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Since the Standard Model most probably cannot explain the large value of CP asymmetries recently ob-
served in D-meson decays we propose the fourth quark-lepton generation explanation of it. As a byproduct
weakly mixed leptons of the fourth generation make it possible to save the baryon number of the Universe from
erasure by sphalerons. An impact of the 4th generation on BBN is briefly discussed.

1. Introduction. Recently LHCb collaboration has
measured the unexpectedly large CP violating asymme-
triesin D — ntn~ and D — KTK~ decays [1]:

AAgng = ACP(KJFK*) — Acp(ﬂ'JrTr*) =
= [-0.82 £ 0.21(stat.) = 0.11(syst.)]|%, (1)
where
0 +-—\ _ (DO + -
Acp(7r+7r_):F(D - atr”) —T(D° - ntn™) @)

[(DO - mtr=) + T(D® — 7tn)

and Acp(KTK ™) is defined analogously.
This result was later confirmed by CDF collabora-
tion, which obtained [2]:

AAEDF =[-0.62 + 0.21(stat.) + 0.10(syst.)]%.  (3)

The most important question concerning experimen-
tal results (1) and (3) is whether in the Standard Model
the CP-violation (CPV) in these decays can be as large
as 0.5-1%.

In the Standard Model the CPV in D(D) — ntr
decays originates from the interference of the tree and
penguin diagrams shown in Fig. 1. For D(D) - KtK~
decays d-quarks in these diagrams should be substituted
by s-quarks.

It is convenient to present the penguin diagram con-
tribution to D — 77~ decay amplitude in the following
form [3]:

VedV, df(md) + VcsVJsf(ms) + VeV, bf(mb) =
=VeaViylf(ma) — f(ms)] + Ve Vi [f (ms) — f(ms)], (4)

attributing the first term to the tree amplitude and con-
sidering the second term only as the penguin amplitude.
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Fig. 1. Quark diagrams describing D — w7~ decay in
the Standard Model. A wavy line denotes W-boson, a
curly line — gluon

In the case of D — K™K~ decay the following pre-
sentation is useful [3]:

VeaViaf(ma)
=VesVys[f (ms) —

+ ‘/csVJsf(ms) + VcbV bf(mb) =
fma)] + Veo Vi [f (ms) — f(ma)], (5)

where the first term is attributed to the tree amplitude
while the second one is the penguin amplitude.

Denoting the absolute values of D — w77~ decay
amplitudes by T and P we get:

P .
Apip- =T [1 + Tel(év)] ,
- P .
A7r+7r— =T [1 + T61(6+7):| s (6)

where § stands for the difference of the strong interac-
tion phases of the tree and the penguin amplitudes, while
v = 70° is the phase of V (the product V,4V}; as well as
Vep are practically real in the standard parametrization
of the CKM matrix).
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From Eq. (6) for the CPV asymmetry we obtain:

Acp(rtn™) = 2% sind sin vy, (7
where in the denominator of (2) we neglect the terms
of the order of P/T and (P/T)? which is a very good
approximation because P/T ~ |V, V. |/Vea < 1. Here
siny is close to unity and we use this value in what
follows.

Let us present an argument demonstrating that §
can also be close to 90°. The tree diagram gives domi-
nant contribution to the D — w7 decay rates. The cor-
responding to it 4-fermion Hamiltonian has parts with
isospin 1/2 and 3/2. That is why the produced 7-meson
may have isospin zero or two. So three decay proba-
bilities, Dt — #t7% D° — xt7~, and D° — 7%%9,
depend on the absolute values of the decay amplitudes
Ap and A, and their strong phases difference §p — d2.
From the experimentally measured branching ratios [4]:

Br(D" — nt7%) =[12.6 £ 0.9] - 1074,

Br(D° — 7°z%) = [8.0 £ 0.8] - 1074,

Br(D® — ntr™) = [13.97 £0.26] - 10™* (8)

we find for the phase difference of the amplitudes with
I=0and I =2:

|60 — 62| = 86° + 4°. (9)

In Eq. (7) 4 stands for the difference of the strong phases
of penguin amplitude which has I = 1/2 and produces
pions with I = 0 and tree amplitude, which has parts
with I = 1/2 and I = 3/2 and produces pions with I =0
and I = 2, that is why § # do — d2. Nevertheless Eq. (9)
demonstrates that § can be large, and so we substitute
sind = 1 into Eq. (7).

In the limit of U-spin (d <> s interchange) symme-
try the tree amplitude of D(D) — K+ K~ decay differs
by sign from that of D(D) — ntn~ decay, while the
penguin amplitudes of these decays are equal, that is
why

ACP(K+K_) = —Acp(7r+7r_). (10)
However since [4]

Br(D° —» KTK~) =[39.4+0.7]- 1074, (11)

we obtain from Eq. (8) that |Ag+x- /Ar+.-| ~ 1.7 and
U-spin symmetry is heavily broken in D decays. Nev-
ertheless let us suppose that (10) is not badly violated,
so finally we get:

AAcp = 4 P/T. (12)
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Now let us try to understand if in the Standard Model
we can obtain

P/T =1.8-103, (13)

which is needed to reproduce the average value of the
LHCb and CDF results.

2. D — wm: charmed penguin. Though the
four-fermion quark Hamiltonian responsible for these
decays is known, strong interactions does not allow
to make an exact calculation of the decay amplitudes.
What can be done is an estimate of the decay ampli-
tudes with the help of factorization. Let us start from
the tree diagram shown in Fig.1la which dominates in
the decay amplitude:

T:% d<‘ll'+ﬂ'7|(_1"ya(]_ +75)C77/Ya(1 +’Y5)d|D0> x
X {2 a3 e /a‘B MW)] 2/b
47 o (me) s (M )]4/"} (14)
glas(me)/as(Mw) ¢

where the last factor originates from the summation of
the gluon exchanges in the leading logarithmic approx-
imation. Substituting into it b = 11 — 2/3Ny = 23/3,
as(Mw) = 0.12, ag(m.) = 0.3 we find that the factor in
the curly brackets is close to one, {...} = 1.1. Factorizing
the decay amplitude we obtain:

T = 11%%(1(”
x (1 |dYa (1 + 75)c|D%) =
=L ]-GF cdfwkla X
X [fE(0)(p + k2)a + fZ(0)(p — k2)a] =

V2
=1. 1\G/— cdfwf+( )mDa (15)

T |@ya (1 + 75)d|0) x

where k; and ks are the momenta of the produced =-
mesons, p is the D-meson momentum and we neglect
m? in comparison with m?.

The value of the D® — ntetv transition formfactor

at g = 0 can be found in Ref. [4]:
f1(0)|Vea| = 0.152 £0.005, f7(0) = 0.66, (16)
and for the decay width we obtain:

Ftheo G_%‘ [11V0df1(0)fﬂ'm2D]2

= =6.2-10%s7!
D—mtm= 2 167mmp 5 5

(17)

where f, = 130 MeV was used.
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From the branching ratio of the D° — w+7~ decay
(8) and D°-meson mean life, 7p0 = 0.41 - 10~!25, we
find:

[exP

D—rtnr—

=3.4-10°s 1. (18)

So the naive factorization overestimates the decay am-

plitude by the factor /6.2/3.4 ~ 1.4.
Calculating the D — KTK~ decay probability we

obtain:

2
Ftheor el = |:f_K ff(O):| ]_-\theor+ B
D—K+TK f” fi(o) D—rtm

=12.2-10%s71,
(19)

where we substituted fx/fr = 1.27 and f¥(0) = 0.73
taken from Ref. [4].
From Eq. (11) it follows:

TP ige- = 9.6-10%s71, (20)

so the factorization overestimates the decay amplitude
by the factor 1/12.2/9.6 = 1.1.

We see that in the case of the tree diagrams the ac-
curacy of the factorization approximation is very good.

Let us make a brief remark on the D — K°K?° decay.
At the tree level it proceeds through the diagram with
W-boson exchange in ¢-channel, so it should be sup-
pressed. Even more, ci — dd and cz — s5 amplitudes
interfere destructively and in the U-spin symmetry limit
their sum is zero [5]. According to experimental data
[4]:

Br(D°—»K°K°) = 4Br(D°—2K32) = (6.8 £ 1.2) - 10~ %,
(21)

which is approximately 6 times smaller than Br(D —
— K'tK™). It means that the decay amplitude is
smaller than that to charged kaons by factor 2.5. This
unexpectedly small suppression may indicate that large
distance effects like D — K*tK*~ — K9K0 rescatter-
ing can be important.

The four-fermion QCD penguin amplitude which de-
scribes D — w7~ decay looks like:

H(P)_ﬁVcb b

x In (%) [@Ya (1 +75)Ac)](dYaAd) =
_ Gr « As(me)

EVC” w9

«In (ﬂ) {[#7a(1 +75)d][dva(1 + 75)c] -

mc

as(me)
127

— 2a(1 — y5)dd(1 + 75)c} (22)

8
g’

where A are the Gell-Mann SU(3) matrices and we use
the Fierz identities:

Aa,bAcd = _2/36ab60d + 25ad5bca
PYa (14+75) X Va (1475)1 = Pa (1+75)1XVa (L+75) ¢,
PYa(14+75) X Va (1=75)n = =20 (1—5)nx (1 +75) -
Also the identity (n1|u,0dp|0) = 1/30,5(m " |a0d|0),
where O = v,75 or 5, was used.
Calculating the matrix element in the factorization

approximation with the help of the equations of motion
for quark fields we find:

. 0s(me) mp 2
Vo V| In(—2

127 M
2m?2 ]

Gr
P=—
\/§|

x gf,,fi(o)m%, [1 +

™

me(my, + my) (23)

Dividing it by the experimental value of the tree ampli-
tude and using Eq. (15) we obtain:
P/T — 1_4 . §|VCbVJb| as(mc)
119 |V 127
2

2
2
x In <@> [1+ S (24)
Me me(my, + my)
Substituting [Vea| = 0.23, [Vis| = 3.9 - 1073, Vi =

=41-1073, ay(m.) = 0.3, mp = 4.5GeV, m, = 1.3GeV,
m, + mg = 6 MeV we come to:

P/T~9-1075. (25)

Comparing it with Eq. (13) we see that in order to fit
the experimental data on AAcp the penguin amplitude
should be enhanced by the factor 20 in comparison with
what factorization gives. Concerning the tree ampli-
tudes, we have found in this section that factorization
result differs from the experimental value by the factor
1.4 in the case of D — 7t7~ decay and by 1.1 in the
case of D — KTK~ decay. In the next two sections
we will study how accurate is the factorization approx-
imation to the penguin amplitudes in B- and K-meson
decays.

3. B — wK: beautiful penguin. B, — 7T K°
decay is described by the penguin amplitude shown in
Fig. 2.

The Hamiltonian responsible for this decay looks
like:

N Gr .

H = _I/tb‘/ts(c303 + 404 + 505 + CGOG), (26)

V2
ViV, is substituted for Vg Vi + ViV, (the contribu-
tion of a loop with the virtual ¢-quark is negligible) and
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u

Fig.2. B, — nTK° decay proceeds through the penguin
amplitude only

03 = g’}’a(l + 75)b(_1’7a(1 + 75)da

04 = 5a7a(1l 4 75)bedeva(l + 75)da,

05 = 574 (1 + 75)bdva (1 — 75)d,

06 = §a7a(1 + 75)1)0(_10’)/&(1 - 75)daa (27)
where a,c = 1, 2, 3 are the color indexes.

Using the Fierz identities as well as (K°|5,0d,|0) =
= 10a5(K°[30d|0) identity we obtain:
. G

H= 7gvtbvt:[a4§va(1 +75)dda (1 +75)b —

— 2a63(1 — v5)dd(1 + 75)b], (28)

where as = ics + cs, ag = ics + cg. Calculating the
matrix element in the factorization approximation we

obtain:
2m%{
—=VaVis fx f+(0)mp ( as + as , (29)

G
V= UF
MMy

7

where in the leading logarithmic approximation the fol-
lowing approximate equation is valid:

as(mp) Mw 2
B CALLT Y il L RPN
Tom n ( ] ) ~ —0.03, (30)

a4 = Qg =

while at NLO approximation from Table 1 of [6] we

obtain: a4 = —0.031, ag = —0.042. Substituting
mg = 100 MeV, my = 4.5 GeV we find:
G Vs
TR ixoy = F' CrlVasl” g2 12 0)mi, (0.076)2 =
_4.1-106 s, (31)

where V;s = 39-1073 and f,(0) = 0.25 from [4] was
used. The experimental result is:

LB ot o) = 14 10857 (32)

(By—nt

So, the factorization result is enhanced by the factor

P/Pract = 1/14/41 =18. (33)

The numerical value of the penguin amplitude is im-
portant in the calculation of CP asymmetries in B —
— 7K and B — 7 decays [7].

Mucema B ARIT® Tom 96 BeID.5—-6 2012

4. K — ww: strange penguin. s — d penguin
transition changes the isospin by 1/2 in this way ex-
plaining the famous AI = 1/2 rule in K — 7«7 decays.
The calculation of the K¢ — ntn~ decay amplitude
generated by the penguin transition using the factor-
ization underestimates the amplitude by the factor 2-3
according to Refs. [6, 8].

In view of the results for B and K decays we can cau-
tiously assume that for D — 777~ decay the factoriza-
tion calculation underestimates the penguin amplitude
at most by factor 5 leading to:

(AAtheor) <0.2%. (34)

SM ~

Thus the following alternative emerges: either the exper-
imental results are wrong or New Physics is found. Of
course we cannot determine what kind of new particles
and interactions are responsible for large CPV asymme-
try in D — ata~ (KTK~) decays. However, in the
next section we will propose the straightforward gener-
alization of the Standard Model in which large CPV in
D decays can be explained.

5. The fourth generation:
CPV in D decays. As it was stated in paper [9]
the introduction of the fourth quark-lepton generation
may easily remove Standard Model upper bound (34)
matching the experimental results [1, 2]. In the case of
the fourth generation the additional term with the in-
termediate b' quark should be added to the expression
for the penguin amplitude. In this way expression (4) is
substituted by:

enhancement of

VedVyaf(ma) + Ves Vi f(ms) + Veo Vi f (ms) +
+ Vev Vu f(muy ) = VeaVgylf (ma) — f(ms)] +
+ Veo Vi [ f (ms) — f(ms)] +
+ Ve Vap [f (mer) — f(ms)], (35)

where the unitarity of 4x4 quark mixing matrix is used.
According to the experimental constraints from the di-
rect searches of the fourth generation quarks b' should
weigh several hundreds GeV, that is why f(mg ) is small
and can be neglected just as it is done with ¢-quark con-
tribution to b — s penguin, see the remark after Eq. (26).
In order to enhance SM contribution to the penguin am-
plitude we should suppose that the term Viy Ve f(ms)
dominates.

Then the enhancement of Acp in the case of the
fourth generation is equal to:

Py In(mw/m.) |Vey V23 | sin(arg Ver Vi) N

Psv In(me/me) Vs Vas| siny
3.10¢

2*
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where in the last equality we use the allowed values of
the product |Vepr V.5, | sin(arg Vep Ve ) taken from Fig. 1
of paper [10] V). So we see that the enhancement neces-
sary to describe the experimental data on AAcp can be
achieved in the case of the fourth generation.

6. Saving baryon number by long-lived fourth
generation neutrino. If weakly mixed particles ex-
ist, then the sphaleron processes can create the baryon
asymmetry of the universe [11]. As it is noted in
Ref. [12], the long-lived fourth generation particles save
baryon asymmetry generated in the early universe from
erasure by the sphaleron transitions. The sphaleron
transitions conserve B—L, thus, if in the early universe
By = Lo # 0 is generated, then the final baryon and
lepton asymmetries being proportional to B—L are com-
pletely erased. If the fourth generation particles weakly
mix with three quark-lepton generations of the Standard
Model, then two additional quantities are conserved:
By—L4 and L—3L4, where By and L4 are the densities
of baryons and leptons of the fourth generation, while
B and L are the densities of baryons and leptons of
three light generations. In Ref. [12] initial asymmetries
By = Ly = 3A and B} = L} = 0 were chosen and
since L — 3Ly = 3A # 0, the total baryonic number
density, B + By, being proportional to a linear superpo-
sition of conserved quantities is nonzero at the sphaleron
freeze-out temperature. After the sphaleron freeze-out
B + By is conserved in comoving volume and is equal to
the present day baryon density of the Universe. How-
ever, if heavy baryons of the 4th generation do not de-
cay prior to big bang nucleosynthesis (BBN), the light
baryon number density at BBN could be different from
that determined from the angular fluctuations of CMB.
The impact of this effect on the light element abundances
is discussed below.

For such a scenario to occur the lifetimes of the
fourth generation quarks and leptons should be at least
larger than the Universe age at the sphaleron freeze-out:
T > MPI/Ts2ph ~ 10~1%s, For the mixing angles in the
case of b’ — (c,u)W decay it gives § < 108 [12], much
smaller than what we need to explain the large CPV in
D-decays, see Eq. (36).

So in our case quarks of the fourth generation should
be much stronger mixed with quarks of three light gen-
erations. However, let us suppose that leptons of the
fourth generation are weakly mixed with the leptons of
three light generations. Let us introduce the total baryon
density, B’ = B + By, and take the initial conditions

DLet us stress that the logarithmic (log (mw /m.)) enhance-
ment originates not from the diagram with the intermediate b
quark but from the term f(ms).

analogous to those in Ref.[12]: Bj = Ly = 3A and
LY = 0. We can choose four independent chemical po-
tentials as: py,, pw, pn, and p = py, +py, +y,, which
are the chemical potentials for the upper type quarks, W-
bosons, 4G neutrino and sum over all SM neutrino chem-
ical potentials (see Appendix). In the limit p;/T < 1
the baryon and lepton densities are linear combinations
of these chemical potentials with the coefficients which
depend on the ratio of masses of the corresponding par-
ticles to the temperature. We will take into account the
masses of W-boson, t-quark, t'- and b'-quarks of the
fourth generation and the fourth generation leptons IV
and E, the masses of all the other components of the
primeval plasma can be neglected in comparison with
Tsph-

Finally we have four equations for four unknown
chemical potentials: two quantities are conserved under
the sphaleron transitions; we can choose them as

B' —L—L; =0,
L —3Ls = 3A. (37)

The third equation is that of the electric neutrality of
the primeval plasma, ¢ = 0, and, finally, the sum of
the chemical potentials of all the particles which are
converted into nothing by sphaleron (gggl of each gen-
eration) equals zero. The values of masses of the 4th
generation particles we take from paper [13] in which
the fit to the electroweak observables for higgs mass
mpyg = 125 GeV was performed and recent LHC bounds
on the masses of t'- and b'-quarks were taken into ac-
count:

my = 634 GeV, myp = 600 GeV,
mpg = 107.6 GeV, my = 57.8 GeV. (38)

The dashed blue line in Fig. 3 corresponds to the case
of the unmixed fourth generation particles considered in
[12]. The results for the case of the strongly mixed fourth
generation quarks and the unmixed fourth generation
leptons are shown by the solid green line. In order that
leptons, N, do not decay before the sphaleron freeze-out,
which happens at t;y ~ 107195, the mixing angles of N
with three light neutrinos should be small: 6; < 10~°
(N decays through four fermion interaction). Assuming
similar bound § < 107°, the existence of heavy Dirac
sequential neutrino with my = (50—100) GeV is com-
patible with the search at LEP II [14].

According to the standard cosmological scenario non-
relativistic matter started to dominate the cosmic en-
ergy density at redshift z ~ 10%. If we demand that
N should decay before that epoch, its life-time should
be sufficiently short, 7x < 10'2s, from which we obtain
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Fig.3. (Color online) The final baryon asymmetry versus
the initial asymmetry ng//A as a function of sphaleron
freeze-out temperature Tspn for the unmixed fourth gener-
ation is shown by a dashed (blue) line. It is analogous to
Fig. 2 from [12] but for my = 57.8 GeV, mg = 107.6 GeV,
my = 634 GeV, my = 600 GeV. The final baryon asym-
metry for the case of the mixed fourth generation quarks
and the unmixed fourth generation leptons is shown by a
solid (green) line

the lower bound 6 > 1076, (Let us note that direct
searches exclude N as a unique dark matter candidate
15].)

A stronger bound on 7n follows from the equilib-
rium form of the energy spectrum of CMB. According
to Ref.[16] a large influx of energy into the usual cos-
mological cosmic background would be thermalized if it
took place before z ~ 107. Otherwise the observed black
body spectrum of CMB would be noticeably distorted.
Since the precision of the spectral shape is at the level
of 10~%, only a very small distortion is permitted.

The condition that N decays before or at z ~ 107
demands 7y < 108 s, or # > 1073, If N indeed de-
cays before z ~ 107, the contribution from its decay to
the energy density of CMB would be not larger than
1% and the ratio of baryon to photon number densities
nB = np/n, at BBN epoch and at CMB recombination
would be slightly different but in principle measurable
by the light element abundances.

More interesting and pronounced effect appears if
heavy quarks of the 4th generation are long-lived. In
this case we cannot explain the large value of CPV in
D decays but may explain the difference of ng at BBN
epoch (nepNn) and at the recombination (7ec) which is
probably requested by the recent data on the light el-
ement abundances [17]. If heavy baryons of the 4th
generation decays after BBN but before the hydrogen
recombination, the number of light baryons in the co-
moving volume at BBN would be different from that at
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the recombination. The ratio nggN/7rec at these epochs
could be either larger or smaller than unity depending
upon the value of the baryon asymmetry in the heavy
quark sector and the energy influx to CMB from the
heavy baryon decays. So in principle both rise or de-
crease of nppy is possible?).

In the limit T5pn, — O heavy particles of the fourth
generation are not produced: By = Ly = 0, B' =
L = 3A. In the physically interesting opposite limit
Tspn > my the value of baryon asymmetry is nonzero
since the right-handed neutrinos of three light genera-
tions are not produced in the primordial plasma violat-
ing symmetry between the leptons of four generations
which would occur at T > m . The characteristic time
of the right-handed neutrino to thermalize is T'/m?2 and
for m, < 1keV (which is valid for three light neutrinos)
this time is longer than the Universe age, ty = Mp/T?
for T = Tspn ~ 200 GeV [11].

7. Conclusions. In Introduction we determined
what ratio of the penguin to the tree amplitudes of
D — w7~ decay is needed to get the observed CP
asymmetry. In Section 2 we found that the factorization
describes the tree amplitude with good accuracy; con-
cerning the penguin amplitude it appears to be twenty
times smaller than one needs to describe the experimen-
tal data on Acgp. In Section 3 we demonstrated that in
the case of B — 77 K° decay the factorization underes-
timates the penguin amplitude by factor 2. In the case of
Ks — ntrm~ decay the penguin amplitude is enhanced
by factor 2-3 in comparison with the factorization re-
sult.

Thus if confirmed on larger statistics and future sys-
tematics result (1) demands New Physics.

In Section 5 we demonstrated that the fourth quark-
lepton generation may enhance the penguin amplitude
describing the experimental data. If the leptons of the
fourth generation weakly mix with three light generation
leptons, then the baryonic charge generated at high scale
escapes the erasure by sphalerons and survives till now
according to the results presented in Section 6.

We are grateful to S.I. Blinnikov for the illuminating
discussion on the chemical potentials, to V.A. Rubakov
for the clarifying discussion on the baryon density in
the unbroken electroweak phase, and to J. Zupan for
the remark concerning D — K°K?O decay. A.D., S.G.,
and M.V. acknowledge the support of the grant of the
Russian Federation government # 11.G34.31.0047. S.G.

2)Since both the value of neBN and the number of light neutrino
species influence nucleosynthesis, the change in the value of ngpn
can be formulated as an additional (positive or negative) number
of light neutrino species [17].
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Appendix. Below we derive equations used in Sec-
tion 6 to find the dependence of the baryon asymmetry
of the Universe on the sphaleron freeze-out temperature.
In this Appendix we closely follow paper [12].

Being interested in the values of the asymmetries
at sphaleron freeze-out temperature we should assume
that the electroweak phase transition already has oc-
cured and the neutral Higgs boson condenses. That is
why the Higgs boson chemical potential is zero. Some-
times in the literature the baryon density in the elec-
troweak unbroken phase is looked for. In this case the
Higgs boson does not condense and its chemical poten-
tial is nonzero. To find it an additional equation is
needed. It is provided by the condition that the den-
sity of charges with which the massless bosons interact
should be zero, and in an unbroken phase there are two
such charges: the hypercharge and the third projection
of a weak isospin. The baryon density in the unbro-
ken phase is analyzed, for example, in book [18] and
it differs from its value in a broken phase. Since the
right-handed components of quarks and leptons emitting
neutral Higgs transform to the left-handed components
the chemical potential of both components are equal:
Bup = Hup = Huy Hdr = Hdp = Hd; Her = MHer = He-
The analogous relations are valid for the particles of the
second and third families. The right-handed neutrinos
of three light generations are not thermalized and should
not be taken into account (see the end of Sect.6). The
fourth generation right-handed neutrinos, being heavy,
rapidly thermalize: pun, = pn, = pn. The chemi-
cal potentials of up and down weak isospin components
are related by W~ chemical potential: pg = puw + to,
be = pw + v, pE = pw + pn. Mixing of quarks of
four families and leptons of three families equilibrates
the chemical potentials of the particles with the iden-
tical gauge quantum numbers. As a result four inde-
pendent chemical potentials remain: ., un, pw, and
W= oy + oy + Py = 3.

The particle number densities depend on their (Fermi
or Bose) statistics, temperature, chemical potential, and
masses. The chemical potential of an antiparticle is op-
posite to that of the particle. The asymmetries and,
hence, chemical potentials are very small. Expanding
the equilibrium integrals for the asymmetry over p we
obtain:

o0

— 9ot 2 ¢ _
np_7r2T T/y y:—z (1iey)2dy_

T

T3
gp3 (%) ap(z), if pis a boson,
= T /s (A.1)
p6 (T) ays(z), if pis a fermion,

where g, is the number of the degrees of freedom of the
particle p (9, = g1 = 2, 9, = 1, gv = 2, gw = 3) and
z = m/T. Functions a(z) are normalized in such a way
that ap(0) = af(0) = 1. In what follows we take into
account the nonzero masses of the particles of the fourth
generation, of t-quark, and of W-boson.

The condition of electroneutrality of the primeval
plasma looks as:

2
Q=3 5[2(au +ac+ o+ ap )y ]—

1
-3 5[2(ad+as + ap + ap ) (pw + pa)]—

—2[(ae + oy + a-)(pw + po)] — 2ag(pw + pN)—

-3- 2aW,uW = 0, (AZ)
(1 + 2at + Zat: — ab,)/,au—
—(6+apy +ag +3aw)uw —p—agun =0. (A.3)

Here and below we omit irrelevant factor 7%/6.
The sphaleron transition converts ggql combination
of each generation into vacuum, which gives:

12p, +8uw +p+pun = 0. (A.4)

The remaining two equations are two superpositions
of B', L, and L4 conserved under sphaleron transitions
thus being equal to their initial values. The expressions
for these quantities look like:

Ly =2agpg + 2anpun = 2(ag + an)un + 2aguw,

(A.5)
L =2(actay+ar)pe+(w, +a, +a,,,)§ = 3u+6pw,
(A.6)
1
B'=2-3. g[(au +ac+ oy + ap )+
+(aq + as + ap + ap ) pa] =
=2(2+ s + oy )y + 28 + ap ) (pu + pw). (A7)

Thus we have four equations which determine the
chemical potentials: (A.3), (A.4), and the remaining
two:

B'—L—Ly=205+0a;+ay +ap )y +2(ay — ag)pw—

=3u —2(ag + an)un =0, (A.8)
L—-3L,=6(1—ag)uw +3u—6(ag +an)un = 3A,
(A.9)
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where we take the initial values analogous to those of
Ref.[12]: By = Lo = 3A and LY = 0.

When temperature is much larger than the masses of
all the particles, all a; are equal to one we obtain:

B' 11

K T>m; — _1—79 . (A.lO)

If the right-handed neutrinos of three light genera-
tions thermalized then the Eq.(A.6) would be substi-
tuted by

L =4p+ 6pw, (A.11)

and the baryon asymmetry at 7' > m; would vanish.
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