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Baryon Asymmetry
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Baryon Asymmetry
Early Universe
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Baryon Asymmetry
Current Universe

us
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The Great Annihilation
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Sakharov' s Conditions
for Baryogenesis

* Necessary reguirements for baryogenesis:
— Baryon number violation
— CPviolation
— Non-equilibrium
= [(AB>0) > I (AB<0)
* Possible new conseguencesin
— Proton decay
— CPviolation
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Original GUT Baryogenesis

GUT necessarily breaks B.

A GUT-scale particle X decays out-of -

equilibrium with direct CP violation
B(X - q) # B(X - q)

Now direct CP violation observed: £'!
BKY - ntn )2 BK® - ntn)

But keeps B-L.=0 = “anomaly washout”
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Anomaly washout

e Actualy, SM violates
B (but not B-L).

— In Early Universe (T >
200GeV), W/Z are
massless and fluctuate
In W/Z plasma

— Energy levelsfor left- QuicTimer™ and  Aimation decompresso re neced o seetis icture,
handed quarks/leptons
fluctuate correspon-
dingly
AL=AQ=AQ=AQ=AB=1 = A(B-L)=0
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QuickTime™ and a Animation decompressor are needed to see this picture.



Two Main Directions

» B=#0 getswashed out at T>T,~174GeV
e Electroweak Bar yOgeneSiS (Kuzmin, Rubakov, Shaposhnikov)
— Start with B=L=0
— First-order phase transition = non-egquilibrium
— Try to create B=_#0
e L eptOgeneS S (Fukugita, Yanagida)
— Create L#£0 somehow from L-violation
— Anomaly partially convertsL to B
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Leptogenesis



Seesaw Mechanism

e \WWhy Is neutrino mass so small?

* Need right-nanded neutrinos to generate
neutrino mass, but v, SM neutral

L R mD M VR mV_ M << mD

e

To obtain me~(Am?,.) Y2, my~m,, M;~105GeV (GUT!)
Majorana neutrinos: violate lepton number
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Leptogenesis

* You generate Lepton Asymmetry first.

L getsconverted to B via EW anomaly

— Fukugita-Y anagida: generate L from the direct
CP violation in right-handed neutrino decay

M(Ny - ViH) = T(Ny - viH) O1m(hy;hyhyhy)
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Leptogenesis

« Two generations enough for CP violation because
of Maorana nature (choose 1 & 3)

= F(Ny - ViH)-T(N, ~ ViH) 1 Im(hyhyshashas) My

F(N; - ViH)+T(N; - ViH) 8 Iy o[ Ms

 Right-handed neutrinos decay out-of-equilibrium

« Much more details worked out in light of
oscillation data (Buchmiiler, Pliimacher; Pil&ftsis)

¢ M;~10'9 GeV OK = want supersymmetry
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Does Leptogenesis Work?

=
e Some tension with 13 =-[ Hiérll b }?fl I -a
supersymmetry: o | — Low D ;s
unwanted gravitino 5 Lo RR e
overproduction E" R T
— Thermal production mi /
(Tr<10° GeV) P
— Non-thermal production . E| A
from preheating 102 10°
(Try<105GeV?) Mz (GeV)
(Giudice, Riotto, Tkachev) (Kawasaki, Kohri, Moroi)
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Leptogenesis Works!

Coherent oscillation of
right-handed sneutrino

(Bose-Einstein condensate)

(HM, Y anagida+Hamaguchi)

QuickTime™ and a Animation decompressor are needed to see this picture.

Inflation ends with alarge
sneutrino amplitude

Starts oscillation
dominates the Universe

Its decay produces asymmetry

Consistent with observed Ng T T h 123

oscillation pattern — ~E—~—= arg—°

Possible imprint on CMBR S M; 10°GeV ~his
(Moroi)
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Preheating

Oscillating inflaton ¢ (mass ~1013GeV)
The coupling to right-handed neutrino
(M+g@NN
Mass vanishes at ¢g=M/g
= non-adiabatic

— explosive production up to M~101'GeV
(Giudice, Riotto, Tkachev)

The case of SUSY more subtle because gcomplex
(Chacko, HM, Perelstein)

Nonethel ess can produce N up to M~10°GeV
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Dirac Leptogenesis



Do we need seesaw?

o Natural explanation for small neutrino mass
— Seesaw: m,~<H>4/M
e What about h ~my,5,/M?

(Arkani-Hamed, Hall, HM, Smith, Weiner)
(Borzumati, Nomura)

— Suppresses neutrino Y ukawa coupling
— Naturally light Dirac neutrinos
— Light right-handed neutrinos
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Small Neutrino Mass
From SUSY Breaking

<X>~Mg, syt & Myysy Mpy
breaks SUSY and U(1),, preserves U(1), ,

Heavy vector-like lepton doublets @, @~

Coupling: M @@+ xL @ @NH , (HM, Pierce)

— Most general couplings allowed by lepton number and
U(1),, number

N
Exchange of @ generates
— <Y>LNH /M 1/M -
— Small Yukawa <y>/M X u

— Large /| and Vg mixing (interesting for LC)
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Dirac Leptogenesis

* Heavy doubletsdecayto  « The explanation for

@ XL or NH, small neutrino mass
e Decay produces : -
ssymmetry (>2 gener.) provides the origin of
— L#+L,=0, but L, =—L,#0 baryon asymmetry!
— L,#0 protected because of (HM, Pierce)

small Y ukawa

— L partialy converted to B ———]Y——l L B

— Practialy only now (T ~m, ! —_
~10%K), L, & L | :
equilibriate, butdonot - ------ '
cancel any more

(Dick, Lindner, Ratz, Wright)
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Light Right-handed Sheutrino
(Arkani_Harned’ Ha”, FIRA Onnisla \I\IA:.,-.,\.,.\Z

 Neutrino oscillation
—=Neutrino mass
—=Right-handed neutrino
 |f Dirac, right-handed sneutrino < TeV scale
 May even be LSP

e Acoplanar leptons
Sleptons? No, charginos
e Leptont+jetstmissing
Charginos? No, sleptons
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Neutrino and B connection



Large 6,; and quarks

Large mixing between v, 7 [ Br \

and v, Sk br

Make it SU(5) = ||

Then alarge mixing \ & ¢ #

between s; and by

Mixing among right- * Interesting effectsinb—s

handed fields drop out trangition??

from CKM matrix « But constraints from

But mixing among M~ €y elC prevent effects
. >10% if 1 all degenerate

superpartners phySI cal Goto, Okada, Shimizu,

Shindou, Tanaka; Moroi

Hitoshi Murayama Trends in Neutrino Physics @ Argonne 25



Naive SO(10) Model

Full 16 for each generation

Up and down Y ukawas from different 10,

- Y, ~Y, = Vg strongly hierarchical

— Y~Yq'

Large top Y ukawa acts on 16,

In the same multiplet lie

— (VAV)IN2, (g +s9)/V2
The mixing of first generation suppressed by U,
Then O(1) effects on b stransition possible

(Chang, Masiero, HM)
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Other Flavor Models

e S, (Hall, HM) * U(2)xSU(S) (Barbiert,
— Start with three Hall, Strumia,
identical objects Romanino, ...)
— Yet (2+1,) structure — (2+1) structure
_ Largetop Y ukawa — Largetop Y ukawa
. — 1st & 2nd generation
- ;'Z; irszg(ejggeenne?ra?gon scalars degenerate
QExQ DLxQ U B AgaInYI~YdT
~ S5 ) 557X S, — Large 0,5 giveslarge s;
— Again Y~Y,' and b, mixing

— Large 6,5 gives large s,
and b, mixing 27



Conseguences in B physics

|
e CPviolationin B « Addt’'l CPviolation in
mixing (B;—- J/ ¢ ¢ penguinb-s
- (B4— @K
b SR
S SR
> ()RR ¢
94 49 O,
D - q ~ X~ i, I
. 5 by b SR 4R
________ - P D b > T, S
(623)RR
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Bd - qﬂKs

e |ICHEP 2002 @ « ButB,- 7K, K*KK.?
Amst.erdam e Evenif the current
— “sn2g” :—((I)B.;?iié)().6410.18 “discrepancy” disappears,
— “sin2'=-0.19+0.51+0.09 It remains true that thisis
(BABAR) avery reasonable place for
e« Comparedto W. A. from new physics to show up.
JWYK, <
+0.731+0,055 ,@‘(K
Maybe a hint (~2.70) of (53)an, 65 s
SUSY flavor physics? br” Sm SR
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Electroweak Baryogenesis



Sandard Model

Standard Model has all three ingredients
Baryon number violation

— Electroweak anomaly (sphaleron effect)
CPviolation

— Kobayashi—M askawa phase
Non-equilibrium

— First-order phase transition of Higgs Bose—
Einstein condensate
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Electroweak Baryogenesis

* Two big problems in the Standard M odel
— First order phase transition requires m,<60GeV
— Need new source of CP violation because
J O det[M,"M, M T My]/Tg 12~ 1070 << 10710
e Minimal Supersymmetric Standard Model
— First order phase transition possible if Mg, <160GeV
— New CP violating phasearg(,u* M5)

e.g., (Carena, Quiros, Wagner), (Cline, Joyce, Kainulainen)
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Scenario

First order phase transition .

Different reflection
probabilities for chargino
species

Chargino interaction with
thermal bath produces an
asymmetry in top quark

L eft-handed top quark
asymmetry partially
converted to lepton
asymmetry viaanomaly
Remaining top quark
asymmetry becomes baryon
asymmetry

(L:HI[_ _[E/iiR B
b+t >t +p, =L
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Parameters

e Chargino mass matrix
( M., ~/2my, CoS ,BJ
vZ2my sinf U

Relativephasearg(ﬂ*l\/'z) " =0 - . I
unphysical if tanff— o 2001 // // | —,
e Need fully mixed g

. |
charginos = (M, o / // /

(Cline, Joyce, Kainulainen)

100 ;
100 150 200 250

M,
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SUJSY Mass Joectrum

e Toavoid LEP limit on lightest Higgs boson,
need |left-handed scalar top > TeV

 Light right-handed scalar top, charginos
+ Need arg(¢ M) ~ O(1)with severe EDM
constraints from e, n, Hg

= 14, 2nd generation scalars> 10 TeV
cf. Carena, Quiros, Wagner claim arg(# M;) > 0.04 enough
EDM constraint isweaker, but rest of phenomenology similar
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Sgnals of
Electroweak Baryogenesis

« ~20% enhancements to Amy, Am_ with the same
phase as in the SM (HM, Pierce)

d ht_\_/ 1o I, h Iytb b s ht_\_/ ts. h Iytb b
L TR L L TR L
H H H H
t, t,
b= e Bocneessd d b= e Bocneessd S
- htvtb htvtd - - htvtb htvts -

* Find Higgs, stop, charginos (Tevatron?)

e Eventually need to measure the phase in the
chargino sector at LC to establish It (Barger et al)

Hitoshi Murayama Trends in Neutrino Physics @ Argonn 37



B, Mixing: Enhancement over the SM value |A, |/|A, |
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B-physics Challenges
o Lattice QCD: need B parameters at 5%
= then B, mixing in business
* V4 has been determined from B mixing
Not legitimate in presence of SUSY loop
* Need to determine V.4 from other sides, angles
V., (from g? distribution?)

=@ (from B J/¢K)

possible help from a=¢, (from B - 7z7zwith
ISospin analysis)
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Conclusions

Flavor Physics going through arevolution
MSSM baryogenesis getting cornered
— Interesting challenge to B-physics
L eptogenesis gaining momentum
— Many viable models (coherent oscillation, preheating)
— But Majorana neutrino not mandatory
| nteresting possi ble consequences of neutrino
mixinginb-s
— through GUT, models of flavor
— Hintsfor SUSY-GUT?
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