WKYC 2011

Future of Large Scale Structure Formatlon

Dark Matter and Baryon Asymmetry

KIAS Eung Jin Chun

Korea Institute for Advanced Study




Astro/cosmo

observations

T i T I 6000 [ T T T T T ]
[ // ; WMAP 7yr &
[ ACBAR ¢
1.4+ / — 5000 [ o
L / ¥ [ QuaD ]
7 - [ ]
1.2 — 4000 |- o
i \Tonrye: al. C% [ 1
0 2007 = 3000 [ :
B = &
- |_ B 9
08 Riess et al. 6" E
' =it = 2000 F -
L ....'I_: -
0.6 il = L
U2 B e
i oo 1000 |
0.4} € 5
L :3 oL i i ! L
ol E 10 100 500 1000 1500 2000
L _ 1B Multipole Moment (1)
~ 1 | ¥ 3 T T T — T T T T T T
0.2 06 1.0 do4 —— LI N N B
0.0 h T T T T 0.03 [ —E
1 - =
i 0.02 | -
-0.5 o 001 | 17
: o or L5 1
-1.0 ! 0.1 | - —,
15 : 0.04 — -
[ : ; 0.02 -
[ 0.00 B -—£j—=h§-_=-_:_i_k
'2-0 [ H 1 —0.02 r ) | ) ) ) | ) ) ) ) | ) ) 7
0.0 0.2 0.4 0.6 0.8 1.0 50 100 150
ng Comoving Separation (h-! Mpc)

Dark Matter & Baryon Asymmetry

E/Chun

2011-06-28 KIAS



The content of the Universe

WMAP7 + BAO + H,
Komatsu et al. 2010

Q. h? =0.0226 +/- 0.0008
Q hZ =0.0005 ~ 0.0047
Qpy h2 = 0.1123 +/- 0.0035

» Baryon asymmetry: Yy = (n,- ng)/s = 1010
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Particle Physics and Cosmology

» The history of the Universe is governed by the
fundamental physical laws.

» Hot Big-Bang described by general relativity and
thermodynamics.

» Big-Bang Nucleosynthesis: atomic abundance.

» Cosmological perturbation theory: CMBR anisotropy,
structure formation.

» New physical laws beyond the Standard Model+gravity
are required to answer:

What drives inflation?

What are the identities of dark energy and dark matter?
What happened to antiparticles?
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Baryogenesis
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Problem of matter-antimatter symmetry

» Dirac predicts the existence of antiparticle (1927):
phonton < particle + antiparticle

B2 202 = ;2
ih(OF + ieQA) vy = mcy
Y =(er,ep,ef,ef)

» Why is the Universe asymmetric
in the baryonic abundance!?
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Baryogenesis
= Was the baryon asymmetry set from the beginning?

1410710 s,
’n,,}, n,y

™

= Was the baryon asymmetry generated dynamically from
the initially symmetric universe?

[Sakharov, 1967]
Baryon number violation
C & CP violation

Out of equilibrium
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Baryogenesis and neutrinos

» Neutrinos are massless in the Standard Model:
Lsv = Yo QH U + yasQHad® + ye LHge° + h.c.

my =yyr(Hy) Note) m, = 5 x 107*GeV
[-:mass = My uu’ + my dd® + Me ee + h.c. my = 172 GeV

» Massive Dirac neutrinos (L-conserving):
Lomass = Yy LH N + h.c = myvN + h.c
» Massive Majorana neutrinos (L-violating):
Lcesaw = Yo LH, N + %MNN + h.c. = mPvN + %MNN + h.c.

! + 1M ‘v°+h m, ~ (mf)z
~ —myvv+ —Mvv .C. y R —
2 2 M

Seesaw Mechanism : M = 10" GeV,m” = 10°GeV = m, = 0.1eV
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Neutrino mass and mixing

ve) = Uect|vr) +Ueslva) + Uesl|vs)
‘I/;.z.> — [--"T;fl‘l/l> + (-:T;JB"V2> + T_.’i,,;_e,‘ﬂ;g)
'-UT> — [--"Trl‘l/1> + [--Trj‘l/2> + [-"Trij V.'S>
1 0 0 Coys ) %,.¢°\ [ o %, O\/1 0 0
U= 0 co,, %, 0 1 0 —%,, Co;, U 0 %2 0
0 S, Cous ) \ =956 " 0 cqy, 0 0 1/\0 0 e
atmoshperic reactor solar Majorana
AA) KERIS N AR DAV AL 70

Leptogesis & Dirac gaugino dark matter 2010-10-19 Yonsei U.
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Recent oscillation data

MINOS (I1) KAMLAND (Jan. 08)

35 LA R Y B B B L L L T 20'"""“":-.;.‘_'}“""““ “"_""“"_""":‘.

ig
® MINOS best fit —— MINOS 2008 90% i ] 15F f
= MINOS 90% === Super-K 80% ’ E { 1 i
B 1’ 1 5 ‘}\ _a-i"" ‘0' 2o
3.0 = =MINOS 68% e Super-K L/E 90% ,* N ’—--------.-----r-t'\\:‘.-'ﬁi.:;-f*',f;'r--.:"*-'r'{--r---.-lg.";
- ’ -

KamLAND
Ml 95%C.L.
99% C.L.
Bl 99.73%C.L.
®  best fit

|Am2| (107 eV?)
N
(€]
\

e
20 Solar
| -~ 95% C.L.
- 9% C.L.
99.73% C.L. :
S PG * bestfit EE e T
15 L I R T T R | I TN Y S M A | 1 s b bty
0.80 0.85 0.90 0.95 1.00 107! 1 10 20 30 40
sin?(26) tan20 2
12 X

‘ : - 2 0.21 -5 2
[Agd: | = 2.327 2% x 10— V* Amss =T858 w I &V

sin” 2653 > 0.90 fn? B =047 0 s

10 Dark Matter & Baryon Asymmetry  EJChun 2011-06-28 KIAS



Baryogenesis through Leptogenesis

» Seesaw mechanism realizes the Sakharov conditions of

Lepton number violation
C & CP violation
Out of equilibrium

» It generates a lepton asymmetry which is transformed to
a baryon asymmetry through the B+L violating anomalous

SU(2), process.
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Lepton asymmetry from RHN decay

e Seesaw with heavy right-handed neutrinos:

v Hs)*

e N decay: C/CP violation (CP phase in y)
Out of equilibrium (I'< H)

e L asymmetry from N decay:

o — [(Ny=LH)-T(N;—Lip) _ 3 > Im([(yy N 1i)?) My
1 = F(Ni=LHp)+T(Ni—LHy) — 8t (g1 M,

€1 < T v 1077 (109Méev) <0.£y3év)
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Standard Model violates B+L

» B+L is anomalous :

o JB = or gl = T PWH W,
— Cs
= oMK
B=L=N;Ncs C T
A(B+ L) = 2Ny
A(B—L)=0

* Active B+L violation at finite temperaure :

Typ ~ agyTre ™ Ear /T T o o o oy Me ~ 10" GeV
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Leptogenesis origin of baryons

» Standard interactions in thermal equilibrium:
S < 3¢+ B+L=0
(B_L)I :_Li * O

O — q+u
3 o q+d}B-L=O > (B-L) %0

b (+é

» Origin of (asymmetric) baryon abundance:

- €q

S — Csp

Yp = csp en = 0-1i€177 ~ 10710
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Dark Matter

More on DM: K.Y. Choi and J.C. Park in this workshop.
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Cosmic structures require CDM
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Postulated heavy neutrino as CDM

» The standard weak interaction of a 10 GeV neutrino:
[Lee-Weinberg, 1977]

v p f N .
- CDM -
/ _ 2 | Lee-Weinberg 1
1% f ~ | 3-7GeV |
i‘.— 0 / ]
(o0} azms  107° S 2f 30ev
ov) ~ ~ . ; ;
4 2 Cowsik-McClelland
m
7 GeV —a L HDM
¢ PR I . .
. . KeV MeV GeV IeV
» Ordinary neutrinos are HDM: m,
3 (1)
m
Q h? =3x—x| =~ nm,/p, ~_——=~0.003
4 T, 30eV
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DM abundance: thermal freeze-out

Production = Annihilation (T=m, )

In thermal ~
equilibrium \ Production suppressed (T<m. )
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WIMP miracle
» CDM from New Physics at TeV scale:

2 1 9
(o) ~ 22 o 10

= Gov? for m ~ 1TeV
e

» Non-relativistic freeze-out:
'a=H|. nglov) =0.6\/9.57

| o  PpM  MpMYDMS - -
i } DM é’? ) A — e — — — / ?) 2 X ]_ 0 9 G‘eV 2
o e ;”« QDMh g 0. ].

(o)
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SUSY DM

Standard particles SUSY particles

uj cj tJ
dj s \w Hig
. Quarks . Leptons . Force parlicles
Large Z0 interaction excluded by direct detection Good DM candidate

(Same for a heavy neutrino)
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Minimal Dark Matter

>

21

An SU(2), multiplet with Y=0:
DM component (T,=Y=0).
A large gauge annihilation: multi-

TeV mass for the thermal freeze-
out relic density.

Nucleonic scattering at one-loop:
oy ~ 10+ cm?’.
Radiative mass splitting between

the charged and neutral
components

~ 0.1 GeV.

Disappearing charged tracks at
LHC.

Dark Matter & Baryon Asymmetry

Cirelli, et.al., 0512090

A7 o2
(JAU> ~ —5 2
™MD

Qspvh? ~ 0.1 (

2TeV ) 2
mpm

DM DM

q q

DM* — DM+

EJChun 2011-06-28 KIAS



Quantum numbers DM can DM mass  mpyx — mpy Events at LHC  og in
SU(2);, U(l)y Spin | decay into in TeV in MeV [ Ldt =100/fb 107 cm?
2 1/2 0 EL 0.54 +0.01 350 320 = 510 0.2
2 /2 1/2 EFH l 140.03 341 160 + 330 0.2
3 0 0 HH* 2.0+ 0.05 166 0.2+1.0 1.3
3 0 1/2 LH 2.4+ 0.06 166 0.8 +4.0 1.3
3 1 0 HH, LL 1.6 £0.04 540 3.0 +10 1.7
3 1 1/2 LH 1.8 4+0.05 525 27 =90 1.7
4 1/2 0 HHH* 2.4+ 0.06 353 0.10+- 0.6 1.6
4 /2 1/2 (LHH") 2.4+ 0.06 347 53+25 1.6
4 3/2 0 HHH 2.9+ 0.07 729 0.01 +-0.10 7.5
4 3/2  1/2 (LHH) 2.6 +£0.07 712 1.7+9.5 7.5
5 0 0O |(HHH*H*) 5.040.1 166 <1 12
5 0 1/2 — 44+0.1 166 <1 12
7 0 0 — 8.5 +0.2 166 <1 46
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Co-genesis of
dark matter & baryon
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Baryon and Dark Matter Asymmetry

» Q u/Qg =5 :coincidence!?

» Postulate the same origin for matter-antimatter
asymmetry & dark matter population.

Qpm/Qp = MpyYpu/mp Yy

) Yor ~ Y Mpy ~ 5 GeV (for COGENT/DAMA)
i) Yo ~ 0.05Yg, mpy ~ 100 GeV
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Scenarios

BIL or DM /BIL & D

geneS|s genesis

Equilibration
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Techni-baryons Nussinov, PLB, 1985

» Consider a GUT group containing both the baryon sector
(SU(3),) and the techni-baryon sector (SU(n)+¢).

» Asymmetries in both sectors can be assumed to arise
from a heavy GUT particle decay: Y, = Y.

Ps= Yy My, prp= Yip Mg = ppp
Qo /Q=m o/m, =5if A JA, =5

» The techni-baryon sector is really “dark™ (only
gravitational)...
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Equilibration of B-L & DM
» Assume an initial B-L Kaplan, et.al., 0911.4117

(or DM) asymmetry Equilibration interaction

» Add an interaction W= Y LH. XX 4+ mx XX
which equilibrate the M

dark matter asymmetry Interaction rate > Expansion rate

and the initial B-L A i
asymmetry Yz T T My
» A conserved quanturm Chemical equilibrium relation
- B-L+
number: B-L+DM/2 X:_E(B_L)’ B—03(B L)
LH& XX )
QDJ\/I mxX

o — = Mmx GeV
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Equilibration of B-L & DM

» Need to suppress the symmetric component

—> Annihilation rate of DM much lager than the standard
value for the thermal freeze-out relic density.

Assume a “strong’’ interaction:
W =AxSXX®+AgSH,Hy+ AgS°
XX «— H,Hy,

3 x 107 9GeV 2
(0Av)
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Baryons and DM via Leptogenesis

» A simple model relating the origins of tiny neutrino
masses, and the asymmetric baryon and DM densities.

» Realize asymmetric MDM with sub-TeV mass.

2
» Naturally suppressed symmetric density. Qqpyh? ~ 0.1 (2T6V>

mpm

» Copious production at the LHC.

» Clean signals of disappearing charged tracks & stable

charged tracks.

An, et.al., 0911.4463

EJC, 1009.0983

Falkowski, et.al., | 101.4936
Haba, et.al, 1 101.5679
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The Model EJC, 102.3455

* Introduce a vector-like SU(2), multiplet:
¥, 2¢withY =0and T'=1,2,3,---

1 1

» “Extended B-L’ broken by M: Superﬁelds\ L N ¥ XM

B-L |-11-11]-2

e Asymmetries from N decay:

L > Imyy; (iyy + hihi)] My

gy = \
Y 4 g1 |2+ 2[Ry 2 M; S Vo = 315¢(3 |
2 > Amlh Ry (yiyy + hihy)] My DM = dtg, “L.DM TIL,DM
Epnr =~ \
DM 4 1|2+ 2|h|? M,
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Boltzmann Equations

|
!/ _ e I ~ _ eq N
YNl = —zKk ( /D + ;’S)D{M - le] ) K= I'n, M
Yv(\e.-q H (T — ﬂ-’le) 10—3eV
I T _ eq N
Yy = 2Kvplep(Yn, —Yy,) — BLQY—&IYL} ,
[
eq
Vi = 2Kvplepm (Y, — Y9 — Bpyv——t- Vi
DM — A4 ,"D[DDM( Ny N1) DMZY—eq DM]:
>

AL=1 scattering through
gauge boson/Higgs exchange

9 M\ a
VDTS F g 1+ 1In i )" In{1+- Buchmuller, et.al., 0401240

Vs =Vey + V0 ~ vy, for Bom < B,

~
At

Qpv  mpuYpay 3l epa oy mpu
QB 'TRBYB 10 Er,  NL 1 GeV
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n(DM), (L)

Solutions

1.00 . .
050 .
020 —_—
0.10F .
005 — — “ .
002+ .
1 L L PR | L L P R P |
0.001 0005 0010 0050 0.100 0.500 1.000
B(DM)

npwm : solid lines,
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nMDM), (L)
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L)/ n(DM)

100_| T T T T ‘||_
10 = =
1 K=0.1 ) EDM ~ 10~2 m, 200 GeV
K= €L ’bM  MDM
o1r  K=10 .
0.01 - 7IS_=7I_Q_O{{ _
0.001 0.005 0.010 0.050 0.100 0.500 1.000
B(DM)
Qpv mpuYpm 31 epy oy mpm
QB 'TTLBYB 10 £, ML 1 GeV
33
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Mass spectra of DM multiplet for T=1

» Fermion: 2* Y= (XX 2
Scalar: Z:I: ir_‘. _ (ir_‘.—l—’ ECOF if_‘.—)
» Mass eigenstates of scalar
DM components: A==,0

-m% +m? + )\-nz%c%, 23 Bmsy,
a2 o2 2 A2 -
Bmy ms, 4+ m° — A\mcjyCap

JMQ —

e ey o~ a2 A -
Mso — Mgz N ???.Z(.I.;L,r(.zﬁ/—lBﬂ?.EI??.Eclj.

» Mass splittings: mgso — mg+ ~ 1 GeV
my+ — mso ~ 0.1 GeV.

» An interesting hierarchy: | mso > mgs > ms+ > mxo
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LHC Signatures

e Effective interaction below M:

- h
Lo = EVS*EF « Wepy = S LH,ST
yh(Hﬁ) my
£ = o~ THO) ~ 107" for m, = 0.1eV
 Two kinds of long-lived charged particle tracks:
i:l: N VE:l: E:l: N Wﬂ:EO
§2 B T(T+1) mfri
Ff} 8ﬂ- mzﬂ: Fzﬂ: = . G2 v dAm3f3 1 — AmQ
Tse ~ 107 2sec T+ ~ 106cm

Stable charged track  Disappearing charged tracks

*Multiply charged tracks for T=3,2:
SEEE Sy Eiii3scm tytd 18em oy
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Conclusion

» Three important puzzles waiting to be solved.

Why neutrino masses are so small?
What happened to the antimatter in the universe?
What is the identity of dark matter?

» Seesaw mechanism realizing leptogenesis connects them.

» DM may be the neutral component of a “light” extra
MSSM multiplet whose population is asymmetric.

» It can be tested by the direct DM detection signal as well
as by observing a stable and disappearing (multiply)
charged particle tracks at the LHC.

» But, no indirect signals through co-annihilation.
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