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Is Dark Matter the next big thing after the Higgs boson?

Is the discovery of the SM-like 126 GeV object the end of the road?

A very unsatisfactory situation. Many unanswered questions: Origin
of mass hierarchy and mixing, origin of neutrino masses, the origin
of electroweak symmetry breaking, the so-called hierarchy problem...
The ”answers” to these questions obviously lie Beyond the SM.

Window into BSM: Neutrino masses.

Window into BSM: Dark Matter.
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Outline

Could Dark Matter be the Mother of all Matter?

Could DM be unified with luminous matter and how?

A model: DM is the dominant form of matter at the end of inflation.

Luminogenesis: How DM is partially converted into luminous matter

Dark QCD (DQCD): How Dark hadrons might solve the small scale
structure anomaly for dwarf galaxies.

Direct detection possibilities

Deep connection with electroweak-scale right-handed neutrino
model.

Epilog
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Dark Matter as the Mother of all matter

ΩDM ≈ 27%, ΩLM ≈ 4.5% → ΩM,tot = ΩDM + ΩLM ≈ 31.5%.

ΩDM/ΩM,tot ≈ 86%.

ΩLM/ΩM,tot ≈ 14%

Dark Matter: Dominant form of matter. Was it perhaps the the
only matter in the very early universe.

Where did luminous matter come from then?

One attractive possibility: Inflationary scenario in which the inflaton
decayed mainly into dark matter.

How did dark matter convert into luminous matter and by what
amount?

Some form of DM-Luminous matter unification is needed to
accomplish this.
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Could Dark and Luminous matter be unified?

If dark matter is the mother of all matter, one attractive possibility:
Inflaton → dark matter → dark matter asymmetry → lepton
asymmetry → baryon asymmetry.

For this scenario to be possible, there must be some kind of
unification of the dark matter and luminous sectors.. What kind of
unification?

Gauge unification of the Electroweak SU(2) with the DM gauge
group. Advantages?

Extrapolating the SU(2) coupling from ΛEW to unification mass
MDUT ⇒ α2(MDUT ) = αDM(MDUT ) ⇒ Running αDM(MDUT )
backward until αDM(Λ4) ∼ 1 ⇒ Confinement of DM ⇒ Dynamical
mass of DM of O(Λ4)

Dynamics of DQCD: Interesting implications on small-scale structure
anomalies
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Could Dark and Luminous matter be unified?

Steps:

DM is singlet under the Standard Model;

DM interacts very weakly with Luminous matter ⇒ Conversion
process of 14 % of the initial amount of DM into LM:
Luminogenesis.

DM also interacts with LM though a massive dark ”photon” (Not
Luminogenesis) ⇒ useful for direct detection

Deep connection with the model of electroweak-scale right-handed
neutrinos (PQH).
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Inflationary Dark Matter

Work done in collaboration with Paul Frampton: Happy Birthday Paul!

Final choice: SU(3)C × SU(6)× U(1)Y .

SU(3)C and U(1)Y are mere spectators.

GDUT = SU(6)→ SU(4)× SU(2)L × U(1)DM

SU(4): DM confining group (like QCD but at a different scale) ⇒
DQCD.

U(1)DM : Spontaneously broken ⇒ Massive dark photon. Both DM
and LM carry U(1)DM quantum numbers.

What is the particle content? DM is required to be a singlet under
SU(2)L × U(1)Y .

Requirement: SU(3)C × SU(6)× U(1)Y needs to be anomaly-free.
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Inflationary Dark Matter

SU(6) SU(4)× SU(2)× U(1)DM

6 (1, 2)2 + (4, 1)−1

20 (4, 1)3 + (4∗, 1)−3 + (6, 2)0

35 (1, 1)0 + (15, 1)0 + (1, 3)0 + (4, 2)−3

+(4∗, 2)3

Table: The (1, 2)2’s represent luminous matter while (4, 1)3 + (4∗, 1)−3

represent dark matter
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Inflationary Dark Matter

SU(3)c × SU(6)× U(1)Y
R ⊃ SM fermions (3, 6, 1/6)L + (1, 6,−1/2)L

+(3, 1, 2/3)R + (3, 1,−1/3)R

+(1, 1,−1)R

R ⊃ Mirror fermions (3, 6, 1/6)R + (1, 6,−1/2)R

+(3, 1, 2/3)L + (3, 1,−1/3)L

+(1, 1,−1)L

R ⊃ dark matter fermions (1, 20, 0)

Table: R denotes representation. SM left-handed doublets and right-handed
singlets are parts of the first entry, Mirror right-handed doublets and
left-handed singlets are parts of the second entry, and dark matter left and
right-handed fermions belong to the last entry.
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Dark Matter genesis

The inflaton field is contained in (1, 35, 0) =
1, 1, 1, 0)0 + (1, 15, 1, 0)0 + (1, 1, 3, 0)0 + (1, 4, 2, 0)−3 + (1, 4∗, 2, 0)3.
Inflaton: (1, 1, 1, 0)0.

Coupling of DM to the inflaton: g20 ΨT
20σ2Ψ20 φ35

The model of electroweak-scale right-handed neutrinos (PQH)
contains 2 separate global symmetries, U(1)SM × U(1)Mirror (Hoang
Vinh, PQH, Ajinkya Kamat), for the SM and Mirror sectors ⇒ there
is no coupling of the inflaton with LM!

At the end of inflation, the inflaton decayed mainly into DM!

DM is the mother of all matter!
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Luminogenesis or how we might have come about

DM ∈ 20 and LM ∈ 6 ⇒ DM cannot change directly into LM (and
vice versa) via the SU(6) gauge bosons.

To describe the present universe there must be an asymmetry. From
DM asymmetry to LM asymmetry.

Two conversion mechanisms:

1) Symmetric part (equal number of DM and anti-DM):
DM + D̄M → γDM → f + f̄

The annihilation rate Γ < Hubble rate H ⇒ when T < 10−5MγDM
.

By that time the DM density would have decreased by exp(−105)!
Not Good!

2) Asymmetric part: ∆χ = nχ − nχ̄ 6= 0.
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Luminogenesis or how we might have come about

To convert the excess DM into an excess in LM, we need the
following interaction: g6L ΨT

20σ2ψ6,L Φ
(L)
15 + g6R ΨT

20σ2ψ
c
6,L Φ

(R)

1̄5
.

Φ
(L,R)

1̄5
are scalars that transform under the same global symmetries

as the luminous sectors ⇒ deep connection between Luminogenesis
and the electroweak-scale right-handed neutrino model.

The excess DM, as represented by χL and χR , can be converted into
the excess LM using the above interactions if the aforementioned

symmetry is broken, allowing Φ
(L)

1̄5
and Φ

(R)

1̄5
mass mixing. Then one

can have χL + χc,T
L → lL + lM,cL . lL and lM,cL denote SM leptons and

Mirror leptons.

In the EW-scale νR model (PQH), lMR → lL + φS ⇒ only SM leptons
are left.
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Luminogenesis or how we might have come about

With a net lepton number coming from luminogenesis of a net DM
number and zero baryon number, the sphaleron adds −L/2to B and
L half of that into a net baryon number such that B −L is conserved.

A rough estimate of the relic densities due to luminogenesis gives
M15 ≈ O(109Gev) for mχ ≈ 1Tev

Broken global U(1)SM × U(1)Mirror ⇒ Conversion of a small amount
of DM, 14 %, into LM ⇒ Phenomenological consequences at the
LHC.
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DQCD (SU(4))

DQCD becomes strong at a scale Λ4. Λ4 is obtained by
Confinement occurs and χ-ral symmetry gets spontaneously broken.
What happens next?

DQCD-singlet bound states get formed: χχχχ: CHIMP which is a
boson; χ̄χ: Dark pions and other mesons.

χ obtains a dynamical mass of order Λ4

Λ4 depends on the unification scale MDUT . (with K. J. Ludwick and
P. H. Frampton)
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DQCD (SU(4))
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DQCD (SU(4))

flow 2.pdf
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DQCD (SU(4))

χ-ral symmetry is spontaneously broken by 〈χ̄χ〉 ∼ O(Λ4) ⇒
massless NG bosons. They become the Dark ”pions” when an
explicit mass � Λ4 is given ⇒ Very light dark pions.

The Dark ”pions” interact strongly with the DM CHIMPs ⇒ Small
scale structure anomalies resolved for mπDM

< 1MeV and for masses
of CHIMPs up to ∼ 100TeV .

P. Q. Hung Luminogenesis from Inflationary Dark Matter



DQCD (SU(4))

χ-ral symmetry is spontaneously broken by 〈χ̄χ〉 ∼ O(Λ4) ⇒
massless NG bosons. They become the Dark ”pions” when an
explicit mass � Λ4 is given ⇒ Very light dark pions.

The Dark ”pions” interact strongly with the DM CHIMPs ⇒ Small
scale structure anomalies resolved for mπDM

< 1MeV and for masses
of CHIMPs up to ∼ 100TeV .

P. Q. Hung Luminogenesis from Inflationary Dark Matter



Direct detection of DM

The ”dark photon” mass could be low enough to have a ”large
enough” annihilation cross section to reduce the equal amount of
DM and anti DM and hence LM and anti LM to practically nothing,
leaving the excess that we observe. Very good for a direct detection
search.

DM can interact with LM by the exchange of the ”dark photon” in
the t-channel. For mχ ≈ 1Tev , XENON100 gives a cross section
< 10−44 cm2 ⇒ mγD > O(2TeV ).

Other related phenomena are under investigation.
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Epilog

Dark Matter could be the dominant form of matter at the end of an
inflationary period in the early universe.

Inflaton → dark matter + dark matter asymmetry → lepton
asymmetry → baryon asymmetry.

A model was constructed unifying DM and LM and accomplishing
the aforementioned sequence.

The conversion of DM into LM is distinct from the interaction
between DM and LM relevant for a direct detection.

Deep connection with the neutrino mass problem in the form of the
electroweak-scale right-handed neutrino model.

DM has its own strong interaction sector DQCD with interesting
implications for the small scale structure anomalies.
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