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Abstract: | propose late-time moduli decay as the common origin of baryons and dark matter. The baryon asymmetry is produced from the decay of
new TeV scale particles, while dark matter is created from the chain decay of R-parity odd particles. The baryon and dark matter abundances are
mainly controlled by the dilution factor from moduli decay, which is typically in the range 10{-9}-10Y{-7}. The exact number densities are
determined by simple branching fractions from modulus decay, which are expected to be of similar order in the absence of symmetries. This
scenario can naturally lead to the observed baryon asymmetry and, for moderate suppression of the two-body decays of the modulus to R-parity odd
particles, can also yield the correct dark matter abundance in the 5-500 GeV mass range. | will present an explicit model for late-time baryogenesis
along this line and discuss some of its cosmological and phenomenological consegquences.
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ntroduction:
"he present universe according to observations:

'wo big problems to address:

3aryon Asymmetry of the Universe (BAU)

., —IL
B B t9>(10_11 (CMB & BBN)
\)
Dark Matter (DM)

T =

10
"oy Ox10 (CMB)
3

mDJI
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3AU and DM must be produced after inflation.

74% Dark Energy
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Generation of BAU

Requirements (Sakharov conditions):
B-violation, C- and CP-violation, Out-of-equilibrium condition

e =TTy ifﬁ SIS

j j? : B f fﬂ fR fR
Successful mechanism requires BSM physics:
EW baryogenesis

AD baryogenesis
Leptogenesis

Standard lore:
Asymmetry generated in out-of-equilibrium decay of some.,.,..,
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Production of DM

Thermal freeze-out “WIMP miracle”

5 CWZ3

—26

(ov), =3x102
¥ 0y

LSP (Bino, Sneutrino), LKP, ...

Non-thermal production “Late decay”

1, <1
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| SP (Wino Snetitrino Gravitino )
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Coincidence problem (?)

The DM and BAU densities are of similar order:

€2y ~ 682

A real issue?
. ; .
Q. , €, redshift the same, QO /Q , remains constant.

Different from the DE coincidence problem:
EOS of DM and DE different, why Q- /Q ... ~ O(]) today?

Nevertheless, one can explore the possibility that € . €)_
may be related dynamically, specially from a model-building
perspective.



The Coincidence Problem:

In general, the physics responsible for baryogenesis is different

from the physics that govern dark matter production.

HENCE:

Any attempt to address the coincidence should connect the two
sectors.

Also, Qm , 6QB is independent from DM mass, which can
be from a few keV (warm DM)to 10" GeV (WIMPZILLA).

BUT:

Any microphysical scenario will relate number densities of
BAU and DM.

A given model works for a certain mass range or,
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In a class of models the two sectors are connected by introducing

a conserved number shared by baryons and DM:

Asymmetric Dark Matter”
D. B. Kaplan PRL.68

D
|

A

)]

L
A
—

Typical asymmetric dark matter scenario:
BAU generated thermally or non-thermally

Partially converted into DM asymmetry

Symmetric part of DM completely annihilates, asymmetric part
sets its relic density.
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VVariants of the asymmetric DM:
Sneutrino DM  Hooper, March-Russell, West hep-ph/0410114

DM carries lepton number, related to BAU via sphalerons

Hylogenesis Davoudiasl, Morrissey, Sigurdson. Tulin arXiv:1008.2399
DM is in the hidden sector and carries B, asymmetry in the
observable and hidden sectors created from scalar decay

Xogenesis Buckley, Randall arXiv:1009.0270
Asymmetry generated in the DM sector, transferred to baryons
via sphalerons

And many more:
"hermal freeze-in  Hall. March-Russell. West arXiv:1010.0245 Page 10559



Common issue in all asymmetric DM realizations:

The symmetric part of DM must completely annihilate.

Annihilation cross section depends on DM mass and couplings,
not directly related to baryons and their interactions.

)M anninilation cross section should be chosen appropriately.
Also, the natural prediction is 77, ~ O(n,).
Coincidence is addressed for m,,, ~ O(Gel’) .

Perhaps, the “mirror world” is the most natural realization. e us



Cladogenesis:

Addressing the coincidence problem needs a scenario where
BAU and DM relic density produced through a single process.

This implies no DM annihilation after its production.

Moduli decay as the common source of baryons and DM
R.A_, B. Dutta, K. Sinha arXiv:1011.1:

A&

Timei

]
o
(&)

D

Cladogenesis
‘An evolutionary splitting event in a
species in which each branch and \

-

- " L

its smaller branches forms a clade = ?pﬁ\
=

=2
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Moduli are scalar fields that acquire mass after SUSY breaking
with mass and are gravitationally coupled to matter.

The decay width of a modulus 7 with mass 777_is:

¢ M

I = :
b 27 J\J;

Moduli largely displaced from their minimum in the early universe.

‘hey start oscillating when /H < n_. Being long-lived, they
dominate the universe before decaying and reheat it:

o 0 ks |

P

Trwe! 3( Tt 1 (5 MeV')

T IXEY "ol




if m_<100 [elV, thenT. <5 Mel’, which is not allowed
by BBN.

m_>100 [el” ok.

Even then, modulus decay dilutes everything by a huge factor:

n. 31 ljf n_
: — :
100 Zel”

}:_ = (5><10_5)

s 4m.

Any previously produced BAU or DM will be diluted away.
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Two possibilities:

(1) BAU and DM are produced before moduli decay at densities
< 1 I larger than the observed values.

Challenging, specially for DM.
It won't be possible if modulus drives inflation.

R.A., B. Dutta, K. Sinha arXiv:0912.2324

(2) BAU and DM are produced after moduli decay.

Can turn a handicap into a virtue.
Model(s) of post-sphaleron baryogenesis & non-thermal DM
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We consider the m_ ~ (100-1000) /el".
(e.g., models of anomaly/mirage mediation of SUSY breaking)

The possible range for dilution factor is:

Y. ~10°-10"

Moduli decay produces all particles in the observable sector.
In particular:

Particle(s) /N whose decay is responsible for baryogenesis

Particles that yield DM particle A via chain decay
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if m_<100 [eV, thenT. <5 Mel’, which is not allowed
by BBN.

m_>100 [el ok.

Even then, modulus decay dilutes everything by a huge factor:

fi. Al s 1n_
: -

Y = "
' _IOO IeV

(5x107%)

s 4m.

Any previously produced BAU or DM will be diluted away.
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Moduli are scalar fields that acquire mass after SUSY breaking
with mass and are gravitationally coupled to matter.

The decay width of a modulus 7 with mass 777_is:

-
-

€ I

S
2T ij;

=
-

Moduli largely displaced from their minimum in the early universe.

‘hey start oscillating when /H < n_. Being long-lived, they
dominate the universe before decaying and reheat it:

- -
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if m_<100 [eV, thenT. <5 Mel", which is not allowed
by BBN.

m_>100 el ok.

Even then, modulus decay dilutes everything by a huge factor:

n. 31 T n_
- - :
100 Zel

Y. = (5x107%)

s 4m.

Any previously produced BAU or DM will be diluted away.
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Two possibilities:

(1) BAU and DM are produced before moduli decay at densities
<10 larger than the observed values.

Challenging, specially for DM.
It won't be possible if modulus drives inflation.
R.A., B. Dutta, K. Sinha arXiv:0912.2324

(2) BAU and DM are produced after moduli decay.

Can turn a handicap into a virtue.
Model(s) of post-sphaleron baryogenesis & non-thermal DM
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We consider the m_ ~ (100-1000) /el ".
(e.g., models of anomaly/mirage mediation of SUSY breaking)

The possible range for dilution factor is:

Y. ~10°-10"

Moduli decay produces all particles in the observable sector.
In particular:

Particle(s) N whose decay is responsible for baryogenesis

Particles that yield DM particle A via chain decay
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Within this scenario:

]7,8 — Yr Bij\' &
1.

—~=Y_Br,

g /

B?’j\- . Branching ratio of modulus decay to /V

B?';/ . Branching ratio of modulus decay to ¥ 4

& . One-loop asymmetry factor in iMdecay
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BAU:

]73 :Yr BF_\' &

¥ = 10~ —107' (dilution from modulus decay)
<107 (one-loop factor)

B?} ~10% =1 is needed to obtain the correct 75 -
Number of degrees of freedom in SUSY SM ~ 200 .

Batipark value for 77, naturally accommodated.



Within this scenario:

’78 — Y:_ Blt\* &
1.

—~=Y_ Br,

" /

Br.- - Branching ratio of modulus decay to /N

B?"f__/ . Branching ratio of modulus decay to 4

& . One-loop asymmetry factor in 1Vdecay
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BAU:

]73 :Yr Br_\' =

Y ~10~ =10 (dilution from modulus decay)
<10 (one-loop factor)

B;lf‘_T ~]10 - —] is needed to obtain the correct T}s -
Number of degrees of freedom in SUSY SM ~ 200 .

Beaipark value for Ny naturally accommodated.



DM:

1.

£ ¥ .
T_}'- Bf/:/
Y, ~107 -10"

Br/_/ =10~ (lower limit from 3-body decay to gauginos)

The correct DM abundance is obtained for:

5 Gengz <500 GeV

(conventional WIMPs, as well as lighter candidates, included)
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BAU:

’78 :Yr B}t\* &

Y r= 10~ =107/ (dilution from modulus decay)
<10 (one-loop factor)

B}i\* ~ 10 —1 is needed to obtain the correct 75 -
Number of degrees of freedom in SUSY SM ~ 200 .

Baipark value for 1 5 naturally accommodated.



DM:

n

g ¥ .
T_}'- B}Z

Y, ~107 -10"

B;} 107 (lower limit from 3-body decay to gauginos)

The correct DM abundance is obtained for:

3 GeVémZ <500 GeV

(conventional WIMPs, as well as lighter candidates. included)
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BAU:

g =1, BTy &

¥ 10~ =107’ (dilution from modulus decay)
<10 (one-loop factor)
B}-*\, ~10~ =] is needed to obtain the correct 75 -

Number of degrees of freedom in SUSY SM ~ 2(() .

Batipark value for 77, naturally accommodated.



DM:

/1

L . %F .
?—}? B}Z

Y, ~107° —10°"

BF"‘/_, >10" (lower limit from 3-body decay to gauginos)

The correct DM abundance is obtained for:

5 GeVémX <500 GeV

(conventional WIMPs, as well as lighter candidates. included)
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Y ~107 -10"

B}*/_/ >10"" (lower limit from 3-body decay to gauginos)

The correct DM abundance is obtained for:

5 GeVémX <500 GeV

(conventional WIMPs, as well as lighter candidates, included)
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Suppressing 2-body decays to R-parity odd particles:

g — e —

pointed out by Moroi, Randall hep-ph/9906327)

[he main danger comes from gauginos and gravitinos.

The dominant decay mode is to gauge boson final states.
Governed by the gauge kinetic function:
1 1

__F_F™ } - <r>Cr F, F™

L= (Rejf) (

C:=K"' (~<r>" inKKLT-npe)

N m:
I, ~— C.<r> —=
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'he relevant interaction terms for decay to gauginos:

1 — |
LD(Ref) ——A.D/L)+4Ff “Al+he.

mass suppressed (P = e :(D__W)K'T_)
[ Mo’ l

4M .

N, ¥ s a9 mi

-

= 1%y © M

P

(<8 F" >Crt +hec)AA

Decay to gauginos suppressed If |[< 5'TF? B oxa v T =
Not likely for a single modulus,
may-e possible for compactlflcatlons with multiple moduli reess

Zame ' B - - a - B N P et T W Sy A, 1




Suppressing 2-body decays to R-parity odd particles:

e p— e —
i |

[he main danger comes from gauginos and gravitinos.

The dominant decay mode is to gauge boson final states.
Governed by the gauge kinetic function:
1 1

gl (——FM-F”" } ———— <t>Cr F F"
. & , 4M, ",

C:=K"' (~<r>" in KKLT-1npe)

_.L:\ & C » - ]ﬂ:
A LTS —&
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'he relevant interaction terms for decay to gauginos:

| I R
M (_Ref)_(—;/LD/L)+1F']‘___/_/L+h.c.

mass suppressed (FT=e" E(D__W)K’T_)

| l
4M

N, R
b e o—— (@ F % —=
= 1287 M,

(<C.F">C.r +hc)AA

Decay to gauginos suppressed if |< 5‘£_Fr = a1 T |
Not likely for a single modulus,
may-e possible for compactifications with multiple moduli reesss




Suppressing 2-body decays to R-parity odd particles:

pointed out by Moroi, Randall hep-ph/99063527)

[he main danger comes from gauginos and gravitinos.

The dominant decay mode is to gauge boson final states.
Governed by the gauge kinetic function:

(1 | ] |
L= (Ref) (—_FMI'FHI j:_ ET S0 FM,F'M
47 ) 4aM, b

C:=K"' (~<r>" in KKLT-npe)

i =
[ —»0Q0 i
irsa: 11030708 1 ‘) 8 T w == Page 40/59




'he relevant interaction terms for decay to gauginos:

l - . 1 - =,
LD (_Ref)_ (—;AD/L)+ZF‘j___/;,/, + h.c.

mass suppressed (FT=e"*(D_W)K™)

| P :
4M .

N, y o e o T
b e —— (—m@ F 55—
= 1287 M;

¥ |

(<8 F >Crt +hec)Al

Decay to gauginos suppressed If |[< 5£_F:— o % < e il
Not likely for a single modulus,
may-e possible for compactifications with multiple moduli e s




'he relevant interaction term for decay to gravitinos:

e I

Lo——e" (Gr+G_ )y, 0"y, +¥,c"Y,]

G=K+In(|W[)

[ ..~ : (G P s ms s (helicity 3/2)
* 2887 j[P
1 ) m s .
L g ™ | C = (helicity 1/2, dominant)
r—>GG 288]2- (l I ) L['

Decay-to gravitinos typically suppressed by a factor of 100 rwe s



'he modulus decay to sfermions Q IS mass suppressed

K> K(r)0 0

Jecay via kinetic terms suppressed oC (mo / m_)i.

Decay via soft terms suppressed o (m, , /m.)"-

The modulus decay to Higgsinos:

K =3 Z(:Z-)HHHJ

I = e
[ . ~—Cl<K>?@F )2
TToHed R JM;

Decay.will be suppressed similar to gauginos.
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An Explicit Model: RA. B.Dutta, K. Sinha 1005.2804

New fields needed for post-sphaleron baryogenesis:

17 - T € J6 Y 4 A, V3 B KE R
W?.Lr?( /Lz'c:fﬁ\ﬁ” X +/L C{g C{_;.'XQ miVL - _ 5 1 ,5‘\ B

N :  SMsinglet
X, }? - color triplet, hypercharge =4/ 3

NV fermions and X)? scalars have R =+1, so that
R-parity is conserved.

Baryogenesis from decays of X, X (if M, > M ;)
or decays of N (if M oo iwﬁ ). e



Decay of N fermions the main source if production of R =—1
particles Is suppressed:

ot '”
v
= 4
M
} *
X
u? z{-_
P i
F
- T oo
N, A N
o X
Il :
w -
(N
¥
v ;, o,
t g i
'\?‘ i i Ay "
- II_- ot 'I
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Decay of N fermions the main source if production of R =—1

particles Is suppressed:

) 1 Im[(AA) T y
e £y == 9 [3F (x)+ F ()]
N, ./ ¢ 247 (A 4),,
e )
L P H} U
4 , F = J\/ﬂ:Ln(l——'
j. ) X —
u ”; .
b /] | M
i X7 | =l — ‘
*\a '#a}‘ | JI_ ,
A i | oL
ey |
U = —— X
¥
Y t o
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Decay of N fermions the main source if production of R =—1
particles Is suppressed:

U
N
T ke
{
&~
X
| a® ?!‘ ;__'
P |
___\ o _LK | " '\
~ 3 |
-
? 1'.'r u [ Xr
_.3_‘ oy
f I
- f i
X . /
_ £ i Ay
Ll : - .I.
PN f
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2y ' X

3 1 Im[(‘/._j;.)ﬂ]- [SFi (I)—FT-(I)]
S 24z (A A),, | |

5
F. = ‘/_ . F. = J_m(l—i)

x—1
|1f’
i

=

J~0(l) . Im[A 4]~ O()
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AT XX

K >
M,

;Fr D) I?r oo W i (._’_II-TT.}'&E T

e S S Y,y

~ 12 m;

e S
r—gg 9 -
== _ A~
1287 M
4
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AT XX

K> +he. (3In[r+77])

M,

A

VoW, +W. (W, +Ae™)

MSSM extra

= Aom . p
e~ ——= X — NuS
ik QT J{;

_ 12 m:

T 1287 M,

I 0l—1= Br ~ 107 —1
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Phenomenological and cosmological considerations:

(1) B violation leads to neutron-antineutron oscillations. The
current bound of 10° sec is satisfied in this model.

2) There are contributions to K and B mixings at one loop,
which is compatible with experimental bounds.

3) R-parity odd/even color triplets can be detected at the LHC.

4) Wino is the DM candidate, annihilation is negligible for

Page 50/59
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summary and Outlook:

A dynamical explanation of the baryon-DM coincidence should
connect the physics of baryogenesis and DM.

A non-thermal scenario more natural in this regard, preferably
without DM annihilation.

Late time moduli decay can provide a common source for
post-sphaleron baryogenesis and non-thermal DM.

BAU and DM abundance mainly controlled by the dilution
factor 10 ~ —10 " from modulus decay.

Desired BAU naturally yielded. Acceptable DM abundance can
be obtained within an interesting mass range 5-500 GeV.
Two-body decays of modulus to R-parity odd particles need

to be (mildly) suppressed.

An.explicit model for baryogenesis presented. Explicit mqdel
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