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CP violation and baryogenesis due to heavy Majorana neutrinos
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We analyze the scenario of baryogenesis through leptogenesis induced by the out-of-equilibrium decays of
heavy Majorana neutrinos and pay special attentio@ Roviolation. Extending a recently proposed resumma-
tion formalism for two-fermion mixing to decay amplitudes, we calculate the resonant phenome@dn of
violation due to the mixing of two nearly degenerate heavy Majorana neutrinos. Solving numerically the
relevant Boltzmann equations, we find that the isosinglet Majorana mass may range from 1 TeV up to the
grand unification scale, depending on the mechanis@mtiolation and/or the flavor structure of the neutrino
mass matrix assumed. Finite temperature effects and possible constraints from the electric dipole moment of
electron and other low-energy experiments are briefly discu$S€856-282(197)04121-Q

PACS numbe(s): 11.30.Er, 14.60.St, 98.80.Cq

[. INTRODUCTION troweak phase transition. For values Dfnot much larger
than theW-boson massMyy,, i.e, T>200 GeV, up to tem-
Based on the assumption that the Universe was creatggeratures off =10'? GeV, the anomalousB+L) rate may
initially in a symmetric state with a vanishing baryon numberexceed the expansion rate of the Univefge]. Therefore,
B, Sakharov[1] derived the three known necessary condi-any primordial BAU generated at the GUT scale should not
tions that may explain the small baryon-to-photon ratio ofrely on(B+ L)-violating operators, since sphalerons being in
number densities)g/n,= (4-7)X 1071° which is found by  thermal equilibrium will then wash it out. The latter appears
present observations. The first necessary ingredient is th® be a generic feature of most GUT's, where
existence ofB-violating interactions. With the advent of (B—L)-violating terms may be suppressed against
grand unified theorie§GUT'’s), this requirement can natu- (B+L)-violating interactions, thus leading to the net effect
rally be satisfied at very-high-energy scal@$ through the of a vanishing BAU. On the other hand, it was sugge§édd
decay of superheavy bosons with masses near to the gratitht the same anomalo@st L electroweak interactions may
unification scaleMx~ 10" GeV. However, such a solution also be utilized to produce the observed exceds iuring a
to the baryon asymmetry in the Univerd@AU) faces some first-order electroweak phase transition. Given the fact that
difficulties. In fact, Sakharov's second requirement for gen-the experimental lower mass bound of the Higgs bddas
erating the BAU prescribes that, by the same token, thaboutM >80 GeV, this scenario of electroweak baryogen-
B-violating interactions should violate the discrete symme-esis must now be considered to be rather improbable to ex-
tries of charge conjugationd) and that resulting from the plain the observed BAU9,10] within the minimal SM.
combined action of charge and parit@ P) transformations. It is therefore important to note that baryogenesis not only
One major drawback of the solution suggested is that miniprovides the strongest indication against the completeness of
mal scenarios of grand unification generally predict verythe SM but also poses limits on its possible new-physics
small CP violation, since it occurs at very high orders in extensions. An attractive scenario that may lead to a consis-
perturbation theory. Therefore, one has to rely on notent solution to the problem of the BAU is the one proposed
minimal representations of GUT’s in order to obtain appre-by Fukugita and Yanagidgl1],* in which the baryon num-
ciable CP violation. Furthermore, experiments on the stabil-ber is generated by out-of-equilibriulnviolating decays of
ity of the proton put tight constraints on the masses of theheavy Majorana neutrino; with massesny;>T.. More-
GUT bosons mediatinB violation and their couplings to the over, it was arguedi11] that the excess i will then be
matter. converted into the desired excess B by means of
The most severe limits on scenarios for baryogenesig,B+ L)-violating sphaleron interactions, which are in ther-
however, come from Sakharov's last requirement thaBthe mal equilibrium above the critical temperatufe. Many
and CP-violating interactions must be out of thermal equi- studies have been devoted to this mechanism of baryogenesis
librium [3,4]. In the standard modéEM), the sum oB and  through leptogenesii2—16 over the last years.
the lepton numbel, B+L, is violated anomalously5] Evidently, possible mechanisms for enhanc{dg viola-
through topologically extended solutions, known as sphaletion play a decisive role in understanding the BAU [1r],
rons. In contrast td+ L nonconservation, sphalerons pre- the necessarg P violation in heavy Majorana neutrino de-
serve the quantum numb&—L. The authors if6] have cays results from the interference between the tree-level
found thatB+L anomalous violation may be large at high
temperature3 above the critical temperatufi, of the elec-
The authors i 6] presented an analogous scenario, which was,
however, based on anomalous electroweak decays of exotic Dirac
*Electronic address: pilaftsi@mppmu.mpg.de leptons into quarks.
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graph and the absorptive part of the one-loop vertex. Sincdon in the decays of exotic neutral leptons to quarks.
CP violation originates entirely from the decay amplitude in  The existing difference between earlier articles, which
this case, we shall attach the characterization ofstheype  found values ot/¢’ of order ond15,21], and recent authors
to this kind of C P violation, thereby making contact with the [24,16,29, who discovered that could be even of order
terminology known from th& °K® system{17]. Thee'-type  Unity [24,25, may be attributed to the problem of the proper
CP violation has been discussed extensively in the literaturératment of two nearly degenerate states. It is known that
[12-14. Provided all Yukawa couplings of the Higgs fields 90r_1ven'uona| perturbatllon field theory breaks down in the
to N; and the ordinary lepton isodoublets are of comparabldéimit of degenerate particles. For example, the wave-function
order[12,14}, baryogenesis through the -type mechanism amplitude that describes tH@P-asymmetric mixing of two
requires very heavy Majorana neutrinos with masses ndt€avy Majorana neutrinod\; and Ny, say, is inverse pro-
much smaller than 76-1® GeV. If a hierarchical pattern for Portional to the mass splittingny, —my,, and it becomes
the Yukawa couplings and the heavy Majorana neutrincsingular if the degeneracy is exa@1]. Solutions to this
masses is assum¢ii2,13, the above high mass bound may problem have been based on the wave-function formalism in
be lifted and the lightest heavy neutrino can have a mass dbe WW approximatiori21,16. Obviously, a more rigorous
low as 1 TeV. Taking out-of-equilibrium constraints on scat-field-theoretic approach to the resonant phenomenadd pf
terings involving heavy Majorana neutrinos into accountviolation through nearly degenerate heavy Majorana neutri-
[12], one finds that’ may reach values up to 16-10¢ in nos is still necessary. Therefore, it is rather important to pro-
such a scenario. This must be compared with the usual sceide a field-theoretic solution to the problem oftype CP
nario in [14], for which &’<10™*° for my;~1 TeV, and violation and compare the so-derived results with those
hence very heavy neutrinos are needed to account for thggund with other methods.
BAU. ] o Since the dynamics ot-type CP violation is quite
~ In Refs.[18,6], the authors pointed out tha@P violation  ¢|osely related taCP violation induced by particle widths
in heavy particle decays responsible for the barflepton 23] one is therefore compelled to rely on resummation ap-
asymmetry may be further enhanced if one considers thgyoaches, which treat unstable particles in a consistent way.
absorptive part of the Higgs self-energies, which was ney, the context of gauge field theories, a gauge-independent
glected in subsequent studies. Since this kindCéf viola-  resymmation approach to resonant transition amplitudes has
tion may resemble the known mechanism@P violation  peen formulated, which is implemented by the pinch tech-
throughK °K® mixing in the kaon complekl7], we shall call  nique[26]. Subsequently, this formalism has been extended
it hereafter asCP violation of thee type. Exploiting this to the case of mixing between two intermediate resonant
idea, Botella and Rolddrl9] gave some estimates fertype  states in scattering processet,25. Here, we develop a
CP violation in Higgs decays. They found that the rati@’ related formalism for decays, which can effectively take into
may indeed be large in an extended (SJunified model, account phenomena of mixing of states during the decay of
since the self-energy and vertex contributions®tB viola-  particles.
tion may have different Yukawa coupling structures. Apply- Consequently, our main interest in this paper will be to
ing this mechanism, the authors|ib5] concluded that/e’ study thee- and ¢’-type mechanisms o€P violation in
is of order unity in scenarios for leptogenesis, and hence theome detail, within the framework of an effective field-
known resultg11] obtained fore’-type CP violation may theoretic formalism devised for decay amplitudes. This for-
not need be modified drastically. Moreover, using an effecimalism consistently describes the phenomenon of resonantly
tive Hamiltonian approach based on the Weisskopf-WigneenhancedC P violation through the mixing of nearly degen-
(WW) approximatiorf 20], the same authof21] reached the erate heavy neutrinos and can therefore be applied to any
conclusion thate-type CP violation may be rather sup- analogous system responsible for baryogenesis, in wbeh
pressed when the two mixed heavy Majorana neutrinos areiolation is of thee type. The analytic results obtained for
nearly degenerate and tHaP violation vanishes completely e-type CP violation with our field-theoretic approach do not
in the limit in which the two mass eigenvalues of the effec-display singularities and exhibit a physically correct analytic
tive Hamiltonian areexactlyequal. behavior in transition amplitudes. The fact that resor@aRt
Recently, there has been renewed interest ingtitgpe  violation through mixing may be of order orji@4,25 can
CP violation due to the mixing of heavy Majorana neutrinos lead to scenarios in which the heavy Majorana neutrinos are
and the implications of this mechanism for the BALB]. It relatively light with masses as low as 1 TeV. This is not far
has been observed [i6] that CP violation can be consid- above the mass scale at which the electroweak phase transi-
erably enhanced through the mixing of two nearly degenertion occurs. Most interestingly, this mechanism can produce
ate heavy Majorana neutrinos. Using exact solutions for thaignificant e-type CP violation, even if all Yukawa cou-
wave functions, which were obtained from diagonalizing theplings are of the same magnitude and the Majorana masses
effective Hamiltonian, the authof&6] have calculated and  are of few TeV. This novel phenomenological consequence
found that it can be larger than' by two or even three of resonantCP violation has not yet been studied in this
orders of magnitude. This result makes the leptogenesis scieptogenesis scenario. Furthermore, it is worth investigating
nario very attractive. The enhancement of @B-violating  the influence of other possible phenomena on this resonant
phenomenon is in agreement with earlier articles on resonari P-violating mechanism, such as low-energy constraints
CP violation in scatterings involving top quarks, supersym-due to the electric dipole momedEDM) of electron or
metric quarks, or Higgs particles in the intermediate statdinite-temperature effects.
[22—-25, as well as with a remarf6] concerningCP viola- The paper is organized as follows. In Sec. Il, we describe
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minimally extended models that include heavy Majorana Gz 16-(412 @ (4_2 1) . 2.2
neutrinos. At low energies, these models amount to adding 4 " w

isosinglet neutrino states to the field content of an effective - )
one-Higgs-doublet model. Such scenarios may be embedddtf can be seen from E¢2.2), it is evident that SQL0) can

into certain S@L0) and/or E unified theories, which can acco_mmodate right-handed neutrinos, since it contains the
naturally predict nearly degenerate heavy Majorana neutri€ft-right symmetric gauge group $2)r®SU(2) ®U(1)

nos as light as 100 GeV. Moreover, we discuss the renormaks-L) - 1here are several Higgs-boson representations that
izability of the effective model. In Sec. Ill, we present a €an give rise to the breakdown 6f;; andGgz,, down to the
resummation formalism for resonant transitions between ferSM gauge groufGsy [28,31. In Eg models[29], the 27
mions in decay amplitudes. Furthermore, we illustrate som&PINOr representation decomposes i® 10 ® 1 under

of the advantages of this approach when compared to oth&tX(10), which leads to four singlet neutrinos per SM family:
existing methods. Making use of our formalism, we calculate®N€ neutrino as isodoublet memberlifi two neutrinos as

the analytic expressions of the relevant transition amplitudei$odoublet members ifi0, and one singlet neutrino ib. In
in Sec. IV. In Sec. V, we give estimates of possible con-these models, two of the four isosinglets can have Majorana

straints coming from low-energy data, such as the EDM offhasses of few TeY29], depending on the representation of
electron, which turn out to be quite weak in order to rule outthe Es Higgs multiplets, whereas the other two are very
our leptogenesis scenario. In Sec. VI, we present the BoltZ)€avy with masses of the order of the unification scale. Pos-
mann equations relevant for the evolution of the Ieptonics'b|e flavor structures for the isosinglet neutrino mass matrix
asymmetry in the effective model, and give numerical estifesulting from the above two representative unified models

mates and comparisons for the BAU generatedeviand/or ~ Will be discussed below. . .
¢'-type CP violation. We also discuss the implications of _ The minimal model under consideration extends the SM

finite temperature effects for the resonant phenomenon dféld content of the three lepton and quark families by adding

CP violation and find that such a phenomenon can still be2 humber ng right-handed neutrinos vg;,  with
viable. We draw our conclusions in Sec. VILI. i=1,2,...,ng. Even though in  models the active isos-
inglet neutrinos may be more than three, in thg BIPmod-

els mentioned above the symmetric case of having one right-

handed neutrino per family turns out to be quite natural, i.e.,
Heavy Majorana neutrinos may naturally be realized inng=3. Therefore, we shall not specify the numbergf in

certain GUT’s, such as S@0) [27,28 and/or E; [29] mod-  the following. To be specific, the leptonic sector of our mini-

els. Nevertheless, these models will also predict several oth@nal model consists of the fields

particles, e.g., leptoquarks, additional charged and neutral

gauge bosonsWg andZg), which may deplete the number (,,”_

II. HEAVY MAJORANA NEUTRINO MODELS

density of heavy neutrino§\; , through processes of the type

N;egr—W'* —urdg and so render the whole analysis very
involved. If these particles are sufficiently heavier than the )
lightest heavy Majorana neutrino and/or the temperature ofith =€, 7. Since for temperature$>T.=v, one has
the Universg12], this problem may be completely avoided. V(T)=0, where v(T) is the vacuum expectation value
Since we wish to simplify our analysis without sacrificing (VEV) of the SM Higgs doubletb at temperaturd [with
any of the essential features involved in the study of the =v(0)], the only admissible mass terms are those of the
BAU, we shall consider a minimal model with isosinglet Majorana type and are given by the Lagrangian
neutrinos, which is invariant under the SM gauge group
SU(2) ®@U(1)y. Then, we will present the relevant 1 MR — _ c
Lagrangians that govern the interactions of the heavy Majo- —LM=§_Z (veiM{jvgj+ vRiM{Fvg; ). (2.3
rana neutrinos with the Higgs fields and the ordinary leptons. b=t
Also, we will identify the nontrivialC P-violating phases of
the model and pay special attention to the one-loop renorHere, the superscrif denotes the operation of charge con-
malization of the Yukawa couplings. jugation, which acts on the four-component chiral spinfrs

As has been mentioned above, certain(BD [27,28  and ¢ as (4 )°=PrCy¢" and (¥r)C=P,CyT, where
and/or E; [29] models naturally predict the existence of PLry=[1—(+)¥s)/2 is the chirality projection operator. In
heavy Majorana neutrinos. In $) models, an attractive Eq. (2.3, M” is a ngXxng dimensional symmetric matrix,
breaking pattern down to the SM may be given schematicallyyhich is in general complex. The isosinglet mass matik
in the following way: can be diagonalized by the unitary transformation

T v _ % v . . . .
SO(10)— G 4p5= SU(4) pe® SU(2)r® SU(2), U M_ U—MA, Yvhere U_ !s a r_1R>< Ng dlme_nS|onaI .urutary
matrix andM” is a positive diagonal matrix containing the
— G3201= SU(3)®SU(2)g®SU(2) ®U(1) 51 nr heavy Majorana masses. Furthermore,rfhenass eigen-
states N; are related to the flavor statesg; through
SM=G3,,=SU(3)®SU(2) @ U(1)y, 2.1 ' L . RIS
- 21=SU3) e SU2) e UL)y @1 vri=PRrE[%,U;jN;. In the basis, in which the isosinglet

where the subscript “PS” refers to the Pati-Salam gaugeneutrino mass matrix is diagonal and equﬁls the Yukawa
group[30]. The spinor representation of &) is 16 dimen-  sector describing the interaction of the heavy neutrinos with
sional and its decomposition und@,,, is given by the Higgs doublet and the ordinary leptons reads

I )1 IR! VRi ’
L
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(H = ix%)/\2 (i) Im(h hgugM™)=0. 2.7)

_ ) N; +H.c.
X (2.4) It can easily be checked that the two equalities in €q7)

are invariant under the phase redefinitions of the fields given
The CP-even Higgs fieldH, the CP-odd Higgs scalan®, in Eq. (2.6). We must remark that thie-breaking parameters
and the charged Higgs scalgy$ given in Eq.(2.4) are all  uL and ug are generally much smaller thavi within Eg
massless at high temperatures. In the lifit-0, H repre-  scenarios. The origin of these parameters is usually due to
sents the massive SM Higgs boson, Whem?:mnd)(i are residual effects of high—dimensional operators invoIving Su-
the massless would-be Goldstone bosons eaten by the longlerheavy neutrinof29]. The typical size of the.-violating
tudinal degrees of freedom of the gauge bosBrandW*,  parameters isu ,ur~M?*Mpanse MMy or M?/Ms,
respectively. If the SM Higgs fieldd is very heavy with WhereMg~ 10 3My is some intermediate seesaw scale. As
mass of order 1 TeV a =0 and also close to the mass of & consequence, such effective minimal models derived from
the decaying heavy neutrinos, then mass Higgs effects mdys theories can naturally predict small mass splittings for the
not be negligible. Therefore, we shall initially keep the full heavy neutrinosN; andN,. To a good approximation, this
M, dependence in our calculations and then present analytgmall mass difference may be determined from the parameter
results for the limiting cas#/,,=0. XN=My, /My, —1~u /M or ug/M. For instance, iM =10

Before counting all the nontrivial P-violating phases for TeV and u, = ugr=M?/My, one then findsxy~10 1?-

the most general case, it may be more instructive to discuss0 % As we will see in Sec. IV, these small values for the
first some simple models that could predict degenerate omass difference, can produce larg€ P asymmetries in the
almost degenerate heavy Majorana neutrinos @Rdviola-  heavy neutrino decays.
tion. To this end, we consider a minimal scenario in which In order to deduce the sufficient and necessary conditions
the fermionic matter of the SM is extended by adding twofor the most general structure of the two right-handed neu-
right-handed neutrinos per family, e.g;g and (S,)€ with  trino model, one must consider the systematic approach pre-
I=e,u,7. Such a scenario may be derived from certainsented first if33], which is slightly different from the pro-
SQ(10) [28] and/or E; [29] models. For our illustrations, we cedure outlined above. In this approd@2,33, one looks
neglect possible interfamily mixings. Imposing lepton- for all possible weak-basis independent combinations that
number conservation on the model gives rise to the Lagrangzan be formed by Yukawa couplings and the neutrino mass

n,_ nR _
ﬁY:_E E hlj(VILvlL)(
I=1j=1

ian matrix M”, and are simultaneously invariant under general-
c ized CP transformations of the fields. These generaligd®
1 — — o0 M) [(S) transformations of the fermion fields may include unitary
_£:§(SL (vR)7) M 0 v flavor rotations, apart from the phase redefinitions mentioned

_ above. Further details may be found in Reg¥2]. Thus, for
+hg (v, )®Prr+H.c., (2.5  the model at hand, we find that the sufficient and necessary
condition for CP invariance is

where5=i02® is the isospin conjugate Higgs doublet and e avtan orn ot Tk s a v
o5 is the usual Pauli matrix. Even though the mass and cou- Im Tr(h’hM™'M*"M*Th"h*M")

pling parameters may be complex in such a scenario, the _ 2 _ .2 *\2_
phase redefinitions of the fields, My, M (M, = M) M3 hiz)"=0. - (2.8)
v —eby 1 —e?l, vg—oePrug, S —els, The (1x 2)-dimensional matrixh in Eq. (2.8) contains the

(2.6 Higgs Yukawa couplings, which are defined fag in Eq.
) o ) (2.4), i.e., in the physical mass basis whevi=M". One
can, however, make them all real. This modeCiB invari-  can show that Eq(2.8) is consistent with the conditions in

a_\nt, unless one allows for a nontrivial mixing among generagq (2.7) for the two special cases discussed above. From Eq.
tions[32]. Moreover, the model preserves the lepton numbeg2.8)' one readily sees that only one physi€P-violating

and hence cannot produce any excess. ithrough heavy  ompination is possible in this minimal model a6 in-
neutrino decays. variance is restored ifn,\,1=mN2 provided none of the isos-

There are two equivalent ways to break theand CP . . . . .
inglet neutrinos is massless. The above considerations may

invariance of the Lagrangian in E(R.5): One has to either ; .
(i) introduce two complex -violating mass terms of the kind b.e extended to models with more tharj'two rlght.-handed neu-
trinos and more than one lepton families. In this case, there

HRVRVR _andr“Lg(L:S“L’ where bothug andu, are complex,  may he more conditions analogous to ER.8), which in-
or equivalently (i) add the L-violating coupling yolve high-order terms in the Yukawa-coupling mattix
he(v, 1 )®(S.)C and include thé -violating mass param- However, not all of the conditions are sufficient and neces-
eter, e.g.urvrrS . These are the minimal enlargements thatsary for CP invariance. Instead of undertaking the rather
can assuré. and CP violation on the same footing in this difficult task to derive allC P-invariant Conditions, we note
simple two-isosinglet neutrino model. In fact, the necessaryn Passing that the total numbekcp of all nontrivial
conditions forC P invariance in these two scenarios are writ- C P-violating phases in a model with, weak isodoublets
ten down: andng neutral isosinglets i&Vcp=n, (ng—1) [34].
SinceCP violation in N; decays will necessitate nonzero
(i) |hgl2 IM(M*2u ug)=0, one-loop absorptive parts of vertex aNdself-energy graphs



56 CP VIOLATION AND BARYOGENESIS DUE TO HEAVY ... 5435

X7 -x° ~H the relations in Eq(2.9) into account, we find that the renor-
1 » v 4 %] » . . . .
T eRN IR malized Lagrangian in Eq2.4) gets shifted by an amount
: AR 87 ' x“,l}\ N, ' N N;
— ] —— —— 1) nL nR h nL
1 shy;
(@) ®) © — L=, X |27+ 62+ >, 625,
, , 2=\ hy =
N; Ny N;
' Q xT % Q X H O H
- - > - - >~ - - > - ng
1 > - +k21 8Z) | L1/ ®Ny+H.c., (2.10
(d) (e) (f)
- VH O H whereL,= (vl )" and6Z-=(6Z',62"). From Fig. 1a), it
ST ST N ST N is easy to see that the one-loop correction to the coupling

L L et . x NI can only occur via @\ L =2 Majorana mass insertion,
' ' owing to charge conservation on the vertices. Naive power
(g) (h) 0 counting may then convince oneself that the one-loop irre-
ducible vertexy™ NI is UV finite. Less obvious is the UV
FIG. 1. One-loop graphs contributing to the renormalization offinjteness for the proper coupling®Nv andHNwv, which is
the couplingsy "IN, x°»N;, andHyN; . shown in the Appendix.
As has been discussed above, we shall now determine the

Yukawa coupling CT’ssh;; from the renormalization of the

as will be seen in Sec. IV, one should also have to addres(§oup|ing ¥ NI. Requiring that all UV terms be absorbed
the issue of renormalization of the dispersive counterpartfyio the definition ofhy; , we obtain

(see also Fig. 11 In order to check explicitly that our mini-

mal model leads indeed to consistent renormalizable results,

we shall adopt the following strategy in our analysis. First, 1 n_ nr

we fix the renormalization of all Higgs Yukawa couplinigs shy=—5| h;éZ,- + > h,,jaz:’,*I + > h,kaz,t‘j

from the decay mod#&l;—I|* y ™. In this way, we determine 2 I'=1 k=1

the counterterméCT’s) of h; and shy; . Then, we show that (211

all ultraviolet (UV) divergences cancel in the partial decays

N;— v, x° andN;— »H. For this purpose, we first express all we observe thash;; may be separated into two terms: The

bare quantities in terms of renormalized ones as follows: \yave-function terméZ,-, which is flavor independent, and
the rest, which depends on the flavor and the wave-function
CT’s 52:|, and 5Zi’\j'. If we had renormalized the Higgs

P ,+152” . Yukawa couplings from the decay$— vH, the only differ-

It o L ence in Eq.(2.11) would have been the appearance of the
CT's 6Zy and 8Z, in place of 6Z,- and 52:|,, respec-
tively. Also, for the decayN— vx°, one has to include the

1 wave-function renormalization of°, 0Z,o, instead of6Zy,
0= > ( o +§ 6Z:| ) I, in the decayN— vH. Therefore, consistency of Yukawa cou-
I"'=1 pling renormalization requires that differences of the kind
52:| ,—6Z,,, 6Z,0— 6Zy and6Z - — 6Z must be UV safe.
In the Appendix, it is shown that all these CT differences are
14 152 )("1; indeed UV finite and vanish in the limit dfiy—0. This
~ 1) , . . .

2 completes our discussion concerning the one-loop renormal-
ization of heavy Majorana neutrino decays. In the next sec-
tion, we shall explicitly demonstrate how the renormalization

hﬂ=h|j+5h|j- 2.9 presented here gets impIe_mentgd_ within our resummation
formalism for unstable particle mixing.

.

VloL: 2

I"=1

n_

1 4 ~

The superscript “0” in Eq.(2.9) indicates that the field or
coupling parameter is unrenormalized, whereas quantities . RESUMMATION APPROACH
without this superscript are considered to be renormalized. In FOR TWO-FERMION MIXING

addition, the CTéZ4 collectively denotes the wave-function

e . If a Lagrangian contains unstable particles, then these
renormalization constants of all components of the H'gg%iel grang b

— ds cannot be described by free plane waves at times
doublet® (or ), i.e., the fieldsy™, x°, andH. The diver- t—,+«» and hence cannot formally appear as asymptotic
gent part of all the Higgs wave-function renormalizations,states in the conventional perturbation field theory. Within a
52%“1, has been found to be universal. Expressions showingimple scalar theory with one unstable particle, Veltri

the universality of§Z3" together with other relevant one- showed that, even if one removes the unstable particle from
loop analytic results are relegated to the Appendix. Takinghe initial and final states and substitutes it in terms of
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asymptotic states, the so-truncatgdanatrix theory will still

maintain the field-theoretic properties of unitarity and cau- I
sality. Our main concern in this section will be to present an .. = 5
approach to decay amplitudes that describes the dynamics ¢

unstable particle mixing. Hence, such a formulation, finite

width effects in the mixing and decay of nonasymptotic g 2 piagrammatic representation of the renormalized
states must be taken into account. This will be done in an,_ 1) _nonamputated amplitud&; , and the LSZ reduction
effective manner, such that the decay amplitude derived Wltl?ormahsm

this method can be embedded in an equivalent form to a

transition element[26,25 in agreement with Veltman's

S-matrix approach. This effective field-theoretic approach is

equivalent to that of the decay of an initial pure state, such agcalar propagatorsA,J(pz) and the renormalized ones

the stateK® or K°, which is initially produced by some 3 /(p?). The two pole parts are related throug7]
asymptotic states in kaon experiments, e.g.pi~ or pp
collisions[17]. Since the time evolution of the decaying sys-
tem is effectively integrated out over all times, the resummed 5 vz Omn i
decay amplitudes derived with this field-theoretic method Aji(p )|p2—>Mi2,Mj2 Zim 5 MZZ - (3.3
will not display any explicit time dependence. P~

The discussion in this section is organized as follows.
First, we briefly review the theoretical description of the Using the LSZ reduction formalism shown schematically in
mixing between stable particles in a simple scalar theonfig. 2, one can deduce the renormalized
within the framework of the Lehmann-Symanzik- (n—1)-nonamputated amplitud®  , for afixed given ex-
Zimmermann(LSZ) formalism[36]. After gaining some in- ternal linei, from the corresponding unrenormalizeepoint
sight, we extend our considerations to the mixing betweersreen functiorG; , wheren is the total number of exter-
two unstable scalars. The effective field-theoretic method deRal lines. In this way, we have
veloped for the scalar case can then carry over to the case of
mixing of two unstable fermions, with the help of which
e-type CP violation will be calculated in Sec. IV. _ ot

Let us now consider a field theory with real scalarss?, S,..= lm G;  Z;7“(p*=M{)
with i=1,2,...N. We shall assume that the scalars are p?—M?
stable to a good approximation and neglect possible finite
width effects of the particles. The baf@nrenormalized
fields S” and their respective massé4’ may then be ex-

1)
pressed in terms of renormalized fieffisand massed; in = lim T§™ Zgh - 7027 (p2—M7)
the following way: 2_ 2 p°—Mj
p i
SO_ 12 _ 1 : amp —1/2
= Zi 5= | Gijt50Zij | S, 3.9 = lim T§™ z2%, (3.9
p2—>Mi2
(M9)2=M2+ M2, (32  whereZ;™ denotes the amplitude amputated at khex-

ternal Ieg CIearIy, the LSZ reduction procedure outlined

Here and in the following, summation is understood overdbove can be generalized to all external legs, thus leading to
repeated indices that do not appear on both sides of an equi@e physicalrenormalizegl S-matrix elementS_ .. ; , which
tion. In Egs.(3.1) and (3.2, 21’2 and 6M; are the wave- governs the transition amplitude nfasymptotlc states.
function and mass renormallzat|0n constants, respectively, Let us now consider the mixing of two neutral unstable
which can be determined from renormalization conditionsscalars[24,25, e.g.,S; and S,. Since we are interested in
imposed on the two-point correlation functioﬁlsj(pz) for  studying the width effects of these particles, we have first to
the transitionsS;— S in some physical scheme, such as thecalculate all theSS; Green functions, with,j=1,2. After
on-mass- sheMOS) renormalization schemg7]. summing up a geometric series of the self- enerﬁ[q$pz)

It will prove useful for the discussion that follows to give the full propagators may be obtained by inverting the follow-
the relation of the pole parts between the unrenormalizethg inverse propagator matrix:

—(M?)2+H11(|02) I, p?)

3.
I1,(p?) p2—(M3)2+ Iy p?) 33

At(pH)=
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The result of inverting the matrix in E43.5 may be given
by

A11<p2>={pz—w‘i)zmn(pz)

_ H%z(pz) o 3.6
p2—(M2+Tp?)| '

A22(p2)= pz—(MS)ZJerz(pz)
_ Hiz(pz) - 3.7
p2—(MD2+ My (p?)| '

AlZ(pz) = AZl(pz) = _le(s){[pz_ (M2)2+sz(p2)]
X[p2—(MD?+T14(p2)]-T2p»)} %, (3.9

wherell ;,(p?) =I1,,(p?). Moreover, we find the useful fac-

torization property for the off-diagonal € j) resummed sca-
lar propagators

IT;;(p?)
—(M)?+115(p?)

Aij(IOZ)Z—Aii(IOZ)p2

IT;;(p?)
=— A (p?).
p— MO+ T 7)1 P

(3.9

The resummed unrenormalized scalar propagam[$p2)

are related to the respective renormalized odef(pz)
through the expression

Aij(P)=Zit Ae(p?) Z37T, (3.10
Whereﬁij(pz) may be obtained from Eq$3.6)—(3.8), just
by replacingM; with M; and I1;;(p?) with ﬁij(pz). Note
that the property given in Eq3.9) will also hold true for the
renormalized scalar propagatdkg(pz). Taking expressions
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whereS; andS; are the renormalized transition ele-
ments evaluated from E¢B.4) in the stable-particle approxi-
mation. One should bear in mind that the OS-renormalized
self-energiesl'[ji(Miz) in Eg. (3.1 have no vanishing ab-
sorptive parts, as renormalization can only modify the dis-
persive(real) part of these self-energies. The reason is that
the CT Lagrangian must be Hermitian as opposed to the
absorptive parts which are anti-Hermitian. In fact, these ad-
ditional width mixing effects are those which we wish to
include in our formalism for decay amplitudes and are absent
in the conventional perturbation theory. It is also important
to observe that our approach to decays is not singular; i.e.,

S .. displays an analytic behavior in the degenerate limit
M?—M?, because of the appearance of the imaginary term

ilmﬂ“ (M?) in the denominator of the mixing factor present

in the last equality of Eq(3.1]). Finally, we must stress that
the inclusion of these phenomena has been performed in an
effective manner. Since the decaying unstable particle cannot
appear in the initial statE35], the resummed decay ampli-
tude must be regarded as being a part which can effectively
be embedded into a resumme&emnatrix elemen{26]. This
resummedS-matrix element describes the dynamics of the
very same unstable particle, which is produced by some
asymptotic states, resides in the intermediate state, and sub-
sequently decays either directly or indirectly, through mix-
ing, into the observed final states.

It is now straightforward to extend our considerations to
the case of mixing between two unstable fermions. Follow-
ing a line of arguments similar to those presented above, we
consider a system with two unstable fermions, call thigm
andf,. As usual, we express the bare left- and right-handed
chiral fieldsf{; and f; (with i=1,2) in terms of renormal-
ized fields as follows:

fEi:Zi/ijz ij, f(F)%i:Z%Q/izj

(3.12

frj,
whereZ{? (Z§?) is the wave-function renormalization con-
stant for the left{right-) handed chiral fields, which may be
determined from the fermionic self-energy transitions
fi—fi, 2ij(p), e.g., in the OS renormalization schef38].
Analogously with Eq(3.5), the resummed fermion propaga-

(3.9 and (3.10 into account, we can derive the resummedtor matrix may be obtained from
and renormalized transition amplitude, denoted here as

S ..., for the external leg which now represents an un-
stable particle. This can be accomplished in a way analogous

to Eq.(3.4): viz.,

S = lm T9™ ZW2A ,(p)ZYT Z YA M (p?)
pzﬂMiz

— i amp -1/2
= lim | T, Z

pzﬂMiz
,i(p?) (1= 1
-~z e
p _Mm+Hmm(p)
I, (M?)(1- 6
=S -5 (MO o) (3.1

M7= MP T (MP)

2 1p) -t

p—m3+3o(p)|
(3.13

p_mg+211(p)

SO s

where m(l)’2 are the bare fermion masses, which can be de-
composed into the OS-renormalized magses and the CT
mass termsém,, as m‘izz my o+ dmy,. Inverting the
matrix-valued 22 matrix in Eq.(3.13 yields

Su(p)= Vﬁ_m(1)+211(lb)

-1

—21AP) Sa)| .

p—md+ 3,5 p)
(3.19
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through a similarity transformation, as is the case for the

Sl B)=| b~ M3+ () known K°K® system. However, if the effective Hamiltonian
has mathematically the Jordan form, when expressed in a
-1 KK -like basis, then it can be shown to be nondiagonaliz-
—3,(p) 0 3P| able via a similarity transformation. In this case, the complex
p—mi+2 () mass eigenvalues of the two mixewbn-free particles are

(3.15 exactly equal and, most importantl P violation through
particle mixing reaches its maximum attainable velR8|.

SiA(P)=—Su(P)Z 1A P[P~ MY+ ()] 1 To give a specific example, let us consider the following
effective Hamiltonian for the mixing system of two nearly
=—[p—m)+211(P)] 1A P)Sox P), degenerate heavy neutrinblg and N,:
(3.16 _ m—33(p)  —Sidp) ]
Sar(B) =~ Sz ) Za(P)[p—MI+Z 1(P)] —S,p)  m=3S,(p)
=—[p—mI+Z (P ] 0(P)S1a(P)- N my+a—ilb| —ib }
(3.17 T —ib* my—a—i|b||’ (3.20

From Egs.(3.16 and (3.17), it is now easy to see that the in the approximationp—my~m;~m,. In Eq. (3.20, the
resummed propagator matrix is endowed with a factorizatiosparameters andb are real and complex, respectively, and
property analogous to E@3.9). There is also an analogous m;=my+a, m,=my—a. The complex parametdr repre-
connection between the renormalized and unrenormalized réents the absorptive part of the one-loop neutrino transitions
summed propagators, which may be cast into the form N;—N;. Unitarity requires that the determinant of the ab-
sorptive part of H(p) be non-negative. For the effective
sij(p):(zﬁ’ifan+zg{/izmpR)Asmn(p)(zﬁ’r]?j’prJrzgﬁ}pr), Hamiltonian (3.20), the corresponding determinant is zero.
(3.18 Such an absorptive effective Hamiltonian naturally arises in
the one-lepton doublet model with two right-handed neutri-
where the caret 08;; (p) refers to the fact that the resummed nos. In the limita— |b|, the two complex mass eigenvalues
fermionic propagators have been OS renormalized. By anabf H(p) are exactly degenerate and equaimQ—i|b|. As

ogy, the renormalized propagat@(p) may be recovered has been shown if25], the effective Hamiltonian cannot be
from S;;(p) in Egs.(3.14—(3.17), if one makes the obvious c_iia_gonalized by a nonqnitary simila_rity .transforn_wation in this
replacementsn—m; and;(p)—2;(B). Islmg,u |Ia(re the respective diagonalization matrices become
Employing the LSZ redu<-:t|0r) formalism, one can derive Since our effective field-theoretic method does not in-
the resummed decay amplituds, .. of the unstable fer- q\e diagonalization of the effective Hamiltonian through a
mion f;—X, in a way similar to what has been done for the gimjjarity transformation, such singular situations are com-
scalar case. More explicitly, we have pletely avoided, leading to well-defined analytic expressions
. amp 112 1o . 1ot for the decay amplitudes. Furthermore, whenever referring to
S, ui(P) =T (ZikmPL+ ZrinPR) Smn() (ZL5) Pr heavy Majorana neutrino masses in the following, we shall
U2t ot C1ote a1 always imply the OS-renormalized masses within the con-
+ZrniPU(ZLji " PRt Zgji ™ PLS; “(P)ui(p) ventional perturbation field theory, which differ from the real
_ - parts of the complex mass eigenvalues of the effective
=S, Ui(P)—(1=6)S;, . 2;(B)H—m, Hamiltonian. In the presence of a large particle mixing, the
& _ corresponding eigenstates of the latter are generally nonuni-
+255(0)]  ui(p). (3.19 il P

tary among themselves, whereas the eigenvectors of the
Again, S represent the respective renormalized transitior{)

ormer form a well-defined unitary basis, upon which pertur-
amplitudes evaluated in the stable-particle approximation ation theory is based. In this context, it is important to note

that these field-theoretic OS-renormalized masses are those

The amplitudess, ... also include allhigh-orden-point at enter the condition o P invariance given in Eq(2.9).

functions, such as vertex corrections. On the basis of th

formalism presented here, we shall calculate asym- eihirr(?\jgﬁégv gf tcr?ene?‘fc:ar(]:(tzil\lljg z;ﬁtlytc;];ig]r? fé??hgﬂftlathg]: o
metries in the decays of heavy Majorana neutrinos in Seﬁ\.ﬂg. . : eavy.
Vi ajorana neutrinos are equal, this does not necessarily entail

Finally, we wish to offer a comment on other approaches,an equality between their respective OS-renormalized masses

which are used to analyze the phenomeno &f violation and, hence, absence G violation as well25].
through particle mixing21,16. Recently, this issue has been
studied in[25], within a S-matrix amplitude formalism re-
lated to the one discussed in this section. Obviously, the It is now interesting to see how the resummation formal-
approach based on the diagonalization of the effectivésm presented in Sec. Ill is applied to describgéype CP
Hamiltonian[21,16 is very helpful to describe-type CP  violation in heavy Majorana neutrino decays. The same for-
violation, if the effective Hamiltonian is diagonalizable malism can be used for the inverse decays, which occur in

IV. CP ASYMMETRIES



FIG. 3. - and ¢’-type CP violation in the decays of heavy
Majorana neutrinos.

the formulation of the Boltzmann equatiofsee also Sec.
VI). For completeness, we shall includé-type CP viola-
tion in our analysis, which originates entirely from the one-
loop ®IN irreducible vertex, and display plots with humeri-
cal comparisons between the two kinds ©f-violating

contributions mentioned above. Moreover, we wish to ad-
dress briefly the issue pertaining to the problem of flavor-

basis invariance of th€ P asymmetries.

Let us consider the decay;—| x* in a model with

two-right handed neutrinos, shown in Fig. 3. The inclusion

of all other decay modes will then be straightforward. To
make our resummation formalism more explicit, we shall
first write down the transition amplitude responsible for
e-type CP violation, denoted as7(®), and then take
CP-violating vertex corrections into account. Applying Eq.
(3.19 to the heavy neutrino decays, we have

Tg\fl):hlluIPRuNl_

)12

ihjou PR p—my,

S p)u, - (4.

In Eq. (4.1, the absorptive part of the one-loop transitions
N;—N;, with i,j=1,2, has the general form

329p) = Ay (p?) PP, + A% (p?)PPr, 4.2
where
hl’ih|*r' 3 1 ME, 2
- (n2) = I = -1
AP =g |2 2l e (4.3

In the limit My—0, one finds the known resu[tl5,16

=hys h,, /(167). On the other hand, th€ P-transform
resummed amplitude describing the deday—|*x ™, T(Ngl)
is written down:

T =hton,PLoi—ihioy S357-p)[—p—my,
+iS3(—p)] Py,

=hiyu PLuy, —ihfu P p—my,

+iSZP)] ISRy, (4.9

where the charge-conjugate absorptive self-energy is give
by

329p) = A (P2 BPr-+ A% (P2 PP, . (4.5

CP VIOLATION AND BARYOGENESIS DUE TO HEAVY . ..
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In deriving the last step of E@¢4.4), we have made use of the
known identitiesu(p,s)=Cuv '(p,s) andCy,C™*! "
The expressions in Eq$4.1) and (4.4 may be simplified
even further if the Dirac equation of motion is employed for
the external spinors. Then, the two resummed decay ampli-
tudes7 ;) and 7 take the simple form

T _— M, (LA A+ My My, Agy
Y=u,Pru i '
N, ITRYN, [ TH1 12 m,%ll(1+|A22)2—mﬁ|2
(4.6)
" MR (LA Agyt my, my AS
Ty —U|PLUN 11— ihp 2 %
my, (1+iAz) —my,

4.7

The two CP-conjugate matrix elements differ from one an-
other in having complex conjugate Yukawa couplings to
each other and scalar currents with opposite chirality. Fur-
thermore, the respective transition amplitudes involving the
decaysN,—1 " x*, 7, andN,—I1"x~, T, may be ob-
tained from Egs(4.6) and (4.7), just by interchanging the
indices “1” and “2" everywhere in the above two formulas.

We shall now focus our attention on studying theand
g'-type mechanisms of£P violation in heavy Majorana
neutrino decays. For this purpose, we define the following
CP-violating parameters:

TR e
8N_=ﬁ ori=1,.Z, .
TR PHITR
TR TR TR TR
ENT (49)

TR+ TP+ TP+ T

Correspondingly, one can define ti@P-violating param-
eters?,,’\,i andey;, which may quantifyCP violation coming
exclusively from the one-loop irreducible vertices. In Egs.
(4.8) and(4.9), the parametersy, andey share the common
property that do not depend on the final state tatlecays,
despite the fact that the individual squared matrix elements
do. In general, botls- ande’-type contributions may not be
directly distinguishable in the decay width¥N;—1*x™*),
unless one hasNi>sﬁ,i and vice versa, for some range of the
kinematic parameters. Evidently, the physi€aP-violating
observables we are mainly interested in are

_ T(Ni—=L®")~T(N;—L D)
NN LT+ T (N, LC®)

fori=1,2,
(4.10

2

- T

n ['(N;—L®D™ (N;—L D)

(4.12

2
T'(N; —>L<1>T)+Z (N, — L d)
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whereL refers to all fermionic degrees of freedom of the In order to make our analysis complete, it is important to
leptonic isodoublet that heavy Majorana neutrinos can decaynclude the contributions frons’'-type CP violation, since
Nevertheless, the parameterg, ey, andsN defined above they may be significant for very large differences of heavy-
are helpful to better appreciate the S|gn|f|cance of the twd'eutrino masses, e.g., fony —my,~my, or my,. In this
different mechanisms df P violation. regime, thes-type terms are suppressed by the large virtual-
To elucidate our resummation formalism further, it mayity of the heavy-neutrino propagator and so become compa-
be useful to calculate the analytic form of the parametgrs rable to thes'-type termdq15]. It is now useful to define the
for the interesting case of nearly degenerate heavy Majorarfé'”Ct'on
neutrinos. Therefore, we shall consider the approximations
Amﬁ,:mﬁ,l—mﬁ,2<mﬁ,l~m§2 and define the parameter F(x,a)= X
rN—Amﬁ,/(lemN ). Moreover, we neglect high order
Yukawa couplings oD(h“) at the amplitude level. It is then If one setse=0 in Eq. (4.14), thenF(x,«) reduces to the

l-a+x
1—C¥_(1+X)|H(T> . (4.19

not difficult to find the apprOX|mate expressions known function f(x) = X[1— (1+x)In(1+1/x)], found in
[11]. Here, we are only interested in theviolating absorp-
Im(hhyoh* by ) " tive parts of t_he pne-loop verticeg"IN;, x°»N;, _and
e~ Il N (412  HwN;, shown in Figs. (8)-1(c). The complete analytic ex-
! 8|hy,|? r2+4A3, pressions are calculated in the Appendix. For later conve-

nience, we also assume that the external decaying heavy Ma-
jorana neutrinos are off shell. Having this in mind, we find
Im(hfyhihf i)y 413 the off-shell absorptive couplings

87|h,|? r2+4A2,

SNZN

h r h|/ |] Ni
Vs ()= ————— PP, F ( —Lo|, 415

The difference between the above expressions and those ob- XTI P 1677\/_ PPL

m

tained within the framework of the ordinary perturbation
theory is that the regulating term&%l andA§2 are absent in
the latter. Clearly, if these finite width terms were not con- Vo, (B)=V Sy, ()=~ 3om \/—
sistently taken into account, this would cause a singular be-
havior when the degeneracy between the two heavy Majo- (
F (4.19

hy.hy Jh”

2 2
my; M
2 7 52

p p

rana neutrinos is exadtl9,15,1. On physical grounds,

however, this should not be very surprising, since the only

natural parameter that can regulate such a singularity is the

finite width of the heavy Majorana neutrinos. Therefore, oneT0 make contact with the:y, expressions existing in the

of the main advantages of our approach is that the dynamiditerature[11-14, we compute the:'-type CP asymmetry

of CP violation through heavy-neutrino mixing can be prop-in the conventional perturbation theory, using E¢.15

erly described by giving rise to physically well-behaved ana-and(4.16) and neglecting wave-function contributions. Con-

lytic expressions. sidering all decay channels for the decaying heavy Majorana
Another important point, also reported[i89], is the fact  neutrino, e.g.N;, we obtain

that both parameteksy, ande N, contribute constructively to

CP violation. Technically speaking, this can be seen as fol- Im(hr‘lh,zhﬁlh,,z) 5 ml2\12
lows. As has been mentioned above, the expressjgnin EN, T 3 R 0
Eq. (4.13 may be obtained from Eq4.12 if one replaces 16m|hy4|? 172 (1 MH/mN )? N1
the heavy-neutrino index “1” with “2” everywhere in that
formula. As a result, theCP-violating combination of m2 2 2\ 2 m2

; * * ; ; ; 1 N, My 1 M N,
Yukawa couplings Imij;hj,h/’ 1 hy.5) flips sign, which gets +ZF > | T 11— F|l =0
compensated by a similar sign flip in the parametgr An- My, My, mN, mN,

other significant feature of our analytic results in E@s12 5
and (4.13 is that both en, and ey, vanish in the limit (mN2 Mﬁ) 417

My, — My, which is consistent with the requirement ©P
invariance given in Eq(2.8). We have checked that this
property ofCP invariance persists even if one calculat®s  In the vanishing limit of the Higgs-boson mass, the above
andey, exactly from the expressior@.6) and(4.7). In ad-  formula simplifies to11-14

dition, we have verified thaty_ (ey.) vanishes in the limit

: 2 ribo Im(h¥hoh* hyo) [ M
My, (mNZ)—>O, as is also prescribed by E@.8). As a con- ol — a2ty 4tz 2 4.18
sequence, our analytic expressions fetype CP violation Ne 8|h;q|? ﬁl

are indeed proportional to the flavor-basis invariant combi-
nation of CP noninvariance[cf. Eq. (2.8)], lemNz(mﬁ1 Unlike ey, sﬁ,l does not vanish in the degenerate limit of

—mN YIm(hiihiohy hyro). the two heavy Majorana neutrindd; and N,. However,
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10

when the value oanl approaches that oﬁNz, thee’-type

part of the transition amplitude squared for tNg decay
becomes equal but opposite in sign with the respective one
of the N, decay. Thus, these twe’-type terms cancel one
another, leading to a vanishing result for t@d>-violating 1
parametere (¢sg,l+g,g2), which may be defined analo-
gously to Eq.(4.9).

We are now in a position to implement the vertex correc- 10
tions of the Yukawa couplings to the resummed amplitudes
T(Nsl) and T(N'Sl) given in Egs.(4.1) and (4.4), respectively. 0>

LBURLLLLL I L2 0 LLL LR L) B B LLL LR LL LR R L L]

y my, = 10TeV
Ty =107 Ry = 107 (14)

Symmetries

CPa

LRLLLL BERERRRLLL N

Taking Egs.(4.15 and(4.16 into account, we find ~ Feeee — e :
4 y
—_— . . . 10 L IIIIIII L IIIIIIII L1 IIIIIII L1 IIIIIII L1 IIIIIII L1 L1111l
Tn, = UPR{h+iV IPXB) —i[hio+iV BX0) ILp—my, 0" 0™ 107 107 0l 107
. ) —1
+iZUP) 1 IBTP)Jun,, (4.19 @ (el

T, = WP +IV BT —i[hfy+ iV STp) [ —my, 107 gorrrr—

g S
o o {g .. my, = 10TeV 3
+i% 51017 R1p)}un,, (420 S Qow, =107ty =107 (14i)
T ~
Q,
where we have simplified the notation of the off-shell one-~

loop vertices a®’ 2°(p). The vertex functions’ 3{p) are 10

the charge conjugates oyfﬁbs(yj) and may hence be recov-

ered from Eqs(4.15 and(4.16) by taking the complex con- 10
jugate for the Yukawa couplings and replacing with P .

It may not be very convenient to present analytic expressions 0’
for the CP-violating observablesy, defined in Eq(4.10),

in a rather compact form, although their derivation from Egs. 10 | | | | |
(4.19 and(4.20 is quite straightforward. Instead, we shall 10 “pr-tsguu—imii—nu—s L et
compare the numerical results obtained from our resumma 0 10 10 10 10 10 10
tion approach with those found with different methods. (b)
Before we proceed with our numerical analysis, it is cru-
cial to take the out-of-equilibrium constraints on heavy-
neutrino decays into account. Detailed study of the latter will . .
be performed by solving numerically the Boltzmann equa-°W for CP asymmetriegdy,| of order 107-10°°. This is
tions in Sec. VI. To a good approximation however, Sa-practically independent of the heavy-neutrino mass, for
kharov’s third condition imposes a lower bound on the life-massesmy =1 TeV, provided the out-of-equilibrium con-
time of the decaying heavy Majorana neutrindjpli/, which  straint on the Yukawa coupling in E¢4.23 is satisfied.

W 4ALTTTT

(my ) =1

FIG. 4. Numerical estimates @ P asymmetries in scenarid).

may qualitatively be given by the inequality We shall give numerical estimates Gf° asymmetries in
two heavy-neutrino scenarios, which are in compliance with
FNi(T=mNi)S2H(T=mNi), (4.21 the out-of-equilibrium limits derived above. For our illustra-
tions, we analyze models in which the two right-handed neu-
whereH(T) is the Hubble parameter: trinos mix actively with one lepton family only. Despite

their simplicity, such models exhibit all the essential features

of CP violation through heavy-neutrino mixing. Specifically,
(4.22 X . .

we consider the following two scenarios:

2

T
H(T) =173, — .

In Eq. (4.22, g, ~100—400 represents the number of active (1) my, =10TeV, hj1=10"% h;;=10%1+i),
degrees of freedom in usual extensions of the SM and
M pana= 1.2X10° GeV is the Planck mass scale. Consider- (II) my,=10° TeV, h;;=10"%,  h;;=10"(1+i),
ing the total decay width of the heavy neutrino, (4.24
FNi=|h|i|2mNi/(8rr), the out-of-equilibrium constraint in _ . _
Eqg. (4.2)) yields and assume thafN, is always heavier thanN,, i.e.,
lesmNZ.
my, In Fig. 4, we display numerical estimates of (h& asym-
|hyi[?=7.2x 10—14(1 TeV)' (423 metries defined above as a function of the parameter
xszNzlle—l for the scenaridl). We have divided the

In order to have the baryon-to-entropy density ratio in therange of values for the parametey into two regions: The
observed ballpark, i.e¥5w10‘1°~|5Ni|/g* , one must al- first region is plotted in Fig. @ and pertains to the kine-
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matic domain, where resonafP violation due to heavy-
neutrino mixing occurs. The second one, shown in Fig),4
represents the kinematic range, far away from the resonal
CP-violating phenomenon. The dotted line in Figajgives

the prediction ofey , obtained from Eq(4.12 in the con-
ventional perturbation theory. Obviouslyﬁelrt diverges for
sufficiently small values ofy, €.9.,xy<10" 3 If resumma-

metries

n

CP asym
— o
5 53

10

tion of the relevant fermionic self-energy graphs is consid-

ered, the prediction 1‘019N1 is given by the dashed lines in

Fig. 4, which shows a maximum fofy~10" '3 In such a
case,CP violation may resonantly increase up to order of

10

-6
10

unity [24,25. As has been mentioned above, the physical

regulating parameter of the singularity hﬂ‘i“ is the finite
width of the heavy neutrindl,, which arises naturally within

7
10

our field-theoretic approach. Thus, the condition for resonant

enhancement of P violation reads

FNz FNl
le_mN2~iA22mN2:7 and/or Alllez 7
(4.25

Clearly, Fig. 4a) satisfies the above condition. However, the
magnitude of th&C P asymmetries is governed by the expres-
sion

_ |Im[ (hi1hi2)%]|
CPT T o 12
[hiaf?hizf?

, (4.26
which is alwaysécp<1. Evidently, both scenariod) and
(Il given above represent maximal casesG#® violation
with 6cp=1. Therefore, results for any other model may
readily be read off from Figs. 4, 5, and 6, by multiplying
them with the appropriate model-dependent fadgs. The
solid line in Fig. 4 gives the numerical estimate for the
CP-violating parametedy in Eq. (4.11), wheree'-type con-
tributions are included. The latter are very small in this sce
nario so as to potentially account for the BAU e.g.,

sﬁ,lwlo‘l‘? Furthermore, it may be important to stress that

Sy vanishes in th& P-invariant limitxy— 0, as it should be
on account of Eq(2.8).

In Figs. 5 and 6, we give numerical estimates of @ie
asymmetries in scenari@l). The difference in this model
with scenario | is that the'-type effects may not be negli-
gible in the off-resonant region, as can be seen from Fig
5@ and 6. In particular, for values of the parameter
xny<10" 1 or x>1, the individualey, - and ey, -type con-
tributions may dominate over those of thetype. Models

CP asymmetries
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FIG. 5. Numerical estimates ofCP asymmetries versus
mNzlle—l in scenariall).

(4.1). In fact, the quantitysy shares the common feature
with en, and tends consistently to zero g—0. This fact

must be considered to be one of the successes of our resum-
mation approach. AgairC P violation is resonantly ampli-
fied, when the condition in Eq4.25 is satisfied, as can be
seen from Fig. &). Finally, we must remark that &y has a
zero point and eventually becomes negativexige- 1, as is
plotted in Fig. 6. Nevertheless, this result should be viewed
ith great caution. The actual reason is that the effect of the
different dissipative Boltzmann factors multiplying the decay
rates of the heavy Majorana neutrinblg and N, must be
considered in the definition aofy in Eq. (4.11). These phe-

with xy>1 have extensively been discussed in the literaturenvomena will be taken into account in Sec. VI, in which we
[11-14. Numerical estimates for such models are displayedhall write down and solve numerically the relevant Boltz-

in Fig. 6. Our attention will now be focused on the domain
with xy<10"2. In Fig. 5@a), we observe that\ andey,,

mann equations.
Our computation of th€ P asymmetries has been carried

represented by the dotted lines, do not vanish in th@ut in the physical basis, in which the heavy-neutrino mass

CP-invariant limit xy—0, as opposed tey,. As a conse-
quence, th&€P asymmetrysy, in Eg. (4.10, in which both

matrix is non-negative and diagonal. One might, however,
raise the question of whether our analytic results would have
been modified if we had chosen a different basis other than

en,- and ey -type terms are considered within our formal- the mass basis. The best way to address this question is to
ism, does not vanish either. The reason is that the physicaliscuss first how our expressions would change under a basis
CP-violating parameter in this highly degenerate mass retransformation. Let us assume a model with two right-
gime for N; and N, is the observablesy defined in Eq. handed neutrinos for simplicity and imagine that we wish to
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P T x* =17 x )= T hPRSy(p)PrhT],

g

=
=

my, = 10° Tev

5 o is rotational invariant unded", i.e.,
by =107, hy =107 (1)

T hPRSy(H) Pr]=Tr[h"PgS,($)Prh"T],

where the trace should be taken over the product of spinor
and flavor matrices as well. In fact, this avenue has been
followed in [25]. If decays of particles are considered, how-
ever, such as heavy Majorana neutrino decays, the above
flavor-basis invariance is not manifest. The reason is that,
within the LSZ formalism, theS-matrix amplitude is ob-
tained by amputating the external legs of the Green functions
with inverse propagators defined in the mass basis and any
basis transformation will affect th&-matrix expression for

the decaying particle.

Therefore, it is essential to introduce a method that always
makes reference to the decay of the neutrinos in the diagonal
107 el bl ] mass basis. To accomplish this, one has to truncate the Green

10 10 1 10 10 function, e.g.,73™S,(p), for the decayn;—I~x*, in the
(myylmy;) = 1 following scheme:

LVARBEALIL

CP asymmetries
L
1=
LU IIIII
|
o 4
=z
V4

10
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FIG. 6. Numerical estimates @P asymmetries as a function of 2 _ +am ne n 12t
my, /My, —1 in scenarig(ll). Sun, (P)=T ™ Sn(P) (U™ Pr+U"P ) (Z PR
—12tp \ (& -1
perform our calculations in a basis in which the two heavy +Zg T PLI(S)ii (D) un,(P), (4.3

Majorana neutrinogy; andn,, say, span a nondiagonal mass . .
matrix. The heavy Majorana neutrinos and n, are then WhereZ =7y due to the Majorana property of the heavy

related to the neutrinas; andN,, defined in the mass basis, neutrinos and summation over not displayed indices is im-

through the unitary transformation plied. Note that7 ™ in Eq. (4.3 is calculated in the non-
diagonal basis. We must remark that our field-theoretic ap-
n, . N, ng . N, proach to solving the problem of flavor-basis invariance
N, =U N, '\, =U N, (427 leads to nonvanishinG P asymmetries proportional to the
R R L L flavor-basis-independent combination &P invariance
The 2X 2 unitary matrixU" relates the physical and nondi- given |n. Eq.(2.8). In_parycular, in the limit (nN_zmel)—>O,
agonal mass matrices in the following way: the vanishing ofsy in Figs. 4a? and 5a) exp_I|C|tIy demon-
strates that our numerical estimates describe genuine effects
NMY=uUnTMPU", (4.29 of CP violation.
It is now helpful to see how the various kinematic param- V. LOW-ENERGY CONSTRAINTS

eters transform under the action of". In particular, the
inverse propagator matriS,]l(p) undergoes a change de-
pending onS,jl(p), which is given by

If heavy Majorana neutrinos are not much heavier than
few TeV[40], these novel particles may then be produced at
high-energyee [41], ep [42], andpp colliders[43], whose
subsequent decays can give rise to distinct like-sign dilepton
signals. If heavy Majorana neutrinos are not directly ac-
cessed at high-energy machines, they may have significant
nondecoupling quantum effects on lepton-flavor-violating
decays of theZ boson[44,45, the Higgs particle ifl) [46],

Sy(P)=(UMPr+U"TP)S,(P) (U™ PRr+U"P,), and ther and u leptons[47]. Their presence may cause
(4.30  breaking of universality in leptonic diagon@-boson[48]
and 7 decays[38] or influence[49] the size of the elec-
where Sy(p) and S,(p) are the 2<2 propagator matrices, troweak oblique paramete® T, andU [50]. In fact, there
evaluated in the two different heavy neutrino bases. Finallyexist many observablegs1], including the r-polarization
the Yukawa couplingg=(h,;,h,,), defined in the mass ba- asymmetries and neutrino-counting experiments at the
sis, are related to the Yukawa couplirtgs=(h}}; ,h}}) ofthe  CERN Large Electron Positron Collidét.EP1) or at the
nondiagonal basis, via the unitary rotatiba-h"U". SLAC Linear Collider(SLC), to which Majorana neutrinos

Given the aforementioned transformation of the Yukawamay have sizable contributions. However, if the out-of-
couplings and that of the resummed propagators in4&8§0 equilibrium constraints are imposed on all lepton families of
under a basis rotation, it is not difficult to show that thethe model[cf. Eq. (4.23)], all these non-SM effects men-
propagator part of thé&-matrix amplitude for the process, tioned above are estimated to be extremely small at the tree
eg.,l xt—=1"x", or one-loop level. For example, typical tree-level terms

Sy (B) = (UMTPR+U"PL)S, H(B) (U PR+ U™ Py).
(4.29

This in turn implies that
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breaking charged-current universality i decays due to X~
heavy Majorana masses depend linearly on the ratio -
2 2 7 AN
[hyv /mNi and are therefore very suppressed. Moreover, _ / _\ N], _
one-loop-induced flavor-changing decays of thboson are c —L e e: L e :e
also very small, of order N; /
_\ ~ - / -
ay |hiv]? v? s (1 Tev 2 X X
T =10 , (5.2)
T my, My My, y

at the amplitude level, withx,, being the SW2), elec-
troweak fine-structure constant.

It is known that below the critical temperatufg of the
first-order electroweak phase transition, the Higgs boson a
quires a nonvanishing VEY6]. This leads to nonzero light-
neutrino masses, which may be obtained from the five
dimensional operator

FIG. 7. Typical two-loop diagram contributing to the EDM of
electron.

Bound is f./€)<10 26 cm[52]. In particular, this bound is
crucial, since it may impose a constraint @P-violating
operators similar to those that indu€eP violation in heavy
Majorana neutrino decays. In our SM extension with right-

R 2 02 handed neutrinos, the contribution to the EDM of electron
LY(®TD)LhT(M") " th=wv{y, > h? —. (5.2  arises at two loopE53]. A typical diagram that gives rise to
=1 N; an EDM for the electron,

However, for the scenariod) and (Il), the light-neutrino

masses g_ener_at(_ed at temperatdresT are much below the L4= ie(%) ETMVYSG(;HAV, (5.3

cosmological limit, i.e.m,<10 eV. Obviously, all the afore-

mentioned limits cannot jeopardize the viability of our mini-

mal new-physics scenarios. is shown in Fig. 7. Following the semiquantitative prescrip-
New-physics interactions may also give large contribu-tion in [53] by making naive dimensional counting for

tions to the EDM of electron, whose experimental uppemy,,my, >My, we find

e

(E) ~Im(hych3chy h3)

2 2
a2 mg vt MMy, (MY, —my,) n(le)

w
16m” MG My, (Mg +mg )? My

~10" %" cm Im(hych3chyh3)

My, My (mﬁ _ml%l ) [my
1 2 1 2 n 1 , (54)

2 2
(Mg, +my,)? My

where the remaining factor depending on the masses of thereserve the individual quantum numbeB$3—-L;, e.g.,
heavy Majorana neutrinos only in E¢.4) is usually less B/3—L,. Also, an excess it will be converted into the
than 1. It is then obvious that the above EDM limit may beobserved asymmetry irB. Most interestingly, the so-
important, if|h;|>0.1, i.e., for superheavy Majorana neutri- generated BAU will not be washed out, even if operators that
nos with mNi>1011 TeV. On the other hand, stability of the Vviolate L, andL . are in thermal equilibrium provided that

Higgs potential under radiative corrections requires thaPOSSibIe e LH)' and (I_e'—LT)—vioIating' inte.ractions are
Ih;|=0(1) [40]. Nevertheless, the EDM bound derived absen{54]. For instance, this can be realized if there are two
I . ’

above gets less restrictive when the mass difference betweerirgr’ht'hande neutrinos that mix with _th_e el_ectr_on family OP'V

N; andN, is much smaller than the sum of their masses i.e.and produr_:e th_e BAU, and the re_rr)ammg.lsosmglet neutrinos
! 2 . ) ' “="strongly mix with theu and = families. This class of heavy

(my, —my,)/(my, +my,) <1, and is practically absent for \1aiqrana neutrino models may predict sizable new-physics

values of the parametef, <10~ 2. As a consequence, in our phenomena, which have been mentioned above and can be

analysis, we have only considered scenarios Wwithprobed in laboratory experiments.

[hy1],]h2| =102, on which the EDM constraint in E¢5.4)

is still weak.

In the above discussion of low-energy effects, we have
assumed that the out-of-equilibrium constraint given in Eq. In this section, we write down the relevant Boltzmann
(4.23 applies to all lepton families. As we have seen in Secequationg3,4,55,56, which determine the time evolution of
IV, one lepton family is sufficient to get theé P asymmetries the lepton-number asymmetries. Then, we solve these equa-
required for the BAU. Furthermore, sphaleron interactiongions numerically and present results for the expected BAU

VI. BOLTZMANN EQUATIONS
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within the two different democratic-type scenarii$ and  elastic scatterings but the processes responsible for a change
(Il discussed in Sec. IV. Last, we give estimates of theof the number of particles are out of equilibrium. These out-
finite-temperature effects, which may have an impact on thef-equilibrium reactions are described by the Boltzmann
resonant phenomenon GfP violation due to mixing. equationg6.1) and(6.2). Finally, there may exist additional
The Boltzmann equations describing the time evolution ofcontributions to the Boltzmann equatiofi?], coming from
the lepton asymmetry for a system with two heavy Majorangyrocesses such ENiL—>q’*—>Qit_Ry NiQi—>Lt_R, where
neutrinos are given b}s5,12 Q; (i=1,2,3) denotes the usual quark isodoublets in the SM.
These reactions as well as those of the kind"— LLC are
dny, N, still very weak to wash out the BAU generated by the direct
TR L i ﬁ_l N (6.1 heavy Majorana neutrino deca8], as long as the out-of-
Ni equilibrium constraint on the Yukawa couplings in Eqg.
(4.23 is imposed. Hence, we have neglected these small
n. depletion terms.
g Yo Before we evaluate numerically the Boltzmann equations
l written above, it will prove helpful to make the following
(6.2 substitutions:

wherenNi, n_=n,—n; are the densities of the number gf My 1 2
1

and the lepton-number asymmetry, respectively, aifcand X=—, t= SHT) ~2A=T)"
n;% are their values in thermal equilibrium. The Hubble pa-
rameterH = (dR/dt)/R determines the expansion rate of the \ich js a good approximation for the radiation dominated
Universe and also depends on the temperalyterough the  pha56 of the Universe. We assume the heavy-neutrino mass
relat|on.|r.1 Eq.(4.22. In Egs.(6.1) and(6.2), yy, andy, are hierarchymy <my, for the two right-handed neutrino sce-
the collision terms given by narios (1) and(Il), given in Sec. IV. Furthermore, we intro-
) duce the quantitie!z!Ni =Ny, /sandY_=n_/s, wheres is the
_ nqul(mNi/T) I 6.3 entropy density. In an isentropically expanded universe,
NN Kz(mﬁ,_lT) Ni» ' the entropy density has the time dependence
: s(t)=constx R 3(t) and may be related to the number den-
- sity of photonsp,,, ass=g, n,, whereg, is given after Eq.
_ ” /2 / (4.22. For our discussion, it will be more convenient to de-
=— K T . 4 .
Yo 8W4fo dss 1(\/§/ Jo'(s) €4 fine the parameters

(6.5

Here, K,(z) and K,(z) are the modified Bessel functions K1(X) FNl Ko(X)K1(£X) l“N2

) : e ) ; K= , = -, (6.6
defined in[57]. In addltl9n,FNi andg’(s) are, respt.actlvely, K00 Hx=1)' ¥~ Ky (Ko €X) Ty, (6.6)
the usualT=0 expressions for the total decay width M&f

and the cross section of the-22 scatterings, involving thie N . -
and® states, which are taken here to be massless. The Ia’[tgvr'th g_m'\‘zlle' Making use of the above definitions and

comprises the scatterings, i.eL®—Ld' and its relatio_ns among the paramg?ers, we obtain the .Boltzmann
CP-conjugate process®—LCd. In fact, the cross section €quations for the new quantitié§, , Yy,, andY,, viz.

o' (s) is calculated by subtracting all those real intermediate

contributions that have already been taken into account in the dYNl

direct and inverse decays of heavy Majorana neutr[dds ax —(YNl—Yﬁql)KXZ, (6.7
Therefore, y, may be regarded as an additional
CP-conserving depletion term, which can be shown to be of
orderhﬁ in the Yukawa couplings; i.e., one formally finds dYNz
that y,~ yﬁ,i in the narrow width approximatiofb5]. dx

In writing down Eqgs.(6.1) and (6.2), several applicable
assumptions have been made, which are also reviewed in dY_
Ref. [55]. First, we have considered the Friedmann- gy
Robertson-Walker model in the nonrelativistic limit. Second,

=—(Yn,~ YR ¥KXZ, 6.9

=| (Yn, = YRD On, + (Y, — YR ¥On,

we have adopted the Maxwell-Boltzmann statistics, which is eq eq eq Yo 5

a good approximation in the absence of effects that originate 59 YUY T YY)~ 0x YLYle KXx*.
from Bose condensates or arise due to degeneracy of many !

Fermi degrees of freedom. Third, we have assumed that the (6.9

lepton and Higgs weak isodoubldtsand ® are practically

in thermal equilibrium, and neglected high ordersiyn®  In our numerical analysis, we shall neglect the Yukawa cou-
and dy.. In this context, it has also been assumed that theling suppressed term in E¢6.9), which is proportional to
different particle species are in kinetic equilibrium; i.e., the Yo SINC€¥,<yy,. Moreover, the heavy-neutrino number-
particles may rapidly change their kinetic energy throughto-entropy densities in equilibriun’f,ﬁ?(x), are given by[4]
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3 * 3 '2 T LI T LILLBLELLLI T mrrrrrr T rmrrrrrn
€0 () — 2_v2n—7_ 2 = [ T T T i
YN1(X) 89, L dzzJz*—x‘e 89, XK, (X), 3, : ) = 10TeV ]
610 = *F hy =107, hy =107 (1+i) E
=) B B
and Yy (x) = Yx(¢x). The differential equationés.7)—(6.9) St e g
are solved numerically, using the initial conditions 8 F RN )
. .
Yi,(0)=Yy,(0)=Y¥(0)=Y§(0) and Y, (0)=0. T i — -
6.1 : ' ]
I :
These initial conditions merely reflect the fact that our Uni- " _ _______ _
verse starts evolving from a lepton symmetric state, in which ™ . ]
the heavy Majorana neutrinos are originally in thermal equi- |- F | A T BT
librium. After the evolution of the Universe until tempera- 1072 10" 1 10 10°
tures much belowny, , a net lepton asymmetry has been x=my, IT
created. This lepton asymmetry will then be converted into @
the BAU via the sphalerons. During a first-order electroweak
phase transition, the produced excesd iwill lead to an - -2 ——rrmM——TM—T—TTTTT—T—TTTm
excess irB, which is given by(8,56] = My, = 10° TeV ]
BN+ 4N . L *F hy =107, hy, =107 (1+i) E
+ S - ]
— -9 TH ~—_ s ]
YE‘_22Ng+ N, et T3 (12 il: ]
s RSO -

o

whereYg=ng/s, Ny is the number of generations, aNg, is
the number of Higgs doublets. The observed BAU is .9
Y3P=(0.6—1)x 10" 1°[55], which corresponds to an excess

of leptons—YP*~107°-10 % In the latter estimate, other -2 | /0 eeeee Xy =01 -
alternatives for generating the BAU are also considered, C =10 ]
which may arise from the conversion of an individual lepton "M F /"y s Xy =10 -
asymmetry{54] only, e.g.,L., into the BAU. 16 L T T

In Fig. 8, the observed range fof, denoted a®?™s is 1072 107! 1 10 10°
indicated with two confining horizontal dotted lines. Further- = T
more, we display our numerical estimates Yf(x) as a (b) v
function of the parametexszllT, for selected heavy-
Majorana-neutrino scenarios, stated in E4.24). Specifi- FIG. 8. Lepton asymmetries for selected heavy Majorana neu-

cally, Fig. 8a) shows explicitly the dependence ¥f onx, o scenarios.

for the three different values of the parameterpaye also checked th&P violation and hence BAU van-
Xy=my,/my, —1=10"% 10°° and 10'%in scenario(l).  jshes in the limitxy— 0, i.e., when the two OS-renormalized
In this scenario, the lightest heavy Majorana neutfihchas  heavy-neutrino massed; and N, are exactly equal, as it
a massmy, =10 TeV and the values of the Yukawa cou- should be on account of tHéP invariance condition in Eqg.
plings areh;;=10"° and h,,=10"%(1+i). The parameter (28 _ , , ,

Xy is & measure of the degree of mass degeneradyfand Figure 8b) gives numerical estimates ¥} as a function
N,. For comparison, it is worth mentioning that the degree off X; fgg scenarlo(ll)._ln t,hz's model,_ wgzhavg chosen
mass degeneracy betweéf and Kg is of order 1015, my,=10" Tev, andh;,=10 .and hiz=10"%(1+i). We
which is by far smaller than the one considered here. Sincélso present results for three d_|fferent values of t.he pargmeter
¢'-type CP violation is very small in scenaridl), as has Xn» Xn=0.1, 1, and 10. In this largen, scenario, a high
already been discussed in Sec. IV, one has to rehfCéh  degree of degeneracy fof; andN is not required in order
violation through heavy-Majorana-neutrino mixing. We find to get sufficientCP violation for the BAU. In fact, thee-
that for small heavy-neutrino mass splittings determined byand ¢’ -type contributions to the decays of heavy Majorana
Xy, With xy being in the range between 19and 108 a  neutrinos are of comparable order and should both be taken
sufficiently large leptor(baryor asymmetry can be gener- into account. Again, one finds numerically an appreciable
ated. The significance of ous-type CP-violating mecha- excess of leptonsy, , within the observed rang¥®. For
nism may be seen from the fact that in democratic-type scethe scenario withxy=10, we obtain positive values fof,
narios, i.e., in models with all Yukawa couplings being of up to x=0.5. This small excess of leptons is rapidly erased
the same order as those considered here, heavy Majorabg the N, heavy neutrino decays, which are almost in ther-
neutrinos with masses as low as 1 TeV can still be respormal equilibrium. At lower temperatures, i.e., fee0.5, the
sible for the excess of baryons, found by observational meaaeaviest heavy Majorana neutrid, gets decoupled from
surements. Of course, for largeg values, e.g.xy>10"8, the system, and out-of-equilibriubt; decays will eventually
the BAU is getting much smaller tha(fbs. Furthermore, we produce a nonzero value fi¥f at the observable level. Since
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the e- ande’-type contributions are formally of orddﬂﬁ in [61]. If My;>350 GeV,M4(T)/T is getting larger than 1,
this highly nondegenerate scenario, other collision terms oWhich signals the onset of a nonperturbative regime and pure
order hﬁ may also be significant, such as the scatteringgerturbative methods may not be sufficient to deal with very
OLC— DL and PPT—LLC [12,58. However, the inclu- heavy Higgs bosons. For temperatufiesear to the critical
sion of these additional effects will not quantitatively affect temperatureT,, Mg(T)/T will be smaller because of the
our numerical results much, as long as the constraint in Ecguppression factor (#T2/T?) in Eq. (6.13. It appears that
(4.23 is valid. low-scale leptogenesis is less affected by finite-temperature
In our numerical analysis presented above, we have natffects, even though one can always choose larger Yukawa
taken into account other effects, which might, to some ex<ouplings to enhancENi(T) in the light-Higgs-boson sce-
tent, affect the resonant condition, given in E425. Apart  nario. In either case, the resonant phenomenon of mixing-

from the intrinsic width of a particle resonance, there may benducedCP violation plays a crucial e to generate suffi-
an additional broadening at high temperatures, due to colliciently largeCP asymmetries.

sions among particles. Such effects will contribute terms of

order h to the totalN; widths and are small in general VIl. CONCLUSIONS

[4,59. Of the most importance are, however, finite-

temperature effects on th€=0 masses of the particles. =~ We have studied the impact of tlee ande'-type mecha-
Since SM gauge interactions are in kinetic equilibrium in thenisms forCP violation on generating the excess of baryons
heat bath, they can give rise to thermal masses to the leptoetected in the Universe. As for the scenario of baryogenesis,
and the Higgs fieldd60-62. These thermal masses are we have considered that out-of-equilibriumviolating de-

given by cays of heavy Majorana neutrinos produce an exceds, in
which is converted into the observed asymmetry Bn
mf(T) 1 S through the B+ L)-violating sphaleron interactions. In Sec.
?23—2(39 +9'%)~0.044, I, we have described minimal extensions of the SM with

right-handed neutrinos, which can predict nearly degenerate
heavy Majorana neutrinos without resorting to a fine-tuning
of the mass parameters. Such models may naturally occur in
certain subgroups of S@O0) [28] or Eg theories[29]. In a
one-lepton family model, the presence of two right-handed
whereg andg’ are the S(2), and U1)y gauge couplings neutrinos is sufficient to give rise to the nontrivial
at the running scale M,, respectively, and CP-violating combination of Yukawa couplings, given in
d:[ZM\Z/\/+ M§+ th2+ Ma]/(ng)_ The critical tempera- Ed. (2.9). As has been demonstrated in Sec. IV, our physical

ture T, calculated at one loop may be obtained frfg] CP asymmetries depend indeed on t@iB-odd invariant. In
addition, particular emphasis has been laid on the renormal-

M3(T)
T2

TS
RE

; (6.13

1 3 ization of the Yukawa couplings in the minimally extended
T§=m ME— ———(2My+M3—4mf) model.
8mv In the conventional perturbation theory, the wave-
function amplitude becomes singular, whenever the degener-
————(2M3,+M3)2|. (6.14  ate limit of the two mixed heavy neutrinos is considered.
8dnw%v* Several effective methods have been proposed to solve this

problem, such as diagonalizing the effective Hamiltonian of
Although the isosinglet heavy neutrinos do not have treethe two-heavy-neutrino systeffi6,21]. The results obtained
level couplings to the SM gauge bosons, the difference bewith these methods show a resonant enhancemert Rf
tween the thermal mass df; and its respective zero- violation, when the two heavy-neutrino masses are getting
temperature mass will proceed through Yukawa interactiongloser. Such a resona@tP-violating phenomenon is in line

[60], i.e., with earlier studies ifi22]. Unfortunately, the methods based
) ) on diagonalizing the effective Hamiltonian are not analytic,
my, (T —m§,(0) 1 , if the effective Hamiltonian itself is not diagonalizalji25].
T = 1_6|hli| . (6.19  Therefore, it is important to compare the results obtained for

the CP asymmetries with a more rigorous field-theoretic ap-

Such aT-dependent shift in the masses N is very small proach. In Sec. lll, we have extended, in an effective man-
! ner, the resummation formalism for particle mixing, which

and may be safely neglected in the mass difference

2 = . . . was applied to scatterings [25], to that of the decays of
le(T) mNz(T)’ which enters the analytic expressions for particles. The resummed decay amplitudes possess all the

resonantCP violation [see, e.g., Eqs(4.12 and (4.13].  desirable field-theoretic properties and exhibit an analytic be-
Making now use of Eq5(613 and (614), the authors in havior in the mass degenerate limit.

[62] find that 0.5<M¢(T)/T<2, whenMy, varies from 60 In Sec. IV, we have used the aforementioned field-
GeV up to 1 TeV, forT>T.~200 GeV. In particular, one theoretic approach to perform a systematic analysis otthe
obtains Mg(T)/T=<0.6, for My<<200 GeV. In this Higgs ande’ types of CP violation in theL-violating decays of
boson mass range, the effective decay widths of the heaweavy Majorana neutrinos. For illustration, we have consid-
neutrinos I'y (T) will be reduced relative tol'y (0) by  ered minimal extensions of the SM with two right-handed
70—-80 %, because of considerable phase-space correctioneutrinos. We have found thattype CP violation is reso-
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nantly enhanced up to order of unity, if the mass splitting ofC P-violating phenomenon is obtained from solving numeri-
the heavy Majorana neutrinos is comparable to their widthscally the Boltzmann equations. Numerical estimates reveal
as is stated in Eq4.25, and if the parametes.p defined in  that Eg-type scenarios, which naturally predict a certain de-
Eq. (4.26 has a value close to 1. In our view, these twogree of degeneracy between the heavy Majorana neutrinos,
necessary and sufficient conditions for resor@Rtviolation ~ are able to account for the present excess of baryons. In
of order unity constitute a novel aspect in the leptogenesi§onclusion, even if all heavy Majorana neutrinos have
scenario, which have not been pointed out in their most exMasses as low as 1 TeV and all couple to the lepton and
plicit form before. Taking full advantage of the mechanismHiggs isodoublets with a universal Yukawa strength, they
of resonaniCP violation, one may consider scenarios with ¢&n Still be responsible for the BAU observed in our epoch,
nearly degenerate heavy Majorana neutrinos at the TeV scaR—:y means O_f the resonant mechanismQ## violation pre-

and all Yukawa couplings being of the same order, whichSented in this paper.

can still be responsible for the BAU. In this kinematic range,

the &’-type contributions are extremely suppressed. Of ACKNOWLEDGMENTS
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the above degeneracy is required in order to get sufficiently The author wishes to thank Emmanuel Paschos for useful
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TeV leptogenesis, Witle~1 TeV, is to assume an hierar-

chic pattern for the heavy Majorana masses and the Yukawa
couplings, e.g.my,>my, andh;,>h,;. Such scenarios were

thoroughly investigated ifiL2,13, and therefore we have not In this appendix, we list the analytic expressions for the
repeated this analysis here. On the other hand, a wide rang@e-loop self-energies of the Higgs and fermion fields as
of heavy-neutrino masse¥,<my <10° TeV, is still able to ~ well as the one-loop vertex couplings'IN;, x°»N;, and
account for the BAU, even if all Yukawa couplings are of the H»1Ni . Detailed discussion of mixing renormalization for
same order. We can hence conclude that the twdirac gnd Majorana fermion theories may be found38]
CP-violating mechanisms under consideration are, to a gregtnd Will not be repeated here. Instead, we present the rela-
extent, determined from the flavor structure of the neutrindions between the wave-function CT's and unrenormalized
mass matrix and the flavor hierarchy of the Yukawa cou-Self-energies. Our analync results will be expressed in terms
plings in the model. of standard loop integrals presented [63], adopting

In Sec. V, we have presented estimates of low-energy’® signature  for the Minkowskian —metricg,,
constraints on our minimal model, coming mainly from the =diag(1-1,—1,—1) (see also Appendix A of Ref64]).
electron EDM. The two-loop EDM bound derived is found _The Feynman rules used in our calculations may be read
to be not very severe in order to rule out the leptogenesi8ff from the Lagranglgr(02.4). We first compute the Higgs
scenario and is practically absent if the heavy Majorana neus€lf-energiesy”x~, x“x", andHH, shown in Figs. (d)—-
trinos are nearly degenerate. In Sec. VI, we have briefly disl(f)- They all found to be equal, viz.
cussed the implications of finite-temperature effects for our

APPENDIX: ONE-LOOP ANALYTIC EXPRESSIONS

resonantly enhance@dP violation. Although temperature ef- I, - (pH)=11,0,0(p?) =ITxu(p?)

fects on the heavy-Majorana-neutrino masses are very small, g )

because isosinglet neutrinos interact quite feebly with the _E [hil 28 (02 m2 o
Higgs fields in the thermal bath, the final leptons and Higgs A& g LM, Bo(P%.M,.0)

fields acquire appreciable nonzero thermal masses. As a con-

sequence, there will be a reduction of the widths of the heavy + pZBl(pz,mﬁ,,,O)]. (A1)
Majorana neutrinos, relative to their respective values at '

T=0, due to a phase-space suppression. The size of the
duction of theN; widths depends crucially on the zero-
temperature Higgs-boson mads, . For M ;<200 GeV, the
effective decay width of;, FNi(T), is estimated to be of the Higgs doubletb.

smaller thanl’y (0) by 80% at most. This will roughly lead " 1,5 jhdividual contributions to the one-loop fermionic
to an 80% decrease of tHeP asymmetries, calculated at transitiond’'—1, v — v, andN;— N; are displayed in Figs.
zero temperature. In this respect, the resonant phenomenayy), 1(h), and 1j), respectively. Explicit calculation of the
of CP vioIationAthrough mixing of heavy neutrinos plays a fermion self-energy transitions gives

very important rée for leptogenesis, since-type CP viola-

tion can still be large for heavy-neutrino mass differences MR b p¥

comparable to the effective decay widthg, (T). Finally, Spp)=— i P By(pZm? ,0) (A2)
further support for the viability of the resonantly enhanced ! S oep2 BN N

r‘?ﬁus, the universality of the divergent parts of the wave
functions 6Z -, 6Z,0, and 52y is evident if one calculates
6z73V= —Rell'%(0) from Eq.(A1), for all field components
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wg extra propertiess; (p?)=3;*(p?) and 3f(p?) =3} (p?).
Evlv.,(b)?E _2{(h|*;h|,ipPR+ hihy, BPL) Adapting the results of38] to our model, we obtain the
i=1 327 wave-function CT’s
2 2 2 2 2
X[B1(p*,my,,0) +B1(p*,my. . Mi))] 6zt =—3t(m})—2m?st (m?) —m[ M (m?)

+my (h*h. Pr+hhPO[B1(p%mz.,0 1
T (O i P PP POTB (B, O FEI ()] (S ) — Sl ()]

—By(p%my MP)1}, (A3)
| (A6)
and, fori#j,
ng 1
S (B)=—2 — (hihypPe+hyhipPy)
: (=1 16 9
3 1 8Zj;=——— M (mf) +mm 3 5* (mf) + m X (mf)
x| 5B1(p?.0,0)+ 5B1(p>.0Mf) |. (Ad) my’—mj
Note that the light-neutrino self-energi&s, , () contain +m I} (m?)]. (AT)

nonvanishing mass terms in the limt—0. Even though  The wave-function renormalization of charged leptons may
these contributions vanish WhMHHO, Fhey are nonzero at pe recovered from Eq$A6) and (A7) if one drops all terms
T=0, becauseM#0, and light neutrinos may hence re- gepending ork!(p?) and its derivative. At this point, it is
ceive small radiative mass¢65]. However, the latter are jnnhortant to remark that there will be additional contribu-
generally controlled by the mass differences of the heavyions to our wave-function CT’s of the Higgs and fermion
neutrinos and/or the Higgs Yukawa couplingg. If the  fie|ds from the gauge sector of the SM@4]. For example,
range of parameters relevant for the BAU is considered, aghere are nonzero thermal mass effects on the particles in-
has been derived in Sec. VI, possible experimental limits oj,gjved in the loop, which may further break the wave-
light neutrino masses are estlm_atepl to be not very restrictivey,nction universality of the different components of the
The wave-function renormalization constants can now bﬁHiggs double{60,61. As has been discussed in Sec. I, this
expressed in terms of unrenormalized self-ener8s Be-  ghould not pose any problem to the Yukawa coupling renor-
fore doing so, we first notice that the one-lobp-f; tran-  majization, as long as all differences of the kibd, - — 6Z,
sitions calculated above between the fermidps|, v, ,N; or 8Z,-— 86Z,0 are LV finite.
have the generic form We will now present analytic results for the one-loop cor-
Ay =S L2 R, 2 M, 2 rections to the verticeg™1 *N;, x°»N;, andH»N;, keep-
2 (D) =i (P PPL+ Zij(P7) PR+ 25 (PT)PL ing all My-dependent mass terms. From Fig&)%1(c), we
+21!\i/'*(p2)pR, (A5)  observe that t.he or_1e-|oop coupling’ I *N; procegds via a
AL=2 mass insertion only, whereas the couplings/N;
where only dispersive parts are considered. If the transitionand HyN; can occur through bothL-conserving and
are between Majorana fermions in E45), one then has the L-violating interactions. More explicitly, we have

ne nR mN- mNJ

iVyr-n, = — iU PrUy, jzl 1&“;772 hi’;hi/hi;[Co(0,0mg ,0mg ,0)+C1(0.0my, .0my 0], (A8)
I'=11=
— R My, My, 2 2 2 22 2 2 2
VX0V|N-: - l'IIPRUN- E E —Zh,*,ih|rjhn[Co(O,OmN.,O,mN_,O)+Co(0,0mN.,MH ,mN.,O)+Clz(0,0,mN.,0,mN.,0)
I =1 0=1 32\/577 i i i j i i

1
+C12(0,Omﬁ,i,Mﬁ,mﬁj,O)]+W i i {my,miy [C12(0,0my, 0mg ,0) — C1(0,0my My, mg ,0)]

—lvlﬁ.co(o,o,mﬁ,i M2 ,mﬁ,j,O)}] , (A9)
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h,, hys;hy;[Co(O, OmN ,0 mN ,0)+ Cy(0, O,mN \M? ,mN ,0)+C15(0, OmN ,0 mN ,0)

h, ,ih,*,jh,j{mNimNj[clz(o,omﬁi,o,mﬁ,j,0) —C10,0my M7, ,mﬁj,O)]

(A10)

As can be readily seen from Eq#9) and(A10), the part of the couplingg’»N; andH »,N; that conserves lepton number
is UV finite and vanishes identically in the massless limit of the Higgs boson.

[1] A. D. Sakharov, Pis'ma Zh. Eksp. Teor. F&.32 1967[JETP
Lett. 5, 24 (1967)].

[2] M. Yoshimura, Phys. Rev. Letddl, 281 (1978; 42, 746E)
(1979; S. Dimopoulos and L. Susskind, Phys. Rev.1B,
4500(1978; Phys. Rev. Lett81B, 416 (1979; D. Toussaint,
S. B. Treiman, F. Wilczek, and A. Zee, Phys. Revl® 1036
(1979; S. Weinberg, Phys. Rev. Le#2, 850(1979; J. Ellis,
M. K. Gaillard, and D. V. Nanopoulos, Phys. Le®0B, 1036
(1979.

[3] E. W. Kolb and S. Wolfram, Phys. Let®1B, 217 (1980.

[4] E. W. Kolb and S. Wolfram, Nucl. Phy®8172 224 (1980);
B195, 542E) (1982.

[5] G. 't Hooft, Phys. Rev. Lett37, 8 (1976; N. S. Manton, Phys.
Rev. D28, 2019(1983; F. R. Klinkhammer and N. S. Man-
ton, ibid. 30, 2212(1984).

[6] V. A. Kuzmin, V. A. Rubakov, and M. E. Shaposhnikov, Phys.

Lett. 155B, 36 (1985.

[7] P. Arnold and L. McLerran, Phys. Rev. 86, 581(1987); 37,
1020(1988.

[8] A. Bochkarev and M. E. Shaposhnikov, Mod. Phys. Let2, A
417 (1987); 2, 921 (1987; S. Yu. Khlebnikov and M. E.
Shaposhnikov, Nucl. Phy&308, 885 (1988; E. Mottola and
A. Wipf, Phys. Rev. D39, 588(1989.

147 (1989; P.K. Kabir, The CP PuzzléAcademic, London
and New York, 1968

[18] A. Yu. Ignatiev, V. A. Kuzmin, and M. E. Shaposhnikov,
JETP Lett.30, 688(1979.

[19] F. J. Botella and J. Roldan, Phys. Rev4B 966 (1991).

[20] V. F. Weisskopf and E. P. Wigner, Z. Phys.63, 54 (1930;
65, 18 (1930.

[21] J. Liu and G. SegrePhys. Rev. D49, 1342(1994.

[22] A. Pilaftsis, Z. Phys. C47, 95 (1990; A. Pilaftsis and M.
Nowakowski, Phys. Lett. R45 185(1990; Mod. Phys. Lett.
A 6, 1933(199)).

[23] R. Cruz, B. Grzadkowski, and J. F. Gunion, Phys. Let2&3,
440(1992; D. Atwood, G. Eilam, A. Soni, R. R. Mendel, and
R. Migneron, Phys. Rev. Let%0, 1364(1993; T. Arens and
L. M. Sehgal, Phys. Rev. B1, 3525(1995.

[24] A. Pilaftsis, Phys. Rev. LetZ7, 4996(1996.

[25] A. Pilaftsis, “Resonant CP violation induced by particle mix-
ing in transition  amplitudes,”  MPI/PhT/97-002,
hep-ph/9702393, Nucl. Phys. @ be published

[26] J. Papavassiliou and A. Pilaftsis, Phys. Rev. L&&, 3060
(1995; Phys. Rev. D563, 2128(1996; 54, 5315(1996.

[27] H. Fritzsch and P. Minkowski, Ann. Phys$N.Y.) 93, 193
(1975.

[9] For a review on non-GUT baryogenesis, see A. D. Dolgov,[28] D Wyler and L. Wolfenstein, Nucl. Phy&218 205(1983.

Phys. Rep222, 309 (1992.
[10] V. A. Rubakov and M. E. Shaposhnikov, Usp. Fiz. Nali&6,
493 (1996; Phys. USP39, 461 (1996.
[11] M. Fukugita and T. Yanagida, Phys. Lett.184, 45 (1986.
[12] M. A. Luty, Phys. Rev. D45, 455(1992.
[13] C. E. Vayonakis, Phys. Lett. B86, 92 (1992.

[14] P. Langacker, R. D. Peccei, and T. Yanagida, Mod. Phys. Lett.

[29] E. Witten, Nucl. PhysB268 79 (1986; R. N. Mohapatra and
J. W. F. Valle, Phys. Rev. B4, 1642(1986); S. Nandi and U.
Sarkar, Phys. Rev. Leth6, 564 (1986; J. W. F. Valle, Prog.
Part. Nucl. Phys26, 91 (1991).

[30] J. C. Pati and A. Salam, Phys. Rev.1D, 275(1974).

[31] See, e.g., R. N. Mohapatra and P. B. Ré&ssive Neutrinos in
Physics and Astrophysi¢sVorld Scientific, Singapore, 1991
Sec. 7.3.

A1,541(1986; R. N. Mohapatra and X. Zhang, Phys. Rev. D [35] G ¢. Branco, M. N. Rebelo, and J. W. F. Valle, Phys. Lett. B

46, 5331(1992; K. Enqvist and |. Vilja, Phys. Lett. B99,
281 (1993; W. Buchmiller and T. Yanagidaibid. 302 240
(1993; M. Plumacher, Z. Phys. @4, 549(1997; L. Covi, E.
Roulet, and F. Vissani, Phys. Lett. 834, 169 (1996; W.
Buchmiller and M. Plumacher,ibid. 389, 73 (1996.

[15] J. Liu and G. SegrePhys. Rev. D48, 4609(1993.

[16] M. Flanz, E. A. Paschos, and U. Sarkar, Phys. Let84B 248
(1995; M. Flanz, E. A. Paschos, U. Sarkar, and J. Welsisl,
389 693(1996; L. Covi and E. Rouletibid. 319, 113(1997).

[17] For a review, see, E. A. Paschos and Utkey Phys. Repl78

225, 385(1989.

[33] J. Bernabe, G. C. Branco, and M. Gronau, Phys. Let69B,
243(1986.

[34] J. G. Kaner, A. Pilaftsis, and K. Schilcher, Phys. Rev.40,
1080(1993.

[35] M. Veltman, PhysicdAmsterdam 29, 186 (1963.

[36] H. Lehmann, K. Symanzik, and W. Zimmermann, Nuovo Ci-
mentol, 439(1955; N. Bogoliubov and D. Shirkov, Fortschr.
Phys. 3, 439 (1955; N. Bogoliubov, B. Medvedev, and M.
Polivanov,ibid. 3, 169 (1958.



56 CP VIOLATION AND BARYOGENESIS DUE TO HEAVY ... 5451

[37] For reviews, see, e.g., K.-l. Aoki, Z. Hioki, R. Kawabe, M. Rev. Lett.71, 2695(1993; J. Bernabe and A. Pilaftsis, Phys.
Konuma, and T. Muta, Prog. Theor. Phys. Suggl.1 (1982; Lett. B 351, 235(1995.
M. Bohm, H. Spiesberger, and W. Hollik, Fortschr. Phg4, [49] S. Bertolini and A. Sirlin, Phys. Lett. 257, 179 (199)); E.
687 (1986. Gates and J. Terning, Phys. Rev. Léff, 1840(1991); P. Roy
[38] B. A. Kniehl and A. Pilaftsis, Nucl. Phy$474, 286 (1996. and E. Ma,ibid. 68, 2879 (1992; B. A. Kniehl and H.-G.
[39] Flanz, Paschos, and Sarkae]. Kohrs, Phys. Rev. D18, 225(1993.
[40] C. T. Hill and E. A. Paschos, Phys. Lett. 1, 96 (1990; C. [50] M. E. Peskin and T. Takeuchi, Phys. Rev_. Lés, 964(199_0;_
T. Hill, M. A. Luty, and E. A. Paschos, Phys. Rev.43, 3011 Phys. Rev. D46, 381 (1992; G. Altarelii and R. Barbieri,
(1992. Phys. Lett. B253 161(199J); G. Altarelli, R. Barbieri, and S.

[41] F. del Aguila, E. Laermann, and P. M. Zerwas, Nucl. Phys. ‘]ad"’_‘Ch‘ Nucl. Phys$3369 3 (1992.
B297 1(1988: M. C. Gonzalez-Garcia, A. Santamaria, and J [51] For instance, see P. Langacker and D. London, Phys. Rev. D
’ AN o . ' ' 38, 886(1988.
W. F. Valle,ibid. B342 108(1990; J. Maalampi, K. Mursula, -
and R Vuopionpé’rdéd 8;72 203 (1992: C E Heusch and [52] Particle Data Group, R. M. Barnett al, Phys. Rev. Db4, 1
' ’ ) T 1996.
P. Minkowski, ibid. B416, 3 (1994). (1996

.. ) [53] D. Ng and J. N. Ng, Mod. Phys. Lett. A1, 211(1996.
[42] W. Buchmuler and C. Greub, Nucl. Phy&363 345(1991; [54] B. A. Campbell, S. Davidson, J. Ellis, and K. A. Olive, Phys.

W. Buchmdler, C. Greub, and H.-G. Kohrshid. B370, 3 Lett. B 297, 118 (1992; H. Dreiner and G. G. Ross, Nucl.
(1992. Phys.B410, 188(1993.

[43] D. A. Dicus and P. Roy, Phys. Rev. B4, 1593(1991); A.  [55] E. W. Kolb and M. S. TurnerThe Early UniversgAddison-
Datta and A. Pilaftsis, Phys. Lett. B78 162 (1992. For a Wesley, Reading, MA, 1989

background analysis of heavy-Majorana-neutrino production afs6] J. A. Harvey and M. S. Turner, Phys. Rev4D, 3344(1990.
the CERN Large Hadron CollidefLHC), see A. Datta, M.  [57] Handbook of Mathematical Functionsedited by M.

Guchait, and A. Pilaftsis, Phys. Rev. 3D, 3195(1994. Abramowitz and I. A. SteguriVerlag Harri Deutsch, Frank-
[44] J. G. Kaner, A. Pilaftsis, and K. Schilcher, Phys. Lett.3B0, furt, 1984.
381 (1993. [58] See, e.g., Pimacher{14].
[45] J. Bernabe, A. Santamaria, J. Vidal, A. Mendez, and J. W. F. [59] L. Covi, N. Rius, E. Roulet, and F. Vissani, hep-ph/9704366.
Valle, Phys. Lett. B187, 303(1987. [60] H. A. Weldon, Phys. Rev. [26, 2789(1982.
[46] A. Pilaftsis, Phys. Lett. B85 68 (1992. [61] M. E. Carrington, Phys. Rev. B5, 2933(1992; J. I. Kapusta,
[47] A. Pilaftsis, Mod. Phys. Lett. A9, 3595 (1994; M. C. Finite-Temperature Field Theory(Cambridge University
Gonzalez-Garcia and J. W. F. Valliid. 7, 477 (1992; 9, Press, Cambridge, England, 1989
2569E) (1994; A. llakovac and A. Pilaftsis, Nucl. Phys. [62] J. M. Cline, K. Kainulainen, and K. A. Olive, Phys. Rev.4D,
B437, 491(1995; G. Bhattacharya, P. Kalyniak, and I. Mello, 6394 (1994).
Phys. Rev. b1, 3569(1995; A. llakovac, B. A. Kniehl, and  [63] G. 't Hooft and M. Veltman, Nucl. Phy8153 365(1979; G.
A. Pilaftsis, ibid. 52, 3993(1995; P. Kalyniak and I. Mello, Passarino and M. Veltmaibid. B160, 151 (1979.
ibid. 55, 1453 (1997. [64] B. A. Kniehl, Phys. Rep240, 211 (1994.

[48] J. Bernabe, J. G. Kaner, A. Pilaftsis, and K. Schilcher, Phys. [65] A. Pilaftsis, Z. Phys. &5, 275 (1992.



