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There can be large CP violation 
in the strong sector (axion)

BUT

NO 
baryon number 

violation!

NO 
1st order 

phase transition*

SM QCD cannot explain the matter asymmetry

*will come back to this soon
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What if QCD was different  
in the early Universe?

We don’t know anything about what happened 
before Big Bang Nucleosynthesis (T ~ MeV,  t ~ sec)

SI, T. Tait, PRL (2019), 122, 112001, arXiv: 1811.00559
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ℒ ⊃ ( 1
g2

s
+

S
M* ) GμνGμν

1
g2

eff
=

1
g2

s
+

vS

M*

Confinement scale changes with new particles 
if they interact via strong interactions!
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SI, T. Tait, PRL (2019), 122, 112001, arXiv: 1811.00559

ΛQCD ≃ ΛSM
QCD × exp ( 24π2

2Nf − 33
vS

M* )

TS = 4 TeV

We can change QCD! - in the early universe
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ΛQCD ∼ 400 MeV ΛQCD ∼ 400 GeV

pions ~ O(100 MeV) pions ~ O(100 GeV)

Things that depend on the QCD scale will be 
different in the early Universe

currently billions of years ago
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Below confinement: quarks are no more! we have mesons

ℒch ⊃
f2
π

4
Tr[∂μU∂μU] + κTr[U M]

U(x) = e2iTaΠa(x)/fπ

SU(6)L × SU(6)R → SU(6)diagchiral symmetry breaking:

Above confinement: 6 massless quarks

the pion matrix

M =
h

2
diag (yu, yd, ys, yc, yb, yt)

ℒch ⊃ 2κyth −
κ
f 2

π
tr[{Ta, Tb}M]πaπb

quark mass matrix

If QCD confines before EW symmetry breaking:



Seyda Ipek 7

SM QCD New physics QCD

confinement ~ 400 MeV

mass of 
up/down quarks 

< ΛSM
QCD

m2
π0 =

2κ0(mu + md)
f 2

π0
pion masses: 

κ0 ≃ (225 MeV)3

fπ0 ≃ 94 MeV

QCD quantities:

confinement ~ 400 GeV

all quarks are 
lighter than Λnew

QCD

m2
π ≃ m2

π0 ( vh

vSM
h ) ξ

κ ≃ κ0 ξ3

fπ ≃ fπ0 ξ

pions are heavier:

ξ ≡
Λnew

QCD

ΛSM
QCD

with

Higgs vev
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S

h
vhTϕ

Tc

Td
vϕ

vh = 0

Tc

QCD confined

Td

QCD deconfines?

vh = vSM
h

TBBN

TSM
EW

ΛSM
QCD ∼ GeV

QCD confined

vh ≠ 0

finite temperature corrections
the usual: gauge bosons, quarks,…

no quarks, 
but hadrons!

return to the SM

Transition pattern
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• Higgs gets a tadpole term from the meson mass-term

Vtad(vh) ≃ κ
yt

2
vh ≃ − 0.0158 GeV3 (

ΛQCD

ΛSM
QCD )

3

vh

• Thermal corrections to the Higgs potential from mesons

Vmeson(vh, T ) = ∑
i=1...35

T4

2π2
JB ( m2

i

T2 )
JB(m2) = ∫

∞

0
dxx2 log (1 − e− x2 + m2)

• The gluon condensate contributes to the singlet potential

VGC(vS) ≃
vS

4M*
Λ4

QCD
S

M*
⟨GG⟩

Thermal potential in the confined phase



Seyda Ipek 10

0 50 100 150 200 250 300 350 400 450

T (GeV)

0

100

200

300

400

500

v h
(G

eV
)

§QCD = 200 GeV

§QCD = 400 GeV

ª = 500

ª = 1000

101 102 103

mº (GeV)

0

2

4

6

8

10

N
um

be
r

of
pi

on
s

Pion Spectrum (T = 100 GeV)

ª = 500

ª = 1000

 ξ =
ΛQCD

ΛSM
QCD

m2
π ≃ m2

π0 (
ΛQCD

ΛSM
QCD ) ( vh

vSM
h )

Higgs vev is larger than 
its SM value!
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New QCD cosmology

Baryogenesis!

Vscalar = −μ2 |H |2 + λh |H |4

+a2 S2 + a3 S3 + a4 S4

−b1 S |H |2 + b2 S2 |H |2

D. Croon, J. Howard, SI, T. Tait, Phys.Rev.D 101 (2020) 5, 055042 arXiv:1911.01432

New scalar can interact with the Higgs boson
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T = Tc

ma
θ̄

Tc

T
Td TSM

EW

m2
π f 2

π

m2
π f 2

π ζ (
ΛQCD

T )
n

m2
a(T )f 2

a ≃

T > Tc

T < Tc

ℒ ⊃ θ̄ GμνG̃μν

QCD has CP violation!
Axions!

has small mass at high T

T-dependence given by number 
of light flavors, etc  

How about B violation?



Seyda Ipek 13

ΓB ∼ 25α5
WT4

T = Tc

ℒeff =
10

f 2
πm2

η′ 

αs

8π
⟨GG̃⟩

αW

8π
WW̃

anomalous 
baryon current

αs

8π
⟨GG̃⟩ = m2

a(T )f2
a sin θ̄ μ =

10
f 2

πm2
η′ 

d
dt [m2

a(T )f2
a sin θ̄(T )]

generates a chemical potential 

∂μ jμ
B =

αW

8π
Tr[WW̃]

Γsphma
θ̄

Tc

T
Td TSM

EW A. Cohen, D. Kaplan, Nucl. Phys. B308 (1988) 913–928

Spontaneous baryogenesis

GG̃ WW̃
η′ 
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Singlet decays

Γ(S → gg) ≃
m3

S

8πM2
*

1) gluons via (S/M*)GG

2) quarks and leptons via 
Higgs mixing

Γ(S → f f̄ ) ≃
Ncy2

f sin2 θ mS

8π (1 −
4m2

f

m2
S )

3/2

Interested in mS ∼ O(10 GeV)

S decays promptly
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mS (TeV)

M
*

(T
eV

)

U. Danielsson, etal, Phys.Rev. D100 
(2019) no.5, 055028

ATLAS dijet 
resonant searches

CMS dijet 
angular distribution

Gavela, No,  etal, arXiv:1905.12953 

This is for ALPs! 
Not clear for a scalar

M* > 3 TeV

Only for very heavy S!
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Mixing angle is too small for current searches

Singlet lighter than ~10GeV
is hard to constrain since it decays primarily to gluons

6 benchmark scenarios, 
there should be more!

 gets smallerai
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mu = md

ms

∞

∞

crossover

20

J. Phys. Conf Ser. 432 012027 (2013)QCD Phase Diagram

T

Baryon density

Quark-gluon 
plasma

hadrons
neutron 
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If 3 or more massless quarks First order phase transition???
R.D. Pisarski, F. Wilzcek, Phys. Rev. D29 (1984) 338–341

Maybe not :( 
F. Cuteri, O. Philipsen, A. Sciarra, arXiv: 2107.12739
L. Dini, etal, arXiv: 2111.12599
J. Bernhardt, C. Fischer, arXiv: 2309.06737
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T > TEW > Tc

V(vh, vs, T ) = V0(vh, vs) + Vgauge(vh, T )
+Vtop(vh, T )

Finite temperature potential:

b1 = 0.7 GeV, b2 = 10−3

a2 = 108 GeV2, a3 = 0.15 GeV, a4 = 5 × 10−5

V0 = −μ2 |H |2 + λh |H |4

+a2 S2 + a3 S3 + a4 S4

−b1 S |H |2 + b2 S2 |H |2

vacuum is at vs, vh = 0

High temperature

global minimum
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b1 = 0.7 GeV, b2 = 10−3

a2 = 108 GeV2, a3 = 0.15 GeV, a4 = 5 × 10−5

Global minimum is SM-like

There is an impenetrable 
barrier between the two vacua!

Universe is stuck at vs, vh = 0

TEW > T > Tc

SE

T
∼ ( Δvs

ΔV(vs) )
4

∼ 10−8

Below EW scale

We require:  GeVmh = 125
  GeVv0

h = 246

Euclidean bounce action
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b1 = 0.7 GeV, b2 = 10−3

a2 = 108 GeV2, a3 = 0.15 GeV, a4 = 5 × 10−5

But there is still a barrier
between the two vacua! 

Td < T ≲ Tc

QCD confimenent tips this 
vacuum towards finite 
(but not towards the SM value)

vh

Universe is stuck at vs, vh < vSM
h

Below QCD confinement
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V(vh, vs, T ) = V0(vh, vs) + Vgauge(vh, T )
+Vtad(vh) + VGC(vs)
+Vmeson(vh, T )
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b1 = 0.7 GeV, b2 = 10−3

a2 = 108 GeV2, a3 = 0.15 GeV, a4 = 5 × 10−5Tc > Td > T

The barrier disappears

SM-like vacuum!

The universe can roll over 
instead of tunneling

Back to the SM
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Universe has the 
right Higgs vev and ΛQCD
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η ∼ 10−11 sin θ̄
vh

ΛQCD ( Tc

Treh )
3

ηobs ≃ 8.5 × 10−11

⟨qq̄⟩ = 0
⟨qq̄⟩ ∼ Λ3

QCD

hadrons

⟨h⟩ = 0

T = Tc ≃ 100 GeV
⟨qq̄⟩ = 0

⟨h⟩ = 0

⟨qq̄⟩ ∼ T3
c

⟨h⟩ = vh ≳ Tc

CP conserved

B conserved

θ̄eff

B

CP

∼ 4 > 1
∼ 1



Seyda Ipek 27

E. Thrane, etal, Phys.Rev. D88 (2013) no.12, 124032
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Benchmark scenarios
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What is 𝜅 ?

m2
π0 =

2κ0(mu + md)
f 2

π0

We can find by matching to the SM QCD!

κ0 =
m2

π0 f 2
π0

2v0
h(yu + yd)

≃ (224 MeV)3

κ ≃ κ0 (
ΛQCD

ΛSM
QCD )

3

fπ ≃ fπ0 (
ΛQCD

ΛSM
QCD )

m2
π ≃ m2

π0 (
ΛQCD

ΛSM
QCD ) ( vh

vSM
h )
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How about other gauge couplings?

30

ℒ ⊃ ( 1
g2

Y
+

ϕ
MPl ) BμνBμν + ( 1

g2
2

+
ϕ

MPl ) WμνWμν

S.A.R. Ellis, SI, G. White, JHEP 08 (2019) 002,  arXiv:1905.11994
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