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Matter-Antimatter Asymmetry

Dirac predicted the existence of anti-particle in 1928;
later it was confirmed in observations: positron (1933),
antiproton (1955), antineutron (1956) and so on.

However, we observe mostly matter around us in the
Universe without any trace of anti-matter leading to
the longstanding puzzle of baryon asymmetry of
Universe (BAU).

. Cosmic rays contain negligible trace of anti-matter.



Matter-Antimatter Asymmetry

. Absence of characteristic gamma-rays from matter-
antimatter annihilation suggests asymmetry or

separation of their respective patches beyond horizon
distances.

No known causal mechanism can separate these
patches in the Universe.

Equal baryon and antibaryon will lead to efficient
annihilations for a long epoch leaving a small baryon
to photon ratio: inconsistent with light nuclel
abundance (BBN).
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CMB gives stricter constraint on baryon to
photon ratio compared to BBN.

Source: hep-ph/0609145



How to create baryon
asymmetry?

. Start with an asymmetric initial condition?

“Unnatural” and likely to be diluted by inflationary
expansion phase.

. Early freeze-out?

. Dynamically generate an asymmetry.



Sakharov's Conditions

Three basic ingredients necessary to generate a net
baryon asymmetry from an initially baryon symmetric
Universe (sakharov 1967):

Baryon Number (B) violation X - Y + B

. C&CPviolation. rx v+ B) £1(X -7 +B)

I'(X = qrqr) + T (X = qrar) #T(X =g +q2) + T(X = qr + R)

Departure from thermal equilibrium.

Standard Model (SM) fails to satisfy these conditions in required amount
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B violation

While B Is conserved in the SM at perturbative level, It Is
broken by non-perturbative instanton like transitions, known
as sphalerons ('t Hooft 1976).
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The tunnelling amplitude is suppressed at zero temperature:
A ~ e—87‘L'2/g2 ~ 10—173-

Finite temperature effects can make these transitions
efficient (Kuzmin, Rubakov, Shaposhnikov 1985).

Sphalerons remain in equilibrium for 102GeV < T < 1013GeV
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CP Violation

. CKM is the only known source of CP violation in the
SM, can be parametrised as
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. A parametrisation-independent measure of CP
violation Is the Jarlskog invariant J (Jarlskog 1985):

Im det ([MuMuTa ﬂfdﬁfdf]) = 2.J (mf — m2)(m? — m2)(m? — m?)

x (mjy — mg)(miy — mg)(mg — mq)

“2 - E . —
J = e12693¢1381252351351n0 ~ 3 x 107>  Too small to give observed n~10~1°

11



Baryogenesis in SM

Requires
Sufficient B violation

Sufficient C and CP violation

Departure from equilibrium which can be provided
by a strong first order electroweak phase
transition creating necessary barriers.

However,

SM has insufficient CP violation in the quark sector.

Electroweak phase transition Is not a first order transition.

12
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2 New Ideas in Baryogenesis Models

Snowmass 2021

AXiOgCHCSiS arXiv:2203.05010

Wgr-Axion Baryogenesis and Darkgenesis

QCD Baryogenesis

Wash-in Leptogenesis and Leptoflavorgenesis
Hylogenesis

Darkogenesis

WIMP-Triggered Baryogenesis

Gaugino Portal Baryogenesis

Freeze-In Baryogenesis via Dark Matter Oscillations
Baryogenesis Through Particle-Antiparticle Oscillations
Mesino Oscillations and Baryogenesis

Mesogenesis

Particle Asymmetries from Quantum Statistics




Could dark matter play any role
IN antimatter disappearance?
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Dark Matter: Evidences
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Standard Model does not have any DM candidate



. Baryon-DM coincidence: Qpy =~ 505

. They could possibly have a common origin?

‘ Heavy Decaying Particle \

Transfer mechanism}“

& . Annihilation J
’ Decay
/ 4

‘ Visible Matter \ GW Phase transitinrD 5

Schematic of popular ideas; arXiv:1310.1904

Popular scenarios:

Nus_sinov’87; Yoshimura'/8, Barr'79, . Asymmetric Dark Matter
arxiv:1112.2714, 1203.1247,
1305.4939, 1308.0338, 1407.4560, . WIMPYy baryogenesis/leptogenesis

2002.05170, 2112.10784++ 16



Asymmetric DM

Baryon/lepton asymmetry and DM
asymmetry have a common origin. v

Requires a large annihilation rate of

DM to get rid of symmetric part: can /
give large direct detection rate.

No DM annihilation in present epoch:

suppressed indirect detection.

Non-annihilating nature of DM at

present epoch can lead to other Nussinoy 1685

detection prospects due to DM Kaplan, Luty, Zurek 2009

Capture In compact ObJeCtS (See e-gw Falkowski, Ruderman, Volanksy 2011

arXiv:2302.07898) Arina, Sahu 2011

Petraki, Volkas 2013, Zurek 2014 (Reviews)
Barman, DB, Das, Roshan 2022, 2023

DB, Das, Okada 2023
++
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WIMPYy Leptogenesis

DM annihilations can also
generate a non-zero lepton or
baryon asymmetry. DM
annihilations also decide WIMP
DM abundance (thermal
freeze-out).

Wash-out processes should
freeze-out before DM freeze-
out.

Can have both direct and
iIndirect signatures like WIMP.

18
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Generic Features of ADM

. Dark sector has a conserved or approximately

conserved quantum number (a global
symmetry).

. Dark matter has some sizeable interactions to

annihilate away the symmetric part efficiently.

19



Relic abundance: Boltzmann Equation

Liouville operator [f] L[f] = C[f] Collision operator [f]
. s, o ) a ¢ g .o d’p On
L=1"5a ~To# P50 L[fJ=E%—H(t)p2% (QW)B/LWE_EHH”

1
Tx+a—itj — E.E Z /dl[ dll; (2?1’)454(31 -t Pa—Pi —Pj )|M|x—|—aﬁz—|—3:
a9xYa¥
Assumptions:
dﬂx ° FLRW Metric
It +3Hny = —(0ytaitjV) (”x”u - ﬂ;qﬂﬁq) « CPinvariance
e 2->2process l1+f~1
Reference: « Classical statistics
1. The Early Universe by Kolb & Turner  Bath follows MB distribution

2. Modern Cosmology by Dodelson 6



Dark Matter: WIMP Miracle

The abundance of DM which was

n thermal equilibrium inthe early  9nx a3y, (0 (2 — (o))
. 8t b X tot X "X
Universe can be calculated by

solving the Boltzmann equation.

dYy & (Ttot V) § (YE _ (qu)z)

In terms of comoving density

dx H(m,) X X
Y. = x T = ﬂ ‘ - m
X = 3 -7 O, h*(z = 00) = 2.755 x 10° (C J{,) Yy (z = o0)
x(:
A particle having mass and
Interactions around the , 87 om?
. H(T) = - Gp(T) 8= 4z 9uT".
electroweak scale, can satisfy 3

the correct relic criteria: WIMP or(T) = —q.T%,
Miracle!

sR3? = constant



Dark Matter: WIMP Miracle

Relativistic & in egb at high T

/ Non-relativistic & in eqb.
Approximate analytical solution: S / S

0.01 T

0.001

0.0001

3 x 107 %"emis! 105
QDMh —~ 5, 10°¢
('TU} E 10-7 Increasing <o,v>
=
@ 10-8
T 10-9 "“'----..___,_.__V ________
Planck 2015, Astron. Astrophys. 2016 5 1o
= o V
p < 02l S Tt e ==
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Pc 3 L V
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Decouples from the thermal bath when ol 10 100 1000
rate of interaction falls below Hubble x=m/T (time -)

rate of expansion: freeze-out arXiv-0901.4090
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Relic of ADM

— 1

Only DM & DM can {;I F3Hn, = —(ov)(nyng — Ny eqliyz.eq)
annihilate. No self- dn,
annihilation due to 5 T3Hny = —(ov)(nyny — Nyeqaniyeq)
conserved charge. " \ov)

Ay o

: Y Y‘ }f e }/"e
Y, — Y= Constant dx 22 T Yaea Yeen)
(C). dY, Aov)
. A{ } d—; T :ITE (YI Yi’ 1VrI-.E"CI }/i’re':l)
aYy  Alov 2 v D
P 2 (Yy —CY, — P) N — \:1/% m, Mp1 /G
dY, Aov) 1
P =Y, eqYyoq = (0.145g, /g.)? 2° ™

25

arxiv:1104.5548



10 . 10
Y-, C=0
X
_E, Yifeq'{j:_l?
10 ‘fx,f;—lfl_ 1
Y,, C=10 1.
-8 - 11
10 Y, aqrC=10
l:"'\-\.lﬂ
' 0.1
10710 o
10712 Qh?, c=107"" ———
R .0l QIhE, C=10" s
92y Q:h?, C=3*10"1% oo
10 14 a = 5*10 " [GeV "] | ‘;_, 12
| b=0 Qxh , C=3*10
0.001 :
10 20 30 40 50 60 70 80 90 100 Lo- 1 T L0 Lot Lo-T
* a [GeV 2]

Y, cannot decrease arbitrarily, being bounded from
below by C>0.

For small ov, relic Is Independent of C, asymmetry.

For large ov, Y, — C while Y3 — 0. Total DM relic is

iIndependent of ov.
arXiv:1104.5548
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In purely asymmetric DM scenario, total DM
relic is set by the asymmetry only Qpph?

=276 x 10° () (v, — Y3).

ForY, — Y3~Yg — Y3, we have m,,~5m;,~5
GeV as Qpy~5Q5.

Depending upon the model implementation, it
IS possible to generate different asymmetries in

dark and visible sectors leading to deviations
from m, ~5m,~5 GeV limit.

25



Detection of ADM
. The requirement of large ov can also enhance DM
direct detection prospects either via
. Direct DM-SM Interactions

. Dark photon or Higgs portal

—d4

Direct Detection

<

10§

Collider
| >

SM DM

WIMP-nucleon og; [em?]

SM DM : arXiv:2207.03764

< I 1[}_4HJ| 1 1 |||||.|.];}. p 10l 1 1

10" 10 10’ 10
WIMP Mass [GeV/c?]

4
Indirect Detection



Direct DM-SM portal

I‘-ll.l]‘llg'i
. DM-SM Interactions can BAEAR
be mediated by a i 2
mediator say B-L gauge "'k

boson.

*  BPset l_
&  BPset 2]

. Large ov requirement

e  BPset3]
leads to the resonant o]
regime.
. Low DM mass is T
M;. (GeV)
preferred due to weaker . a4
: Sl —46 2 98-1L 3 Te
constraints. 7yt~ (10 ) g (070) ( M, )
arXiv:2212.04516
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Dark photon/Higgs portal

. DM-DM annihilates
efficiently into light
bosons.

. Direct detection
rate can be kept
under control by
tuning the mixing.

. Constraints on dark
bosons apply.

arxXiv:2211.15703



Model building aspects

. Asymmetric dark matter models broadly fall
Into two categories:

. Simultaneous generation of baryon and
dark sector asymmetries: cogenesis

. Visible sector asymmetry Is generated
first, which then gets transferred to the

dark sector.

. Dark sector asymmetry is generated first,
which then gets transferred into the visible

sector.

29



Cogenesis

. Cogenesis can occur simply by implementing one

of the known baryogenesis mechanisms to dark
sector.

. Let us consider such possibility via the

leptogenesis route

50



EN

Baryogenesis via Leptogenesis

arXiv: hep-ph/0401240, 0802.2962, 1301.3062 for reviews
Right handed neutrino decays out of equilibrium (Fukugita & Yanagida 1986)

_ 1
Yy LiHIN; + 5 Mi;NiN;

CP violation due to phases in Yukawa couplings Y, leads to a lepton
asymmetry.

Nk—)Li—FH*)—FF(Nk—)L?;—FH)

The frozen out lepton asymmetry at 1T << M; is converted into baryon
asymmetry by electroweak sphalerons:

naB _  28nafL Khlebnikov & Shaposhnikov 1988

S 79 s

For hierarchical RHN, there exists a lower bound on scale of
leptogenesis M > 10°GeV. Davidson & Ibarra 2002

Low scale leptogenesis possibilities: Resonant leptogenesis (Pilaftsis 1998),
ARS leptogenesis (Akhmedov, Rubakov & Smirnov 1998), Radiative seesaw
leptogenesis (Racker 2014, Hugle, Platscher & Schmitz 2018, DB, P S B Dev & Kumar 2019).
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Boltzmann Equations

107°
AN
d,:l = —(D+5)(Nn, — Ny,) |
% — —;D(Ny, — N$3) =W Np_p, .

For decay/inverse decays only

d Ny
dzl = _'D (NNI _N}Dﬂ) 1
ANp_
;; Y — —¢ D (Ny,— N3 =W Np_p,

hep-ph/0401240, Buchmuller, Di Bari, Plumacher

Lectures by A Sil

10 10 10 10 ;
—— Ty 10
------------------- ao e
Nilq 1 107"
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Weak WO

Strong WO
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B =T T
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ADM from Type-I Leptogenesis

Consider a type-l seesaw model 1 )

extended with two dark sector — LD SM;N; +yiNith + AiNix¢ + h.c.
particles. N,

The lightest right handed neutrino AilNi V \yz‘NzLﬂ
(RHN) decay can create

asymmetry in lepton and dark
sectors simultaneously.

RHNs also generate light neutrino
masses, providing an origin of
neutrino mass, mixing.

M, 1 gy
~ . — (2X3|\2]? sin (2 A1|Az| sl
EI M‘J lﬁﬂ'(yf—F)\‘f)( 1| 2| HH]‘( ¢I)+y1y? 1| E|Elﬂ(¢f+¢1)) 3
M, ]

¢

€l (297 [ya| sin (2¢1) + y1ya i A sin (¢ + ¢y)) -

My 16w (yi + A3)

(Asymmetric DM from Leptogenesis by Falkowski, Ruderman & Volansky; arXiv:1101.4936)

5%



my, Ki(2)

1
I'ar

sH 1%
i %8 _,m( f,f;,—l) + (24 2), Yo =

Tz

Similar model building Is possible in type-Il, type-lll seesaw as well
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Cogenesis via Affleck-Dine Mechanism

Fields|SU(3)e x SU(2)L x U(D)y |U(1) p_p|Z2 x ZP
Vi (1,1,0) -1 | (=1,1)

XL,R (1,1,0) —1 (1,—1)
Ho (1,2, —1/2) 0 (—1,1)
O (1,1,0) 2 (1,1)
P’ (1,1,0) —4 (1,1)

LD ESM + ﬂ;,,r(d}, H) — VUIHEHR — f'lzfxfx — VRU_EL-'R‘IJ — Vnﬁxﬂl" — V{'LI?'.I, illr:] + h.c.,

Tp 012 Mpm\
emiMp  2.75 x 108 \ GeV
25

LAY
T = Q"—lﬁ Brdark

arxXiv:2212.04516
Affleck & Dine 1985



Asymmetry transfer to dark sector

B-L asymmetry generated at high scale.

Transfer via effective interactions like XXLH are
In equilibrium.

. Transfer interactions decouple while other DM-
SM interactions may continue.

. At T < Mpym, SYymmetric component annihilates
Out.

arXiv:0901.4117
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Transfer of DM asymmetry to leptons

Fields|SU(3). x SU(2)r, x U(1)y |U(1)r |22
% (1,1,0) 1 |-1
H, (1,2, -1/2) 0 |-1
o (1,1,0) 2 1
S (1,1,0) 0 |1

—L D M, xx + Y, LHoxr + Ypx°x®' + YsXzxrS + h.c.

AD Reheating
Inflaton |
¢

57



| | Dark asymmetry from AD field
The Affleck-Dine (AD) field plays

the role of inflaton via &R
coupling and reheats the
Universe by decaying into DM y. eﬁ

The AD field breaks L number E"
explicity due to the em§d?

term in the potential.

Cosmic evolution of the AD field -2 w"T
leads to the dark sector

| |
o A

asymmetry given by 1
Yiu _ (ﬂ’}i - nf}iu ~ T]—{H *
Ax 8 ems Mp -6}
- - 4 S :
Dark asymmetry IS partlal_ly P A 8 10 15 14
transferred into leptons via
forbidden decay. 0910 v

Affleck and Dine 1985: also see arXiv:0802.1328, 1105.4612, 1201.2200,
1309.0007, 1309.0010, 1405.1959, 1909.12300, 2001.11505, 2008.04339
2107.01514, 2106.03381, 2201.06151, 2212.04516 ++
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Thermal masses

2 2 2 Yb? 2

My(T) = y[m2 + 113, (T), 3, (T) = 517
My, (T) = \/m tI2 (T o (1 e 3 )0
Hg( ) Ho ey g( ) llgdﬂg«?('{) — (169 +169 <.

Mu(T) = \fm + 20, ()
Boltzmann Equations

iy, s ) 1 Y, 1 o
o =~ Kovosm) (Y Yx = YY) = = (x = LH2) (Y“q - 1) o e = Xl

dYy s

1

= L [{(ovyx—sm) (Yy Yy — Y;“Y;q)} —

S

L Y.
(= LHz)(YZq

X

1 _
— 1) + E’}’(Hz — xL),

ay; 1 Y, 1
_ LH T I
= am X 2)(1/;‘* )+ 2 = XL),
Y, 1 _ A 1 _
. _ v s LH) 22X 1 H I
o =X 2)( < )+5HE’T( 2 = xL),
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g
=

Yx(m — Y;Eqﬂ YE{U) — Y;q o YEI

— | . . 0
. The DM-lepton coupling is small Yr(0) =Y. Yz (0)=7Y;

such that asymmetry Is
transferred dominantly via decay.

mfzz 00Gev, l]'IH:=5T'E'.T||iIr

. The decay H, — yL atlow T can 105 3
: i N AE
not alter asymmetries if H, & H, § 8
process remains efficient. - 10 ?:f
= L]
= 1000 — m =2 =
_ Me=5 TeV, ¥s=2.5 100t My, (2)+M,(2) ]
Dashed: m,= 3TeV o q__‘_r"‘_rd_"‘_r"‘irgi-‘_f._‘_::_ :
1011; Solid: m,= 200GeV 1[]—]_(] - -H:F
107
10F. .. .. (Fupde E
; B ! 1072y ¥
1079 i - E
% * ¥,=5x10"" 10_13 ) :
T 2 /AT D 10-141__. | Dex10 Y25, (2. 5x107
100 1000  10*  10°  10° 10 107 0.001  0.010  0.100 1
T [GeV] m,
="
T
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Other avenues of ADM

. Capture In stars

. Collider signatures

. Bound state formation

Dark matter self-interactions

More production mechanisms: first order
phase transitions, dark sphalerons, primordial
black holes etc.
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