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We study the possibility to observe sterile neutrinos with masses in the range 5 GeV < mN < 20 GeV at
the LHC, using the exclusive semileptonic modes involving pions, namelyW → lN → nπll (n ¼ 1; 2; 3).
The two pion and three pion modes require extrapolations of form factors to large time-like q2, which we do
using vector dominance models as well as light front holographic QCD, with remarkable agreement. This
mass region is difficult to explore with inclusive lljj modes or trilepton modes and impossible to explore
in rare meson decays. While particle identification is a real challenge in these modes, vertex displacement
due to the long living neutrino in the above mass range can greatly help reduce backgrounds. Assuming a
sample of 109 W bosons at the end of the LHC Run 2, these modes could discover a sterile neutrino in the
above mass range or improve the current bounds on the heavy-to-light lepton mixings by an order of
magnitude, jUlN j2 ∼ 2 × 10−6. Moreover, by studying the equal sign and opposite sign dileptons, the
Majorana or Dirac character of the sterile neutrino may be revealed.
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I. INTRODUCTION

Neutrino oscillation data [1–3] demonstrates that at least
two active neutrinos are massive, which provides strong
indication of new physics [4–7] beyond the minimal
standard model. In order to naturally explain the smallness
of the observed neutrino masses, right-handed sterile neu-
trinos are usually introduced in the SM extensions, creating
scenarios with a seesaw mechanism [8–14]. In the past
decades, many experiments have searched for sterile neu-
trinos with masses in the broad range from eV to TeV [15].
Current searches for sterile neutrinos with mass mN

above 100 GeV [16,17] are based on the inclusive
processes pp → W�X, W� → l�l�jj [18–21]. For mN
belowMW, the jets tend to fall below the necessary cuts that
are imposed to reduce backgrounds, so these inclusive
semileptonic modes cease to be useful. Also purely leptonic
modes Wð�Þ → lllν have been proposed [22]. The purely
leptonic modes [23–28] are also an alternative to l�l�jj at

the LHC, as they are not affected by the hadronic back-
grounds for mN below MW, even though they have the
problem of missing energy due to the undetectable final
neutrino. Also, in these three-lepton modes one should not
use modes with a pair of leptons with same flavor
and opposite charge, such as eþe− or μþμ−, in order to
avoid the background from radiative pair production.
Nevertheless, for neutrino masses below ∼20 GeV, the
neutrino may live long enough to leave an observable
displacement from its production to its decay point, a
feature that will also help reduce such background [29–31].
In this work we consider the exclusive semileptonic

processes W → lN, N → lπ, lππ and lπππ, which are
modes with no missing energy. Among these modes, we do
not consider N → e�π∓ in the secondary process to
avoid misidentification of electrons and pions. The most
promising modes should be Wþ → μþN, N → μþnπ
(n ¼ 1; 2;…) for a Majorana sterile neutrino, and
Wþ → eþN, N → μ−nπ for a Dirac neutrino.
The exclusive single-pion mode N → lπ is suppressed

with respect to the inclusive process, modeled by the
production of an open quark pair N → lqq̄0, by a factor
f2π/m2

N , where fπ is the pion decay constant. This sup-
pression is clearly milder for lower masses of the sterile
neutrino. Moreover, for lowermN the sterile neutrino width
is also smaller, giving time for the neutrino to travel a
measurable distance before decaying. This effect will show
as a spatial vertex separation in the detector, a distinctive
feature that helps reduce backgrounds [29,30]. Less
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suppressed than the decay into a single pion is the decay
into two pions, i.e. N → lππ, or even into three pions,
because the two quarks from the weak vertex are not forced
to be bound into a single pion wave function [32]. Although
there is a suppression from the 3-particle or 4-particle phase
space, it is not as strong as the wave function restriction of
the single pion case.
As stated above, at the LHC the inclusive mode l�l�jj

is sensitive to neutrino masses mN above 100 GeV and the
purely leptonic l�l�l0∓ν modes cover the region below
MW down to about 20 GeV. Complementary, for mN below
5 GeV, rare decays of B, D and K mesons or tau leptons
are more appropriate [33–37]. In this work, we focus
on neutrino masses within the window from 5 GeV to
20 GeV, using the exclusive processes Wþ → lþN fol-
lowed by the pionic decays N → π−lþ, N → π0π−lþ and
N → π−π−πþlþ. These processes can give the LHC the
ability to explore the corresponding mass region.1

This article is organized as follows. In Sec. II, we
calculate the pionic decays of a sterile neutrino. In
Sec. III, we detail our numerical results and discussions.
We conclude in Sec. IV.

II. PIONIC DECAYS OF A STERILE NEUTRINO

The leptonic sector in a generic SM extension includes
one or more extra neutral lepton singlets, N, in addition to
the three generations of left-handed SM SUð2ÞL lepton
doublets. The neutral lepton singlets N are known as sterile
neutrinos, because they do not directly interact with other
SM particles in the absence of any mixing with the active
neutrino sector. After electroweak symmetry breaking, the
gauge interaction of the sterile neutrino with the SM fields
can be written as

ΔL ¼ −
gffiffiffi
2

p U�
lNW

þ
μ N̄γμPLlþ H:c:; ð1Þ

where g denotes the weak coupling constant and UlN the
mixing matrix between the active and sterile neutrinos.
Here the sterile neutrino can be a Dirac or Majorana
fermion.
At the LHC, sterile neutrinos with masses around

5–20 GeV will be mainly produced from the decay of
on-shell W bosons. From the Lagrangian in Eq. (1), the
decay rateWþ → lþN can be easily calculated. Neglecting
the lepton mass, the branching ratio BðWþ → lþNÞ is

BðWþ →lþNÞ≡ΓðWþ→lþNÞ
ΓW

¼GFffiffiffi
2

p M3
W

12πΓW

× jUlN j2
�
2þ m2

N

M2
W

��
1−

m2
N

M2
W

�
2

; ð2Þ

where ΓW ≃ 2.085 GeV is the total decay width of the W
boson [38]. From here, the heavy neutrino N can decay in
several modes, depending on its mass. Here we are
interested in the decays into pions, namely N → π∓l�,
N → π0π∓l� and N → π∓π∓π�l�. Both charged modes
will occur for a MajoranaN, while for a Dirac N only the N
decays into a negative charged lepton will be produced.

A. The decay N → π −l+

The two-body decays of a heavy neutrino have been
studied in detail [20]. The mode N → π−lþ is a charged
current process:

ΓðN → π−lþÞ

¼ G2
F

16π
f2πjVudj2jUlN j2m3

Nλ
1/2ð1; m2

l/m
2
N;m

2
π− /m2

NÞ

×

��
1þ m2

l

m2
N
−
m2

π−

m2
N

��
1þ m2

l

m2
N

�
− 4

m2
l

m2
N

�
: ð3Þ

For an unpolarized N, the decay into the opposite charge
mode N → πþl− is the same as above. In an obvious
notation, mπ− and mN denote the mass of the charged pion
and sterile neutrino, respectively; Vud is the CKM matrix
and fπ is the pion decay constant; the function λðx; y; zÞ is
defined as λðx; y; zÞ ¼ x2 þ y2 þ z2 − 2ðxyþ yzþ zxÞ.
Now, the formation of a single pion in the final state is
relatively suppressed with respect to multipion modes,
because it requires the two produced quarks to remain
close together. Indeed, we can compare the above expres-
sion with that of open quark production, which is an
estimate of the inclusive rate. Neglecting the masses in the
final state, the rate is ΓðN → lq̄q0Þ ∼ ðG2

F/64π
3ÞjVqq0 j2

jUlN j2m5
N , and therefore the suppression factor of the

exclusive lπ mode is approximately:

R ∼
ΓðN → l−πþÞ
ΓðN → l−ud̄Þ ∼ 4π2

f2π
m2

N
ð4Þ

For mN ¼ 10 GeV, this suppression is R ∼ 0.6%.
Consequently, in order to have a larger rate, we should
also consider the decays with two and three pions in the
final state.

B. The decay N → π0π −l+

The decay into two pions, N → π0π−lþ, is similar to the
tau lepton decay τ− → π0π−ντ in terms of their interaction
Lagrangian and Feynman diagram, except for the lepton
flavor and charge. Indeed, the hadronic current in both
decays has the same expression in terms of form factors.
However, one must be aware that the kinematic range for
the form factor in the N decays is extended to higher q2, so
an extrapolation of the tau form factor will be required.
Considering the above, the differential decay rate for
N → π0π−lþ can be written as

1One caveat, however, is that the identification of pions and
their separation from kaons may be a formidable challenge for
current experiments.
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dΓðN→ π0π−lþÞ
ds

¼Γ0
N jVudj2jUlN j2

2m2
N

3s3βlβπ
2m6

N
F−ðsÞ2

×

�
β2l

�ðΔm2
πÞ2

s2
−
β2π
3

�

þ
�ðm2

N −m2
lÞ2

s2
−1

��ðΔm2
πÞ2

s2
þβ2π

��
;

ð5Þ

where Γ0
N¼G2

Fm
5
N /ð192π3Þ, s¼ðpπ0þpπþÞ2, Δm2

π≡m2
πþ−

m2
π0
, βl ¼ λ1/2ð1; m2

l/s;m
2
N /sÞ, βπ ¼ λ1/2ð1; m2

πþ /s;m
2
π0
/sÞ,

and F−ðsÞ is the hadronic form factor of the charged
current, defined by

hπ−ðpÞπ0ðp0Þjd̄γμuj0i ¼
ffiffiffi
2

p
F−ðsÞðp − p0Þμ: ð6Þ

The decay rate is then obtained after integrating over s:

ΓðN → π0π−lþÞ ¼
Z

sþ

s−

ds
dΓðN → π0π−lþÞ

ds
; ð7Þ

within the limits s− ¼ ðmπ− þmπ0Þ2 and sþ ¼
ðmN −mlÞ2. It is easy to check that, after the replacement
ðN;lþÞ → ðτ−; ντÞ, our expression coincides with that of

the decay width for τ− → π0π−ντ in [39,40]. The main
challenge here is to estimate the form factor F−ðsÞ. For low
s, the form factor can been calculated in the framework of
chiral perturbation theory (ChPT) [41]. In the timelike
region, i.e. s > 0, F−ðsÞ is experimentally known from
τ− → π−π0ντ decay [42], but only in the limited range
2mπ <

ffiffiffi
s

p
< mτ. On the other hand, the neutral form factor

F0ðsÞ, defined by

hπ−ðpÞπþðp0Þjūγμuj0i ¼ −hπ−ðpÞπþðp0Þjd̄γμdj0i
¼ F0ðsÞðp − p0Þμ; ð8Þ

which is related to F−ðsÞ by conservation of the vector
SUð2Þ isospin current (CVC) as F0ðsÞ ¼ F−ðsÞ, can be
obtained from current eþe− → πþπ− data [43] up toffiffiffi
s

p
< 3 GeV. In our case, we need to know the form

factor up to mN ∼ 20 GeV, so we will need to do an
extrapolation. For this purpose we consider two theoretical
models: one is the vector meson dominance model (VDM)
used by the BABAR collaboration [43], and another is based
on light front holographic QCD (LFH) [44]. The VDM
parametrization for F0ðsÞ, which includes ρ-ω mixing, is
given by [43]

F0ðsÞ ¼
1

1þ cρ0 þ cρ00 þ cρ000

�
BWGS

ρ ðs;mρ;ΓρÞ
1þ cωBWKS

ω ðs;mω;ΓωÞ
1þ cω

þ cρ0BWGS
ρ0 ðs;mρ0 ;Γρ0 Þ þ cρ00BWGS

ρ00 ðs;mρ00 ;Γρ00 Þ þ cρ000BWGS
ρ000 ðs;mρ000 ;Γρ000 Þ

�
; ð9Þ

where the Breit-Wigner functions BWiðs;mi;ΓiÞ and
numerical values of all the coefficients fitted to the eþe− →
πþπ− data in the region

ffiffiffi
s

p
< 3 GeV, can be found in [43]

(see also [45]). Here no vector mesons heavier than 3 GeV
contribute to F0ðsÞ, because no light unflavored vector
mesons heavier than 3 GeV have been observed yet, qc̄ and
qb̄ mesons [e.g. D�ð2007Þ and B�ð5324Þ] do not decay to
ππ through strong interactions and are therefore sup-
pressed, and the decays of cc̄ and bb̄ mesons (e.g. J/ψ
and ϒ) into two pions are OZI suppressed.
Since isospin is broken by the small quark mass differ-

encemd −mu, the mesons ρ0 (I ¼ 1) and ω (I ¼ 0) are not
exact isospin eigenstates, but they mix with each other
[46]. This feature results in a small structure near

ffiffiffi
s

p ¼
0.78 GeV in the eþe− → πþπ− spectrum. For the form
factor F0ðsÞ, this effect is included in Eq. (9). However,
since there is no charged ωmeson, no ρ − ωmixing should
be present in F−ðsÞ and, moreover, since we are obtaining
F−ðsÞ from the CVC isospin relation F−ðsÞ ¼ F0ðsÞ,
isospin violation effects should be omitted. Nevertheless,
since the parameters in F0ðsÞ were found by fitting the data
altogether and this isospin violation effect is very small, we
kept the ω term in F−ðsÞ.

Concerning the holographic QCD formalism [44], the
form factor is dominated by the twist-2 and twist-4 terms
(in this formalism, the twist “τ” corresponds to the number
of partons in the light-front Fock state and is also related to
the number of poles in the form factor, which is τ − 2). In
this approximation, the form factor is

FπðsÞ ¼ ð1 − γÞFτ¼2ðsÞ þ γFτ¼4ðsÞ; ð10Þ
where γ ¼ 12.5% is the probability of the twist-4 compo-
nent. The two components are

Fτ¼2ðsÞ ¼
m2

ρ

ðm2
ρ − s − i

ffiffiffi
s

p
ΓρÞ

ð11Þ

and

Fτ¼4ðsÞ

¼ m2
ρm2

ρ1m
2
ρ2

ðm2
ρ−s− i

ffiffiffi
s

p
ΓρÞðm2

ρ1 −s− i
ffiffiffi
s

p
Γρ1Þðm2

ρ2 −s− i
ffiffiffi
s

p
Γρ2Þ

;

ð12Þ
and the following parameters were used for their best
fit up to s ∼ 3 GeV2: mρ ¼ 0.775 GeV, Γρ ¼ 149 MeV,
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mρ1 ¼ 1.343 GeV, Γρ1 ¼ 360 MeV, mρ2 ¼ 1.733 GeV,
Γρ2 ¼ 160 MeV. According to Ref. [44], their fit agrees
with data up to s ∼ 6 GeV2.
The pion form factor according to these two models is

shown in Fig. 1, including the extrapolated region up toffiffiffi
s

p ¼ 20 GeV. Although the VDM model gives a more
detailed structure at low

ffiffiffi
s

p
than the LFH formalism, the

overall coincidence is outstanding. Concerning the extrapo-
lation to larger

ffiffiffi
s

p
, e.g. at

ffiffiffi
s

p ¼ 15 GeV, which is an
extrapolation far beyond the resonant region, we obtain

FðVDMÞ
π ¼ 2.8 × 10−3 and FðLGHÞ

π ¼ 2.3 × 10−3, a discrep-
ancy no more than 20%, quite good an agreement consid-
ering it is far into the tails of the wave functions. Also, in
both models one finds the QCD behavior sFðsÞ → constant
at large s, as shown in Fig. 1 (right). Since our purpose is to
estimate N → ππl for mN within the range 5 GeV to
20 GeV, it is necessary to have a good estimate of the form
factor extrapolated beyond current data. Fortunately the

extrapolated region (large s) is where theory is more
reliable, and the most difficult part to address theoretically
is the resonance region where data is available. Indeed, as
the above study shows, the extrapolation with two different
treatments give quite similar results, so we expect this
estimate to be reliable for the purpose of our work.

C. The decay N → π − π −π +l+

In much the same way as in the two-pion mode of
Sec. II. B, the differential decay rate of the general hadronic
decay N → h1h2h3lþ can be written in terms of form
factors with an expression identical to that of the tau decay
τ− → h1h2h3ντ [47], again provided that the form factors
are extrapolated to larger values of q2. Let us first denote
the momentum and mass of the hadron hi (i ¼ 1, 2, 3) by pi
and mi respectively, and define the momentum of the
hadronic part qμ ¼ ðp1 þ p2 þ p3Þμ. The differential
decay rate is then:

dΓðN → h1h2h3lþÞ
dq2

¼ G2
FjVudj2jUlN j2
128ð2πÞ5m3

N

λ1/2ð1; m2
N /q

2; m2
l/q

2Þ
��ðm2

N −m2
lÞ2

q2
−m2

N −m2
l

�
ωSAðq2Þ

þ 1

3

�ðm2
N −m2

lÞ2
q2

þm2
N þm2

l − 2q2
�
ðωAðq2Þ þ ωBðq2ÞÞ

�
: ð13Þ

Here the functions ωiðq2Þ, i ¼ A, B, SA, are defined
as [48]:

ωiðq2Þ ¼
Z

sþ
3

s−
3

ds3

Z
sþ
2

s−
2

ds2Wiðq2; s2; s3Þ; ð14Þ

with the variables s3 ¼ ðp1 þ p2Þ2 and s2 ¼ ðp1 þ p3Þ2,
and the integration limits:

s�2 ¼ 1

4s
½ðq2 þm2

1 −m2
2 −m2

3Þ2

− ðλ1/2ðq2; s; m2
3Þ ∓ λ1/2ðm2

1; m
2
2; sÞÞ2�; ð15Þ

s−3 ¼ ðm1 þm2Þ2; sþ3 ¼ ð
ffiffiffiffiffi
q2

q
−m3Þ2: ð16Þ

The integrands Wiðq2; s2; s3Þ are the following Lorentz
invariants:

WAðq2; s2; s3Þ ¼ −jVμ
1F

A
1 ðq2; s2; s3Þ þ Vμ

2F
A
2 ðq2; s2; s3Þj2;

WBðq2; s2; s3Þ ¼ −jVμ
3F

V
3 ðq2; s2; s3Þj2;

WSAðq2; s2; s3Þ ¼ þjqμFP
4 ðq2; s2; s3Þj2: ð17Þ

FIG. 1. The pion form factor according to the vector-dominance model (blue) and Light-front holography (red), extrapolated up toffiffiffi
s

p
< 20 GeV. The right figure shows the asymptotic behavior sFðsÞ → constant at large s.
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Here Vμ
1, V

μ
2 and Vμ

3 are the kinematical vectors:

Vμ
1 ¼

�
gμν −

qμqν

q2

�
ðp1 − p3Þν;

Vμ
2 ¼

�
gμν −

qμqν

q2

�
ðp2 − p3Þν;

Vμ
3 ¼ iεμαβγp1αp2βp3γ; ð18Þ

while FA
1 ðq2; s2; s3Þ, FA

2 ðq2; s2; s3Þ, FV
3 ðq2; s2; s3Þ and

FP
4 ðq2; s2; s3Þ, are the form factors that appear in the

hadronic current matrix element for the decay N →
h1h2h3lþ [47]:

hh1ðp1Þh2ðp2Þh3ðp3ÞjðV − AÞμj0i
¼ Vμ

1F
A
1 ðq2; s2; s3Þ þ Vμ

2F
A
2 ðq2; s2; s3Þ

þ Vμ
3F

V
3 ðq2; s2; s3Þ þ qμFP

4 ðq2; s2; s3Þ: ð19Þ
In this parametrization, the form factors FA

1 and FA
2

correspond to axial vector transitions (JP ¼ 1þ), while FV
3

and FP
4 to vector (JP ¼ 1−) and pseudoscalar (JP ¼ 0−)

transitions, respectively.
Now, in the N → π−π−πþlþ decay, the partial conser-

vation of the axial current (PCAC) implies that the
pseudoscalar form factor FP

4 is proportional to m2
π/q2,

and therefore suppressed in most of the kinematical region
[49–51]. Moreover, in the isospin symmetry limit, G-parity
conservation leads to FV

3 ¼ 0 [48]. Therefore, we only need
to consider the two axial form factors FA

1 and FA
2 . For q

2 <
m2

τ these two form factors were first obtained from the
CLEO τ decay data, and then can be extrapolated to the
q2 > m2

τ region by using an appropriate parametrization.
There are many parametrizations of the form factors in the
literature. We chose the so-called CLEO parametrization
[52], which is used in the TAUOLA package [53,54].
This parametrization includes the transitions between
various intermediate resonances a1ð1260Þ/a01ð1640Þ →
π þ f0ð500Þ; f2ð1270Þ; f0ð1370Þ; ρð770Þ, and ρ0ð1450Þ.
Just as in the N → π0π−lþ decay, meson resonances

heavier than the τ lepton do not contribute to the form
factors. At s2 ¼ s3 ¼ 1 GeV2, the numerical results of
FA
1 ðq2; s2; s3Þ and FA

2 ðq2; s2; s3Þ are shown in Fig. 2.
The decay rate is obtained after integration over q2:

ΓðN → h1h2h3lþÞ ¼
Z

q2þ

q2−

dq2
dΓðN → h1h2h3lþÞ

dq2
; ð20Þ

where the integration limits are

q2− ¼ ðm1 þm2 þm3Þ2; q2þ ¼ ðmN −mlÞ2: ð21Þ
One can check that, after the replacement ðN;lþÞ →
ðτ−; ντÞ, our formulas coincide with those for the tau lepton
decay rate τ− → h1h2h3ντ given in [47].

III. NUMERICAL ANALYSIS

With the theoretical framework described in the previous
section, we want to estimate the exclusive semileptonic
decay rates of N into πl, 2πl and 3πl, for a neutrino N of
mass in the range 5 to 20 GeV, produced at the LHC in
the process W → lN. These exclusive modes could be
observed in pp collisions provided the pions can be
identified and the background can be reduced considering
the spatial displacement between the production and decay
vertices of N. This displacement could be observable for
mN below 20 GeV [29,30]. We first study the invariant
mass distributions for the two-pion and three-pion modes,
for two benchmark neutrino masses, mN ¼ 5 GeV and
15 GeV, and then study the integrated rates of the single
pion, two-pion and three-pion modes as a function of mN .
In Fig. 3 we show theMðπ0π−Þ distribution for the N →

π0π−lþ decay, and compare it with the MðūdÞ distribution
for the open quark decay N → ūdlþ, for the cases ofmN ¼
5 GeV and mN ¼ 15 GeV. In the case of mN ¼ 5 GeV
(left figure), the shape of the distribution is dominated by
the ρ, ρ0, ρ00, and ρ000 resonances. The dip near 1.6 GeV can
be explained by the interference between the ρ0 and ρ00
contributions. In the case of mN ¼ 15 GeV (right figure),
the distribution is similar to the former case. As explained
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FIG. 2. Form factor FA
1 ðq2; s2; s3Þ and FA

2 ðq2; s2; s3Þ at s2 ¼ s3 ¼ 1 GeV2. The form factors in the region q2 < m2
τ are obtained from

the CLEO τ decay data, and extrapolated to the q2 > m2
τ region.
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in Sec. II. B, the form factor in the
ffiffiffi
s

p
> 3 GeV region is

obtained from a naïve extrapolation, which results in the
shape shown.
Within the quark-hadron duality [55], the open quark

process N → ūdlþ is considered to be the same as the
inclusive semileptonic process. As shown in Fig. 3, the
exclusive mode is much smaller than the inclusive process
in the invariant mass region far from the ρ meson peak,
while they are of comparable magnitude in the region near
the peak. Moreover, considering the integration over

ffiffiffi
s

p
in

these figures, one can notice that the total decay width of
N → π0π−lþ is predicted, as it should, to be smaller than
the inclusive estimate N → ūdlþ, and this difference is
enhanced for larger mN, as there will be more modes with
larger hadron multiplicities as N is heavier.
In Fig. 4 (left) we show the “canonical” decay rates for

the modes N → lþnπ and the inclusive estimate given by
N → ūdlþ as a function of the neutrino mass mN
(“canonical” here means that all lepton mixing elements
jUlN j are removed from the expressions). In Fig. 4 (right)
we show the “canonical” branching ratios for the full
processes Wþ → lþN → lþlþnπ and Wþ → lþN →
lþlþūd. The actual rates (left) and branching ratios (right)
can be obtained by multiplying these canonical values by

jUlN j2 (left) and jUlN j4/
P

l0 jUl0N j2 (right), respectively.
These factors can be easily deduced considering the
expressions for the partial N decay rates in Eqs. (3), (5)
and (13), and the expression for the neutrino width ΓN
[20,23,56]:

ΓN ≃ 1.1 ×
G2

F

12π3
m5

N

X
l

jUlN j2; ð22Þ
which is a good approximation in the range 5 GeV <
mN < 20 GeV.
From Fig. 4, it can be seen that ΓðN → 3πlÞ/

ΓðN → 2πlÞ ≈ 0.7. This is expected, as modes with more
particles in the final state tend to be smaller than those with
fewer particles. However, Fig. 4 also shows that the single
pion mode is suppressed with respect to the two-pion mode,
ΓðN → πlÞ/ΓðN → 2πlÞ ≈ 0.4, thus contradicting the pre-
vious argument, but, as explained in the Introduction, the
probability of producing a single pion from a pair of
energetic quarks is small and constitutes an even stronger
suppression that the two- or three-pion final state.
We would like to remark that the quark level process

N → ūdlþ can be considered quite confidently as the
inclusive semileptonic process—what is usually called
the quark-hadron duality [55]—for mN > 5 GeV, because
the pion multiplicity can be quite large for these invariant
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FIG. 3. Differential decay width for the N → π0π−lþ and N → ūdlþ decay with mN ¼ 5 GeV (left) and mN ¼ 15 GeV (right),
where

ffiffiffi
s

p
denotes the invariant mass Mðπ0π−Þ and MðūdÞ respectively. jUlN j ¼ 1 is assumed.
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masses, and the region is well above the resonance region.
This is not the case in b → c transitions at invariant masses
near 5 GeV, where the hadronic modes are very few.
Indeed, the recent BABAR and Belle data indicate that a
sizable duality violation occurs in the BexpðB → DτνÞ þ
BexpðB → D�τνÞ > BSMðB → XcτνÞ [57]. Finally, let us
estimate the expected number ofW → lN → llnπ events.
According to Ref. [58], at the end of the LHC Run II one
may expect a sample of NW ∼ 109 W decays. Considering
the canonical branching ratios in Fig. 4 (right), we can
estimate the minimal values of the lepton mixing element
factor that would generate 5 events or more, for a bench-
mark value ofmN ¼ 10 GeV. At this mass, the figure gives
a canonical branching ratio BðWþ→π0π−μþμþÞ∼3×10−4.
The single pion and three pion modes are, as shown in
Fig. 4, slightly smaller: BðWþ → π−μþμþÞ ≈ 0.4BðWþ →
π0π−μþμþÞ and BðWþ → πþπ−π−μþμþÞ ≈ 0.7BðWþ →
π0π−μþμþÞ. Including all the modes, we have

BðWþ → π−μþμþ;π0π−μþμþ;πþπ−π−μþμþ;π0π0π−μþμþÞ
≡BðWþ → nπμþμþÞ≈ 8× 10−4: ð23Þ

In order to obtain more than 5 events, we must have:

NW × BðWþ → nπμþμþÞ × jUμN j4P
ljUlN j2

> 5;

which implies jUμN j2 ≳ 6.2 × 10−6, provided other mixing
elements are smaller. If instead all mixing elements are
comparable, then this lower bound increases by a factor 3,
i.e. jUeN j2; jUμN j2; jUτN j2 ≳ 1.9 × 10−5. These results are
ideal, disregarding the required cuts and backgrounds.
However, these bounds can be made about one order of
magnitude stronger if one adds all both charges and lepton
flavors W� → nπl�l0� (n ¼ 1, 2, 3), i.e. jUeNj2; jUμN j2;
jUτN j2 ≳ 2 × 10−6. On the other hand, if no signal is found,
this limit on the mixings would become the new upper
bound. Current upper bounds for jUlN j2 in the range
5 GeV < mN < 50 GeV come from DELPHI [59], which
are jUeNj2; jUμN j2; jUτN j2 ≲ 2.1 × 10−5. Consequently,
using the modes W� → nπl�l0�, a sample of 109 pro-
duced W bosons may be able to improve the current upper
bound on jUlN j2 by nearly an order of magnitude.
Moreover, these pionic modes seem to be amongst the
most promising to explore the sterile neutrino mass
region 5 GeV < mN < 20 GeV.
A final remark concerns the Majorana vs. Dirac signals.

While the DELPHI bounds just mentioned apply to either
Majorana or Dirac N, our studied modes do make a
difference. So far we have considered modes with
equal sign dileptons. These modes only occur if N is
Majorana. The modes with opposite charge leptons, i.e.
eþe−; μþμ−; μþe− etc. will also occur and with similar rates
as those above, provided N is Majorana. Although the

opposite charge dilepton modes suffer from other back-
grounds, they may help improve the statistics for a
Majorana N. On the other hand, if N were a Dirac neutrino,
all the equal-sign dilepton modes we analyzed will be
absent, but the opposite charge dileptons will still be
present and with the same rates as calculated above.

IV. CONCLUSIONS

In this work we have proposed a sterile neutrino search
for masses mN in the range 5–20 GeV, which is a region
where neither rare meson decays (B, D, etc.) nor pp →
lljj;lllν modes at the LHC are sensitive to the presence
of such neutrinos. Our search is based on the exclusive
semileptonic processes W → nπll (n ¼ 1; 2; 3;…). We
explicitly studied the rates for W� → π∓l�l�, W� →
π0π∓l�l� and W� → π�π∓π∓l�l�; π0π0π∓l�l�.
We find, as expected, that the single pion mode is

suppressed with respect to the two-pion and three-pion
modes, while the latter two rates are comparable. This
suppression is explained as the low probability of forming a
single pion from the two energetic light quarks produced in
the decay of N with mass of a few GeV or more, and
expressed as the small fraction fπ/mN .
In the two-pion mode, the calculation involves an

extrapolation of the pion form factor at large time-like q2.
For this purpose we use two models of form factors, one
based on the vector meson dominance model (VDM) used
by the BABAR collaboration and another based on light
front holographic QCD (LFH). The two treatments show a
remarkable agreement in the extrapolated region, which
may be considered both an indication of the success of these
two treatments as well as a confidence on our estimate.
In the three-pion mode, we use an extrapolation from tau

lepton decays based on the so-called CLEO parametriza-
tion, which includes a series of resonances. This mode
gives a value that is consistently lower than the two-pion
mode by a factor of ∼0.7 for all the mN mass range, which
is also a sign of confidence on the model estimate.
Assuming ∼109 W’s produced by the end of the run II of

the LHC, and in the best-case scenario of negligible
background, our studied pionic modes could be able to
put limits to jUlN j2 ∼ 2 × 10−6, one order of magnitude
more stringent than the bounds coming from DELPHI.
Moreover, the equal sign dilepton modes will provide
signals or bounds for Majorana N, while the study of
opposite sign dileptons will provide bounds for a Dirac N,
provided the equal sign modes are not seen. As a final
comment, while we did not study the backgrounds, which
may turn to be very difficult to eliminate considering the
pion identification, one should still keep in mind that for
sterile neutrino masses below ∼20 GeV, the neutrino may
live long enough to cause an observable displacement
between the primary and secondary lepton, a feature that
may greatly help reduce the backgrounds.
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After finishing this study we learned of two recent works
[60,61] that deal with the issue of displaced vertices in N
related processes.

ACKNOWLEDGMENTS

We are grateful to Sebastian Tapia and Edson Carquin for
useful comments. X. Y. thanks Han Ying for useful dis-
cussions. C. S. K. was supported by the National Research

Foundation of Korea (NRF) grant funded by Korea
government of the Ministry of Education, Science and
Technology (MEST) No. 2011-0017430, No. 2011-
0020333 and No. 2016R1D1A1A02936965. This work
was supported in part by FONDECYT (Chile) grants
No. 1170171 and No. 3170906, and CONICYT (Chile)
PIA/Basal FB0821 and Ring ACT1406.

[1] Y. Fukuda et al. (Super-Kamiokande Collaboration), Evi-
dence for Oscillation of Atmospheric Neutrinos, Phys. Rev.
Lett. 81, 1562 (1998).

[2] Q. R. Ahmad et al. (SNO Collaboration), Direct Evidence
for Neutrino Flavor Transformation from Neutral Current
Interactions in the Sudbury Neutrino Observatory, Phys.
Rev. Lett. 89, 011301 (2002).

[3] K. Eguchi et al. (KamLAND Collaboration), First Results
from KamLAND: Evidence for Reactor Anti-neutrino Dis-
appearance, Phys. Rev. Lett. 90, 021802 (2003).

[4] M. C. Gonzalez-Garcia and M. Maltoni, Phenomenology
with Massive Neutrinos, Phys. Rep. 460, 1 (2008).

[5] R. N. Mohapatra and A. Y. Smirnov, Neutrino mass and new
physics, Annu. Rev. Nucl. Part. Sci. 56, 569 (2006).

[6] V. Barger, D. Marfatia, and K. Whisnant, Progress in the
physics of massive neutrinos, Int. J. Mod. Phys. E 12, 569
(2003).

[7] A. Strumia and F. Vissani, Neutrino masses and mixings
and..., arXiv:hep-ph/0606054.

[8] P. Minkowski, μ → eγ at a rate of one out of 109 muon
decays?, Phys. Lett. 67B, 421 (1977).

[9] T. Yanagida, Horizontal symmetry and masses of neutrinos,
in Workshop on the Unified Theories and the Baryon
Number in the Universe, Tsukuba, Japan, Conf. Proc.
C7902131 (1979), p. 95.

[10] P. Ramond, The Family Group in Grand Unified Theories,
in International Symposium on Fundamentals of Quantum
Theory and Quantum Field Theory, Palm Coast, Florida
(1979), p. 265 (unpublished).

[11] M. Gell-Mann, P. Ramond, and R. Slansky, Complex
spinors and unified theories, in Supergravity Workshop,
Stony Brook, New York, Conf. Proc. C790927 (1979),
p. 315.

[12] S. L. Glashow, The future of elementary particle physics,
NATO Sci. Ser. B 61, 687 (1980).

[13] R. N. Mohapatra and G. Senjanovic, Neutrino Mass and
Spontaneous Parity Violation, Phys. Rev. Lett. 44, 912
(1980).

[14] J. Schechter and J. W. F. Valle, Neutrino decay and sponta-
neous violation of lepton number, Phys. Rev. D 25, 774
(1982).

[15] F. F. Deppisch, P. S. Bhupal Dev, and A. Pilaftsis,
Neutrinos and collider physics, New J. Phys. 17,
075019 (2015).

[16] S. Chatrchyan et al. (CMS Collaboration), Search for heavy
Majorana neutrinos in μ�μ�þ jets and e�e�þ jets events in
pp collisions at

ffiffiffi
s

p ¼ 7 TeV, Phys. Lett. B 717, 109 (2012).
[17] G. Aad et al. (ATLAS Collaboration), Search for heavy

Majorana neutrinos with the ATLAS detector in pp
collisions at

ffiffiffi
s

p ¼ 8 TeV, J. High Energy Phys. 07
(2015) 162.

[18] W.-Y. Keung and G. Senjanovic, Majorana Neutrinos and
the Production of the Right-handed Charged Gauge Boson,
Phys. Rev. Lett. 50, 1427 (1983).

[19] F. del Aguila, J. A. Aguilar-Saavedra, and R. Pittau, Heavy
neutrino signals at large hadron colliders, J. High Energy
Phys. 10 (2007) 047.

[20] A. Atre, T. Han, S. Pascoli, and B. Zhang, The search for
heavy Majorana neutrinos, J. High Energy Phys. 05 (2009)
030.

[21] A. Das, P. Konar, and A. Thalapillil, Jet substructure
shedding light on heavy Majorana neutrinos at the LHC,
arXiv:1709.09712.

[22] G. Cvetic, C. Dib, and C. S. Kim, Probing Majorana
neutrinos in rare πþ → eþeþμ−ν decays, J. High Energy
Phys. 06 (2012) 149.

[23] C. O. Dib and C. S. Kim, Discovering sterile neutrinos
ligther than MW at the LHC, Phys. Rev. D 92, 093009
(2015).

[24] E. Izaguirre and B. Shuve, Multilepton and lepton jet probes
of sub-weak-scale right-handed neutrinos, Phys. Rev. D 91,
093010 (2015).

[25] C. O. Dib, C. S. Kim, K. Wang, and J. Zhang, Distinguish-
ing Dirac/Majorana sterile neutrinos at the LHC, Phys. Rev.
D 94, 013005 (2016).

[26] C. O. Dib, C. S. Kim, and K. Wang, Search for heavy sterile
neutrinos in trileptons at the LHC, Chin. Phys. C 41, 103103
(2017).

[27] C. O. Dib, C. S. Kim, and K. Wang, Signatures of Dirac and
Majorana sterile neutrinos in trilepton events at the LHC,
Phys. Rev. D 95, 115020 (2017).

[28] S. Dube, D. Gadkari, and A. M. Thalapillil, Lepton-jets and
low-mass sterile neutrinos at hadron colliders, Phys. Rev. D
96, 055031 (2017).

[29] J. C. Helo, M. Hirsch, and S. Kovalenko, Heavy neutrino
searches at the LHC with displaced vertices, Phys. Rev. D
89, 073005 (2014); Erratum, Phys. Rev. D 93, 099902(E)
(2016).

DIB, KIM, NEILL, and YUAN PHYS. REV. D 97, 035022 (2018)

035022-8

https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1103/PhysRevLett.89.011301
https://doi.org/10.1103/PhysRevLett.89.011301
https://doi.org/10.1103/PhysRevLett.90.021802
https://doi.org/10.1016/j.physrep.2007.12.004
https://doi.org/10.1146/annurev.nucl.56.080805.140534
https://doi.org/10.1142/S0218301303001430
https://doi.org/10.1142/S0218301303001430
http://arXiv.org/abs/hep-ph/0606054
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1007/978-1-4684-7197-7_15
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevD.25.774
https://doi.org/10.1103/PhysRevD.25.774
https://doi.org/10.1088/1367-2630/17/7/075019
https://doi.org/10.1088/1367-2630/17/7/075019
https://doi.org/10.1016/j.physletb.2012.09.012
https://doi.org/10.1007/JHEP07(2015)162
https://doi.org/10.1007/JHEP07(2015)162
https://doi.org/10.1103/PhysRevLett.50.1427
https://doi.org/10.1088/1126-6708/2007/10/047
https://doi.org/10.1088/1126-6708/2007/10/047
https://doi.org/10.1088/1126-6708/2009/05/030
https://doi.org/10.1088/1126-6708/2009/05/030
http://arXiv.org/abs/1709.09712
https://doi.org/10.1007/JHEP06(2012)149
https://doi.org/10.1007/JHEP06(2012)149
https://doi.org/10.1103/PhysRevD.92.093009
https://doi.org/10.1103/PhysRevD.92.093009
https://doi.org/10.1103/PhysRevD.91.093010
https://doi.org/10.1103/PhysRevD.91.093010
https://doi.org/10.1103/PhysRevD.94.013005
https://doi.org/10.1103/PhysRevD.94.013005
https://doi.org/10.1088/1674-1137/41/10/103103
https://doi.org/10.1088/1674-1137/41/10/103103
https://doi.org/10.1103/PhysRevD.95.115020
https://doi.org/10.1103/PhysRevD.96.055031
https://doi.org/10.1103/PhysRevD.96.055031
https://doi.org/10.1103/PhysRevD.89.073005
https://doi.org/10.1103/PhysRevD.89.073005
https://doi.org/10.1103/PhysRevD.93.099902
https://doi.org/10.1103/PhysRevD.93.099902


[30] C. Dib and C. S. Kim, Remarks on the lifetime of sterile
neutrinos and the effect on detection of rare meson decays
Mþ → M0−lþlþ, Phys. Rev. D 89, 077301 (2014).

[31] G. Cottin, J. C. Helo, and M. Hirsch, Searches for light
sterile neutrinos with multitrack displaced vertices, arXiv:
1801.02734.

[32] G. P. Lepage and S. J. Brodsky, Exclusive processes in
quantum chromodynamics: Evolution equations for had-
ronic wave functions and the form-factors of mesons, Phys.
Lett. 87B, 359 (1979).

[33] G. Cvetic, C. Dib, S. K. Kang, and C. S. Kim, Probing
Majorana neutrinos in rare K and D, Ds, B, Bc meson
decays, Phys. Rev. D 82, 053010 (2010).

[34] R. Aaij et al. (LHCb Collaboration), Searches for
Majorana neutrinos in B− decays, Phys. Rev. D 85,
112004 (2012).

[35] G. Cvetic and C. S. Kim, Sensitivity limits on heavy-light
mixing jUμN j2 from lepton number violating B meson
decays, Phys. Rev. D 96, 035025 (2017).

[36] C. Dib, V. Gribanov, S. Kovalenko, and I. Schmidt,
K meson neutrinoless double muon decay as a probe of
neutrino masses and mixings, Phys. Lett. B 493, 82 (2000).

[37] C. S. Kim, G. Lopez Castro, and D. Sahoo, Discovering
intermediate mass sterile neutrinos through τ− → π−μ−eþν
(or ν̄) decay, Phys. Rev. D 96, 075016 (2017).

[38] C. Patrignani et al. (Particle Data Group Collaboration),
Review of particle physics, Chin. Phys. C 40, 100001
(2016).

[39] V. Cirigliano, G. Ecker, and H. Neufeld, Isospin violation
and the magnetic moment of the muon, Phys. Lett. B 513,
361 (2001).

[40] V. Cirigliano, G. Ecker, and H. Neufeld, Radiative tau decay
and the magnetic moment of the muon, J. High Energy
Phys. 08 (2002) 002.

[41] F. Guerrero and A. Pich, Effective field theory description of
the pion form-factor, Phys. Lett. B 412, 382 (1997).

[42] M. Fujikawa et al. (Belle Collaboration), High-statistics
study of the τ− → π−π0ντ decay, Phys. Rev. D 78, 072006
(2008).

[43] J. P. Lees et al. (BABAR Collaboration), Precise measure-
ment of the eþe− → πþπ−ðγÞ cross section with the initial-
state radiation method at BABAR, Phys. Rev. D 86, 032013
(2012).

[44] S. J. Brodsky, G. F. de Teramond, H. G. Dosch, and J.
Erlich, Light-front holographic QCD and emerging confine-
ment, Phys. Rep. 584, 1 (2015).

[45] X.-W. Kang, B. Kubis, C. Hanhart, and U.-G. Meissner, Bl4
decays and the extraction of jVubj, Phys. Rev. D 89, 053015
(2014).

[46] H. B. O’Connell, B. C. Pearce, A.W. Thomas, and A. G.
Williams, ρ − ω mixing, vector meson dominance and the
pion form-factor, Prog. Part. Nucl. Phys. 39, 201 (1997).

[47] D. Gómez Dumm, P. Roig, A. Pich, and J. Portolés, Hadron
structure in τ → KKπντ decays, Phys. Rev. D 81, 034031
(2010).

[48] J. H. Kuhn and E. Mirkes, Structure functions in tau decays,
Z. Phys. C 56, 661 (1992); Erratum, Z. Phys. C 67, 364(E)
(1995).

[49] R. Decker, M. Finkemeier, and E. Mirkes, Pseudoscalar
mass effects in decays of taus with three pseudoscalar
mesons, Phys. Rev. D 50, 6863 (1994).

[50] D. Gómez Dumm, A. Pich, and J. Portolés, τ → πππντ
decays in the resonance effective theory, Phys. Rev. D 69,
073002 (2004).

[51] D. Gómez Dumm, P. Roig, A. Pich, and J. Portolés,
τ− → πππντ decays and the að1Þð1260Þ off-shell width
revisited, Phys. Lett. B 685, 158 (2010).

[52] D. M. Asner et al. (CLEO Collaboration), Hadronic struc-
ture in the decay τ− → ντπ

−π0π0 and the sign of the ντ
helicity, Phys. Rev. D 61, 012002 (1999).

[53] Z. Was and J. Zaremba, Study of variants for Monte Carlo
generators of τ → 3πν decays, Eur. Phys. J. C 75, 566
(2015).

[54] I. M. Nugent, T. Przedzinski, P. Roig, O. Shekhovtsova, and
Z. Was, Resonance chiral Lagrangian currents and exper-
imental data for τ− → π−π−πþντ, Phys. Rev. D 88, 093012
(2013).

[55] M. A. Shifman, “Quark Hadron Duality”, in Proceedings of
8th International Symposium on Heavy Flavor Physics
(Heavy Flavors 8), edited by M. Shifman (World Scientific,
Singapore, 2001).

[56] C. Arbelaez, C. Dib, I. Schmidt, and J. C. Vasquez, Probing
the Dirac or Majorana nature of the Heavy Neutrinos in pure
leptonic decays at the LHC, arXiv:1712.08704.

[57] M. Freytsis, Z. Ligeti, and J. T. Ruderman, Flavor models
for B̄ → Dð�Þτν̄, Phys. Rev. D 92, 054018 (2015).

[58] G. Aad et al. (ATLAS Collaboration), Measurement of W�
and Z-boson production cross sections in pp collisions atffiffiffi
s

p ¼ 13 TeV with the ATLAS detector, Phys. Lett. B 759,
601 (2016).

[59] P. Abreu et al. (DELPHI Collaboration), Search for neutral
heavy leptons produced in Z decays, Z. Phys. C 74, 57
(1997); Erratum, Z. Phys. C 75, 580(E) (1997).

[60] M. Nemevsek, F. Nesti, and G. Popara, Keung-Senjanović
process at LHC: From LNV to displaced vertices to invisible
decays, arXiv:1801.05813.

[61] G. Cottin, Reconstructing particle masses in events with
displaced vertices, arXiv:1801.09671.

SEARCH FOR STERILE NEUTRINOS DECAYING INTO … PHYS. REV. D 97, 035022 (2018)

035022-9

https://doi.org/10.1103/PhysRevD.89.077301
http://arXiv.org/abs/1801.02734
http://arXiv.org/abs/1801.02734
https://doi.org/10.1016/0370-2693(79)90554-9
https://doi.org/10.1016/0370-2693(79)90554-9
https://doi.org/10.1103/PhysRevD.82.053010
https://doi.org/10.1103/PhysRevD.85.112004
https://doi.org/10.1103/PhysRevD.85.112004
https://doi.org/10.1103/PhysRevD.96.035025
https://doi.org/10.1016/S0370-2693(00)01134-5
https://doi.org/10.1103/PhysRevD.96.075016
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1016/S0370-2693(01)00764-X
https://doi.org/10.1016/S0370-2693(01)00764-X
https://doi.org/10.1088/1126-6708/2002/08/002
https://doi.org/10.1088/1126-6708/2002/08/002
https://doi.org/10.1016/S0370-2693(97)01070-8
https://doi.org/10.1103/PhysRevD.78.072006
https://doi.org/10.1103/PhysRevD.78.072006
https://doi.org/10.1103/PhysRevD.86.032013
https://doi.org/10.1103/PhysRevD.86.032013
https://doi.org/10.1016/j.physrep.2015.05.001
https://doi.org/10.1103/PhysRevD.89.053015
https://doi.org/10.1103/PhysRevD.89.053015
https://doi.org/10.1016/S0146-6410(97)00044-6
https://doi.org/10.1103/PhysRevD.81.034031
https://doi.org/10.1103/PhysRevD.81.034031
https://doi.org/10.1007/BF01474741
https://doi.org/10.1007/BF01571299
https://doi.org/10.1007/BF01571299
https://doi.org/10.1103/PhysRevD.50.6863
https://doi.org/10.1103/PhysRevD.69.073002
https://doi.org/10.1103/PhysRevD.69.073002
https://doi.org/10.1016/j.physletb.2010.01.059
https://doi.org/10.1103/PhysRevD.61.012002
https://doi.org/10.1140/epjc/s10052-015-3780-3
https://doi.org/10.1140/epjc/s10052-015-3780-3
https://doi.org/10.1103/PhysRevD.88.093012
https://doi.org/10.1103/PhysRevD.88.093012
http://arXiv.org/abs/1712.08704
https://doi.org/10.1103/PhysRevD.92.054018
https://doi.org/10.1016/j.physletb.2016.06.023
https://doi.org/10.1016/j.physletb.2016.06.023
https://doi.org/10.1007/s002880050370
https://doi.org/10.1007/s002880050370
https://doi.org/10.1007/s002880050503
http://arXiv.org/abs/1801.05813
http://arXiv.org/abs/1801.09671

