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Dark Matter exists
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Astrophys J, 295, 305 (1985) Astrophys J, 648:L109 (2006)

⌦d ⇠ 0.27

⌦b ⇠ 0.04



Existential crisis?
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What is dark 
matter? 

Where does 
it come from?

Ones who 
want to know

Ones who really 
really really want 

to know

Can we 
touch it?



We know dark matter…

Seyda Ipek (UCI) 4

• mostly (only?) interacts gravitationally

• is about 27% of the universe’s energy density

• is cold, collisionless (?)

These are only astrophysical observations!

We need more to know about the 
“particle” properties of dark matter

• does not clump much  (?)



Is DM an elementary particle?
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What is Dark Matter?
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Playing ground is 
full with good to 

great ideas!

DMSAG report, July 18 2007

dark photons?

SIMPs?

FIMPs?

Non-QCD axions?

…
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 A short history of DM
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DM

DM

DM

DM q

q̄

Universe cools and expands

thermal freeze out

Annihilates via its 
interactions with the SM

DM is thermally produced 
in the early universe

It’s harder and harder for DM 
particles to find each other 
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Thermal freezout
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nX = gX ( MX T
2π ) exp (−MX /T)

DM

DM

DM

Annihilation “lifetime” 
of dark matter particles

τ =
1
nX

1
⟨σannv⟩

Annihilation switches off when τ =
1

H(Tf)

 

σann ∝
σ0

v

DM number density for T < MX

s-wave cross section:
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WIMP miracle
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as equilibrium density2
a increasing Kanno

Jr
relativistic

I
es
s
E Pfreese out densityg

Oil I lo 100 103

x Moye time

H =
T2

M*Pl

MDM ∼ 100 GeV

σ0 ∼ 10−36 cm2

For:

Observed 
DM density!

WIMP miracle



No WIMPs yet 😭 
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Assumptions
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A “standard” cosmological history

includes (mostly) SM particles

DM freezes out in radiation domination

vh = 0

vh ≠ 0

TSM
EW

ΛSM
QCD ∼ GeV

TBBN

150 GeV

10 GeV

hot

Tfo

MeV
q

q̄

“Standard” dark matter interactions

mediator

scalar, vector

χ

χ̄
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DM

DM q

q̄
Instead of

What if… DM froze out 
when quarks are confined?

pi
on

sDM

DM

Λnew
QCD ∼ 100 GeV

TBBN

10 GeV

hot

Tfo

MeV
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QCD recap

13



Seyda Ipek

QCD phase transition
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QCD is asymptotically free at high energies, but
becomes strongly interacting at low energy

ΛSM
QCD ∼ GeV

Quarks confine into 
hadrons when the strong 
coupling becomes “large”

QCD Phase Transition

1 10 100 1000 104 105

0.1

0.5

1

αs =
g2

s

4π
: interaction strength
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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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We can change QCD!
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ℒ ⊃ ( 1
g2

s
+

ϕ
M* ) GμνGμν

1
g2

eff
=

1
g2

s
+

vϕ

M*

Confinement scale changes with new particles 
if they interact via strong interactions!

1 10 100 1000 104 105

0.1

0.5

1

5

SI, T. Tait, PRL (2019), 122, 112001, arXiv: 1811.00559

ΛQCD ≃ ΛSM
QCD × exp ( 24π2

2Nf − 33
vϕ

M* )
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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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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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The (new) confined phase
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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
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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 )

OLD

NEW

101 102 103

mº (GeV)

0

2

4
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N
um

be
r

of
pi

on
s

Pion Spectrum (T = 100 GeV)

ª = 500

ª = 1000

 ξ =
ΛQCD

ΛSM
QCD
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Scalar potential in the confined phase
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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(vϕ) ≃
vϕ

4M*
Λ4

QCD
ϕ

M*
⟨GG⟩
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Fantastic phases and where to find them
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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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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

Dark matter?

D. Berger, SI, T. Tait, M. Waterbury, arXiv: 2004.06727
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ℒ ⊃ mχ χχ̄

+
λ

M2
V

χ̄γμχ q̄γμq

+
β

M2
S

χ̄χ q̄q

QCD 
confines

DM

DM q

q̄

pi
on

s

Let’s look at a generic WIMP with scalar/vector interactions

ℒ ⊃ (mχ +
2κ tr[β]

M2
S ) χ̄χ

+
2i
M2

V
f abctr[Tbλ]χ̄γμχ πa∂μπc

+
2κ

f 2
πM2

S
tr[TaTbβ] χ̄χ π̄aπb

not much 
change

scalar mediator

pions

QCD enhanced

vector mediator
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Vector Mediator

λ
M2

V
χ̄γμχ q̄γμq 2i

M2
V

f abctr[Tbλ]χ̄γμχ πa∂μπc

ξ ≡
Λnew

QCD

ΛSM
QCD

= 1 ξ = 500 − 1000

observed

annihilation x-section is 
independent of 

confinement scale
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Vector Mediator

Vector mediated WIMP stays doomed
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Scalar Mediator

β
M2

S
χ̄χ q̄q

2κ
f 2

πM2
S

tr[TaTbβ] χ̄χ π̄aπb

κ
f 2

π
∼ ξ

annihilation x-section 
is larger than before 

confinement! β ∝ yq
top and bottom Yukawa 
couplings are the largest

DM annihilation cross section

 ξ =
ΛQCD

ΛSM
QCD
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observed

 

as equilibrium density2
a increasing Kanno

Jr
relativistic

I
es
s
E Pfreese out densityg

Oil I lo 100 103

x Moye time

Scalar Mediator
 ξ =

ΛQCD

ΛSM
QCD
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WIMP dark matter is saved!

Scalar Mediator
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How about other gauge couplings?
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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

Fr
ac

tio
n 

of
 D

M
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New QCD cosmology

Baryogenesis!

Vscalar = −μ2 |H |2 + λh |H |4

+a2 ϕ2 + a3 ϕ3 + a4 ϕ4

−b1 ϕ |H |2 + b2 ϕ2 |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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⟨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

η ∼ 10−11 sin θ̄
vh

ΛQCD ( Tc

Treh )
3

ηobs ≃ 8.5 × 10−11

∼ 4 > 1
∼ 1
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Constraints - Higgs mixing

34

Mixing angle is too small 
for current searches

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

Multi-step 1st order phase transitions Interesting GW 
signatures!

f ∼ 10−3 Hz

 gets smallerai

5 10 15 20 25 30 35 40
10-15

10-11

10-7

0.001

mϕ
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Summary & Outlook
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When will we know what DM is???
When will the pandemic end?



Backup slides
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E. Thrane, etal, Phys.Rev. D88 (2013) no.12, 124032
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vh =80.GeV
vh =120.GeVvh =160.GeV
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b 2
(×
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3 )

Benchmark 2

Cannot go to 
the SM vacuum

a2 = 108 GeV2, a3 = 0.15 GeV, a4 = 5 × 10−5, M* = 3 TeV

38

Sphalerons 
never turn on

Washout after 
confinement*

V0 = −μ2 |H |2 + λh |H |4 + a2 S2 + a3 S3 + a4 S4 − b1 S |H |2 + b2 S2 |H |2
fix (6 benchmark scenarios) vary

* too conservative
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vh=100.GeV
vh =160.GeV
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b 2
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Benchmark 1
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a2 = 380 GeV2, a3 = 0.99 GeV, a4 = 6.3 × 10−4, M* = 1.5 TeV

* too conservative

V0 = −μ2 |H |2 + λh |H |4 + a2 S2 + a3 S3 + a4 S4 − b1 S |H |2 + b2 S2 |H |2
fix (6 benchmark scenarios) vary
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Benchmark scenarios


