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THE BARYON ASYMMETRY OF THE UNIVERSE

Big-bang nucleosynthesis calculations compared with cosmic
H, He, d and L. measurements and cosmic background radi-
ation anisotropy measurements imply:

QB — 0.04,

i.e., baryonic matter makes up 4% of the closure density of
the universe (e.g., review of Olive 2002; Sievers, et al. 2002).

But - if N and N were in thermal equilibrium in the early
hot big-bang and dropped out of equilibrium owing to the
expansion of the universe, i.e., when the interaction rate,

I' =nyvo ~ anm.;2

dropped below the expansion rate, H, which would have
occurred at m/T ~ 40 (T =~ 20 MeV), then we would expect

Op ~4 x1071,

t.e., nine orders of magnitude less than the value implied by
cosmological observations (Chiu 1966).
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PIG. 4. Abundances of *He (mass fraction), D, *He and
"Li (by number relative to H) as a function of the baryon
over photon ratio 7. Mean values (solid curves) and 2o limits
(dashed curves) are obtained from Monte Carlo caleulations.
Horizontal lines represent primordial *He, D and "Li abun-
dances deduced from observations (see text). For D the dot-
ted lines represents the range of observed values (see Fig. 1)
while the dashed lines corresponds to the adopted value of

Ref. [20].
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BArRYON NONCONSERVATION IN EARLY UNIVERSE

(WEINBERG SCENARIO)

IN Bre-Bane T = ¢1/2
WHEN T HIGH ENOUGH (T>*chsz). LOTS OF X,X PAIRS OF GAUGE
(0rR H1GGS) BOSONS IN THERMAL EQUILIBRIUM

CONSIDER 2 DECAY MODES

PARTICLE MODE BRANCHING RATIO
X “ QL R
X A1) 1-r
X e R
X * Q0 1-r

1F CP 15 VIOLATED R # R

IF X,X'S FALL OUT OF THERMAL EQUILIBRIUM OWING TO EXPANSION OF
UNIVERSE AND THEY (CAN DECAY FREELY, NET BARYON NO. PRODUCED WILL BE

4B = % [%n_- % (1-r) - %ﬁ + % (l-ﬁl] = % (R-F)

IF CP NOT VIOLATED, R=FK = 4B = 0! ALSO SIGN OF 4B DETERMINED
e IS
BY 16N OF CP vIOLATIONS.

T ————e— T T Ry ®



|} ExpansioN Rate oF UNiverse R/R= H = T2
FOR WEAK AND SUPERWEAK INTERACTIONS WITH FErMI ConsT.'s

OF FORM
B i
JX Hxa

X
GET COLLISIONAL INTERACTION RATES

. s & e =
11) Fe ~ B (kT)- ~ ﬁ?ﬁ (k1)
GET DEcaY RATES
P v
‘v,0 ~ ﬁia My N
Purting IN Tine DILATION

11 Py ~ axMull oM N
¥ iy +(KT)?

*FORE EXACTLY, TAKINS ACCOUNT OF VIRTUAL BOSON PROPAGATION, gtc.

VEINBERG CETS

1) P GKI(KT}?”
(M,* + (k1)2)*




X DECAY SCENARIO:

AtT > Mx , nx ~n,.

If there is a CP asymmetry 4, then

nB ~ 0nx ~ 6n,

But s ~ g,n., so that np/ny ~ §/g..
At GUT temperatures g, ~ 10% — 10°.

Therefore the CP asymmetry at the GUT temperature re-
quired to explain the present value of np/n. is

"5 ~ 10_5 L -~ sx “;.ﬂ

At low temperatures, the CP asymmetry observed for the
decay modes

K% =3 W;eiu(ﬁ)

is ~ 3 x 1073,
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SPANTANEOUS SYMMETRY BReAKING

T

HIDDEN SYMMETRY

U

PoMAINS

cf. FERMoMMPGNETISM

(%
D
FABGNET L2AT ané < B
T2
3 T2 T<T
CP
CASE e
—3
Q) - &
T
T7% T™<Ts
INFLATION
N,
=P Q_\
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POSSIBLE SOLUTION TO THE CP

DOMAIN WALL PROBLEM

(Mohanty & Stecker, Phys. Lett. 143B (1984) 351)

1. Assume that there is a heavy fermion sector, ;

2. In analogy with QCD, form < ¥;1; > condensates in a
supercooled, strongly interacting phase. Get terms like

Tr&°m(T)e*” + h.c. x cos(30 + B)

where [ is a nontrivial phase which breaks the CP degen-
eracy and drives the universe to a “true vacuum” after the
baryon (and antibaryon) assymetries are created.

= \ X\
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PRODUCTION O BARYON AND ANTIEARYON EXCESSES

NECESSARY CONDITIONS:

[. NON-EQUILIBRILM (SUPPLIED BY EXPANSION OF THE UNIVERSE)
[T, PROCESSES WHICH DO NOT COMSERVE BARYON MMBER (GUTS)
[11, BREAKING OF (P SYMYETRY

CRUCIAL QUESTION: HM IS (P SYMETRY EROKEN ?

POSSIBILITIES:

4) (P BROKEN AT ALL TIMES AND TE'PERATURES BY EXPLICITLY PUTTING "HARD"
(P VIOLATION INTO THE LAGRAMGIAN OF THEORY IN THE FORM OF

A IS F

lér =F @7 ¥
OR COMPLEX HIGGS SELF-COUPLINGS a

LI-|= u
B) (P VIOLATION "SOFT"

1, START WITH REAL COUPLINGS IN THE LAGRANGIAN SO THAT IT IS

CP - INVARIANT
2, BREAX (P SPONTANEOUSLY THROUGH COMPLEX VEV's IN THE HIGGE FIELDS

- ADVANTAGES:

1. CAN USE PERTURBATION THEORY TO CALCULATE (P VICLATION
2, SOLVES THE “STRONG (P PROBLEM" IN €CD

3, IS HARD TO AWOID IN AMY CASE IN A “REALISTIC" GUT
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Fig. 9. Upper limits on the relative flux of antihelium to helium, at
the 95% confidence level, as a function of the rigidity interval
R =1.6GV to R, These results are independent of the incident
antthelium spectra.
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Fig. 10.— The 5 /p ratio at the top of the atmosphere obtained in this work compared with
previous measurements (Buffington, Schindler, & Pennypacker 1981; Golden et al. 1984:
Bogomolov et al. 1987, 1990; Salamon et al. 1990; Stochaj et al. 1990; Mitchell st al 1996,
Boegio et al. 1997; Basini et al. 1999; Orito &t &l 2000). The lines are the ecalculations
of interstellar antiprotons assuming 2 pure secondary production during the propagation of
cosmic rays in the Galaxy by Sirmon, Molnar, & Roesler (1998) (solid lines, upper and lower
limits of the caleulation) and by L. Bergstrom and P. Ullio 1999 (private communication )
(dashed line),
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Flux (photons/cm?.s.sr.MeV)
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