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We study lepton number violating and lepton number conserving semileptonic decays of heavy baryons
A to three charged leptons and a neutrino. The decays occur through two intermediate quasidegenerate
GeV-scale sterile neutrinos of either Majorana or Dirac type that can be on-shell. Interference between the
intermediate heavy neutrinos leads to CP violation in the final states. Effect of neutrino oscillations
between the heavy states are also considered in observables of interests, i.e., branching ratio, and the
CP-asymmetry. Given the present constraints on the heavy-to-light mixing elements |V,y| and |V,y

CP-averaged branching ratio of Ag — (A, p)ppev with intermediate Majorana neutrinos is almost two
orders of magnitude larger than for the same with Dirac neutrinos, whereas, CP-averaged branching ratio of
A) = (A, p)eeuv is of the same order of magnitude for both Majorana and Dirac neutrino induced decays.
CP-violation is found to be appreciable when the neutrino mass difference is comparable with the average

decay widths.
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I. INTRODUCTION

It is now confirmed from neutrino oscillation experi-
ments that active light neutrinos have mass [1-3], albeit
very tiny. The reason for the smallness is yet unknown, but
the very existence of neutrino mass may indicate the
existence of a right-handed gauge-singlet (sterile) counter-
part Np. Whether the Ny, is of the Dirac or Majorana type is
a crucial question and is intricately related to the question
of the origin of neutrino mass itself. If N is a Dirac type
then, tree-level Dirac neutrino mass terms are allowed, but
it leads to an unnaturally small Yukawa coupling for
neutrinos. If the N is a Majorana, then both Dirac type
mass term mp(D; N + H.c.) and Majorana term myN gz Ny
are allowed by the SM. Then, small light neutrino mass
m, ~m2/my, where my, is at the electroweak scale or
lower, arise through “seesaw” mechanism [4—10]. There are
several versions of the mechanism. In type-I seesaw, the
masses of Ny are of the order of a few TeV which leads to
m, <1 eV. Recently, low energy seesaw mechanism has
been proposed where Ny have a mass of the order few
hundreds of MeV to a few GeV [11-18]. These GeV-scale
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seesaw mechanisms can be experimentally accessed at the
intensity and the energy frontier.

Majorana neutrinos distinguish themselves from Dirac
through |AL| =2 lepton number violating (LNV) proc-
esses. Neutrinoless double beta decay (Ovpf) process is
highly sensitive probe of LNV process for light Majorana
exchange [19-22] but enhancement due to GeV-scale
Majorana has recently been shown [23,24]. Due to the
lack of any Ovf3f processes so far, and due to its limitations
to probe LNV in the first neutrino family only, alternative
processes are highly desirable. Majorana neutrino-medi-
ated rare decays of mesons and baryons are useful in this
regard. Interestingly, if Majorana neutrinos exist in nature,
then it will lead to both LNV as well as lepton-number-
conserving (LNC) decays of hadrons. The LNC decays are
not unique to Majorana neutrinos and occur through Dirac
neutrino exchange as well. The aim of this paper is to study
LNV and LNC in AY baryonic decays. Usually, for a too
light or a too heavy sterile neutrino, decay rates are too
suppressed to be observed in the current experiments. But,
if the sterile neutrino masses are within a few hundreds of
MeV to a few GeV, then they can go on-shell resulting in
appreciable decay rates [25,26]. A number of searches of
Majorana neutrino mediated LNV decays are underway at
the LHC and Belle-II which has renewed its interests in the
theoretical aspects including in hadronic decays [25-59],
7-lepton decays [60—65], and different scattering processes
[66-76]. Experimentally, the B~ — z*u~pu~ decay has been
searched by the LHCb [77] and the K~ — #tu~pu~ decay
has been searched by the NA48/2 Collaborations [78]
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and these measurements give the stringent constraints
on the heavy-to-light mixing elements. With large
integrated luminosity expected at the future Belle-II as
well as at the LHC in the future upgrade, the sensitivity
of sterile neutrinos to hadronic decays is expected to
increase.

In this paper we study the rare decay processes Ag -
(Af, ph)¢7¢5¢5 v and their conjugate modes where 7,
¢,, U5 can in general be of different flavors. The decays are
induced by sterile neutrinos that can be either of Majorana
or Dirac types. Two sterile neutrinos N; (j = 1, 2) with
masses my, and my, in the range of a few hundreds of MeV
to a few GeV are considered. In these mass ranges, the
neutrinos can go on-shell, i.e., decay widths FNj_ <L my,.
We are interested in scenarios where the two neutrinos are
almost degenerate, i.e., AMy = my, —my, < my ,my,.
Models with quasidegenerate Majorana neutrinos with
mass in this range have been proposed in Ref. [79]. If the
sterile neutrinos are Majorana then both LNV and LNC
final states will result. If the sterile neutrinos are Dirac,
only LNC final state will result. Irrespective of the nature
of the neutrinos involved, CP violation is expected for
both types of neutrinos. In this paper, we present the
expression for the branching ratios for both the LNV and
the LNC cases. We note that LNV decays of hyperons are
of experimental interest and have been searched by
several experimental collaborations in E, A, and Z decays
[80—82]. We are not aware of such searches in Ag decays.
Theoretically, only Majorana neutrino induced LNV
decays in AY — (AS, p")atuu~ decays were studied
in Refs. [38,59] where neutrinos oscillation effects
were neglected. In this paper, we also include the effect
of neutrinos oscillation in the expressions of the branch-
ing ratios.

We present CP-averaged branching ratios for AM y~T'y,
where I'y = (I'y, +T'y,)/2 is the average decay width.
Due to CKM suppression, Ag — pl16,¢5v has a smaller
branching ratio than A — A.#,#,¢3v. When the decays
occur through intermediate Majorana neutrinos, branching
ratio of Ag — (A, p)eeuv is at least two orders of
magnitude suppressed compared to Ag — (A, p)upev
due to present experimental upper bounds on the heavy
to light mixing elements |V,y[* < 1075, |V y[* < 1077
On the other hand, when the decays occur through
intermediate Dirac neutrinos, the CP average branching
ratios of A) — (A, p)upev and A) — (A, p)eeuv are of
the same order of magnitude. Comparing Majorana and
Dirac neutrino induced decays, we find that for A) —
(A, p)puer the branching ratio with intermediate
Majorana is almost two orders of magnitude larger than
that with intermediate Dirac. But for the AY —
(A, p)eeuv the branching ratios are of the same order
of magnitude for Majorana and Dirac cases. The CP-
asymmetry is sensitive to the heavy neutrino displaced

vertex length L, and maximum CP-violation is obtained
in the region where the CP-odd phase is 7/2, AMy ~ Ty,
and L ~ L., where L. is the heavy neutrino oscilla-
tion length. For large values of L, the CP-violation is
suppressed.

The paper is organized as follows. In Sec. II we give a
generic formalism including neutrino oscillation for the
case of By = B,/1¢5¢5v and its CP conjugate mode
B, — B,¢{¢5¢50 mediated by degenerate on-shell both
Majorana and Dirac neutrinos. In Sec. III we perform the
numerical analysis and the results are summarized in
Sec. IV. Some details of our derivations are given in the
Appendixes.

II. FORMALISM

Our calculations are based on a model where the left-
handed neutrinos of the SM SU(2) doublets are accom-
panied by two right-handed sterile neutrinos N; and N,.
The relation between the SM flavor eigenstates v, and the
mass eigenstates v;;, Ny, N, is

Ci=e .y ,7°.

3
Ve =

VewbistVen Nt Ven,No,
i=1

(2.1)

The heavy to light mixing elements V, y, and V, y, are the
free parameters of our model which can be constrained by

Uy —>—1u
Nd—— 4B
b ——————>— 1

vy —>—1u
Nd—— 4B,
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FIG. 1. Figure (a) and (b) represent the LNV processes for
direct and crossed channel diagram respectively. Figure (c) and
(d) represent the LNC processes for direct and crossed channel
Feynman diagram respectively. Here ¢ is the charm and up quark
for B, = A} and proton (p™) respectively.
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experimental data. The parameters in general can be
complex. We assume a convention that V, v is the mixing

between a negatively charged lepton and a sterile neutrino
and define a CP-odd phase ¢, N, as
Ven, = |Vf,N,-|el¢["N"a j=12 (2.2)
Under the assumption of CPT conservation, a Majorana
neutrino differs from a Dirac neutrino in the fact that the
former needs only two degrees of freedom (two helicities)
compared to the latter’s four (two helicities each for particle
and antiparticle). Another important difference between the
two lies in how the PMNS mixing matrix is parametrized
for them. For Dirac neutrinos, the PMNS matrix can be
parametrized in terms of three mixing angles and one CP-
violating phase which is called the Dirac phase [83]. For
Majorana neutrinos, two additional CP phases, called
Majorana phases, are needed.
|

LNV: (l) fl :fz = MU,
LNC: (l) f] :Lﬂz = MU,

£3=e,v=1p;

C3=e,v="1p;

To clarify our convention, when the decay is LNV, the ¢,
¢, are assumed attached to the vertexes of the sterile
neutrino and the Z;v pair comes from a W. When the decay
is LNC, the ¢, 5 are assumed attached to the vertices of
the sterile neutrino and the Z,v pair comes from a W. The
Feynman diagrams for these relevant processes are shown
in Fig. 1. The dominant contributions come from two
“s-channel” topologies, direct(D), and cross-channel. There
are no “t-channel” diagrams for these processes. The decay
rates are appreciable if the sterile neutrinos have kinemat-
ically allowed masses

Our interest is to calculate A — (Af, pT)£7¢65¢65v
decays and their conjugate modes. Depending on the
flavor of the neutrinos that are unobserved, the
decays can be either LNV or LNC. For example, Ag -
(AL, ph)e7e5¢5vis LNV if vis vy, but it is LNC if v is
Uz,. The LNV decays occur due to Majorana neutrinos
whereas LNC decays can happen either due to Majorana or
a Dirac." At the LHC, the reconstruction efficiency of tau
leptons are is smaller than muon and electrons. Moreover,
the tau leptons in the final state are also expected to give
severe phase space suppressions. For these reasons, we
neglect tau leptons. To reduce the dominant electromag-
netic backgrounds we also avoid the events where two
leptons of opposite charges are present. Therefore, we will
study only the following combinations of leptons in the
A) = (A, p*)¢7¢5 €5 v decays. Depending on the flavor
of the unobserved neutrinos the final states can be either
LNV or LNC.

(i) )=ty =e, C3=p, vV=ur,
(i) )=ty =e, C3=p, V=10,
|
mg, +mg, < my, < (mp; —mg, —mg), and/or
Mg +mp, < my, < (mpy —mpy —my,). (2.3)

A. Bl - BZt,lN - Bzflfzt’y/ rates

The five-body decay can be viewed as a two-step
process, production of the heavy neutrino in the semi-
leptonic decay B, — B,Z| N, followed by the decay of the
heavy neutrino N — £,73v. With a Majorana neutrino
being exchanged, the process will be LNV and the decay
rates can be written as [59]

1 ~ .
FIBI,W =0(B) = Byt ¢5¢50,,) = (2 - 5&&)5 IVen, PIVen, PT(DD*)y; +T(CCY),,)

+ Ven, Ve, 2(T(DD*)y, +T(CC*),,)
+2[Ven, Ve, ||Vf11v2||Vf2N2|{C05<915¥V)(Ref(DD*)12 +Rel(CC*) )

+ sin(65NV) (Iml*(DD*) , + ImI*(CC*) ) }].

r'l.;lNV =T(B, = Byt t5¢50,,) = (2= 54,0,

1 N ~
1 Ve, PV, 2T(DD*),, +T(CCY),yy)

+ |Vf1N2|2|Vf2N2|2(f(DD*>22 +1(CC*),,)

+2[Ven Ve, 1IVen,

Veon, | {cos(O5Y (Rel'(DD*),, + Rel(CC*) ,)
- sin(@%ﬁv)(lmf(DD*)lz +Iml(CC*) )}

(2.5)

'We neglect contributions of the Standard Model light neutrinos since the decays under consideration can not occur through their on-
shell production and the decay rates are suppressed by the light neutrino masses. This is true irrespective of whether the light neutrinos

are of the Dirac or Majorana type.
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Based on the convention (2.2)

o5 = arg(Ve,n,) +arg(Ven,) —arg(Ven,) —arg(Ve,n, ).
= (¢e,n, + en, — ben, — Peuny)s - (2.6)
The LNC finals state can result either due to Majorana or Dirac neutrinos. The expression of LNC rates are

TNC =T(B) — Byt 1£7630,) = (2= 4,0,) % Ve, P Ve, FE(DDY), + GT(CC),y)

+ Ve, PV, P(E(DD*)y, +150(CCY) )

+ 2V Ve, IVem,|IVen, [{cos (051€) (Rel (DD?),, + ki kyRel (CCY))

+sin(65) (ImE(DD*) 5 + k1Ko Iml(CC) 1)} (2.7)
FIZ';II\IC = F(Bl - Bszfifg‘vfz) =(2- 5f1f2) % [|Vf1N1 |2\Vf3N1 \z(f(DD*)n + K%f(CC*)n)

+ |Vf|N2|2|Vf3N2|2(f(DD*)22 +130(CC),,)

+2[Ven Ven IVen, Ve, |{COS(9]5{\IC)(Ref(DD*)12 + K1K2Ref<CC*)12)

— sin(05NC) (Im["(DD*) 1, + ki, ImI(CC*) 1) 1. (2.8)

The expressions of ['(XX*) are different for LNV and LNC rates and have been derived in Appendix A. The factor 1/2!
in the decay rates is the combinatorial factor when to account for the scenario when two charged leptons in the final state are
the same. The CP-odd phase 05NC, and «, , are defined as

03¢ = arg(Vp,y,) —arg(Vew,) —arg(Vey,) +arg(Ven, ),
= (be,N, — Doy, — ben, + Doy,
Ve, | Ve, |
K = , Ky =t (2.9)
|Vf1N1| |Vf1N2|
|_ - -
In general, the CP-odd phases 05NV and 65NC are different ~ T'(Bi = By \N1) =I'(By = Bof\No) =I(By — Byt N),

and 65NV is not equal to O5NC by the replacement £, — ¢5.

In the decay rate formulas given above, contributions
coming from D — C channel interference have been
neglected as they are negligibly small. To give some

f(Nl ﬁfzf:;l/) :f<N2 —>lxﬁ2f3V)Ef‘(N—>f2f3l/).
(2.11)

The differential expressions of the normalized three body

physical interpretation, up to the heavy-to-light mixing
elements, the diagonal terms T'(XX*), ;»X =D, C are the
decay rates involving ith neutrino in the X channel and jth
neutrino in the conjugate channel. The on-shell assumption
Iy, <my, is always valid in our case, and the diagonal

elements can be calculated analytically as

F(N] - Lﬂzbﬂgy)
Ty,

f(ccr); =T(DD"),,(¢, < ¢5), (2.10)
where we have adopted the notation I'(3; — B,Z|N j) =
|Vle|2F(Bl_ e Bzle/) F(N/ g fzf3l/) =
\Vieryeon| T(N; — £3¢3v). As the neutrinos are almost
degenerate we can assume that

and

decay width dI'(B, — B, |N) are given in Appendix B 2
and related three body decay kinematics for this relevant
process are given in Appendix B 1. The explicit expression
of normalized decay width of heavy sterile neutrino N
without heavy to light mixing element, I'(N — #,£5v) is
taken from [57]. The off-diagonal elements Rel"(XX*) , and
ImI"(XX*),, are the ones where the two neutrinos interfere
making them sensitive to the mass difference AMy, and
hence, on the assumption I" N, <K AM y. This sensitivity can

be parametrized in terms of §(y) and n(y) [59]

Rel (XX Ty,
Rl XX )12 psy) 0,

f(xx*); Ly, +Ty,
Iml(XXx* Ty,

(XX, o) T, X=C.D;j=12 (2.12)
r(xx"), y Iy, +Dy,
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where y = AMy /Ty, andT'y = (T'y, +T'y,)/2 is the aver-
age decay width. Numerically we find

77(}’) yz 1 5()’) yz 1 (2-13)
which is in agreement with similar decays in mesons [58].
Physically, 6(y) and n(y) are correction terms for non-
negligible overlap of the two neutrinos. In Fig. 2 we show
and & as a function of y. Re['(XX*),, and ImI"(XX*),, are
also sources of a CP-even phase A¢ = &, — &, where

my Uy my, 'y,
tang; = k12\/ _I m12\]/ ) tané, = m (2.14)
1 2

where ky is the momentum of the intermediate neutrinos.
The cosine and sine of the angles A¢ come from the
Rel'(XX*),, and Im["(XX*),, parts, respectively [59].

We will use the Egs. (2.10)—(2.12) in the subsequent
sections to simplify the decay rates.

B. Neutrino oscillation

In the previous expressions of decay widths, two effects
are missing, acceptance factor Py, which is a probability
that the sterile neutrino decays within the detector in its
flight, and the oscillation between N and N, states. The
effect of heavy neutrino oscillation is that the decay rates
depend on the length of flight L of the heavy neutrinos
between production and decay vertex [44]. The acceptance
factors is given by

t LFNj
Py, =1-exp — =1-—exp T ) (2.15)
N;/N; N;/N;

where 7y is the lifetime of Nj, Sy is the velocity in the lab

frame, and yy, = (1 - ﬂ,zvj)‘l/ *. Though in practice Py,
|

0.8 — nyly
oly)
— ny)
0.6
0.4
0.2
0
1 5 10 15 20
AM
y=—""
Mn

FIG. 2. Variation of overlapping function n(y), n(y)/y, and
i — AMy

&(y) with y = S

can be different for two neutrinos, they being degenerate in

mass we assume 'y ~T'y, =y, fy, = By, =pPy. The

effective decay widths including the acceptance factor are

5./, BB, (210)

[LNVILNC)eff _ <1 ~exp (_ er/D> > [LNVILNG)

LNV(LNC)
B,/B,
previous section, and Fx/ P indicate decay rates of
Majorana (M) or Dirac (D) neutrinos. For the rest of this
section up to the end, we will show the derivations only for
the LNV mode. For the LNC mode, only the final
expression will be given but the steps of derivations are
similar. The effective differential decay width with respect
to L for LNV mode is given as

where the expressions of I’ are given in the

LNV_.eff FM LFM
B, /B, N N \1 — B — o+
—_—= — I'(B, = B,(7N)['(N - ¢5¢
o Wexp((— V(B = BTNV = 65610
o {eanflVan
ry Iy o+

Vv 2ly 2 4(|v \% \% Vv
+| f1N2|| f2N2| + (l lelH szlH zf’lNZH szzl) (5(y)cos(912fw):I:n(y)sin(ﬁlz“}w)>}.

(2.17)

To obtain (2.17) from (2.16) we have used (2.10), (2.11), and (2.12).

We now consider a scenario where the neutrinos are degenerate, i.e., AMy < my, but AMy > I'y. In this case y > 1
and hence the functions §(y) and 5(y)/y are negligibly small. Physically, this corresponds to a scenario where the overlap
between the two neutrinos is negligibly small. In the y > 1 limit the effective differential decay rates for LNV modes with

respect to L are

J[ENVeett v I
By /B N N \7 AN — ot
= exp| — I'(B; - B,¢/7N)I['(N - 565 v, x{
dL Pnrn < N7/N> (5 2N 2f5ve)

Ve PlVer P WewPVenP)
Y + = - (218)
N, N,
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To introduce effects of N; — N, oscillation we note that
while a neutrino travels from the production vertex to the
decay vertex, it picks up a phase exp(—ipy, - z) where py_
is the four momentum of N;, z = (2,0,0, L) is the space-
time separation between the two vertices, and L ~ iyt is
the length traveled by the neutrinos between production
and decay vertex [84]. This amplitudes is

ASY (By = Byt 76565 vp,5 L)
~Vien Ve exp(=ipy, -2) + Ve n, Ve, eXp(—ipy, - 2).
(2.19)

The expressions for ALNY(B, — Byt ¢35 ¢50,,;L) is
obtained by taking complex conjugate of the V5 elements
in the above formulas. The differential with respect
to L of the decay rates that include oscillation effect is
|

LNV, osc

proportional to the modulus squared of the amplitudes and
we can write
d Ny — o= ot
dirosc (Bl - B2f1 l’ﬂz l’ﬂ3 Vf3;L)
~ASY(B) = Byt 16565, L))

2
~Z|Vf1N,|2|Vf2N,|2
i=1

+2Re(Ven, Ven, Vin, Vi, expli(py, — Pn,) 2))
(2.20)

The superscript “osc” indicates that the oscillation
effect is included in the effective differential decay width.
Comparing with the differential decay widths (2.18) and
(2.20) we get the differential expressions of decay rates that
includes oscillation as

cos (271L +
LOSC

egyV) } (2.21)

B ™ LTMN _ _
L (- N >r(31 — Byt NN = £5¢5v,,)
dL Pnrn PNYN ’
y {|V£,N1|2|VZZN1|2 n Ve, Ve, I* _|_4‘VKIN1”szN1||Vf,N2||Vf2N2‘
ry ry, Iy +Ty,

To simplify the above equations we have used (py, — py,).2 = 2L /Ly, and Loy, = 27pyyn/AMy = 27Byyn/ (YT N)-
Combining (2.17) and (2.21) we get the complete expression of differential decay width that includes both the acceptance

factor and the oscillation effects

LNV, osc FM LFM
B, /B, N N \1 — B — o+

= exp| — I'(B; = B,(/N)I'(N—¢5¢65v
dL ﬂN}/N ( ﬁN}’N) ( 1 201 ) ( 2%3 f3)

Vv 2|lv 2|V 2\lv 2 o4V Vv % Vv
x{' f|N||1\|/[ sz,| | f,N2|1\|/[ f2N2| (1 le,|| z;z/IN,H I\?NZH f2N2|) <5(y)cos(6%{w)in(y)sin(ﬁéiwv
'y, I'y, Iy, +T%, y
4 2rL
+7F%1 Ty Ve [IVen VeIV, | cos ( LT 95%“’) } (2.22)
where we have used the Eqs. (2.10)—(2.12). Integrating the above equations with respect to L we obtain
. = AN _ Ve Ve > | Vew,PIVen,
r‘g%j’m =T(B, — Byt1¢5¢5v,) =T(B) = Byt UN)I(N = ¢; f;%){[ ! lr% = ! ZF% s
1 2
4 n(y) k'
+ oY Ven Ve [IVen,[IVen,| (5()’) cos(051") £ e sin(051") | | (1 = emm)
1 2
4 1 N (2xL 2zl
+ [cos(65NV) + y sin(&lz‘{w)o } (2.23)

Following similar steps, we give the final expression for LNC decay
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[PINCOC = By — Byt1¢5640,,) = T(B) = By N)I(N — fgf;afz){ [

B,/B,

L4
FEI +
4 1
+ IVen Ve Ven,

1%
s, +F§21+y2| Hily

+ [eos(052°) & ysin(o] ) .

where F = M (Majorana) or D (Dirac).

III. NUMERICAL ANALYSIS

For numerical analysis, A) - A/ and A) — p* form
factors are taken from the Ilattice QCD calculations
presented in [85]. We leave the decay widths of the
sterile neutrinos as phenomenological parameters that can
be measured in the experiment. Since the sterile neutrinos
are almost degenerate, we will assume their lifetimes to be
approximately equal, 7y, ~ 7y, = 7y. We present our analy-
sis for 7y = [100, 1000] ps [59]. For nearly degenerate
neutrinos, it is also natural to assume |Vgy |~ |V y,|=
|V n|. Present experimental bounds on the heavy-to-light
mixing are |V,y|* <1077 and |V,y|* < 107 [36,86]. The
neutrinos are expected to travel nearly at the speed of light
and we assume that the velocity By > 0.9 corresponds
to fyrn = 2.

The observables of interest are the CP-averaged branch-
ing ratio and the CP-asymmetry. If sterile neutrinos
involved are of Majorana types then the final states will
include both LNV and LNC states and the CP-averaged
branching ratio is

1

M- M,LNC,o0sc M,LNV ,o0sc
BrM ~ 5 (Brg, + Bryg,

+ Brl\B/II.LNC.osc =+ Brl\B/Il.LNV,OSC)‘ (31)
The branching ratios are obtained from decay rates by
dividing with the total decay rates of B; baryons. For
simplicity, we have assumed that 3, and BB, have the same
decay rates and that is why we have used = in the above
equation. The CP-asymmetry observable for Majorana
induced decay is

M,LNC,o0sc M,LNV,0sc\ _ M,LNC,OSC M,LNV,osc
(FB1 +I'g, ) (FB] +F81

M _
Acp=

(3.2)

When Dirac neutrino is involved then there are only LNC
final states and CP-averaged branching ratio and the
CP-asymmetry are defined as

ny) . —L
—FF |Vf1N1 ||Vf3N1 valNzHV?f)}Nz | (5())) COS(QIEFC) + %Sln<9]2_{\1(:)>:| (1 - e/’NVN)
N,

_rrF
2zl 2xL

et {y sin (L - eglNC> - cos( s eglNCﬂ
LOSC LOSC

(FIK\;/II,LNC,OSC_'_FII;/II,LNV,OSC)_'_(Flg/II,LNC,osc+FhB/II,LNV,OSC)

Ve PlVew P | Ve, PV,
Iy, Iy,

—Lr¥

(2.24)
1 C,os C,os
BI’D zi (Brgl,LN ,0SC + Br]gl,LN ,090)’
(Fg,LNC,OSC _ Fg,LNC,OSC)
Atp = DlLNC D.INCoosc ° (3.3)
(FB; ,08C + FB; ,OSC)

We first consider decays occurring through a Majorana
neutrino in the intermediate state so that there are both LNV
and LNC final states. In Fig. 3 we show the CP-averaged
branching ratios for AY — (A, p)upev as a function of
neutrino mass my, . For simplicity we chose 65V = g5NC
though in general the CP-odd pases can be different. The
plots are obtained for neutrino displaced vertex length
L =100 cm, yyfBy = 2, 7y = 100 ps, and the mass differ-
ence is AMy =5x107"* GeV. Maximum branching
ratios are obtained at my =2 GeV for Ag — A ppev
and at my =3.2GeV for A) - puuev modes. In
Fig. 4, for 7y = 100, 1000 ps we show the CP-averaged
branching ratios for A — (A, p)upuev for different values
of yypBy and for fixed values of 95NV and 65NC. From the
figures we find the CP-averaged branching ratios of Ag -
A upev lie between 107'1°-10°, whereas branching ratios
for A) — puuev lie between 10~11-1071°. The one order of
magnitude suppression in the AY — pupev mode with
respect to the Ag — Appev is attributed to Cabibbo-
Kobayashi-Maskawa matrix elements. We find that the
branching ratios for Ag — (A., p)eeuv are one orders of
magnitude suppressed compared to A — (A, p)upev but
the qualitative features are same as seen in Figs. 3 and 4.
Though LNV and LNC both are present in case of Majorana
induced decay, LNV modes dominate over the LNC modes
in the case of AY — (A, p)upev but for the decay mode
AY) = (A, p)eeuv, LNC decays dominate over LNV. This
can be explained as follows: In Ag — (A, p)ppev decays
the LNV modes are proportional to |V,y|* ~ 107! where
as the LNC branching ratios are proportional to
Vv |Ven*~10712.In A) — (A, p)eepv decays the LNV
modes are proportional to |V,y|* ~10~'* and the LNC
modes are proportional to [V, |*|V,y|* ~ 10712,

To compare branching ratios mediated by Dirac neu-
trinos, in Fig. 5 we show the CP averaged branching ratios
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0.30 B 20, L =100
nYn=20,L = cm
— 6nW=0y"=0 AMy = 54107 GeV
0.25 6"V = 6, = /4
6"V =, NC = 2
- 0.20]|— 8,V = g,,N¢ = 37172
o — 0"V =0,"NC =
et
* 0.15
S
«Q
0.10
0.05| As»Acppev
0.00

my,(GeV)

0.30 B 20, L= 100
YN = 20, L= 100 cm
— 6y =8,"C =0 AMy = 5510 GeV
0.25 0"V = 8,1 = /4
8y = g, INC = o
o 0.20|— 64" =6,¢ =37m4
“o " LNV _ ez‘LNC =7
% 0.15
S
~
Ro.10
0.05| Asopupev
0.00
0 1 2 3 4 5
my,(GeV)

FIG. 3. Branching ratios BrM(A) — A upev) and BrM(AY) — pupev) as a function of my, for |V, |* = |V y,[> = 1075,
[Ven,I* = [Ven,[? = 1077, AMy =5x 107" GeV, fyyy = 20, maximal displaced vertex length L = 100 cm, 7y, = 7y, = 100 ps,

and for different values of weak phase angles 05NV and 65NC.

for Ag — (A, p)upev as a function of my, . The plots are
shown for 7y = 100 ps where as the rest of the parameter
choices are same as in Fig. 4. Similar plots are obtained for
Br(A) - (A, p)eeur) modes. Qualitatively, the plots are
similar to what we obtained for these modes with Majorana
neutrinos. For the Dirac case, we get the similar plot like
Fig. 3 but there are two order suppression of magnitude.

0.4 AMy = 5+107" GeV, L = 100
- —2 N = 5% eV,L= cm
burn=2 B = % <
Ty, = Ty, =100 ps
0.3
(2]
o
* 0.2
= 0
~
Q
0.1
Ap>A.ppuev
0.0 =
0 1 2 3 4
my,(GeV)
0.4 AMy = 510" GeV, L = 100
- —2 N = 5% eV,L = cm
burn =2 B = 5 <
Ty, = Ty, =100 ps
0.3
=4
o
% 0.2
S
~
K
0.1
Ap>pppev
0.0
0 1 2 3 4 5

my,(GeV)

Quantitatively, Br®(AY) — (A., p)upev) is two orders of
magnitude smaller than BrM(AY — (A, p)upev) where as
BM(AY - (A, p)eeuv) and BrP(A) — (A., p)eeuv) are
of the same order of magnitude.

In Fig. 6 we show the CP-averaged branching ratios as a
function of maximal displaced vertex length L for decays
involving Majorana neutrinos. The Majorana neutrino mass

3.0 AMy = 5+10"" GeV, L = 100
— 2 Iy = 5% eV, L= cm
. bara =2 a0 -
- Ty, = Ty, =1000 ps
2.0
o
9 15 —— Bnyn =100
* 1.
pS
«Q
1.0
0.5 M-Acppev
0.0
0 1 2 3 4
mp,(GeV)
3.0 AMy = 5+10"" GeV, L = 100
— 2 Iy = 5% eV, L= cm
I I R
- Ty, = Ty, =1000 ps
o 2.0
9 —— Byyn =100
* 1.5
S
A~
R0
0.5 Av-opupev
0.0
0 1 2 3 4 5

my,(GeV)

FIG. 4. Branching ratios BrM(A(b) — (A.. p)upev) as a function of my for the values of heavy light mixing elements
Van, > = [V, | = 107, [Voy, 2 = [Ven,|* = 1077 and AMy =5 x 107* GeV, weak phase angles 65" = 65)C = /3, neutrino
flight length L = 100 cm and 7y, = 7y, = [100, 1000] ps for different values of Lorentz factors fyy.y.
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STERILE NEUTRINOS IN Ag = (NS, pHeTes i ...
0.4 —
— Bnyn=2 AMy = 5%107" GeV, L = 100 cm
Bnyn =20 6y° = 71/3
— Bnyn =50 Ty, = Ty, =100 ps
0-3 — Bnyn =70
= — Bnyn =90
= —— Bnyn =100
% 0.2
Qk
K
0.1
Ao AN ppev
0.0

my,(GeV)

FIG. 5. CP average branching ratios BrP (AO
heavy light mixing elements |V,y [* = [V,y,|* = 107, [V, y,
05NC = /3, neutrino flight length L = 100 cm and 7y, = 7y, =

‘ 2

my, =2 GeV for A) — A ppev and my, = 3.2 GeV for
A?) — pupev and the values of the rest of the parameters are
shown in the legends of the plots. The troughs and crests
are modulations resulting from the oscillation effect that is
clearly visible from these plots. These plots indicate that for
sufficiently small detector length L4 < L, a significant
fraction of neutrinos will decay outside the detector leading
to a small branching ratio. For Ly, > L, most neutrinos

0.30
0.25
0,V = 6,"N = 0
c(’:) 0.20 0, = 8, "N = /4
= 015 0"V = 6, = o2
s : 6"V = 6,/ =371/4
> 6™ = 6, "N =

AMy = 5107 GeV
BNYN =2, my,=2 GeV

Ap>Acppev

0.00
0 50 100 150 200 250
L(cm)
0.30
0.25
ILWT
mo 0.20 6, = 6, 'NC = /4
- 6"V = 8, "N = jr/2
> 0.15 gt
Q 0.10 8" =g,
0.05
AMy, = 54107 GeV
0 00 Ap>AN.ppev BnYn =20, my, =2 GeV
0 50 100 150 200 250
L(cm)

FIG. 6. Branching ratios BrM(A) —

angles 05NV, 05NC and for the values of heavy light mixing |V, [* = |V,

' - AM, = 510" GeV, L = 100 cm
Buyn=20 0,,C = 73
0.3 — Bnyn =50 T, = Ty, =100 ps

— Bnyn =70

— Bnyn=90
—— Bnyn =100

Ao>pppev

my,(GeV)

(AL, p),uyev) mediated by Dirac neutrinos as a function of my, for the values of

|Ven,[> =1077 and AMy =5 x 107'* GeV, weak phase angles
100 ps for different values of Lorentz factors fyyy.

decay inside, and therefore the branching ratio saturates.
From the Fig. 6, we also observe that saturation in L can
happen early for a small value of yyfx. As we notice from
the Eq. (2.15), the acceptance factor is larger for the lower
value of yyfy-

In the left panel of Fig. 7 we show CP-asymmetry
observable Aqp for Ag — A ppev as a function of y for
different values of 05NV and 05N and L = 100 cm. This

0.30
025 —
7
o 0.20 — oo
‘_O 021LNV = 82|LNC = /4
% 0.15 P e
& 7021LNV=62‘LNC=3"’4
R 0.10 AT
0.05 1
AMy =5%10"" GeV
OOO Ap->pupev pNyN=2,mN‘=3.ZGeV
0 50 100 150 200 250
L(cm)
0.30
0.25
o 0.20 — o e s
© 8V = 6,,"N = rr/a
* 0.15 8™V =, N 2
- o 021LNV - 921LNC —3n/4
K 0.10 8y =g, Ny
0.05 14
AMy = 5+107" GeV
0.00 Ap->pupev Bnyn =20, my,=3.2 GeV
0 50 100 150 200 250
L(cm)

(A, p)pupev) as a function of the neutrino ﬂight length L in cm for different values of weak phase

\2 1077 and mass difference

Ve, 2 = Vew, I =

AMy =5 10‘14 GeV, Lorentz factors fyyy = [2,20], Majorana mass My, = 2 GeV and 3.2 GeV for A, and proton receptively,

TNI = TNZ =100 ps.
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1

g,V _g LNC_ /2‘ [—L=50cm |
::‘LNV - 021LNC _ :13 — L =100 cm
0.8 - ‘LNV~ 21LNC- — L=150cm
—On =6y =mi —L=250cm
0.6\ :
o \ o
5 5
0.4 :
0.2
0 Bnyn =20,L=100cm Ap>Acppev 0 Bnyn =20 Ap>A.ppev
2 5 10 15 20 2 5 10 15 20
y y

FIG.7. The CP asymmetry observable Acp for A) — A uuev as a function of y =

AFM ¥ for different values of phases (left panel) and

maximal decay vertex (right panel) and for the values of |V, [* = [V ,[* = 107, |VL,NA1/|2 = |Vn,|* =107 and 7y = 100 ps. Similar

plots are obtained for AY) — puuev and A) — (A, p)eepv.

plot demonstrates that the maximum value of CP-asymmetry
is obtained when the CP-odd phases are z/2. From the
left panel of Fig. 7, it is also seen that A.p gradually
decreases with increasing y because the overlap between
the two neutrinos decreases. In the right panel of Fig. 7 we
show Ap with respect to y for different values of maximal
neutrino displaced vertex length L, CP-odd phases
SNV = OENC = 72/2, 7y =100 ps, and yyfy = 20. We
observe that the maximum value of A.p is obtained for
y < 8. A strong dependence of A,p on maximum displaced
vertex length L is also observed. For large values of L the
modulation is suppressed as can be seen from (2.23) and
(2.24). In Fig. 8, for the different values of y, we show the
variation of Aqp with respect to L. The left and the right
panels are for yyfy = 20 and yyfy = 50, respectively. This
means that oscillations length is lower in the left plot. It
is again observed that the maximum value of Aqp is
observed when maximal displaced vertex L is comparable
to L. For large L, the modulations are suppressed by the
exponential term as can be seen from Egs. (2.23) and (2.24).

1.0 LNV LNC
O =6y =2 (— y=5
Bnyn =20, my, =2 GeV
y=10
0.8 —y=20
0.6
o
o |
% 0.4 |
0.2 /
V VLU "~~~
0 ) O Ap>Acppev
0 50 100 150 200 250
L (cm)

Similar plots are also obtained for Majorana neutrino
mediated A) — pupev and AY — (A, p)eepv decays.
We reach similar conclusions when decays are due to
Dirac neutrinos.

Even if the decay modes are not observed, upper limits
on the branching ratios can be translated to constraints on
the heavy-to-light mixing elements. For example, if upper
limits on branching ratios BrM(A) — A puper) <1077,1078
and BM(A) — pupev) < 1078,107 is reported, then it
can be translated to constraints on the (my, . |V,y[*) plane
as shown in Fig. 9. To obtain this plot, we have neglected
the LNC contributions for simplicity as it is two orders of
magnitude suppressed. The light and dark shaded regions
represent the exclusion regions correspond for 7y, = 7y, =
100 ps and 1000 ps respectively. To compare our bounds
with experimental results, we have superimposed in Fig. 9,
the exclusion limits coming from different experiments like
LHCb [33,77], Belle [87], L3 [88], Delphi [89], NA3 [90],
CHARM [91], NuTeV [92] and NA48 [78]. In Fig. 10 we

1.0
6"V = 6, = 2 =5
Bnyn =50, my, =2 GeV
O 8 y=10
i3 |—y=20

0.6
o
O
0.4
/X‘ \\ / \\ 7 N o
02 /£ U N~ —__
OO Ap>A.ppev
0 50 100 150 200 250
L (cm)

FIG.8. The CP asymmetry observable .A¢p as a function of displaced vertex length L for the decay mode A — A puuev for different

AMy

values of y = Ty

and for the values of |V, | = [V, |> =107, [V y | = [Ven, | = 1077, My, =2 GeV, 65} = 65)C = 7/2,

Byry =20, Ty, = 7y, = 100 ps. An identical plots are obtained for A — puuev and A) — (A, p)eepuv.
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1 1
107 107
N N
— —= L A4
é 10 >§ 10

107® 107°

Ty, ~Tn,=100 ps Tn,~Tn,=100 ps ‘

1 0~8 Br(\’ > Acppev)<107® v, ~Tn,=1000 ps 1 078 Br(\>pupev)<10™® v, ~Tn,=1000 ps |

0.1 0.2 0.5 1 2 4 6 0.1 0.2 0.5 1 2 4 6
my,(GeV) my,(GeV)
1 1
107 107
~ N
— = 4 -4
§ 10 § 10

107° 107°

' Ty, ~Tn,=100 ps Ty, ~Tn,=100 ps ‘

1 0—8 Br(\ > Acppev)<io” Tn, ~Tn, =1000 ps| 1 0—8 Br(\,>pupev)<i0™® n,~Tn,=1000 ps |

0.1 0.2 0.5 1 2 4 6 0.1 0.2 0.5 1 2 4 6
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FIG. 9. Exclusion regions on the (|V,,N|2, my,) parameter space for the case of LNV decays mediated by Majorana neutrinos for

BM(AY — pupev) < 1078,107° and BM(A) — A pper) < 10771078 for the values of 7y, = 7y, = [100, 1000] ps, &

AMy = 5x 107 GeV, Byyy =20 and L = 100

cm.

1 1
1072 1072
o 10° v 107
2 2
>
~ 1078 ~ 108
1 0_1 2Br(A" » Ac ppev)<10™" —_— r,v|-r~1=1000pps 1 0_1 2|8rA »pupev)<io™ —_ rN\-er=1000pps
10712 1078 1075 1072 1 10712 1078 1075 1072 1
|Ven |2 [Ven|?
1 1
1072 1072
o~ 1070 ~_ 1078
2 2
>
1078 1078
— Ty,~Ty,=100 ps | — Ty, ~Ty,=100
1 0_1 2|Br(A° > Ao ppev)<107® ‘_ :N‘-:"2=1000p:s 1 0_1 2|BriA s pupev)<107® [_ :N|~::z=1ooop:s
10712 1078 1075 1072 1 10712 108 1075 1072 A1
|Ven |2 [Ven|?

2

)

FIG. 10. Exclusion regions on the (|V,y

V”N\z) parameter space for the case of LNC decays mediated by Dirac neutrinos for

BrP(A) — pupev) <1071°,107"" and BrP(A) — A uper) < 107°,10710 for the fixed values of 7y, =7y, = [100, 1000] ps,
0NV =n/3, AMy =5x 107" GeV, Byyy =20, L =100 cm, and my, =2 GeV and 3.2 GeV for A, and proton respectively.
Vertical and horizontal lines correspond to the present upper bounds on heavy-to-light mixing elements.
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show the constraints on the (|V,y|*,|V,y|*) parameter
space for BrP(A) — A upev) <107°,1071% and BrP(AY —
pupev) < 10719 107!, Here the mass of the Dirac neu-
trino my, = 2 GeV and 3.2 GeV for A, and p respectively
and the mass difference AM, = 5 x 1074 GeV for both
cases. The rest of the parameters are mentioned in the
caption of the plots. The vertical and horizontal lines
correspond to the present upper bounds on the heavy to
light mixing elements.

At the LHC, about 5% of total b-hadrons formed are AJ.
The LHCb is already capable of studying rare decays of Ag
and has already observed Ag — ApTu~ [93,94]. The decay
modes discussed in this paper may be within the reach of
future LHCb. Even if the modes are not seen, the upper
limits can still be translated to complementary bounds on
the heavy-to-light mixing elements |V y|>.

IV. SUMMARY

In this paper we have studied A — (Af, p™)£7¢65¢5v
and its conjugate decays mediated by two quasi-degenerate
GeV-scale sterile neutrinos. Both Majorana and Dirac
neutrinos have been considered and we have focused on
kinematical regions where the neutrinos can be on-shell.
The heavy neutrino acceptance factor and effects of
oscillations are included in the decay rates. We find that
the CP-averaged branching ratio for Ag — pli6r05V s
one orders of magnitude suppressed compared to Ag -
A .C1¢,05v due to Cabbibo-Kobayashi-Maskawa suppres-
sion. For the Ag — (A, p)pper mode, the Majorana
induced transition is two orders of magnitude larger than
the Dirac induced transition. For the A) — (A., p)eeuv
mode, the branching ratios for Majorana and Dirac
induced transitions are of the same order of magnitude.
Numerically, we have explored the possibility of CP-
violation and find that it is appreciable when the neutrino
mass difference is of the order of their average decay
widths.

Li\p = b, (P77 (1 +75)v,(P2),
L. = b, (pO)r*r (L4 75)vs,(p2),
LiScp = ig, (p1)r" ¥y (1 = vs)ve, (p3),
LiKec = i, (p2)r" Ky (1 = v5)ve,(p3),
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APPENDIX A: FIVE-BODY DECAYS OF
By(p)(= By(k)1(p1)€3 (p2)¢3 (p3)v(p,))

The decays proceeds in two steps, B(b) —
By(c/u)¢TN; followed by the decay of the neutrinos
N;— 1?5 ij. The direct (D) or a crossed (C) channel as
shown in Fig. 1. For jth neutrino in the intermediate state,
we can write the matrix elements for D and C channels as

SNV

M = (VG54 PRV I L I3

MLNVi (GZV m )( LNV, i)PLNVHiL(wi lLNVi

C; bq N; LNV,C!Xa
M G PR
JLNC.E

MENCE — (GRV)my ) () PENCHE L NG
(A1)

Here the superscripts “+” and “=" are for B,(b) —

By(q)¢7¢5¢7v and its CP-conjugate mode B, (b) —
B,(q)¢ ¢35 €50 respectively. The heavy to light mixing

elements v)zf}i (Z = LNV or LNC) are given in following.

U = Ve (Vew)'s 08T = Ven (Vo)
UI)_(NC -_ (UI)_(li\IC,+)*
S = Y B Vi,
UI)}NV_ =@y, X=CD (A2)
The leptonic part of the amplitudes are
Li%vp = Ve, (p2)r*r" (1 = vs)ug (p1)
LiXv.c = 0, (P2)r"r* (1 = y5)ue, (1)
LiSicp = e, (p3)r kny" (1 = ys)ug, (1)
Lic.c = Ve, (p3)r ¥nr* (1 = vs)ug, (pa). (A3)

Using the lattice QCD parametrizations of the form factors given in [85] we get the expression of the hadronic amplitude as

H =

(By(k,sp)|ey* (1 =ys)b|Bi(p.s,))
=k, s;)(A1q" + Aok + Ay + ys{Asq" + Ask" + Agy* })u(p. s,).

(A4)

where we have used p = g + k we can even write where the ¢> dependent functions are given as
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2 2
m m mpy +m mg —my 2m
— ¢V qu B2, rv MBI B2 <1 g, : > Ay

S+ q S+
2 2
A, = 2f) mg) + Mgy fL( mpa | mBl>’
Ay = f1,
2 2
mp +m m m nmp — Mp, 2m
A, = f4 1312 B2 | pa M1~ Bz(l_ Blz B_)Jrﬁ B2
q s q s_
— 2 2
A5:2féw+ﬁ( ’”Bz_ﬂ)
s s_ s_
A= f1. (A5)

With reference to Fig. 1 the decay of the Wt and W~ for LNV and LNC processes respectively proceeds through the
following currents

1>L(1,\;V+ = b_‘% Ya(1 =75)vs,, lngl,\Iav_ =g yq(l - 7’5)7}5/ = (ZLN\H)T
Iy = tz,1a(1=75)05, . 5% =, Ya(1 = 15)ve, = (Iy )’
T =dgya(l=7s)vs,, IS = ﬁp,l Yol =75)ve, = (6 )T (A6)
and the functions PD(C), can be written as
PLNV 1 PLNV ! : ’ (A7)
(kY = mN ) +ilymy,’ (ki = 12\/]) +ily my,
PR — mlN PRV, pHYC mlN PV, (A8)

J J

where ky =q—p; and Ky =g —p, and g = p — k.

The matrix element mod-squared of the total amplitude, averaged over the initial spin and summed over the final spin is
given by

Zwm ZIZM“ +MEF)P,

Splns Splns Jj=
:_Z[ZMZ:E MZ:I: +ZMZi MZ:E +ZMZi MZ:E +ZMZ:E MZ:I:) :|
spins b, j= = i,j=1

=N{Zv%%<v% Sy, P (PG TEDD) 4 S 1 (1) i P (PE) 17 (DC) 4 (D <€),
i,J i,j=1

(A9)
where the sum over spins refers to the sum over spins of all external particles. The normalization constant is
N =2 GHV, P, (A10)
and T#%(DD*)*, T4£(CC*), T#*(DC*), T#*(D*C) are given in following
TZ(DD*) = Y _[Hf (Hy) Y Ly (LY5) Y 155 (5 5)] (A1)

spins spins spins
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TZ(CCY) = Y [HE(Hy )Y g (Lye )Y [iEq(Es)] (A12)

spins spins spins

* * va. Bp\ « 5 s\ %

TZ(DC*) =) [HE(HF) 1Y _[Ly5 (L)Y [l5a (1Es)7] (A13)

spins spins spins

* * vat\x7 PP s\ % 14,

TH(D*C) = > _[(HH) Hy Y (L) Lye]d _[152)1E)] (A14)

spins spins spins

From these above equations we get the following equality.

T,(DD*) =T, (DD*) = T;(DD*), T,(CC*) =T, (CC*) =T5(CC*) (A15)

The total decay rates are given in Egs. (2.4), (2.5), (2.7), and (2.8). With reference to the equations, the expressions of

IA“%(XY*)U are given as

[ (XX"),; = /mNimN_P,Z(_(P)Z(,)*TZ(XX*)chS, X=C,D. (A16)
mBl 7 i J
IZ(xy"),; = > /mNmN_P,Z(_(P%_)*T%(XY*)d(I)S, X#Y=C,D. (A17)
mp) Lo
The five body phase space d®s can be written as

dpy
d(DS = dq)S(Bl - Bzfllxﬂzfg,l/) = dq)3(81 - Bzle)z—d(D::,(N b f2f3l/). (A18)

/5

APPENDIX B: THREE BODY DECAY
OF B(p)(— By(k)¢1(p1)N(pn))

With reference to the formula (2.10) the kinematics
and the decay rate of B; — B,/7N in the following
subsections.

1. Kinematics for B;(p) — B,(k)?1(p1)N(pn)

We do the kinematics in the B, () rest frame (RF). In the
Bi-RF the B,(c/u) and the first W~ boson with four
momentum ¢ fly in opposite direction. We say that the 3,
travels in the +Z-direction so that the four momentum of
the B, and W~ are

KBRE = (g — E5 R 0,0,kBRF) (B1)
qu—RF = (Equ —RF’ 0’ 0’ —kBl —RF)’ (BZ)
where the ¢° and the kB —RF are
2 2_ 0
ph-re _ 5, +q° —mp,
1 ngl ’
Amig, . m3s . 4)
kB =RF| = p— (B3)

2m31

In the first W™-RF the Z,(p,) and the N(py) will decay
back to back. We introduce an angle #; made by ¢; with
respect to the B,, i.e., the +Z direction. Hence the four
moment of the #Z; and the N in the W~ — RF are

pWV RF — (EW-RF |pW"=RF|ging, 0, |p" ~RF| cos@),),
(B4)
i = (/o = B im0,
— [p¥"R¥| cos 91>, (BS)

W~—RF

EY ~RF and p}

where are given as

A(q*.mi. py)
2\/6]2

(B6)

s

N7

WRF| —
1

We will now boost back these two momentum
from W~ —RF to B; — RF using the following Lorentz
boost matrix
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71 =71Pix —71ﬂ1y Alar
}Y X,
b L =D (- DB (-
Aw-_p, = B B Bi- (B7)
] —71h1y (71—1)% 1+ (n 1) > (71‘”%
. ar B
-rib. (n— 1)ﬁ' e (yy— 1)% L+ (r - l)ﬁ
where the velocity E 1 is the velocity of the W~ (g) as seen in the B;-RF
1 |kBl—RF|
n=E— P =0, Py =0, ﬁlz:w (B8)
V1I-5 1
I
The function A(a,b,c) is defined by, A(a,b.c)=  Where hadronic tensor current H,, and leptonic tensor
a’> 4+ b> + ¢? — 2ab — 2ac — 2bc. current L, are given by

2. Matrix element and phase space X
for Bl(p) —)Bz(k>f1(p1)N(pN) Hup:ZHuH ’ pr:2tr[le/uﬂNyp(1_y5)]' (Bll)

Matrix element of B,(b) — B(c/u),£TN is written as spins
M(By = Byt N) Where the form of hadronic amplitude H, is given in A.

Gr The differential decay width for B; — B,Z{N is given by
\/—Vquf Nlg, (p1)r(1 - yS)UN(pN)Hﬂ‘ (B9)

1 _
Therefore the matrix mod square with average over initial ~ dI'(B; = B,/TN) = 2—dd>3 (B, = By \N)| M|
baryon spin is given as mg;

(B12)
_ 1G2
|/\/l|2 ZMM* _——F|Vbq‘ |Vf N|2H L». (B10)
SPms Where the three-body phase space is given by
|
d3k d’%pl dgpN
dd;(B, —» B,/|N 2n)** (p—k—p,—p
B = BN S ) G 2B, (1) @) 2B ) @ ) 0 PR Py
N -
= d0,(By(p) = By(K)W (@) S do(W~(a) = £1(p N (o). (B13)
Two particles phase space are given as follows.
- L ip mgy g’
dDy(Bi(p) = Bo(k)W™(q)) = 75— 4 1,72,7 < (B14)
32r mg; mpy
1 m> m
dD,(W~(g) = £1(p)N(pw)) = 32—1“2( q—;,q—N) ay, (B15)

Where § is the unit vector along the direction of g in the A) rest frame and p, is the unit vector along the direction
of p) in the W~ rest frame. It is straightforward to show that dQ, =4z and dQy; = 2rdcos6;, and 0, is defined in the
Appendix B 1. Here we get the following identities in the three body decay width between particle and antiparticle modes.

[(B, = B,¢7N) =T (B, = B,¢{N),T(N - ¢5¢{v) =T (N = £5£350) (B16)
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