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Ordinary Matter

It exists thanks to proton stability, 
ultimately due to accidental baryon 
number conservation

Can Dark Matter 
be stable due to 
its own accidental 
symmetry ?
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Accidental vs Exact Global Symmetries

‣ Exact global symmetries are believed to 
be incompatible with quantum gravity and 
black holes

‣ Accidental symmetries are only approximate, 
emerge at low energy (large separation of 
scales required!) and do not characterize  
the UV fundamental dynamics

‣ Accidental symmetries are thus more 
theoretically satisfactory than imposing 
ad-hoc exact symmetries in the theory
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Dark Sector contains (at least) one DM candidate that is 
cosmologically stable due to one of its accidental symmetries

Models of Accidental Dark Matter

Postulate a new sector with new matter and/or new dynamics

Dark sector SM Sector

Aµ, , H

SM gauge

gravity

Requirement:
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Accidental symmetries easily obtained from strongly-coupled 
dark sectors

☞
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- too light for a SM-charged sector
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‣ D=6 requires                           
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mDM . 100TeV

- sufficiently heavy for SM-charged sector to have escaped detection 
- DM with                           can be a thermal relic if strongly coupled
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Dark Matter Sector:   Vector-like Confining Gauge Theory

L = � 1

4g2DC

G2
µ⌫ + Q̄ (i 6D �M)Q+ y Q̄HQ+ h.c.

Kilic, Okui, Sundrum JHEP 1002 (2010) 018 
Antipin, Redi, Strumia, Vigiani JHEP 1507 (2015) 039 
Mitridate, Redi, Smirnov, Strumia, JHEP 10 (2017) 210

Gauge Group = GDC x GSM   where GDC = SU(N)DC or SO(N)DC

Dark ‘quarks’   = (  ,r ) of GDC x GSM,  Dirac/Majorana if (  ,r ) is complex/realQ □ □
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• Accidental dark baryon number U(1)DB, broken at D ≥ 6
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B ⇠ (QQ · · ·Q)Lightest dark baryon stable and good DM candidate

• Accidental species numbers, broken at D ≥ 5

Long-lived mesons not good DM candidates, must decay before BBN 
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Request: DM model must be embeddable into SU(5) GUT

Q
i SU(5) SM Quantum Numbers

N 1 (1, 1, 0)

D � L 5̄ (3̄, 1, 1/3)� (1, 2,�1/2)

U � E �Q 10 (3̄, 1,�2/3)� (1, 1, 1)� (3, 2, 1/6)

Q� T � S 15 (3, 2, 1/6)� (1, 3, 1)� (6, 1,�2/3)

V �G�X �N 24 (1, 3, 0)� (8, 1, 0)� (3̄, 2, 5/6)� (1, 1, 0)

Table 1: All dark fermions Q
i and their corresponding quantum numbers under the SM

gauge group SU(3)c ⇥ SU(2)L ⇥ U(1)Y along with the SU(5) representations embedding
them.

which is allowed under our assumption that MH/⇤DC & O(102) and also compatible with
the EFT description.

[SV: rewrite this] Since these operators contain a single dark quark bilinear, it follows
that to break all the relevant species symmetries it is sufficient to consider operators with
at most four Higgs H. More concretely, let us consider the dark fermion bilinear made by
the SU(3)c color singlet T having the EW quantum numbers (3, 1) under the SU(2)L ⌦

U(1)Y . The bilinear T T̃ then gives the largest electroweak quantum numbers � (5, 2)

under SU(2)L ⌦ U(1)Y out of all the dark fermions considered. This would need H4 to
make an SM gauge invariant operator. We can see now increasing the dimensionality of
the operator would imply adding (H†H)n, which does not break any new dark species
symmetries. Hence, we can conclude that no additional species symmetries are broken by
D > 9 operators.

Finally, we notice that loop diagrams do not generate any useful higher dimensional
operator: indeed, locality of the effective operators requires that only heavy fields can circu-
late in the loop. Moreover, 6D operators generated at 1-loop by 2 insertions of 5D operators
do not break any additional species symmetry.

2.2 Classification of Models

In this Section, we outline the general procedure to classify viable models which can give
an accidentally stable baryonic DM. Each viable dark sector model is identified by a set of
species of degenerate dark fermions Q

i having mass m . ⇤DC. The choice of dark species
and dark colours is determined by the dark coupling and SM coupling behaviours in the
UV as we will describe next. At MGUT these low energy dark fermions unify with their
GUT partners whose mass scale ⇤DC ⌧ MH ⌧ MGUT is dictated by the requirement for
unification (see Section 3) [SV: when do dark fermions unify with GUT partners].
Each low energy dark sector model thus can be embedded in a dark SU(5)-GUT model, we
also describe the procedure for this. In Table 1, we show the notation for the dark fermions
Q

i we use throughout the paper and their respective SM quantum numbers.

– 7 –

sum over SU(5) 
fragments

<latexit sha1_base64="Pprx7e4HpZ466nsxON59Ggv0bnI="></latexit>

LDM = � 1

4g2DC

G2
µ⌫ +

X

i

Q̄i(i /D �mQ)Qj + y
L
ijQ̄i

HPLQj + y
R
ijQ̄i

HPRQj + h.c.
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Example:             model with GDC=SU(3)DC
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Q+D̃

• 1 Yukawa:                                             No accidental species number
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LY = Q̄HD̃ + h.c.

• DM candidate:                                            
<latexit sha1_base64="4YHthq1d7mGGL2hboWixPptMUnw="></latexit>

QQD̃
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UV completing DM models into SU(5) GUT 
Bottaro, R.C., Verma, work in progress 

E
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own accidental 
species numbers

Why  (split spectrum):mH ≫ ΛDC

i)  Let heavy dark hadrons decay before BBN 
ii) Better unification

split 
spectrum
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Mass Spectrum and Naturalness 

E

<latexit sha1_base64="cLrXZUP3GiKZOYOAt3+W++2hvxE="></latexit>

⇤EW

<latexit sha1_base64="boH8LHg3RzOyXlbNjePpuTA/JTA="></latexit>

MPl

<latexit sha1_base64="rOvYV+eL3vh1JDDs+j0e6HTzmzg="></latexit>

⇤DC

<latexit sha1_base64="vjtlr3a5ua6/3n4cx+ctuIdz7Bo="></latexit>mH

<latexit sha1_base64="7SaNkk6BT5ri2EcqaoedCgT0rKg="></latexit>

MGUT

<latexit sha1_base64="l42AcLQObTMQ0VvxaFO8BiSElfY="></latexit>mL

Ex:              model from             GUT theory
<latexit sha1_base64="ulW+3y2UINnxvfx4W4Lpiwm2SOw="></latexit>

Q+D̃
<latexit sha1_base64="wckqmGbHBphgxh1+WHQzoYqBYjA="></latexit>

5�10

<latexit sha1_base64="LpPVG+RhflZRxTjJevlQ8pz7z7w="></latexit>

L ��m5 ̄5 5 �m10 ̄10 10 � y5  ̄5�24 5 � y10  ̄10�24 10

� yL  ̄5�
†
5PR 10 � yR  ̄5�

†
5PL 10 + h.c.

<latexit sha1_base64="Y5NwEee7vg7ddK26zOQC6gyNWe0="></latexit>

 5 = D̃ � L̃
<latexit sha1_base64="v95P3YMqOudn0xGfBthWGI+SFmw="></latexit>

 10 = Q� U � E

<latexit sha1_base64="e3RkXLiVQZpacZ0dGU5Ssg+DfOU="></latexit>

U,E, L̃

<latexit sha1_base64="Zii1kyVLgJiLE5y7iukELSLhIxc=">AAACM3icbZDLSgMxFIYzXmu9ti7dBIvgQsqMiLoUdaHgohV7gU4pmcypBnMZkoxShnkMt/oUPoy4E7e+g+llodUDCT//dw7n8EcJZ8b6/ps3Mzs3v7BYWCour6yurW+Uyk2jUk2hQRVXuh0RA5xJaFhmObQTDUREHFrR/dmQtx5AG6bkjR0k0BXkVrI+o8Q6q1Pfw6FlPAZ83tuo+FV/VPivCCaigiZV65W8chgrmgqQlnJiTCfwE9vNiLaMcsiLYWogIfSe3ELHSUkEmG42ujnHO86JcV9p96TFI/fnREaEMQMRuU5B7J2ZZkPzP9ZJbf+4mzGZpBYkHS/qpxxbhYcB4JhpoJYPnCBUM3crpndEE2pdTMVQwiNVQhAZZ+FV+pC736UZk17WaOb5FGf6B7+8dtylGExn9lc096vBYTWoH1ROTid5FtAW2ka7KEBH6ARdoBpqIIoUekLP6MV79d69D+9z3DrjTWY20a/yvr4BiNKqJg==</latexit>

Q, D̃
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Mass Spectrum and Naturalness 

E

<latexit sha1_base64="cLrXZUP3GiKZOYOAt3+W++2hvxE="></latexit>

⇤EW

<latexit sha1_base64="boH8LHg3RzOyXlbNjePpuTA/JTA="></latexit>

MPl

<latexit sha1_base64="rOvYV+eL3vh1JDDs+j0e6HTzmzg="></latexit>

⇤DC

<latexit sha1_base64="vjtlr3a5ua6/3n4cx+ctuIdz7Bo="></latexit>mH

<latexit sha1_base64="7SaNkk6BT5ri2EcqaoedCgT0rKg="></latexit>

MGUT

<latexit sha1_base64="l42AcLQObTMQ0VvxaFO8BiSElfY="></latexit>mL

Ex:              model from             GUT theory
<latexit sha1_base64="ulW+3y2UINnxvfx4W4Lpiwm2SOw="></latexit>

Q+D̃
<latexit sha1_base64="wckqmGbHBphgxh1+WHQzoYqBYjA="></latexit>

5�10

<latexit sha1_base64="LpPVG+RhflZRxTjJevlQ8pz7z7w="></latexit>

L ��m5 ̄5 5 �m10 ̄10 10 � y5  ̄5�24 5 � y10  ̄10�24 10

� yL  ̄5�
†
5PR 10 � yR  ̄5�

†
5PL 10 + h.c.

<latexit sha1_base64="Y5NwEee7vg7ddK26zOQC6gyNWe0="></latexit>

 5 = D̃ � L̃
<latexit sha1_base64="v95P3YMqOudn0xGfBthWGI+SFmw="></latexit>

 10 = Q� U � E

<latexit sha1_base64="e3RkXLiVQZpacZ0dGU5Ssg+DfOU="></latexit>

U,E, L̃

<latexit sha1_base64="Zii1kyVLgJiLE5y7iukELSLhIxc=">AAACM3icbZDLSgMxFIYzXmu9ti7dBIvgQsqMiLoUdaHgohV7gU4pmcypBnMZkoxShnkMt/oUPoy4E7e+g+llodUDCT//dw7n8EcJZ8b6/ps3Mzs3v7BYWCour6yurW+Uyk2jUk2hQRVXuh0RA5xJaFhmObQTDUREHFrR/dmQtx5AG6bkjR0k0BXkVrI+o8Q6q1Pfw6FlPAZ83tuo+FV/VPivCCaigiZV65W8chgrmgqQlnJiTCfwE9vNiLaMcsiLYWogIfSe3ELHSUkEmG42ujnHO86JcV9p96TFI/fnREaEMQMRuU5B7J2ZZkPzP9ZJbf+4mzGZpBYkHS/qpxxbhYcB4JhpoJYPnCBUM3crpndEE2pdTMVQwiNVQhAZZ+FV+pC736UZk17WaOb5FGf6B7+8dtylGExn9lc096vBYTWoH1ROTid5FtAW2ka7KEBH6ARdoBpqIIoUekLP6MV79d69D+9z3DrjTWY20a/yvr4BiNKqJg==</latexit>

Q, D̃

<latexit sha1_base64="OKxjXl4/zwG1rVjmNNyN3cSvYnA="></latexit>

U(1)L :

(
 5L ! ei↵  5L

 10R ! ei↵  10R

<latexit sha1_base64="aMVsIO4s0LkuQcRwZvvDwaO0WRY="></latexit>

U(1)R :

(
 5R ! ei�  5R

 10L ! ei�  10L

Hierarchy                              is technically natural for
<latexit sha1_base64="IM9hG9VThv8yz7IazF8p7nJhT1E="></latexit>

y5, y10⌧1

                     are the only spurions under                         :

<latexit sha1_base64="QZSBGI5S5J3ZmOmWKDEQ5si/JLk="></latexit>

mU,E,L̃⌧MGUT

<latexit sha1_base64="vEOD/5M7zhHll9EC4u5il7pyep0="></latexit>

U(1)L⇥U(1)R
<latexit sha1_base64="gJetLdJZKxAUEUzOq34w9tZBH9k="></latexit>m5,10, y5,10
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Mass Spectrum and Naturalness 

E

<latexit sha1_base64="cLrXZUP3GiKZOYOAt3+W++2hvxE="></latexit>

⇤EW

<latexit sha1_base64="boH8LHg3RzOyXlbNjePpuTA/JTA="></latexit>

MPl

<latexit sha1_base64="rOvYV+eL3vh1JDDs+j0e6HTzmzg="></latexit>

⇤DC

<latexit sha1_base64="vjtlr3a5ua6/3n4cx+ctuIdz7Bo="></latexit>mH

<latexit sha1_base64="7SaNkk6BT5ri2EcqaoedCgT0rKg="></latexit>

MGUT

<latexit sha1_base64="l42AcLQObTMQ0VvxaFO8BiSElfY="></latexit>mL

Ex:              model from             GUT theory
<latexit sha1_base64="ulW+3y2UINnxvfx4W4Lpiwm2SOw="></latexit>

Q+D̃
<latexit sha1_base64="wckqmGbHBphgxh1+WHQzoYqBYjA="></latexit>

5�10

<latexit sha1_base64="LpPVG+RhflZRxTjJevlQ8pz7z7w="></latexit>

L ��m5 ̄5 5 �m10 ̄10 10 � y5  ̄5�24 5 � y10  ̄10�24 10

� yL  ̄5�
†
5PR 10 � yR  ̄5�

†
5PL 10 + h.c.

<latexit sha1_base64="Y5NwEee7vg7ddK26zOQC6gyNWe0="></latexit>

 5 = D̃ � L̃
<latexit sha1_base64="v95P3YMqOudn0xGfBthWGI+SFmw="></latexit>

 10 = Q� U � E

Hierarchy                               requires two fine tunings

<latexit sha1_base64="e3RkXLiVQZpacZ0dGU5Ssg+DfOU="></latexit>

U,E, L̃

<latexit sha1_base64="Zii1kyVLgJiLE5y7iukELSLhIxc=">AAACM3icbZDLSgMxFIYzXmu9ti7dBIvgQsqMiLoUdaHgohV7gU4pmcypBnMZkoxShnkMt/oUPoy4E7e+g+llodUDCT//dw7n8EcJZ8b6/ps3Mzs3v7BYWCour6yurW+Uyk2jUk2hQRVXuh0RA5xJaFhmObQTDUREHFrR/dmQtx5AG6bkjR0k0BXkVrI+o8Q6q1Pfw6FlPAZ83tuo+FV/VPivCCaigiZV65W8chgrmgqQlnJiTCfwE9vNiLaMcsiLYWogIfSe3ELHSUkEmG42ujnHO86JcV9p96TFI/fnREaEMQMRuU5B7J2ZZkPzP9ZJbf+4mzGZpBYkHS/qpxxbhYcB4JhpoJYPnCBUM3crpndEE2pdTMVQwiNVQhAZZ+FV+pC736UZk17WaOb5FGf6B7+8dtylGExn9lc096vBYTWoH1ROTid5FtAW2ka7KEBH6ARdoBpqIIoUekLP6MV79d69D+9z3DrjTWY20a/yvr4BiNKqJg==</latexit>

Q, D̃

<latexit sha1_base64="K2uwEEatW8xgGguR0w88tuXju9o="></latexit>

mQ,D̃⌧mU,E,L̃

<latexit sha1_base64="zYtg2vKmdV2RazNMuRNhNrenGXM="></latexit>

 ̄5M5 5

<latexit sha1_base64="k1goLGAE7MwijNEn2y4JaTM6xc0="></latexit>

M5 = m1 1 +m24 h�24i

<latexit sha1_base64="BGoztVwH5p2oy7EYAC5oF1DP1ag="></latexit>

�2

5
�
r

6

5

m1

m24
'

mD̃

mL̃

⌧ 1

x x

<latexit sha1_base64="BEJzMEd1aSB+UQL9crEEm/Qz4b4="></latexit>

h�24i
<latexit sha1_base64="BEJzMEd1aSB+UQL9crEEm/Qz4b4="></latexit>

h�24i
<latexit sha1_base64="BEJzMEd1aSB+UQL9crEEm/Qz4b4="></latexit>

h�24i
<latexit sha1_base64="BEJzMEd1aSB+UQL9crEEm/Qz4b4="></latexit>

h�24i
<latexit sha1_base64="BEJzMEd1aSB+UQL9crEEm/Qz4b4="></latexit>

h�24i
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Viable Species Number-Breaking Operators

• All long-lived mesons must decay before BBN

E
<latexit sha1_base64="boH8LHg3RzOyXlbNjePpuTA/JTA="></latexit>

MPl

<latexit sha1_base64="vjtlr3a5ua6/3n4cx+ctuIdz7Bo="></latexit>mH

<latexit sha1_base64="7SaNkk6BT5ri2EcqaoedCgT0rKg="></latexit>

MGUT

<latexit sha1_base64="EcFIcHEqFlEKP7ZQrhRPnysjf8E="></latexit>

⌧ ⇠
 
2

8⇡

m2D�7

⇤2D�8
UV

!�1

< 1 sec

<latexit sha1_base64="rOvYV+eL3vh1JDDs+j0e6HTzmzg="></latexit>

⇤DC
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E
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<latexit sha1_base64="EcFIcHEqFlEKP7ZQrhRPnysjf8E="></latexit>

⌧ ⇠
 
2

8⇡

m2D�7

⇤2D�8
UV

!�1

< 1 sec

<latexit sha1_base64="rOvYV+eL3vh1JDDs+j0e6HTzmzg="></latexit>

⇤DC

 operators generated at the Planck scaleD=5
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Viable Species Number-Breaking Operators

• All long-lived mesons must decay before BBN

E
<latexit sha1_base64="boH8LHg3RzOyXlbNjePpuTA/JTA="></latexit>

MPl

<latexit sha1_base64="vjtlr3a5ua6/3n4cx+ctuIdz7Bo="></latexit>mH

<latexit sha1_base64="7SaNkk6BT5ri2EcqaoedCgT0rKg="></latexit>

MGUT

<latexit sha1_base64="EcFIcHEqFlEKP7ZQrhRPnysjf8E="></latexit>

⌧ ⇠
 
2

8⇡

m2D�7

⇤2D�8
UV

!�1

< 1 sec

<latexit sha1_base64="rOvYV+eL3vh1JDDs+j0e6HTzmzg="></latexit>

⇤DC

 operators generated at the Planck scaleD=5

Q

h

Q

h

H

h
Q

h

Q

h

H

Figure 1: Tree level exchange diagrams of GUT partners H involving Yukawa couplings
which will give D = 6 operators generated at ⇤UV = MH after integrating out the GUT
partners. Here h is the SM Higgs boson and Q are the light dark fermions.

MH:283

y2n

M6n�1

H

Q̄
i
Q

j(HDµH)2n
y2+n

Mn+1

H

Q̄
i
Q

jH2Hn (2.12)

Such MH scale suppressed D > 6 operators can lower the ⇤UV bound for symmetry-284

breaking nonrenormalizable interactions required for fast enough decay of long-lived states.285

In fact, we can have a D = 9 operator given by Q̄
i
Q

j(HDµH)2/M5

H
breaking species286

symmetries. Such a D = 9 operator will allow long-lived mesons to decay fast enough.287

Imposing ⌧ < 1 s will give the upper bound on ⇤UV as:288

⇤UV = MH . 3.6⇥ 107 GeV ⇥ (k2NDC)
1/10

✓
Mmeson

100 TeV

◆
11/10

(2.13)

This MH value is allowed under our assumption that MH/⇤DC & O(102) and is also289

compatible with the EFT description.290

We do not need to classify any D > 9 species symmetry-breaking operators, we com-291

ment on this now. Since such operators contain a single dark quark bilinear, it follows292

that to break all the relevant species symmetries it is sufficient to consider operators with293

at most four SM Higgs h. Indeed, let us consider the dark fermion bilinear made by the294

SU(3)c color singlet T (See Table 1 having the EW quantum numbers (3, 1) under the295

SU(2)L ⌦ U(1)Y . The bilinear T T̃ then gives the largest electroweak quantum numbers296

� (5, 2) under SU(2)L ⌦ U(1)Y out of all the dark fermions considered in this work. This297

T T̃ should be coupled with H4 to make an SM gauge invariant operator in the dark La-298

grangian. We can see now that increasing the dimensionality of the operator would imply299

adding (H†H)n, which does not break any new dark species symmetries. Hence, we can300

conclude that no additional species symmetries are broken by D > 9 operators.301

Finally, we notice that loop diagrams do not generate any useful higher dimensional302

operator: indeed, the locality of the effective operators requires that only heavy fields cir-303

culate in the loop. Moreover, dimension-6 operators generated at 1-loop by 2 insertions of304

dimension-5 operators do not break any additional species symmetry.305

306

With this, we can conclude the discussion on the issue of the metastability of light307

mesons. In addition to light mesons, as we noted earlier, we can also have heavy baryons308

and mesons formed from GUT partners. In general, GUT partners can be long-lived due to309

– 8 –
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<latexit sha1_base64="vpvvDSzSRpS7x7P4gsupxxncadQ=">AAACKXicbZDLTgIxFIY7eEO8AS7dTCQmrsiMMeqS6AYTF2AcIAFCOp0DNLSdSdvBkMk8gVt9Cp/Gnbr1RSyXBYInafPn/85JT38/YlRpx/myMhubW9s72d3c3v7B4VG+UGyoMJYEPBKyULZ8rIBRAZ6mmkErkoC5z6Dpj+6mvDkGqWgonvQkgi7HA0H7lGBtrHq1ly85ZWdW9rpwF6KEFlXrFaxiJwhJzEFowrBSbdeJdDfBUlPCIM11YgURJiM8gLaRAnNQ3WS2aWqfGSew+6E0R2h75i5PJJgrNeG+6eRYD9Uqm5r/sXas+zfdhIoo1iDI/KF+zGwd2tNv2wGVQDSbGIGJpGZXmwyxxESbcHIdAc8k5ByLIOk8xOPU3CbDAPcSr5GmK5zKJX7/aLhJ0V3NbF00LsruVdmtX5Yqt4s8s+gEnaJz5KJrVEFVVEMeIgjQC3pFb9a79WF9Wt/z1oy1mDlGf8r6+QVv1aab</latexit>

H

<latexit sha1_base64="6v3XjUldK30vAFk5bmC6+DMIeFs=">AAACMnicbZDNSgMxFIUz/tb619alm2ARXJUZEXUpuqngohXbip0y3MlkajDJDElGKcO8hVt9Cl9Gd+LWhzCtXWj1QsLhfPeSmxOmnGnjuq/O3PzC4tJyaaW8ura+sVmp1ro6yRShHZLwRF2HoClnknYMM5xep4qCCDnthXdnY967p0qzRF6ZUUoHAoaSxYyAsdZN7hPguF0EzaBSdxvupPBf4U1FHU2rFVSdmh8lJBNUGsJB677npmaQgzKMcFqU/UzTFMgdDGnfSgmC6kE+WbnAu9aJcJwoe6TBE/fnRA5C65EIbacAc6tn2dj8j/UzEx8PcibTzFBJvh+KM45Ngsf/xxFTlBg+sgKIYnZXTG5BATE2pbIv6QNJhAAZ5f5Fdl/Y24YZQZB3ukUxw5n6wc8vLbcperOZ/RXd/YZ32PDaB/WT02meJbSNdtAe8tAROkFN1EIdRJBEj+gJPTsvzpvz7nx8t84505kt9Kuczy+zjapJ</latexit>

QH

<latexit sha1_base64="6v3XjUldK30vAFk5bmC6+DMIeFs=">AAACMnicbZDNSgMxFIUz/tb619alm2ARXJUZEXUpuqngohXbip0y3MlkajDJDElGKcO8hVt9Cl9Gd+LWhzCtXWj1QsLhfPeSmxOmnGnjuq/O3PzC4tJyaaW8ura+sVmp1ro6yRShHZLwRF2HoClnknYMM5xep4qCCDnthXdnY967p0qzRF6ZUUoHAoaSxYyAsdZN7hPguF0EzaBSdxvupPBf4U1FHU2rFVSdmh8lJBNUGsJB677npmaQgzKMcFqU/UzTFMgdDGnfSgmC6kE+WbnAu9aJcJwoe6TBE/fnRA5C65EIbacAc6tn2dj8j/UzEx8PcibTzFBJvh+KM45Ngsf/xxFTlBg+sgKIYnZXTG5BATE2pbIv6QNJhAAZ5f5Fdl/Y24YZQZB3ukUxw5n6wc8vLbcperOZ/RXd/YZ32PDaB/WT02meJbSNdtAe8tAROkFN1EIdRJBEj+gJPTsvzpvz7nx8t84505kt9Kuczy+zjapJ</latexit>

QH
<latexit sha1_base64="vpvvDSzSRpS7x7P4gsupxxncadQ=">AAACKXicbZDLTgIxFIY7eEO8AS7dTCQmrsiMMeqS6AYTF2AcIAFCOp0DNLSdSdvBkMk8gVt9Cp/Gnbr1RSyXBYInafPn/85JT38/YlRpx/myMhubW9s72d3c3v7B4VG+UGyoMJYEPBKyULZ8rIBRAZ6mmkErkoC5z6Dpj+6mvDkGqWgonvQkgi7HA0H7lGBtrHq1ly85ZWdW9rpwF6KEFlXrFaxiJwhJzEFowrBSbdeJdDfBUlPCIM11YgURJiM8gLaRAnNQ3WS2aWqfGSew+6E0R2h75i5PJJgrNeG+6eRYD9Uqm5r/sXas+zfdhIoo1iDI/KF+zGwd2tNv2wGVQDSbGIGJpGZXmwyxxESbcHIdAc8k5ByLIOk8xOPU3CbDAPcSr5GmK5zKJX7/aLhJ0V3NbF00LsruVdmtX5Yqt4s8s+gEnaJz5KJrVEFVVEMeIgjQC3pFb9a79WF9Wt/z1oy1mDlGf8r6+QVv1aab</latexit>

H
<latexit sha1_base64="vpvvDSzSRpS7x7P4gsupxxncadQ=">AAACKXicbZDLTgIxFIY7eEO8AS7dTCQmrsiMMeqS6AYTF2AcIAFCOp0DNLSdSdvBkMk8gVt9Cp/Gnbr1RSyXBYInafPn/85JT38/YlRpx/myMhubW9s72d3c3v7B4VG+UGyoMJYEPBKyULZ8rIBRAZ6mmkErkoC5z6Dpj+6mvDkGqWgonvQkgi7HA0H7lGBtrHq1ly85ZWdW9rpwF6KEFlXrFaxiJwhJzEFowrBSbdeJdDfBUlPCIM11YgURJiM8gLaRAnNQ3WS2aWqfGSew+6E0R2h75i5PJJgrNeG+6eRYD9Uqm5r/sXas+zfdhIoo1iDI/KF+zGwd2tNv2wGVQDSbGIGJpGZXmwyxxESbcHIdAc8k5ByLIOk8xOPU3CbDAPcSr5GmK5zKJX7/aLhJ0V3NbF00LsruVdmtX5Yqt4s8s+gEnaJz5KJrVEFVVEMeIgjQC3pFb9a79WF9Wt/z1oy1mDlGf8r6+QVv1aab</latexit>

H

<latexit sha1_base64="vpvvDSzSRpS7x7P4gsupxxncadQ=">AAACKXicbZDLTgIxFIY7eEO8AS7dTCQmrsiMMeqS6AYTF2AcIAFCOp0DNLSdSdvBkMk8gVt9Cp/Gnbr1RSyXBYInafPn/85JT38/YlRpx/myMhubW9s72d3c3v7B4VG+UGyoMJYEPBKyULZ8rIBRAZ6mmkErkoC5z6Dpj+6mvDkGqWgonvQkgi7HA0H7lGBtrHq1ly85ZWdW9rpwF6KEFlXrFaxiJwhJzEFowrBSbdeJdDfBUlPCIM11YgURJiM8gLaRAnNQ3WS2aWqfGSew+6E0R2h75i5PJJgrNeG+6eRYD9Uqm5r/sXas+zfdhIoo1iDI/KF+zGwd2tNv2wGVQDSbGIGJpGZXmwyxxESbcHIdAc8k5ByLIOk8xOPU3CbDAPcSr5GmK5zKJX7/aLhJ0V3NbF00LsruVdmtX5Yqt4s8s+gEnaJz5KJrVEFVVEMeIgjQC3pFb9a79WF9Wt/z1oy1mDlGf8r6+QVv1aab</latexit>

H

<latexit sha1_base64="S5pZL0rQGKdRDd9Nnfuu3nO3QrA="></latexit>

Q̄iHQjH
†
H

<latexit sha1_base64="eE5964dZKxGsLJfPy86VMKs8hQc="></latexit>

Q̄i�
µQjH

†
DµH

<latexit sha1_base64="vpvvDSzSRpS7x7P4gsupxxncadQ=">AAACKXicbZDLTgIxFIY7eEO8AS7dTCQmrsiMMeqS6AYTF2AcIAFCOp0DNLSdSdvBkMk8gVt9Cp/Gnbr1RSyXBYInafPn/85JT38/YlRpx/myMhubW9s72d3c3v7B4VG+UGyoMJYEPBKyULZ8rIBRAZ6mmkErkoC5z6Dpj+6mvDkGqWgonvQkgi7HA0H7lGBtrHq1ly85ZWdW9rpwF6KEFlXrFaxiJwhJzEFowrBSbdeJdDfBUlPCIM11YgURJiM8gLaRAnNQ3WS2aWqfGSew+6E0R2h75i5PJJgrNeG+6eRYD9Uqm5r/sXas+zfdhIoo1iDI/KF+zGwd2tNv2wGVQDSbGIGJpGZXmwyxxESbcHIdAc8k5ByLIOk8xOPU3CbDAPcSr5GmK5zKJX7/aLhJ0V3NbF00LsruVdmtX5Yqt4s8s+gEnaJz5KJrVEFVVEMeIgjQC3pFb9a79WF9Wt/z1oy1mDlGf8r6+QVv1aab</latexit>

H
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Minimal Parent Theories

• For each DM model one can identify one or more Minimal Parent Theories

Minimal Parent Theory = minimal GUT field content that reproduces the field 
content of the low-energy theory and breaks all its 
accidental species numbers.

Acceptable Minimal Parent Theories have

no accidental species numbersi)  

accidental species numbers broken at the D=5 level; the inherited species 
numbers of the low-energy theory must also be broken at the D=5 level

ii)  OR
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Minimal Parent Theories

• Example: 
<latexit sha1_base64="mZi4nwLCh5YkEYhvbIAfOvGnffo="></latexit>

Q� D̃ ! 10� 5

‣ GUT theory has 1 Yukawa                                         hence no accidental species number

‣ DM sector (             )  has 1 Yukawa                                     hence no accidental species number
<latexit sha1_base64="CX5hY6Rf056tKm5pEMAfMztYGaQ="></latexit>

Q+D̃

‣ Theory below MGUT has 3 more fields (                   ) and 1 more Yukawa                          
<latexit sha1_base64="YYYCCy7CEHnKrAg6aHTetD25g2M="></latexit>

U+E+L̃
<latexit sha1_base64="sLQM9xlBccehURDH0eOpkOhJrQA="></latexit>

LY � ĒHL̃

Two accidental species numbers (                          ), heavy hadrons are metastable and decay 
through D=6 operators generated at the GUT scale

<latexit sha1_base64="YVxwlb4X8fypZJVWAL3xgYyLMlM="></latexit>

U(1)DL, U(1)U

H

L

SM

SM

H3

H

L

SM

SM

X

Figure 9: Heavy GUT partners H can decay to the light d.o.f.s (dark fermions L and SM)
via tree level exchange of the GUT colored higgs H3 and GUT gauge bosons X .

of early matter domination before the epoch of radiation domination. In the following,
we shall consider the case in which the heavy technihadrons states B3H = HHH and
M2H = HH are Columbian, that is we assume M to be large enough for confinement effect
to be negligible in the internal dynamics of these bound states. This regime is defined by
[5]:

1/a0 = ↵DC(M)M � EB(M) = ↵2

DC(M)M � ⇤DC (5.1)

where a0 and EB are the Bohr radius and binding energy, respectively. In our case, the
previous relations boil down to ↵DC(M) ⌧ 1, that is we are in the Coulombian regime as
soon as the DC coupling is perturbative at the scale of the heavy techniquark mass. Finally,
we assume M large enough for perturbative freeze-out of the heavy techniquarks to occur
above Dark Color confinement, that is M & 25⇤DC. As we will see later in this section,
these assumptions are always satisfied in the relevant region of parameter space and allow
us to outline the cosmological history of our model, pictorially represented in Figure 10.

As we can see, the annihilations of the heavy techniquarks get out of equilibrium around
T ⇡

M

25
, below which their number density is frozen. Immediately after DC confinement

they will form technihadrons binding preferentially with light techniquarks by virtue of
their large number density. Then, following [? ], DC confinement is followed by a period
of recombination in which hybrid baryons BH and mesons MH containing both heavy
and light techniquarks predominantly recombine into homogeneous technihadrons, thus
repopulating the number density of B3H ⇠ HHH and M2H ⇠ H̄H states. This is due to
the larger binding energy EB(M) of the homogeneous heavy states compared to the typical
non-perturbative one of order O(⇤DC), see (5.1). The self-annihilation processes between
B3M and B3M give a negligible contribution to the final abundance since

�rec ⇡
⇡

⇤2

DC

� �ann ⇡
1

↵DC(M)M2
(5.2)

where �rec and �ann are the recombination and the annihilation cross sections, respec-
tively [5]. This means that we can expect the cross-feed between heavy baryons and mesons
to be negligible, so that getting the fraction of H going into B3M rather than M2H is a
simple matter of combinatiorics.

The heavy technifermions bound into baryons eventually will contribute to the DM once
they decay into the lightest dark baryon. However, other contributions may arise from the
recombination processes depending on whether the freeze-out of the light baryons, which

– 23 –

<latexit sha1_base64="6E1EH/EKkCZPUpqr5IifBb1pS70="></latexit>

(X,Y )

<latexit sha1_base64="9lFe3zFyPTNa6XdGXp86oSeHJns="></latexit>

LY =  ̄10�
†
5 5 + h.c.

<latexit sha1_base64="Y/4QjyAq4N6P6Sy/f30bav/t6TA="></latexit>

LY = Q̄HD̃ + h.c.
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Selecting Viable Theories

We select theories that satisfy the following criteria:

1. SU(NDC) must confine 

2. Light quark sector must contain a viable DM candidate 

3. No Landau poles of SU(5)GUT x SU(NDC) below MPl 

4. Quality of unification as in the SM or better;                                   

Triangle in the  plane must satisfy:(μ, α−1(μ))

Area  AreaSM 

 

≤
6.5 × 1014GeV ≤ MGUT ≤ MPl

αGUT < 4π
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We find only two viable theories:

•  

•  

<latexit sha1_base64="kCrkpOZV6W9a7wrxRK3TvSOiwpA="></latexit>

Q� D̃

<latexit sha1_base64="fo0f4WgwxaLl0NampAnc50npZ+4="></latexit>

N

Minimal Parent theory:
<latexit sha1_base64="bbdrkkiymi6YXed1ravVMUCHzsQ="></latexit>

10� 5

Minimal Parent theory:
<latexit sha1_base64="MzRCea7ESkusKdEltGgqsSa5Ss0="></latexit>

24

<latexit sha1_base64="74uVMjtVH9HRi00TA7Je7aCbwQ4="></latexit>

↵i(µ)
�1 = ↵i(MZ)

�1 � bSMi
2⇡

log
µ

MZ
+ �i

<latexit sha1_base64="7lZbrI2HssVmDDKaxzhTexwATtA="></latexit>

�i = ���L

i

2⇡
log

µ

⇤DC

� ��H

2⇡
log

µ

mH

Minimal Parent theory:

<latexit sha1_base64="+b+iPndO4x6wMZK+0RU6XAsrYcQ="></latexit>

7⇥ 106GeV < mH < 5⇥ 1014GeV

<latexit sha1_base64="IDZ8ewncdGyx2KgOjh0B9RgFnbk="></latexit>

4⇥ 1011GeV < mH < 5⇥ 1014GeV

<latexit sha1_base64="X9rN8j1AamhjW2SlqNVL7/mFszU="></latexit>

mH > 109GeV

<latexit sha1_base64="1ePTLyLhHHebey2Ysm8qnqX9fkI="></latexit>

15� 5
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Thermal history of the dark color states

<latexit sha1_base64="gK2YRvj76+I1DvyNyqkjxyXFlgQ="></latexit>

T

<latexit sha1_base64="vjtlr3a5ua6/3n4cx+ctuIdz7Bo="></latexit>mH

<latexit sha1_base64="nSkiPLuAI2vm/jc3smmx7zfQVb4="></latexit>

TDM
fo ⇠ ⇤DC

10

<latexit sha1_base64="dZWa5sC5F1W2Jwn3oYBqDauNx0U="></latexit>

TH

fo
⇠ mH

25

<latexit sha1_base64="rOvYV+eL3vh1JDDs+j0e6HTzmzg="></latexit>

⇤DC

<latexit sha1_base64="FNIoDWpsMrwlGPcC1RXqWXvosao="></latexit>

Trec

<latexit sha1_base64="G3f7ReRMVfeRUwoTQiNa6wOMcyI="></latexit>

TD
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Thermal history of the dark color states

<latexit sha1_base64="gK2YRvj76+I1DvyNyqkjxyXFlgQ="></latexit>

T

<latexit sha1_base64="vjtlr3a5ua6/3n4cx+ctuIdz7Bo="></latexit>mH

<latexit sha1_base64="nSkiPLuAI2vm/jc3smmx7zfQVb4="></latexit>

TDM
fo ⇠ ⇤DC

10

<latexit sha1_base64="dZWa5sC5F1W2Jwn3oYBqDauNx0U="></latexit>

TH

fo
⇠ mH

25

<latexit sha1_base64="rOvYV+eL3vh1JDDs+j0e6HTzmzg="></latexit>

⇤DC

<latexit sha1_base64="FNIoDWpsMrwlGPcC1RXqWXvosao="></latexit>

Trec

<latexit sha1_base64="G3f7ReRMVfeRUwoTQiNa6wOMcyI="></latexit>

TD

At                       heavy dark quarks undergo a first 
perturbative freeze out

<latexit sha1_base64="DwSUotWI3TnySEiXw0DE+FFFxSU="></latexit>

T ⇠mH/25

perturbative freeze out 
of heavy dark quarks

g

g

<latexit sha1_base64="ch2ZFfW8bzpDVzU3wB1qy6O9TgY="></latexit>

H

<latexit sha1_base64="ch2ZFfW8bzpDVzU3wB1qy6O9TgY="></latexit>

H

<latexit sha1_base64="judaWqBvTvb24ywBd+OTqfAu27o="></latexit>

h�vi ⇠ ⇡↵2
DC

m2
H



<latexit sha1_base64="wgUCCNXQ3sQxhbUUdDXxjTdktVo="></latexit>

m⇠nmH+O
�
mH↵

2
DC

�

<latexit sha1_base64="ZBFn57P1pPKHrz7m9x2C6Y5gHDA="></latexit>

LLL, LL̄

17

Thermal history of the dark color states

dark color confinement

At temperatures of order           various types 
of dark color bound states are formed:

<latexit sha1_base64="vjGQz2cxGhFKghZ6pkaQ+12ORzo="></latexit>

⇤DC

‣ Light hadrons

<latexit sha1_base64="nS8gRmViam+5MxTZ1hGfVeunmX4="></latexit>

m⇠⇤DC

‣ Hybrid hadrons

<latexit sha1_base64="+2owCwHdBoIA99DlADRjFIydND8="></latexit>

m⇠mH+O(⇤DC)

<latexit sha1_base64="sVWOgLz4u8NkQv4hgAknJH8In2g="></latexit>

HLL, HL̄

<latexit sha1_base64="/VwzasZwFd0ds+zv3G/V7lSaBQc="></latexit>

HHL

<latexit sha1_base64="JOsjkzaX7U9OSt+NHjB2+GHFOK0="></latexit>

r0⇠1/⇤DC

<latexit sha1_base64="JOsjkzaX7U9OSt+NHjB2+GHFOK0="></latexit>

r0⇠1/⇤DC

<latexit sha1_base64="JOsjkzaX7U9OSt+NHjB2+GHFOK0="></latexit>

r0⇠1/⇤DC

‣ Heavy (perturbative) hadrons
<latexit sha1_base64="ueWRd1WkNz9Y52sQ8djJt2J6AFg="></latexit>

r0 ⇠ 1/(↵DCmH)

<latexit sha1_base64="pi11o+1bedbgnmCfjuegMiy/fZ4="></latexit>

m⇠2mH+O
�
mH↵

2
DC

�

<latexit sha1_base64="67F/IzSzLcL9wAVneCSkDNCRxww="></latexit>

HHH, H̄H

(type I)

(type II)

(type III)

<latexit sha1_base64="gK2YRvj76+I1DvyNyqkjxyXFlgQ="></latexit>

T

<latexit sha1_base64="vjtlr3a5ua6/3n4cx+ctuIdz7Bo="></latexit>mH

<latexit sha1_base64="nSkiPLuAI2vm/jc3smmx7zfQVb4="></latexit>

TDM
fo ⇠ ⇤DC

10

<latexit sha1_base64="dZWa5sC5F1W2Jwn3oYBqDauNx0U="></latexit>

TH

fo
⇠ mH

25

<latexit sha1_base64="rOvYV+eL3vh1JDDs+j0e6HTzmzg="></latexit>

⇤DC

<latexit sha1_base64="FNIoDWpsMrwlGPcC1RXqWXvosao="></latexit>

Trec

<latexit sha1_base64="G3f7ReRMVfeRUwoTQiNa6wOMcyI="></latexit>

TD
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Thermal history of the dark color states

epoch of DM 
annihilation

B

B̄

dark 
mesons

At                  dark baryons have an epoch of 
annihilation into dark mesons with large non-
perturbative cross section

T . ⇤DC

[  K. Griest, M. Kamionkowski, PRL 64 (1990) 615  
   Antipin, Redi, Strumia, Vigiani JHEP 1507 (2015) 039 ]

h�BB̄vi ⇠
⇡

⇤2
DC

These reactions go out of equilibrium at 
temperatures                       leaving a thermal 
abundance of DM

<latexit sha1_base64="AU6pJl1YoZA3Oz+QkCDqG+3n1Bs="></latexit>

T ⇠⇤DC/10

<latexit sha1_base64="g75O4OQfOeZ5ejU+t6cnAbbhw4c="></latexit>

⌦B  ⌦DM
<latexit sha1_base64="zLQQ++z0rfX34hr0y36V8ve1rGo="></latexit>

⇤DC . 100TeV

<latexit sha1_base64="gK2YRvj76+I1DvyNyqkjxyXFlgQ="></latexit>

T

<latexit sha1_base64="vjtlr3a5ua6/3n4cx+ctuIdz7Bo="></latexit>mH

<latexit sha1_base64="nSkiPLuAI2vm/jc3smmx7zfQVb4="></latexit>

TDM
fo ⇠ ⇤DC

10

<latexit sha1_base64="dZWa5sC5F1W2Jwn3oYBqDauNx0U="></latexit>

TH

fo
⇠ mH

25

<latexit sha1_base64="rOvYV+eL3vh1JDDs+j0e6HTzmzg="></latexit>

⇤DC

<latexit sha1_base64="FNIoDWpsMrwlGPcC1RXqWXvosao="></latexit>

Trec

<latexit sha1_base64="G3f7ReRMVfeRUwoTQiNa6wOMcyI="></latexit>

TD
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Thermal history of the dark color states

epoch of DM 
recombination and 
creation of heavy 
hadrons

For                             various reactions change 
the abundance of heavy hadrons:

<latexit sha1_base64="JssGuF3fkQnIA+B97AuEiErAi3o="></latexit>

Trec.T .⇤DC

‣ Recombination of Type-I hybrids
<latexit sha1_base64="chTOLBZwEUjpxiD0iQKq3t2R+jk="></latexit>

HLL+ LL̄ ! HL̄+ LLL

HLL+ LLL ! HL̄+ nLL̄

‣ Type-I + Type-I  Type-II→
<latexit sha1_base64="bPThDcgE07/fhBLoFl/oOP+SENw="></latexit>

HLL+HL̄ ! (HHL)⇤ + nLL

HLL+ H̄L ! (HH̄)⇤ + LLL

HLL+HLL ! (HHL)⇤ + LLL

HLL+HLL ! (HH̄)⇤ + nLL̄

HL̄+ H̄L ! (HH̄)⇤ + nLL̄

‣ Type-II + Type-I  Type-III→
<latexit sha1_base64="z2jdTIRlFAKYnIHXHQtKf3Ho4FY="></latexit>

HHL+HL̄ ! (HHH)⇤ + nLL

HHL+HLL ! (HHH)⇤ + LLL

<latexit sha1_base64="gK2YRvj76+I1DvyNyqkjxyXFlgQ="></latexit>

T

<latexit sha1_base64="vjtlr3a5ua6/3n4cx+ctuIdz7Bo="></latexit>mH

<latexit sha1_base64="nSkiPLuAI2vm/jc3smmx7zfQVb4="></latexit>

TDM
fo ⇠ ⇤DC

10

<latexit sha1_base64="dZWa5sC5F1W2Jwn3oYBqDauNx0U="></latexit>

TH

fo
⇠ mH

25

<latexit sha1_base64="rOvYV+eL3vh1JDDs+j0e6HTzmzg="></latexit>

⇤DC

<latexit sha1_base64="FNIoDWpsMrwlGPcC1RXqWXvosao="></latexit>

Trec

<latexit sha1_base64="G3f7ReRMVfeRUwoTQiNa6wOMcyI="></latexit>

TD



<latexit sha1_base64="M1gHMYwD4cc1MiWOpfbfY8BopfU="></latexit>

YDM = Y T

DM
+ e�tfo/⌧H · fB · YH

20

Thermal history of the dark color states

H decays to L 

<latexit sha1_base64="ip2Fr/85Vf99PSrCs/OaFHnpAVw="></latexit>

�H!L ⇠ g4
GUT

192⇡3

m5
H

M4
GUT

Heavy dark quarks H decay into L through 
D=6 operators generated at MGUT

‣ Decays occurring at                      do not 
affect the DM abundance

<latexit sha1_base64="gK2YRvj76+I1DvyNyqkjxyXFlgQ="></latexit>

T

<latexit sha1_base64="vjtlr3a5ua6/3n4cx+ctuIdz7Bo="></latexit>mH

<latexit sha1_base64="dZWa5sC5F1W2Jwn3oYBqDauNx0U="></latexit>

TH

fo
⇠ mH

25

<latexit sha1_base64="rOvYV+eL3vh1JDDs+j0e6HTzmzg="></latexit>

⇤DC

<latexit sha1_base64="FNIoDWpsMrwlGPcC1RXqWXvosao="></latexit>

Trec

<latexit sha1_base64="G3f7ReRMVfeRUwoTQiNa6wOMcyI="></latexit>

TD

<latexit sha1_base64="nSkiPLuAI2vm/jc3smmx7zfQVb4="></latexit>

TDM
fo ⇠ ⇤DC

10

‣ Decays occurring after BBN are subject to 
strong constraints and excluded

‣ Decays occurring at                             
give an extra non-thermal contribution to 
the DM abundance

<latexit sha1_base64="1txzvW3ZDEYLb0qVjofw5fkrams="></latexit>

TD > TDM
fo

<latexit sha1_base64="AqS+KBPyNB3MH/etnt0fTAzc/Rw="></latexit>

TBBN<TD<TDM
fo



<latexit sha1_base64="M1gHMYwD4cc1MiWOpfbfY8BopfU="></latexit>

YDM = Y T

DM
+ e�tfo/⌧H · fB · YH

20

Thermal history of the dark color states

H decays to L 

<latexit sha1_base64="ip2Fr/85Vf99PSrCs/OaFHnpAVw="></latexit>

�H!L ⇠ g4
GUT

192⇡3

m5
H

M4
GUT

Heavy dark quarks H decay into L through 
D=6 operators generated at MGUT

‣ Decays occurring at                      do not 
affect the DM abundance

<latexit sha1_base64="gK2YRvj76+I1DvyNyqkjxyXFlgQ="></latexit>

T

<latexit sha1_base64="vjtlr3a5ua6/3n4cx+ctuIdz7Bo="></latexit>mH

<latexit sha1_base64="dZWa5sC5F1W2Jwn3oYBqDauNx0U="></latexit>

TH

fo
⇠ mH

25

<latexit sha1_base64="rOvYV+eL3vh1JDDs+j0e6HTzmzg="></latexit>

⇤DC

<latexit sha1_base64="FNIoDWpsMrwlGPcC1RXqWXvosao="></latexit>

Trec
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Figure 14: The black solid contour line shows the parameters ⇤DC and MH which produce the
correct observed DM abundance ⌦DMh2 = 0.12 with the vertical gray band showing the uncertainty
in the non-perturbative baryonic annihilation cross-section as described in the main text. The
dashed black contour shows the history including the Sommerfeld enhancement in the perturbative
cross-section of H fermions (see main text) whereas the solid one shows the history without including
it. The excluded regions from unification requirements are shown in orange for unification occurring
above the Planck Scale, while in green we show the proton lifetime bound from Super-Kamiokande.
We also show the projection for the proton lifetime from Hyper-Kamiokande. Finally, the blue
region shows the parameter space excluded due to stable or long-lived H hadrons which spoils
BBN. The light gray exclusion for ⇤DC . 5 TeV is indicative, and has been derived using the
exclusion from collider searches for dark mesons m⇡D . 500 GeV (see Ref. [19] for more details).
The dashed pink line shows the isocurve MH = ⇤DC. Finally, the vertical yellow band on the right
shows the parameter values where we used extrapolation for the dilution scenario occurring during
recombination (See point 4 above in this section and in Sec. 6.3 in the main text)

Ti. However, since the MD era begins earlier than confinement, the recombination1229

equations of section E must be solved with the Hubble parameter H for the MD1230
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GUT state contribution overcloses the universe. In Fig. 14, this scenario corresponds1234
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Moral:  model excluded unless reheating temperature is lower 
than mH, so that sector of heavy dark quarks is not populated

☞
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Conclusions

! Accidental DM + SU(5) GUT realized by very few models, among which:

-                                                       / 
-  
-                                                                     (with split heavy quark spectrum) 
-                                          (with split heavy quark spectrum)
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! Dark confinement scale                             too large to produce dark hadrons at 
colliders. Potentially observable signals (indirect detection): i) DM decays via 
D=6 operators; ii) DM annihilations
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Outlook

! Resolve the fine tuning from the split spectrum and the double-triplet splitting 
problem of Grand Unification (extra dimensional model ?)
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