7nklDQpSiyBAGBneysUcQmcUfmjwfyUcjXfToD+8HO2/WdexwbbZM7bDUvaK7bN37JBNmGA/oq3ocbQd/YwfxU/ipxfROFrvPGR/TLzzCxXbvAU=</latexit><latexit sha1_base64="8vbA6chxJ4T5HkDn+KYCZ2Q13ko=">AAACbnicjZHNahRBFIWr2784/mSi4MIgFg5iVqF7EMxGCLqICxcRnXRgetLcrr6dKVLV3VTdVoaisvMF3fkMbnwEayaDxKDghYLDd86lilNlp6SlJPkexdeu37h5a+P24M7de/c3h1sPjmzbG4ET0arWHJdgUckGJyRJ4XFnEHSpMCvP3i797DMaK9vmEy06nGk4bWQtBVBAxfCrywUo/t4XLjeaY117/prntQHh0sS7usg7eT Lm5zoEkOCFPxn7tZ+D6uZQfPRuj4fUFZz9xuf8gOdfZIUkVYXuIJDsMsh8MRylu8lq+L/FiK3nsBh+y6tW9BobEgqsnaZJRzMHhqRQ6Ad5b7EDcQanOA2yAY125lZ1ef48kIrXrQmnIb6ilzccaGsXugxJDTS3V70l/Js37anemznZdD1hIy4uqnvFqeXL7nklDQpSiyBAGBneysUcQmcUfmjwfyUcjXfToD+8HO2/WdexwbbZM7bDUvaK7bN37JBNmGA/oq3ocbQd/YwfxU/ipxfROFrvPGR/TLzzCxXbvAU=</latexit>
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<latexit sha1_base64="LBXXCr3NKJRPS/QoG9QGgwViMug="></latexit><latexit sha1_base64="LBXXCr3NKJRPS/QoG9QGgwViMug="></latexit><latexit sha1_base64="LBXXCr3NKJRPS/QoG9QGgwViMug="></latexit><latexit sha1_base64="LBXXCr3NKJRPS/QoG9QGgwViMug="></latexit>

}
<latexit sha1_base64="ifI9GKHGV456Px/eSdr0uH3fqkE=">AAAB+HicjVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaUCbTm3boZBJmboQa+iVuXCji1k9x5984fSxUFDxw4XDOvdzDiTIpDHreh1NaWV1b3yhvVra2d3ar7t5+26S55tDiqUx1N2IGpFDQQoESupkGlkQSOtH4auZ37kAbkapbnGQQJmyoRCw4Qyv13WogIcZgSgMthiOs992aX/fmoH+TGlmi2Xffg0HK8wQUcsmM6flehmHBNAouYVoJcgMZ42M2hJ6liiVgwmIefEqPrTKgcartKKRz9etFwRJjJklkNxOGI/PTm4m/eb0c44uwECrLERRfPIpzSTGlsxboQGjgKCeWMK6FzUr5iGnG0XZV+V8J7dO6b/nNWa1xuayjTA7JETkhPjknDXJNmqRFOMnJA3kiz8698+i8OK+L1ZKzvDkg3+C8fQJtlZLs</latexit><latexit sha1_base64="ifI9GKHGV456Px/eSdr0uH3fqkE=">AAAB+HicjVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaUCbTm3boZBJmboQa+iVuXCji1k9x5984fSxUFDxw4XDOvdzDiTIpDHreh1NaWV1b3yhvVra2d3ar7t5+26S55tDiqUx1N2IGpFDQQoESupkGlkQSOtH4auZ37kAbkapbnGQQJmyoRCw4Qyv13WogIcZgSgMthiOs992aX/fmoH+TGlmi2Xffg0HK8wQUcsmM6flehmHBNAouYVoJcgMZ42M2hJ6liiVgwmIefEqPrTKgcartKKRz9etFwRJjJklkNxOGI/PTm4m/eb0c44uwECrLERRfPIpzSTGlsxboQGjgKCeWMK6FzUr5iGnG0XZV+V8J7dO6b/nNWa1xuayjTA7JETkhPjknDXJNmqRFOMnJA3kiz8698+i8OK+L1ZKzvDkg3+C8fQJtlZLs</latexit><latexit sha1_base64="ifI9GKHGV456Px/eSdr0uH3fqkE=">AAAB+HicjVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaUCbTm3boZBJmboQa+iVuXCji1k9x5984fSxUFDxw4XDOvdzDiTIpDHreh1NaWV1b3yhvVra2d3ar7t5+26S55tDiqUx1N2IGpFDQQoESupkGlkQSOtH4auZ37kAbkapbnGQQJmyoRCw4Qyv13WogIcZgSgMthiOs992aX/fmoH+TGlmi2Xffg0HK8wQUcsmM6flehmHBNAouYVoJcgMZ42M2hJ6liiVgwmIefEqPrTKgcartKKRz9etFwRJjJklkNxOGI/PTm4m/eb0c44uwECrLERRfPIpzSTGlsxboQGjgKCeWMK6FzUr5iGnG0XZV+V8J7dO6b/nNWa1xuayjTA7JETkhPjknDXJNmqRFOMnJA3kiz8698+i8OK+L1ZKzvDkg3+C8fQJtlZLs</latexit><latexit sha1_base64="ifI9GKHGV456Px/eSdr0uH3fqkE=">AAAB+HicjVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaUCbTm3boZBJmboQa+iVuXCji1k9x5984fSxUFDxw4XDOvdzDiTIpDHreh1NaWV1b3yhvVra2d3ar7t5+26S55tDiqUx1N2IGpFDQQoESupkGlkQSOtH4auZ37kAbkapbnGQQJmyoRCw4Qyv13WogIcZgSgMthiOs992aX/fmoH+TGlmi2Xffg0HK8wQUcsmM6flehmHBNAouYVoJcgMZ42M2hJ6liiVgwmIefEqPrTKgcartKKRz9etFwRJjJklkNxOGI/PTm4m/eb0c44uwECrLERRfPIpzSTGlsxboQGjgKCeWMK6FzUr5iGnG0XZV+V8J7dO6b/nNWa1xuayjTA7JETkhPjknDXJNmqRFOMnJA3kiz8698+i8OK+L1ZKzvDkg3+C8fQJtlZLs</latexit> }

<latexit sha1_base64="ifI9GKHGV456Px/eSdr0uH3fqkE=">AAAB+HicjVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaUCbTm3boZBJmboQa+iVuXCji1k9x5984fSxUFDxw4XDOvdzDiTIpDHreh1NaWV1b3yhvVra2d3ar7t5+26S55tDiqUx1N2IGpFDQQoESupkGlkQSOtH4auZ37kAbkapbnGQQJmyoRCw4Qyv13WogIcZgSgMthiOs992aX/fmoH+TGlmi2Xffg0HK8wQUcsmM6flehmHBNAouYVoJcgMZ42M2hJ6liiVgwmIefEqPrTKgcartKKRz9etFwRJjJklkNxOGI/PTm4m/eb0c44uwECrLERRfPIpzSTGlsxboQGjgKCeWMK6FzUr5iGnG0XZV+V8J7dO6b/nNWa1xuayjTA7JETkhPjknDXJNmqRFOMnJA3kiz8698+i8OK+L1ZKzvDkg3+C8fQJtlZLs</latexit><latexit sha1_base64="ifI9GKHGV456Px/eSdr0uH3fqkE=">AAAB+HicjVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaUCbTm3boZBJmboQa+iVuXCji1k9x5984fSxUFDxw4XDOvdzDiTIpDHreh1NaWV1b3yhvVra2d3ar7t5+26S55tDiqUx1N2IGpFDQQoESupkGlkQSOtH4auZ37kAbkapbnGQQJmyoRCw4Qyv13WogIcZgSgMthiOs992aX/fmoH+TGlmi2Xffg0HK8wQUcsmM6flehmHBNAouYVoJcgMZ42M2hJ6liiVgwmIefEqPrTKgcartKKRz9etFwRJjJklkNxOGI/PTm4m/eb0c44uwECrLERRfPIpzSTGlsxboQGjgKCeWMK6FzUr5iGnG0XZV+V8J7dO6b/nNWa1xuayjTA7JETkhPjknDXJNmqRFOMnJA3kiz8698+i8OK+L1ZKzvDkg3+C8fQJtlZLs</latexit><latexit sha1_base64="ifI9GKHGV456Px/eSdr0uH3fqkE=">AAAB+HicjVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaUCbTm3boZBJmboQa+iVuXCji1k9x5984fSxUFDxw4XDOvdzDiTIpDHreh1NaWV1b3yhvVra2d3ar7t5+26S55tDiqUx1N2IGpFDQQoESupkGlkQSOtH4auZ37kAbkapbnGQQJmyoRCw4Qyv13WogIcZgSgMthiOs992aX/fmoH+TGlmi2Xffg0HK8wQUcsmM6flehmHBNAouYVoJcgMZ42M2hJ6liiVgwmIefEqPrTKgcartKKRz9etFwRJjJklkNxOGI/PTm4m/eb0c44uwECrLERRfPIpzSTGlsxboQGjgKCeWMK6FzUr5iGnG0XZV+V8J7dO6b/nNWa1xuayjTA7JETkhPjknDXJNmqRFOMnJA3kiz8698+i8OK+L1ZKzvDkg3+C8fQJtlZLs</latexit><latexit sha1_base64="ifI9GKHGV456Px/eSdr0uH3fqkE=">AAAB+HicjVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaUCbTm3boZBJmboQa+iVuXCji1k9x5984fSxUFDxw4XDOvdzDiTIpDHreh1NaWV1b3yhvVra2d3ar7t5+26S55tDiqUx1N2IGpFDQQoESupkGlkQSOtH4auZ37kAbkapbnGQQJmyoRCw4Qyv13WogIcZgSgMthiOs992aX/fmoH+TGlmi2Xffg0HK8wQUcsmM6flehmHBNAouYVoJcgMZ42M2hJ6liiVgwmIefEqPrTKgcartKKRz9etFwRJjJklkNxOGI/PTm4m/eb0c44uwECrLERRfPIpzSTGlsxboQGjgKCeWMK6FzUr5iGnG0XZV+V8J7dO6b/nNWa1xuayjTA7JETkhPjknDXJNmqRFOMnJA3kiz8698+i8OK+L1ZKzvDkg3+C8fQJtlZLs</latexit>

⌘ �(T )
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Figure 4: Schematic description of various quantities that are involved in producing the
baryon asymmetry. During QCD confinement at Tc, changing axion mass generates a chem-
ical potential between baryons and antibaryons. Sphalerons turn off after QCD confinement
because EW symmetry is broken.

CP problem. However, as it rolls, there is an uncancelled effective ✓̄. This nonzero ✓̄ induces
a GG̃ condensate, which couples to the baryon current via the pseudoscalar ⌘0 meson, whose
mass scales like m⌘0 ⇠ ⇤QCD. At energies below this mass, its residual effects are described
by the effective Lagrangian [4]
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where W (fW ) is the SU(2)W (dual) field strength and
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a(T )f
2
a sin ✓̄. (4.2)

Here ma(T ) is the temperature-dependent axion mass (we ignore the temperature dependence
of ✓̄ for simplicity). This temperature dependence has been calculated analytically [10] and by
lattice studies [11] at various temperature regimes. For our model the relevant temperature
dependence of the axion mass can be summarized as
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QCD)
3 and m̄ =

p
mumd/(mu + md) ' 0.5 (see,

e.g., Equations (18)-(23) in [12]). The parameter ⇣ and the exponent n represents different
temperature regimes above the QCD confinement scale and depends on the number of light
flavors.

Since WfW is connected to the baryon current density jµB through the anomaly equation,
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µ
B = (↵W /8⇡)Tr[WfW ], the GG̃ condensate generates an effective chemical potential [9, 13,

14] for baryons given by
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• Integrating by parts, this is a term in the action representing a 
chemical potential for baryons:


• Which leads to baryon production:

Spontaneous Baryogenesis
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• The resulting baryon asymmetry is:


• Tsph represents the temperature at which the sphalerons switch off.


• Treh is the “reheat” temperature, and allows for the possibility additional 
entropy production during the phase transition.


• Since the electroweak symmetry is strongly broken during the confined phase, 
as long as the deconfinement temperature is below the usual electroweak 
transition (so the sphalerons never switch back on), one expects Tsph ~ Treh.


• This is the right ballpark provided that the initial misalignment of the axion is 
O(1) and the potential is such that the sphalerons switch off fast enough.
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(g* ~ 30 during confinement)
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WIMP Dark Matter
• Let’s imagine that there is a WIMP-like particle which is a 

(SM singlet) Dirac fermion that likes to interact with 
quarks.


• If the mediators are heavy compared to the energies of 
interest, this can be parameterized by a dimension six 
operator.


• For simplicity, I will also imagine that this is a scalar 
interaction, and its flavor structure is minimal-flavor 
violating (MFV), matching the quark Yukawa interactions.


• (If the singlet field is heavy and has some mixing with the 
Higgs, this is the kind of low energy interaction it would 
mediate).


• If the WIMP further freezes out during the confined 
phase, its interactions are with mesons rather than 
quarks, which are enhanced by Λ.


• The chiral condensate can shift the DM mass by a     
non-trivial amount!

the effective coupling strength. At one loop and at scale µ, the effective strong coupling is

1

↵s(µ, vs)
=

33 � 2Nf

12⇡
ln

✓
µ2

⇤
2
0

◆
+ 4⇡

vs
M⇤

, (2.2)

where Nf is the number of active quark flavors at the scale µ ⇠ T . Figure 1 shows the effective
coupling as a function of temperature. QCD confinement occurs at a temperature Tc ' ⇤QCD,
where

⇤QCD(vs) = ⇤
SM
QCD e

24⇡2

2Nf�33
vs
M⇤ . (2.3)

Here, ⇤
SM
QCD ' 400 MeV is the SM value of the QCD confinement scale; we adjust gs0 such

that it is realized for vs = 0.
At scales below confinement, the relevant degrees of freedom are mesons, whose dynamics

are described by chiral perturbation theory, the effective field theory of which is parameterized
by coefficients which depend on ⇤QCD. We find it convenient to parameterize the physics in
terms of the ratio of ⇤QCD to ⇤

SM
QCD,

⇠ ⌘
⇤QCD

⇤
SM
QCD

' exp

✓
24⇡2

2Nf � 33

vs
M⇤

◆
. (2.4)

The parameter ⇠ is typically sufficient to completely describe the physics of dark matter
interactions during the period of early confinement.

3 Dark Matter Interactions and Chiral Perturbation Theory

The dynamics of the scenario we study are encoded in the Lagrangian:

L � �
1

4

✓
1

g2s0
+

S

M⇤

◆
Ga

µ⌫G
µ⌫
a +

X

q

�
iq̄ /Dq � yq hq̄LqR + H.c.

 
+ L� , (3.1)

where L� describes the dark matter and its interactions. We introduce a SM-singlet Dirac
fermion field � to represent the dark matter, and couple it to quarks,

L� = i�̄�µ@µ� � m��̄� +

X

ī,j

⇢
�ij

M2
S

�̄� q̄iqj +
�ij

M2
V

�̄�µ� q̄i�µqj

�
, (3.2)

where the couplings �ij/M2
S and �ij/M2

V represent operators left behind by integrating out
states with masses � m�. Generically, one would also expect there to be interactions with the
leptons or the Higgs doublet. We assume for simplicity that such interactions are subdominant
if present.

In the case of the scalar interactions, S itself could act as the mediator, provided it
has direct coupling to the dark matter. In that case, UV-completing will require additional
states to provide a renormalizable portal to hq̄q, and the dimension six interaction written

– 4 –

here will descend from a dimension seven operator after the SM Higgs gets its VEV. The
vector interactions could represent a Z 0 from an additional U(1) gauge symmetry that couples
to both quarks and dark matter. We will consider cases in which either scalar or vector
interactions dominate over the other one. We follow the guidance of minimal flavor violation
[18] in choosing the couplings such that

�ij ⌘ ±�ij
yi
yu

, (3.3)

which is normalized to the coupling to up quarks, and with an over-all factor absorbed into
M2

S . The possibility of choosing either sign for � will play an important role, described in 3.17
below.

The vector couplings �ij are diagonal and have equal values for the up-type quarks, and
equal (but different from the up-type) values for the down-type quarks,

�ij ⌘

(
�ij , j = u, c, t

(1 + ↵)�ij , j = d, s, b ,
(3.4)

where ↵ determines the difference between up- and down-type couplings. When ↵ = 0, the
vector coupling assigns charges equivalent to baryon number, and the mesons decouple from
the dark matter.

During early confinement, the Universe looks very different from the standard cosmological
picture based on the SM extrapolation. (Massless) quark and gluon degrees of freedom are
replaced by mesons and baryons, and chiral symmetry breaking induces a tadpole for the
Higgs which is relevant for the evolution of its VEV. In order to determine how dark matter
interactions are affected by this early cosmological period of QCD confinement, we first give
a description of this era in terms of chiral perturbation theory.

3.1 Chiral Perturbation Theory

In the limit ⇤QCD � mt, the QCD sector of the Lagrangian for quarks,

L �

X

q

�
iq̄ /Dq � yq hq̄LqR + H.c.

 
(3.5)

(where h is the SM Higgs radial mode) possesses an approximate global SU(6)L⇥ SU(6)R
chiral symmetry, which is softly broken by the Yukawa interactions. We work in the basis in
which the yq’s are diagonal, for which all flavor-changing processes reside in the electroweak
interactions. Non-perturbative QCD is expected to break SU(6)L⇥ SU(6)R ! SU(6)V to the
diagonal subgroup, resulting in 6

2
� 1 = 35 pions as pseudo-Nambu-Goldstone bosons.

At scales below ⇤QCD, the pions are described by a nonlinear sigma model built out of
U(x) ⌘ exp (i2T a⇡a

(x)/f⇡), where T a are the SU(6) generators. The leading terms in the
chiral Lagrangian (neglecting electroweak interactions) are

Lch =
f2
⇡

4
tr(|DµU |

2
) +  tr(UM †

q + MqU
†
) , (3.6)
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Figure 3: Higgs VEV as a function of temperature T for ⇠ = 500, 1000 and Td = 10 GeV.
The sudden changes occur at T ' ⇤QCD and Td.
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The meson masses in the confined phase are calculated as described in the previous section.
We find that for the values of ⇠ under consideration, the mesons containing top quarks are
typically much heavier than the temperature during the period of early confinement such that
they are Boltzmann suppressed. Hence the dominant thermal corrections are from the mesons
containing bottom quarks. We keep all 35 mesons in our numerical calculations.

At high temperatures, the potential is dominated by the T 2h2 term, driving vh ! 0, and
the electroweak symmetry is restored. At T = ⇤QCD, chiral symmetry is broken via the quark
condensate, and the tadpole triggers a non-zero Higgs VEV that is larger than v0h for the ⇠

values we consider. At Td, QCD deconfines and the Higgs VEV relaxes to its SM value. This
behavior is shown in Figure 3 for Td = 10 GeV and two values of ⇠.

3.3 Dark Matter Interactions with pions

At leading order in chiral perturbation theory, the interactions with the dark matter map
onto,



M2
S

�̄� tr

⇣
U †� + U�†

⌘
+

i

M2
V

�̄�µ� tr

⇣
(@µU †

) [�, U ] � [U †, �†
] (@µU)

⌘
, (3.15)
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with  and f⇡ determined as discussed in Section 3.1. Note that because the scalar interaction
with dark matter is chosen to take the same form as the spurion containing the quark masses,
a single hadronic coefficient  determines both the pion masses and the dark matter couplings
[19]. Expanding U to second order for Hermitian choices of � and � produces:

2 tr [�]

M2
S

�̄� +
2

f2
⇡

1

M2
S

tr[T aT b�] �̄�⇡a⇡b
+

2i

M2
V

fabc
tr[T b�] �̄�µ� ⇡a

(@µ⇡c
) . (3.16)

It is worth noting that the strength of the scalar interaction scales as /f2
⇡ / ⇠, whereas the

vector-interaction strength is independent of it.
The first term in Equation (3.16) represents a contribution to the dark matter mass

induced by the chiral condensate. At the time of freeze out, the effective mass is given by the
sum of mT=0

� , which to good approximation is m� in the Lagrangian (3.2), and this additional
correction that is operative during confinement,

mT=TF
� = mT=0

� + �m� , where �m� ' (2 eV) ⇠3
✓

10
6

GeV

MS

◆2

. (3.17)

For large values of ⇠, the effective shift may be a few GeV, and may play a role in determining
the relic abundance for dark masses of O(10 GeV). In Section 4 we present our results in terms
of the T = 0 (unshifted) mass relevant for WIMP searches today. For dark matter masses of
O(GeV), the sign of the effective mass term may flip between the time of freeze out and today
due to a sign difference between m� and �. For sufficiently complicated WIMP interactions,
this could lead to non-trivial interference effects, but for the simple cases we consider here it
is unimportant.

4 Dark Matter Parameter Space

In this section, we consider dark matter freezing out through either the scalar or vector
interactions introduced above during an early cosmological period of QCD confinement. We
contrast with the expectations from a standard cosmology and constraints from direct searches.

4.1 Relic Density

The Boltzmann equation describing the evolution of the density of dark matter in an expanding
Universe can be written as [20]:

dn�

dt
+ 3Hn� = �h�vi(n2

� � n2
eq) , (4.1)

where n� is the co-moving number density of the dark matter, and neq is its equilibrium
density at a given temperature. When the interaction rate drops below the expansion rate
of the Universe, H, the dark matter number density stabilizes, leaving a relic of the species
in the Universe today. The relic density can be solved for a non-relativistic species with a
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with  and f⇡ determined as discussed in Section 3.1. Note that because the scalar interaction
with dark matter is chosen to take the same form as the spurion containing the quark masses,
a single hadronic coefficient  determines both the pion masses and the dark matter couplings
[19]. Expanding U to second order for Hermitian choices of � and � produces:
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It is worth noting that the strength of the scalar interaction scales as /f2
⇡ / ⇠, whereas the

vector-interaction strength is independent of it.
The first term in Equation (3.16) represents a contribution to the dark matter mass

induced by the chiral condensate. At the time of freeze out, the effective mass is given by the
sum of mT=0

� , which to good approximation is m� in the Lagrangian (3.2), and this additional
correction that is operative during confinement,

mT=TF
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For large values of ⇠, the effective shift may be a few GeV, and may play a role in determining
the relic abundance for dark masses of O(10 GeV). In Section 4 we present our results in terms
of the T = 0 (unshifted) mass relevant for WIMP searches today. For dark matter masses of
O(GeV), the sign of the effective mass term may flip between the time of freeze out and today
due to a sign difference between m� and �. For sufficiently complicated WIMP interactions,
this could lead to non-trivial interference effects, but for the simple cases we consider here it
is unimportant.

4 Dark Matter Parameter Space

In this section, we consider dark matter freezing out through either the scalar or vector
interactions introduced above during an early cosmological period of QCD confinement. We
contrast with the expectations from a standard cosmology and constraints from direct searches.

4.1 Relic Density

The Boltzmann equation describing the evolution of the density of dark matter in an expanding
Universe can be written as [20]:

dn�

dt
+ 3Hn� = �h�vi(n2

� � n2
eq) , (4.1)

where n� is the co-moving number density of the dark matter, and neq is its equilibrium
density at a given temperature. When the interaction rate drops below the expansion rate
of the Universe, H, the dark matter number density stabilizes, leaving a relic of the species
in the Universe today. The relic density can be solved for a non-relativistic species with a
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The situation is rather different for MFV vector interactions.
Figure 5: (Top Left) The thermally-averaged cross-sections at the time of freeze-out as a
function of mT=0

� plotted for MV = 100 GeV (blue), 1 TeV (green) and ⇠ =1 (solid), 500
(dashed), 1000 (dotted). (Top Right) The generated relic abundance today as a function
of mT=0

� plotted for MV = 100 GeV (blue), 1 TeV (green) and ⇠ =1 (solid), 500 (dashed),
1000 (dotted). The horizontal solid line is the observed dark matter abundance. (Bottom

Left) The freeze-out temperature as a function of mT=0
� with MV = 100 GeV plotted for

⇠ =1 (solid), 500 (dashed), 1000 (dotted). (Bottom Right) Coupling as a function of mT=0
�

to produce the observed relic density plotted for ⇠ =1 (solid), 500 (dashed), 1000 (dotted).
Shaded blue region is excluded by XENON1T. See text for details.

4.4 Vector-Mediator Results

For vector interactions, our choice of minimally flavor-violating interactions �ij with the quarks
results in leading interactions with a pair of pions, as in Equation (3.16). In the non-relativistic
limit, the thermally-averaged annihilation cross section is,

h�V vi =

35X

a,b=1

⌦ab

24⇡
m2

�(1 � �ab + ⇢ab)
3/2


1 +

✓
1 +

9

4

�ab � 2⇢ab
1 � �ab + ⇢ab

◆
hv2i

2
+ O(hv4i)

�
(4.8)
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the effective coupling strength. At one loop and at scale µ, the effective strong coupling is

1
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=

33 � 2Nf
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⇤
2
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vs
M⇤

, (2.2)

where Nf is the number of active quark flavors at the scale µ ⇠ T . Figure 1 shows the effective
coupling as a function of temperature. QCD confinement occurs at a temperature Tc ' ⇤QCD,
where

⇤QCD(vs) = ⇤
SM
QCD e

24⇡2

2Nf�33
vs
M⇤ . (2.3)

Here, ⇤
SM
QCD ' 400 MeV is the SM value of the QCD confinement scale; we adjust gs0 such

that it is realized for vs = 0.
At scales below confinement, the relevant degrees of freedom are mesons, whose dynamics

are described by chiral perturbation theory, the effective field theory of which is parameterized
by coefficients which depend on ⇤QCD. We find it convenient to parameterize the physics in
terms of the ratio of ⇤QCD to ⇤

SM
QCD,

⇠ ⌘
⇤QCD

⇤
SM
QCD

' exp

✓
24⇡2

2Nf � 33

vs
M⇤

◆
. (2.4)

The parameter ⇠ is typically sufficient to completely describe the physics of dark matter
interactions during the period of early confinement.

3 Dark Matter Interactions and Chiral Perturbation Theory

The dynamics of the scenario we study are encoded in the Lagrangian:

L � �
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+

S
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◆
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µ⌫G
µ⌫
a +

X

q

�
iq̄ /Dq � yq hq̄LqR + H.c.

 
+ L� , (3.1)

where L� describes the dark matter and its interactions. We introduce a SM-singlet Dirac
fermion field � to represent the dark matter, and couple it to quarks,

L� = i�̄�µ@µ� � m��̄� +

X

ī,j

⇢
�ij

M2
S

�̄� q̄iqj +
�ij

M2
V

�̄�µ� q̄i�µqj

�
, (3.2)

where the couplings �ij/M2
S and �ij/M2

V represent operators left behind by integrating out
states with masses � m�. Generically, one would also expect there to be interactions with the
leptons or the Higgs doublet. We assume for simplicity that such interactions are subdominant
if present.

In the case of the scalar interactions, S itself could act as the mediator, provided it
has direct coupling to the dark matter. In that case, UV-completing will require additional
states to provide a renormalizable portal to hq̄q, and the dimension six interaction written
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here will descend from a dimension seven operator after the SM Higgs gets its VEV. The
vector interactions could represent a Z 0 from an additional U(1) gauge symmetry that couples
to both quarks and dark matter. We will consider cases in which either scalar or vector
interactions dominate over the other one. We follow the guidance of minimal flavor violation
[18] in choosing the couplings such that

�ij ⌘ ±�ij
yi
yu

, (3.3)

which is normalized to the coupling to up quarks, and with an over-all factor absorbed into
M2

S . The possibility of choosing either sign for � will play an important role, described in 3.17
below.

The vector couplings �ij are diagonal and have equal values for the up-type quarks, and
equal (but different from the up-type) values for the down-type quarks,

�ij ⌘

(
�ij , j = u, c, t

(1 + ↵)�ij , j = d, s, b ,
(3.4)

where ↵ determines the difference between up- and down-type couplings. When ↵ = 0, the
vector coupling assigns charges equivalent to baryon number, and the mesons decouple from
the dark matter.

During early confinement, the Universe looks very different from the standard cosmological
picture based on the SM extrapolation. (Massless) quark and gluon degrees of freedom are
replaced by mesons and baryons, and chiral symmetry breaking induces a tadpole for the
Higgs which is relevant for the evolution of its VEV. In order to determine how dark matter
interactions are affected by this early cosmological period of QCD confinement, we first give
a description of this era in terms of chiral perturbation theory.

3.1 Chiral Perturbation Theory

In the limit ⇤QCD � mt, the QCD sector of the Lagrangian for quarks,

L �

X

q

�
iq̄ /Dq � yq hq̄LqR + H.c.

 
(3.5)

(where h is the SM Higgs radial mode) possesses an approximate global SU(6)L⇥ SU(6)R
chiral symmetry, which is softly broken by the Yukawa interactions. We work in the basis in
which the yq’s are diagonal, for which all flavor-changing processes reside in the electroweak
interactions. Non-perturbative QCD is expected to break SU(6)L⇥ SU(6)R ! SU(6)V to the
diagonal subgroup, resulting in 6

2
� 1 = 35 pions as pseudo-Nambu-Goldstone bosons.

At scales below ⇤QCD, the pions are described by a nonlinear sigma model built out of
U(x) ⌘ exp (i2T a⇡a

(x)/f⇡), where T a are the SU(6) generators. The leading terms in the
chiral Lagrangian (neglecting electroweak interactions) are

Lch =
f2
⇡

4
tr(|DµU |

2
) +  tr(UM †

q + MqU
†
) , (3.6)
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with  and f⇡ determined as discussed in Section 3.1. Note that because the scalar interaction
with dark matter is chosen to take the same form as the spurion containing the quark masses,
a single hadronic coefficient  determines both the pion masses and the dark matter couplings
[19]. Expanding U to second order for Hermitian choices of � and � produces:
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2
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⇡

1
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tr[T aT b�] �̄�⇡a⇡b
+
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(@µ⇡c
) . (3.16)

It is worth noting that the strength of the scalar interaction scales as /f2
⇡ / ⇠, whereas the

vector-interaction strength is independent of it.
The first term in Equation (3.16) represents a contribution to the dark matter mass

induced by the chiral condensate. At the time of freeze out, the effective mass is given by the
sum of mT=0

� , which to good approximation is m� in the Lagrangian (3.2), and this additional
correction that is operative during confinement,

mT=TF
� = mT=0

� + �m� , where �m� ' (2 eV) ⇠3
✓

10
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MS

◆2

. (3.17)

For large values of ⇠, the effective shift may be a few GeV, and may play a role in determining
the relic abundance for dark masses of O(10 GeV). In Section 4 we present our results in terms
of the T = 0 (unshifted) mass relevant for WIMP searches today. For dark matter masses of
O(GeV), the sign of the effective mass term may flip between the time of freeze out and today
due to a sign difference between m� and �. For sufficiently complicated WIMP interactions,
this could lead to non-trivial interference effects, but for the simple cases we consider here it
is unimportant.

4 Dark Matter Parameter Space

In this section, we consider dark matter freezing out through either the scalar or vector
interactions introduced above during an early cosmological period of QCD confinement. We
contrast with the expectations from a standard cosmology and constraints from direct searches.

4.1 Relic Density

The Boltzmann equation describing the evolution of the density of dark matter in an expanding
Universe can be written as [20]:

dn�

dt
+ 3Hn� = �h�vi(n2

� � n2
eq) , (4.1)

where n� is the co-moving number density of the dark matter, and neq is its equilibrium
density at a given temperature. When the interaction rate drops below the expansion rate
of the Universe, H, the dark matter number density stabilizes, leaving a relic of the species
in the Universe today. The relic density can be solved for a non-relativistic species with a
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QCD Axion Production

• In a theory in which the QCD axion plays the role of dark matter, a period of early QCD 
confinement can also make a huge difference.


• Since the axion mass is pegged to the QCD scale, a dramatic change in Λ could cause it to 
start oscillating early, disrupting the usual connection between fa, θ0, and the final axion 
density expected from misalignment production.
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FIG. 3. Examples of the evolution of H, ma, and ⇢a (as indicated) and final enhancement S for four choices of parameters:
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d ] = [500, 10] GeV; upper right: [⇤QCD, T
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FIG. 4. Contours of enhancement factor S in the plane of T
�
d and ⇤QCD for fa = 1012 GeV, Tosc ⇡ 2.4 GeV (left) and

fa = 1015 GeV, Tosc ⇡ 0.67 GeV (right). The red lines bound the region where damping and re-oscillation take place, the
dashed grey lines label the EWSB scale in the SM, and the white dashed line marks the boundary below which early confinement
never occurs. The solid markers in the left panel correspond to the four points shown in FIG. 3.

cross H, but does so at a later time as the temperature
decreases.

In FIG. 4, we show contours of S in the plane of T�
d

and ⇤QCD for two choices of fa. The example parame-
ter points from the four panels of FIG. 3 are indicated

by the triangle (top left), square (top right), circle (bot-
tom left), and cross (bottom right). The dashed white
line indicates ⇤QCD = T

�
d , below which early confine-

ment never occurs. The red contour delineates the region
inside of which damping and re-oscillation take place.



Axion Production

• The net result is typically a suppression of the final density of axions.


• This allows larger axion decay constants (lighter axions) to be naturally produced (from O(1) 
misalignment)  with the correct abundance — it opens up regions of axion parameter 
space which would otherwise have looked very fine-tuned.
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dashed grey lines label the EWSB scale in the SM, and the white dashed line marks the boundary below which early confinement
never occurs. The solid markers in the left panel correspond to the four points shown in FIG. 3.

cross H, but does so at a later time as the temperature
decreases.

In FIG. 4, we show contours of S in the plane of T�
d

and ⇤QCD for two choices of fa. The example parame-
ter points from the four panels of FIG. 3 are indicated

by the triangle (top left), square (top right), circle (bot-
tom left), and cross (bottom right). The dashed white
line indicates ⇤QCD = T

�
d , below which early confine-

ment never occurs. The red contour delineates the region
inside of which damping and re-oscillation take place.
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Figure 6: Parameter space in the b1-b2 plane for benchmark 1 (left panel) and 2 (right
panel). In the blue-shaded, upper-right region, vh < T after confinement, risking washout of
the baryon asymmetry. In the pink-shaded, lower-left region, vh > T before confinement, and
the sphalerons are inactive at T ⇠ ⇤QCD. Gray shading marks the region in which tunneling
to the SM-vacuum is highly suppressed, and inaccessible before TBBN = 2 MeV.

tunneling.
Figure 6 summarizes the allowed parameter space in the b1-b2 plane for benchmarks 1

and 2. The black dotted lines indicate contours of the labelled values for vh at Tc, and blue
dotted lines show contours for the values of ⇤QCD. The pink-shaded region corresponds to the
parameter space in which sphalerons are not active at the time of QCD confinement, vh 6= 0

right before Tc, whereas the blue-shaded region corresponds to the parameter space in which
vh/Tc < 1, risking that the generated baryon asymmetry will be washed out. Grey shading
indicates points in which transitioning to the SM-like vacuum is via suppressed tunneling,
and would not occur before BBN. The white (unshaded) region thus allows one to successfully
realize baryogenesis as described above. Also shown for reference are contours of fixed mass
of the singlet S at zero temperature (see Section 6, below).

The benchmark studies reveal a few features which are likely to be fairly generic:

• Larger choices of M⇤ require larger values of vs in the confining vacuum to obtain the
same ⇤QCD (see Equation (3.4)), which in turn corresponds to a larger distance in
singlet-field space between the vacuum during high scale confinement and the SM-like
vacuum. The need to transition to the SM-like vacuum before BBN then implies smaller
values of the couplings b1, b2, translating into smaller singlet masses.

• In order for the Higgs VEV to successfully trigger deconfinement, it is necessary that
the potential be EW scale in the S direction, at least for a distance in field space
�S ⇠ O(M⇤). That implies that the parameters ai should be inversely correlated with
the scale M⇤, as was engineered for the benchmark points.
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right before Tc, whereas the blue-shaded region corresponds to the parameter space in which
vh/Tc < 1, risking that the generated baryon asymmetry will be washed out. Grey shading
indicates points in which transitioning to the SM-like vacuum is via suppressed tunneling,
and would not occur before BBN. The white (unshaded) region thus allows one to successfully
realize baryogenesis as described above. Also shown for reference are contours of fixed mass
of the singlet S at zero temperature (see Section 6, below).

The benchmark studies reveal a few features which are likely to be fairly generic:

• Larger choices of M⇤ require larger values of vs in the confining vacuum to obtain the
same ⇤QCD (see Equation (3.4)), which in turn corresponds to a larger distance in
singlet-field space between the vacuum during high scale confinement and the SM-like
vacuum. The need to transition to the SM-like vacuum before BBN then implies smaller
values of the couplings b1, b2, translating into smaller singlet masses.

• In order for the Higgs VEV to successfully trigger deconfinement, it is necessary that
the potential be EW scale in the S direction, at least for a distance in field space
�S ⇠ O(M⇤). That implies that the parameters ai should be inversely correlated with
the scale M⇤, as was engineered for the benchmark points.
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Example parameter space motivated by 
deconfinement triggered by the Higgs

consider the mixing between S and the Higgs boson and investigate a parameter region where

an electroweak (EW) phase transition triggers another transition where v
T
S ! 0 such that the

QCD confinement returns to the SM case before BBN.

2 A model of early (de)confinement

The Lagrangian of the model that we will study in this paper is given by,

L = LSM �
1

4

✓
1

g
2
s0

+
S

M⇤

◆
Gµ⌫G

µ⌫
� V (S)� V (H)� V (H,S) , (2.1)

V (H) = �µ
2
|H|

2 + �h|H|
4
,

V (S) = a2(S � S0)
2 + a3(S � S0)

3 + a4(S � S0)
4
,

V (H,S) = �b1S|H|
2 + b2S

2
|H|

2
.

LSM is the Lagrangian of the Standard Model (not including the explicitly written gluon

kinetic term and tree level Higgs potential), Gµ⌫ is the gluon field strength, and S is a gauge-

singlet scalar which mixes with the SM Higgs boson. Note that this is the same Lagrangian

considered in [4]. However in that earlier work the Higgs mixing was set to zero for simplicity.

The current work will focus on this mixing.

The scalar potential V (S) differs from the one given in [4] slightly. Here we chose to shift

S by S0 in order to get rid of the tadpole term. [SI: Is what I just said is correct?] The scalar

potential, taken together with mixing with the Higgs the finite-temperature corrections, which

we will discuss shortly, has two vacua: i) the high-temperature confining vacuum and ii) the

SM-like vacuum.

The scale of the scalar–gluon interactions, M⇤, can be constrained at hadron colliders. For

example, the dijet resonance search by ATLAS [1] can be used to constrain M⇤ & 4�15 TeV for

scalar masses 2-4 TeV [2]. We will discuss shortly that the scalar masses that are interesting

in our study are O(10 GeV). In this light-scalar regime non-resonant searches are more

applicable. In [3] such searches were reinterpreted for axion-like particles (ALPs). In contrast

to ALPs, the scalar here only couples to the gluon field strength. Hence, most of the constraints

are not applicable. In fact, the only constraint comes from CMS dijet angular distribution [6],

requiring M⇤ > 3 TeV, independent of the S mass for masses lighter than ⇠ 100 GeV
1
. Further

constraints on the model parameters will be discussed later.

[SI: Write: H � S mixing and mass eigenstates.]

3 Fantastic phase transitions and where to find them

In this section we will discuss the finite-temperature behavior of the scalar sector of the model

as well as the confinement/deconfinement phase transitions in the strong sector, starting

1
It is important to note that this constraint was obtained for a pseudoscalar. We expect the constraint for

a scalar to be less stringent, but leave a more detailed LHC analysis for future work.

– 2 –

Higgs VEV switches on too slowly, allowing baryon 
asymmetry to be washed out by sphalerons.

Higgs VEV switches on too fast, and sphalerons are 
already inactive by the time the axion starts rolling.

Tunneling to the SM-like vacuum is suppressed and 
occurs too late for BBN.



Scalar Properties
• The true hallmark of these dynamics is the presence of the singlet scalar field.


• It couples to gluons through the dimension 5 interaction characterized by scale M*.


• It also picks up scaled down Higgs interactions through mixing with the SM Higgs 


• But in this parameter space, the mixing is θ < 10-3 or so.  This is too small for the LHC to 
have seen a deviation in the SM-like Higgs properties.


• There could be additional dark decay modes.
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0.005
0.010

0.050
0.100

0.500
1

Figure 7: (Left:) Partial decay width of s into gluons, bb̄, cc̄ and ⌧+⌧� final states. For
reference we show two mixing angles, sin2 ✓ = 10�2 (dashed) and 104 (dotted). We set the
scale of the scalar-gluon interaction at M⇤ = 5 TeV. (Right:) Branching fractions into final
states of gluons,bb̄, cc̄ and ⌧+⌧� for M⇤ = 5 TeV (solid) and 10 TeV (dotted) for sin2 ✓ = 10�2.

heavy vector-like quarks, in which case M⇤ ⇠ MVLQ. There are various model-dependent
LHC searches for vector-like quarks, with particular emphasis on searches for top partners.
Searches for pair-produced vector-like quarks mixing with the SM top quark exclude their
masses below ⇠ 1 TeV [26, 27] whereas single production constraints go up to 1.4 TeV [28],
depending on the mixing angle. Bounds are typically somewhat weaker for vector-like quarks
mixing with lighter SM quarks.

6.2 Scalar mixing

The requirement that the transition to the SM happen before BBN points to the mixing
parameters b1 . a few GeV and b2 ⇠ O(10�5

� 10�3). In the benchmark scenarios, the scalar
mass is O(1-10 GeV). Together, these parameters allow a small mixing between the singlet
and the Higgs, sin ✓ ⇠ 10�4

� 10�2. This is below the current sensitivity of the LHC to the
properties of the Higgs boson [29].

The singlet decays into SM fermions f via its mixing with the Higgs boson. The partial
decay width into ff̄ is given at tree level by

�(s ! ff̄) '
Nc y2f sin

2 ✓mS

8⇡

 
1�

4m2
f

m2
S

!3/2

, (6.3)

where Nc = 3 for quarks and 1 for leptons. In Figure 7 we show the partial decay widths into
gluon and fermion final states, and the branching ratios as a function of mS for representative
values of sin ✓ and M⇤ from the benchmark models.

The dominant gluonic decay mode is an important difference between the singlet discussed
here and typical singlet scalar extensions of the Standard Model. Nevertheless, although
subdominant, the bb̄ final state provides a useful search mechanism at particle colliders. The
best limits for ms ' 10� 100 GeV are from Higgs searches at LEP [31], which probe sin2 ✓ &

– 15 –
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Non-Resonant Searches for Axion-Like Particles at the LHC
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We propose a new collider probe for axion-like particles (ALPs), and more generally for pseudo-
Goldstone bosons: non-resonant searches which take advantage of the derivative nature of their
interactions with Standard Model particles. ALPs can participate as o↵-shell mediators in the s-
channel of 2 ! 2 scattering processes at colliders like the LHC. We exemplify the power of this
novel type of search by deriving new limits on ALP couplings to gauge bosons via the processes
pp ! ZZ, pp ! �� and pp ! jj using Run 2 CMS public data, probing previously unexplored
areas of the ALP parameter space. In addition, we propose future non-resonant searches involving
the ALP coupling to other electroweak bosons and/or the Higgs particle.

I. INTRODUCTION

Axion-like particles (ALPs) [1, 2], and more generally
pseudo-Goldstone bosons, often appear in extensions of
the Standard Model (SM). They may be connected to
solutions to the strong CP problem [3–19] and/or to the
existence of new spontaneously-broken global symmetries
in Nature. In the following the term ALP will be used
indistinctly to denote all such pseudo-scalars.

ALPs are being searched at high-energy colliders [20–
27, 30, 31], beam dump experiments [32, 33], via their
e↵ects in flavour physics [29, 34–38] and through their
astrophysical signatures [39–42] (see Ref. [43] for a re-
view).

In this work we propose a novel approach to probe
the existence of ALPs at high-energy colliders, namely
non-resonant searches where the ALP is an o↵-shell me-
diator in the s-channel of 2 ! 2 scattering processes.
The ALP pseudo-Goldstone nature implies that its in-
teractions with SM particles are dominantly derivative,
enhancing the cross sections for center-of-mass energies
ŝ � m2

a, where ma denotes the mass of the ALP a. In
this kinematical regime, the processes tailored to search
for ALPs at the Large Hadron Collider (LHC) include
those with two SM bosons in the final state: electroweak
gauge bosons (W , Z, �), gluons g and/or the Higgs par-
ticle h. For ma ⌧ 100 GeV, the gluon-initiated 2! 2 di-
boson scattering processes pp (gg) ! ZZ, WW , Z� and
Zh may be mediated by a virtual ALP, as shown in Fig. 1.
This can also occur for the processes pp (gg)! jj (gg) or
pp (gg)! �� in the regime where a large invariant mass
mjj or m�� is required in the final state.

The theoretical framework used throughout this work
is the model-independent approach of e↵ective field the-
ories (EFT). If the Higgs particle is considered to be part
of an exact SU(2)L doublet at low energies, as predicted
in the SM, the putative beyond the Standard Model
(BSM) electroweak physics may then be described by

an EFT linear expansion [44, 45] in terms of towers of
gauge invariant operators ordered by their mass dimen-
sion. Alternatively, since a non-doublet component of
the Higgs particle is at present experimentally allowed
(at the ⇠ 10% level [46]), a non-linear EFT (also called
chiral) [47–53] based on a momentum expansion is also
of interest. In the following we concentrate on the lin-
ear EFT for the SM plus an ALP [1, 2, 24], and discuss
when pertinent the comparison with a chiral EFT, no-
tably for the interactions between the ALP and the Higgs
boson [24, 25].

a∗

Z

Z

a∗

Z

h

FIG. 1. Feynman diagrams for the processes gg ! ZZ (left)
and gg ! Zh (right) via an o↵-shell ALP in the s-channel.

II. BOSONIC ALP LAGRANGIAN

Linear expansion. In the linear ALP EFT, the new
physics scale to be considered is the ALP decay constant
fa, which will weight down the higher-dimensional opera-
tors built from the SM fields and a. The most general CP-
conserving e↵ective Lagrangian describing bosonic ALP
couplings contains – up to next-to-leading order (NLO)
– only four independent operators of mass dimension
five [1, 2, 24, 54],

�Le↵ � cG̃ OG̃ + cB̃ OB̃ + cW̃ OW̃ + ca� Oa� , (1)

where

OG̃ ⌘ �
a

fa
Gµ⌫

eGµ⌫ , OW̃ ⌘ �
a

fa
W a

µ⌫
fWµ⌫

a ,

OB̃ ⌘ �
a

fa
Bµ⌫

eBµ⌫ , Oa� ⌘ i
@µa

fa
�† !D µ� .

(2)
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TeV is 81 pb. The CMS event selection is discussed in
detail in Appendix A1. Fig. 3 shows the invariant mass
m``J distribution resulting for the signal after the CMS
event selection, for ci = 1 and fa = 2 TeV (correspond-
ing to the largest value of m``J in the CMS analysis),
together with the SM background publicly available in
Ref. [62] (and dominated by Z+ jets), both for the un-
tagged (top plot) and b-tagged (bottom plot) categories.
A binned likelihood analysis of the m``J distribution af-
ter CMS event selection combining the untagged and b-
tagged categories is then performed, which allows to set
a 95% C.L. exclusion limit on the signal cross section of
� = 25 fb. This corresponds to fa > 4.1 TeV for ci = 1,
and is valid for any value of the ALP mass up ma ⇠ 200
GeV without significant modifications of the signal prop-
erties. Note that, since the “low-mass merged” CMS
analysis uses data up to mZZ = 2 TeV, our derived limit
on fa for ci = 1 lies within the region of validity of the
EFT. In Fig. 4 (top) the corresponding new limit on gaZZ

(see Eq. (5)) resulting from our non-resonant analysis is
depicted as a hatched area, for a fixed value g�1

agg = 1
TeV.

For comparison, Fig. 4 (top) depicts as well previous
bounds in the literature for gaZZ , which also assume the
additional presence of gagg, albeit obtained from on-shell
ALP searches. For ma . 0.1 GeV, the ALP is stable
on LHC scales, resulting in constraints on gaZZ from
mono-Z searches (in violet), see Ref. [24]. The radiative
(2-loop) contribution of gaZZ to ga�� allows to obtain
further constraints for certain ranges of ALP masses for
which strong constraints on ga�� exist (see the discussion
in Refs. [25, 28]). For ALP masses below the GeV scale,
limits on gaZZ are thus set by beam dump searches (in
yellow) [70–72] (we adapt here the bounds compiled in
Ref. [32]), and by energy-loss arguments applied to the
supernova SN1987a [41, 42] (in blue), both through ab-
sence of extra cooling (labelled “length” in Fig. 4 and
through absence of a photon burst from decaying emit-
ted axions (labelled “decay” in Fig. 4. Furthermore, the
radiative contribution of gaZZ to ga�� is also constrained
by LHCb [73] (see Ref. [35]) in the small region 4.9 GeV
< ma < 6.3 GeV (in dark grey) and by ATLAS/CMS
searches for �� resonances (in red) for ma > 10 GeV (we
adapt here the bounds from Refs. [20, 26]). We stress
that the latter limits are from LHC Run 1 (

p
s = 7 and

8 TeV), and as such
p

s = 13 TeV Run 2 analyses should
significantly improve on those. Next, although LHC tri-
boson searches for ma � 100 GeV have yielded very
weak constraints [30], the radiative contribution of gaZZ

to ga�� provides as well sizeable constraints. We do not
include here, though, the expected tree-level bounds on
gaZZ from ZZ resonance searches by ATLAS and CMS
(e.g. from Ref. [62]) for ma > 200 GeV. To our knowl-
edge, these have not yet been obtained and are com-
plementary to the non-resonant search presented in this
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FIG. 4. Top: Bounds on the ALP coupling gaZZ as a func-
tion of ma. The hatched region corresponds to the limit from
non-resonant LHC searches derived in this work using CMS
di-boson data [62]. Also shown are limits from LHC mono-
Z searches (violet), beam-dump experiments (yellow), super-
nova SN1987a (blue), LHCb (dark grey) and LHC resonant
�� searches (red), see text for details. Bottom: Bounds on
the photonic couplings ga�� , with color code as for the top
figure. Limits from BaBar (dark grey), L3 (cyan) and LEP
(green) are also depicted, see text for details.

work. The study of such ZZ resonant searches is left for
a forthcoming work [74].

2) pp ! a⇤ ! ��

Non-resonant ALP searches are also possible for final
states to which a light ALP could decay, such as ��, by
selecting events with a large invariant mass m�� � ma.
The recent CMS search for non-resonant new physics

The scalar can be produced off-shell 
at the LHC through gluon fusion.


Usually it decays to dijets, which 
have large backgrounds.


Through mixing with the Higgs, it can 
also decay into more interesting 

signatures such as dibosons.

Maybe at Run III…?
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Outlook
• The idea that QCD may have undergone a period of confinement in the 

early universe is an interesting question that highlights our general 
ignorance of the universe at times before BBN.


• It’s worth exploring as part of a general investigation into the possibility 
that physics may hold surprises in the high temperatures of the early 
Universe.


• I highlighted a few applications one could imagine related to realizing 
the baryon asymmetry or rescuing WIMP dark matter that would 
otherwise have been ruled out by direct searches.


• One could also imagine applications to axion cosmology.


• I see this as part of a larger program in which we should strive to 
understand the space of what is possible in the early Universe, how to 
constrain the space of possibilities, and explore how they could cause 
us to rethink standard solutions to its mysteries.

Heurtier, Huang, TMPT, in progress



Thank you!
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Big Bang Nucleosynthesis
• The ratios of the primordial 

elements are also sensitive 
to the baryon asymmetry.


• Y is more or less 
equivalent to the fraction 
of  He.


• The 7Li abundance is 
marginally inconsistent 
with the most accurate 
determinations from 
deuterium and Helium.


• The best fit value agrees 
with CMB determinations.

4

PDG

23. Big-Bang nucleosynthesis 3

Figure 23.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted
by the standard model of Big-Bang nucleosynthesis — the bands show the 95%
CL range [5]. Boxes indicate the observed light element abundances. The narrow
vertical band indicates the CMB measure of the cosmic baryon density, while the
wider band indicates the BBN D+4He concordance range (both at 95% CL).

predictions and thus in the key reaction cross sections. For example, it has been suggested
[31,32] that d(p, γ)3He measurements may suffer from systematic errors and be inferior to
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Supercooled EW Transition
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Kuzmin, Shaposhnikov, Tkachev PRD45, 466 (1992)

[also Witten NPB177, 477 (1981) ]


…



• Kuzmin et al engineer the super-cooled 
EW phase transition by invoking a 
Coleman-Weinberg potential for the 
Higgs.


• (That was still an option in 1992…)


• Today, one can arrive at something 
appropriate with a modified Higgs 
sector.


• For that choice, the barrier between the 
symmetric and broken phases is hefty 
enough that around TQCD, there wouldn’t 
have been enough time to tunnel.

Phase Transition

e.g.  in a RS composite Higgs model:

von Harling, Servant JHEP1801, 159 (2018)

V(h)

<h>



• The resulting baryon asymmetry is:


• Allowing for entropy production after the phase transition:


• This leads to a new problem.  The weak bosons get masses of 
order 100 GeV once the EW symmetry is fully broken.  Their 
decays instantly produce too much entropy, which dilutes the 
baryon asymmetry by about 10-9.
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