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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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Ma!er Anti-ma!er asymmetry:

characterized in terms of the 
baryon to photon ratio
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Ma!er Anti-ma!er asymmetry of " universe:

characterized in terms of the 
baryon to photon ratio η ≡

nB − nB

nγ
~ 6. 10-10 

 10 000 000 001
Matter

 The  great annihilation between 
nucleons & anti-nucleons

 10 000 000 000
Anti-matter

1
(us)

n + n̄� ⇥ + ⇥ � � + � + ...

� � (mNT )3/2e�mN /T /m2
� � H � ⇥g⇥T

2/mPloccurs when

corresponding to a freeze-out temperature TF ~ 20 MeV�� H

� � H

�� H

nN

s

≈ 7 × 10
−20

109 times smaller than observed, 
and there are no antibaryons

-> need to invoke an initial asymmetry

 In absence of 
an asymmetry:
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The Baryon Asymmetry 
of the Universe (BAU) 

deduced  from the Cosmic 
Microwave Background 
measurements is now 

more precise than the one 
deduced from Big Bang 
Nucleosynthesis (D/H 

abundance)
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Gavela, P. Hernandez, Orloff, Pene ’94 
Konstandin, Prokopec, Schmidt ’04 

Tranberg, A. Hernandez, Konstandin, Schmidt ’09 

- so far, no baryogenesis mechanism that 
 works with only SM CP violation (CKM phase)

double failure:

- lack of out-of-equilibrium condition

remains unexplained within the Standard Model⌘

proven for standard 
EW baryogenesis

unconclusive attempts in 
cold EW baryogenesis Brauner, Taanila,Tranberg,Vuorinen ’12 
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Figure 1. Leptoquark decays.
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Figure 2. Radiative corrections to leptoquark decays important for CP-violation.

where δCP is the asymmetry in leptoquark decays,

δCP =
Γ(X → qq) − Γ(X̄ → q̄q̄)

Γtot

, (4)

Γtot is the total width of X, Neff is the number of effectively massless degrees of freedom, and
Smacro is a factor taking into account the kinetics of the leptoquark decays.

The progress over last 30 years is quite impressive: one can distinguish more than 44 different
ways to create baryons in the Universe! Here is the list taken from the titles of numerous papers
on this subject:

1. GUT baryogenesis. 2. GUT baryogenesis after preheating. 3. Baryogenesis from
primordial black holes. 4. String scale baryogenesis. 5. Affleck-Dine (AD) baryogenesis. 6.
Hybridized AD baryogenesis. 7. No-scale AD baryogenesis. 8. Single field baryogenesis. 9.
Electroweak (EW) baryogenesis. 10. Local EW baryogenesis. 11. Non-local EW baryogenesis.
12. EW baryogenesis at preheating. 13. SUSY EW baryogenesis. 14. String mediated EW
baryogenesis. 15. Baryogenesis via leptogenesis. 16. Inflationary baryogenesis. 17. Resonant
leptogenesis. 18. Spontaneous baryogenesis. 19. Coherent baryogenesis. 20. Gravitational
baryogenesis. 21. Defect mediated baryogenesis. 22. Baryogenesis from long cosmic strings.
23. Baryogenesis from short cosmic strings. 24. Baryogenesis from collapsing loops. 25.
Baryogenesis through collapse of vortons. 26. Baryogenesis through axion domain walls. 27.
Baryogenesis through QCD domain walls. 28. Baryogenesis through unstable domain walls.
29. Baryogenesis from classical force. 30. Baryogenesis from electrogenesis. 31. B-ball
baryogenesis. 32. Baryogenesis from CPT breaking. 33. Baryogenesis through quantum gravity.
34. Baryogenesis via neutrino oscillations. 35. Monopole baryogenesis. 36. Axino induced
baryogenesis. 37. Gravitino induced baryogenesis. 38. Radion induced baryogenesis. 39.
Baryogenesis in large extra dimensions. 40. Baryogenesis by brane collision. 41. Baryogenesis
via density fluctuations. 42. Baryogenesis from hadronic jets. 43. Thermal leptogenesis. 44.
Nonthermal leptogenesis.
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Abstract. We will discuss different mechanisms for baryogenesis with special emphasis to
those of them that can be experimentally tested.

1. Introduction
Baryogenesis gives a possible answer to the following question: Why there is no antimatter in
the Universe? Or, on quantitative level: Why the observed baryon to entropy ratio is

nB

s
! (8.4 − 8.9) × 10−11 . (1)

A (qualitative) solution to this problem is known already for quite some time [1] (see also [2]):
the Universe is charge asymmetric because it is expanding (the existence of arrow of time, in
Sakharov’s wording), baryon number is not conserved and the discrete CP-symmetry is broken.
If all these three conditions are satisfied, it is guaranteed that some excess of baryons over
anti-baryons will be generated in the course of the Universe evolution. However, to get the sign
and the magnitude of the baryon asymmetry of the Universe (BAU) one has to understand the
precise mechanism of baryon (B) and lepton (L) number non-conservation, to know exactly how
the arrow of time is realized and what is the relevant source of CP-violation.

Back in 1977-1979 we thought we knew the origin of the baryon asymmetry of the Universe
[3, 4, 5]. The baryon and lepton number non-conservation was related to Grand Unified Theories
(GUT) of strong, weak and electromagnetic interactions. Since the scale of GUT MX ∼ 1015

GeV is close to the Planck scale MP ∼ 1019 GeV, the rate of Universe expansion was high at this
moment, leading to deviations from thermal equilibrium in the leptoquark decays. The GUT
structure in general allows a number of CP-violating phases in leptoquak coupling to quark and
leptons.

To find the baryonic asymmetry in a specific GUT, one considers B-violating leptoquark
decays (see Fig. 1)

X → q!, q̄q̄ and X̄ → q̄!̄, qq (2)

and computes radiative corrections to the amplitudes (see Fig. 2), necessary for CP-violating
effects to show up. The baryon asymmetry is given by

nB

nγ
= ∆ ∼

1

Neff

δCP · Smacro, (3)

Journal of Physics: Conference Series 171 (2009) 012005

1
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History of baryogenesis papers
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Two leading candidates 
for baryogenesis:

--> Leptogenesis by out of equilibrium decays of RH 
neutrinos before the EW phase transition

--> Baryogenesis at a first-order EW phase transition
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T B washout unless B-L ≠ 0
requires SO(10) leptogenesis
requires too high reheat 
temperature to produce 
enough GUT particles

hierarchy pb -> embed in susy-> 
gravitino pb (can be solved if 

M_gravitino>100 TeV and DM is 
neutralino or gravitino is stable)

EW breaking, 
sphalerons 
freese-out

GUT baryogenesis

Thermal leptogenesis

Affleck-Dine (moduli decay)

Non-thermal leptogenesis 
(via oscillations)

Asymmetric dark matter-cogenesis

EW (non-local) baryogenesis

EW cold (local) baryogenesis

Models of Baryogenesis 
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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 
in front of the wall

Baryon asymmetry and " EW scale

Electroweak baryogenesis mechanism relies 
on a first-order phase transition

1)  nucleation  and expansion of 
bubbles of broken phase

• B formation cartoon:

CP

Q

U

Q

U

H

yt QHuUc SU(2)L sphaleron

• Osphal ∝
∏

i(QiQiQiLi) is sourced by the Q asymmetry.
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In the SM, a 1rst-order phase transition can occur due to thermally generated cubic Higgs interactions: 

for mh>72 GeV, no 1st order phase transition

Sum over all bosons which couple to the Higgs

In the SM: not enough 

In the MSSM: new bosonic degrees of freedom with large coupling to the Higgs
Main effect due to the stop

V (φ, T ) ≈
1

2
(−µ2

h + cT 2)φ2 +
λ

4
φ4

−ETφ3

−ETφ3
⊂ −

T

12π

∑

i
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!

∑
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The (fine-tuned) EW baryogenesis window in the Minimal Supersymmetric 
Standard Model: A Stop-split supersymmetry spectrumThe MSSM EWBG Spectrum

3
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• Stop-split supersymmetry spectrum . . .

from EDM bounds

from Higgs mass bound

for strong 1st order 
phase transition

for sufficient CP 
violation

bounds get relaxed when adding singlets or in BSSM

The light stop scenario: testable at the LHC

EWBG in the MSSM

Requirement #2: New Sources of CP Violation

• Main MSSM source: Higgsinos and Gauginos.

[Carena,Quirós,Seco,Wagner ’02; Lee,Cirigliano,Ramsey-Musolf ’04]

Arg(µM1,2) ! 10−2

µ, M1,2 " 400GeV

• New CP violation −→ electric dipole moments (EDM)

γ

χ 0

f
~

f f

+  . . .

~

• EDM bounds ⇒ mf̃1,2
! 5TeV (unless cancellations)

� Im(µM2)

• e.g. Electron EDM de (contd. . . )

Irreducible two-loop contribution (∝ Im(µM2)):

[Chang, Chang, Keung ’02; Pilaftsis ’02]
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Upcoming experiments will probe the EWBG region.

[Balázs,Carena,Menon,DM,Wagner ’04, Lee,Cirigliano,Ramsey-Musolf ’04]

 excluded by recent 

higgs measurements 

and stop searches

see 
1207.6330
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4B and FV mode
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• 4B mode: SUSY-HIT FV mode: Minimal Flavour Violation

Very light stop searches at the LHC

The 2 decay channels that have been studied in most detail:

When stop is very light we have instead:

Decay modes

t̃1 ! tc̃0
1 mt̃1 �mt > 0
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1
> mb

)
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1 W+ Dm = mt̃1 �mc̃0

1
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1 Dm < mb CDF
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flavour-violating

branching ratios depend on flavour structure
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H. Bachacou, Irfu CEA-Saclay Aspen, 18-24/01/2013 18

 Direct stop production:

700

mstop > mbottom + mW + mLSP  →  

Supersymmetry: 3rd generation
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Supersymmetry: 3rd generation

 Direct stop production:
mstop > mcharm + mLSP    →  

700
m(stop) [GeV]
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]

charm tag
channel

- stop → charm + LSP

- Combine monojet and 

monojet+charm-jets channels

- First LHC SUSY search with charm 

tagging!

H. Bachacou, Irfu CEA-Saclay Aspen, 18-24/01/2013 20

Supersymmetry: 3rd generation

 Direct stop production:

700

stop decay to chargino →   
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 Direct stop production:
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- Combine monojet and 

monojet+charm-jets channels

- First LHC SUSY search with charm 

tagging!



16 and in addition... EDM constraints !
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Figure 10. Curves of constant de and dn for MSSM EWBG in the limit of heavy
sfermions [143]. For each curve, �1 is set to the value giving the correct baryon
asymmetry. Reprinted from V. Cirigliano, Y. Li, S. Profumo and M. J. Ramsey-
Musolf, JHEP 1001, 002 (2010) with permission from JHEP.

such diagrams were computed by the authors of Ref. [141] and the corresponding

implications for MSSM baryogenesis delineated in Refs. [142, 143]. Even with the

two-loop suppression and the most optimistic CPV sources computed using the VEV-

insertion approximation, only one CPV phase remains su�ciently unconstrained as to

remain a potentially viable driver of MSSM EWBG: the relative phase of the bino soft

mass parameterM
1

, the soft parameter b and the supersymmetric Higgs mass parameter

µ: �
1

= Arg(M
1

µb⇤). Since �
1

is associated with the presence of the bino degrees of

freedom, it only enters the two-loop graphs involving the �0

k and the exchange of a

(W±, H⌥) pair, representing a small sub-class of the full two-loop diagrams. During the

EWPT, the relevant CP-violating sources would be those involving the Higgsino-bino

processes in Fig. 7, corresponding to “neutralino-driven” EWBG. A summary of the

relation between baryon asymmetry and EDMs of the electron and neutron are given in

Fig. 10 in the region of resonant electroweak gaugino-Higgsino EWBG. As indicated by

the inner most contours, to conclusively test or rule out MSSM EWBG would require

improvements in the sensitivity of EDM searches by roughly two orders of magnitude,

roughly consistent with the goals of the next generation of experiments.

Going beyond the MSSM, it is possible to introduce new CPV interactions in the

scalar sector that could evade present EDM constraints but still generate the CPV

sources as needed for EWBG [144, 145, 146]. The authors of Ref. [144] studied the

CPV sources in the NMSSM and found that the presence of the additional gauge singlet

superfield gives rise to a new CPV source that is second order in the ✏w expansion –

associated with a “semi-classical force” term in kinetic theory – and that may contribute

strongly away from the resonant regime. This source depends on the same CPV phases

as in the MSSM, so one must contend with constraints from EDM searches. At the time

this work was completed, a minimum first and second generation sfermion mass of 1 TeV

was su�cient to evade the existing de,n bounds. More recently, the authors of Ref. [146]

versus

Order of Magnitude Smaller Limit on the Electric Dipole
Moment of the Electron

The ACME Collaboration⇤: J. Baron1, W. C. Campbell2, D. DeMille3, J. M. Doyle1, G. Gabrielse1, Y. V. Gurevich1,⇤⇤, P.
W. Hess1, N. R. Hutzler1, E. Kirilov3,#, I. Kozyryev3,†, B. R. O’Leary3, C. D. Panda1, M. F. Parsons1, E. S. Petrik1, B.
Spaun1, A. C. Vutha4, and A. D. West3

2.5syst)⇥ 10 e cm. This corresponds
to an upper limit of |d

e

| < 8.7⇥ 10�29 e cmwith 90 percent
confidence, an order of magnitude improvement in sensi-

@ 90%CL [1310.7534]
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Figure 9. Two loop EDMs in the MSSM (see Ref. [141] and references therein).
Reprinted with permission from Y. Li, S. Profumo and M. Ramsey-Musolf, Phys.
Rev. D 78, 075009 (2008), copyright 2008 by the American Physical Society.

assuming that any contributions from the QCD ✓-term interaction are su�ciently small

that no cancellations between this source of SM CP-violation and that arising from new

interactions occurs. Contributions from CP-violation associated with the SM CKM

matrix first arise at three (four) loop order for dn and dA (de), implying e↵ects at well-

below the 10�30 e cm level. The next generation of lepton, neutron, and neutral atom

EDM searches aim to improve the level of sensitivity by up to two orders of magnitude in

the short term, while e↵orts to reach even greater sensitivity with storage ring hadronic

EDM searches are underway (for a recent summary of present plans, see e.g., Ref. [138]).

The constraints implied in Eq.(59) generically render EWBG unviable. For the

new particles to be su�ciently abundant in the electroweak plasma at T ⇠ 100 GeV,

their masses should be lighter than ⇠ 500 GeV, implying | sin�| . 0.01. In this case,

the CPV sources in the transport equations discussed in Section 3 are suppressed and

EWBG becomes untenable as a result (cf Figs. 6,8). There exist, however, several paths

to evading the one-loop EDM constraints. In the MSSM, the one-loop EDMs contain one

scalar (e.g. squark or slepton) and one fermionic superpartner (gaugino or Higgsino). By

making one or the other species su�ciently heavy, the one-loop EDMs can be evaded,

thereby relaxing the constraints of Eq.(59) on the CPV phase. At the same time,

the other superpartner species may remain relatively light, enabling its interactions to

generate the CPV sources for electroweak transport dynamics. Large di↵erences in the

scalar and fermion mass spectra have been motivated on other grounds recently, as in the

case of “split SUSY” models [139, 140] that contain heavy first and second generation

sfermions but relatively light Higgsinos and electroweak gauginos. The present generic

LHC lower bounds on the masses of the gluinos and first and second generation squarks

is at least consistent with this scenario.

From the standpoint of CPV for EWBG, one must still consider EDMs generated

at two-loop level, as in the “Barr-Zee” graphs of Fig. 9. Recently, the full set of
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assuming that any contributions from the QCD ✓-term interaction are su�ciently small

that no cancellations between this source of SM CP-violation and that arising from new

interactions occurs. Contributions from CP-violation associated with the SM CKM

matrix first arise at three (four) loop order for dn and dA (de), implying e↵ects at well-

below the 10�30 e cm level. The next generation of lepton, neutron, and neutral atom

EDM searches aim to improve the level of sensitivity by up to two orders of magnitude in

the short term, while e↵orts to reach even greater sensitivity with storage ring hadronic

EDM searches are underway (for a recent summary of present plans, see e.g., Ref. [138]).

The constraints implied in Eq.(59) generically render EWBG unviable. For the

new particles to be su�ciently abundant in the electroweak plasma at T ⇠ 100 GeV,

their masses should be lighter than ⇠ 500 GeV, implying | sin�| . 0.01. In this case,

the CPV sources in the transport equations discussed in Section 3 are suppressed and

EWBG becomes untenable as a result (cf Figs. 6,8). There exist, however, several paths

to evading the one-loop EDM constraints. In the MSSM, the one-loop EDMs contain one

scalar (e.g. squark or slepton) and one fermionic superpartner (gaugino or Higgsino). By

making one or the other species su�ciently heavy, the one-loop EDMs can be evaded,

thereby relaxing the constraints of Eq.(59) on the CPV phase. At the same time,

the other superpartner species may remain relatively light, enabling its interactions to

generate the CPV sources for electroweak transport dynamics. Large di↵erences in the

scalar and fermion mass spectra have been motivated on other grounds recently, as in the

case of “split SUSY” models [139, 140] that contain heavy first and second generation

sfermions but relatively light Higgsinos and electroweak gauginos. The present generic

LHC lower bounds on the masses of the gluinos and first and second generation squarks

is at least consistent with this scenario.

From the standpoint of CPV for EWBG, one must still consider EDMs generated

at two-loop level, as in the “Barr-Zee” graphs of Fig. 9. Recently, the full set of

one-loop results 

if a positive measurement is done, the CPV source might be singled out 

φA = arg (Af Mj ) 

φj = arg (µMjb*) 
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Three ways to obtain a strongly 1st order phase transition 
by inducing a barrier in the thermal effective potential 
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Figure 1. The four methods of obtaining a strongly first order phase transition by inducing a
barrier in the thermal effective potential, which are discussed in this paper. The framed expressions
indicate which term is responsible for the rise or fall of V

e↵

.

freedom. One subset of enhanced symmetries is based on continuous symmetries (or the
parametric limit in which the discrete symmetry enlarges into a continuous symmetry).
One way to understand how the Higgs data rules out this subset is to note that the Nambu-
Goldstone bosons associated with the spontaneously broken continuous symmetries have
couplings to Higgs determined by the kinetic part of the action, and this coupling-induced
decay rate is unsuppressed when the Higgs mass is of the order of v = 246 GeV. Hence,
the Higgs decay to the Nambu-Goldstone bosons exceeds the experimental limits on exotic
decays of the Higgs.

The tension that we present in most of the categorization points to the enhanced dis-
crete symmetry point [14] being the parametric space marker having intuitively the largest
set of model building possibilities for electroweak baryogenesis.

In addition to constraints coming from the SM-likeness of the Higgs, it is also interest-
ing to consider the “anomalies” which may point to beyond-the-Standard-Model (BSM)
physics. One of the most promising anomalies observed at the LHC is an excess of events
in the loop-induced diphoton decay channel of the Higgs. If the excess can be attributed
to the presence of a BSM scalar field running in the loop, then we utilize our classification
to argue that there is a general tension with electroweak baryogenesis if this scalar field is

– 4 –
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freedom. One subset of enhanced symmetries is based on continuous symmetries (or the
parametric limit in which the discrete symmetry enlarges into a continuous symmetry).
One way to understand how the Higgs data rules out this subset is to note that the Nambu-
Goldstone bosons associated with the spontaneously broken continuous symmetries have
couplings to Higgs determined by the kinetic part of the action, and this coupling-induced
decay rate is unsuppressed when the Higgs mass is of the order of v = 246 GeV. Hence,
the Higgs decay to the Nambu-Goldstone bosons exceeds the experimental limits on exotic
decays of the Higgs.

The tension that we present in most of the categorization points to the enhanced dis-
crete symmetry point [14] being the parametric space marker having intuitively the largest
set of model building possibilities for electroweak baryogenesis.

In addition to constraints coming from the SM-likeness of the Higgs, it is also interest-
ing to consider the “anomalies” which may point to beyond-the-Standard-Model (BSM)
physics. One of the most promising anomalies observed at the LHC is an excess of events
in the loop-induced diphoton decay channel of the Higgs. If the excess can be attributed
to the presence of a BSM scalar field running in the loop, then we utilize our classification
to argue that there is a general tension with electroweak baryogenesis if this scalar field is

– 4 –

Higgs Field @ h D

Ef
fe
ct
iv
e
Po
te
nt
ia
l
@V e

ff
D I. Thermally HBECL Driven

+ H-m 2 + c T 2L h 2 - T Hh 2L3ê2 + h 4

Higgs Field @ h D

Ef
fe
ct
iv
e
Po
te
nt
ia
l
@V e

ff
D IIA. Tree-Level HRen.L Driven

+ h 2 - h 3 + h 4

Higgs Field @ h D

Ef
fe
ct
iv
e
Po
te
nt
ia
l
@V e

ff
D IIB. Tree-Level HNon-Ren.L Driven

+ h 2 - h 4 + h 6

Higgs Field @ h D

Ef
fe
ct
iv
e
Po
te
nt
ia
l
@V e

ff
D III. Loop Driven

+ h 2 - h 4

+ h 4 Log@h 2D

Figure 1. The four methods of obtaining a strongly first order phase transition by inducing a
barrier in the thermal effective potential, which are discussed in this paper. The framed expressions
indicate which term is responsible for the rise or fall of V

e↵

.

freedom. One subset of enhanced symmetries is based on continuous symmetries (or the
parametric limit in which the discrete symmetry enlarges into a continuous symmetry).
One way to understand how the Higgs data rules out this subset is to note that the Nambu-
Goldstone bosons associated with the spontaneously broken continuous symmetries have
couplings to Higgs determined by the kinetic part of the action, and this coupling-induced
decay rate is unsuppressed when the Higgs mass is of the order of v = 246 GeV. Hence,
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crete symmetry point [14] being the parametric space marker having intuitively the largest
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In addition to constraints coming from the SM-likeness of the Higgs, it is also interest-
ing to consider the “anomalies” which may point to beyond-the-Standard-Model (BSM)
physics. One of the most promising anomalies observed at the LHC is an excess of events
in the loop-induced diphoton decay channel of the Higgs. If the excess can be attributed
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1) Scenario where the 1st order phase transition 
is thermally driven 

consider effect of new scalar coupled to the Higgs via

even colored scalars in this mass range may be allowed. For example, the strongest
current bound on a color-triplet diquark, decaying to two jets, is placed by the Tevatron
experiments and is about 100 GeV [15]. While the LHC experiments may be able to
improve the bound in this particular case [16], many other possibilities will likely escape
direct detection even with the full LHC data set. These include, for example, a colored
state decaying to four jets, or a gauge-singlet scalar coupled only to the Higgs and too
heavy to participate in Higgs decays. On the other hand, any scalar which has a strong
e↵ect on the EWPT dynamics should be expected to modify the Higgs production
cross sections and/or decay branching ratios. The connection between EWPT and the
observable Higgs properties is direct, generic, and robust. Therefore, unlike the highly
model-dependent direct searches, precision measurements of the Higgs properties could
provide a definitive answer to the question of whether a first-order EWPT in the early
Universe is possible or not. The goal of this paper is to demonstrate that this is indeed
the case, and identify the relevant observables and levels of precision needed to address
this question.

More concretely, we will consider a single scalar1 �, coupled to the Higgs via

V / |�|2|H|2 . (1.1)

While in the MSSM  would be related to gauge and/or Yukawa couplings, here we
consider it to be a free parameter, constrained only by perturbativity requirements.
Assuming that  ⇠ O(1) (we will show in Sec. 4 that this is in fact a necessary
condition for a first-order EWPT), we expect the following Higgs observables to be
modified:

1. If � is colored, the coupling of the Higgs to gluons, and, therefore, Higgs gluon
fusion production cross section at the LHC. As we will see, this is already a
powerful observable: for example, it completely excludes a first-order EWPT
induced by a color-sextet �. For the case when � is a color triplet, all of the
parameter space with a first-order EWPT will be probed at a 3� level at the
LHC-14 with a 3 ab�1 data set (HL-LHC).

2. If � is charged under U(1)
EM

, the coupling of the Higgs to photons, and therefore
BR(h ! ��), is modified. This is potentially a spectacular observable. However,

1It is well known that scalar loops induce a cubic term in the high-temperature e↵ective potential,
providing a straightforward mechanism for a first-order EWPT. Fermion loops do not generate such a
term. Nevertheless, in some cases it is possible to generate a first-order EWPT via fermion loops [17];
this scenario is outside the scope of this paper. For a recent analysis of h ! �� coupling deviations in
such a model, see Ref. [18].
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Its effect on the thermal Higgs effective potential is:

3 EWPT/Higgs Coupling Connection: Analytic Treatment

Before presenting numerical results, let us consider a much-simplified treatment of the
problem which can be carried through analytically. Even though the approximations
made here are often not strictly valid in examples of real interest, this analysis never-
theless provides a qualitatively correct and useful illustration of the physics involved.

To drive a first-order EWPT, the BSM scalar � should provide the dominant loop
contribution to the Higgs thermal potential at T ⇠ T

c

. Let us therefore ignore the SM
contributions. If T

c

is significantly higher than all other mass scales in the problem,
a high-temperature expansion of the thermal potential can be used to analyze the
phase transition, and zero-temperature loop corrections to the e↵ective potential can
be ignored. For simplicity, we will also omit the resummed daisy graph contributions
to the thermal potential. In this approximation,

V
T

(';T ) ⇡ g�m
2
�(')T

2

24
� g�m

3
�(')T

12⇡
+ . . . (3.1)

The � mass in the presence of a background Higgs field is given by

m2
�(') = m2

0 +


2
'2. (3.2)

If m0 is su�ciently small, the second term in the thermal potential (3.1) is e↵ectively
cubic in '. Such a negative '3 term can result in a stable EWSB minimum of the
potential at high temperature, as required for first-order EWPT. Motivated by this, let
us consider the case m0 = 0, which allows for simple analytic treatment. The e↵ective
potential is

Ve↵(';T ) = V0(') + V
T

(';T ) ⇡ 1

2

✓
�µ2 +

g�T
2

24

◆
'2 � g�

3/2T

24
p
2⇡

'3 +
�

4
'4. (3.3)

The unbroken symmetry point ' = 0 is a local minimum as long as

g�T
2

24
� µ2 > 0. (3.4)

The location of the other minimum is given by the larger root, '+, of the quadratic
equation

�'2 � g�
3/2T

8
p
2⇡

'� µ2 +
g�T

2

24
= 0. (3.5)

The critical temperature T
c

for the first-order transition is determined by the condition

V (0;T
c

) = V ('+(Tc

);T
c

). (3.6)
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most famous example: light stop scenario in MSSM
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At the same time the     loop contributes 
to the Higgs-gluon coupling 

�

-> A strong 1st order PT leads to sizable deviations in Higgs 
production rate and decays in ƔƔ

-> typically excluded



20

Measurement precision on hgg and hƔƔ  couplings
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Figure 1-3. Measurement precision on W , Z , � , and g at di↵erent facilities.

A number of studies have presented results combining measurements from di↵erent facilities [88, 89]. A
general observation is that the precision in the measurement of many Higgs coupling at a new facility are
reasonably or significantly improved, and these quickly dominate the combined results and overall knowledge
of the relevant coupling parameters. Exceptions are the measurements of the branching fractions of rare
decays such as H ! �� and H ! µ+µ� where results from new lepton colliders would not significantly
improve the coupling precisions driving these decays. However, precision measurements of the ratio of Z/�

at hadron colliders combined with the high-precision and model-independent measurements of Z at a lepton
collider would substantially increase the precision on � .

Community Planning Study: Snowmass 2013
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Figure 1-3. Measurement precision on W , Z , � , and g at di↵erent facilities.

A number of studies have presented results combining measurements from di↵erent facilities [88, 89]. A
general observation is that the precision in the measurement of many Higgs coupling at a new facility are
reasonably or significantly improved, and these quickly dominate the combined results and overall knowledge
of the relevant coupling parameters. Exceptions are the measurements of the branching fractions of rare
decays such as H ! �� and H ! µ+µ� where results from new lepton colliders would not significantly
improve the coupling precisions driving these decays. However, precision measurements of the ratio of Z/�

at hadron colliders combined with the high-precision and model-independent measurements of Z at a lepton
collider would substantially increase the precision on � .

Community Planning Study: Snowmass 2013
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And if BSM scalar is neither colored nor electrically charged?

still induces a 1-loop contribution to Higgs wave function 
renormalization and affect e+e-  -> hZ cross section

1305.5251

EWPT, should correspond to large, observable corrections to SM Higgs couplings. In
the rest of this paper, we will quantify this connection.

2.2.2 Coupling to Zs

An exception to the above argument occurs when the � field is neither colored nor
electrically charged. Such a field can still drive a first-order EWPT, if it is strongly
coupled to the Higgs and/or has a large multiplicity factor, e.g. due to a BSM global
symmetry [33]. It obviously does not contribute (at one-loop) to hgg or h�� couplings.
However, it does induce a one-loop contribution to the Higgs wavefunction renormal-
ization. Experimentally, the best place to search for this e↵ect is in the e+e� ! hZ

cross section, which can be measured with a very high precision at a next-generation
electron-positron collider. If the � field is an SM gauge singlet, the fractional deviation
of this cross section from its SM value is given by [19, 20]

�
hZ

= � g�
2v2

24⇡2m2
h

(1 + F (⌧�)) , (2.13)

where ⌧� = m2
h

/(4m2
�), and

F (⌧�) =
1

2
p

⌧�(1� ⌧�)
arctan

"
2
p
⌧�(1� ⌧�)

2⌧� � 1

#
. (2.14)

For small ⌧�, F (⌧�) = �1 � 2
3⌧� + . . ., so that the shift in �

hZ

decouples in the large
m� limit.

Below, we will also apply Eq. (2.13) to models in which � is not an SM gauge
singlet, and thus has direct gauge couplings to the Z. In those models, the one-
loop contribution to the e+e� ! hZ cross section contains the vertex correction and
the Z wavefunction renormalization pieces as well. However, those corrections are
subdominant to the Higgs wavefunction renormalization, as noted in Ref. [19]. One
reason for this is that the Higgs wavefunction is the only correction which scales as
2, the others scaling as g2 and g2; in our case,  � g2 throughout the interesting
parameter region.

It was shown in [20] that this deviation can be used as a powerful probe of natural-
ness in models where the top loop quadratic divergence in the Higgs mass parameter is
canceled by a non-colored partner (e.g., “folded SUSY” [34]). Typically, these models
predict an O(1%) deviation from the SM value, which should be observable either at
TLEP or at the ILC. However, the e↵ect is much more general: any new particle with
significant coupling to the Higgs will inevitably contribute. We will show in Sec. 4
that the entire parameter space where the first-order EWPT is driven by an SM gauge-
singlet � can be probed at TLEP. Moreover, we will show that even in some cases

– 8 –

expected deviation: ~0.6%

can be probed at upgraded ILC-500 and at TLEP

(similarly for colored and/or electrically charged BSM scalars)

still induces a deviation in the Higgs cubic self-coupling
expected deviation: ~10-20%

difficult to test with proposed facilities
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Estimated per-experiment precision 
on Higgs triple self-coupling ⋋ (1310.8361)

Estimated precision 
from combined facilities (1310.8361)

30 Higgs working group report

Table 1-24. Expected per-experiment precision on the triple-Higgs boson coupling. ILC numbers include
bbbb and bbWW ⇤ final states and assume (e�, e+) polarizations of (�0.8, 0.3) at 500 GeV and (�0.8, 0.2) at
1000 GeV. ILC500-up is the luminosity upgrade at 500 GeV, not including any 1000 GeV running. ILC1000-
up is the luminosity upgrade with a total of 1600 fb�1 at 500 GeV and 2500 fb�1 at 1000 GeV. CLIC numbers
include only the bbbb final state and assume 80% electron beam polarization. HE-LHC and VLHC numbers
are from fast simulation [102] and include only the bb�� final state. ‡ILC luminosity upgrade assumes an
extended running period on top of the low luminosity program and cannot be directly compared to CLIC
numbers without accounting for the additional running period.

HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC1400 CLIC3000 HE-LHC VLHC
p
s (GeV) 14000 500 500 500/1000 500/1000 1400 3000 33,000 100,000R

Ldt (fb�1) 3000/expt 500 1600‡ 500+1000 1600+2500‡ 1500 +2000 3000 3000

� 50% 83% 46% 21% 13% 21% 10% 20% 8%

Table 1-25. Expected precision on the triple-Higgs boson coupling for combined facilties, assuming the
final states, polarizations, and integrated luminosities assumed above in Table 1-24. Here “ILC-up” refers to
ILC1000-up, and “CLIC” refers to CLIC3000 with the two numbers shown assuming unpolarized beams or
80% electron beam polarization, respectively. TLEP is in parantheses since it would not contribute to the
measurement of the self-coupling, but could be a step along the way to the higher-energy hadron colliders.

LHC HL-LHC

+ILC +ILC-up +(TLEP) +ILC-up +CLIC

+CLIC +HE-LHC +VLHC +HE-LHC +VLHC +HE-LHC +VLHC

21% 12.6% 15.2/9.8% 18.6% 7.9% 10.9% 6.8% 12.5/8.9% 7.2/6.2%

Community Planning Study: Snowmass 2013

30 Higgs working group report
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Indirect constraints on Higgs self-coupling at TLEP via its 
contribution to Higgsstrahlung

2

can constrain a linear combination of the deviations in
the self-coupling, �h, and the hZZ coupling, �Z , as

�240
� = 100 (2�Z + 0.014�h) % , (1)

but not the self-coupling alone. Thus in order to set a
constraint on �h from a single measurement it is necessary
to make assumptions on �Z . This is a general weakness
of indirect constraints with a single measurement, and
demonstrates that such a constraint can only be consid-
ered complimentary to a direct measurement at the LHC
or ILC. Furthermore, an indirect constraint cannot un-
ambiguously single out a modified Higgs self-coupling as
the cause of a deviation in the cross section. On the
other hand a direct measurement can potentially iden-
tify the cause using kinematic distributions [17]. How-
ever, the coe�cient of �h in Eq. (1) is energy depen-
dent, hence cross-section measurements at di↵erent en-
ergies constrain di↵erent linear combinations of �Z and
�h, and an ellipse in �Z � �h space may be constrained.1

CONSTRAINING THE HIGGS SELF-COUPLING

In studies aimed at measuring the Higgs self-coupling
through di-Higgs production it is often assumed that all
other Higgs couplings take SM values and the Higgs is
not coupled to any new BSM fields. This is a useful
assumption since at hadron colliders a number of di↵er-
ent Higgs couplings, and fields, enter the di-Higgs pro-
duction process, leading to some degeneracy between the
e↵ects of a modified Higgs self-coupling and other mod-
ified Higgs couplings. This ambiguity is inherently large
for the indirect constraint discussed here, and reduced in
direct measurements at the LHC and ILC. For calcula-
tional simplicity this simplifying assumption is employed
in this section and the reliability of this assumption is
discussed later. The relevant interactions are given by
the following Lagrangian

L = LSM � 1

3!
�hAh,SMh3 . (2)

Such a modification can arise from the following non-
renormalizable contribution to the Higgs potential

Vh = Vh,SM +
1

⇤2

�
v2 � |H|2�3 , (3)

where the scale ⇤ is associated with the scale of new
physics in the Higgs sector, such as the mass scale of new
fields or the scale of strong dynamics. This modification
enters the calculation of Higgs processes at LO and NLO.
Eq. (3) shows that scenarios which are purely SM-like

1
I am grateful to Jesse Thaler for suggesting this approach.

1 1 1

h h

h h

Z

e�

e+ e+

e�

Z

FIG. 1: NLO vertex corrections to the associated production
cross section which depend on the Higgs self-coupling. These
terms lead to a linear dependence on modifications of the self-
coupling �h.

with the exception of non SM-like Higgs self-couplings are
in fact completely consistent with electroweak symmetry
in the UV. Thus no pathologies related to the underlying
gauge symmetry will arise with a modified self-coupling.
If processes involving the Higgs self-coupling at tree-level
are considered, such as in di-Higgs production, then the
modified coupling can be simply included in LO calcu-
lations. However if an NLO calculation encounters the
Higgs self-coupling at LO and at NLO, as in di-Higgs
production, then a suitable counter-term for the irrel-
evant operator in Eq. (3) must be calculated following
procedures for loop calculations in e↵ective field theories
[18]. In processes where the Higgs self-coupling does not
contribute at LO but does enter at NLO, as in the sin-
gle Higgs production considered here, the modified self-
coupling can be included in one-loop diagrams without
recourse to the details of renormalization of the irrelevant
operator in Eq. (3), however proceeding to NNLO in this
case would require the counter-term to this operator.

The dominant Higgs production process at an e+e�

collider at the energies considered here is Higgs associ-
ated production. At NLO the Higgs self-coupling en-
ters the associated production amplitude in two ways. It
enters quadratically via a modified Higgs wavefunction
counter-term, feeding into associated production at NLO
as a modification of the hZZ coupling. The self-coupling
also enters into the amplitude linearly through diagrams
such as Fig. 1. Depending on gauge choice there are also
diagrams with internal Goldstone lines.

The full NLO corrections to e+e� ! hZ are cal-
culated using the FeynArts, FormCalc, and Loop-

Tools suite of packages [19, 20]. The counter-terms
for all SM-Higgs couplings are calculated automatically
following the electroweak renormalization prescription of
[21]. Gauge invariance has been checked analytically in
the general R⇠ gauges and it has also been checked that
the final result is also UV-finite.

At various CM energies the fractional corrections to
the associated production cross section, ��h(e+e� !
hZ), relative to the SM rate are found to be

�240,350,500
� =

��h 6=0

��h=0

� 1 = 1.4, 0.3,�0.2 ⇥ �h% , (4)
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FIG. 3: Indirect 1� constraints possible in �Z � �h param-
eter space by combining associated production cross section
measurements of 0.4% (1%-estimated) precision at

p
s = 240

GeV, (350 GeV) in solid black. It should be kept in mind
that for large values of |�h| this ellipse can only be consid-
ered qualitatively as the calculation is only valid to lowest
order in �h. The di↵erent axes scales should also be noted.
Direct constraints possible at the high luminosity LHC and
1 TeV ILC (with LU denoting luminosity upgrade) are also
shown for comparison. Lines are drawn to emphasize that
direct constraints do not su↵er from uncertainty in the hZZ
coupling.

ios. Allowing for additional couplings, such as the hhZZ
coupling, to vary would expand the ellipse constraint to
a larger-dimensional parameter constraint.

CONCLUSIONS

A method for indirectly constraining deviations in
the Higgs self-coupling has been proposed and explored,
showing that if it is assumed that only the self-coupling
has been modified, an e+e� synchrotron such as TLEP
operating at 240 GeV can indirectly constrain deviations
in this coupling at the level of |�h| . 28%. In realistic
BSM scenarios the hZZ coupling would also be modified
introducing significant model-dependence. In this case it
has been shown that non-trivial indirect constraints on
the Higgs self-coupling may be determined by combining
precision associated production cross section measure-
ments at di↵erent energies, leading to ellipse-plot con-
straints in the space of hZZ and h3 couplings. This
constraint cannot be considered as equivalent to a direct
measurement at the LHC or ILC, as the indirect con-
straint requires di↵erent model-dependent assumptions.
Nonetheless, this method would give much desired indi-
rect experimental constraints and information on the as-

yet unconstrained Higgs scalar potential, complementary
to direct measurements possible at the LHC or ILC.
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m_S>m_H/2: no modified Higgs decay

sufficient, based on existing studies for precision measurements of higgs self-couplings. Remarkably,
the fact that this scenario is testable at the SPPC/FCC demonstrates that it may be possible to postulate
a “no-lose” theorem for EWBG with future colliders.

Our paper is organized as follows. In Section 2, we define the Z
2

symmetric singlet scalar model
and the two-dimensional parameter plane that illustrates its entire phenomenology. Section 3 contains
our analyses of the one-step and two-step phase transitions which enable EWBG in this model. Sec-
tions 4 and 5 examine direct and indirect signatures of the singlet scalar at colliders, and show how
the discovery potential overlaps with the EWBG-favored regions of parameter space. We consider
cosmological constraints on the singlet in Section 6 and show that, under certain assumptions, the en-
tire parameter space can be excluded by future direct detection experiments. Renormalization group
(RG) evolution and the implications of strong couplings are discussed in Section 7. We summarize
our findings and discuss implications in Section 8.

2 A “Nightmare Scenario” for a Strong Electroweak Phase Transition

Our putative nightmare scenario is constructed to hide the effects of a strong first-order phase transi-
tion, as discussed in Section 1.

2.1 Model Definition

We define our model by the following most general renormalizable tree-level higgs potential for the
SM higgs and a single real scalar:

V
0

= �µ2|H|2 + �|H|4 + 1

2

µ2

SS
2

+ �HS |H|2S2

+

1

4

�SS
4. (2.1)

After substituting H = (G+, (h+iG0

)/
p
2) and focusing on the field h which becomes the SM higgs

after acquiring a VEV1, this becomes

V
0

= �1

2

µ2h2 +
1

4

�h4 +
1

2

µ2

SS
2

+

1

2

�HSh
2S2

+

1

4

�SS
4. (2.2)

This scenario of adding a singlet with a Z
2

symmetry to the SM has been well-studied in a variety
of different contexts [50–56]. In this work, we focus on adding one real singlet with a mass larger
than mh/2 to avoid exotic higgs decays, and an unbroken Z

2

symmetry under which S ! �S to
avoid singlet-higgs mixing. In our choice of parametrization, the higgs acquires a VEV hhi = v =

µ/
p
� ⇡ 246 GeV and a mass at tree-level mh =

p
2µ ⇡ 125 GeV. In Section 3 we adopt

renormalization conditions to ensure that loop corrections do not change these values from their tree-
level expectation. Therefore we can define the higgs Lagrangian parameters � =

m2

h
2v2

⇡ 0.129 and
µ =

mhp
2

⇡ 88.4 GeV.

2.2 Physical Parameter Space

The model is determined by three new parameters, µS ,�HS and �S . However, in the context of our
nightmare scenario, it is straightforward to show that all relevant physics can be recast into the simple
two-dimensional plane of the physical singlet mass and its coupling to the higgs.

1For simplicity, we use h for the neutral real component of H as well as the SM higgs.
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Figure 10. Summary of the nightmare scenario’s parameter space. Gray shaded regions require non-
perturbative �S > 8 and are not under theoretical control, see Section 2.2. Red shaded region with red
boundary: a strong two-step PT from tree-effects is possible for some choice of �S , see Section 3.1. Orange
shaded region with orange boundary: a strong one-step PT from zero-temperature loop-effects is possible, see
Section 3.1.2. Gray-Blue shading in top-right corner indicates the one-loop analysis becomes unreliable for
�HS & 5(6) in the one-step (two-step) region, see Section 3.1.3 and 3.2.2. In the blue shaded region (demar-
cated with blue lines), higgs triple coupling is modified by more than 16% compared to the SM, which can be
excluded at the 2� level by a 100 TeV collider, see Section 5.1. In the green shaded region, our simple collider
analysis yields S/

p
B = 2, 1, 0.5 (green dashed lines from left to right) for VBF production of h⇤ ! SS

at a 100 TeV collider, see Section 4. (In both cases assume 3 ab

�1 of data.) Note that both EWBG preferred
regions are excludable by XENON1T if S is a thermal relic, see Section 6.

nightmare scenario can be ruled out by XENON1T. However, as with all DM related searches, this
exclusion depends on the cosmological history and, as mentioned in Section 6, could be altered in our
scenario without influencing the phase transition.

Our study yields several avenues for future investigation. Given that much or all of our nightmare
scenario’s parameter space is in reach of a 100 TeV collider, the question arises whether a more
rigorous “no-lose” theorem for EWBG at future colliders can be constructed. The nightmare scenario
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sufficient, based on existing studies for precision measurements of higgs self-couplings. Remarkably,
the fact that this scenario is testable at the SPPC/FCC demonstrates that it may be possible to postulate
a “no-lose” theorem for EWBG with future colliders.

Our paper is organized as follows. In Section 2, we define the Z
2

symmetric singlet scalar model
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our analyses of the one-step and two-step phase transitions which enable EWBG in this model. Sec-
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tire parameter space can be excluded by future direct detection experiments. Renormalization group
(RG) evolution and the implications of strong couplings are discussed in Section 7. We summarize
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Our putative nightmare scenario is constructed to hide the effects of a strong first-order phase transi-
tion, as discussed in Section 1.

2.1 Model Definition

We define our model by the following most general renormalizable tree-level higgs potential for the
SM higgs and a single real scalar:
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This scenario of adding a singlet with a Z
2

symmetry to the SM has been well-studied in a variety
of different contexts [50–56]. In this work, we focus on adding one real singlet with a mass larger
than mh/2 to avoid exotic higgs decays, and an unbroken Z

2

symmetry under which S ! �S to
avoid singlet-higgs mixing. In our choice of parametrization, the higgs acquires a VEV hhi = v =

µ/
p
� ⇡ 246 GeV and a mass at tree-level mh =

p
2µ ⇡ 125 GeV. In Section 3 we adopt

renormalization conditions to ensure that loop corrections do not change these values from their tree-
level expectation. Therefore we can define the higgs Lagrangian parameters � =

m2
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2v2

⇡ 0.129 and
µ =

mhp
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⇡ 88.4 GeV.

2.2 Physical Parameter Space

The model is determined by three new parameters, µS ,�HS and �S . However, in the context of our
nightmare scenario, it is straightforward to show that all relevant physics can be recast into the simple
two-dimensional plane of the physical singlet mass and its coupling to the higgs.

1For simplicity, we use h for the neutral real component of H as well as the SM higgs.
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higgs triple coupling 
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Figure 7. Blue contours show �3/�
SM
3 . Measuring �3 with a precision of 30%, 20%, and 8% can be achieved

at 14 TeV, 33 TeV, and 100 TeV hadron colliders with 3 ab�1 of data, respectively. A 1000 GeV ILC with 2.5
ab�1 could achieve a precision of 13%. See text for details.

5.1 Triple-higgs Coupling

The triple-higgs coupling in our EWSB vacuum hhi = v, hSi = 0 is related to the third derivative of
the zero-temperature effective potential

�
3
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(h)
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dh3

�����
h=v

=

m2

h
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�3

HSv
3

24⇡2m2

S
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The first and second term above is the SM tree-level and singlet loop-level contribution. Other sub-
dominant SM loop contributions are not shown. Fig. 7 shows �

3

/�SM

3

in the (mS ,�HS) plane. For
illustrative purposes, the contours are also shown in the areas where �S is non-perturbative.

As pointed out by [52], a strong one-step phase transition via the effects of a real singlet is
correlated with a large correction to �

3

. Fig. 7 shows that requiring vc/Tc > 0.6 (1.0) implies
�
3

/�SM

3

> 1.2 (1.3). Such a sizable deviation makes it possible to exclude this type of strong phase
transition.

One can measure �
3

through double higgs production. The cross-section for producing a pair
of higgs bosons is roughly three orders of magnitude smaller than the cross-section for producing a
single higgs, which highlights the challenge of the measurement and the necessity for high luminosity.
Although the 4b final state has the largest rate, it also suffers from a huge QCD background. Instead,
the most promising channel is in bb��, whose main backgrounds are QCD and t¯th production. Various
studies have found that �

3

can be measured between 30%-50% accuracy at the 14 TeV LHC with 3
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Figure 8. Dashed blue contours: the one-loop corrections to the associated production cross-section of Zh at
lepton colliders Eq. (5.2), in % relative to the SM.

ab�1 [87–91]. The accuracy can be refined to 20% and 8% for a 33 TeV and 100 TeV collider with 3
ab�1, respectively [91].

The precision attainable for measuring �
3

at lepton colliders is generally below that achievable
at the HL-LHC. However, a high-luminosity, high-energy ILC with

p
s = 1000 GeV and 2.5 ab�1 of

data could measure �
3

with a precision of 13% [92, 93].
The results of these studies imply that while it is unlikely a definitive exclusion will be achieved

at a 14 or 33 TeV collider, a 100 TeV collider could exclude the entire one-step phase transition region
of Fig. 7 (orange shaded region) with a confidence of better than 2 to 5 �, depending on mS . A high-
energy ILC could exclude most, though not all, of the one-step transition region at the 2� level. Such
measurements would also be sensitive to the two-step transition from tree-effects (red shaded region)
for �HS & 2.

5.2 Zh production cross section at Lepton colliders

The singlet can also affect higgs couplings by generating a small correction to the higgs wave function
renormalization, which modifies all higgs couplings by a potentially measurable amount. In particu-
lar, precision measurements of the Zh production cross section at lepton colliders might be another
avenue for indirect detection of such a singlet. [94]

At one loop, the fractional change in Zh production relative to the SM prediction is given by [94,
95]

��Zh =

1

2

|�HS |2v2
16⇡2m2

h

[1 + F (⌧�)] (5.2)
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Besides: <0.5% in relevant region
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Figure 4: An example of the loop processes contributing to the E/T + j signal from gluon

associated production at hadron colliders.

Although this channel sets a sub-leading limit at
p

s = 8 TeV [12], the increasing gluon

partonic luminosity at higher center-of-mass energies makes it a promising channel for future

colliders. The primary backgrounds for this process are again Z+jets, W+jets, tt̄ + jets,

and QCD multijets. Here we simulate Zj and Wj matched up to one additional jet and tt̄

matched up to two additional jets, and again do not simulate QCD multijets but adopt a cut

flow designed to minimize this background.
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Figure 5: The ratio of the di↵erential cross section for j + E/T for the full one-loop result

relative to the HEFT result at 14 and 100 TeV for a variety of singlet scalar masses. When

pT ⇠ 2mt there can be an O(1) enhancement due to the top mass threshold in the loop. At

higher pT > 2mT the HEFT calculation may overestimate the signal rate significantly.

As
p

s � 2mt for the majority of signal events, the HEFT calculation of gg ! gh⇤ ! g��

(which is accurate only to lowest order in 1/m2
t ) is not valid. To correct for this we perform a

pT -dependent reweighting of signal events generated using the HEFT in MadGraph5.6 For the

reweighting factor the di↵erential cross section for gg ! g�� was calculated from the cross

section for gg ! gh⇤ using the factorization of phase space due to the scalar Higgs propagator

d�L,EFT
gg!g��(m�)

dpT
=

Z 1

4m2

�

c2�
8⇡2

v2

(s̃ � m2
h)

2

s

1 � 4m2
�

s̃

d�L,EFT
gg!gh⇤

dpT
d
p

s̃ , (3.4)

6For other recent approaches to this problem, see [57, 58].

– 12 –

S

S

(at 1 loop)

( loop level)

singlet pair production via 
off-shell Higgs:



26

log

10

⌦S
⌦

CDM

log

10

⇣
⌦S

⌦CDM

⇥ �SI

S

⌘

!7

!6

!6

!5

!5
!4

!4

!3

!3

!2

!2

!1

!1

200 400 600 800 1000
!4

!2

0

2

4

6

8

mS !GeV"

Λ
H
S

!45.5

!45.5

!45.3

!45.3

!45.1

!45.1

!44.9

!44.9

!44.7

!44.7

200 400 600 800 1000
!4

!2

0

2

4

6

8

mS !GeV"

Λ
H
S

Figure 9. Dark matter properties of the singlet scalar S, assuming it is a stable thermal relic. Left: magenta
contours show contours of log10

⌦S
⌦CDM

. In practically all of the parameter space viable for EWBG, the singlet
scalar is a subdominant dark matter component. Right: green contours show the singlet scalar’s direct detection
cross section rescaled with relic density, log10

�
⌦S

⌦CDM ⇥ �SI
S

�
. The singlet-nucleon cross section is in units of

cm

2. The dark green shaded region is excluded by LUX [100]. The light green shaded region can be probed by
XENON1T [101].

our model. However, it is possible to tune �S ! �min

S and achieve Tc < Tf . For this case, there are
two possibilities for singlet freeze-out in the two-step phase transition region:

• The singlet freezes out in the unbroken phase at temperature T h=0

f . Since the universe resides
in the singlet-VEV vacuum before the phase transition, the singlet can decay via S ! hh. This
could deplete the singlet density to values much lower than indicated in Fig. 9 (left).

• The singlet is in thermal equilibrium just before the phase transition at Tc < 22 GeV. If the
singlet becomes lighter, it remains in thermal equilibrium and our above freeze-out estimate
should apply. If it becomes heavier, it likely freezes out instantly.

Understanding the consequences of the second possibility would require further study, but it is clear
that dark matter relic density may be considerably reduced in the two-step region, resulting in lower
relic density and correspondingly weaker direct detection bounds than those shown in Fig. 9.

That being said, assuming these direct detection bounds (with Tf < Tc and a stable thermal relic
S) apply to our model, the nightmare scenario for EWBG is already excluded for mS < mh by LUX.
Interestingly, the entire EWBG-viable parameter space for both a one- and two-step phase transition is
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very difficult to test at colliders but Xenon 1T can test all 
relevant parameter space!

cross section in cm^2

excluded by LUX

1409.0005
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Figure 9. Dark matter properties of the singlet scalar S, assuming it is a stable thermal relic. Left: magenta
contours show contours of log10

⌦S
⌦CDM

. In practically all of the parameter space viable for EWBG, the singlet
scalar is a subdominant dark matter component. Right: green contours show the singlet scalar’s direct detection
cross section rescaled with relic density, log10
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our model. However, it is possible to tune �S ! �min

S and achieve Tc < Tf . For this case, there are
two possibilities for singlet freeze-out in the two-step phase transition region:

• The singlet freezes out in the unbroken phase at temperature T h=0

f . Since the universe resides
in the singlet-VEV vacuum before the phase transition, the singlet can decay via S ! hh. This
could deplete the singlet density to values much lower than indicated in Fig. 9 (left).

• The singlet is in thermal equilibrium just before the phase transition at Tc < 22 GeV. If the
singlet becomes lighter, it remains in thermal equilibrium and our above freeze-out estimate
should apply. If it becomes heavier, it likely freezes out instantly.

Understanding the consequences of the second possibility would require further study, but it is clear
that dark matter relic density may be considerably reduced in the two-step region, resulting in lower
relic density and correspondingly weaker direct detection bounds than those shown in Fig. 9.

That being said, assuming these direct detection bounds (with Tf < Tc and a stable thermal relic
S) apply to our model, the nightmare scenario for EWBG is already excluded for mS < mh by LUX.
Interestingly, the entire EWBG-viable parameter space for both a one- and two-step phase transition is

– 20 –

In the parameter space relevant for EW baryogenesis, the 
singlet scalar is a subdominant dark matter component.

the large singlet-higgs coupling annihilates 
away the relic density
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Conclusion 1:

The minimal scalar extension to the SM (adding a real singlet) leads to 
strong first-order EW phase transition as needed for EW baryogenesis 

Very challenging to test at future colliders
 (100 TeV collider needed)

Relevant region of parameter space for 
baryogenesis cannot account for dark matter 

Still, large Higgs-singlet interactions enable to 
test the relevant region with Xenon 1 T.
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Standard EW baryogenesis is essentially disconnected 
from the problem of dark matter generation and does 

not try to find a unified explanation for dark and visible 
matter densities.
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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 –
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WIMP-baryogenesis Connection?

asymmetric dark matter
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Ma!er Anti-ma!er asymmetry of " universe:

characterized in terms of the 
baryon to photon ratio η ≡

nB − nB

nγ
~ 6. 10-10 

 10 000 000 001
Matter

 The  great annihilation between 
nucleons & anti-nucleons

 10 000 000 000
Anti-matter

1
(us)

n + n̄� ⇥ + ⇥ � � + � + ...

� � (mNT )3/2e�mN /T /m2
� � H � ⇥g⇥T

2/mPloccurs when

corresponding to a freeze-out temperature TF ~ 20 MeV�� H

� � H

�� H

nN

s

≈ 7 × 10
−20

109 times smaller than observed, 
and there are no antibaryons

-> need to invoke an initial asymmetry

 In absence of 
an asymmetry:
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�dm

�b
� 5 Does this indicate a common dynamics?

PPC 2011

 INTRODUCE AN ASYMMETRY IN DM NUMBER DENSITY

 USE DYNAMICS TO RELATE THIS ASYMMETRY IN DM TO THAT 

IN BARYONS

 LEADING TO

 THE VALUE OF       DEPENDS ON THE DETAILS OF THE DYNAMICS 

CONNECTING DM AND BARYONS...SEE LATER

ndm � ndm ⇥= 0

ndm � ndm ⇥ nb � nb

C

�dm

�b
⇥ (ndm � ndm)mdm

(nb � nb)mb
⇥ C

mdm

mb

If 

Similarly, Dark Matter may be asymmetric

QDM(n
DM

− nDM) = Qb(nb − n
b
)

two possibilities: 
1) asymmetries in baryons and in DM generated simultaneously

2) a pre-existing asymmetry (either in DM or in baryons) is 
transferred between the two sectors

conservation of 
global charge:

if efficient 
annihilations: 

�dm

�b
� Qb

Qdm

mdm

mb

typical expected 
mass ~ GeV

Asymmetric dark matter 

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

• DM can have an asymmetry (if DM antiDM) 
– DM becomes similar to baryon asymmetry 

Initial B 
asymmetry 

Initial DM 
asymmetry 

annihilation 

Residual 
asymmetric 
component 
remains 



 Higgs bubbles provide out-of-equilibrium dynamics

 Decay into the Higgs of RH neutrinos produce lepton asymmetry

Crucial role played by the Higgs in the 2 major theories of baryogenesis

-Use the Higgs to mediate the asymmetries between the visible and dark sector

Servant & Tulin, PRL 111, 151601 (2013)New proposal

- in EW baryogenesis:

- in leptogenesis:



Starting observation:

In the early universe, at T>~ 100 GeV, before the EW phase transition, the 
thermal bath contains both Higgs particles and anti-Higgs particles since 
(since the Higgs doublet is a complex scalar) 

We can therefore define an asymmetry between H and H*, particles and 
anti-particles of the Higgs field, like we do for leptons and quarks.

 If the Higgs couples to the dark sector, it can transfer the asymmetry in the 
dark sector.
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(3) Total hypercharge of the plasma has to vanish at all temperatures. This
gives,

∑

i

(µqi + 2µui − µdi − µ!i − µei +
2

Nf
µH) = 0 . (1.47)

(4) The Yukawa interactions yield the following relations among chemical
potential of the LH and RH fermions,

µqi − µH − µdj = 0 , (1.48)

µqi + µH − µuj = 0 , (1.49)

µ!i − µH − µej = 0 . (1.50)

From Eq. (1.44), the baryon number density nB = 1
6gBT 2 and lepton num-

ber density nL = 1
6gLiT 2, where Li is the individual lepton flavor number

with i = (e, µ, τ), can be expanded in terms of the chemical potentials.
Hence

B =
∑

i

(2µqi + µui + µdi) (1.51)

L =
∑

i

Li, Li = 2µ!i + µei . (1.52)

Consider the case where all Yukawa interactions are in equilibrium. The
asymmetry (Li−B/Nf ) is then preserved. If we further assume equilibrium
among different generations, µ!i ≡ µ! and µqi ≡ µq, together with the
sphaleron and hypercharge constraints, all the chemical potentials can then
be expressed in terms of µ!,

µe =
2Nf + 3

6Nf + 3
µ!, µd = −

6Nf + 1

6Nf + 3
µ!, µu =

2Nf − 1

6Nf + 3
µ! (1.53)

µq = −
1

3
µ!, µH =

4Nf

6Nf + 3
µ! .

The corresponding B and L asymmetries are

B = −
4

3
Nfµ! , (1.54)

L =
14N2

f + 9Nf

6Nf + 3
µ! . (1.55)

Thus B, L and B − L are related by:

B = cs(B − L), L = (cs − 1)(B − L) , (1.56)

Yukawa interactions can 
induce a Higgs asymmetry

February 2, 2008 8:54 World Scientific Review Volume - 9in x 6in tasi06proc-MCC
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1.1.3. Relating Baryon and Lepton Asymmetries

One more ingredient that is needed for leptogenesis is to relate lepton num-
ber asymmetry to the baryon number asymmetry, at the high temperature,
symmetric phase of the SM [1]. In a weakly coupled plasma with temper-
ature T and volume V , a chemical potential µi can be assigned to each of
the quark, lepton and Higgs fields, i. There are therefore 5Nf + 1 chem-
ical potentials in the SM with one Higgs doublet and Nf generations of
fermions. The corresponding partition function is given by,

Z(µ, T, V ) = Tr[e−β(H−
P

i µiQi)] (1.41)

where β = 1/T , H is the Hamiltonian and Qi is the charge operator for
the corresponding field. The asymmetry in particle and antiparticle num-
ber densities is given by the derivative of the thermal-dynamical potential,
Ω(µ, T ), as

ni − ni = −
∂Ω(µ, T )

∂µi
, (1.42)

where Ω(µ, T ) is defined as,

Ω(µ, T ) = −
T

V
lnZ(µ, T, V ) . (1.43)

For a non-interacting gas of massless particles, assuming βµi " 1,

ni − ni =
1

6
gT 3

{
βµi + O((βµi)3), fermions
2βµi + O((βµi)3), bosons .

(1.44)

In the high temperature plasma, quarks, leptons and Higgs interact via
the guage and Yukawa couplings. In addition, there are non-perturbative
sphaleron processes. All these processes give rise to constraints among
various chemical potentials in thermal equilibrium. These include [1]:

(1) The effective 12-fermion interactions OB+L induced by the sphalerons
give rise to the following relation,

∑

i

(3µqi + µ"i) = 0 . (1.45)

(2) The SU(3) QCD instanton processes lead to interactions between LH
and RH quarks. These interactions are described by the operator,∏

i(qLiqLiu
c
Ri

dc
Ri

). When in equilibrium, they lead to,
∑

i

(2µqi − µui − µdi) = 0 . (1.46)

EW Sphalerons convert 
asymmetries between baryon 
and lepton numberFebruary 2, 2008 8:54 World Scientific Review Volume - 9in x 6in tasi06proc-MCC

TASI 2006 Lectures on Leptogenesis 15

(3) Total hypercharge of the plasma has to vanish at all temperatures. This
gives,

∑

i

(µqi + 2µui − µdi − µ!i − µei +
2

Nf
µH) = 0 . (1.47)

(4) The Yukawa interactions yield the following relations among chemical
potential of the LH and RH fermions,

µqi − µH − µdj = 0 , (1.48)

µqi + µH − µuj = 0 , (1.49)

µ!i − µH − µej = 0 . (1.50)

From Eq. (1.44), the baryon number density nB = 1
6gBT 2 and lepton num-

ber density nL = 1
6gLiT 2, where Li is the individual lepton flavor number

with i = (e, µ, τ), can be expanded in terms of the chemical potentials.
Hence

B =
∑

i

(2µqi + µui + µdi) (1.51)

L =
∑

i

Li, Li = 2µ!i + µei . (1.52)

Consider the case where all Yukawa interactions are in equilibrium. The
asymmetry (Li−B/Nf ) is then preserved. If we further assume equilibrium
among different generations, µ!i ≡ µ! and µqi ≡ µq, together with the
sphaleron and hypercharge constraints, all the chemical potentials can then
be expressed in terms of µ!,

µe =
2Nf + 3

6Nf + 3
µ!, µd = −

6Nf + 1

6Nf + 3
µ!, µu =

2Nf − 1

6Nf + 3
µ! (1.53)

µq = −
1

3
µ!, µH =

4Nf

6Nf + 3
µ! .

The corresponding B and L asymmetries are

B = −
4

3
Nfµ! , (1.54)

L =
14N2

f + 9Nf

6Nf + 3
µ! . (1.55)

Thus B, L and B − L are related by:

B = cs(B − L), L = (cs − 1)(B − L) , (1.56)

Total hypercharge of 
the plasma

Standard Model equations describing chemical equilibrium in the hot plasma 
relate chemical potentials of the different species :

a primordial asymmetry, say in leptons, induces a Higgs asymmetry though the 
equations of chemical equilibrium
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⇤2
(H†X2)

2 + yHX̄2X1H + h.c

Minimal illustrative example

 Just add to the Standard Model 2 vector-like fermions:
 a singlet X1 (Dark matter) and one EW doublet X2  whose role is to 
transfer the asymmetries between the visible and dark sectors
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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

Case 1: Asymmetric Dark Matter from Lepto/Baryogenesis

  Such a scenario  does not require new states that carry baryon or lepton 
number, unlike other Asymmetric DM models.

Assume a primordial B-L asymmetry. It induces a Higgs asymmetry which flows 
into the dark sector
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To get ΩDM ~ 25% :

Non-thermal relics
e.g. sterile neutrinos, axions Asymmetric DM

increasing  (σv)ann
6 x 10-26 cm3 / s

Symmetric 
(WIMP) DM

Asymmetric dark matter

● provides a suitable host for DM self-interacting via light species.

● encompasses most of the low-energy parameter space of 
thermal relic DM → study models and low-energy pheno.

 Asymmetric DM 
   [Review of asymmetric dark matter; 
   KP, Volkas (2013) ]

 (a little simplified) 

 Venn diagram of 
 stable / long-lived relics

[Petraki]



Case 2: Baryogenesis from a primordial dark matter asymmetry
4
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FIG. 2: Left: Schematic representation of the charge transfer dynamics of case II. A primordial X1 charge generates a Higgs asymmetry,
which through spectator processes, biases electroweak sphalerons into generating B and L charge (even though B�L = 0). The B density
is frozen in for a sufficiently strong first order EWPT. Particle-antiparticle oscillations washout the X asymmetry after the EWPT, and DM is
symmetric at thermal freeze-out. Right: For case II, contours of (nB/nX)Tew

at the EWPT, as a function of m1,2. The final baryon asymmetry
today is (nB/nX)Tew

times a washout factor W (see text).

nB/s ⇡ 10

�10. This leads to a similar condition as in EW
baryogenesis, v(Tc)/Tc & 1, which is only weakly sensitive
to W . The dark mediator �, introduced for annihilation, can
in principle play a role to strengthen the EWPT as well.

Since nB is much smaller that the asymmetry in the X sec-
tor, oscillations are crucial for erasing the latter and obtain-
ing the correct ⌦dm. Oscillations begin at Tosc ⇠ Tew for
⇤1 . MPl, the DM asymmetry is erased before freeze-out,
and ⌦dm is determined by symmetric freeze-out by requir-
ing h�vi ⇡ 6 ⇥ 10

�26
cm

3/s. At the same time, we require
that the initial X asymmetry is generated at T ⌧ ⇤

2
1,2/MPl,

such that dimension-five interactions are never in equilibrium.
We find that the condition of having enough oscillations –
without equilibrating the asymmetries away – is satisfied for
⇤1,2 � 4 ⇥ 10

10 GeV and m1 ⌧ 10

8 GeV.
Symmetric annihilation & phenomenology: For asym-

metric freeze-out (case I), X1
¯X1 annihilation must be ef-

ficient enough to deplete the symmetric density, requiring
h�vi & 6 ⇥ 10

�26
cm

3/s [13]. For symmetric freeze-out
(case II), the lower limit must be saturated to give the cor-
rect relic density. In principle, X1

¯X1 can annihilate into SM
states directly through gauge interactions for ✓ ⇠ 1. However,
this also leads to a sizable spin-independent (SI) cross section
for X1 scattering with the neutron (n) through Z exchange:
�SI

n ⇡ µ2
nG2

F sin

4 ✓/(2⇡) ⇡ 7 ⇥ 10

�39
cm

2
sin

4 ✓ , where
µn ⇡ mn is the reduced mass. Current XENON100 limits re-
quire ✓ < 0.1 for the range 10 < m1 < 10

4 GeV (this limit is
a function of mass, with the strongest limit at m1 = 55 GeV
requiring ✓ < 0.03) [14]. For small values of ✓, achieving a
large enough h�vi is excluded.

The presence of a dark mediator � provides a means of effi-
cient annihilation through the t-channel process X1

¯X1 ! ��
for m� < m1. At leading order in the relative velocity v, the

cross section is �v ⇡ ⇡↵2
Xc(v)/m2

1, where ↵X is the cou-
pling, and c = 1 if � is a vector or c = 3v2/8 (v2/24) if �
is a (pseudo)scalar. A wide range of (m1, ↵X) can achieve a
sufficient cross section, although a larger coupling is required
for the scalar cases due to the p-wave suppression.

Electroweak X2 pair production can be studied at colliders,
provided it is kinematically accessible. The dominant decay
modes are X+

2 ! W (⇤)X1 and X0
2 ! Z(⇤)X1, with X1

escaping as missing transverse energy (MET). Recent CMS
and ATLAS analyses at 8 TeV (with 9 fb�1 and 21 fb�1, re-
spectively) have searched for 3` + MET final states charac-
teristic of X+

2
¯X0

2 production [15, 16], with ATLAS excluding
m2 . 320 GeV for m1 . 70 GeV. X0

2
¯X0

2 ! X1
¯X1Z

(⇤)Z(⇤)

can be studied in 4` + MET searches.
Due to particle-antiparticle oscillations, annihilation can

occur today, producing an observable signal in DM halos,
while annihilation at earlier times can modify reionization as
imprinted on the cosmic microwave background [17]. The
specific indirect and direct detection signals depend on the
spin and CP of �, and how it couples to the SM [18], with
additional possible correlations with electric dipole moment
searches [19]. Meditors with highly suppressed couplings to
the SM can be still be probed through astrophysical observa-
tions of structure [20].

Conclusions: With the discovery of the Higgs, it is im-
portant to ask what role this new boson may play cosmologi-
cally. In electroweak baryogenesis, the Higgs sector provides
nonequilibrium dynamics during the EWPT, while in lepto-
genesis, the Higgs is crucial for CP-violating decays. The
purpose of this paper was to investigate potential cosmolog-
ical aspects of a minimal SM-like Higgs boson within a new
framework for generating the dark matter and/or baryon den-
sities of the Universe. Existing baryogenesis scenarios rely on

DM is no longer 
asymmetric today

A theory of baryogenesis that does not require 
B nor L violation beyond the SM but by having an asymmetry 
trapped in spectator X2 we bias sphalerons into generating B+L.



Tests?
Case 1 Case 2

indirect detection

direct detection

 invisible higgs decay

✔ ✔ ✔

✔ only for heavy DM ✔

✖ ✔

LHC searches of X2 ✔ ✔



Visible and WIMP Dark Matter abundances could be explained 
and related through the asymmetric Dark Matter paradigm

And what if dark matter is the axion, can it play any role in 
baryogenesis?
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Baryogenesis from Strong CP violation 

1 Introduction

Understanding the generation of the matter-antimatter asymmetry of the universe is one of
the key motivations for physics beyond the Standard Model (SM). CP violation from the
Cabibbo-Kobayashi-Maskawa matrix in the SM has been shown to be too small to play any
role in electroweak baryogenesis [].While a lot of new sources of CP violation arise in minimal
TeV scale extensions of the SM and have been considered for baryogenesis, it is natural to
wonder whether the CP non conserving term in the SM QCD lagrangian

L = �⇥̄
↵s

8⇡
Gµ⌫aG̃

µ⌫
a , ⇥̄ = ⇥ � arg detMq (1)

could have played a role for baryogenesis.
The CP-violating hetabar term in the QCD lagrangians is constrained today to be smaller

than 10�11 from the absence of a measurable electric dipole moment for the neutron. This si
the so-called strong Cp problem. The ⇥ parameter can be absorbed in the quark masses but
the combination ⇥̄ = ⇥ � arg detMq where Mq is the quark mass matrix, is physical. ⇥ and
arg detMq have have nothing to do which each other and there is no reason why they should
be tuned such that ⇥̄ < 10�9. The QCD vacuum energy depends on ⇥̄ and is minimized at
⇥̄ = 0. Therefore the puzzle is solved if theta bar is promoted to a dynamical field which
relaxes naturally to zero. This is the so-called Peccei-Quinn solution. It postulates a new
global axial symmetry U(1)PQ spontaneously broken by a scalar field � = fa+⇢(x)p

2
eia(x)/fa

and new heavy quarks charged under U(1)PQ will then.
But it is essentially on ly in Ref that the wqauestion was addressed in more details/ (this

possibility was suggested in Mc Lerran)
when ⇥̄ = a(x)/fa is large
Today ! ⇥ ⇠ 10�21

However, it was much larger in the early universe, in the context of the Peccei-Quinn
solution to the strong CP problem.

In this letter, we show that this almost-SM source of CP violation can explain baryoge-
nesis under rather minimal assumptions.

A baryogenesis theory requires a stage of non-equilibirum dynamics in addition to CP-
violation and baryon number violation.

In the SM, the EW phase transition is a crossover and the system stays close to equilib-
rium. For EW baryogenesis to work, the tachyonic transition has to be su�ciently out of
equilibrium. The most popular route for baryogenesis has relied on the possibility that the
EW phase transition is first-order. Another less-known but interesting route is to consider
instead the case where EW symmetry breaking is triggered through a coupling of the Higgs
to a rolling field, resulting in a tachyonic instability. This case is labelled as “Higgs quench-
ing”. In this case, the Higgs mass squared is not turning negative as a simple consequenceof
the cooling of the universe but because of its couping to another field which is rolling down
its potential. Therefore the Higgs is ”forced” to acquire a dev by an extra field.

It has been shown that Higgs quenching leads to the production of unstable EW field
configuration which when decaying lead to Chern-Simons number transitions.

The cold baryogenesis scenario requires 1) large Higgs quenching to produce Higgs wind-
ing number in the first place 2) unsuppressed CP violation at the time of quenching so that a

1

Georg Raffelt, MPI Physics, Munich ISAPP, Heidelberg, 15 July 2011  

The CP Problem of Strong Interactions 

Real quark 
mass 

Phase from 
Yukawa coupling 

Angle 
variable 

Remove phase of mass term by chiral transformation of quark fields 

today

 promoted to a dynamical field which relaxes to zero, 
 to minimize the QCD vacuum energy.⇥̄ ! a(x)

fa

in early universe, before the axion gets a mass around the QCD scale

|⇥̄| ⇠ 1

as explained by Peccei-Quinn mechanism:

Could      have played any role during the EW phase transition?⇥̄

Servant’14, 1407.0030
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in any case. The effective degrees of freedom are given
by [12]

g!;R ¼
X

i

!
Ti

T

"
4 15gi
!4

Z 1

0
dx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2i

q

exp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2i

q
þ ð%1ÞQf

i

;

(23)

g!;S ¼
X

i

!
Ti

T

"
3 45gi
4!4

Z 1

0
dx

x2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2i

q

exp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2i

q
þ ð%1ÞQf

i

'
!
1þ 1

3

x2

x2 þ y2i

"
; (24)

where T is the temperature of the plasma, Ti the tem-
perature of species i, yi ¼ mi=Ti, and QfðfermionÞ ¼ 1
and QfðbosonÞ ¼ 0. The full numerical integration is too
slow to be used in other numerical investigations, such as
the axion dynamics in a Friedmann-Robertson-Walker
(FRW) universe to be discussed below. To this end, we
have also determined fits that are accurate below the 1%
level, except at the phase transition and e( annihilation
where the error rises briefly to 4%. The fits are given in the
Appendix.

An adiabatically evolving universe has a specific rela-
tion between the temperature and the scale factor, see
Fig. 3. This allows us to accurately relate cosmic time to
the temperature of the plasma; the latter is required to
evaluate the axion mass.

A. Misalignment mechanism

As usual in standard cosmology, the universe will be
described by a flat FRW metric [12], with cosmological
parameters given by the concordance of the best available
data (we take WMAP5þ BAOþ SN [60]). For the tem-
perature regions of interest we can restrict ourselves to
radiation and axions, in which case Einstein’s equations are
given by

H2 ¼ 1

3M2
p

!
!2

30
g!;RT

4 þ f2a

!
1

2
_"2a þm2

aðTÞð1% cos"aÞ
""

;

(25)

€"þ 3H _"a þm2
aðTÞ sin"a ¼ 0; (26)

where M2
P is the reduced Planck mass. Note that the

effective axion potential has been shifted so that nonper-
turbative effects do not lead to a nonvanishing vacuum
energy.7

The dynamics of the axion evolution consists of three
qualitatively different stages: First, as long as its Compton
wavelength is above the Hubble scale, the axion is effec-
tively massless; the Hubble friction enforces a constant
axion field in this case. Secondly, once the axion mass
becomes comparable to the Hubble scale, at a time when
ma ) 3H holds, the axion feels the pull of its mass
and starts to roll towards its minimum at "a ¼ 0. Finally,
after a few oscillations the axion evolution is indistinguish-
able from pressureless matter and the axion number per
comoving volume is conserved. These three regimes are
illustrated clearly for an explicit numerical solution in
Fig. 4.
The physics underlying the misalignment mechanism is

based on the fact that the energy redshifts with time, and
that the Hubble dilution starts once the oscillations in the
axion zero mode begin. Consequently, the total Hubble
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FIG. 4 (color online). As long as the axion Compton wave-
length is well outside the horizon, the axion zero mode is frozen;
this corresponds to the late-time solution of (26) with ma

neglected. The axion starts to feel the pull of its mass at
ma ) 3H, and evolves to its minimum at "a ¼ 0, i.e. the PQ
mechanism to solve the strong CP problem. After a few oscil-
lations the axion number per comoving volume stays constant as
long as the axion mass and the scale factor change slowly
(adiabatic approximation). This is then used to extrapolate the
result to today.

7Note that there exist theories that combine another axionlike
field to entangle the dark matter and the dark energy sector
[29,61].

AXION COSMOLOGY REVISITED PHYSICAL REVIEW D 82, 123508 (2010)

123508-7

Wantz, Shellard ’10 
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Baryogenesis from Strong 
CP violation 

Effective lagrangian generated by SU(3) instantons

Kuzmin, Shaposhnikov, Tkachev ’92 

A condensate for           induces a mass for the axion :

nB = nf

Z
dt
�µ

T
⇠ nf

�(Teff )

Teff

�⇣ (11)

and so using the sphaleron rate in the symmetric phase � = 30↵5
wT

4 ⇠ ↵4
wT

4

nB

s
= nf↵

4
w

✓
Teff

Treh

◆3

�⇣
45

2⇡2g⇤
⇠ 10�7

✓
Teff

Treh

◆3

�⇣ (12)

Leff =
10

F 2
⇡m

2
⌘

↵s

8⇡
GG̃

↵w

8⇡
FF̃ (13)

The axion dev induces a condensate of GGtilde so that one gets

↵s

8⇡
hGG̃i = m2

a(T )f
2
a sin ✓ (14)

3 The Higgs quench from the dilaton

The quenching time tq is defined as the time when the Higgs mass turns negative.
The speed of the quench or quenching parameter is a dimensionless velocity parameter

characterizing the rate of change of the e↵ective Higgs mass squared at the time of quenching.

u ⌘ 1

m3
H

dµ2
e↵

dt

����
T=Tq

(15)

Cold baryogenesis requires u & 0.1 []. In the SM, the e↵ective Higgs mass varies solely
because of the cooling of the universe. Using d/dt = �HTd/dT and Tq ⇠ µ ⇠ 100 GeV, the
quenching parameter is then

uSM ⇠ 1

µ3

d

dt
(µ2 � cT 2)

����
T=Tq

⇠ H

µ

����
Tq

⇠ TEW

MP l

⇠ 10�16 (16)

This situation can be changed radically if the Higgs mass is controlled by the time-varying
vev of an additional field � e.g.

µ2
e↵(t) = µ2 � ����

2(t). (17)

Then
u ⇠ ���

1/2µ�2 �̇|tq . (18)

From energy conservation (�̇)2 ⇠ O(V ) ⇠ µ4 and we see that we can naturally get order 1
quenching parameter as it is no longer controlled but the Hubble parameter. This additional
coupling of the Higgs is what the cold baryogenesis scenario assumes. The goal of this paper
is to provide a natural motivation for such an assumption. Earlier proposal rely on adhoc
potential in which the masses pf the scalars are not protected. Instead, we show that the
mechanism can be implemented in a well-motivated framework where the smallness of the
scalar masses is under control and does not require fine-tuning.

This is a follow-up on our previous work where we already made these claims.

4

this leads to:

⌘ ⇣(T )
time variation of 
axionic mass and 
field is source for 

baryogenesis

GG̃

3 Axion-induced CP violation

The e↵ective vacuum angle in Eq. 2 is of order 1 until temperatures of 1 GeV,

⇥̄ = a/fa ⇠ O(1) for T & 1 GeV, (18)

and then quickly drops as the axion gets a mass and starts oscillating around the minimum
of its potential. Our goal is to investigate whether these large values of ⇥̄ at early times can
have any implications for EW baryogenesis. The axion lagrangian reads:

La = L(@µa) � 1

2
@µa@µa+

a

fa

↵s

8⇡
GG̃ (19)

so that
@Veff

@a
= � 1

fa

↵s

8⇡
GG̃ (20)

Gluon condensation from SU(3) instantons leads to a VEV for GG̃ and a potential for the
axion that can be written as

V = f 2
⇡m

2
⇡(1 � cos

a

fa
) ⇡ f 2

am
2
a(1 � cos

a

fa
). (21)

As a result
↵s

8⇡
hGG̃i = f 2

am
2
a sin ⇥̄. (22)

To make a connection between the axion and EW baryogenesis, we have to construct an
e↵ective operator gathering gluons and EW gauge bosons. The main point of the previous
section can be summarized as

Leff =
↵W

8⇡
⇣(T )Tr FF̃ $ Leff = µNCS where µ =

d

dt
⇣(T ) (23)

An operator of the type (9) can arise, where ⇣ is controlled by the axion mass squared. In
particular, the ⌘0 meson, which is a singlet under the approximate SU(3) flavor symmetry
of strong interactions, can couple to both GG̃ and FF̃ . At temperatures below the ⌘0 mass,
m⌘0 ⇡ 958 MeV, we can use the e↵ective operator

Leff =
1

M4

↵s

8⇡
GG̃

↵w

8⇡
FF̃ (24)

where 1/M4 = 10/(F 2
⇡m

2
⌘0) [16]. We end up with

Leff =
1

M4
sin ⇥̄ m2

a(T )f
2
a

↵w

8⇡
FF̃ (25)

hence

⇣(T ) ⌘ 1

M4
sin ⇥̄ m2

a(T )f
2
a ! µ =

d⇣

dt
=

f 2
a

M4

d

dt
[sin ⇥̄ m2

a(T )] (26)

As announced earlier, the time variation of the axion field and mass is a source for baryoge-
nesis:

nB /
Z

dt
�(T )

T

d

dt
[sin ⇥̄ m2

a(T )] (27)
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nB = nf

Z
dt
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Teff
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and so using the sphaleron rate in the symmetric phase � = 30↵5
wT

4 ⇠ ↵4
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FF̃ (13)

The axion dev induces a condensate of GGtilde so that one gets
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Leff =
10

F 2
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2
⌘
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a(T )f

2
a
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FF̃ (15)

3 The Higgs quench from the dilaton

The quenching time tq is defined as the time when the Higgs mass turns negative.
The speed of the quench or quenching parameter is a dimensionless velocity parameter

characterizing the rate of change of the e↵ective Higgs mass squared at the time of quenching.

u ⌘ 1

m3
H

dµ2
e↵

dt

����
T=Tq

(16)

Cold baryogenesis requires u & 0.1 []. In the SM, the e↵ective Higgs mass varies solely
because of the cooling of the universe. Using d/dt = �HTd/dT and Tq ⇠ µ ⇠ 100 GeV, the
quenching parameter is then

uSM ⇠ 1

µ3

d

dt
(µ2 � cT 2)

����
T=Tq

⇠ H

µ

����
Tq

⇠ TEW

MP l

⇠ 10�16 (17)

This situation can be changed radically if the Higgs mass is controlled by the time-varying
vev of an additional field � e.g.

µ2
e↵(t) = µ2 � ����

2(t). (18)

Then
u ⇠ ���

1/2µ�2 �̇|tq . (19)

From energy conservation (�̇)2 ⇠ O(V ) ⇠ µ4 and we see that we can naturally get order 1
quenching parameter as it is no longer controlled but the Hubble parameter. This additional
coupling of the Higgs is what the cold baryogenesis scenario assumes. The goal of this paper
is to provide a natural motivation for such an assumption. Earlier proposal rely on adhoc
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3 The Higgs quench from the dilaton

The quenching time tq is defined as the time when the Higgs mass turns negative.
The speed of the quench or quenching parameter is a dimensionless velocity parameter

characterizing the rate of change of the e↵ective Higgs mass squared at the time of quenching.
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Cold baryogenesis requires u & 0.1 []. In the SM, the e↵ective Higgs mass varies solely
because of the cooling of the universe. Using d/dt = �HTd/dT and Tq ⇠ µ ⇠ 100 GeV, the
quenching parameter is then
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This situation can be changed radically if the Higgs mass is controlled by the time-varying
vev of an additional field � e.g.

µ2
e↵(t) = µ2 � ����

2(t). (16)

Then
u ⇠ ���

1/2µ�2 �̇|tq . (17)

From energy conservation (�̇)2 ⇠ O(V ) ⇠ µ4 and we see that we can naturally get order 1
quenching parameter as it is no longer controlled but the Hubble parameter. This additional
coupling of the Higgs is what the cold baryogenesis scenario assumes. The goal of this paper
is to provide a natural motivation for such an assumption. Earlier proposal rely on adhoc
potential in which the masses pf the scalars are not protected. Instead, we show that the
mechanism can be implemented in a well-motivated framework where the smallness of the
scalar masses is under control and does not require fine-tuning.

This is a follow-up on our previous work where we already made these claims.
We now make these statements more precise and explicit.
In the case where � is the dilaton/radion we actually have:

V = V (�) +
�

4
(�2 � c�2)2 (18)
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Operator relevant for baryogenesis:

time-varying function

where NF is the number of families, F is the EW field strength and NCS =
R
d3xj0CS is

the Chern-Simons number. Variations in the baryon number are related to variations in the
Chern-Simons number by �B = NF�NCS.

The master equation for baryogenesis is of the form
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where � is the rate of Chern-Simons transitions. The generated Chern-Simons number
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where Teff is an e↵ective temperature of the relevant low-momentum modes.
Relevant for baryogenesis is the e↵ective lagrangian
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where we made an approximation in which ⇣ is replaced by its spatial average L�3
R
d3x⇣ and

we integrated by parts in order to exhibit the chemical potential for Chern-Simons number:

µ ⌘ @t⇣ (7)

Therefore, the time derivative of ⇣ can be interpreted as a time-dependent chemical potential
for Chern-Simons number and Leff takes the form

Leff = µ NCS (8)

This fact has been heavily used in baryogenesis scenarios in the past.
Most studies of cold baryogenesis have used as new source of CP violation an e↵ective

dimension-6 operator made of the Higgs field �, ⇣ = �†�/M2, suppressed by the scale of new
physicsM . The time-varying vev of the Higgs has been used successfully in cold baryogenesis
studies. What we are instead going to use in our proposal is that ⇣is actually fueled by the
time variation of the axion mass at the QCD scale, while the rate of C-S transitions is non-
zero because of the EW phase transition being delayed at the QCD scale in the context of
dilation induced EW symmetry breaking theories.

The whole point can be summarized by
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suppressed by the scale of new physics M . The time-varying vev of the Higgs has been used
successfully in cold baryogenesis studies. What we are instead going to use in our proposal
is that ⇣is actually fueled by the time variation of the axion mass at the QCD scale, while
the rate of C-S transitions is non-zero because of the EW phase transition being delayed at
the QCD scale in the context of dilation induced EW symmetry breaking theories.

The whole point can be summarized by

Leff =
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⇣(T )Tr FF̃ $ Leff = µNCS where µ =

d

dt
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Temperature dependence of axion mass

and the different parameters by
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The quark thresholds are treated within the effective field
theory language, where decoupling is enforced by hand
and continuity is achieved through matching conditions.

We also give a very simple approximation to the dilute
gas result in the form of a power-law, as in earlier work
[52,53],

m2
a ¼

!a!
4

f2aðT=!Þn ; (22)

where n ¼ 6:68 and ! ¼ 1:6810#7, from (21); it compares
well with [52]. We believe it is a coincidence that such a
simple fit, based solely on the high temperature regime,
still gives such a good overall approximation to the much
more elaborate result of the IILM simulations, see Fig. 2.

We found that the instanton ensemble is very distinct
from a noninteracting system. Corroborating earlier ideas
on the instanton liquid at finite temperature [24], we found
a population of instanton–anti-instanton molecules and a
noninteracting remnant. The molecules do not lead to
charge fluctuations and, hence, the axion mass is deter-
mined by the random subensemble. It turns out that the
latter have a concentration that just matches the dilute gas
approximation. We believe this is an unfortunate coinci-
dence; in particular, we have found within a toy model that,

depending on the interaction and screening effects, a differ-
ent high temperature behavior can occur: for stronger
interactions the molecule concentration can become higher
so that the noninteracting subensemble acquires a lower
density, and hence a lower axion mass, compared to the
dilute gas estimate [24]. A crude argument within the IILM
gave evidence that at higher temperatures, with more active
quark flavours, the fermionic interactions might outweigh
the screening effects and the molecule concentration could
increase. For temperatures below the charm or even the
bottom threshold, the molecule concentration will, how-
ever, decrease as the screening effects dominate over the
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FIG. 2 (color online). Shown are the mass for the QCD axion
from IILM simulations (19), from a lattice-inspired fit that uses
the IILM mass shifted towards higher temperatures to mimic the
phase transition at Tlat

c & 160 MeV, from the classic dilute gas
approximation (DGA) by Turner [53] and its update by Bae et al.
[52], and from the DGA derived in this paper (22). The simple
power-law DGA axion masses are cutoff by hand once they
exceed maðT ¼ 0Þ and give a surprisingly good approximation
to the full IILM result; we believe this is a coincidence. The
differences that persist to high temperatures, between the update
and our DGA model, arise from the slightly different quark
masses. Our choice has the merit that the masses were deter-
mined self-consistently within the IILM at T ¼ 0 [51].
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FIG. 1 (color online). The mass for the QCD axion follows
from the topological susceptibility, m2

af
2
a ¼ ". The fit goes over

to the dilute gas approximation for moderately high temperatures
T & 400 MeV, in accordance with the IILM data. Note that the
large errors are mostly due to the large uncertainties in the
determination of !, used to set dimensions.
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3 The Higgs quench from the dilaton

The quenching time tq is defined as the time when the Higgs mass turns negative.
The speed of the quench or quenching parameter is a dimensionless velocity parameter

characterizing the rate of change of the e↵ective Higgs mass squared at the time of quenching.
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phase transition should be delayed down to ~ 1 GeV. Fine ... but
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The quenching time tq is defined as the time when the Higgs mass turns negative.
The speed of the quench or quenching parameter is a dimensionless velocity parameter

characterizing the rate of change of the e↵ective Higgs mass squared at the time of quenching.
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This situation can be changed radically if the Higgs mass is controlled by the time-varying
vev of an additional field � e.g.
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quenching parameter as it is no longer controlled but the Hubble parameter. This additional
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where vp is the Higgs vev in the 5D
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killing factor

nB = nf

Z
dt
�µ

T
⇠ nf

�(Teff )

Teff

�⇣ (11)

and so using the sphaleron rate in the symmetric phase � = 30↵5
wT

4 ⇠ ↵4
wT

4

nB

s
= nf↵

4
w

✓
Teff

Treh

◆3

�⇣
45

2⇡2g⇤
⇠ 10�7

✓
Teff

Treh

◆3

�⇣ (12)

Leff =
10

F 2
⇡m

2
⌘

↵s

8⇡
GG̃

↵w

8⇡
FF̃ (13)

The axion dev induces a condensate of GGtilde so that one gets

↵s

8⇡
hGG̃i = m2

a(T )f
2
a sin ✓ (14)

This leads to

Leff =
10

F 2
⇡m

2
⌘

sin ✓ m2
a(T )f

2
a

↵w

8⇡
FF̃ (15)

and therefore

⇣(T ) ⌘ 10

F 2
⇡m

2
⌘

sin ✓ m2
a(T )f

2
a ! µ =

d⇣

dt
=

sin ✓

M4
f 2
a

d

dt
m2

a(T ) (16)

nB /
Z

dt
�(T )

T

d

dt
m2

a(T ) (17)

f 2
am

2(T ) =
↵a⇤4

(T/⇤)6.68
, ⇤ = 400MeV (18)

For T > Tt = 102.892 MeV

m2(T ) = m2(T = 0) ⇥
✓
Tt

T

◆6.68

(19)

�m2(T ) ⇠ m2(T ) (20)

�⇣ ⇠ sin⇥
f 2
a

⇤4
QCD

�m2
a ⇠

✓
Tt

T

◆6.68

(21)

�⇣ & 10�3 ! T . 0.3 GeV (22)

✓
Teff

Treh

◆3

⇠
✓
0.1

100

◆3

(23)

4

2) and there should not be any reheating -> unacceptable as                       .Treh ⇠ mh

⇠ ⇥̄(Teff )

3 Axion-induced CP violation

The e↵ective vacuum angle in Eq. 2 is of order 1 until temperatures of 1 GeV,

⇥̄ = a/fa ⇠ O(1) for T & 1 GeV, (18)

and then quickly drops as the axion gets a mass and starts oscillating around the minimum
of its potential. Our goal is to investigate whether these large values of ⇥̄ at early times can
have any implications for EW baryogenesis. The axion lagrangian reads:
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To make a connection between the axion and EW baryogenesis, we have to construct an
e↵ective operator gathering gluons and EW gauge bosons. The main point of the previous
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An operator of the type (9) can arise, where ⇣ is controlled by the axion mass squared. In
particular, the ⌘0 meson, which is a singlet under the approximate SU(3) flavor symmetry
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As announced earlier, the time variation of the axion field and mass is a source for baryoge-
nesis:
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B-violation and time-variation of axion mass should occur at 
the same time...
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However,

in 1992, the mechanism of cold baryogenesis was not yet known

Cold baryogenesis arises naturally in models where EW symmetry 
breaking is induced by the radion/dilaton vev.

Cold baryogenesis cures it all as 
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4

--> large enough baryon asymmetry even for ⇥̄(T ) & 10�6

key point: Teff 6= TEWPT

So even if TEWPT . ⇤QCD Teff & Treh ⇠ mHwe can have

We have to impose that this temperature never exceeds the sphaleron freese-out temperature
[28]

Treh < 130 GeV (52)

which leads to a constraint on the dilaton mass. Since f ⇠ O(TeV ), this means that the
dilaton should be O(100) GeV. We plot this constraint in Fig. 4 for typical dilaton-like
potentials used in the literature. Constructions that lead naturally to such a light dilaton
have been recently discussed in Ref. [45, 50–53]. LHC constraints on an EW scale dilaton
were presented before the Higgs discovery in [54–57]. Interpretation of the Higgs discovery
in terms of a Higgs-like dilaton [58] has then been considered in [59, 60]. We are instead
interested in a scenario where in addition to the 125 GeV Higgs, there is a light dilaton,
which is a less constrained option, see e.g [61–63], and a careful analysis of CMS and ATLAS
data is generally definitely worthwhile and will be a key-test for our scenario in particular.

6 Conclusion

We have shown that the QCD axion could play a key role in providing the new source
of CP violation in baryogenesis, therefore linking the origin of dark matter to that of the
matter antimatter asymmetry of the universe. This can be achieved provided that the EW
phase transition is delayed due to a coupling between the Higgs field and an EW scale
dilaton. The nearly conformal dynamics which has been advocated to protect the EW scale
naturally provides the condition for Higgs quenching as needed in the framework of cold
baryogenesis. In terms of the QCD angle ⇥̄ = a/fa, the produced baryon asymmetry scales
as, for TEWPT . ⇤QCD,

nB

s
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✓
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sin ⇥̄
��
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(53)

where Teff measures the e↵ective temperature of Chern–Simons transitions during the
quench. Since sin ⇥̄(⇤QCD)  10�3, we need Teff/Treh & 5 to get a large enough baryon
asymmetry (see Fig. 2). This is precisely what lattice simulations of cold baryogenesis pre-
dict, Teff/Treh ⇠ 30 � 40 [26].

The possibility that the axion could be responsible for the matter antimatter asymmetry
of the universe had been discarded back in 1992 in Ref. [16], while the cold baryognesis pro-
posal was not yet known. In Ref. [16], which was carried out in the context of standard EW
baryogenesis, Teff was taken to be around ⇤QCD, the temperature at which the axion mass
is unsuppressed. Therefore, there was no way to get a su�ciently large baryon asymmetry
since the reheat temperature after the EW phase transition has to be around the EW scale.
The key point we have stressed here is that in the context of cold baryogenesis, the e↵ective
temperature characterizing baryon number violation may be significantly higher than the
actual temperature of the universe. Therefore, even if the EW phase transition takes place
at T ⇠ ⇤QCD in order for the strong CP violation to be maximal, we can have Teff ⇠ O(100)
GeV, as shown by extensive numerical simulations of cold baryogenesis. As a result, a re-
heat temperature of order O(100) GeV as predicted in models where the dilaton mass is
⇠ O(100) GeV is still compatible with a su�ciently large baryon asymmetry. An important
constraint is that the reheat temperature after the dilaton gets its VEV and induces the EW
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Beyond the linear approximation, we can apply methods from non-equilibrium ther-

modynamics [26, 3, 13, 14] to estimate the asymmetry.

One can interpret the CP-violating term as a chemical potential for Chern-Simons

number4 (cf. (2.1,2.6)):

∫

d4xκφ†φTr FF̃ ↔ −
∫

dt µchNcs, µch(t) =
3δcp

m2
W

d

dt
〈φ2(t)〉. (4.2)

Using the CP-even evolution of the diffusion rate Eq. (3.5) and the Higgs average Eq. (3.1),

the average Chern-Simons number can then be estimated through

〈Ncs〉(t) =
1

Teff

∫ t

0
dt′ Γ(t′)µch(t′), (4.3)

where Teff was interpreted in [3] as the effective temperature of the tachyonic modes. We

will not elaborate here on such an interpretation, but merely observe that Teff turns out to

decrease roughly linearly with tQ, and that mH =
√

2mW gives much larger values, figure

6.

Figure 5 compares the result of
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0
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40
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Figure 6: The effective temperature in units of
mH as extracted from the thermodynamical treatment.
Squares: mH = 2 mW , circles: mH =

√
2 mW .

Eq. (4.3) to the full simulation. Teff

is chosen to fit the first maximum

of the full simulation. The approxi-

mation nicely reproduces the change

of sign of the asymmetry produced

by the back-reaction. At later times,

the approximation again breaks down.

We will see that this is precisely the

time when the Higgs field acquires a

net winding number [1], the dynam-

ics of which can apparently not be

described by a simple chemical po-

tential with constant Teff . The effec-

tive temperatures as a function of tQ
are shown in figure 6.

Notice in figure 5 that the sign of the asymmetry at later times mHt ∼ 40 has changed

again to positive (the sign of δcp) in the case of mass ratio
√

2, which is not captured by the

thermodynamic treatment. In principle the latter might do better, since the oscillations in

µch(t) and Γ(t) are correlated. In any case, replacing the diffusion rate by its time average

[13]

∫ tmax

0
dt′Γ(t′)µch(t′) → Γ̄

∫ tmax

0
dt′µch(t

′) =
3δcpΓ̄v2

2m2
W

, (4.4)

gives a sign of the asymmetry that is definitely equal to that of δcp, which may be wrong.

– 11 –

mH = 114 GeV

mH = 160 GeV

Teff

mH

cold baryogenesis: production of baryon number at 
T=0 from out-of equilibrium dynamics
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However,

in 1992, the mechanism of cold baryogenesis was not yet known

Cold baryogenesis arises naturally in models where EW symmetry 
breaking is induced by the radion/dilaton vev.

Cold baryogenesis cures it all as 
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which leads to a constraint on the dilaton mass. Since f ⇠ O(TeV ), this means that the
dilaton should be O(100) GeV. We plot this constraint in Fig. 4 for typical dilaton-like
potentials used in the literature. Constructions that lead naturally to such a light dilaton
have been recently discussed in Ref. [45, 50–53]. LHC constraints on an EW scale dilaton
were presented before the Higgs discovery in [54–57]. Interpretation of the Higgs discovery
in terms of a Higgs-like dilaton [58] has then been considered in [59, 60]. We are instead
interested in a scenario where in addition to the 125 GeV Higgs, there is a light dilaton,
which is a less constrained option, see e.g [61–63], and a careful analysis of CMS and ATLAS
data is generally definitely worthwhile and will be a key-test for our scenario in particular.

6 Conclusion

We have shown that the QCD axion could play a key role in providing the new source
of CP violation in baryogenesis, therefore linking the origin of dark matter to that of the
matter antimatter asymmetry of the universe. This can be achieved provided that the EW
phase transition is delayed due to a coupling between the Higgs field and an EW scale
dilaton. The nearly conformal dynamics which has been advocated to protect the EW scale
naturally provides the condition for Higgs quenching as needed in the framework of cold
baryogenesis. In terms of the QCD angle ⇥̄ = a/fa, the produced baryon asymmetry scales
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where Teff measures the e↵ective temperature of Chern–Simons transitions during the
quench. Since sin ⇥̄(⇤QCD)  10�3, we need Teff/Treh & 5 to get a large enough baryon
asymmetry (see Fig. 2). This is precisely what lattice simulations of cold baryogenesis pre-
dict, Teff/Treh ⇠ 30 � 40 [26].

The possibility that the axion could be responsible for the matter antimatter asymmetry
of the universe had been discarded back in 1992 in Ref. [16], while the cold baryognesis pro-
posal was not yet known. In Ref. [16], which was carried out in the context of standard EW
baryogenesis, Teff was taken to be around ⇤QCD, the temperature at which the axion mass
is unsuppressed. Therefore, there was no way to get a su�ciently large baryon asymmetry
since the reheat temperature after the EW phase transition has to be around the EW scale.
The key point we have stressed here is that in the context of cold baryogenesis, the e↵ective
temperature characterizing baryon number violation may be significantly higher than the
actual temperature of the universe. Therefore, even if the EW phase transition takes place
at T ⇠ ⇤QCD in order for the strong CP violation to be maximal, we can have Teff ⇠ O(100)
GeV, as shown by extensive numerical simulations of cold baryogenesis. As a result, a re-
heat temperature of order O(100) GeV as predicted in models where the dilaton mass is
⇠ O(100) GeV is still compatible with a su�ciently large baryon asymmetry. An important
constraint is that the reheat temperature after the dilaton gets its VEV and induces the EW
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Figure 2: Prediction for today’s B asymmetry as a function of the temperature of the EWPT
compared with measured value (dotted line). The case Te↵/Treh = 1 (light gray) and Te↵ ⇠ TEWPT

that would characterize standard EW baryogenesis is unfeasible as Treh ⇠ O(mH) � ⇤QCD. The
cases with Te↵/Treh & 10 can easily account for a large B asymmetry and correspond to a quenched
EWPT, as in cold EW baryogenesis. Each band corresponds to varying the initial angle value ⇥̄i in
the range [10�2, ⇡/2]. Left: ma & 3HEW ⇠ 3 ⇥ 1014 GeV, for oscillations starting at T = 0.3 GeV
in the supercooling era before the EWPT. Right: ma . 3HEW , the axion is frozen to its initial
value until after reheating.

4 The Higgs quench from a Higgs-scalar coupling

The key point in this work is to exploit the fact that e�cient B violation can take place at
temperatures below the sphaleron freese-out temperature, under strong out-of-equilibrium
conditions as provided by a quenched EWPT. We summarize here briefly the main features
of cold baryogenesis and refer the reader to the specific literature for more details [17,21–27].

In the standard picture of cold baryogenesis, the tachyonic transition develops when
the Higgs mass squared m2

eff changes sign rapidly due to a coupling of the Higgs to an
additional scalar field. Just before the EWPT, the universe is relatively cold. The dynamics
of spinodal decomposition has been investigated both analytically and numerically [22, 25,
36–40], typically using infinitely fast quench. The Fourier modes of the Higgs field with
low momentum k < µ are unstable and grow exponentially. The rapid rise of the low
momentum modes and the particle number distribution of the Higgs can be seen by solving
�̈(k, t) + (m2

eff (t) + k2)�(k, t) = 0 and assuming instantaneous quenching: m2
eff = +µ2 at

t < 0 and m2
eff = �µ2 at t > 0, t = 0 being the onset of the transition. This leads to

�(k, t) / exp[
p
µ2 � k2t]. Therefore, the energy of the additional scalar field inducing the

quench is converted into long wavelength modes of the Higgs field which then contain a large
fraction of the total energy of the system. These extended field configurations play a key role
in inducing Chern–Simons transitions (see e.g. [31] for a summarized review and references
therein). It is di�cult to predict the final averaged Chern–Simons number analytically. On
the other hand, although we are far from thermal equilibrium, we can use some e↵ective
sphaleron rate to roughly estimate the e↵ect of dilaton-induced baryon-number violation.
The rate of Chern–Simons transitions can be approximated by that of a system in thermal
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Axion dynamics during a supercooled EW phase 
transition can lead to baryogenesis

requires a coupling between the Higgs and an 
additional light scalar



Summary

These conditions can arise naturally in models with a light dilaton 
(e.g Goldberger-Wise radion stabilisation mechanism)

Strong CP violation from the QCD axion can be responsible
 for the matter antimatter asymmetry of the universe in the 

context of cold baryogenesis

if the EW phase transition is delayed down to the QCD scale

scenario testable at LHC : existence of a O(100) GeV
                     Higgs-like dilaton
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Figure 7: 95% C.L. collider exclusion limit on the scale of conformal symmetry breaking,
f , with respect to m

�

for our benchmark models A and B.

As mentioned in the main text, in addition to the direct detection bounds there are
also collider bounds from the LHC and earlier experiments. The dilaton (roughly) mimics
a Higgs boson, with couplings to massive SM fields suppressed by the factor v/f compared
to that of the Higgs and couplings to massless gauge bosons that involve contributions from
the matter content of the conformal sector. Collider bounds on the dilaton can thus be
obtained by recasting the results of direct production limits from Higgs boson searches. We
use the HiggsBound [44–46] code version 4.1.2, that incorporates all the currently available
experimental analyses from LEP, the Tevatron, and the LHC [44–46].

The resulting collider bounds on the conformal symmetry breaking scale f as a function
of the dilaton mass is presented in Fig. 7 for the two benchmark models A and B defined
in Sec. 2. In obtaining these bounds we assumed, for simplicity, no invisible decay channels
for the dilaton. We can see that the collider bounds are strongly model dependent: model
A has a large coupling to gluons, and thus is very strongly constrained throughout the
parameter space relevant for LHC kinematics. Model B has small couplings to gluons and
photons, and is only weakly constrained for dilaton masses above 200 GeV.

The resulting bound on f can be turned into a bound on m
�

using Fig. 2. For example
the f & 2 TeV bound for m

�

. 400 GeV in model A implies m
�

& 300 GeV, with the
exception for a narrow resonance region.

22

[1410.1873]

LHC constraints on the scale of conformal symmetry 
breaking (dilaton)
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�GW � �2�GW � 1
(�/H)2

⇥2

Smoking gun signature of a strongly first-order phase transition

violent process if vb ~O(1)
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Detection prospects for eLISA

Most sensitive in the 
region around 10TeV

It can detect GWs 
from strong PTs, 
occurring slow
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Detection of a GW stochastic background peaked in the milliHertz:
 a signature of near conformal dynamics at the TeV scale
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Conclusion

Baryogenesis and dark Matter:

No lack of theoretical ideas!

For Standard EW baryogenesis through a Z_2 singlet, the connection 
to the EW phase transition does not make it 

necessarily easy to test at future colliders. Besides, no unified 
description of dark matter

QCD axion-baryogenesis connection: 
easier to test at the LHC (relies on the existence of a light dilaton) and 
usual generic dark matter prediction of QCD axion remains unaffected

WIMP-baryogenesis connection through asymmetric dark matter: 
interesting but no model-independent generic prediction


