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In view of the projected high number of produced B mesons in Belle II experiment (~ 10'°
per year), in addition to the presently ongoing LHC-b, we calculate the rate of decay for the rare
decays of B mesons via a sterile on-shell neutrino N, which subsequently may decay leptonically
or semileptonically within the detector: B — (D™)EN, then N — (f¢fv or N — (FnF. Here,
{1 # fy in order to avoid serious QED background. We account for the possible effects of the
neutrino lifetime on the observability of the rare decays. If no charmed mesons (D(*)) are produced
at the first vertex of the sterile neutrino, a strong CKM-suppression becomes effective; this is not
true if we consider instead the decays of B. mesons which can be produced copiously in LHC-b.
The production of charmed mesons D™ at the first vertex offers an attractive possibility because
it avoids strong CKM-suppression. Such rare decays of B mesons could be detected at Belle II
experiment, with N neutrino either decaying within the detector or manifesting itself as a massive
missing momentum.
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I. INTRODUCTION

At present it is not known whether there exist sterile neutrinos. If they do, there exist additional neutrino mass
eigenstates, and two of the central questions are: (1) How heavy are the new mass eigenstates N? (2) How strong
(weak) are the corresponding heavy-light mixings Uy, i.e., mixings of N with the Standard Model (SM) flavor
neutrinos vy (¢ = e, u, 7)? Further, it is not known whether the neutrinos are Majorana or Dirac fermions. Majorana
fermions are at the same time their own antiparticles, which is not the case for Dirac fermions such as charged
leptons or quarks. Majorana neutrinos allow both lepton number conserving (LNC) and lepton number violating
(LNV) processes, while Dirac neutrinos allow only LNC processes to take place. The LNV processes are in general
appreciable only if the Majorana neutrinos have appreciable masses.

The Majorana nature of (light) neutrinos can be established if neutrinoless double beta decays (0vg3) can be
detected [I]. The existence of sterile (usually Majorana) neutrinos can be established by specific scattering processes
[2H5] and via rare meson decays [6HI4].

Evidence of the nonzero neutrino masses comes from neutrino oscillation, predicted by [I5] and later observed
[T6HI8]. The observation of oscillations can determine the mass differences of the light neutrinos. Nonetheless, if
several sterile neutrinos exist, they may result in almost degenerate heavy mass states and such scenarios can lead to
oscillation of heavy neutrinos [19] 20].

Sterile neutrinos and the corresponding heavy neutrino particles appear naturally in several scenarios in which the
small masses of the light neutrinos are explained. The very low masses m, < 1 eV of the three light neutrinos can be
explained by seesaw scenarios [21I] where neutrinos are Majorana particles and the heavy neutrino mass eigenstates
have very high masses M > 1 TeV. Other seesaw scenarios have lower masses of the heavy neutrinos, M ~ 1 TeV
[22] and M ~ 1 GeV [3|[23H27], and their mixing with the SM flavors is in general less suppressed than in the original
seesaw scenarios.

CP violation is also possible in the neutrino sector [28]. In the heavy neutrino sector, CP violation has been
investigated in scattering processes [29] (resonant CP violation), coming from interference of the tree-level and one-
loop neutrino propagator effects. Resonant CP violation was also investigated in the leptonic [I1],[12] and semileptonic
rare meson decays [12), [30, 1], using a simplified (effectively tree-level) approach. These effects are appreciable in
scenarios where we have at least two heavy almost degenerate neutrinos (as is also required for oscillation, cf. [19] 20]),
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with masses ~ 1 GeV. Such scenarios appear to be compatible with the neutrino minimal standard model (vMSM)
[23| B2] and some low-scale seesaw models [33].

In this work we assume that there exists at least one sterile neutrino N, leading to a mass eigenstate with mass My
up to about 6 GeV. In our previous work [9] we investigated semihadronic rare decays of charged pseudoscalar mesons
in such scenarios, with intermediate on-shell neutrino N and final pseudoscalar meson, such as BT — et N — etet D~
CP violation in such type of decays (with two intermediate almost degenerated neutrinos N1, Ns) were investigated
in Refs. [30, BI]. Such processes are LNV and the neutrinos have to be Majorana. On the other hand, in Ref. [I0]
we investigated the rare leptonic decays of charged pions, 77 — e™N — eTetu~ v, mediated by an on-shell N
(CP violation in Ref. [I1], mediated by two N;’s). Such decays have LNV and LNC channels, and the intermediate
neutrino(s) N can be either Majorana or Dirac. In Ref. [I0] (cf. also a review [12]) we showed that it is possible to
distinguish between the Majorana and Dirac nature of N in such decays by measuring the differential decay width
dl'/dE,, with respect of the muon energy E,, (the latter being in the N-rest frame). Since the heavy-light neutrino
mixing coefficients are expected to be very suppressed, such differential decay width is difficult to measure with
sufficient statistics. Nonetheless, as argued in Ref. [I0], this problem can be overcome if the decaying pions are
produced copiously (project X, ~ 102 pions per year, [34]). On the other hand, since pions are light, the produced
on-shell neutrinos N are also light and have thus a long lifetime, thus most of them escape through the detector
before decaying. This effect accounts for a significant suppression of the decay rate in the mentioned rare decays
7T = et N — etetu~v. Recently this issue of differentiating between Majorana and Dirac sterile neutrinos at the
LHC has been revisited [5] for the mass of sterile neutrino my < myy.

On the other hand, if we consider the analogous rare leptonic decays of heavier mesons, such as B or B, the
masses of the intermediate on-shell neutrinos can be significantly larger, and the decay widths of the rare decays
are larger. Nonetheless, such mesons are not produced copiously, except at LHC-b and in an upgrade of the Belle
experiment, Belle I [35]. It is expected that Belle II can produce ~ 10'° B-pairs per year. Therefore, rare decays
of B mesons may give us a hint of the existence of heavier sterile neutrinos with masses of up to 5 GeV. Moreover,
differential decay widths of such decays may offer us a possibility of discerning the nature (Majorana or Dirac) of such
neutrinos. However, the rare leptonic decays of the type B — {1 N — {1{3{3v, where ¢; are light charged leptons and
v is a light neutrino, are strongly CKM-suppressed in comparison with the analogous decays of B, mesons (because
[Vis| ~ |Vep|/10). Belle 1T will produce B mesons but not B, mesons. Therefore, rare leptonic decays cannot play an
important role at Belle II, but rather at LHC-b where B, mesons are produced copiously. The question that arises
naturally, especially for Belle-II measurements, is whether we can have rare B-meson decays which are not CKM-
suppressed. The answer to this question is affirmative: Namely, semihadronic rare B-meson decays B — D) N
and consecutively N — fol3v (or N — fo7) are not CKM-suppressed because they are proportional to |Vep|?.

In this work we calculate the branching ratios for the mentioned rare decays B(.) — (D®))¢; N where the produced
on-shell neutrino N may further decay leptonically N — f¢2f3v or semileptonically N — ¢w. Some of the formulas
(those not involving D)) have been known from our previous works, while those with D*)-meson are new and, to
our knowledge, have not been known in the literature (those with massless N are known). We take into account the
effect of the decay probability of the intermediate on-shell sterile neutrino N within the detector, this probability can
sometimes be significantly smaller than 1.

In Sec. [lIl we present formulas for the decay widths of rare decays of B — (D®™))¢1N, those not involving the

D™ meson in Sec. and in Sec. those involving D™) meson. In Appendices we show more detailed
formulas relevant for these decays. In Sec. [[TI} formulas are presented for the subsequent decays of the produced
sterile neutrino, N — fof3v and N — fom, for lepton number violating and lepton number conserving modes.! In
Sec. [[V] we exhibit the branching ratios for these decays as a function of the mass of N neutrino, and the differential
branching ratios with respect to charged lepton energy when N decays leptonically. In Appendix [D] the relevant
formulas for the differential branching ratios are given. In Sec.[V]we account for the decay probability of neutrinos N
within the detector, and present the resulting effective branching ratios for the mentioned rare decays, as a function
of the mass of N, assuming that the probability for the neutrino decay within the detector is significantly smaller
than one. In Sec. based on the results of the previous Sections, we estimate values of the (effective) branching
ratios of various mentioned rare decays, for various ranges of the mass My and of the heavy-light mixing coefficients
|Uen|? of the sterile neutrinos N. We discuss the values of the mixing coefficients |Uyn|? necessary for the detection
of the mentioned rare decays at Belle II and LHC-b, and, implicitly, the upper bounds for these coefficients for the
case that such decays are not detected. In Summary we briefly recap the obtained results.

L For flavors of charged leptons, £1, f2, {3, we can choose, e.g., efe* T having no opposite-sign same-flavor lepton pairs in the final state
to avoid the serious SM radiative background v*/Z* — eTe™ [10].



II. RARE DECAYS OF B TO ON-SHELL STERILE NEUTRINO
A. Decays By — 01N

The decay width for the process B(.) — £1N, with the subsequent decay of the on-shell N neutrino to £2/3v or to
lo (generically: to XY'), can be written in the factorized form

I'(N - XY
F(B(C) - 0N —- 0 XY)= F(B(C) — fﬂ\m% , (1)
N
where I'y is the total decay width of the sterile neutrino NV, and ¢; is a charged lepton ({1 = e, u, 7). The first factor
on the right-hand side is well known
D(Bg, = 6°N) = [Un nIPT(B, = 67 N)
where the canonical width T (i.e., without the heavy-light mixing factor |U, n|?) is

T(B, = (i N) =

(2)

GHf3
— 2 Vauqul* M A2y ) [(1=yn)uy +v1(1+2un — )]

3)
where Gp = 1.1664 x 107° GeV 2 is the Fermi coupling constant, /B, is the decay constant of the meson B* (or
B¥), Vg, 0, is the corresponding CKM matrix element (V,;, for B, Vi, for B.), and we use the notations
M3 M}
Yn = 2N ) = Mgl ) (4)
Be) Be)
and the function A\'/2 is given in Eq. (A2)) in Appendix Al The coefficient Uyy is the heavy-light mixing coefficient of
the (extended) PMNS matrix, i.e., the light flavor neutrino state v, (with flavor £ = e, u, 7) is
3

vy = Z U, v, + Uen N .
k=1
Vg

()
For simplicity, we assume that there is only one sterile (heavy) neutrino N, in addition to the three light neutrinos

In Figs. [1fa), (b) we present the canonical decay width (3)), for the decays B* — (*N and B¥ — (*N (£ = p, 1)
as a function of the mass of N. We used the values fp = 0.196 GeV and fp, = 0.322 GeV (the central values of
Ref. [36]), |Vup| = 4.13 x 1072 [37] and |V| = 4.012 x 102 [38]. We see clearly that the decays of B are strongly
suppressed, due to the small CKM matrix element.
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FIG. 1: The canonical decay width Eq. , in units of GeV, as a function of the mass of heavy neutrino N, for (a) B* 5 ¢EN,

(b) Bf — ¢*N, where £ = p (solid), £ = 7 (dashed), and ¢ = e (dotted). The dotted line is practically indistinguishable from



B. Decays B — D™y N

As already mentioned in the Introduction, the type of rare decays of the B* meson described in the previous Section,
i.e., the meson produced at the dedicated Belle(II) experiment, will have strong CKM-suppression (V,;, ~ 0.004), as
seen from Eq. (3). The corresponding rare decays of B, have much weaker CKM-suppression (V.;, =~ 0.04), but,
unfortunately, they are not produced at Belle(II). They are copiously produced at LHC, though.

In order to use the potential of the new Belle II experiment for the detection of rare B-meson decays, we need to
consider a somewhat more complicated variant of such decays, a variant in which the CKM-suppression (o< |Vi|?)
does not take place. This suppression is avoided if, at the first stage of the decay, B meson decays into a charmed
D®)-meson and an off-shell W which decays into ¢; and N, i.e., we consider the decays B — D®¢; N — D¢, XY,
where at the second stage the intermediate on-shell neutrino N decays into XY as in the previous Section, i.e., either
leptonically as N — f5¢3v, or semileptonically as N — {7

This means that, according to the expression , we have to calculate the first factor I'(B — D¢ N ) which
appears in the decay widths

F(N — €2€3V)

(B — DWHN = t16:050) = T(B — D(*>€1N)F— , (6a)
N
I'(B = DWHN = t16om) = T(B — D<*>41N)M : (6b)
N

and where the second factor I'(N — XY') has already been given in Egs. - when XY = /5l3v, and in
Eqgs. — when XY = {or.

The expressions necessary for evaluation of the first factor I'(B — D™ N ) in Egs. @ are obtained in Appendix
[B] for the case of B — D¢ N, and in Appendix [C|for B — D*¢; N. The latter decay is theoretically more complicated
because D* is a vector while D is a pseudoscalar meson. We note that in the literature, these decays are known for
the case of zero masses of the neutrino IV and of the charged lepton ¢;. On the other hand, here we obtained formulas
for the more general case of massive N and /;.

1. B— D6N

The process B(pg) — D(pp)¢1(p1)N(pn) is depicted schematically in Fig. [21|in Appendix Bl The expression for
the corresponding differential decay width (d/d¢*)T'(B — D¢;N) is given in Eqgs. 1Eﬁ| in terms of the form
factors Fy(¢®) and Fy(g?), Egs. (B4), where ¢? is square of the momentum of the virtual W (i.e., of the ¢,-N pair,
cf. Fig. . The resulting decay width I'(B — D¢ N) is obtained upon (numerical) integration of the differential
decay width over the kinematically allowed values of g2

I'(B — DU,N) = Uy, x> T(B — D{N) | (7a)
- 1 1 [(Me=Mp)? 1 ¢ M3 MR M3
T(B - DUN) = — G2 Vﬁ—/ dg? A2 (1,,D)A1/2 <1,17N)
( ! ) 3847T3 F| C| MB (Mpy+M;)2 (q2)2 M% M% q2 q2

x{Fl(Q2>2 () — @M+ MP2ME — ) — M — ME) (@ — MBY? — 2M3( + M2) + M3]
+%m%%wg—M@ﬂfM&+Mamm+@%—M%—Mﬂ}. (7b)

The form factor F;(g?) is well known [39]. It can be expressed in terms of the variable w

(M3 + Mp — ¢°)

MpMp (82)
) = YOEI=V2 (8b)

Vwu+1+v2

in the following approximate form [39]:

Fu(q?) = Fi(w=1) (1 - 8p%2(w) + (51° — 10)2(w)’ — (25207 — 84)z(w)?) , (9)



where the free parameters p? and Fj(w = 1) have been recently determined with high precision by the Belle Collab-
oration, Ref. [38]

p® = 1.0940.05, (10a)
[Vep|Fi(w=1) = (48.1441.56) x 1073 . (10b)

The value was deduced from their value of ngwG(1)|Vey| = npw Fi(w = 1)V4r/(14+7) = (42.29+1.37) x 1073,
where 7 = Mp/Mp and ngw = 1.0066 ~ 1 [40]. In our numerical evaluations, we will use the central values p* = 1.09
and |Vp|Fi(w =1) = 48.14 x 1073,

When the masses of ¢; and N are simultaneously zero, only Fy(g?) form factor contributes, and consequently the
form of Fy(g?) is not well known in the literature. In our massive case, however, Fy(g?) contributes significantly as
well. Nonetheless, we can get a reasonably good approximation for Fy(g?) by using the (truncated) expansion for F
in powers of (w — 1), Ref. [41]

~ (Mp+ Mp) ¢
FO(q2) - 2\/m |: - (MB+MD)2 fo(w(q2))7 (113)
folw) = fo(w=1) [1+ pg(w = 1) + (0.72pF — 0.09)(w — 1)*] (11b)

where the value fo(w = 1) ~ 1.02 [41], 42] is obtained from the heavy quark limit. The variable w was defined in
Eq. . The endpoint value (w = 1) corresponds to the maximal value of ¢, ¢> = (Mg — Mp)?. The remaining
free parameter pg in the expression can then be fixed by the condition of absence of spurious poles at ¢? = 0:
Fu(0) = F1(0) (= 0.690). This results in the value p3 ~ 1.102 and (0.72p2 — 0.09) ~ 0.704.

We present the resulting Form factors Fy(g?) and Fy(q?) for 0 < ¢®> < (Mp — Mp)? in Fig. [2| For comparison, we
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FIG. 2: The form factors F1(q?) and Fp(¢?) in the range 0 < ¢* < (Mp — Mp)>.

also included the more naive form factor Fy(q?) obtained from the heavy-quark limit from F(g?)

2

r 2\ (naive) = 1= q F 2 12
0(q”) (Mp + Mp)? 1(q7) (12)

where for Fy(g?) the (optimal) form described above is used.

2. B— D"Y1N

As mentioned, the decay width for the process B(pg) — D*(pp)f1(p1)N(pn) has a more complicated expression,
because, due to the vector character of D*, more form factors appear, cf. Egs. — in Appendix |C|- altogether,
four independent form factors feature now: V(¢?) and A4;(¢?) (j = 1,2,0), while A3 is a combination of 4; and A,.
Three of the four independent form factors (V, A; and As) are well known, and have been determined recently to



high precision by the Belle Collaboration [43] using the parametrization of Ref. [39]

M) = SR+ DE() [1 - 8022(w) + (337 — 15)2(w)? — (28102 — 91)z(u)?] | (13a)
V(g?) = Al(qQ)% [Ry(1) — 0.12(w — 1) + 0.05(w — 1)?] (13b)
As(g?) = Aﬂf)ﬁ [Ro(1) 4+ 0.11(w — 1) — 0.06(w — 1)?] . (13¢)

Here, R. = 2/MgMp-/(Mp + Mp~), the variables w and z(w) are given by Egs. 7 and the values of the free
parameters determined in Ref. [43] are

p2 = 1.214(40.035) , 103 F, (1)|Vep| = 34.6(%1.0) , (14a)
Ri(1) = 1.401(£0.038) ,  Ra(1) = 0.864(40.025) . (14b)

We will use the central values of these parameters.

When the masses of final fermions (¢; and N) are simultaneously zero, only the above three of the four independent
form factors contribute (V, Ay, A2). However, in our (massive) case, the form factor Ag also contributes. It is not well
known. In order to get a reasonable approximation for the form factor Ag(g?), we can employ the heavy-quark-limit
relations

2

M)~ () |1 - G| (15)

in the general expression (C3) for A3(q¢?), resulting in the approximate relation between Ay and A3

Aala?) = () |1 - gt (16)

Using, in addition, the heavy-quark-limit relation Ay(¢?) ~ A2(g?), we obtain the following approximation for the
(otherwise unknown) form factor Ag(q?):

2

Ao(qz) zAs(‘f)/ 1- QMD*(Z\;]B+MD*):| - (

(Mp + Mp-)? <1 _ (Mp — Mp-) As(¢?)

2
i res Tyl Uk res o) KRG

This relation also fulfills the obligatory relation A(0) = A3(0) which reflects the condition of the absence of pole at
¢?> = 0 in the hadronic matrix element . Therefore, Ag(g?) can now be evaluated, too.

The decay width for the considered process, I'(B — D*¢; N), is obtained numerically by integration of the differential
decay width over the kinematically allowed values of ¢, where we use the obtained differential decay width ,
and the expression of Ag in terms of A;. We then get

I'(B = D*;N) = |Uy,n|* T(B — D*(1N) , (18)

where the canonical decay width (i.e., without the heavy-light neutrino mixing) is

_ 1 GZ|Vpl2 [Me=Mp)® M3+ M?) 1o
[(B — D*/1N) = CrlVerl” / d® X' |q1? (1 _ My M) )\) [Z(MB + Mp)* A1 (¢%)*
(

6473 M% My +M;)? q2 3
8M3 |12 22 Mg ( ( (¢ +M2*>) ) 4] 2 H
4ol Ly, 2B ((Mp+ Mp-) (1 - LD ) 42— — Iy
(Mp + Mp-)? (¢°)° + IR, (Mp D~) M3 1(q7) (Mg + Mp-) 2(q%)
+ |- (M]%,—M12>2+ (M + M7) | ME|q”? { 2(Mp + Mp-)? ]2 {1_ (MB_MD*)A2(L]2):|2A1(C]2)2
¢ ¢ ¢* [(2Mp-(Mp + Mp-) — ¢?) (Mp + Mp-)Ai(q?) ’

(19)

where X and |q], as a function of ¢?, are given in Appendix [C|in Egs. I) and 1) respectively. In Fig. 3| we
present the form factors V and A4; (j = 1,2,0) as a function of ¢? between 0 < ¢*> < (Mp — Mp-)?, where we took

the masses of the neutral B and charged D* (Mp = 5.280 GeV and Mp~ = 2.010 GeV; Mp — Mp~ = 3.269 GeV).
We present in Figs. a),(b) the main results of this Section, i.e., the canonical decay widths Eqs. and . The
used values of the masses of D*) are from Ref. [37]: 1.8648 GeV (D°); 2.0103 GeV (D*¥).
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FIG. 3: The form factors V(¢*) and A;(¢*) (j = 1,2,0) in the range 0 < ¢*> < (Mp — Mp=)>.
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The canonical decay widths of B meson into (a) DN [Eq. (7)], (b) D*¢N [Eq. (I9)], as a function of the mass of N neutrino.
The specific cases of £ = u, T are presented. The decay widths are in units of GeV.

III. SUBSEQUENT DECAYS OF N TO LEPTON NUMBER VIOLATING AND CONSERVING MODES
A. Leptonic decays N — (< (v

The sterile on-shell neutrino N, produced by B — EfN , subsequently decays into various channels. First we

are interested in the leptonic decays of the lepton-number-conserving (LNC) type N — (3 €3i1/g3 and of the lepton-
number-violating (LNV) type N — €3£ vy,, cf. Ref. [12] (cf. also Refs. [9, [11])

PENCY(N s (FiEny,) = |UpnPTN — lalsp) (20a)
TENV(N & (205 v,) = |Usn[2T(N — lalsv) | (20b)

where the charged leptons (f2,f3) are in general e,u, 7, and the expression for the canonical (i.e., without the
heavy-light mixing factor) decay width T'(N — ¢2f3v) is given by

_ G2M2,
F(N — £2€3V) = 1927T3 "T:($27x3) ) (21)
where the dimensionless notations are used
M,

€T (22)

= 2 3
My,



and the function F(za,x3) for nonzero lepton masses was calculated in Ref. [11] and is given here in Appendix (see
also Ref. [12]). Tt is symmetric under the exchange xo <> x3 (f2 <> £3).
In order to obtain the width for the rare decays B — (DN — (D) e1lolsv (with v a light, practically

massless neutrino), we combine the results — and — in the expression
X) 1 = -
T (BE = (DY)GEN » (DU)efF i) = Ve Pl T (BE, = (D)EN)T(N = Gv), (28)
where X stands for X=LNC or X=LNV process, and Uy, n = Ug,ny for X=LNC and Uy, y = U,y for X=LNV.
We will see later that the total decay width of the N neutrino, I'y, cancels out in the effective decay rates where

the decay probability of the intermediate on-shell N is accounted for.
The LNC and LNV processes contained in the expression 7 are depicted in Figs. [5] and @ If ¢4 = /3, then

(a) / L
’ N
b

FIG. 5: The lepton number conserving (LNC) process: (a) the direct (D) channel; (b) the crossed (C) channel; the crossed
channel appears only if ¢; = /3.

I [

L L
FIG. 6: The lepton number violating (LNV) process: (a) the direct (D) channel; (b) the crossed (C) channel; the crossed
channel appears only if ¢; = /3.

we have a statistical factor 1/2! in front of the expression for the decay width. However, in such a case two different
channels (direct and crossed) contribute, with equal strength, giving a factor 2 which cancels the aforementioned
factor. Therefore, the formula is valid for both cases, when ¢; = {3 and ¢; # /3.

If the intermediate N is Dirac (Dir.), then only the LNC processes contribute, and thus we must apply in the
formula for the total factor simply the X=LNC contribution; if N is Majorana (Maj.), both LNC and LNV
processes contribute

(Dir.) 1 — =
r (B;“;) — (DMNYEN = (DM )eli@wgty) = [Unn P Ve 5T (B(i;) = (D<*>)e§EN) T(N = (Flu,,)
(24a)
(Maj.)
P (BE = (DO)EN » (DOVGEEY) T = [Unn(Unnl? + [Unl)
X Fif (B(ﬂ;) - (D<*>)£§EN) T(N — (Fe0) . (24b)
N

B. Semileptonic decays N — ¢T 7T

Other possibilities for the decay of N (produced by B(ic) — ETN ) are semileptonic, and among them kinematically

the most favorable is the decay into a (charged) pion: N — ¢ 7+ (LNC case of B-decay); N — 37 F (LNV case of
B-decay). In this case, the second factor in the expression is now different

(N — (£77) = |[Un|*T(N — (£7F) | (25)

where the canonical expression T is (e.g., cf. Refs. [l 12} 20 [30])

— 1
(N — ﬂiﬂ':F) = FG%fﬁMﬁ/\l/Z(l,xmu) [1—zr— 22— xo(xr —x0)] (26)
T



where we use the notations analogous to Eq.

M M

NG TR

(27)

and fr (=~ 0.1304 GeV) is the decay constant of pion. It turns out that the corresponding rare decay B —
04N — l1lym, as in the previous Subsection, can be either LNC (B(ic) — (DU)YEN = (DW)VEFrE) or LNV

(B = (DW)EN — (DW)fit5aT). If N is Dirac, it is only LNG; if N is Majorana, it is the sum of LNC and
LNV. Again, as in the previous Subsection, if fo = ¢; (i.e., equal flavor and equal charge), the statistical factor 1/2!
appears in front of the integration, but is then cancelled by factor 2 appearing from the two equal contributions of
the direct and crossed channel. Therefore, the following formula holds for both cases of o = ¢1 and £y # {1, partly

analogous to Egs.

(LNC) NV)
r (B(ic) — (DUYEN — (D<*>)e;i£;F7ri) r (Bi

(L
£ = (DU)EN - (D<*>)£fz§ﬁ)

1 = -
Ve P Ve 5T (BE, = (D)EN)T(N = (%) (28)

The two factors I' on the right-hand side here are given in Egs. and , they are independent of the charges
involved, and thus the LNC and LNV decays here are equal. If N is Dirac, only LNC process contributes; if N is
Majorana, both LNC and LNV processes contribute, amounting in doubling the value of the width.

In Fig. [7| we present the canonical decay widths of heavy neutrino N, [(N — fol3v) (for £ = 1 and ¢3 = e or 7)
and T'(N — {r) (for £ = p or 7), as a function of mass My, cf. Egs. and . In all these decay widths, we
assume that the charged leptons have specific electric charges (e.g.., pe v, utn ).

ol (@ (b)

10712 10-12
10-14 | 10-14 |
1016 1016 Ls

Mn(GeV) Mn(GeV)

FIG. 7: The canonical decay widths, in units of GeV, as a function of mass of N, for (a) leptonic decays N — ply where £ = e
(solid) and ¢ = 7 (dashed); (b) semileptonic decays N — ¢m where ¢ = e (solid) and ¢ = 7 (dashed). In (b) we also included
the curve for N — e (dotted), and it is close to the solid line N — pm.

IV. BRANCHING RATIOS

We recall that the decay width of the considered processes is written in the factorized form (|1)), and the theoretical
branching ratio is obtained by dividing it by the decay width of B,

I(N — XY)

29
I'nI'p, (29)

Br (B(C) (DN - (D(*))élXY> —T (B(C) o (D<*>)£1N)

The factor I'(N — XY) is given for leptonic decay of N (XY = ¢3¢3v) in Egs. —7 and for semileptonic decay
of N (XY = {lam) in Egs. -, cf. Figs. |7l The first factor T’ (U(c) — (D(*))&%is given for the process without
(29

D™ in Egs. — (cf. Figs. , for process with D and D* in Egs. and — 9)), respectively (cf. Figs. 4.
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A. Total decay width of N

The only factor that remains to be evaluated to obtain the branching ratios is the decay width of the sterile
neutrino N. This decay width can be written in the following form

I'y =K Tn(My) , (30)

where the corresponding canonical decay width is

= G2 MR,
Tn(My) = —£F 31
~N(Mn) 965 (31)
and the factor K contains all the dependence on the heavy-light mixing factors
K(My) =K = Non [Uen|? + Ny [Upn | + Non [Urn[? (32)

Here, the coefficients AMyx turn out to be numbers ~ 1-10 which depend on the mass My and on the character of
N neutrino (Dirac or Majorana). We refer to Ref. [30] for details of the calculation of Ny, based on expressions of
Ref. [7] (see also Refs. [8, [44]). In Figs. |8 we present the resulting coefficients - the figures were taken from Ref. [30]
for Majorana N, and [I2] for Dirac N. We can see from that for 1 GeV < My < 6 GeV, which is the relevant mass

25
Majorana Neutrino

14 i i
Non Dirac Neutrino =6 Nen — l=e

12

10

My (GeV) o My(GeV)
1 2 3 4 5 6 1 2 3 4 5 6

FIG. 8: The coefficients Nyn (£ = e, u, T) appearing in Equations —, as a function of the mass of the sterile neutrino
N. The left-hand figure is for Dirac neutrino, and the right-hand figure for Majorana neutrino.

range for the rare B(.)-decays considered here, we have approximately
K®) ~ 6(|Uen, [ + [Unn, [2) + 3[Usn; 2 (33a)
KM23) x5 8(|Uen, |2+ Upun, 1?) + 3|Urn, |2 - (33b)

We note that this factor is for Majorana neutrino not simply twice the factor for Dirac neutrino.

B. Canonical branching ratios

If we factor out all the heavy-light mixing factors in the branching ratios , we end up with the canonical
branching ratio (i.e., without any heavy-light mixing dependence) Br

__ 1 _ _
Br (B, — (D");N = (D", XY )= ——— T (Bjoy = (DY N)T(N = XY) . 34
r (B = (DY)0N = (D)6 XY) W TT (B = (D) N) T ) (34)

In the case of leptonic decays of N (XY = l3¢3v), the branching ratio can then be written [cf. Eqs. (24)]
B (B — (DU)EN - (D) F G, = U6 P|Us, B (B = (D) GG Gw,) (35a)

. 1 _
Br) (B (DU)EEN = (D) Gv) = U (Ve P + Ve ) B (B = (D& G ).

(35b)
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The structure of the heavy-light mixing coefficients is different in the cases when N is Majorana and when it is Dirac.
This is so because in the case of Majorana N we have contributions of both LNC and LNV processes (Figs. [5| and @,
and in the case of Dirac N we have only LNC contributions (Fig. [5)).

If, however, N decays semileptonically (XY = fy7), then the relation between Br and Br is simpler

1 -
Br (B(C) —>(D<*>)£1N—>(D<*>)£1£2w) - E|UZIN|2|U42N|2Br (B(C)—>(D(*))€1£27r) . (36)

We note that the heavy-light mixing factors in the expressions — are not ~ |Uyn|*, but ~ |Uyn|?, because

K ~ |Ugn|? (£ = e, or 7). The enhancement effect 1/Ty oc 1/K (ox 1/|Ugy|?) has its origin in the on-shellness of the
intermediate N neutrino.

If we assume that all or most of the on-shell neutrinos N decay within the detector (see the next Section when this
is not so), then the branching ratios — are those directly measured in the experiment. In the considered rare
decays, we have to exclude those decays where among the produced particles are e™e™ or u+ ™ pairs, since such pairs
represent appreciable QED background. If ¢; = /5 in Egs. , such background would appear. However, if {1 = /3
(# ¢1), no such background appears.

0.0001 —————— 0.012 —
[ Br Br
T 0.010 B + + o+ F B
R - ey
0.00008 |- Bt utet y, UM
(@) 0.008 (b) ]
0.00006
0.006 ]
0.00004 | ] ]
[ 1 0.004| _ ]
Bl v ]
r + £ & F m———
0.00002 | Bty 1 o002 - \\ ]
[ RS T 002 - “ :
-~ SS Pad ~
L ’/’ S RS \\
0.0000 - . - | A 0.000 et | | N
0 1 2 3 4 5 0 1 2 3 4 5 6
Mn(GeV) Mn(GeV)

FIG. 9: The canonical branching ratio Br, as a function of mass of the on-shell neutrino N, for the leptonic decays (a)
BF =y 0¥y, (b) BY — pt 0Ty, where £ = e (solid) and £ = 7 (dashed). Included is also the curve for B(j;) —etetuTy
(dotted), which is almost indistinguishable from the solid curve.

‘
o008 Br B - D°uprety 1 oos| B ]

I ] [ B> D e
0.006 - (a) R I (b)

[ 1 ootof 1
0.004 - R

| | o005 .
0.002 | R r

H B - D'y ttv H B oDyt
0000 S S S P S A [y R Y S T AU S A SV S B Py » 0000 S S S S U S S S PSS RS S S S AU U] Mg gy it L

0.0 0.5 1.0 15 2.0 25 3.0 35 0.0 05 1.0 15 2.0 25 3.0 35

Mn(GeV) Mn(GeV)

FIG. 10: The canonical branching ratio, as a function of mass of the on-shell neutrino N, for the decays (a) B~ — D°u~pu v,
(b) B® — D**u~p~£Tv, where £ = e (solid) and ¢ = 7 (dashed). The case of £ = 7 is kinematically strongly suppressed,
due to the analogous suppression in Fig. m(a), and it is practically invisible in the Figure. Included is also the curve for
B — (D™)e~ e pu*v (dotted), which is almost indistinguishable from the solid curve.

In Fig. @(a) we present the branching ratios for the decays B* — pu*u®(Tv (ie., £; = f3 = p) for £ = e, 7, and in
Fig. |§|(b) the analogous decays of BX. In Figs.[10(a) and (b) the analogous decays of B mesons are presented when
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there is a D or D* meson among the final particles, thus avoiding the mentioned CKM suppression. We see that in
Figs. |§| and especially in [10] the case ¢ = 7 is suppressed. This is due to the analogous (kinematical) suppression of
T(N — prv) in comparison with T'(N — vev), especially at low My, cf. Eq. and Fig. a).

In Figs. and the analogous branching ratios are shown, but now for the cases when the intermediate N
decays semileptonically (N — fom).  In Figs. we notice that at low My < 1 GeV (My < M;) a rela-

1078 = T

1 \\ . I\\ —

st { N (a) B AN b) B
. _
! SNB ot 0.100¢ 1 SN BT 1
~
H S~s 0050 | . ]
~ S~a

1.x104L 1 BTy 1 ! S=———

1 ~~o ~<

- 1 ~ 1 ~

5.x105F | S~ 1 0010} Iy, S 4

I, .

}" AY 0.005F ! ]

A i ;
1.x105 & ] :

s H 0.001 | ¢ E

5.x106 & ] :

: 5.x104 L} ]
1.x10-6 Lud Mo kgt

0 1 2 3 4 5 1 2 3 4 5 6
Mn(GeV) Mn(GeV)

FIG. 11: The canonical branching ratio, as a function of mass of the on-shell neutrino N, for the (LNV) decays (a) B~ —
u N — p p 7" (solid) and B~ — e N — e e 7' (dotted); (b) By — u N — p~p~ 7" (solid) and B — e N —e et
(dotted). The dotted curves are close to the solid ones. Included in (a), as a dashed line, is the canonical branching ratio for

the decays B~ — 7 N — 7 pu¥nt and B~ — N — p 77 at (sum of all four decays), and in (b) the analogous quantity
for B. . Logarithmic scale is used for better visibility.

0.35 —
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’ Pl L iV BaDte NoDY et ]
P (a) I (b) 1
otob & % 1 o020l ]
5 DP N D° iy I
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0050 1 otof i . ]
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' 00sf I
N 0 Eoa s .
B - O I
R i et
0.00 | I .. Ty . . 0.00L | I S k.. Ty . . ! .
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FIG. 12: The canonical branching ratio, as a function of mass of the on-shell neutrino N, for the (LNV) decays (a) B~ —
D°u~N — D°up~ ™ (solid) and B~ — D% N — D% e n* (dotted); (b) B — D* ™ N — D**p~p~n (solid) and
B° - D*Ye™N — D*te"e 7t (dotted). Included in (a), as a dashed line, is the canonical branching ratio for the decays

B~ = D% "N — D% u¥nt and B~ — D4~ N — D°u 777 (sum of all four decays), and in (b) the analogous quantity
with B® and D*7.

tively strong enhancement occurs for some processes involving 7 lepton, namely B(C ) — TN — 7~ pFr*. This

is so because f(B(_C) — 77 N) is enhanced there, cf. Eq. and Figs. Further, we note that the LNV process
By = (D)~ N — (D®)pu~p~ 7" gives the same rates as the corresponding LNC process By — (D™)u™N —
(D))~ ptn—. If N is Majorana neutrinos both processes contribute, and if N is Dirac only the latter process
contributes. However, this LNC process has large QED background due to the produced u~u™ pair. Furthermore, if

N is Dirac neutrino, only two (LNC) channels of the four (LNC+LNV) channels for B,y — (D™))7pur presented in
Figs. [11] and [12| take place, i.e., the dashed curves must be reduced by factor 2 if IV is Dirac Neutrino.
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C. Differential decay branching ratios for leptonic decays of N

Measurement of the branching ratios of those of the considered rare decays in which N decays leptonically (N —
l5031) does not give us a direct indication of whether the neutrino N is Majorana or Dirac. This is so because the final
light (practically massless) neutrino v is not detected. We recall that, for example, the decays B — (D®)ut N —
(D)) utute v can be LNC (v = v,) or LNV (v = 7,), and LNV processes are possible only if N is Majorana.
However, if in this process we can measure the differential decay width dI'/dFE, with respect to the energy E. of
electron (energy in the rest frame of N), then dI'/dFE, is different in the case when N is Majorana or when it is Dirac
neutrino. This has been shown, for the decays of the light mesons m — etetp~v, in Refs. [I0, [12]. For the process
By = (DW)p*EN — (D) pFeTv we have

dl’ (Be) — (D(*)) pEptetu)

1 T'(N — pFeFr)
_ ) =
dE, g <B (e) 7 (D )” N ) Ty dE, (37a)
—(LNV) i —(LNC) i
|Uun = 1 dl (N = pFeFu,) dT (N = eTuty,)
= LU T(B DY) ENY) — S U, n? Uun|? wo\
2T (Bl = (D) wEN) - 4 U] i + Uen T

(37h)

In Eq. (37b)), the LNV term does not appear if N is Dirac. The differential decay width is thus proportional to the
following canonical differential branching ratios:

dBry (N — pev;a) ai df(LNv)(N—> pteFu,) (1—a) 1t c)(N—> eFptv,) (38)
dE, 'y dE, I'n dE,
where
Maj. |Uun|?
S = TP ) (39
aPir) — 0 . (39b)

The LNC and LNV hadronic decays of N are shown in Figs. for the general cases N — £; /4 v. In the considered

(a) (LNC)

(b) (LNV)

FIG. 13: (a) LNC decay N — £; £t vy,; (b) LNV decay N — €445 ve,.

specific case of Eqs. , we have f5 = e and f3 = p. The explicit expressions for dT'/dE, for LNC and LNV decay
of N are given in Appendix [D] The differential decay width is then rewritten in terms of the above canonical
differential branching ratio as

Jdr@ir.) . |U N|2|UeN|2* N dﬁN(N — uev,o = 0)
T 3 () r) - BOTESTE (3 () ) B0
dr(Maj.) |U,.~|? —= dBry (N — pev; aM2i))
(<)) £, EeF _ YuN 2 2 ) , =+ N pev;
5 (Bo = (D9) wutetv) (U ]? + U )T (B = (D) u*N) i .
(40Db)

In Figs. (a)—(d) we present the results for the differential branching ratios (38)), i.e., the processes depicted in
Figs. [13| with o = e and ¢3 = p, for four different values of My (= 1,2,3,4 GeV, respectively), for various values
of @ = 1.0,0.8,0.5,0.2 and o = 0, where @ = 0 is the case of Dirac. We can see clearly differences in the form of
the differential branching ratios when N is Dirac and when it is Majorana. If we consider the differential decay rates
of dBry /dE, for the decays B, — (D®))eretpFu (ie., the processes of Figs. with 5 = p and f3 = e), the
curves turn out to be very close to those presented in Figs. [14(a)-(d). In Figs. [L5{a)-(d) we present the analogous
differential branching ratios, but now for the process with e and p interchanged: dBry(«)/dE), relevant for the decays
By == (DW)eEN — (DM)etepTu.



14

2.0 ———— —————— — — —
[ (a) © ol (b) o
= . Dommy . I » m__
15/ dBry/dEe (GeV™') Tl RN, | sl 9Brw/dEe (Gev™) e
LA/ N . . 8r PP NN . b
PR SRS . 1 [ REPRes RS .
7 e N . _ 2 T, N H
My =1.GeV 2,0 S S i | My=2.GeV /,’ PR " \\
A A L Ry LN
o7 e \ Y 7 7 .
H IR (Y 106 ARy NN .
10k // K4 ‘,o \ \ | L x4 ,.‘ \ \.
L e N SO L
A [} [ AKX v ool ]
)0 A 1 (RN \
(ORI vl 104k (R \ 4
0 i I Qs \
r 7 Y 3 450 \
05+ 4.7, - 77, \
A F 7,2° 0 \
L /:,”o 1 02L- ,:'/,’o i
AR ' t Ge
s I
0 0 1 1 1 1 0 0 Il Il L L
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.2 0.4 0.6 0.8 1.0
Eo(GeV) Eo(GeV)
“7F () D Jo05f (d) D |
06 = - M f 1t = - T
- dBry/dE, (GeV') e L | | dBry/dEs (GeV™) oy
[ 7 PR | o4 R NS A
[ RaPer N Seo ] L PRl a0
L O/ . - — ‘e N
0‘5: My = 3.GeV i ,,’ Ry \\\ S, 1 [ My = 4.GeV ,/' ,”‘.’ \\\ \\
¥ PRy NN 1Al Eaxy NN ]
04f AR oM | do3r AR AN
r AR N Ry AN I
F AR \ . AR \ \
,l R \\ [ ,//0, o \\
03 BN ] t ASOERS i
o8 \ j02f OEGR Yl
[ /0, \ 1 r ,’/ o \ ]
02l 500 A I 000 \
e 7/ \ ] r 77, \
[ O \ [ 'l
p 7, 7,7, )
%%, ¥ 0.1+ %4°,° 8
01 5. 1 7 4.2
2. 2.2
0.0 L el R S S S S S S S S S SO TSNS S B! 0.0 | . . | . . . . | . . . . | . . . .
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.5 1.0 1.5 2.0
E+(GeV) E.(GeV)

FIG. 14: The canonical differential branching ratio dBry () /dE., Eq. , as a function of the electron energy in the neutrino
N rest frame, relevant for the decays By — (DNYuEN — (DW)p* p* e o, for various on-shell neutrino masses: (a) My = 1
GeV, (b) My = 2 GeV, (¢) My = 3 GeV, (d) My = 4 GeV. In each figure there are five curves, corresponding to different
values of the admixture parameter o [Egs. (38)-(39)]: an = 1.0 is the solid (M) curve; 0.8 (dotted); 0.5 (dot-dashed); 0.2
(dashed); the Dirac case, anr = 0 is the solid line labelled (D).

V. EFFECTIVE BRANCHING RATIOS DUE TO LONG LIFETIME OF N

For the considered decays to be measured in the experiment, the produced on-shell neutrino N must decay within
the detector. However, if the sterile neutrino IV is long-lived, only a small fraction of the produced neutrinos N will
decay within the detector. Therefore, their theoretical branching ratios should be multiplied by the probability Py of
the produced neutrinos N to decay (nonsurvival) within the detector. This effect has been discussed in the context
of various processes in Refs. [4, T0H12, 30, 45H47]. If the length of the detector is L, and the velocity of the on-shell
N in the lab frame is Sy (often By = 1), this nonsurvival probability is

L
Py = 1—exp|=———7— 41a
N p[ TN’YNBN:| (41a)
L L ~ L —
~ = Iy =Ki—Pn, A1b
(TN'YN/BN) (VNﬁN) N 1m N ( )
where
2 175
5 Ilm — _ lm GuMy ()

(wBn) " (ywBn) 9673

is the canonical nonsurvival probability, i.e., Py with K~ 1land L=1m. Here, vy = (1 — BJQ\,)*I/2 is the Lorentz
time dilation factor (in the lab frame), and in Eq. (41b) we assumed that Py is significantly smaller than 1, say
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FIG. 15: The same as in Fig. but now for the decays with e <+ y, i.e., the canonical differential branching ratio dBrx (a)/dE,
as a function of the muon energy in the neutrino N rest frame, relevant for the decays B,y — (D™)eEN — (D™)efetpuTo.

Py < 0.4. We refer to Sec. [[VA] for details on the total decay width I'y.

In some cases it is realistic to assume that Py < 1 (e.g., Py < 0.4), because the total decay width of the sterile N
neutrino, I'y, is proportional to K which is a linear combination of the (small) heavy-light mixing coefficients |Uyx|?
(¢ =e,u,T), cf. Egs. — in Sec. Nonetheless, we should check in each considered case of mass My whether
or not this condition is fulfilled. If it is not, the relevant estimates of the measured branching ratios are the (original)
branching ratios presented in Sec. [[V] cf. Figs. In order to facilitate the checking of this condition, for a given
mass My, we present in Fig. the canonical nonsurvival probability Py, Eq. , as a function of mass My, for
the kinematic parameter yy0On = 2.

The branching ratio is then multiplied by the nonsurvival probability Py, Eq. , resulting in the experi-
mentally measured (effective) branching ratio,> where the total decay width 'y of the on-shell N neutrino cancels if
Py k1

Breg (B(C) — (DYEN (D(*))K{EXY> — PyBr (B(c) = (D<*>)£§EXY) (43a)
L 1
(YnBN) s,

r (B(C) = (D<*>)£fN) I(N — XY). (43b)

Eq. (43b)) is a good approximation to the true value if Py < 0.4 (1 — e~%4 20 0.33). We define the canonical effective
branching ratios Breg, containing no heavy-light neutrino mixing factors, as the same expression as Eq. 1' except

2 Please note that the true branching ratio can be derived from the effective branching ratio by dividing it by the nonsurvival factor Py.
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FIG. 16: The canonical nonsurvival probability Py, Eq. , as a function of mass My, for the kinematic parameter vy Gy = 2.

that now instead of the decay widths I" the canonical decay widths I' appear

L 1

B + (+)) _L
Breg (B(C)—>( NEN — (D) XY) v,

(B(c) — (D<*>)£1iN> T(N - XY).  (44)

We stress that our definition of the canonical branchm ratio Breg uses the form (41b)) as the basis, i.e., it is simply
related with the effective branching ratio Breg Eqg 3a only when Py < 1 (say, Py < 1). The widths I" were
calculated in the prev10us Sections, cf. Eqs , i ) and Figs. I andfor the first part B,y — (D( ))EiN and

Egs. ( and ) and Figs. I 7| for the second part N — EjFé vor N — (5 7.
The effectlve branchmg ratios, Brcﬁ, in terms of the canomcal branchlng ratios Breg, are in the case of leptonic

decay of N [cf. Eqgs. and .
Br(y™ (Buoy = (DU)GEN > (DG GG, ) ~ Vs P U *Brer (B — (D), ) (45a)

Q

By (Bl = (DU)EN = (DG G )~ [Unn (Ve + Uy |))Brer (B — (D) GG Fv).

(45b)

The cases of Majorana and Dirac neutrino N differ in Eqgs. , as they do in Egs. . The explanation for this
was given just after Eqs. . Here, ¢; and ¢ are usually p and/or e, but could be in principle also 7. We stress
that the relations are approximate and are apphcable only if Py < 1 (say, Py < 0.4). This is so because the
definition of the effectlve branching ratio Breg, Eq. ( has the true value of the nonsurvival probability Py as a
factor, Eq. , while the canonical quantity Brcff7 Eq , uses the expression 1-) which reduces to the true
Py only When PN < 1 (say, Py < 0.4). We note that the rlght hand sides of Eqs. (45)) involve factors ~ |Uyn|?,
contrast to the factors ~ |Uyy|? on the right-hand side of the analogous relations (35)). This is so because when the
factor Py is small, it is proportional to Iy oc K ~ |Uen |2
If N decays semileptonically (N — fo7), the relations between Breg and Breg are somewhat simpler

Breg (B(c)%(D(*))&N%(D(*))&Zgw) = |Up, v 2|Us,n |*Breg (B(C)%(D(*))&ézw) . (46)

Here we consider that ¢; and ¢ have specific flavors and specific electric charges.
The canonical effective branching ratios (i.e., those without the heavy-light mixing coefficients), as a function of
the mass of the on-shell neutrino N, for some representative considered B,y meson decays are presented in Figs.

They are given for the values of the detector width L = 1 m (= 5.068 x 10'® GeV ') and the kinematic

N factor Byyn (= Bn/\/1— B3) =2. The results for representative decays as a function of My, when the on-shell
N neutrino decays leptonically (N — ¢2l31), are presented in Figs. and The results for the analogous decays,
when N decays semileptonically N — um, are presented in Figs. [T9] and

3 We usually have £; = e, ;1 (j = 1,2, 3). As explained in Sec. [[V B| we take ¢; = £3, because ¢; = £5 (= £) would imply pairs £+ ¢~ which
have strong QED background.
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FIG. 17: The effective canonical branching ratio Breg, Eq. (44)), as a function of mass of the on-shell neutrino N, for the
leptonic decays (a) B & pFpt ey, (b) B = p* 0Ty, where £ = ¢ (solid) and ¢ = 7 (dashed). The length of the detector
was taken L = 1 m, and the Lorentz factor of N neutrino in the lab frame, Snyy = Bn/+/1 — %, is taken to be Bnyn = 2,
and Py < 1 was assumed. Included is also the curve for B(ic) — ete T v (dotted), which is almost indistinguishable from the
solid curve.
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FIG. 18: The effective canonical branching ratio, as a function of mass of the on-shell neutrino N, for the decays (a) B~ —
D°u~p= 0w, (b) B® = D* =0T v, where £ = e (solid) and £ = 7 (dashed). As in Fig. we took L =1 m and Bnyn = 2,
and Py < 1. The case of £ = 7 is kinematically strongly suppressed, due to the analogous suppression in Fig. a). Included

is also the curve for B — D*"e"e™ utv (dotted), which is close to the solid curve.

VI. DISCUSSION OF THE RESULTS AND PROSPECTS OF DETECTION

The results of the previous Secs. [[V] and [V] allow us to estimate, for given mass My and given values of the heavy-
light mixing coefficients |Uyn|?, the branching ratios of the considered rare decays of By mesons. For example, if we
consider B mesons which are to be produced in Belle II experiment in numbers of ~ 10'° per year, the rare B-decays
may be detected there if their predicted measured branching ratios are > 10710, And if they are not detected, this
will imply a decrease of the present upper bounds for the corresponding |Uyn|? coefficients in the considered mass
range of V.

The present upper bounds for the corresponding mixing coefficients, in the mass range 0.1 GeV < My < 6 GeV,
were determined by various experiments, cf. Refs. [A8H59] (for a review, see, e.g., [§]). Table [I| gives the present
approximate upper bounds for |Uyn|? (¢ = e, u, T) for several masses of N in the interval 0.1 GeV < My < 6 GeV.
For |U.n|?, the most restrictive upper bounds come from the neutrinoless double beta decay (0v33) [48]. However,
due to possible significant uncertainties of the values of the nuclear matrix element in Ov33, we present in Table [I]
also alternative upper bounds for |U.x|? which exclude the Ov3(3 data.

Here we will discuss the results of the previous two Sections, and will illustrate in a few cases how they can be used
for predictions, for specific mass ranges of N. Once we consider a specific range of My, and specific possible values
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FIG. 19: The effective canonical branching ratio, as a function of mass of the on-shell neutrino N, for the (LNV) decays (a)
B™ =y N — u p «" (solid) and B~ = e N — e e 7wt (dotted); (b) B — u~ N — u~u~nt (solid) and B — e N —
e~ e n" (dotted). The dotted curve is practically indistinguishable from the solid one. Included in (a), as a dashed line, is
the canonical effective branching ratio for the decays B~ — 7 N — 7 pTnt and B~ — ™ N — u 7 7t (sum of all four
decays), and in (b) the analogous quantity for B . As in Fig. we took L = 1 m and Byyn = 2, and Py < 1. Logarithmic
scale is used for better visibility.
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FIG. 20: The effective canonical branching ratio, as a function of mass of the on-shell neutrino N, for the (LNV) decays (a)
B~ = D% N — D%~ nt (solid) and B~ — D%~ N — D%~ e 7" (dotted); (b) B® = D**u™ N — D*Tp~p~ 7" (solid)
and B = D*Te™ N — D*Te~e~n" (dotted). Dotted curves are very close to the solid ones. Included in (a), as a dashed line,
is the canonical effective branching ratio for the decays B~ — D°7~ N — DO7'7M¥71'i and B~ — D°u~ N — Do;f7'¥7ri (sum
of all four decays), and in (b) the analogous quantity with B® and D**. As in Fig. we took L =1 m and Snyny = 2, and
Py < 1.

of |Ugn|?, we must first check whether the probability Py of decay of such N neutrino within the detector is:
(a) Py &~ 1, ie., N decays instantly at the same vertex of the production;
(b) Py < 1 (say, Py < 0.4), i.e., N decays within the detector with a displaced secondary vertex;
(c) Py = 0 (practically zero), i.e., N always leaves the detector, resulting in massive missing momenta.

We note that with Py < 0.4 the experimentally observed effective branching is getting small, but the decay with two
vertices, if detected, will represent a dramatic detector signature.
This then determines whether the predicted measured branching ratios are:

(a) PnyBr = Br of Sec. whose canonical values are presented in Figs. (9]

(b) K(L/1m)PyBr of Sec. [V| whose canonical values are presented in Figs.

(¢) Br = Brpyoa. of Sec. II whose canonical decay widths are presented in Figs. 1 and 4.
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TABLE I: The known upper bounds for the squares |Usy|? of the heavy-light mixing matrix elements, for various specific values
of My. For |Uen|?, as an alternative, the upper bounds with the exclusion of the neutrinoless double beta decay data are
included.

My [GeV] [Uen [Uen|” (excl.0vBp) [Uun[? [U-n[?
0.1 1.5x 10 °@8]| 5x107" [B1] [6.0x 107 ° [57][8.0 x 10~ [56
0.3 2.5 x 10 ° [49]] 2x 107 49 3.0x 10 P A9 [1.5 x 10" * [52
0.5 2.0 x 10~ °[48 1x10°° [54 6.5 x 1077 [59][2.5 x 1072 [52
0.7 3.5 x 10~ °[48 5x 107" |54 2.5x 1077 [59]]9.0 x 10~° [52
1.0 4.5 x 10~ 3[4 3x 107" [p4 1.5 x 1077 [59][3.0 x 102 [52
2.0 1.0 x 107748 1x 1077 54 2.5x107° [52][3.0 x 107 % [52
3.0 1.5 x 107748 3x107° [2 2.5 x 107° [52]]4.5 x 107° [52
4.0 2.5 x 107748 2x107° |2 1.5x107° [F2][1.5 x 107° [52
5.0 3.0 x 107748 2x107° B2 1.5 x 107° [52][1.5 x 107° [52
6.0 3.5 x 10748 2x107° |2 1.5x 107° [52][1.5 x 10~° [B2

Table [[| suggests that the processes with muons are at present more probable than those with electrons, although this
conclusion is not valid if we exclude the Ov33 data for the upper bounds for |U.y|?. Nonetheless, in the rare decays
with muons and no pion in the final state, we should have at least one electron in the final state.* This is so because,
with three muons in the final state, a pair 4+~ would appear there, and such decays would have QED background
from virtual photon decays v* — pu™p~, as mentioned in the previous Sections. Therefore, among the above rare
processes (with no pion), those with possible higher (effective) branching ratio are B,y — (D™*))u®u*ev, which can
be LFV or LNC. When measuring Br(.g) of these processes, we cannot distinguish between the Majorana and Dirac
nature of N.

A. The decays with no produced D*) mesons

First we will discuss the rare decays where no D) mesons are produced (i.e., the cases of Sec. II A and Sec. III).
Comparing Figs. @(a) and (b) and a) and (b), we can see that the purely leptonic rare B decays are suppressed
in comparison with the corresponding decays of B, primarily due to the strong CKM suppression (|V,p| &~ 1071|V,]).
Since only B mesons can be produced at Belle, such rare purely leptonic decays, Figs. [9(a) and a), will be difficult
to measure at Belle II experiment. For example, if My ~ 4 GeV, according to Table [l we have |U,y|?> < 1072 (for
all £). If we assume that |Uyn|? ~ 1075, then it turns out that the decay probability is Py ~ 1. This is so because,

according to Egs. — we have in general

Py =1—exp (—/’6 (1Lm> PN> . (47)

We have K ~ 10! |Uen |? according to Eq. , Py ~ 10° for My = 4 GeV according to Fig. so that for the detector
length L = 1 m we have the expression in the exponential on the right-hand side of Eq. (47) ~ 10'|U,n|?10° ~ 10!
(where we used |Upy|? ~ 1075). Since Py ~ 1 — exp(—10') ~ 1 in this chosen case, the relevant canonical branching
ratio is Br from Fig.l@(a)7 namely Br ~ 107* [Breg ~ 10! of Fig.(a) is now not relevant]. Egs. (with 61 = 3 = p,
{5 = e) then imply that the measured branching ratio is

1 - _
Br(B — p*ptefv) ~ E|UZN\4Br(B — pEpFeFv) ~ oF Uin['Br(B — p*p*ev)

1
101U,
~ 107'107°107* ~ 10710 . (48)

This implies that at Belle II the number of such decays detected per year will be N ~ 10191071 ~ 1, which is difficult
to be observed. If we decrease the mass My to, say My =~ 3 GeV, the results do not change significantly, because
Py =~ 1 is still valid, and the canonical branching ratios do not change significantly. At even lower values of My we
have Py < 1, which implies an additional suppression of the measured branching ratios.

4 The decays with at least one 7 are in general kinematically suppressed, but the mixing coefficients \U.rN|2 have at the moment less
restrictive upper bounds, |U,n|? < 1074 for 2 GeV < My < 3 GeV, cf. Table The 7 lepton is difficult to identify in experiments,
though.
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If the intermediate on-shell neutrino (with My ~ 4 GeV) decays to a pion, the relevant figure is Fig. a) for
B~ — p~p~w" [and not Fig. [19(a), since Py ~ 1], and the resulting rate (at My = 4 GeV) is by about one order of
magnitude too small for the detection.

On the other hand, LHC-b can produce B, mesons copiously, and the rare leptonic decays of B, may be detected
there due to significantly higher branching ratios, cf. Figs. @(b) and b). Similar conclusion can be made for the
corresponding decays of B. when the intermediate on-shell neutrino decays to a pion, Figs. (b) and b). For
the latter processes, LHC-b can be sensitive down to the branching ratios Br(B, — p~p~n") ~ 1077 in LHC run
2 (collected luminosity 5 fb~') and ~ 10~% in the future LHC run 3 (collected luminosity 40 fb™'), cf. Ref. [I3]. If
we assume that |U,n|? is numerically either the dominant or a representative heavy-light mixing coefficient, then an
estimate similar to that of Eq. , now based on the results of Fig. b) for B, — p~p~ 7", implies that LHC-b
can provide upper bounds on |U,y|? of order ~ 10™* (run 2) and ~ 10~ (run 3), in the mass range My somewhere
between 3 and 5 GeV (in such cases Py = 1).° These conclusions agree with those of Refs. [13, 14]. The authors
of these references also considered other semileptonic decays of B, via an on-shell Majorana neutrino, with similar
conclusions. Similar conclusions can be obtained by using the leptonic channel B, — p~p~e'v, Fig. |§|(b), if the
signal efficiency is similar to that of the semileptonic decays.

There is an interesting aspect of the rare decays with one produced pion (and no D(*)). If in such rare decays
also one heavy 7 lepton is produced, then the results of Figs. a) and (a) indicate that such processes could in
principle be detected at Belle II. Namely, the present upper bounds on |U,y|? are less restrictive, |U,y|?> < 10~ for
the mass interval 0.3 GeV < My < 3 GeV (cf. [8,52] and Table. If U, n]? ~107* and 2 GeV < My < 3 GeV, then
it can be checked that Py ~ 1 [cf. Egs. (33) and Fig. . Therefore, for 2 GeV < My < 3 GeV and |U,x|? ~ 1074
we can use the branching ratio of Sec. The canonical branching ratio for the decays B — 7un is Br ~ 107 by
Fig. [11fa) for 2 GeV < My < 3 GeV (dashed line). Therefore, if |U,n|? ~ 107* and 2 GeV < My < 3 GeV, the
branching ratio for such decays would be [using Egs. and ]

_ 1 - 1 _
Br(B~ — rur) = E|UTN|2|UW|2Br(B %Tﬂﬂ)%w|UTN|2|UMN|2BI‘(B — Tpm)

1 — 1
= g\UﬂNFBr(B* — Tpm) < 5(2.5 x1072)107* ~ 1077 . (49)

In the last steps, we used the upper bounds for |U, ~|? in the considered mass interval, cf. Table [[l The estimate
suggests that Belle II could detect up to ~ 10! rare decays of the type B — Tur.

If N is Dirac, the dashed lines in Figs. and [and [12| and get reduced by factor 2, because only two out
of four decays contribute, namely the LNC decays: B — (D)7~ N — (D)7~ ptn~ and B — (D®)u~N —
(D)~ 7t7~ (where B = B, B%). If such decays can be detected, the nature of the neutrino can be discerned.
For example, if the decays B~ — pu~ 7 7+ are detected, such processes violate the lepton number and the neutrinos
have to be Majorana. The situation with such decays is better by several orders of magnitude if the decaying meson
is B. (i.e., in LHC-b), cf. Figs. [LI[b) and [19[b). The results will certainly depend on how efficiently the produced 7
leptons can be identified in such decays, and such identification may be difficult.

If Py < 1, then in most of the considered rare B-decays the produced N travels through the detector and its
production is manifested as a massive missing momentum (we referred to this as the “Py ~ 0”7 case). The decay
rates for such events are higher than those with N decaying within the detector, but with the negative aspect of no
experimental signature of N-decay. When Py < 1, we have Py ~ 10|U,n|*Px by Eqs. and . Therefore,
the case Py < 1 is in general to be expected for lighter masses, cf. Fig. where Py < 103 for My < 2 GeV,
and for smaller mixing parameters |Un|?. On the other hand, the decay widths I'(B — ¢N) = |U,n|?T(B — ¢N)
are suppressed by smaller |U,x|?. However, there is a window of such ranges of (low) My and (high) |U,n|? where
simultaneously Py < 1 and the decay widths I'(B — ¢N) are appreciable. Namely, if My ~ 2 GeV, we can
have at present the values of |U,n|? as high as ~ 107°, cf. Table [l and [§] (we assume that |U,y|? is not larger
than ~ 1075 either). Then Py ~ 10|U,n|?Pn ~ 10 x 107° x 10® ~ 107}(< 1). According to Fig. a) we have

5 On the other hand, for My < 2 GeV we have Py < 1 if |UMN|2 < 107%; and for My < 1 GeV we have Py < 1 if |U,,‘N|2 <1074,
Namely, according to Fig. and Egs. 1) and we have: Py ~ KPy ~ 10|UMN|2ﬁN, and Py ~ 103 (102) for My ~ 2 GeV (1
GeV). Therefore, for My < 2 GeV, it is the effective branching ratios to which LHC-b becomes sensitive, i.e., Breg(Be — p~pu~wt) ~
10~7 (run 2) and ~ 10~8 (run 3). In such cases, the relevant quantities are the effective canonical branching ratio of Fig. b) and
Eq. |i (with £1 = f2 = p). For example, if My = 1 GeV, the effective branching ratio is Breg = |U,n|*Breg ~ |UMN|41(]O7 and LHC

run 3 will be sensitive down to Breg ~ 1078, implying that it can probe the mixings down to |Uun|? ~ 10~* (and not 107?). In that

case Py ~ KPy ~ 1O\U#N|2ﬁN ~ 10 x 1074 x 102 ~ 10~ « 1 which is consistent with the assumption Py < 1.
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T(B — uN) ~ 5 x 10717 GeV at My ~ 2 GeV, and therefore the following branching ratio is possible at such My:

|UunIPT(B = uN) 1075 x (5 x 10717) 9
Br(B N) = ~ ~ 10 50
r(B — jN) I 21077 : (50)

where we took into account that I's ~ 4 x 1073 GeV. The estimate implies that Belle IT could see, for the
mentioned approximate values of the parameters My and |Uyy|?, about ~ 10! decays per year of B — p-+ missing
momentum py, with the invariant mass of the missing momentum \/zg =~ 2 GeV. This is by one order of magnitude
better than the estimate which involves the decay of N well within the detector. For the decays B — 7+ missing
momentum, the favorable ranges of the parameters My and |U,x|? are even wider than for the decays B — u+
missing momentum, primarily because I'(B — 7N) is appreciable even at lower masses of My, cf. Fig. a); The
identification of 7 leptons is, however, difficult [60].

B. The decays with produced D) mesons

We now comment on the rare B-decays which produce D*) mesons (i/e. the cases of of Sec. II B and Sec. IIT).

Figs. [I0]and [I2] and the corresponding figures for the effective branching ratio, Figs. [I8 and [20] are for rare decays
of B mesons where at the first vertex a D*)-meson is produced, evading thus the CKM suppression encountered in
the processes involving the leptonic decays of B — ¢N. The rare decays of B with produced D*) mesons are of
interest for the Belle IT experiment. In general, for lighter masses My < 2.5 GeV, we have Py < 0.5 if we assume
that there |Uyy|? < 1072 for all £. If this is so, we may use the effective branching ratios of Sec. The results in
Figs. |18/ and [20|show that for 1.5 GeV < My < 2.5 GeV we have Breg ~ 10! if no 7 leptons are involved. The present
upper bounds on |U,x|?, in the mass range 2 GeV < My < 3 GeV, are [U,n|* < 1075, cf. Table The relations
(45b)-(46)) then imply that, if NV is Majorana and 2 GeV < My < 2.5 GeV, Belle II could produce per year a number
N of rare LNV decays B — D™yt p*e¥r and B — D) p*p® ¥ of the order

N(B = DY pFptetr) ~ N(B — DY pFptaT) ~ 1010 x |U,n|*Breg
~ 10 x (1075)%10" ~ 10" . (51)

If no such rare decays are detected, then Belle II can decrease the upper bound for |U, ~|? in that mass interval.
The second of these processes, B — D) p*u*7F is LFV, and is possible only if N is Majorana. The first of
these processes, B — D™ uFeFy, can be either LNC or LNV. If enough of such decays are measured, then the
differential branching ratio dBr/dE, can be measured (where F is the energy of e in N rest frame), and this quantity
is proportional to dBry /dE, studied in Sec. There it was argued that by measuring this quantity, the Dirac or
Majorana nature of IV can be discerned.

Another attractive aspect of the rare B-meson decays involving D) mesons is the possibility of measuring the
decays B — D) N with the N neutrino not decaying within the detector, i.e., what we referred to as the “Py ~ 07
case. The neutrino would manifest itself only as a massive missing momentum. According to Figs.[d] the corresponding
decays widths, for lower masses My < 2 GeV, are significantly larger than the corresponding decay widths without
D™ mesons Fig. a), principally because the CKM-mixing suppression (|V,s| &~ 0.004) is made weaker with the
presence of D) (|V,;| ~ 0.04). For the masses My < 1.8 GeV, it turns out that the mixing coefficients |U,y|? are
at present strongly restricted, |U,n|? < 1077, cf. [8] (cf. also Table | here).® If we, conservatively, assume in addition
that the other mixing coefficients |Uyn|? (¢ = e,7) also fulfill the strong restrictions |Uyn|? < 1077, the condition
Py ~ 0 is strongly fulfilled: we have Py = K|Upn|*Py ~ 10|Usn 2Py < 10 x 1077 x 103 ~ 10~3 [using Eqs. (41b)),
(33) and Fig. [16], i.e., Py < 1 (Py &~ 0). At My < 1.8 GeV , despite the very restricted values |Upy|? < 1077, the
branching ratio for B — D™ N can achieve the following values:

U,.~I*)T(B — D™ uN 1077 x 10714
Br(B — DOy = e F—> pN) 4 onilg ~2x107° ~ 1079, (52)
B

where we took into account that T'p ~ 4 x 107!3 GeV, and that T(B — D" uN) ~ 1074 GeV for My < 2
GeV according to the results of Figs. The estimate (52]) suggests that Belle II could possibly detect rare decays

B — D™ 4+ i+ missing energy of invariant mass Vpa S 2 GeV, at rates of ~ 10 per year. However, as argued

6 The upper bounds become much less restrictive for My > 1.8 GeV: |U,n|? <1075, cf. [852].
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earlier, if the mass My is somewhat higher, 1.8 GeV < My < 2.5 GeV, we can still have Py < 1 (Py < 0.5) and
at the same time the mixing coefficients can become larger by two orders of magnitude, |Upn|?> ~ 1075 (cf. Table
. In such a case the branching ratio Br(B — D™ uN) can go up to ~ 10~8 because I'(B — D) uN) decreases
there only by at most one order of magnitude, ['(B — D(*)uN) ~ 10715 GeV, cf. Figs. The resulting estimate
Br(B — D®uN) ~ 1078 is by one order of magnitude better than the corresponding estimate for the case of
N decaying within the detector. Further, at significantly lower masses My ~ 0.5 GeV, the present upper bounds
are |U,n|? ~ 6.5 x 1077, and the canonical decay width T(B — D®)uN) is high, e.g., T(B — D*uN) ~ 2 x 107
GeV, Fig. b). The estimate of the type then increases the branching ratio to up to Br(B — D*uN) ~ 1078
for My ~ 0.5 GeV, leading to up to ~ 10% such events per year at Belle II.

VII. SUMMARY

In this work we considered rare decays of B and B, mesons mediated by heavy on-shell neutrinos N with masses
Mpy ~ 1 GeV. The work was performed especially in view of the upgrade plan for the dedicated Belle experiment
(Belle IT) in which ~ 10'® B mesons are to be produced per year, in addition to the presently ongoing LHC-b. Direct
decays of B meson of the type B — (4N — {1 XY (where XY = ly{3v or lo7, and ¢; are charged leptons) are strongly
suppressed due to the small CKM element V,; &~ 0.004, and such decays turn out to be difficult to detect at Belle
II. Nonetheless, B, mesons have significantly weaker CKM suppression (|V;| =~ 0.04), they are copiously produced
at LHC-b, and the mentioned decays with B, could be detected there. However, B. mesons are not produced at
Belle. Therefore, in order to evade the mentioned strong CKM suppression, we also investigated decays of B mesons
which produce a D) meson at the first vertex, namely B — D®)¢; N, where the on-shell heavy neutrino N may
subsequently decay (within the detector) leptonically N — ¢2f3v or semileptonically N — o, In these decays, we
took into account the possible effects of the heavy neutrino lifetime. Our calculations and subsequent estimates raise
the possibility of detection of such rare decays at Belle II. If such rare decays are detected, in some of such cases there
is a possibility to determine the nature of N (Majorana or Dirac), via the identification of the lepton numbers of
the final particles (LNV or LNC processes), or even via the measurement of differential decay widths if enough such
events are detected. If such rare decays are not detected at Belle II, then the upper bounds on some of the heavy-light
mixing coefficients |Uyy|? can be decreased, for the relevant mass ranges of the heavy neutrino N (My ~ 1 GeV).
Another attractive possibility is that Belle IT detects the decays B — D™ N where N does not decay within the
detector but manifests itself as a massive missing momentum. We point out that such events could be produced at
Belle II in significant numbers for various ranges of the values of N mass and of the heavy-light mixing coefficients
|Uen |2
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Appendix A: General expression for I'(N — (2/30)

The decay width for the process N — f2f3v is given in Eqgs. for the LNC and LNV version, where the canonical
width (without the heavy-light mixing factor) I'(N — f3l3v), Eq. , contains the factor F(x2,x3) [with z; the
dimensionless rescaled masses Eq. (22)]. This factor has the following expression, cf. Ref. [11]:

F(xo,x3) = {A1/2(1,x2,x3)[(1 + 29)(1 — 829 + 23) — 3(7 — 1229 + T23)
—7x3(1 + 22) + 23] — 24(1 — 23)23 In2
+12 { — 221 — 2D Inzy 4 (202 — 22(1 + 22) In(1 + 22 + AV2(1, 29, 23) — 23)

(1—22)* + (1 — wa)AV2(1, 29, w3) — w3(1 + x2)> } } ’ (A1)

T3

+23(1 — 23) In (
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and the function A\'/? is given by

)\1/2(x, y,2) = [x2 +y? 4+ 2% — 20y — 2yz — QZ:U] 12 (A2)

It can be checked that F is symmetric under the exchange of the two arguments: F(z2,x3) = F(z3,22). In the limit
when one of the charged leptons is massless, the above expression reduces to the well-known expression

F(x,0) = F(0,2) = f(z) =1 -8z + 823 — 2* — 1222 Inz . (A3)

This expression is a good approximation when, e.g., one of the charged leptons is an electron and the other is a muon
(x1 =2 = Mﬁ/MJQ\,)

Appendix B: Decay width of B — D{1 N

In this Appendix, we outline the derivation of the decay widths I'(B — D{¢;N), with massive neutrino N and
(massive) charged lepton ¢;, which may be relevant especially for the search of sterile neutrinos at Belle(IT). The
process is schematically presented in Fig. for the case of B~ — D%, N. The decay width is

( time )

FIG. 21: Schematical representation of the decay B~ — D% N.

_ 1 1
F(B — D0€1N) = MW/CZ&W—P ) (Bl)

where d3 is the usual integration differential of the final three-particle phase space

&*pp d3pi dpy

dy = D . N5 (pg — pp — p1 —
* = 3y (50) 2B, (5) 2Bn() PP TR TR
= dy(B~ — D°(pp)W*(q))dg*d2(W*(q) = tr(p1)N(pn)) (B2)
and 7 is the reduced decay amplitude
Gr M?% — M? M2% — M?

T = UelNVcb7; [@ey) (P1) 7 (1 = ¥5)v () (PN))] { [(QPD + )" — (Bq2D)qu} Fi(¢®) + (quD)uno(qQ)} .
(B3)

Here, Fy(q?) and Fy(g?) are the form factors of the B-D transition

M2 — M? M2 — M?

(DD O HOB (o) = | 2o+ 0)* = PE_ S| i)+ BBy o)

where ¢ = pp — pp is the momentum of the virtual W~ (¢ = p1 + py, cf. Fig. , e.g., cf. Refs. [41] [42].

Squaring the absolute value of 7, summing over the final helicities, and integrating over the two-particle phase
spaces do(W*(q) — ¢1(p1)N(pn)) and do(B~ — D°W*(q)) [cf. Eq. ] then results in the following differential
decay width (M is the mass of ¢1):

dT'(B — Dt N)

,dT(B — D{,N)
dg? |

= ‘U&N dq2 )

(B5)
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where the canonical (i.e., with no heavy-light mixing coefficient) decay width is

ABDON) - L o 1 g @ MpY g (| ME MR
dq? 38473 T EITl (42)2 Mg TME M3 T P

x{m(w 207 — PME + MP2ME — ) — M — M2 [(¢ — MDY — 2M3(q + M) + M)
FRQ)3(ME — M3 [PM + MZ2M3 + @) — My — M } . (B6)

We assumed that the form factors are real. In such a case, the (differential) decay widths have the same expression
1) for all the processes B — D/f; N irrespective of the electric charges involved: B~ — D% N; Bt — EOETN;

B — DY N; B® — D~¢{ N. Furthermore, the expressions are the same irrespective of the nature of N (Dirac or
Majorana). The form factors Fj(g?) and Fy(q?) are practically the same in all these cases. The total decay width
is obtained by integrating the differential decay width in the kinematically allowed interval: (My + M;)? < ¢® <
(Mp — Mp)?, where we have (Mp — Mp) =~ 3.414 GeV for charged B, and (Mp — Mp) =~ 3.410 GeV for neutral B
decays.

When My = M; = 0 (the case investigated in the literature), then the form factor Fy(q?) does not contribute to
dl'/dg?, and our formula reduces to the known expression for B — Dev, [42] and references therein.

Appendix C: Decay width of B — D*/1 N

Since D* is a vector meson, the expressions are more complicated than in the case of the (pseudoscalar) D meson.
Here we will follow the approach of Ref. [61], where this type of decay width was calculated in the case of massless N
and ¢;. We obtain here the result for the general case of massive N and /.

The schematical Figure [2I] applies also this time. The main difference from the decay B — D¢; N discussed in
Appendix [B|is that now the B-D* matrix element is more complicated than Eq. , e.g., cf. Ref. [42]7

HY ) = (D" (pp)e(l — 45)7"0|B°(p5)) = (D" (pp)Ie(1 — 45)7"b| B* (p5)) (Cla)
HY 0y = (D™ (pp)[b(1 — 507" B’ (p5)) = (D**(pp)[b(1 — 15)7"c| B~ (p5)) . (C1b)

and these matrix elements are written in terms of the form factors as

Euuaﬁ 6* . q
HVY = i2np—— ¢ o V(g®) — | (Mg + Mp+)e™t A1 (¢?) — ————— " Ay (q?
i W(MBJFMD*)GV(PD) (pB)sV(a”) — |(Mp + Mp-~)e™ A1 (q) (MBJFMD*)(PB +pp)"A2(q”)
€ -
+2Mp- =" (As(@?) — Ao(?)) (C2)
where A3(qg?) is not independent
2y _ (Mp + Mp-) o (Mp — Mp-) 2
As(q”) = o, Ai(q”) o, Az(q”) - (C3)

We note that the first term in Eq. (C2) has a factor n = +1. In the considered processes, we have n = —1 when /] is
produced, and n = +1 when ¢, is produced. The reduced decay amplitude for the processes B — D*" {1 N is

* * GF __
Tn=-1) = Upn b /5 [y (PN ) (X = ¥5)v(ey (p1)] Hipe (Cda)
G(F — L
Tn=+1) = UélNVcbﬁ [Gery (P1) (L = v5) vy (Pn)] HYp sy s (C4b)
Square of the absolute value, summed over the final leptonic helicities, gives
GQ
IT|? = |U€1N|2|Vcb\27FLWH“H: ; (C5)

7 We use the convention 9123 = +1 [62], while Refs. [42 [61] use 123 = —1. Further, we use the definition of B® and D° of Ref. [37].
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where L*¥ is the lepton tensor
L = 2tr [Py g1y (1 — 7s)]
= 8o} + PPl — 9" pn o1+ in € (pN)s(p1)y] - (C6)

The evaluation will be performed, as in Ref. [61], in W*-frame (i.e., in ¢1-N frame X), in which the momenta will be
denoted generically (without primes). We have

2 2 2 a2 2 a2
2 2 0 20 2 0 20 ’
q q q q q
where i,j = 1,2,3, ek = 0k (2123 = 1 1) is the antisymmetric 3-tensor, 6/ is Kronecker delta, and X is the square

of the function /2 of Eq. . Further, é7 are the components of the unitary spatial vector along the charged lepton
direction in ¢1-N frame: é = py = p1/|p1|. In ¢1-N frame, the Z-axis is defined to be the direction of W*: 2 = ¢
(where ¢ is in B frame), and & axis is in the same half-plane with é = p; and 2. In this system of coordinates in ¢1-N
frame, we have [cf. Fig. [22{a)]

é =Py = (sinby, 0, cosbdy) , (0<6,<m). (C8)

(@) I-N frame

FIG. 22: (a) Coordinate system in 3 frame (¢1-N rest system), and the direction p; of the charged lepton ¢; in it; (b) Coordinate
system in ¥’ frame (D* rest system), and the D* polarization vector € in it.

Since now N (and ¢;) are massive particles, other components of the lepton tensor will contribute as well

. . ) M2 M2
LY = [0 = 487 (M% — M?)\V/? <q§ q—; 1) : (C9a)
M2 _ M2 2
L% = 4 |(M% + M}) — (NQQH} (C9b)

On the other hand, in the mesonic expressions H*, the D* polarization 4-vector e appears, whose general form is
simple in D* frame (X', primed). The coordinate system in D* frame is defined, in analogy with Ref. [61], in such a
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way that the 2’ axis is in the direction of D* meson in B frame, i.e., 2/ = —2 = —§. Further, it is convenient to define
§ =1, i.e., the y-axis in D* frame coincides with the y-axis in ¢1-N frame; as a consequence, &' = — [cf. Fig. R2[b)].
The polarization vector in D* rest frame in this coordinate system is thus

T =(0,sin 6’ cos ¢, sin @’ sin ¢’, cos #') . (C10)

This polarization vector, when boosted to ¢1-N frame (and written in the coordinate system of ¢1-N) is then

o _ V& |1 Mp. M3 .

€ = m)\ / <1, q2 ,qT 0059/ ; (Clla)
et = —sinf' cos¢’ , € =sinf sing’ , (C11b)
- M2% — g% — M2,

e = _ M5 =g D-) cosf' . (Cllc)

2Mp-\/q?

In this frame, it is useful to expand the hadronic components of H*, Eq. (C2)), in the helicity basis of the ¥-frame (of
the virtual W)

H=(H")(y=0,. 3 = H_néy + Hypé_ + H%63 + H'iy (C12)
where
1 o
by = ﬁ(iﬁs—i;{)), é3 =%, a3 =(1,0), (C13)
and we recall that 7 = £1 if ] is produced, respectively. In terms of the form factors (C2), we have
1 v _ _
Hy = :Fﬁ sin@ et Hy | H®=cos®'H®>, H®=—cost'H", (C14)
where
_ 2M
Har = (Mg + Mp-)Ay(¢2) T V(g?)—02MB__ C15
+1 (Mp + Mp-)A1(q°) ¥ (q)(MB+MD*)7 ( a)
- M (¢* + Mp.) |q1?
H> = — 8 __ |(Mp+ Mp-)A 2<1)4A H— | C15b
ZMD*\/? ( B D ) 1((] ) Mg 2(q )(MB+MD*) ( )
_ M
go = Meldl = [(Mp + Mp-)Ai(¢°) = (Mp — Mp-)Aa(¢%) + 2Mp- (Ao(¢®) — As(¢®))] . (Cl5c)
Mp+\/q
Here
= 2apai2 (1 @ Mp. (C16)
q 9 B ’Mé, ]\4}23

is the magnitude of the 3-vector ¢ of the virtual W in the B-frame (note: in ¢1-N it is zero). The absolute square
|T|? of the reduced amplitude , summed over the final fermionic helicities (but not yet over the polarizations of
D*) is then obtained. This then gives the following differential cross section with respect to the direction of ¢; in
¢1-N frame (p;), and with respect to ¢® and the direction of the virtual W in B-frame (§)

T / / 1 22 2 M2 M2 _ 1 _ _
dl'(e(0',¢)) _ Ue, N PG| Ver| )\1/22|q"\q2{ [2 (1 _ ( Nq‘; 1)) —)\sinQGg)] isinQ % ((H+1)2 + (H,1)2)

dq2qudQﬁ1 847'(5 M%
22 cos O sin® 0 ((Hy1)? — (H-1)?)

M2 + M? — _ — _

+2 [(1 — (N—gl)) — Acos? 94 cos? ' (H3)?* — Xsin? 0y sin? 0’ cos(2¢')H 1 H_;
q

— sin 0 sin(26’) cos ¢’ [Xl/zf[g(ﬁﬂ — H_1) + \cos O, H?(H, 1 + ﬁ_l)}

M2~ M2 - U o
+ (N21> )\1/2 [sin 0y sin(260") cos ¢ HY(H, 1 + H_1) 4 4 cos 0, cos? 9'H0H3]
q

5 [— (MJQV - M12>2 L (My +M12)] cos? 9/(1?0)2} , (C17)

q? q?
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where we denoted

- M2 M2
)\:A( ,N,1> . (C18)

We notice that the expression (C17)) is independent of 7 = £1, i.e., the result is the same when éf' or {7 is produced
in the B — D*/1 N processes.® Summing over the three polarizations of D* then gives®

ar 1 |0 N|2G§?|Vcb|2*1/2 2 (MJZV + M7) Y w2 7\2 7N\2
= L 2 2(1— —"F———= | — As H H_
d2d,d0Y,, | 8o M2, A 2dla ¢ Asin® ) (Ha)" + (H-1)%)
— _ _ M? + M? — _
+2x7% cos 00 (Hy1)* — (H-1)?) +2 [(1 - (Nq—;l)> — Acos? 6’4 (H?)?

M3 — M?\ ~ o=
+4 <N1) )\1/2 cos 0, HH? + 2

<M%V M%’)2 (M3 + M?)
(]2

q? q?

(H0)2} . (c19)

The integration over d{2;, = 2md cos b, is then straightforward, and the subsequent integration over dQ); gives factor
47. This then leads to the following final result for the differential cross section with respect to the square g2 of the
virtual W2 momentum ¢, summed over all final state helicities and polarizations:

dU'(B — D*{,N) 1 |U21N|2G%|Vcb|2*1/2 2 (MJQV +M7?) 1< TRy 7oN2 7312
i = 6108 Y Al (1 - — g)\ ((Hy1)* + (H-1)? + (H?)?)

2
e <M?V—M%) L (MR + M7)

q? q?

(H0)2} (C20a)

1 Uy n|PG2|Vipl? <172 M2 + M3 1
U, N[*GF| Ve | )\/ IcﬂqQ{ (1_( N 1)_)\) [2(M3+MD)2A1(q2)2

6473 M2 e 3
8M3|q? 2o M} ( ( <q2+M%>> ) 472 ) H
4+ BE _y + Mg+ Mp) (1= A N & | E—'
Gl 1 Mpy2 1) AM3,. ¢ (M + Mp-) M2, W) = G+ a2
M2 — M2 2 M2+ M2)| M2|d?2 )
+ | = ( Nq2 1) + ( Nq2 1) ngjﬂ (QMD*AO(QQ)) )
D*

(C20D)

The last expression was obtained from the expression by using the relations and . We recall that
A and |g] are given in Egs. and (C16]), respectively.

When the masses of the final state fermions ¢; and N are both zero, the terms containing hadronic components H°
reduce to zero everywhere, because the components L% and L% of the lepton tensor disappear, cf. Eqgs. . In such
a case, the final result (C20)), with |Us, n| — 1, reduces to the corresponding (zero fermion mass) result of Refs. [61]
and [42].

Appendix D: The differential decay widths

The differential decay widths for the decays dI'(7* — e*e*puTv)/dE,, with intermediate on-shell N neutrino, were
written in Refs. [TI0HI2]. Here we write a somewhat generalized variant of these differential decay widths, namely
those corresponding to the processes of Fig. in Sec. The specific case considered in Sec. in Egs.
and refers to f2 = e and ¢35 = u. We will denote the (total) energy of lepton ¢ in N rest frame as Ey = E;,. The
masses of the two charged leptons /5 and /3 are denoted as My and M3, respectively.

8 This is a consequence of the fact that not only the leptonic tensors L*¥ depend on 1 = £1, but also the hadronic matrix elements H*,

cf. Egs. (C2) and (C6).

9 This means, summing the cases of e(¢’,¢’) for: (1) 8 = 7/2, ¢’ =0; (2) ' = w/2, ¢’ = m/2; (3) 8’ =0 (and ¢’ arbitrary).
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For the LNC decay N — £; W*+ — (5 (v, Fig. [13(a), we have

dF(LNC)(N - KEW*—i_ - f;f;ygs) _ |U |2 df(LNC)(N — 6276;”(3) (Dla)
dE, —PeN dE,
T(LNO) —+ 2 My — 2B9) My + M2 — M2]?
N S ) GY (EQ_MQ)[( N — 2E2) My + M3 — M3
dE, 1273 V2 T2y — 2B My + M2]P
x{8E3 My — 2M3 My (MR + M3 + 2M3) — 2My E3 [5(MF, + M3) + M{]
+E5 [3My + 10MIM7, + 3M3F (MR + M3) + 3M3] } (D1b)

The energy E» varies in the interval My < Ey < (M3, + M3 — M3)/(2My).
Analogously, for the LNV decay N — K;W*_ — @'EQ_ vy, Fig. b), we have a somewhat simpler expression

AN (N W = flgv) LdT V(N S 05 0 w,) Do
1E, = Vel dE; (D22
—(LNV) o 9 . 2 212
N> G8v) _ Grp [ [(My — 2E2) My + M3 — M3] (D2b)
dE, Toopd VAT T [(My — 2E2)My + MZ]

The energy Es varies in the same interval as in the LNC case: My < By < (M% + M2 — M2)/(2My).
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