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Leptogenesis in left-right symmetric theories is studied. The usual
see-saw mechanism is modified by the presence of a left-handed Higgs
triplet. A simple connection between the properties of the light left-handed
and heavy right-handed neutrinos is found. Predictions of this scenario for
neutrinoless double beta decay and terrestrial C' P violation in long-baseline
experiments are given. These observables can in principle distinguish dif-
ferent realizations of the model.
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1. Introduction

One of the problems waiting to be solved in particle physics and cos-
mology is the explanation of the baryon asymmetry of the Universe. Since
Standard Model baryogenesis fails to produce a sufficient baryon asymme-
try, other, new physics approaches are being followed. Among them stands
out leptogenesis [1] as one of the most popular. Heavy right-handed Majo-
rana neutrinos violate C'P and lepton number during their out of equilib-
rium decay, thereby — when sphalerons [2] convert the lepton asymmetry
in a baryon asymmetry — fulfilling all of Sakharov’s three conditions [3].

The impressive evidence for non-vanishing neutrino masses opens now
the possibility to study this new physics problem on a broader phenomeno-
logical basis. Typical models build to explain the neutrino mass and mixing
scheme predict also heavy right-handed Majorana neutrinos, mostly due to
some see-saw [4] mechanism. It is now a fruitful question to ask if a given
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model for neutrino masses also explains the baryon asymmetry via the lep-
togenesis mechanism. A number of groups have studied this within their
respective approach [5].

As the name already indicates, Left—Right (LR) symmetric theories rep-
resent a natural way to connect the light left-handed with the heavy right-
handed neutrino sector. In [7] the relationship of both sectors and the impact
on leptogenesis was analyzed. An observable effect of the relation between
neutrino oscillation and leptogenesis was then proposed in [8]. The three
yet unknown phases in the left-handed neutrino mass matrix govern the
magnitude of the effective neutrino mass measured in neutrinoless double
beta decay and the size of terrestrial C'P violating effects in long-baseline
experiments. Many models explain the baryon asymmetry as well as the
light mass and mixing scheme. Predictions of other observables are then
very helpful to rule out or confirm models. The relationship of terrestrial
CP violation and leptogenesis was also analyzed in [9].

The paper is organized as follows: In Section 2 the connection of lep-
togenesis and neutrino oscillation in left-right symmetric theories is given
and the results on the baryon asymmetry are presented. The connection to
terrestrial C'P violation is made in Section 3 and the conclusions are drawn
in Section 4.

2. Neutrino oscillation and leptogenesis in left—right
symmetric theories

In LR symmetric theories the see-saw formula reads
my = mp, — Mp Mle 'fh%, (1)

where mp, and My are Majorana mass matrices generated by Higgs triplets
and mp is a Dirac mass matrix. The matrix m, is further diagonalized by

Ul m, Uy, = diag(mi, ma, m3), (2)

where m; are the light neutrino masses. The symmetric matrix Mg also
appears in the Lagrangian

P _
—Ly =l —mpij Ngj+ 5 N5, Mrij N + h.c. (3)

with /;1, the leptonic doublet and v ~ 174 GeV the vacuum expectation value
(vev) of the Higgs doublet @. Diagonalizing My brings us to the physical
basis

UL Mg Uy = diag(M, My, M3) . (4)
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The asymmetry is caused by the interference of tree level with one loop

corrections for the decays of the lightest Majorana, N; — &€ and Ny — &' [:
I'(Ny — &1°) — I'(N; — &)

- I(Ny = ®l°) + (N, — &)

1 1 M?
- tm(mfymn)3; f (<) - (5)
8 mv? (m’]r)mD)H j%:,:s D J M}

The function f includes terms from vertex and self-energy contributions:

f(x)zﬁ(l—i—ﬁ—(l—i—x)ln(l—;x)):—2?/5. (6)

The approximation holds for z > 1.

In our approach, the left-right symmetry [10] plays an important role.
It relates the unitary matrices Uy, and Ur to each other since the triplet
induced Majorana mass matrices in Eq. (1) have the same coupling matrix
f in generation space:

mi, = f’UL and MR = fUR . (7)

The numbers vy, g are the vevs of the left- and right-handed Higgs triplets,
whose existence is needed to maintain the left—right symmetry. They receive
their vevs at the minimum of the potential, producing at the same time
masses for the gauge bosons. In general [10], this results in

VL, VR 7@2, (8)

where the constant vy is a model dependent parameter of O(1). Inserting
this equation as well as Eq. (7) in (1) yields

f—l
m, = v, <f—mDng) . (9)

If one compares the relative magnitude of the two contributions in Eq. (1),
denoting the largest mass in the Dirac matrix with m, one finds that

i Mg'mE|  m?2 1 m? (10)
|| Cwgoon yv?

Here, we only used Eq. (8) and assumed that the matrix elements of f and
f~! are of the same order of magnitude. It is seen that this ratio is of order
one only for the top quark mass, i.e. if one identifies the Dirac mass matrix

with the up quark mass matrix.
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We finally specify the order of magnitude of vr, . The scale of m,, = vy, f
is 1072...1073 eV, which, for not too small f, is only compatible with
v, vp =~ yv? for vg ~ 10 ...10™ GeV. This means that vg is close to the
grand unification scale and wvr, is of the order of the neutrino masses, which
is expected since my, is the dominating contribution to m,. In the following,
vr = 1015 GeV and v = 1 is assumed.

From the decay asymmetry € the baryon asymmetry Yg is obtained by

Ys :cm%, (11)
g

where ¢ ~ —0.55 is the fraction of the lepton asymmetry converted into
a baryon asymmetry via sphaleron processes [11], x a suppression factor
due to lepton-number violating wash-out processes (see 6] for an improved
fit) and ¢* ~ 110 the number of massless degrees of freedom at the time
of the decay. Experimentally, the preferred range for the asymmetry is [12]
Y ~ (0.1...1) x 1010,

The strategy goes as follows: In Eq. (9) one inserts the solar solution, i.e.
the small angle (SMA), large angle (LMA) or quasi-vacuum (QVO) solution.
The light neutrino masses m; are obtained by assuming the hierarchical
scheme. The Dirac mass matrix mp can be expected to be an up (down)
quark or lepton mass matrix, denoted myp, Mdown and miep, respectively.
Eq. (9) is then solved for f = Mg /vg and My is diagonalized to obtain the
baryon asymmetry via Eqs. (5), (11).

Performing a random scan of the allowed oscillation parameters (see
e.g. [13]) and the three phases, it is found that if 7mp is a down quark or
lepton mass matrix, m; should not be too small, 4.e. larger than 1076 eV,
The LMA solution gives in more cases the correct baryon asymmetry and
is thus slightly favored over SMA and QVO. If rap is an up quark mass
matrix, fine tuning of the parameters is required. Due to the large hierarchy
of the quark and lepton masses, it is sufficient to use a mass matrix which
has just the heaviest mass as the (33) entry. Fig. 1 shows Yy in case of
ﬁ”LD = Miep-

If we identify mp with the down quark or charged lepton mass matrix,
then the ratio in Eq. (10) is always much smaller than one, so that the
second term in Eq. (9) can be neglected and it follows [8]

1
f~—m,. (12)
UL
Therefore, with the help of Egs. (2), (4), (7), one arrives at a very simple
connection between the left- and right-handed neutrino sectors:

UR = UL and Mi = my Z—R . (13)
L
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Fig.1. Baryon asymmetry as a function of s3 for p = mye, and all three solar
solutions. We chose 3a = 43 = 6§ = m, Am?% = 3.2 x 1073 e¢V? and tan3 = 1.
For the solar solutions, we took Am2 = 5x107% eV? and tan = 5x 10~ for SMA,
AmZ =5x 1077 €V? and tani = 1 for LMA and Am2 = 10"% eV? and tan? =1
for QVO. The smallest mass state is mq = 107° ¢V for QVO and mq = 1074 eV
for SMA as well as LMA.

The striking property is that the light neutrino masses are proportional to
the heavy ones. Analytical estimates for the baryon asymmetry can now be
performed. We work with a convenient parametrization of Uy,

Ur, = Uckym X P = Ucx diag(1, e'®, e/(3+9))

bl

c1C3 S1€C3 836_i5
= —5102—015233ei6 0102—315253ei‘5 S9C3 diag(l,elo‘,ez(ﬁ+5)),
s _ 10 _ _ 10
1892 —C1C283€ C189—81C983€ C9oC3

(14)

where ¢; = cosf;, s; = sinf; and the diagonal matrix P contains the addi-
tional two Majorana phases a and . Assuming maximal atmospheric and
solar mixing, ¢? = ¢3 = 1/2, and taking only the leading order in s3, one
finds for the LMA and QVO solutions [8]
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where c5 = cosd, s34 = sin2a and so on. The solar (atmospheric) Am? is
denoted Am2, (Am?). It is seen explicitly that Yp vanishes if CP conserva-
tion holds, i.e. if all phases are zero or w. The asymmetry is proportional to
the square of the heaviest entry in mp, ¢.e. the tau or bottom quark mass.
Furthermore, Yp is proportional to the lightest neutrino mass eigenstate m1,
which can be used to set a lower limit on it, it is of the order 10~7 to 1078 eV,

, (15)

3. Terrestrial C P violation

If mp = myp then m, receives a contribution from the conventional see-
saw term rhp My ! mL and the proportionality to m; vanishes, see [7] for
details.

The remaining unknowns in this approach are the three C'P violating
phases in the mixing matrix Uy, and the size of the smallest mass eigen-
state mq. Within the parametrisation Eq. (14) the phases a and 8 govern
the magnitude of neutrinoless double beta decay. The third phase 0 is re-
sponsible for C'P violating effects in oscillation experiments.

The latest SuperKamiokande [14] and first SNO [15] data favor LMA
over the other solar solutions. This is good news since leptonic C'P viola-
tion in long-baseline experiments can only be measured if nature has chosen
LMA. Effects of C'P violation are proportional to the re-phasing invariant
determinant Jep [19], which shows up e.g. in the difference between the C'P
conjugated oscillation probabilities

P(ve— v,)—P(0e— 1vy) < Jop = 3 sin26; sin 26, sin 263 cos 03 sin g

ool

< Lsinfs(1 — sin?6s). (16)

=

In addition, the higher Amé is, the higher are the prospects for detecting the
C'P violation [16], though the details depend on the experimental facilities.
In the hierarchical mass scheme, LMA also provides the highest Majorana
mass for the electron neutrino, which can be measured through neutrinoless
double beta decay (0v33). It is defined as
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(m) =3 U2, (17)

and due to the complex matrix elements Uy, ,; there is the possibility of
cancellation [17] of terms in Eq. (17).

The quantities (m) and Jop are observables, which are depending on
the CP violating phases which also govern the lepton asymmetry. It is
therefore interesting to ask if the parameters that produce a satisfying Yp
also deliver sizable (m) and/or Jop. To study this, a random scan of the
allowed variables of the LMA solution was performed. The highest fraction
of parameter sets providing sufficient Yy occurs for high m; and a “low” Dirac
mass matrix, i.e. mp should be a lepton (43 %) or down quark (23 %) mass
matrix. It is interesting to note that in the most simple realization of LR
models mp is the charged lepton mass matrix. For lower my or mp = myy
the fraction of parameters producing a correct asymmetry decreases to less
than 5%. As mentioned, basically no m; dependence exists for mp = myp.
Approximately all the parameter sets providing a correct asymmetry also
produce (m) bigger than 2 x 1073 eV, the lowest limit achievable by the
GENIUS project [18]. For m; = 1073 eV, about 4 % of the parameter sets
give (m) bigger than 0.01 eV. Fig. 2 shows the distribution of events in the
(m) — sin? 03 plane. The difference for different cases is easily seen.

0.1 0.1
Mdown mi=103eV Mdown mi=107eV

<m> [eV]
<m> [eV]

le-4 le-4
= - . . -5 - X . .
le-5 le-4 818953 0.01 0.1 le le-4 811(1)9é; 0.01 0.1

miep m=1073eV Myp

<m> [eV]
<m> [eV]

le-4 ) ) le-4 . -
les Tea 0,005, 0.01 0.1 le5 Ted %09, 0.01 0.1

sin®

Fig.2. Distribution of events in the (m) — sin?#5 plane for the LMA solution,
different m; and mp.
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Fig. 3. Distribution of events in the Jop—sin® 5 (left) and JCP*AT)’LQ@ (right) plane
for the LMA solution, different m, and mp.

Regarding CP violation, a criterion for observability might be Jop > 1074
and Am?D > 10~* eV2. Approximately half of the events that give sufficient
Yp also fulfill these constraints. Therefore, again high m; and mp = Mqown
or myep are required to expect measurable C'P violation. Fig. 3 shows the
distribution of Jop against sin? f3 and Amé, respectively. Again, the dif-
ference is easily seen. The case mp = my,, favors low Amé.

4. Conclusions

Leptogenesis in left-right symmetric models is studied. A simple formula
for Yp can be derived, expressing the baryon asymmetry in terms of oscilla-
tion parameters and C' P violating phases. In many cases a sufficient baryon
asymmetry is produced and the LMA solution is favored. Many models in
this scenario as well as other approaches fulfill these constraints. In search
for an additional criterion we therefore apply our model also to Ovf3S and
terrestrial C'P violating effects in long-baseline experiments. In order to
expect a sizable signal in Ov33 and measurable C'P violating effects in long-
baseline experiments, m of order 1072 €V is required, and mp should be a
lepton or perhaps a down quark mass matrix. The low energy observables
Jop and (m) can in principle be used to distinguish these possibilities and
could also be considered in other leptogenesis models.
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Baryon number and C'P violation are necessary conditions for the gen-
eration of a baryon asymmetry. Since Y gets converted from a lepton
asymmetry, lepton number violation is required. Thus, Ov53 and terrestrial
CP violation provide a possibility to check two of Sakharov’s conditions
at low energy. Furthermore, given that in many models the heavy right-
handed neutrinos may not be observable at realistic collider energies, Ov3p3
and terrestrial C'P violation could be useful to validate leptogenesis.
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