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1) DM within the SM???

Jaffe: the spin 0 iso-singlet di-baryon S = uuddss should have a large binding.

Farrar: it could be stable DM if EB>∼2ms such that MS < 2(Mp +Me).



Thermal abundance

Interactions with strange hadrons (e.g. ΛΛ↔ SX) keep S in thermal equilibrium

until Λ get Boltzmann suppressed at T ∼MΛ−Mp: ΩS ∼ 5Ωb for MS ≈ 1.3 GeV:
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Nuclear decay

If stable, S makes nuclei unstable.

Excluded by SuperKamiokande

τ(O→ SX) > 1026−29 yr

where X = {ππ, π, e, γ}. The decay

dominantly proceeds trough double

β production of virtual Λ∗.
Recent fits of nucleon potentials

and O wave-function imply a too

fast decay.
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Figure 4: Sample diagram that dominates nucleon decay into S inside nuclei.

would likely improve this bound by a few orders of magnitude. This conservative limit will be

su�cient for our purposes, however. Previous computations concluded that a stable S is not

necessarily excluded [2] due to a large uncertainty, by tens of orders of magnitude, mainly due

to the possibility that the process is suppressed by a very small overlap between nucleon pairs

in nuclei. We revisit the issue, in the light of recent developments.

The amplitude for the formation of S is reasonably dominated by the diagram in fig. 4:

doubly-weak production of two virtual strange ⇤⇤ baryons (through p ! ⇡+⇤⇤ and n ! ⇡0⇤⇤;

at quark level u ! sd̄u and d ! sūu) followed by the strong process ⇤⇤⇤⇤ ! S:

MNN!SX ⇡ MNN!⇤
⇤
⇤
⇤
XM⇤

⇤
⇤
⇤!S . (29)

The predicted life-time is then obtained as [2]4

⌧(N ! NSX) ' yr

|M|2⇤⇤
⇤
⇤!S

⇥
⇢

3 if MS < 1.74 GeV

105 if MS > 1.74 GeV
(30)

where the smaller value holds if S is so light that the decay can proceed through real ⇡ or ⇡⇡

emission, while the longer life-time if obtained if instead only lighter e+⌫ or � can be emitted.

The key factor is the dimension-less matrix element M⇤
⇤
⇤
⇤!S for the transition ⇤⇤⇤⇤ ! S

inside a nucleus at the denominator, that we now discuss. Following [2], it is given by

M⇤
⇤
⇤
⇤!S =

Z
 ⇤

S  
a
⇤ 

b
⇤ nuc d3a d3⇢ad3⇢b d3�ad3�b (31)

where ~a is the separation between the center of mass of  a
⇤ and  b

⇤, and ~⇢a,b, ~�a,b parametrize

the relative positions of the quarks within the baryons. Using the Isgur-Karl (IK) model [12]

the wave functions for the quarks inside the ⇤ and inside the S are given by

 a,b
⇤ (~⇢a,b, ~�a,b) =

✓
1

rN

p
⇡

◆3

exp

"
�(~⇢ a,b)2 + (~�a,b)2

2r2
N

#
, (32)

4A numerical factor of 1440 due to spin and flavor e↵ects has already been factored out from |M|2⇤⇤
⇤

⇤!S
here and in the following.
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Excluded also by balloon direct detection, unless interactions reduce S speed.



2) Colored DM??

Uh? Everybody knows it’s excluded



Theory

L = LSM + Q̄(i /D −MQ)Q.
Q is a new colored particle. We assume a Dirac fermion octet with no weak

interactions, no asymmetry. (Alternatives: a color triplet, a (3,2), a scalar...).

Could be a Dirac gluino; could be a fermion of natural KSVZ axion models.

ΩQh2 ∼ 0.1MQ/7 TeV before confinement. Later hadrons form:

• DM can be the Q-onlyum hadron QQ. It is the ground state: big binding

EB ∼ α2
3MQ ∼ 200 GeV and small radius a ∼ 1/α3MQ, so small interactions.

• Hybrids Qg and/or Qqq̄′ have small EB ∼ ΛQCD and large σ ∼ 1/Λ2
QCD.

Excluded, unless their relic abundance is small.

Hybrids have zero relic abundance, if cosmology has infinite time to thermalise.

A hybrid recombines MPl/ΛQCD ∼ 1019 times in a Hubble time.

Hadronizing with q, g is more likely, nq,g ∼ 1014nQ. Result: nhybrid ∼ 10−5nDM.



Cosmological evolution
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1) Usual decoupling at T ∼MQ/25, Sommerfeld and bound states included.

2) Recoupling at T >∼ΛQCD because σbound ∼ 1/T2.

3) Hadronization at T ∼ ΛQCD and ‘fall’: half QQ, half QQ̄ → gg, qq̄.

4) Redecoupling at T ∼ ΛQCD/40 determines ΩQQ ≈ ΩQ/2, Ωhybrid ∼ 10−5ΩQQ.



Fall cross section

After formation, a QQ can break or fall to an unbreakable (deep enough) level.
σQCD ∼ 1/Λ2

QCD � σpert ∼ α2
3/M

2
Q because

constituents have large ` = MQvb where b

is the classical impact parameter

σ ∼ b2 ∼ `2

KMQ
.

QQ becomes unbreakable when it radiates

∆E>∼T before the next collision after

∆t ∼ 1

nπvπσQCD
∼
{

Λ2
QCD/T

3 T > Mπ

eMπ/T/ΛQCD T < Mπ
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The radiated energy is classical for n, `� 1 and minimal for circular orbits:

∆E

∆t
= 〈WLarmor〉 '

2α7µ2

3n8︸ ︷︷ ︸
circular

× 3− (`/n)2

2(`/n)5
︸ ︷︷ ︸

elliptic enhancement

for abelian hydrogen.

Non perturbative α3: could emit 100g with E ∼ GeV in one shot.



Relic abundances
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Direct detection of DM

Interaction QQ/gluon analogous to Rayleigh interaction hydrogen/light:

Leff = cEMDMB̄B ~E
a2.

Polarizability coefficient estimated as cE ∼ 4πa3 in terms of the Bohr-like radius

a = 2/(3α3MQ). Actual computation gives a bit smaller

cE = πα3〈B|~r
1

H8 − E10
~r|B〉 = (0.36bound + 1.17free)πa3

so that the spin-independent cross section is below bounds

σSI ≈ 2.3 10−45 cm2 ×
(

20 TeV

MDM

)6(0.1

α3

)8 (
cE

1.5πa3

)2
.
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Indirect detection of DM

Analogous to hydrogen: σ(HH̄) � α2/m2
e has

atomic size, because enhanced and dominated

by recombination (ep)+(ēp̄)→ (eē)+(pp̄)→ · · ·.
DM annihilation dominated by

(QQ) + (Q̄Q̄)→ (QQ̄) + (QQ̄).

Classical result: σann ∼ πa2, enhanced by dipole

Sommerfeld. Quantum estimate

σannvrel ∼
πa2vrel/2√
Ekin/EB

=

√
2π

3M2
Qα3

= 1.5 10−24cm3

sec
×
(

20 TeV

MDM

)2(0.1

α3

)
.



Collider detection of Q
QCD pair production, pp→ QQ̄, two stable hadron tracks, possibly charged.

LHC: MQ > 2 TeV. pp collider at
√
s>∼65 TeV needed to discover MQ ∼ 9.5 TeV.

Low σ at a muon collider.



Hybrids Qg, Qqq̄′
Strongly Interacting Massive Particles with big σ ∼ σQCD don’t reach under-

ground detectors. Excluded by balloons and over-heating if ΩSIMP = ΩDM.

ΩSIMP ∼ 10−5ΩDM is allowed

SIMP searches in nuclei: best bounds:

NSIMP

Nn
<





3 10−14 Oxygen in Earth
10−16 Enriched C in Earth
10−12 Iron in Earth
4 10−14 Meteorites

for MSIMP ∼ 10 TeV

The predicted primordial cosmological average is NSIMP/Nn ∼ 5 10−9.

Difficult to predict abundance in Earth nuclei. Rough result:

Our SIMPs allowed if don’t bind to nuclei, borderline otherwise

.

Qg presumably lighter than Qqq̄′, that thereby decay. Similarly for QQg, Qqqq.
Qg is iso-spin singlet: πa cannot mediate long-range nuclear forces.
Heavier mesons mediate short-range forces, not computable from 1st principles.
If attractive Qg can bind to big nuclei, A� 1. If repulsive Qg remains free.

In any case, SIMPs sank in the primordial (fluid) Earth and stars.



Secondary hybrids

SIMPs that hit the Earth get captured and thermalise in the upper atmosphere.

Accumulated mass = M = ρSIMPvrelπR
2
E ∆t ∼ 25 Mton ∼ 104×(fossile energy).

Average density =
〈
NSIMP

Nn

〉

Earth
=

M

MQ

mN

MEarth
≈ 4 10−19, where are SIMPs now?

• If SIMPs do not bind to nuclei:

SIMPs sink with vthermal ≈ 40 m/s, vdrift ≈ 0.2 km/yr and δh ∼ 25 m.

Density in the crust: NSIMP/Nn ∼ 10−23. Rutherford back-scattering?

• If SIMPs bind to nuclei:

BBN could make hybrid He; collisions in the Earth atmosphere could make

hybrid N, O, He kept in the crust kept by electromagnetic binding.

Meteorites are byproducts of stellar explosions: do not contain primordial

SIMPs; accumulate secondary SIMPs only if captured by nuclei

NSIMP

Nn

∣∣∣∣
meteorite

=
ρSIMP

MQ
σcapturevrel∆t ≈ 7 10−15 σcapture

0.01/Λ2
QCD

.



3) DM composite under a new force



Theory

Vector-like ‘dark quarks’ Q in the fundamental of ‘dark color’

GDC = SU(NDC) or SO(NDC), Q ≡ (NDC, RSM)⊕ (N̄DC, RSM)

possibly with Yukawas:

L = LSM−
GA2
µν

4g2
DC

+
θDC

32π2
GAµνG̃Aµν+Q̄i(i /D−mQi)Qi+(yijHQiQj+ỹijH

∗QiQj+h.c.)

Main possibilities

Higgs H: fundamental or composite?

Dark constituents Q: fermions or scalars? Real or complex?

Heavier or lighter than the confinement scale ΛDC? Massless?

DM as dark baryon or dark pion?

Cosmological abundance: thermal or dark baryon asymmetry?



DM stability from accidental symmetries

1. Dark-color number implies the stability of the lightest dark baryon B.
Dimension-6 operators give slow enough τDM ∼ Λ4/M5

DM: golden class.

MDMB ∼
{

100 TeV if DM is a thermal relic,
5 GeV,3 TeV if DM has a dark asymmetry.

2. Species Number: if no allowed Yukawas, dark-pions π made of different
species Q̄iQj are stable. Silver class: broken by dim-4,5. EW annihilations:

MDMπ ∼ (1−3) TeV like in Minimal Dark Matter.

3. G-parity: the L of real SU(2) rep.s (e.g. 30) is symmetric under Q G→
exp(iπT2)Qc. A DCπ in the 30 can have vanishing anomaly under SU(2)L.

4. More: mQ ∼ ΛDC can lead to extra stable states.
E.g. in QCD Λ = uds does not decay into KN .

Bonus: why DM is neutral under γ, g and Z? If many bound states are present,
the less charged state tends to be the lightest. And DM mass scale natural.



Assumptions

• βDC < 0 confines. No sub-Planckian Landau poles for gY , g2, g3.

• Dark quarks in SU(5)GUT fragments:

SU(5) SU(3)c SU(2)L U(1)Y charge name

1 1 1 0 0 N
5̄ 3̄ 1 1/3 1/3 D

1 2 −1/2 0,−1 L
10 3̄ 1 −2/3 −2/3 U

1 1 1 1 E
3 2 1/6 2/3,−1/3 Q

24 1 3 0 −1, 0, 1 V
8 1 0 0 G
3̄ 2 5/6 4/3, 1/3 X



SU(NDC) and mQ� ΛDC

Dynamics: the condensate 〈Q̄Q〉 breaks the flavour symmetry

SU(NDF)L ⊗ SU(NDF)R → SU(NDF).

So DCπ are Q̄Q. Dark-baryons are dark-color anti-symmetric, the lighter ones

have ` = 0, so must be symmetric under spin ⊗ flavor:

lighter DCB =





heavier DCB =





for NDC = 3

⊕ for NDC = 4

⊕ for NDC = 5



SU(NDC) and mQ� ΛDC: golden models

SU(NDC) dark-color. Yukawa Allowed Dark- Dark-
Dark-quarks couplings NDC pions baryons under
NDF = 3 8 8, 6̄, . . . for NDC = 3,4, . . . SU(3)DF

Q = V 0 3 3 V V V = 3 SU(2)L
Q = N ⊕ L 1 3, ..,14 unstable NN∗ = 1 SU(2)L
NDF = 4 15 20,20′, . . . SU(4)DF

Q = V ⊕N 0 3 3× 3 V V V, V NN = 3, V V N = 1 SU(2)L
Q = N ⊕ L⊕ Ẽ 2 3,4,5 unstable NN∗ = 1 SU(2)L

NDF = 5 24 40,50 SU(5)DF

Q = V ⊕ L 1 3 unstable V V V = 3 SU(2)L
Q = N ⊕ L⊕ L̃ 2 3 unstable NLL̃ = 1 SU(2)L

= 2 4 unstable NNLL̃, LL̃LL̃ = 1 SU(2)L
NDF = 6 35 70,105′ SU(6)DF

Q = V ⊕ L⊕N 2 3 unstable V V V, V NN = 3, V V N = 1 SU(2)L
Q = V ⊕ L⊕ Ẽ 2 3 unstable V V V = 3 SU(2)L
Q = N ⊕ L⊕ L̃⊕ Ẽ 3 3 unstable NLL̃, L̃L̃Ẽ = 1 SU(2)L

= 3 4 unstable NNLL̃, LL̃LL̃,NẼL̃L̃ = 1 SU(2)L
NDF = 7 48 112 SU(7)DF

Q = L⊕ L̃⊕ E ⊕ Ẽ ⊕N 4 3 unstable LLE, L̃L̃Ẽ, LL̃N,EẼN = 1 SU(2)L
Q = N ⊕ L⊕ Ẽ ⊕ V 3 3 unstable V V V, V NN = 3, V V N = 1 SU(2)L

NDF = 9 80 240 SU(9)DF

Q = Q⊕ D̃ 1 3 unstable QQD̃ = 1 SU(2)L

Notation: R ≡ (R,NDC)⊕ (R̄, N̄DC) R̃ ≡ (R̄,NDC)⊕ (R, N̄DC)



Simplest model: massless dark quark

GSM ⊗ SU(NDC) with one extra fermion Q = V = (0Y ,3L,1c, NDC ⊕ N̄DC).

Select a sample point in parameter space: no masses, mh = mQ = 0 (motiva-

tion not discussed here). As many parameters as in the SM: all new physics is

univocally predicted. Dark-color strong at ΛDC induces the weak scale

m2
h =

� �

�

� �

�

∼ −
g4

2m
2
Dρ

(4π)2g2
ρ

So mDρ ∼ 20 TeV, dark-baryons at mDB ∼ 50 TeV; dark-pions in the 3⊗3−1 =

3⊕5 of SU(2)L at mDπn ≈
g2mρ

4π

√
3

4
(n2 − 1) ∼ 2 TeV. π5 →WW via anomalies.



Dark Matter

The model has two accidentally stable composite DM candidates:

• The dark pion π3. Thermal relic

abundance predicted, ok for

mπ3 = 2.5 TeV

Direct detection:

σSI ≈ 0.2 10−46 cm2.

• The lightest dark baryon, presum-

ably subdominant:

Ωthermal ≈ 0.1
(

mB

200 TeV

)2

Characteristic magnetic dipole

direct detection interaction.
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DM with electric and magnetic dipoles

For odd SU(NDC) dark baryons are fermions and have

µmag ∼
e

MDM
, del ∼

e θDC min[mQ]

M2
DM

Direct detection enhanced at low recoil energy ER:

dσ

dER
≈ e2Z2

4πER

(
µ2

mag +
d2

el

v2

)
6= σSI

A2

2MNv2
.

Some models have higher-spin DM that could give rise e.g. to BµB∗νFµν?

Furthermore, Yukawa couplings give Higgs-mediated direct-detection

σSI =
g2

DMm
4
Nf

2
N

2πv2M4
h

, gDM =
∂MDM

∂h



SO(NDC) and mQ� ΛDC

Dark quarks in real R (complex C) SM representations are Majorana (Dirac).

Condensate 〈CC̄〉 = 2〈RR〉 ∼ 4πΛ3
DC breaks flavor symmetry as SU(NDF) →

SO(NDF). So dark-pions are QQ. CC have bad quantum numbers for DM:

Majorana dark quarks are needed to let them decay.

There is no conserved U(1)DB; lightest baryon kept stable by Z2 = O(N)/SO(N).

Baryons are those of SU(N) because εijk··· is the same, but decompose under

flavor SO(NDF) ⊂ SU(NDF)

NDC = 3 :
( )

SU(NDF) =
( ⊕ )

SO(NDF)

NDC = 4 :
( )

SU(NDF) =
( ⊕ ⊕ 1

)
SO(NDF)

NDC = 5 :
( )

SU(NDF) =
( ⊕ ⊕ ⊕ )

SO(NDF) .

‘8-fold’ way would be 5-fold way plus 3-fold way. Presumably smaller is lighter.



SO(NDC) and mQ� ΛDC: golden models

SO(NDC) dark-color. Yukawa Allowed Dark- Dark-
Dark-quarks couplings NDC pions baryons under
NDF = 3 5 3,1, ... for NDC = 3,4, ... SO(3)DF

Q = V 0 3,4, ..,7 unstable V N = 3,1, ... SU(2)L
NDF = 4 9 4,1, ... SO(4)DF

Q = N ⊕ V 0 3,4, ..,7 3 V V N = 1, V (V V +NN) = 3, SU(2)L
V V (V V +NN) = 1, ... SU(2)L

NDF = 5 14 5,1... SO(5)DF

Q = L⊕N 1 3,4, ..,14 unstable LL̄N = 1, SU(2)L
LL̄(LL̄+NN) = 1, ... SU(2)L

NDF = 7 27 1, ... SO(7)DF

Q = L⊕ V 1 4 unstable (LL̄+ V V )2 = 1 SU(2)L
Q = L⊕ E ⊕N 2 4,5 unstable (EĒ + LL̄)2 +NN(LL̄+ EĒ) = 1 SU(2)L

NDF = 8 35 1 SO(8)DF

Q = G 0 4 unstable GGGG = 1 SU(2)L
Q = L⊕N ⊕ V 2 4 unstable (LL̄+ V V )2 +NN(LL̄+ V V ) = 1 SU(2)L

NDF = 9 44 1 SO(9)DF

Q = L⊕ E ⊕ V 2 4 unstable (EĒ + LL̄+ V V )2 = 1 SU(2)L
NDF = 10 54 1 SO(10)DF

Q = L⊕ E ⊕ V ⊕N 3 4 unstable as L⊕ E ⊕ V +NN(LL̄+ EĒ + V V ) = 1 SU(2)L



Phenomenology of real dark baryons

No Z vector couplings, no dipoles, no asymme-

try. They mix like Wino/Bino/Higgsino giving

spin-dependent effects from

−gAZµ
g2

cos θW

DMγµγ5DM

2

with

gA ∼
y2v2

∆m2
, ∆m>∼

α2

4π
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Majorana techni-baryon DM

If ∆m21/2
<∼100 keV one gets inelastic DM.

Complex ineliminable phases in Yukawas can give electric dipoles

de ∼ Ne
α Im[yLyR]

16π3

me

mLmV
∼ 10−27 e cm× Im[yLyR]

TeV2

mLmV
< 0.09 10−27e cm



Collider signals: dark pions

gauge Dark-quark Dark-pion content under SU(2)L ⊗ U(1)Y
group content 10 1±1 1±2 2±1/2 2±3/2 30 3±1 4±1/2 50

SU(N)DC V 1stable 1
N ⊕ V 1 3stable 1
N ⊕ L 1 1 1

N ⊕ L⊕ Ẽ 2 1 2 1
V ⊕ L 1 1 2 1 1

V ⊕ L⊕ Ẽ 2 2 2 1 1 1
V ⊕ L⊕N 2 2 4 1 1
N ⊕ L⊕ L̃ 2 1 2 2 1

N ⊕ L⊕ L̃⊕ Ẽ 3 2 3 1 2 1
N ⊕ L⊕ Ẽ ⊕ V 3 1 3 4 1 1 1

N ⊕ L⊕ L̃⊕ E ⊕ Ẽ 4 3 1 4 2 2 1
SO(N)DC V 1

L⊕N 1 1 1 1
N ⊕ V 1 1stable 1
L⊕ V 1 1 1 1 1 1

L⊕N ⊕ E 2 1 1 2 1 1 1
L⊕ E ⊕ V 2 1 2 1 1 2 1 1
L⊕N ⊕ V 2 2 2 1 1 1

L⊕N ⊕ V ⊕ E 3 1 1 3 1 2 2 1 1

(Models with coloured Q give coloured DCπ)

Some darkπ decay and can be singly produced via anomalies: π1,3,50
�WW,ZZ, γγ.

Others are pair-produced via gY,2 and decay π21/2
→ Hπ10

, π11
→ HHπ10

.



Heavy dark quarks, mQ� ΛDC

We assume that DM is the lightest Q

SU: Q = V or N (then B with spin NDC/2).

SO: Q = L slightly mixed with heavier N or V trough LHN .

Non-relativistic non-abelian V ∼ −αDC/r + Λ2
DCr makes bound states QQ̄, QQ,

QQQ ... with size a0 ∼ 1/αDCmQ and binding EB ∼ α2
DCmQ. 3 distinct regions:
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Non-standard dark cosmology

1) If ΛDC < Tfo ≈ mQ/25, free Q freeze-out at T ∼ Tfo.

2) Dark confinement at T ∼ ΛDC (1st order phase tran-

sition: gravity waves). Some Q form dark baryons B:

ΩDMB =
ΩQ+Q̄

1 + 2NDC−1/NDC

3) BB̄ annihilations enhanced by (kinematically allowed) recombination

(QNDC) + (Q̄NDC)→ (QQ̄) + (QNDC−1)(Q̄NDC−1), σBB̄vrel ∼
π

αDCm2
Q

Cross section could be bigger if bound states B∗ are excited by T > EB.

4) Slow decays of dark glue-balls with MDG ∼ 7ΛDC can dilute DM
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Composite DM cosmological abundance
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(Enhanced σ in intremediate region? [Harigaya et al.])



Extra unusual DM signals

Indirect detection: enhanced σBB̄ > 3 10−26 cm3/ sec.
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Long-lived glue-balls can be tested at accelerators.

Radioactive DM: excited states B∗ are long-lived if EB < MDG.



Conclusions

DM as accidentally stable composite under a new force:

• DM abundance reproduced for ΛDC ∼ 100 TeV if MQ � ΛDC.

• Magnetic dipoles ⇒ peculiar dσ/dER in direct detection.

• σBB∗ enhanced by recombination: indirect detection, cosmology.

• β, γ decays of radioactive DM.

• light dark glue-balls at accelerators.

DM as a QCD hadron made of a new heavy Q:

• Q-onlyum can be DM for MQ ≈ 9.5 TeV; hybrids suppressed.

• Direct detection predicted just below bounds.

• Stable tracks at colliders, pp at
√
s = 65 TeV needed.

• Indirect detection enhanced by recombination.

• Search for Qg hybrids, free or in nuclei.

DM as the QCD di-baryon uuddss

• DM abundance reproduced for MS ≈ 1.5 GeV. Excluded by SK.


