PHYSICAL REVIEW D 91, 055020 (2015)
Rare meson decay through off-shell doubly charged scalars
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The presence of charged scalars is almost inevitable in most of the beyond standard model scenarios.
They are expected to be detected easily if they are there due to their electromagnetic charge. These charged
scalars can be produced at the LHC and their decays may lead to interesting signals—multilepton final
states, displaced vertices, etc. These charged particles also play crucial roles in low energy rare processes.
Thus apart from the collider searches in low energy rare processes their presence can be smelled. Here, we
have noted the impact of doubly charged scalars in rare meson decays. As the mesons are lighter these
heavy scalars always appear off shell. Due to their off-shell structure the phase space is relatively
complicated to deal with. In this paper we have supplemented a general proposal to compute these decays
that involve off-shell doubly charged scalars. We have argued that our prescription can be used for any
process involving off-shell heavy scalars. Using the prescribed method we have computed two possible
meson decays: M* — [FI7M'F, M* — [F 17 [} 1,7 M"*. We have also estimated the numerical values of the

branching ratios in different channels for different charged mesons.
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I. INTRODUCTION

The discovery of Higgs boson at ATLAS [1] and CMS
[2] has validated the standard model (SM) of particle
physics. But there are already several credible experimental
evidences which do not agree with the standard model
predictions. The majority of the theoretical as well as the
experimental community of particle physics is searching
for beyond standard model (BSM) signals to explain many
such issues, namely tiny nonzero masses of active neu-
trinos, gauge hierarchy, stabilization of Higgs boson mass,
vacuum stability, dark matter, dark energy and so on.

Theoretical BSM models are in general constructed by
extending SM by either adding some new particles and
(or) by supplementing the gauge sector which can be
originated from some unified scenario. These newly
proposed particles can be fermions or scalar/gauge
bosons which are expected to be quite heavy or extremely
light and hence have remained elusive in the direct
experimental searches. Thus the prime task for LHC,
after the Higgs discovery, is to find out or at least obtain
hints of this new physics.

While the LHC is trying its best to discover the BSM
particles through their productions and decays, here we
are interested to demonstrate their possible impact in rare
meson decays. More precisely we will concentrate on
lepton number and/or flavor violating decay channels in
meson decays (M* — "I M'F [3-10]), neutrinoless dou-
ble beta decay (2n — 2p +2e”) [11-14] etc. These
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processes occur in BSM models developed to understand
light neutrino masses. In these models, neutrino masses are
being generated through higher dimensional operators
which appear after integrating out the heavy particles.
Many of these scenarios contain different representations
of SU(2), scalar multiplets [15] or heavy neutrinos. An
important feature of these models is lepton number viola-
tion by two units (AL = 2). This nontrivial lepton number
violation along with lepton flavor violations lead to
unique BSM signatures at the collider [16-23].
Phenomenologically, these doubly charged scalars can be
produced at the LHC as a pair or associated with singly
charged scalar. In these rare processes due to mass
differences among mesons, neutrons and protons the
intermediate BSM particles always appear off shell.
Then their presence cannot be justified by invariant mass
reconstruction and on-shell prescriptions also fail. Hence,
in a long cascade decay due to these off-shell particles one
may need to deal with a very complicated phase space.
In this paper, we also evaluate the branching ratios for
the processes, M* — liil?EM”'E,MjE - lflfl,ferM’i. Both
of these decays can be possible through the mediation of
Majorana neutrino as well as doubly charged scalars. In this
paper, we have discussed these decays when the inter-
mediate decaying particle is doubly charged scalar. The
decay of a doubly charged scalar to a pair of same sign
lepton is controlled by the Yukawa coupling which is flavor
nonuniversal thus can lead to lepton flavor violating same
sign dileptons. In the SM there is no lepton flavor violation,
thus this feature can be a smoking gun to smell the presence
of new physics. In the case of same sign but opposite
flavor final state which is achieved through the exchange of
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heavy Majorana neutrinos (N), the effective amplitude is
proportional to [U; y U, y,| (i # j). Now whether this
process is suppressed or not will depend on specific
neutrino mass models and controlled by the nonunitarity
factors (e U, y,) allowed by experiments. This argument is

also applicable for the four-lepton final state. In the second
possible decay mode of meson though there are two
different vertices which signify lepton number violation
by two units but in the final state the lepton number is
conserved. Here, also the possibility of lepton violation is
still open like the previous case. We are proposing the
above-mentioned second possibility of meson decay for the
first time in this paper. Here, we also propose an alternate
technique to compute the decays involving off-shell scalar
particles. We have shown our prescription leads to the same
result computed by using the general phase space method.
But the advantage of this new method over the earlier one is
notable: now one does not need to compute the full n-body
amplitude for decay: 1 — n-particles. We have computed
two decay processes to justify the credibility of our method:
M* > l?tlfM’qE, M* > lliljililf,FM’i. We have tested our
method for off-shell scalar particles so far. We are con-
vinced that our prescription cannot be used directly when
the intermediate off-shell particles carry nonzero spin. Our
future proposal along side this work is to generalize this
procedure for all particles.

II. PROPOSAL TO DEAL WITH
OFF-SHELL SCALARS

Many rare processes like meson decay and neutrinoless
double beta decay can occur through intermediate heavy
scalars [5,11]. The recent search for doubly charged scalar
at the LHC put severe constraints on its mass. ATLAS
has ruled out the mass of doubly charged scalar from
[200 = 400] GeV depending on its leptonic branching
fraction [24]. We have noted that respecting this exclusion
limit, even the maximum mass difference between any two
mesons (M, M’) is much less than the mass of the doubly
charged scalar. Thus, these charged scalars always appear
off shell in these decays. Given that we cannot simply use
branching ratios in our calculation, we need to deal with
complicated phase factors for all the final state particles.
The full amplitude involves hadronic and leptonic parts
which can be dealt with independently of each other.
The hadronic part will be discussed below Egs. (5) and
(6). In the existing method more attention is paid on
factorizing the phase space, however in our analysis we
have not followed this method exactly.

The general prescription of obtaining the three body
decay rates in terms of two body decay rates: X; —
X,X5 = X,X4Xs will give us a good understanding of
the basics of our proposal.

The decay width for this process can be written, using the
standard phase space method, as
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dm?
F§;X4X5 = / 27:5 / dPS(X,-»QX;) / dPs(X;—>X4X5)

o JA(X, = X)X, X5)?
2le

: (1)

where mys5 is the invariant mass of the intermediate particle
X3. We note that this decay width of the parent particle X,
to X,X4Xs where X,X5 is the decay product of off-shell
scalar X, can also be expressed as

1 dmiS
F§2X4X5 = / 7(”12 )ﬂ / dPS(X1—>X2X*A)
Xa

A = XX P,

, 2
2mX] (mXA) ( )
where
- 1 JA(X} = X, X5)|?
rifxs - (1 —§5x4x5> /dPS(X*A—>X4X5) Azmx '
A
3)

my, is the on-shell mass of the scalar X, while the phase
space fdps(X*A_,X4XS) is similar to fdps(x;_)x4xs> appearing
in Eq. (I). We know that if the particle X, is produced
on shell then we can plug in the branching fraction for
decay X, — X;4X5 in our calculation. We have mimicked
that idea to compute the decay when the particle, Xy,
is off shell. We have replaced the branching ratio (BR), i.e.,

X, — X4X5)/1"ff)fall by T(X} — X4X5)/(mXA)2 to make
this quantity dimensionless. As the off-shell particles might
have a range of momenta depending on the kinematic
dam?

(mf(:s)fr
added. Thus like the on-shell case, here, also we can cut
the off-shell scalar propagators and add such terms every
time. This will help to avoid the amplitude computation of
1 — n-particles through long cascade decays. After dis-
cussing the details of the calculation for M+ — [ M'F

in IT A, a complete calculation using this prescription can
be found in Appendix A.

We can extend our conjecture for long cascade decays,
like Xl - XzATA; - X2X4X5X6X7, where X4X5 and
X¢X7 are decay products of off-shell scalars A} and A}
respectively. This can be found similarly as in II B followed
by Appendix B 1.

The most general decay width involving multiple
off-shell scalar can be written as

availability the dimensionless integration, | , 1S

'TXs s the total decay width of X.
*Here, the definition of I is slightly different than the usual

decay width. As this is an off-shell particle its partial decay width
is defined as T(X% — X,X5) = S dpsi,~x.x5) A =X XS

mxA
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(X, = X,X} X4, X4 ) can be computed using the
standard phase space method as has been used to write
down Eq. (1). Here, each X7, is decaying to (X;X;). In the
commonly used phase space method one needs to compute
the amplitude of the full process (X; — X,X4Xs) which
might be cumbersome for a very long cascade. But
following our proposal we need to compute only amplitude
and decay of one to two body decays which have very
standard well-known forms.

A. M* > M'FEL;

The meson decay, M* — M'TIflF, is mediated
by doubly charged scalars as shown in Fig. 1. This
doubly charged scalar can belong to different representa-
tions’ and that controls the vertex factor. The vertex
factors of couplings W, WHFA*E A*£[FIT and
AFEAFTFWEWHF which are necessary for our analysis
are given as c,vag”/2, y;1,, and ¢,,,g°/2 respectively.
The group theoretic  factors are given as
cg=T3+Y)(T:+Y=-1)(T; -Y+2)(T; - Y + 1),
and ¢, =2[T(T+1)—(2-Y)?] (with definition
Q =Ts +Y). Another coupling y;,;, is the measure of
interaction of two leptons with the doubly charged scalar,
and is related to the light neutrino masses.

The hadronic contribution for the processes we have
considered in this paper are the same. The hadronic part of

JAs the doubly charged scalar and gauge coupling vertex is of
type W — A — W, this interaction term is possible iff the AT
belongs to a multiplet which contains a neutral scalar field and
that acquires a vacuum expectation value.
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Meson decay M+ — M'FI£I5 through the heavy doubly charged scalars: s-channel (left) and t-channel (right) diagrams.

the diagrams, Fig. 1, can be calculated using the Bethe-
Salpeter amplitude method for mesons as bound states [4,25].
Since M , > m,,;, the hadronic matrix element can be written
as  (M'|g3V 0,7 (1-75)q482V g,q,7,(1=75)q: M) for
the s-channel process' and (M'|g;V. g V(1 =7s5)x
70122V 4,4,74(1 = 75)q4|M) for the t-channel process [4,6].
Using the vacuum saturation approximation, we can replace
the s-channel matrix element by (M’|g;r*(1—y5)q4|0)%
(0127, (1=7s)q1IM).  The  expression  (0[g,y,(1 -
¥s)q1|M) involves long distance QCD and cannot be
calculated explicitly but it can be parametrized in terms of
decay constants (f,, fr) which can be measured exper-
imentally [26]. Eventually we get

(M'@3V 4,0, 7" (1 = 75)q432V 40,7 (1 = 75) 1 |M)
= V‘13’14V‘12111fM/fM(PM ’ PM’)' (5)

The t-channel matrix element can be converted to a similar
expression by using Fierz transformation,

<M |6I3 aa 'V (1 - y5)qlqzvfhf14yﬂ(1 - )/5)Q4|M>
= V‘h‘[l VQZq4fM/fM(PM : PM’)/ch (6)

where 1/N, is a result of the different color factors in the
t-channel.

Now combining the hadronic and the leptonic contribu-
tions the partial decay width of the decay M* — M'FI15
in the presence of the doubly charged scalar is given as

1 1 1 1
M 4 2 2
1—‘M’ll (1_551112> B 553 0FK lfoM' MC UAM4 yl L
" /(mM—mM)2 [dm ﬂl/z(mM,m%,l/,mg(l)
N X 2
(my, +my, )? my,
X /Il/z(m%] , mlzI , mlzz)(m%,, +m?, — m%l )?
(3, = )| ™)
where KVI = V]2V43 + 1/N0V13V42 with VU being ele-

ments of the Cabibbo-Kobayashi-Maskawa (CKM) matrix
and N, = 3.

*Here, the considered hadronic process is ¢;q, = ¢3qa.
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FIG. 2. Neutrinoless double beta decay (Ovpf) diagram medi-
ated by doubly charged scalar.

Another important and interesting consequence of lepton
number violation is neutrinoless double beta decay (Ov/3f)
which can also be mediated by Majorana neutrino and
doubly charged scalar [11,12,27,28], see Fig. 2. In passing
we would like to mention that this process possesses a
similar leptonic part (WFW* — AT+ — [f1]). But one
needs to keep in mind that the hadronic part in Eq. (7)
should be replaced by the appropriate nuclear matrix
element. While computing this process one must be careful
to incorporate the correction due to the Coulomb attraction
between the final state electrons and the nucleus as
suggested in [27] and references therein, and thus can
not implement this method blindly. We are not discussing
it in detail as this is already discussed in [27]. In general,
our proposal will be meaningful for the processes where
one can deal with the leptonic part containing A — W — W,
A — A — W —W vertices with off-shell A separately. But
one needs to modify this proposal if these off-shell particles
have nonzero spin or other quantum numbers, like color.
We are working on that.

B. Mt — MIEIEIFIT
Here we have calculated an interesting possibility of
meson decay: M* — M'*[{ 515 I . We have computed the
decay width for this process when the decay is possible
only through doubly charged scalars. But as we have
mentioned this decay can be mediated by Majorana
neutrinos also, one needs to take care of both contributions
|

M
FM’l*l*l In

K%/szfM/GFquz IZYI3I4 < 1

7216M4

4
AT MA** mM
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qn 3

FIG. 3. Charged meson decay M* — M'FITI513 [ through
the heavy doubly charged scalars.

if both particles are present in that model. As we have
mentioned earlier that the doubly charged scalars always
appear off shell, this can be a very good smoking gun to
note their presence. Also unlike the other decay here the
doubly charged scalar can belong to any representation as
the W — W — A — A vertex is always there as an outcome
of the scalar kinetic term.’ The process M* —
M'FIF 511 is also possible through A* instead of W=
in Fig. 3. However, the strength of interactions A*H —
A=~ — At — A~ and gq' A* is proportional to scalar quartic
and Yukawa couplings respectively. These couplings in
usual scenarios are much smaller than the gauge coupling
and also suppressed by the scalar mixing angles. Thus these
lead to negligible contributions to the actual processes.

Here, we have used our prescription, Appendix B 1, and
also verified the result using the phase space technique B 2.
Both procedures lead to same decay width. This verifies our
proposal.

In passing we would like to note that, because of the
coupling W — W —Z — Z present in the SM, this four-
lepton final state can also be mimicked. But there will be no
possibility of flavor violating signal as the Z boson always
decays to the same flavored charged lepton, like eTeTee™
or utptu~pu or eeTpFuT. Thus the asymmetry in lepton
flavors among these four leptons, like e*eeTuT or
eFpFTuTuT and final states like eTeuTuT, will surely
signify the presence of new particles beyond SM, like
doubly charged scalars, heavy Majorana neutrino in theory.

The decay width of the following decay M* —
M=FIFITIT is given as

1 ﬂl/z(m%,,,m%,,,,mg(l)
1—551314) <1 —5‘%2) /dmil 5

My

mA“) /11/2(’"12’ m12 s my, )11/2(m34, m% ) m124)

W2 (md  m..,
/dmIZ/dm34 - 2A -

mXI

x (mj; + mM’ - m%(, )?(m3, — m%, - mi)(mi‘

with KVZ = V12V43.

2
m12 M3y

ml3 - ml4) (8)

>Thus if the doubly charged scalar belongs to an SU(2) multiplet which does not contain any neutral scalar field, the contribution to
the decay width for M* — M’*llilic vanishes. But the meson decay leading to a four-lepton final state is still present.
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TABLE 1. Properties of mesons.

Meson (M) fu (GeV) Mass (GeV) Lifetime 7 (Sec)

a* 130.7 x 1073 (139.57018 + 0.00035) x 1073 (2.6033 4+ 0.00035) x 1078
K* 159.8 x 1073 (493.677 £ 0.016) x 1073 (1.238 £ 0.0021) x 1078
D* 228 x 1073 (1869.62 £ 0.15) x 1073 (1040 £ 7) x 10713
Df 251 x 1073 (1968.50 4 0.32) x 1073 (500 £7) x 1071

B* 200 x 1073 (5279.26 £0.17) x 1073 (1.641 4 0.008) x 10712

The limits of the above integrals are as follows:

mi, € [(my, + mlz>2’ (my, — (my, + mu))z]’
m3, € [(my, + mu)zv (my, — mp)?],

my, € [(my, +my, +my +my)?, (my —mpy)?]. (9)

This type of meson decay is not only associated with
doubly charged scalar. The heavy non-SM neutral scalar
can have a vertex like W — A? — A® — W. Then these off-
shell neutral scalars might have flavor violating but lepton
number conserving decay to two opposite sign charged
leptons: A® — [£[7. Then also the final state consists of

£33 [T . The decay width involving these neutral scalars
will be the same as Eq. (8) where M, will be the mass of
heavy neutral scalar, with appropriate group theoretic
factor c,,.

III. NUMERICAL RESULTS

In this paper, we have encapsulated the impact of a
doubly charged scalar in rare meson decays. We have
focused mainly on the charged mesons (M*) and their
decays to I?EljiM’$ and I?El;ilil,fM’i. Both of these final
states carry the signatures of lepton number violation and/
or lepton flavor violations. More precisely the decay of
doubly charged scalar to a pair of charged leptons is lepton
number violating and in general that coupling is propor-
tional to the light neutrino mass. If these charged leptons
are of different flavor then this decay leads to violation of
lepton flavor also. We have enlisted the form factors (f,),
mass and the lifetime of the charged mesons that are
involved in our analysis, see Table I [26]. Here we have
taken central values of mass and lifetime from Table I to

TABLE II. Decay BR for K* meson decays leading to four-
lepton final state.

BR cﬁy[z] /2y/2314 G VS
Meson decay / M, [GeV?]

K* - gtetete e 1.355 x 10727
K* — atetete 4.479 x 10728
K* = gretetu 1.335 x 107%°
K* = ntetute y 5.339 x 107%
K* = atututye” 2.360 x 10732

compute the decay branching ratios of different charged
mesons. In Tables VI and VII we have provided the decay
BRs of the charged mesons (K*, D*, D, BY) to M'FIFIF

where M'Fs are the respectively light mesons. There are
already experimental (Exp.) upper bounds on these decay

2

M.
BRs, thus we can put some lower bound on CMA_” in a
grasih

model independent way. For specific models depending on
the specific structures of the couplings the mass on doubly

TABLE III.
final state.

Decay BR for D* meson decay into four-lepton

BR C?’y’zl ’2y$314 8
Meson decay (Ti) [GeV?)
D* — Ktetete e 7.204 x 1072
D* = Ktetete u 1.229 x 10~
D* = K*etetu 5.206 x 10~%
D* = K*etute u 2.082 x 107
D* — K*ututu—e 8.745 x 107%
D* — K*ututuu 3.638 x 107%
D* — rtetete e 2.486 x 1073
D* = gretete 4412 x 10723
D* = gtetetuu 1.949 x 10723
D* = gtetute 7.797 x 10723
D* — rtututue” 3.420 x 1073
D* = gttty 1.502 x 103

TABLE IV. Decay BR for Ds* meson decay into four-lepton
final state.

292 42
Meson decay BR/ (%{’M) [GeV]
Dst — K*etete e 1.712 x 10733
Dst = K*etete ™ 2.977 x 1073
Dst = K*etetu 1.286 x 10723
Ds* —» K¥etpute u 5.145 x 1073
Dst — K*utyuty—e” 2.209 x 1073
Ds* — K*ptyutuu 9.417 x 10~
Dst — ntetete e 5.320 x 1072
Ds* — nteteteu 9.565 x 10722
Dst = ntetetu 4.278 x 10722
Ds* = gretute 1.711 x 10721
Dst = ntutytue” 7.625 x 10722
Ds* — atututu—p 3.385 x 10722
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TABLE V. Decay BR for B* meson rare decay leading to four
leptons in the final state.

2y y?
BR/( g /I/ZSV /314) [GeVS}

Meson decay M,

BT - DsTetete e 2.279 x 102!
B* — Ds*etete u~ 4.431 x 1072
BT - Dstetetuu 2.153 x 102!
B* — DsTetute 8.612 x 102!
B* = DsTututyu e 4.183 x 1072!
B* = DsTututu 2.031 x 1072!
B* — D*etete e 1.261 x 10722
B* — D¥etete u~ 2.454 x 1072
B* - D¥etetu 1.194 x 10722
B* —» D¥etute u 4.777 x 10722
Bt = DY ytyutye 2.324 x 10722
B* = DYyttt 1.130 x 10722
B* —» K*eTete e 4.065 x 10722
B — K*etete u~ 7.999 x 10-22
B* —» K*etety u~ 1.574 x 1072
B - K*etute u 4.777 x 10722
BT - K*ututy e 7.740 x 10722
BY - K*ututuu 3.806 x 10722
B* — ntetete e 5.672 x 102!
B* = nretete u~ 1.117 x 10720
BY - ntetetyu 5.496 x 102!
Bt = gtetute 2.199 x 10720
BY —» ntututute 1.082 x 10720
BY = atutut 5.324 x 1072

TABLE VI. Branching ratios for charged meson (K, D™, DY)
rare decays leading to same sign dileptons. These are signatures
of lepton number violations and lepton flavor violations too in a
few cases. Here, we have taken the central values of mass and
lifetime from Table I.

R/ (L'?,vi}',z] ,z) Lower bound on

Meson deca Exp. upper My My

mode ! bouIE)d oII)lpBR [GeV?] Cova¥iyhy (GeV)
K™ > etet 64x10710 221x107' 587.6x10°°
Kt > utp™ 30x10° 634x10717 1454 x10°°
K" > etu™ 50x10710 261x107¢ 7225x%x10°°
Dt - netet 96x107° 5.53x 10710 2.4 %107
Dt -z utut™ 17x107° 5.19 x 10716 5.5x107°
Dt - ety 50x1075  1.07 x 10713 4.6 x 107°
Dt - K ete®™ 12x10™* 1.18x1071° 1.0 x 1076
Dt — K~ptut 12x107*  1.09 x 10710 1.0 x 1076
Dt — K=etut 13x107* 228 x 10710 1.3x 107
Df - x7etet 69x107* 504 x 1071 2.7 x 1076
Df —» 7w ptut 82x1075  4.75x 10715 7.6 x 107°
Df -z ety 73 x107* 979 x 1071 3.7 x 1070
Df — K ete™ 63x107* 5.66x 10716 0.9 x 107°
DY - K utut 1.8x10™* 529 x107'° 1.7 x 1076
D} - K etyt 68x10™* 1.10x 1071 1.3x 1076
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TABLE VII. Branching ratios for charged meson (B™) rare
decays leading to the same sign dileptons. These are signatures
of lepton number violations and lepton flavor violations too in
a few cases. Here, we have taken the central values of mass and
lifetime from Table I.

iy, Lower bound on
/ Mz

Meson decay  Exp. upper M3

mode bound on BR [GeV?] CgaYiy (GeV)
Bt > rete™ 39x1073  236x 10710 0.2x10°°
BT -z utut 9.1x1073 234 x 10710 0.2 x107°
BT - etut 64x1073 4.7 x 10710 0.3 x 107
BT -ttt 1.51 x 1077

BT > ettt 1.74 x 10716

Bt - nutet e 1.73 x 10710 e

BT - K etet 39x1073 1.85x 107V 0.07 x 10°
Bt > K ptu™ 9.1x1073 1.84x107"7  0.05x 1076
B" - K etu" 64x1073 3.69x107"7  0.08 x 107°
BT - Kt 1.34 x 10~1°

BT - K ettt 1.34 x 1077

Bt - K-utrt 1.33 x 107

charged scalars can be computed. We have checked that
these bounds are severe only for the very light doubly
charged scalars. We have also explored the possibility of
other types of meson decays and computed their branching
fractions in Tables II, III, IV, and V. These are more
suppressed than the dilepton case mostly due to extended
phase space.

IV. CONCLUSIONS

In this paper, we have discussed the impact of doubly
charged scalars in rare meson decays in a model indepen-
dent way. While computing the decay width for these
processes, we noted that one can deal with the hadronic and
the leptonic part independently. The processes under
consideration are such that the involved doubly charged
scalars appear always off shell. Thus the branching ratio
technique does not work in this analysis. This makes the
computation cumbersome and the phase spaces compli-
cated as one cannot truncate the off-shell particles in
principle. To make the computation easier we come up
with an alternative proposal. Though we do not have a
formal proof for this, we have understood how to achieve
that from the idea of a phase space procedure for three body
decay and then we have generalized that for n-body decay
modes. Then we have shown explicitly that our proposal
and the phase space method lead to the same result for
five body decay. This method can be used for the similar
leptonic parts for other decays, for example neutrinoless
double beta decay via off-shell doubly charged scalar. In
this paper we have estimated the decay branching ratios
for processes like M* - M'FITIE, M* - MFIEGITIT
for different charged mesons (B*, D, K*, D¥). The decay
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branching ratios are very small compared to the present
experimental bounds thus they cannot put significant
constraints on the mass of the doubly charged scalars.
The four-lepton final state is much more suppressed,
mainly due to phase space, compare to the other two-
lepton cases. We have checked that our proposal can be
used for long cascades involving only off-shell scalar
particles. This proposal needs further modifications to deal
with off-shell particles with nonzero spins.
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APPENDIX A: MESON DECAY VIA
HEAVY DOUBLY CHARGED SCALAR:
M* > M'FA*E M/:Fllilzi

The decay width is proposed as

[(M* - MFIELE) = / [ld< "ﬁz )] [D(M — M'A)]

T mA++
« |:f(A++* g ZIIQ):| (A])
(l’l’lA++) ’
[C(M* - M™AT)] = /dPS(M—>M’A++*)
Ay (M — M'ATT) |2
X| 2l( - )l , (Az)

2mM

where m, is the invariant mass of the intermediate particle
A*+* which appears as off shell. Thus m,, is different from
m++. Here, the hadronic contribution can be recollected
from Fig. 1 and then the amplitude of this decay is given as

AZI(M+ b M/_A++*)

1
= ?KVIfoM’(PM-PM’)L/(pII .P).  (A3)
where, f); and f,y are meson decay constants; Ky; =
ViaVas + Ni Vi3V4, with V;; being elements of the CKM

matrix and color-factor N, = 3.
Here, leptonic contribution can be expressed as

g\? 1 CUA92
L'(py.pi,) = <ﬁ) M, g2 :

(A4)

PHYSICAL REVIEW D 91, 055020 (2015)

We can write the squared amplitude as

2 L CgUA92> 2

1 g
|A21|2:—K%/1f%4f%4/(PM-PM’)2<<—> Y
w

2 NG
(AS)

From momentum conservation equations (P, = P+
pi, + Pi,» k= p;, + py,), and in rest frame of lepton pair
pi;, +pi, =0and p, + p, =k = (my»,0,0,0), we find

1
(PMPMf) = E(m%,] + mif - m%z),
1
PL-pi, =3 (miy —mj —mj),
_ mi, +mj —mj} (A6)
e 2m12
We also have
= 1 1202 2 02
\pi,| = %/1 (mlz’ml]’mlz)’
- 1
|Pyr| = %il/z(mﬁ’mzzwhm%z)- (A7)
The phase space is given as
1 A2 (m3, m2,, m3,)
d At = LMD 12240, (A8
PS(M=M'A™) = T3 2, (A8)
and the partial decay width is expressed as
i U AV, o)
DAY - L],) = L2 (4
( -l 2) 167[2 2m%2 ( 77)
1
x mﬁl p[mi, —mi —mi]. (A9)

Now the decay width, Eq. (A1), can be written as

1 1 1 1
_ 42 (2 2 2,2 2
1—%’1112 = <1 _551112> 283 GeKy fulw m, CgVa M Yui,

X/(mM—mM/)2d , AV (miy m3, miy)
(

m
12 2
my, +my, 2 my,

X A2y, ik ) (5 + iy = m)?

x (m}, — m%l - mi) (A10)
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APPENDIX B: DECAY WIDTH FOR MESON
DECAY M* — M1 I;1;

1. Using our prescription

We have proposed an alternative treatment to compute

the decay width of this process: M* — M"*I[ ;1515
The phase space for the case of five decay products
is complicated. It is possible to simplify this by the
|

2

PHYSICAL REVIEW D 91, 055020 (2015)
introduction of intermediate particles so that our process
can be written as
M* > M™=X; - M™=X5X5 - M= 11,

with X3 — [71f and X3 — 15 (B1)

The decay width is proposed by following our prescription:

1 2 1 (AT - 11
C(M* — ML) = [/ [—d( T2 )] /[—d( - ﬂ [[(M — M'ATHA—)] [—( — 2)}
T \my.. 7 \my- (mp++)
N
SM ATTFA—F 2
where [[(M — M'AYA)] = [dpsomras+a—) S Agn?M AF,
J R /dmg(1 1 A2 (miy m3, m%) (4n) 1 A2 (m% . m3, md,) (4n) (B3)
PS(M=MATAT) 21 1672 2m2, 167 2m3, ‘
The amplitude is given as
Au(M — MIA+ A=) = -k Py o) (L) Lo B4
w(M - )*? vofmfm (Pu - Pyr) \/_5 M—%T’ (B4)
with KVZ = V12V34. Thus we have
R 1 g \2 1 ¢,
[Agy(M — M'ATHA)2 = {?KVZfoM’(PM'PM’)(E> M—Av;VgT : (B5)
Now Eq. (B2) can be expressed as
dm? dm3 1 1
™. .= 12 / H(1-=8,L)(1-26,1
ML I /(n’)miH (n’)mi” 2 h2 2 74
y /dmg(1 1 AV (miy.m3, m¥,) (4n) 1 A2 (m%  mi, md,) (42)
27 167° 2m3, 167° 2m§(l
1 [1 1 ¢t gt
K2 £2 2~ (2 2 2 2 99
*2my, [24 val il gl o = m P e
1 1 Al/z(m%Z’ ml2| ’ m12 ) 2 2 2 2
x M+ {16772 2m3, —(4m) 2mpr Vi lia = mi, = mlz]]
1 1 ﬂl/z(m%4’ mlz ’ mlz) 1 2 2 2 2
X . [16n’2 2m§43 = (4r) Dmp Vi, [m3y — my — mu]]- (B6)
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Simplifying the expression we will get

2 2 2 2.2 20,2 2 2
™ Ky s Gregyi, LT, : 16 1 16 A A2 (miyy, myy, m3) ane | am?
ML T T olept A =59l 5% mx, 2 mia M3y
T A+ My My
1202 2 2 N91/2(,2 2 2\ q1/2(,2 2 2
« A (mxl’mlzvmuﬂ (mu,mll,mlz)ﬂ <m34’m137mz4)
2 2 2
my, mi, m3y
2 2 2 V20,2 2 2\(2 2 2
x (my + my, —my )*(miy —mp —mj)(m3y — mp, —mj). (B7)

The limits of the above integrals are as follows:

mi, € [(my, + m12)27 (my, — (my, + m14))2],
mi, € [(my, + ml4>2’ (my, — mpa)?].

my. € [(my, 4+ my, +my, +my,)?, (my — my)?]. (B8)

2. Using phase space method

The decay width for the process depicted in Eq. (B1) can also be computed using the phase space method. The expression
for the decay width is then given by

del de2 dmxz
M/l+l+l [— dPS M—-M'X7) dPS X1 =X5X35)

|A M = M’l 121314)‘
X/dps(x;—»m;)/dps(x*—»l 1) 2my, . (B9)

In order to evaluate this expression, we need to express everything in terms of the masses. The phase space can be
plugged into the above expression.
The amplitude for the case of meson decaying to four leptons is depicted as

1
AM - M'lL151,) = ?szfoM’(PM-PM/)L”(Pl,7P12,P13,P14)- (B10)

The leptonic part is given as

g\ 1 ¢, 1 1 — —
L”(PJI,P12)=<\/§> M, gz Mi++MgA__yz.12y13z4[llL(Pz.)lzR(Plz)Hl3L(Pz3)Z4R(P14)]- (B11)

The amplitude squared becomes

1 2 g\> 1 c g 1 1 2
A(M — M'liL151,) > = <2_2KV2foM’(PM-PM’)) <<7§> ML 2 M2 M2 y/|/2y13/4) 2(py, - p,)2(p1, - P1y)-

(B12)

The dot products (P - Pyy), (py, - pi,) and (py, - p;,) can be expressed in terms of masses using the same technique
used in Egs. (A6) and (A7) and using the momentum conservation equations py = py + px,, Px, = Pi, + Pi, and

Px, = Pi, T Py,
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The final expression for the decay width is

K%/szf2 ’Gchyl 12)’1114 |- 15 | 1
7216M4+ MA-—mM 7 “hl

r%’m*l L )

M2(m2, m2,, m
/de (MM X/dmx/dmx

mzz) (sz

x (my, +m?, — m%l)z(miz - mll

The limits of the above integrals are as follows:

PHYSICAL REVIEW D 91, 055020 (2015)

—5z3z4>

AP (3 mE om% ) A2 (my,mi m ) AV (mg , mp,m])

my, € [(my, 4 my, + my, + mu)z, (my — myp)?],

1
2

2

We find that both procedures lead to the same results for F%, T
1727°3%

replacements my, <> m, and my, < mzy.

my, € [(my, + my,)?, (my, —my, —my,)?].

my, € [(my, + my,)?, (mx, —my,)?],

mg(l mg{z m§(3
mj, = mj,). (B13)
(B14)

To compare Eqgs. (B13) and (B7), make the following
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