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Dark Energy

Can Dark Matter T

be stable due to 4—:: Dark Matter &
its own accidental ‘rammmnunnens?
symmetry ?

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



Accidental vs Exact Global Symmetries

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

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

- Accidental symmetries are thus more
theoretically satisfactory than imposing
ad-hoc exact symmetries in the theory



Models of Accidental Dark Matter

------------------------------------------------------

Dark sector L gravity SM Sector
AW E A,V H
NNVVVVNVNVVN
SM gauge :

------------------------------------------------------

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

Requirement:

Dark Sector contains (at least) one DM candidate that is
cosmologically stable due to one of its accidental symmetries
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Dark sector L gravity SM Sector
AW E A,V H
NNVVVVNVNVVN
SM gauge :

------------------------------------------------------

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

Requirement:

Dark Sector contains (at least) one DM candidate that is
cosmologically stable due to one of its accidental symmetries

> Accidental symmetries easily obtained from strongly-coupled
dark sectors
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If symmetry broken by T K= m i

R : . ™~ 2D—8 i

operator with dimension D: 81 AT, < 10%5-
()

G

I= 1012,
. - e

Cosmological stability: 7 > 10'7sec s
<

Bounds from CMB, 21cm,

> 1028
DM indirect detection:  © ~ 10""sec

> D=5 requires mpar S10keV

- too light for a SM-charged sector

» D=6 requires mpys < 100 TeV

- sufficiently heavy for SM-charged sector to have escaped detection

- DM with mpar ~50TeV can be a thermal relic if strongly coupled



Dark Matter Sector: Vector-like Confining Gauge Theory
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Gauge Group = Gpc X Gsm where Gpec = SU(N)pc or SO(N)pc

Dark ‘quarks’ Q = (O ,r) of Gpc x Gsm, Dirac/Majorana if ([1,r) is complex/real
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Gauge Group = Gpc X Gsm where Gpec = SU(N)pc or SO(N)pc

Dark ‘quarks’ Q = (O ,r) of Gpc x Gsm, Dirac/Majorana if ([1,r) is complex/real

1

49%0

L=— Gr,+ Qi —M)Q+yQHQ + h.c.

e Accidental dark baryon number U(1)ps, broken at D > 6

Lightest dark baryon stable and good DM candidate B~ (QQ- Q)

e Accidental species numbers, broken at D > 5

Long-lived mesons not good DM candidates, must decay before BBN T~ QZQ]



Request: DM model must be embeddable into SU(5) GUT

Loy = 49 G2, + Z Q' (ilp —mg)Q’ +yLO'HPLQ? + yEQ'HPRr QI + h.c.
DC
T Q! SU(5) SM Quantum Numbers
N 1 (1,1,0)

sum over SU(5) DaL 5 (3,1,1/3) @ (1,2,-1/2)

fragments U E®Q 10 (3,1,—-2/3) @ (1,1,1) @ (3,2,1/6)

QeT oS 15 (3,2,1/6) & (1,3,1) & (6,1, —2/3)

VeGaXaN | 24 |(1,3,00®(8,1,0)® (3,2,5/6) @ (1,1,0)
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Loy = 49 G2, + Z Q' (ilp —mg)Q’ +yLO'HPLQ? + yEQ'HPRr QI + h.c.
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T Q! SU(5) SM Quantum Numbers
N 1 (1,1,0)
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fragments U E®Q 10 (3,1,—-2/3) @ (1,1,1) @ (3,2,1/6)

QeT oS 15 (3,2,1/6) & (1,3,1) & (6,1, —2/3)

VeGaXaN | 24 |(1,3,00®(8,1,0)® (3,2,5/6) @ (1,1,0)

Example: Q-+ D model with Goc=SU(3)nc

e 1 Yukawa: Ly = QHD + h.c. No accidental species number

e DM candidate: QQ[)




UV completing DM models into SU(5) GUT

Bottaro, R.C., Verma, work in progress
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- MaouT GUT spontaneous breaking

Heavy dark quarks
(GUT partners)
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Light dark quarks



UV completing DM models into SU(5) GUT

SU(5)GUT X GDC

Bottaro, R.C., Verma, work in progress

+ Mpy

— mH

4+ MauyT GUT spontaneous breaking

Heavy dark quarks
(GUT partners)

DC confinement

Light dark quarks



UV completing DM models into SU(5) GUT

SU(5)GUT X GDC

Gsm XGpe

Bottaro, R.C., Verma, work in progress

+ Mpy

— mH

+ MauyT GUT spontaneous breaking

Heavy dark quarks
(GUT partners)

DC confinement

Light dark quarks



UV completing DM models into SU(5) GUT

Bottaro, R.C., Verma, work in progress

Mpy

mp

Meaur GUT spontaneous breaking

Heavy dark quarks
(GUT partners)

DC confinement

Light dark quarks



UV completing DM models into SU(5) GUT

Bottaro, R.C., Verma, work in progress

A B
+ Mp
SU(5)GUT X GDC
+ MqauyT GUT spontaneous breaking
4 mpy Heavy dark quarks long-lived due to their
— own accidental
Gsv XGpo (GUT partners) species numbers
+ Apc  DC confinement
1 m :
Gsur L Light dark quarks
T Aew




UV completing DM models into SU(5) GUT

Bottaro, R.C., Verma, work in progress

A B
+ Mp
SU(5)cur xGpc
+ MqauyT GUT spontaneous breaking
1 @ Heavy dark quarks long-lived due to their
— own accidental
Gsv XGpo T (GUT partners) species numbers
split
spectrum
—— DC confinement
1 m :
T L Light dark quarks
+ Agw Why m; > Ap - (split spectrum):
1) Let heavy dark hadrons decay before BBN

i) Better unification
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Mass Spectrum and Naturalness

Ex: Q+D model from 510 GUT theory
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- Apc

- Apw

Mass Spectrum and Naturalness

Ex: Q+D model from 510 GUT theory

¢5:D€Bl~; Vio=QPUDE

LD - m5&5¢5 — m101;10¢10 —Ys @5‘524% — Y10 @51(@24%0
— yr Y5l Prip1o — Yr Y5l Priro + hec.

Hierarchy my g i< Mgy is technically natural for ys, y10 <1

ms.10, Ys5,10 are the only spurions under U(1), xU(1)g :

xe" 13
U(l)L:{%L — e'* Y5y, U(l)R:{%R — e YP5R

Y10r — €“ Y10R Y10 — €% Yior
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Mass Spectrum and Naturalness

Ex: Q+D model from 510 GUT theory

¢5:D€Bl~; Vio=QPUDE

LD - m5&5¢5 — m101;10¢10 —Ys @5‘524% — Y10 @51(@24%0
— yr Y5l Prip1o — Yr Y5l Priro + hec.

Hierarchy Mo p<Myp | requires two fine tunings

Vs Mg Ms =mq 1+ moy (Poy)
2 -
- — gﬂ ~ mp <1
5 D Moy mi
- - >

<(I)I24> <(I)2:J:> <~(~I)24> <(I)24> <(I)24>
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Viable Species Number-Breaking Operators

2 0y 2D—7 -1
e All long-lived mesons must decay before BBN T ~ < 1sec
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Viable Species Number-Breaking Operators

2 0y 2D—7 -1
e All long-lived mesons must decay before BBN T ~ 553 < 1sec
8T Ay
A B
+ Mp;— D =5 operators generated at the Planck scale
1+ Mgur
— mH




Viable Species Number-Breaking Operators

2 0y 2D—7 -1
e All long-lived mesons must decay before BBN T ~ 553 < 1sec
8T Aty
A B
+|Mp;— D=5 operators generated at the Planck scale
+ Mgur
+| M — 6 < D<9 operators generated at my S 10! Gev
H
Q Q Q .
+ Ape Qn Oy °
H H H

Q"Q;H'D,H Q;HQ,H'H

11



Minimal Parent Theories

e 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

1) no accidental species numbers

OR i) 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

12
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Minimal Parent Theories

e Example: Q@D — 10D5

> GUT theory has 1 Yukawa Ly = zElogbg% + h.c. hence no accidental species number

~

» DM sector ((Q+D ) has 1 Yukawa Ly = QHD + h.c. hence no accidental species number

> Theory below MGUT has 3 more fields ( U+E+L ) and 1 more Yukawa Ly D EHL

Two accidental species numbers (U(1)pr,U(1)y ), heavy hadrons are metastable and decay
through D=6 operators generated at the GUT scale

H SM H SM

: Hs < (X,Y)

L SM L SM
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Selecting Viable Theories

We select theories that satisfy the following criteria:

1. SU(Npc) must confine
2. Light quark sector must contain a viable DM candidate
3. No Landau poles of SU(5)cut x SU(Nbc) below Mp

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

Triangle in the (4, &~ (4)) plane must satisfy:

=% proton decay

Area < Areasv 70¢

6.5 % 1014GeV < My < My, 60"

PEMUMDALIVILY  furesrstessssmrircanessessessssssssss s R ]

log, (L/GeV)

15 20

— a7 ()

ay” ()
a3 (p)



We find only two viable theories:

° Q@D

Minimal Parent theory: 10 & 5
7 x 10°GeV < mpy < 5 x 10*GeV

Minimal Parent theory: 15 @® 5
4 x 101" GeV < mpy < 5 x 10'*GeV

e N
Minimal Parent theory: 24
mpg > 109G6V

15
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Thermal history of the dark color states




Thermal history of the dark color states

AT
At T ~myp /25 heavy dark quarks undergo a first
perturbative freeze out
—— mH
c mpy s perturbative freeze out
H g «t7E THE P
T2 ' 20 . of heavy dark quarks
_DC B T -
<0v> ~ 5
My
H g
T Abpc
| 7DM Apc
fo 10
T Trec
1+ 75




Thermal history of the dark color states

At temperatures of order A p¢ various types

of dark color bound states are formed:

~ Light hadrons

LLL. LL ‘
» Hybrid hadrons

HLL, HL

(type 1) ‘

HHL ’
(type 1)

TQNl/ADC

mNADC

TONl/ADC
m~mpg+O(Apc)

TQNl/ADC

m~2mH+O(mHa2DC

» Heavy (perturbative) hadrons

(type )

ro ~ 1/(apcmpy)

mwan+O(mHOz

2
DC

)

)

17

—_ mH
g MH
T 5~ 35
Apc
- om . Apc
© 10
1 Trec
4 7,

dark color confinement
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Thermal history of the dark color states

At T' < A pe dark baryons have an epoch of
annihilation into dark mesons with large non-
perturbative cross section

B 1\
dark n
< ) — mesons <JBBU>NA2
B —_ . DC

These reactions go out of equilibrium at

temperatures T~ Apc /10 leaving a thermal
abundance of DM

QB S QDM I:> ADC 5 100TeV

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

— mH
H My
T4~ %
Apc E epoch of DM
DM Apc ' annihilation
‘ © 10 ,
B Trec
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Thermal history of the dark color states

For Tree ST S Ape various reactions change
the abundance of heavy hadrons:

~ Recombination of Type-| hybrids

HLL+LL — HL+ LLL
HLL+ LLL — HL+nLL

- Type-lI + Type-I — Type-ll

HLL+ HL — (HHL)* +nLL
HLL+ HL — (HH)*+ LLL

HLL +HLL — (HHL)* + LLL
HLL+HLL — (HH)* +nLL

HL+HL — (HH)* +nLL

- Type-ll + Type-I = Type-lli

HHL+ HL — (HHH)* + nLL
HHL + HLL — (HHH)* + LLL

~
S
<
—
S
Q

epoch of DM
recombination and
creation of heavy
hadrons
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Thermal history of the dark color states

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

4 5
dour My

19273 MéUT

U'gp ~

- Decays occurring at Tp > T, do not
affect the DM abundance

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

~ Decays occurring at Tppn<Ip< T%M

give an extra non-thermal contribution to
the DM abundance

Yo = YgM 4 e tro/TH . fr- Yy

- mH
H MH
- T~ oy
- Apc
DM Apc
? 10
B Tfrec
s T

H decays to L
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Thermal history of the dark color states

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

4 5
dour My

19273 MéUT

U'gp ~

- Decays occurring at Tp > T, do not
affect the DM abundance

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

- Decays occurring at Tean<Tp <T+M
give an extra non-thermal contribution to
the DM abundance

Yo o tro/TH fg- Yy

DM thermal
aboundance

- mH
H MH
- T~ oy
- Apc
DM Apc
? 10
B Tfrec
s T

H decays to L
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Thermal history of the dark color states

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

4 5
dour My

19273 MéUT

U'gp ~

- Decays occurring at Tp > T7* do not
affect the DM abundance

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

- Decays occurring at Teen<Tp<THEM
give an extra non-thermal contribution to
the DM abundance

Youm e—tfo/TH Yy

DM thermal
aboundance

fraction of heavy

baryons over all

heavy hadrons at
end of recombination

_mH
H MH
- T~ oy
- Apc
. DM Apc
fo 10
_Trec
s T

H decays to L
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Non-thermal contribution to DM from
recombination and decays of heavy
hadrons can be much larger than the
thermal one and overclose the Universe

Yo = YEM 4 e tro/TH . fr- Yy

Mpmpgog — wMpad,
DM
YT :Cfo 10 ADC
DM Y Y]

MPZADC’UBB_ 7TMpl

10°

—--.

GUT baryons slow decay

1> Moral: model excluded unless reheating temperature is lower
than mu, 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:

p)
-

Npe, ¥=Q&D—=>1085/ 1585

(3)pc
- SUB)pc, Y=N—24
- SUB)pc, Y=LOE —-5d10®5d 24 (with split heavy quark spectrum)
- SO(3)pc, ¥ =V — 24 (with split heavy quark spectrum)
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N
-
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- SUB)pe, Y=LBFE 5010305324 (with split heavy quark spectrum)
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Split spectrum of heavy and light quarks requires fine tuning

Non-thermal contribution to DM from heavy baryons is too large and overcloses
the universe. Prediction: reheating temperature lower than mp
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Conclusions

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

- SUB)pe, ¥=Q@&D —1085/ 15®5
3

N
-

(3)

( )DC, vV=N-—24
- SUB)pe, Y=LBFE 5010305324 (with split heavy quark spectrum)
- SOB3)pc, ¥ =V — 24 (with split heavy quark spectrum)

Split spectrum of heavy and light quarks requires fine tuning

Non-thermal contribution to DM from heavy baryons is too large and overcloses
the universe. Prediction: reheating temperature lower than mp

Dark confinement scale Apc ~ 100 TeV too large to produce dark hadrons at
colliders. Potentially observable signals (indirect detection): i) DM decays via
D=6 operators; ii) DM annihilations



Outlook
N

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

Study in more detail reheating and investigate the cosmological implications of a
low reheating scale

Study the case in which the light dark quarks have mass larger than the dark
dynamical scale, my, > Apc



