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Abstract We investigate the possible contribution of Majo-
rana neutrinos to B meson decays in an effective interaction
formalism, in the mass range 0.5 GeV < my < 5 GeV.
We study the decay of the B~ meson via B~ — u~u~mw™"
at LHCb, which is a signal for leptonic number violation
and the presence of Majorana neutrinos, and put bounds on
different new physics contributions, characterized by their
Dirac—Lorentz structure. We also study the bounds imposed
by the radiative B decay (B~ — p~ vy) results from Belle.
The obtained bounds are more restrictive than previous val-
ues found for dimension 6 four-fermion contact vectorial and
scalar Majorana neutrino interactions in the context of the
left-right symmetric model for higher Majorana masses at
the LHC, showing that the direct calculation of the effective
N interactions contribution to different processes can help to
put more stringent bounds to different UV-complete models
parameterized by an effective Lagrangian.

1 Introduction

The search for particles beyond the standard model (SM)
content has been extensive in the past few years, among
them sterile Majorana neutrinos N, which appear as a nat-
ural consequence in several SM extensions. The discovery
of neutrino oscillations suggests that the standard neutrinos
are massive particles. One of the possible ways to generate
their mass is the seesaw mechanism [1-5], which introduces
at least one right-handed singlet and produces Majorana neu-
trinos. In this way one obtains masses for the standard neu-
trinos m, ~ Y /My of order 1072 eV compatible with cur-
rent oscillation data, assuming sufficiently heavy Majorana
masses (My ~ 10" GeV) and convenient Yukawa couplings
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of order Y ~ 1. On the other hand, for smaller Yukawa cou-
plings of order ¥ ~ 1078 — 1079, sterile neutrinos with
masses around My ~ (1 —1000) GeV could exist. However,
in the simplest Type-I seesaw scenarios, a major drawback is
that the left-right mixing parameters U;y (I = e, u, 7) need
to be negligibly small U7, ~ m,/My ~ 10714 — 10710 in
order to account for light v masses [6,7]. The mixings Uy
weight the coupling of the heavy N with the SM particles, in
particular with charged leptons through the V — A interaction

LV, = —%U,NWWPLZW+ fhe., (1
so this leads to the decoupling of the Majorana neutrinos.
However, the observation of any lepton number violating
(LNV) process would point to the Majorana nature of the
exchanged fermion. Recent approaches consider a toy-like
model in which the SM is extended by incorporating a
massive Majorana sterile fermion, assumed to have non-
negligible mixings with the active states, without making
any hypothesis on the neutrino mass generation mechanism
[8,9]. Such a minimal SM extension leads to contributions to
LNV observables which are already close, or even in conflict,
with current data from meson and tau decays, for Majorana
masses My below 10 GeV (see [8,10] and the references
therein). So, also from the experimental point of view, the
simple SM extensions which attribute LNV only to the mix-
ing between heavy Majorana states and the active neutrinos
are facing increasingly stringent constraints.

As suggested in Ref. [11], the detection of Majorana neu-
trinos (V) would be a signal of physics beyond the mini-
mal seesaw mechanism, and its interactions could be better
described in a model independent approach based on an effec-
tive theory. One can think of an alternative treatment and con-
sider the Majorana neutrino interactions as originating in new
physics described by an unknown underlying renormalizable
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theory valid at a higher energy (UV) scale and parametrized
atlow energies by a model independent effective Lagrangian.
In this approach, we consider that the sterile N interacts with
the SM particles by higher dimension effective operators,
taking these interactions to be dominant in comparison with
the mixing with light neutrinos through the Yukawa cou-
plings, which we neglect [12—-19]. We depart from the usual
viewpoint in which the mixing with the standard neutrinos
is assumed to govern the N production and decay mecha-
nisms. Here, for simplicity, we consider a scenario with only
one Majorana neutrino N and negligible mixing with the
vr,.

The different operators in the effective Lagrangian, with
distinct Dirac-Lorentz structure, parameterize a wide vari-
ety of UV-complete new physics models, like extended scalar
and gauge sectors as the left-right symmetric model (LRSM),
vector and scalar leptoquarks, etc. Thus, discerning between
the possible contributions given by them to specific processes
gives us a hint on what kind of new physics at a higher
energy regime could be responsible for the observed interac-
tions.

Observable effects of the existence of sterile Majorana
neutrinos such as lepton number violation have been sought
thoroughly in hadron colliders like the LHC, eTe™ and ep
colliders, low energy high precision experiments as neu-
trinoless double beta decay searches (OvgBf) among oth-
ers (for comprehensive reviews see [6,20] and references
therein). In particular, heavy flavor meson decays could be
the place where for the first time the Majorana neutrino
effects were observed or, in the absence of a discovery, this
fact can be used to set limits for its coupling to SM parti-
cles. N-mediated lepton number violation in rare B meson
decays has been studied, for example, in [7,8,21-28], and
the references therein. Concerning the resonant production
of Majorana neutrinos in semileptonic pseudoscalar meson
three-body decays, the recently measured branching ratio
Br(B~ — pu~u~nt) < 4 x 107 for intermediate neu-
trinos with lifetimes t shorter than 1 ps at the LHCb exper-
iment [29] gives the currently more stringent bounds on the
mixing parameter |UMN|2 in the case of the minimal SM
extension by one Majorana neutrino (e.g. [8,30]) for Majo-
rana masses in the range 2.5 < My < 5 GeV.

In this paper we aim to exploit the recent B-decay data to
constrain the possible values of the couplings that weight the
contribution of different effective operators to the Majorana-
mediated same-sign dilepton B-decay B~ — p~u~ 7 and
the radiative leptonic muon-mode B~ — p~vy. The LHCb
collaboration has presented model independent upper limits
on the branching ratio of the first process [29,31], and the
Belle collaboration has set new limits on the integrated dif-
ferential width of the B~ — p~ vy decay [32]. The obtained
bounds (for 0.5 < my < 5 GeV) are more restrictive than
previous values obtained for dimension 6 four-fermion con-
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tact vectorial and scalar Majorana neutrino interactions in
the context of the LRSM for higher Majorana masses [33],
and constrain the perspectives of discovery of Majorana neu-
trinos with effective interactions with GeV-scale masses by
direct production in colliders and meson decays [17,34,35].

The paper is organized as follows. In Sect. 1.1 we intro-
duce the effective Lagrangian formalism. In Sect. 2 we
present the analytical results for the B~ — wtu " pu~
branching ratio and the B~ — p~ vy decay in this for-
malism. In Sect. 3 we discuss our numerical results for the
obtained bounds, and in Sect. 4 we make our final comments.
The details of the calculations are presented in Appendices A,
B and C.

1.1 Majorana neutrino effective interactions

An appropriate way to include the Majorana neutrino into
the theory is to extend the SM Lagrangian. In this work we
consider an effective Lagrangian in which we include only
one relatively light right-handed Majorana neutrino N as an
observable degree of freedom. The new physics effects are
parameterized by a set of effective operators O 7 constructed
with the SM and the Majorana neutrino fields and satisfying
the SU(2); ® U(1)y gauge symmetry [36].

The effect of these operators is suppressed by inverse pow-
ers of the new physics scale A. The total Lagrangian is orga-
nized as follows:

o
1 n
L=Lswi+) 1 2 0707, @
n=>5 J

where 7 is the mass dimension of the operator Of;).

Note that we do not include the Type-I seesaw Lagrangian
terms giving the Majorana and Yukawa terms for the ster-
ile neutrinos. The dominating effects come from the lower
dimension operators that can be generated at tree level in the
unknown underlying renormalizable theory.

The dimension 5 operators were studied in detail in [37].
These include the Weinberg operator Oy ~ (l_,q;) (¢TL)
[38] which contributes to the light neutrino masses, Oyg ~
(NN€)(¢"¢) which gives Majorana masses and couplings
of the heavy neutrinos to the Higgs (its LHC phenomenol-
ogy has been studied in [39,40]), and the operator OSL ~
(NGWNC)B“” inducing magnetic moments for the heavy
neutrinos, which is identically zero if we include just one
sterile neutrino N in the theory.

In the following, as the dimension 5 operators do not con-
tribute to the studied processes -discarding the heavy-light
neutrino mixings—we will only consider the contributions
of the dimension 6 operators, following the treatment pre-
sented in Ref. [11]. We start with a rather general effective
Lagrangian density for the interaction of right-handed Majo-
rana neutrinos N including dimension 6 operators.
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The first operators subset includes those with scalar and
vector bosons (SVB),

Oiing = @' LNG). Onny =i@' D)Wy N).
Oy = 167 D) Ny )

and a second subset includes the baryon-number conserving
four-fermion contact terms (4-f):

(Nyul)diy"u), OF)y = (NyuN)(fiv" fi),
O\ = (LiNe(Lily),

O pa = (LiN)e(Qidi), Of) ;. = (Qiu)(NLy),
Opnra = (QiN)e(Lidp),

Ofy = INLi>, OQy =10:N? @)
where [;, u;, d; and L;, Q; denote, for the family labeled i,
the right-handed SU (2) singlet and the left-handed SU (2)
doublets, respectively. The field ¢ is the scalar doublet. Also
y* are the Dirac matrices, and € = io? is the antisymmetric
symbol.

One can also consider operators generated at one-loop (1-

loop) order in the underlying full theory, whose coefficients
are naturally suppressed by a factor 1/1672 [11,41]:

@)
OduNl

Oy = (Lia"" N)§Buv, OV = (Lic"' ! N)GW]

&)

Here B, and W,ﬁv represent the U (1)y and SU (2), field
strengths, respectively, and oV is the Dirac tensor.

The effective operators above can be classified by their
Dirac—Lorentz structure into scalar, vectorial and tenso-
rial. The complete expression for the effective dimension
6 Lagrangian terms! can be found in Appendix A in [16].

In this paper we will consider the B decays B~ —
w~u~ T in Sect. 2.1 and B~ — pu~vy in Sect. 2.2,
mediated by an on-shell Majorana neutrino N. We can thus
take into account the following effective Lagrangian terms
involved in the B~ — pu~N and N — p~ 7t processes
[from Eqgs. (3) and (4)]:

1 . 4
L=Lsm+ E(O‘I(\l/%d; Onig +Ot(éLNL Oount

el Oaunt + iy oq OLnod + @y 1q OoNLa)-
©6)

(@)

The couplings oy are associated to specific operators:

(i) (i) o _ @O
Ay = Aypgs Ay = Ygyngo

@) @) @) @) @) @)
Os, = %ounr %s, =% noar Ysy; = %oNLa- )

! It must be stressed that the Majorana neutrino N is right-handed, so
all the vector terms involve a (V + A) interaction.

After spontaneous electroweak symmetry breaking, taking
0
the scalar doublet as ¢ = (v}h ) with h being the Higgs

field and v its vacuum expectation value, we can write the
Lagrangian (6) terms involved in our calculation (and its
charge conjugate), as

(l) vmy —
A2{ 4 f
+a3)u y" Prd] liyy PRN
+ay) ulPrd] [} PRN — o) u] Prd] I PRN

L =Lsm+ — yVPRNW

+ o) W PgN T; Prd] +hc} 8)

Here the quark fields are flavor eigenstates with family
i = 1,2, 3. In order to find the contribution of the effective
Lagrangian to the B~ — u~ N and N — p~ 7" decays, we
must write it in terms of the massive quark fields. Thus, we
consider that the contribution of the dimension 6 effective
operators to the Yukawa Lagrangian are suppressed by the
new physics scale with a factor A2 , and neglect them, so that
the matrices that diagonalize the quark mass matrices are the
same as in the pure SM.

Writing with a prime symbol the flavor fields, we take the
matrices Ur, Ur, Dg and Dy to diagonalize the SM quark
mass matrix in the Yukawa Lagrangian. Thus the left- and
right-handed quark flavor fields (subscript i) are written in
terms of the massive fields (subscript 8) as

! _ B ! _——— B T
W Ly = U(R,L)“(RsL)ﬁ o UWRnyi T ”(R»L)ﬁ(U(R,L))

/

B
(R.L)i — d(R,L)ﬁ(D(R,L))"
©

With this notation, the SM Vg m m1x1ng matrix corresponds
to the term V*f = Zl (U} “")TD appearing in the charged
SM current ch =uf V“ﬁy”PLdLB.

For the N — vy decay, the considered Lagrangian terms
come from one-loop level generated tensorial operators:

L

/ l,ﬁ
dg.Lyi = D(g.0)d(R.L)B -

(@)

1-1
L oop _ w+ aNWSW)

eff

x (P,iA) uL,ia“”NR A)). (10)

where — P4 is the 4-momentum of the outgoing photon, sy
and cy are the sine and cosine of the Weinberg mixing angle,
and a sum over the neutrino family index i is understood.
The couplings a p and o N)W correspond, respectively, to
the operators in (5)

2 N mediated B decays

We first consider the lepton number violating B~ —
w~u~ 7t decay showninFig. 1. This LNV process is strictly

@ Springer
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Fig. 1 Schematic representation for the effective contribution to the
decay B~ — p~pu~nmt

forbidden in the SM and when mediated by a Majorana neu-
trino N it allows one to probe masses up to my = 5 GeV.
Also, the radiative muon-mode B~ — p~ vy showninFig. 4
is well suited to probe this mass range, as the N — vy chan-
nel dominates the total N decay with for Majorana masses
up to 30 GeV [15].

We calculate the decay of the B~ meson for the two stud-
ied processes in two stages. Firstly we obtain the decay of
B~ toamuon ¢~ and a Majorana neutrino N. Secondly, we
calculate the decay of N — p~ 7+ and the radiative decay
N — vy.

The decay width of the B~ meson is obtained in both cases
in the following way:

(B~ - u wnh)
=I'(B~ — u N)Br(N - u 7", (11)

with  Br(N —> u 7nt)=T(N - u 7h)/Ty, (12)

and

I'B~ > uvy)=T'(B~ — u N)Br(N — vy), (13)

with  Br(N — vy) =T(N — vy)/ Ty,

where 'y is the total decay width for the Majorana neu-
trino. This is equivalent to calculating the whole decay pro-
cess assuming an on-shell intermediate Majorana neutrino.
For the N decay width we include all the kinematically
allowed channels for a Majorana neutrino of mass in the
range 0.5 GeV < my < 5 GeV which are depicted in
Fig. 2. In our calculation we keep all the final-state masses.

The details of the calculation of the total N decay width
are described in Ref. [16]. In Figs. 3a and 3b we present the
results for the total width I' i for the different sets of effective
couplings, as will be described in Sect. 3.1.

2.1 The B~ — pu~p~mt decay
We start with the calculation of the B~ — u~ N decay
width in (11). The Lagrangian terms contributing to the

B~ — ™ N decay can be explicitly displayed in terms of
the massive up and b quark fields in (9) as

@ Springer

Fig. 2 Schematic representation for the low mass Majorana neutrino
decay channels

1
{ (2) vmwy —yVPRN va

,CZ,CsM—i—— —oy —— «/_

+ay Ug” DR uy" Prb Tyy PRN
+ag U™ DI aPLb iPRN

—a§ U *DF uPrb JiPRN
+a U2 DY uPgN ﬁPRb}, (14)

The new quark flavor-mixing matrix element products of
Ug,r and Dg 1 can be renamed for simplicity as

Y]%l;e = U12 * D23 Y}:gli = UIZ* D23
Y% =U>* DR (15)

In Appendix A we show the details of the calculation leading
to the decay width I'B~#N The result is

2
1 me2
B—uN _ B 2 _
r 16nt < 2A2 ) {|AV| |:(1+B/4 BN)
x (1— By + By)— (1 — B, — By)]
(I — By — Bn)
FlAgP T T
A B+ VB
* * @(I_BM+BN)
+(ATAy + AL A
AsAv VA= B B

x\/(1 = By + By)? — 4By,

2,2 2 /.2 2,2
where B, = my /myp, By = my/my, By = my,/mp,

By, :mi/sz,and
Ay = (v + o V)
1
2 2
Ag = <a51)yzﬁ+( (>+5 ”)Yg’,g) (17)

The effective couplings in Ay s—as the subscript indicates—
correspond to vectorial and scalar interactions.
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Fig. 3 Total I'y width for different coupling sets in Table 1. The curves for sets 1, 2 and 3 overlap

Also from the Lagrangian in (14), but changing the b quark
fields by d quarks, we find the decay width for the N —
T~ process pictured in Fig. 1 to be

'(N - 7Tu")
2 2
_ 1 Semy,
16JTmN 21\2
x{1Cv P [(1 = Py = P = P+ Po)
_Pﬂ(1+P;,L_PJT)]

P, /P,
VPu+\/Pd

P2
+|Cs)P—T——(1+ P, — P,
! wp—u+m)2( o= o)

x\/(l — Py — Pp)? — 4P,

— (C5Cy + Cy,Cs) (1 —Py+ Py)

(18)

2,2 2.2 2.2
where P, = mu/mN, Py = my /my, P, = my/my,

P; = mﬁ/m%v, and®
2 2
Cy = (o7 Ytk + ) Via)

Sos, (19)

1

Cs = (a(sf) Yid + (@) + —a(z))Yg‘,§> :
The details of the calculation are presented in Appendix B.

Finally, the decay width for the B~ meson I'(B~ —
w7 ) is calculated according to (11) and (12), allowing
us to obtain the effective branching ratio:
Brf'" (B~ > uuxh)
(B~ > u N)I(N - p~ )
B I'p I'y ’

(20)
which we compare with the experimental results [29].

2 Again, the effective couplings in Cy s correspond to vectorial and
scalar interactions.

Fig. 4 Schematic representation for the effective contribution to the
decay B~ — u- vy

2.2 The B~ — p~ vy decay

The SM radiative leptonic B decays have been extensively
studied in the literature [42—47], as they are a means of prob-
ing the strong and weak SM interactions in a heavy meson
system. The measurement of pure leptonic B decays is very
difficult due to helicity suppression and the fact of having
only one detected final-state particle. On the other hand the
radiative modes, with an extra real final photon, can be even
larger than the pure leptonic modes as they escape helicity
suppression and are also easier to reconstruct.

The Belle collaboration has recently released an analysis
of the full Belle experiment dataset [32] using new theoreti-
cal inputs [47] for the QCD calculations and new algorithms
prepared for the Belle II experiment. They obtain the experi-
mental bound ABr?_lgM_Uy < 3.4 % 107° for the integrated
partial branching ratio of the muon-mode radiative B decay.

We consider the SM and the effective contribution coming
fromthe B — uN followedby N — vy reaction as pictured
in Fig. 4, and we use the Belle bound to set limits on the one-
loop generated effective couplings involved in this last decay
mode, as will be discussed in Sect. 3.1.

Again the details of the calculations are presented in
Appendix C. There, we obtain the SM value ABrSM ~
5 x 1077, which is of the order of the values recently

@ Springer
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considered in Ref. [48]. The effective contribution to the
B~ — pu vy decay is found by integrating the following
expression:

EJ (B—pvy)

dr

ABreT = / B, —————

E{/nin dEy
max __ E;mn)

=T B=rNpr(N — vy) 4
EnBN

for the allowed range of photon energies, with a minimal
infrared cut (to ensure a valid QCD treatment) setto E¢y = 1
GeV, as considered in the Belle experiment.

2

3 Results and discussion
3.1 Numerical treatment

The aim of this work is to study the bounds that can be set
on the different couplings « 7 in the effective dimension 6
Lagrangian (2) involved in N mediated B decays by exploit-
ing the experimental results existingonthe B~ — =~ 7™
[29] and B~ — pu~ vy [32] processes.

The numerical value of the couplings o7 can be con-
strained considering the current experimental bounds on the
light-heavy neutrino mixing parameters in low scale mini-
mal seesaw models appearing in the charged interaction in
(1). Inspired in this interaction we consider the combination

U? = (av?/(2A%))%, (22)

which is derived from the contribution of the operator ng)v "
in (3) and allows a direct comparison with the mixing angles
in the Type I seesaw scenarios [7].

Some of the operators involving the first fermion family
(with indices i = 1) are strongly constrained by the neu-
trinoless double beta decay bounds, currently obtained by
the KamLLAND-Zen collaboration [49]. Following the treat-
ment already made in Ref. [16], the values of the OvBB-decay
constrained couplings oeéll,) , a% ), aéll)z , are taken as equal to

the bound agvﬂﬁ =32x1072 (10(')”%)]/2 for A = 1 TeV.
These operators appear as contributions to the Iy width.

The B to final muon decays studied in this work allow us
to set bounds on the couplings involving the second fermion
family (generically af;)). As we found in Sect. 2, the B —
W~ N effective decay depends on the couplings appearing
in the vectorial (Ay) and scalar (Ag) interactions in (17),
the N — w7 depends on the Cy and Cy couplings in
(19) and the N — vy depends on the one-loop tensorial
couplings in (10).

The new quark flavor-mixing matrices combinations
Y4’ appearing in the first two cases are unknown, and in

3

3 y44" are defined in (15) for the ¢ = u, q' = b case, and analogously
in (19) forqg =u, ¢’ =d.

@ Springer

principle their entries may be found by independent mea-
surements, as is done in the case of the SM Vg matrix.
In this occasion we will make an ansatz and consider that all
the Y*? values in (15) shall be of the order of the SM V*?
value, taking it as a measure of the strength of the coupling
between the u and b quarks. Correspondingly, we will con-
sider the Y"“ values to be of the order of the SM V*¢ CK M
mixing.

This allows us to consider Ay and Ag in (16) and Cy and
Cy in (18) for the numerical treatment as

Ay = (04&2;) +a%)) yub
Cy = (ag) +oe§,20)> yud

1
Ag = (agg ta® 4 Eag?) o

1
Cs = <a§f) +oaf) + §a§§)> ved, (23)

and set bounds on the possible values of these effective cou-
plings using the B-decay data.

As we would like to disentangle the kind of new physics
contributing to the Majorana neutrino interactions, for the
numerical analysis we will consider different benchmark sce-
narios for the effective couplings, where we switch on/off
the operators with distinct Dirac—Lorentz structure: vecto-
rial, scalar and the tensorial one-loop generated operators. If
we call (V, S, L) the factors multiplying the vectorial, scalar
and one-loop generated operators respectively, we can define
six sets, presented in Table 1.

In order to exploit B-decay data to put bounds on the
effective couplings in Table 1, we will take them as equal
to the same value «, and use the experimental results con-
straining the value of the combination U 2 defined in (22). We
have o = 2A%/ v2/U? for the tree-level generated operators

(which are the vectorial and scalar operators), and in the case
1 2A2

of one-loop generated operators we have o = Tor? o2 VU2
This allows us to write the numerical results for the total
Majorana neutrino decay width I'y, the branching ratio
Brf' (B~ — u~p~ ) in (20) and the integrated effective
branching ratio ABr¢ff(B= — pvy) in (21) as a function
of the Majorana neutrino mass m y and the U? combination.

Sets 1, 2 and 3 in Table 1 take into account the contribu-
tions of the one-loop generated effective couplings in Ref.
(10) to the N decay width. In particular these sets allow for
the existence of the N — vy decay channel represented in
Fig. 2. As we found in [16], this channel gives the domi-
nant contribution to the N decay width for the low mass m y
range considered in this work. Sets 4, 5 and 6 discard this
contribution. As can be seen in Fig. 3, the total I'y width is
around three orders of magnitude higher in sets 1, 2 and 3
(Fig. 3a) than in sets 4, 5 and 6 (Fig. 3b). In fact, as the scalar
and vectorial couplings contribution to the N decay in this
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Table 1 Effective operators

benchmark sets Operators Couplings Type Setl  Set2 Set3  Setd  Set5S  Set6
OLNgs Oaunt afy) o) \% 1 1 0 1 1 0
Oounr: OLNod, OoNLd ézl) aé? ag) S 1 0 1 1 0 1
Ong. Onw aly o)y L 1 1 1 0 0 0

B L L LN BN ration has presented a search for Majorana-mediated B~ —

I - ig;s _ %882: - iggg:s u~ T decays [29], where they obtain model indepen-

107

: ¥

E “ \,IA . A I’A“ A e ;

E :‘-(".___."”' ’A —"\\"’A“-Au\ ’\ "V\' VAl Al VNS A
108 | A A N N e

% T‘}. '\ v\ ‘“ L , "\ \, \‘/ \ \‘_ J \'/\‘/\‘_r\ . E

5 /

13

o

o 10 . N A T TS T T T S S AT TSNS S AT ST S S}

3
my [GeV]

Fig. 5 Dataon Br(B~ — pu~pu~m™") reproduced from Fig. 5 in Ref.
[29]

mass range is so poor, the three curves in Fig. 3a cannot be
distinguished in the plot scale. This effect in the I'y value
will explain many of the differences in the bounds we obtain
for the U? combination when we consider one group of sets
or the other, as will be discussed below.

3.2 Obtained bounds

We start by discussing the bounds obtained from the LHCb
results on the B~ — pu~ 7t decays. The LHCb collabo-

10°
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(a) Sets 1, 2, 3

dent limits on the branching ratio Br (B~ — u~u~n%) =
Br(B~ — w~N).Br(N — pu~nm7T) as a function of the
Majorana mass m y and lifetime 7y, ranging from 1 to 1000
ps. The results are presented in their figure 5, where they show
the upper limits obtained for the above product, at 95%C.L.

Following the procedure in Ref. [50], we convert the
model independent LHCb upper limits on the branching ratio
Br(B~ — p~p~xt) into limits on the combination U2
defined in (22). For each value of my (which fixes the value
of 7y for a given U? value in the effective model) we scan
through the values of U? for which our computed branching
fraction (20) equals the upper bound in Ref. [29]. For the
experimental values, we consider the data in Fig. 5, which
reproduces the values presented in Figure 5 of Ref. [29]. The
obtained constraints on the U? values are presented in Fig. 6a
for the coupling sets 1, 2 and 3 in Table 1, and Fig. 6b for
sets 4, 5 and 6. For comparison, in both figures we add the
revised bounds obtained by the authors in Ref. [50], where
they derive upper bounds on the Type-I seesaw mixing angle
|U,n|? in (1) from the LHCb results.

As can be seen in the plots, the bounds we obtain for
U? in the sets 1, 2 and 3 (Fig. 6a) are weaker than those
we get in sets 4, 5 and 6 (Fig. 6b). This is explained by the
different Iy values in the two groups of sets discussed above:

10°

10!

102
~
=
103
104 L -
o . L O ]
L \\—\\\_"‘\.\/ N\ sV ANy -
10511 T NS SRR TN NN TN TN S SN NN SN SO TR S NN T SR SN 1
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my [GeV]

(b) Sets 4, 5, 6

Fig. 6 Upper bounds obtained for U2 from B~ — pu~pu~n+ decays [29], considering the effective coupling sets defined in Table 1. The black
full line curve represents the revised bound presented in Ref. [50] for |U, 2
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in the case of sets 4, 5 and 6, the value of the branching ratio
Br' (B~ — u~p~ ) in (20) is around 103 times higher,
because the I'y factor in the denominator is lower than in
sets 1, 2 and 3, and thus we obtain more restrictive bounds
for the U2 combination when we do not take into account
the one-loop generated effective couplings contribution.

On the other hand, among the sets in each figure, we find
that we place stronger bounds on the scalar couplings (con-
sidering their sole effect in set 6, and with one-loop cou-
plings in set 3). This is due to the presence of the light quark
masses in the denominators of the scalar terms (B3), enhanc-
ing these contributions to the Br(B~ — p~ N) in (16) and
the Br(N — p~ 7~ )in(18).Insets 1 and 4 the contributions
of the scalar and vectorial couplings are considered together.

Regarding the behavior of the curves for Majorana masses
my near the B mass, in this limit the decay B — N is kine-
matically suppressed. This, of course, loosens the constraint
on U2, as can be seen in both Fig. 6a, b. A more detailed
analysis of the decay width I'(B — uN) in (16) shows that
the third term in the right hand side, involving the product of
vectorial and scalar operators, is the one going to zero more
slowly in this limit: while sets 2 and 3 both give a null contri-
bution from this term, as they put scalar or vectorial operators
equal to zero, set 1 keeps this contribution. This is why the
curves for sets 2 and 3 in Fig. 6a show similar behaviors,
while the curve for set 1 still presents a stronger constraint.
The effect is not as big in the curves of Fig. 6b, given that
in these sets the different value of I'y, as shown in Fig. 3b,
separates the curves for sets 5 and 6. We have checked that
the apparent close matching of the curves in Fig. 6a for set 1
and the constraint found by the authors in Ref. [50] does not
originate with any particular physics effect, but is a numerical
coincidence caused by the limited data number and the finite
precision in the comparison with the theoretical prediction.

Now we present the bounds imposed on U? by the Belle
result on the radiative B — uvy decay. We compare the
results obtained in Sect. 2.2 for the expressions of the inte-
grated branching fractions for the B — pvy decay: the SM
ABrM ~ 5% 1077 in (C2) and the effective A Br¢ff in (21),
with the Belle result [32].

We now scan for the values of U? for which the complete
theoretical value ABr = ABrSM 4+ A Breff equals the upper
bound ABrzxf’_m, < 3.4 x 1079, for each mass my. The

bounds we obtain for U2 from this procedure are presented in
Fig. 7. As the one-loop generated operators need to be non-
zero to allow the B~ — ™ vy decay, bounds are established
just for sets 1, 2 and 3. Again, we obtain stronger bounds
on the scalar operators, due to their contribution to the N
production in B decay (16). These bounds are compatible
with and less restrictive than the ones obtained from the LNV
process B~ — u~pu~n in Fig. 6a.

vy
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Fig. 7 Upper bounds obtained for U 2 from B — pvy decays [32]

While the sensibility to effective interactions looks hard
to improve for the case of the B — uum decay measure-
ments, we find there is room for new analyses concerning the
B — pvy decay, specially in B factories. One can think of
resonance searches using the B mass and the eTe™ beam
energy to constrain the missing momentum and infer the
N mass. Also, in this low my range, as we found in Refs.
[15,16], the Majorana neutrino is long-lived, and it would
be possible to search for displaced photons together with a
prompt lepton and missing E7 in the final state, a possibility
we already explored for the LHC pp — pvy reactionin Ref.
[17]. Other observables involving the final photon or charged
lepton polarizations could improve also the sensitivity to the
different contributions from vectorial and scalar operators.
As we recently explored in Ref. [19], the study of final tau
polarizations for the B — tvy decay could help disentangle
vectorial and scalar contributions in the intermediate produc-
tion process B — Nt.

For comparison with earlier work, we take the minimum
values for U? from Fig. 6 in each set, and calculate the max-
imum allowed « value, considering the new physics scale to
be A = 1 TeV. The bounds obtained in this way are shown in
Table 2. The lower a < 0.16 value is found (for my = 2.26
GeV) in the coupling set 4, which considers vectorial and
scalar interactions. It grows to « < 0.19 when only scalar
interactions are included (set 6). When one-loop generated
interactions are also taken into account, the bound is relaxed
toa < 0.26 in sets 1 and 3.

The o < 0.16 bound should be compared for instance
with the upper bound our group considered for the calcu-
lation of the contribution of scalar and vectorial effective
Majorana interactions to the LNV same-sign dilepton sig-
nal pp — p " jj in the LHC [17]. In that early work we
estimated an upper bound o < 0.3 coming from the heavy
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Table 2 The most stringent

Setl Set2 Set3 Set4 Set5 Set6
bounds on the tree-level
effective couplings « from U? 6.7 x 1075 7.7 x 1073 6.7 x 1075 2.5 x 1075 1.3 x 1074 3.4 x 1075
Fig. 6, for A = 1 TeV
a 0.26 2.8 0.26 0.16 0.36 0.19

neutrinos search results at Belle [51]. Other work also took
into account the same bound for the calculation of prospects
for the observation of ete™ — VN — vy at Belle-II and
the ILC [34]. The revision of these results is left for future
work.

As we mentioned in the introduction, the effective dimen-
sion 6 operators parameterize a wide variety of UV-complete
models which introduce new degrees of freedom, as the
LRSM. In Ref. [33] bounds are obtained on the couplings of
the effective vector Oy, n; = Oy, and scalar Ognrg = Oy,
four-fermion contact operators in (4). The result is obtained
performing a reinterpretation in terms of the LRSM model of
the LHC limits from heavy Majorana neutrino direct produc-
tion at /s = 8 TeV in the dilepton channel pp — W} —
Nu® — p*u* + nj [52]. The most stringent bounds on
ay,,s, are obtained considering Br(N — pX) ~ 1, so
that the N decays preferably to muons. These are (taking
A =1 TeV for comparison) ay, < 0.23 and ag, < 0.45 for
my = 100 GeV.

The comparison suggests that the direct calculation of
the effective N interactions contribution to different pro-
cesses can help to put more stringent bounds to different UV-
complete models parameterized by the effective Lagrangian
in (2).

4 Final remarks

We have considered heavy Majorana neutrinos coupled to
the ordinary matter in a general way by dimension 6 effective
operators satisfying the SM electroweak symmetry. Accord-
ing to these interactions these neutrinos would be produced
in the decay of B mesons, and subsequently decay to standard
particles. In particular, we exploited the non-observation of
the B~ — u~u~m™ decay in the LHCb [29] and put lim-
its to the couplings of the different effective operators con-
tributing to this decay in the Majorana mass range 0.5 GeV
< mpy < 5GeV. These upper bounds are presented in Fig. 6.

Also for this my range, we have considered the bounds
coming from the radiative decay B~ — u~ vy by the Belle
experiment [32]. This allows us to set bounds directly on
the one-loop generated operators. These bounds are compat-
ible with and weaker than the ones we derive form the LNV
process B~ — pu~u~ 7 and are shown in Fig. 7.

The obtained bounds (for 0.5 < my < 5 GeV) are more
restrictive than previous values obtained for dimension 6
four-fermion contact vectorial and scalar Majorana neutrino
interactions in the context of the LRSM for higher Majo-
rana masses [33]. The comparison suggests that the direct
calculation of the effective N interactions contribution to
different processes can help to put more stringent bounds to
different UV-complete models parameterized by the effec-
tive interaction formalism. The obtained upper bounds also
constrain the perspective of discovery of Majorana neutrinos
with GeV-scale masses by direct production in colliders and
meson decays [17,34,35].

Note added While this manuscript was under revision,
two works appeared concerning the study of effective inter-
actions involving right-handed neutrinos [53] and [54], where
bounds are obtained for some effective operators.
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Appendix A: the B~ — u~ N decay

From the Lagrangian in (14), we find the amplitude for the
process B~ — pu~ N is

MB-=pu-N)
= (Nu"|L|B)
1

=2 {—“53)"“" (Olizy" PLb|B) (N | iy, PRN|0)
+ “(v?Y}é}}e (0lizy” Prb|B) (N pu|fayy PRN|0)
+a$PY % (0laPLb|B) (Nl PrNI0)

— oY% (01 Prb|B) (Nl PR N|0)

+ oY I (NRIaPRN [iPRbIB)} . (AD)
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The first term in the amplitude corresponds to the W-
mediated diagram which includes a SM vertex, giving the
CKM V"’ contribution. In the last term, we need to rear-
range the field operators in order to put together the quark
fields in a sandwich and the lepton fields in another. So we
make a Fierz transformation taking into account a minus sign
from the permutation of fermions, and then we replace it by

U oyvun [ oz .
3o ViR (01 PrbIB) (NuliPrN|0)

1
+ 3 (0liza ™" Prb|B) (Nul/lawPRNlo)].

The calculation of the leptonic matrix elements is straight-
forward,

(NplpyyPRN|0) = u,(pr)yv PRUN (PN)
(NulgPrN|0) =it (p1) Proy(pN) (A2)
In order to calculate the hadronic matrix elements, we have
to rely on the symmetries [55,56]. The matrix element
(Oliy’ysb| B )isaLorentz4-vector because the B meson is
a pseudoscalar and iy y5b is a pseudo 4-vector. The meson
state is described solely by its four momentum ¢*, since it
has zero spin. Therefore, g* is the only 4-moment on which
the matrix element depends and it must be proportional to
g". Thus, we can write
(Oliy*ysb| B) = ifpq". (A3)
On the other hand, for the same reason, the matrix elements
of the 4-vector, the tensor and pseudo-tensor are zero

(Olay"p| B) =0,
(Olio,b| B ) =0,

(Olio,yysb| B )= 0. (A4)

In the case of the matrix element of the scalar or pseudo-
scalar interactions, we have to use the Dirac equations of

motion, and we obtain the relations for the current matrix
elements

2
meB

mp +my
(Olub| B') = 0.

(Oluysb| B ) = —i (AS5)

(A6)

Putting it all together and integrating over the 2-body
phase space, we obtain

IM?

FB—)}LN —
lénm%

2 2 2N2 452 02
\/(mB+mN mﬂ) dmpmy,

(AT)

@ Springer

with M in (A1) giving

2
IMg-=-m)l

2\ 2
) <me3> {'Avlz [(1+ By = B)(1 = B+ By)

2A2
— (1= B, — By)]
mll * *
W(ASAV + AVAS)(l - BM + BN)
u
m2
+—8  _|Ag|’(1 — B, — By) (A8)
mp +m)2 > woON
where
Ay = () Yith + o) Vi)
1
Ag = (ag? Y+ (@) + 5a§?)¥£§3> : (A9)
The result is
1"3—>MN
1 fam> :
Bt p 2
x (1 =By + By) — (1 — B, — By)]
(1 — B, — By)
+As)PP——=
(V Bu + v Bb)2
vV Bt(l - B/l, + BN)
+(A5Ay + AY Ag) Y
s v (VB + /By)
x\/(l — By + By)? — 4By, (A10)

— 2 2 — a2 2 — 02 2

where B, = my /myp, By = my/my, By = my,/mp,
— 12 /0,2
By = my/mp.

Appendix B: the B~ — p~p "t decay

Let us now calculate the decay N — 7+ u~. According to
the Lagrangian (6) written in terms of the massive u and d
quarks as we did in (14), the amplitude for this process can
be written as

M(N—nr*u*)
= (xt " ILIN)
1 @ e o
= |~ @ Vaalr iy PLaI0) (I PRNIN
+ a2y (7t [y Prd|0) (u” [y PRNIN)
+ oy (x@PLdI0) (W [TPRNIN)

2 — ——
— Y[ % (x| Prd|0) (" |EPRN|N)

+ay <n+u—|ﬁPRNM—PRd|N)}. (B1)
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where we have defined the flavor-mixing matrix products
Y*? in analogy with (15).

The last term in (B1) also needs to be modified by means
of a Fierz transformation. After some algebra, it is written as

(" [@PrN ™ Prd|N)
1 _ -
=—§(ﬂ+|MPRd|0> (" [LPRN|N).

In order to calculate the various factors in (B1), we make use
of the definition for the pion form factor

(m [y ysd|0) = ik" fr, (B2)

and from this equation we obtain the following expressions:

(* [@y" Prd|0) = —k”fn, <n+|ﬂy“PLd|0>=—%k”fn
+i 2

and  (rH[APRd|0) = — —Tf,. (B3)
2 my +my

The contribution of the pseudo-scalar quark current to the
matrix element of the ordinary pion decay (B3) is enhanced
in comparison with the standard chirality suppressed V —A
contribution and it is expected to be severely constrained
by the experimental data. We finally have for the squared
amplitude

2
|M(N~>71+M*)|

2 2
= (—f;Z’;V) {ICVIZ [(1 = Py — P)(1 = Py + Pr)

_Pﬂ(1+P;,L_P7T)]

Poy/P
JPi+ P

—(C5Cy + CyCs)——————=(1 — P, + Py)

P2
- |cs|2—2(1 Pn)} : (B4)
(VPu+/Pa)
where
Cy = (o7 vih + ) Via)
1
2) 2 2 d
Cs = (ag,] Yid + (af) + 5 g3>ng). (B5)

from which we obtain the decay width for N — 7T~

(N - z7tu™)
1 From? ?
TN 2
= 1—P
167my ( 2A2 ) i'cﬂ [¢
— Py)(1 — Py + Pr) — Py (1+P — Pr)]
—(CiCy + C}Cs) YL Prv — P+ Py)

N e e

P2
+Cs| —2( + P, — Pyr)
(VPu+VPa)
J =P — P2 —ap; (B6)
where
2
p,=Mu  p _Mi p M
"w 5 T= "o u= "
my my my
2
m
and Pd_—;.
my

Appendix C: the B~ — p~ vy decay

The SM B — uvy differential decay width in the B meson
rest frame can be parameterized as [46]

drE=my) g G|V Y
dE, 62 b

x (Fv(E, + Fa(E))?)

mp

(ChH

with form factors Fy 4 depending on the final photon energy
E, . Here aemg and G  are the fine structure and Fermi cou-
plings. In order to perform the energy integration, we estimate
the values for the Fy_4 form factors taking the central values
presented in figure (8) of Ref. [46].%

We call ABrSM to the integrated partial branching ratio
in the energy range Ecut < E), < EJ™,

Emax

1 v drB—=uvy)
L / ag, 7
I'p JE dEy

cut

ABrSM = (C2)

Here for kinematic reasons EJ** = mp/2 and the minimal
photon energy infrared cutoff E is such that the theoretical
QCD treatment remains valid. As we will use the latest Belle
results for the experimental limit A Br®*P, we take E¢y = 1
GeV, asin Ref. [32]. The value we obtain for our estimation of
the partial branching ratio in the SM is ABrSM ~ 5 x 1077,
which is of the order of the values recently considered in Ref.
[48].

Now we calculate the contribution of the Majorana-
mediated B decay in the effective Lagrangian formalism we
want to probe. As we discussed in Sect. 2 we consider the
process with an intermediate on-shell Majorana neutrino in
the Narrow Width Approximation. This process is shown in
Fig. 4. Under these conditions the phase space needs to be
organized in order to apply the approximation

4 These values are also consistent with the central values given in figures
(7) and (8) of Ref. [47], for the inverse moment of the leading twist light
cone distribution amplitude A p value given by Belle [32].
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[ (B=uN)

R 1
dr&=mn = f - f Mpoun2@m)*6® (g — py — pS(pT — m2)8(py — m3y)

2mB

1 1
— —— | Mpyoy P8P (py — p2 — K)8(p3)8 (k)
FN 2mN

d*p1 d*py
2m)3 (2m)3

d*py d*k

Qn)? 2n)3 ©

dr(N—vy)

Here Mp_,,ny is the amplitude presented in (A8) and
Mp_svy is the amplitude of the radiative N — vy decay
allowed by the one-loop generated operators (5) in the
Lagrangian (10), again corresponding to the second fermion
family i = 2:
41)2 2 2

(Myoy P = —mi ey pew + ey sw)’.
Thus, multiplying and dividing (C3) by the partial width
rV="7) we have

(C4)

F(N—wy)

dr&=my) — rB=tN g (N — vy) (C5)

C(N—=vy)

where Br(N — vy) is the branching ratio in (13). Partially
integrating the phase space, the last factor in (C5) can be
written as

1 dr®=w |

= Z5(x—1)2
T drdooss 20 * /2

(C6)

where x = k%/my, with k¥ the energy of the photon in the
Majorana N rest frame. The distribution in the B meson rest
frame is obtained by a Lorentz transformation. Here, as in
(C2) E,, is the photon energy in the B rest frame, so

E, =Ky (1 + By cos )

. 2 my
with YN = 1-— 'BN and /3]\7 = — E_2 (C7)
N
3 L L S B S B s B s B S S B S
|- —
2,5 — /:' -
> 2 ]
V] L g _
o B s ]
— %
w5l .
1l - N
o E min -
B —_— E:max i
0,5 oo b v v v b b e by ]
1 2 3 4 5

mpy [GeV]

Fig. 8 Integration limits for dl"(B_’“”V)/dEy as a function of my

@ Springer

Calling z = E, /Ey, where Ey is the Majorana neutrino N
energy in the B rest frame we have z = x(1 4 Sy cos6). We
use (C7) in order to transform the distribution

1 drV=vy)
FN=>vy) dz dx d cos 8

— %S(x —1/2)8(z — x(1 + By cos6)).

(C8)

Thus, for —1 < cosf < 1 we have 3(1 — By) < z <
%(1 + Bn). Integrating in x and cos 6 we have

drB—unvy)

=T B=ENBr (N — vy)
dE, EnBn

. EN EN
with 7(1 —BN) < E, < = L+ B (C9)

In order to obtain the partial branching fraction for B — pvy
with photon energy E, > E¢y we integrate (C9)

EJW (B—>pvy)
off Y dr
aprt = [ 7 ar, S
Eyln y

(Emax _ Emin)
=TE=>mNpr(N - vy)—L——¥ ° (C10)
EnBN

where Egli“ = max [Ecut,ETN(l—ﬂN)] and Eg‘ax

ETN(I + Bn). The integration region is shown in Fig. 8 for
Ecut =1 GeV.
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