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We study the observability for a heavy Majorana neutrino N along with a new charged gauge bosonW 0

at the LHC. We emphasize the complementarity of these two particles in their production and decay to

unambiguously determine their properties. We show that the Majorana nature of N can be verified by

the lepton number violating like-sign dilepton process, and by polar and azimuthal angular distributions.

The chirality of the W 0 coupling to leptons and to quarks can be determined by a polar angle distribution

in the reconstructed frame and an azimuthal angle distribution.
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I. INTRODUCTION

Neutrino experiments, over the past decade, have shown
undeniably that neutrinos are massive and have large mix-
ing angles [1]. In the Standard Model (SM) of particle
physics, neutrino masses can be accommodated by a
nonrenormalizable dimension-5 operator containing left-
handed neutrinos, �L [2]. Such an operator can be gener-
ated at low energy by including heavy right-handed
neutrinos, �R. However, the right-handed neutrinos are
gauge singlets and so Majorana mass terms should also
be present without violating any gauge symmetry. The
consequences of massive Majorana neutrinos are well
known [3–5], and have been incorporated into many mod-
els, such as left-right symmetric theories [6]; supersym-
metric SOð10Þ grand unified theories [7] and other grand
unified theories [8]; R-parity violating supersymmetric [9];
and extra dimensions [10]. A recent review of TeV scale
neutrino mass models can be found in Ref. [11].

Many of the aforementioned models contain an
extended gauge group or Keluza-Klein excitations of SM
gauge bosons. We refer to additional vector bosons charged
under the Uð1ÞEM gauge group collectively as ‘‘W 0.’’ If the
masses of the W 0 and the lightest heavy neutrino mass
eigenstate, N, are both on the order of a few TeV, then
they can be produced in tandem at the Large Hadron
Collider (LHC). As first observed by Ref. [12], a W 0 with
mass greater than a Majorana neutrino’s mass allows the
possibility of observing the spectacular lepton number (L)
violating process

pp ! W 0 ! ‘�N ! ‘�‘�jj: (1)

If a W 0 is discovered at the LHC [13], it is obviously
imperative to measure its chiral coupling to fermions. In a
previous work [14], three of the present authors proposed
measuring the W 0 chiral couplings to quarks by studying
the process

pp ! W 0 ! t �b ! ‘þ�‘b �b: (2)

It was found that the couplings could be establish as being
purely left or purely right handed by analyzing the polar
angle of the charged lepton in the top’s rest frame with
respect to the top’s direction of motion in the partonic
center of momentum (c.m.) frame.
We now extend this prior analysis into the leptonic sector

via the L-violating cascade decay of Eq. (1). More specifi-
cally, by reconstructing the polar angle of the lepton orig-
inating from the neutrino decay in the neutrino rest frame
andwith respect to the direction of motion of the neutrino in
the partonic c.m. frame, it can be uniquely determined if the
W 0 coupling to leptons is purely left handed, purely right
handed, or a mixture of the two. We show that the distri-
bution of the angle made betweenN’s production plane and
its sequential decay plane is sensitive to the W 0 chiral
coupling with the initial-state quarks but independent of
the W 0 coupling to leptons. These results are demonstrated
through a combination of analytical calculations and event
simulations, assuming nominal LHC parameters.
Majorana neutrinos can decay into either leptons or

antileptons, and so W 0 and N may also contribute to the
L-conserving collider signature

pp ! W 0 ! ‘�N ! ‘þ‘�jj: (3)

For completeness, we have analyzed the polar angular
distributions of the unlike-sign process and comment on
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the important differences between the L-conserving and
L-violating cases.

This paper is structured as follows: First, in Sec. II, we
present our notation for the W 0 couplings to SM particles
and neutrino mass eigenstates, and list current constraints on
bothW 0’s andN’s. In Sec. III, we discuss the production and
decay of W 0’s and N’s at the LHC. The like-sign lepton
signature, pp ! ‘�‘�jj, its reconstruction, and suppressed
background are fully analyzed in Sec. IV. In Sec. V, we
propose methods to measure independently the chiral cou-
plings of the W 0 to leptons and to the initial-state quarks.
Finally, in Sec. VI, we provide a few comments on the
contribution ofW 0 andN to the L-conserving process pp !
W 0 ! ‘þ‘�jj regarding the difference between the
Majorana and Dirac neutrinos. We conclude and summarize
our results in Sec. VII. Two appendices are additionally
included. The first addresses neutrino mass mixing in the
context of W 0 couplings, and the second presents a deriva-
tion of the matrix element and angular distributions for our
like- and unlike-sign dilepton signals.

II. THEORETICAL FRAMEWORK
AND CURRENT CONSTRAINTS

There are many Beyond the Standard Model (BSM) theo-
ries containing additional vector bosons that couple to SM
fermions, for example: left-right symmetric theories [15]
with a new SUð2ÞR symmetry and an associated W 0

R; little
Higgs models with enlarged gauge symmetries [16]; extra
dimensional theories with Keluza-Klein excitations [17–19].
Heavy Majorana neutrinos in BSM theories [6–10], and in
particular those with TeV-scale masses [20–23], are just as
common.

In this analysis, we assume the existence of a new heavy
electrically charged vector boson,W 0� with massMW0 , and
a right-handed neutrino, NR. We denote the corresponding
heavy neutrino mass eigenstate as N with mass mN . We
stipulate that MW0 is of the order of a few TeV and MW0 >
mN so as the W 0 ! N‘ decay is kinematically accessible
by the LHC, but do not otherwise tailor to a specific theory.
Regarding the parametrization of mixing between neutrino
mass eigenstates with SM flavor eigenstates, we adopt the
notation of Ref. [24], and extend it to include coupling to a
model-independent W 0 in Appendix A. This parametriza-
tion is accomplished with a minimum amount of
parameters.

A. W 0 chiral coupling to fermions

The model-independent Lagrangian that governs the
interaction between SM quarks and a new, massive, electri-
cally charged vector boson, W 0, is given by

L ¼ � 1ffiffiffi
2

p X3
i;j¼1

W 0þ
� �uiV

CKM0
ij ��½gqRPR þ gqLPL�dj þ H:c:;

(4)

where uiðdjÞ denotes the Dirac spinor of an up-(down-)

type quark with flavor iðjÞ; VCKM0
parametrizes the mixing

between flavors i and j for the new charged current inter-
actions just as the Cabibbo-Kobayashi-Maskawa (CKM)
matrix does in the SM; gqR;L is the W 0’s universal coupling
strength to right-(left-) handed quarks; and PR;L ¼ 1

2 ð1�
�5Þ denotes the R-,L-handed chiral projection operator.
We parametrize the new boson’s coupling to charged

leptons with flavor ‘ and neutral leptons with massmm (for
the three light states) or mN (for the heavy state) in the
following way:

L¼�X�
‘¼e

g‘Rffiffiffi
2

p W 0þ
�

�X3
m¼1

��c
mX‘m þ �NY‘N

�
��PR‘

�

�X�
‘¼e

g‘Lffiffiffi
2

p W 0þ
�

�X3
m¼1

��mU
�
‘m þ �NcV�

‘N

�
��PL‘

� þH:c:

(5)

g‘Rðg‘LÞ is the W 0’s coupling strength to right-handed (left-
handed) leptons; X‘mðU‘mÞ parametrizes the mixing
between light neutrino mass eigenstates and right-handed
(left-handed) interactions; and Y‘NðV‘NÞ parametrizes the
mixing between the heavy neutrino mass eigenstate and
right-handed (left-handed) interactions. Lastly, c c ¼ C �c T

denotes the charge conjugate of the field c , with C being
the charge conjugate operator, and the chiral states satisfy
PLðc cÞ ¼ ðPRc Þc. In Appendix A, our choice of parame-
trization is discussed in detail. From a viewpoint of the
model construction as discussed in Refs. [1,12,24], one
may expect that UUy, YYy �Oð1Þ and VVy, XXy �
Oðmm=mNÞ. Since we prefer a model-independent
approach, we will not follow rigorously the above argu-
ment and will take the parameters as

UUy; YYy �Oð1Þ and VVy; XXy �Oð10�3Þ;
(6)

which is guided by the current constraints as presented
later in this section.
In Eq. (5), the W 0 is allowed to have both independent

right-handed ðgq;‘R Þ and left-handed ðgq;‘L Þ couplings.
Subsequently, the pure gauge statesW 0

R andW 0
L are special

cases of W 0 when

gq;‘R � 0 and gq;‘L ¼ 0; (7)

and

gq;‘R ¼ 0 and gq;‘L � 0; (8)

respectively. Additionally, the SM W coupling to leptons
can be recovered from Eq. (5) by setting

g‘R ¼ 0 and g‘L ¼ g: (9)

Here, g is the usual SM SUð2ÞL coupling constant.
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B. Current constraints on W 0

We list only the most stringent, most relevant constraints
to our analysis here and refer the reader to Ref. [25,26] for
a more complete review.

(i) Bounds from CMS: The CMS experiment has
searched for WR and heavy N, where MWR

> mN ,

with the ‘�‘�jj collider signature [27], assuming
gR ¼ g. With 5:0 fb�1 of 7 TeV and 3:7 fb�1 of
8 TeV pp collisions, the present mass bounds for
W 0

R and N are

MWR
> 2:9 TeV ðmN � 0:8 TeVÞ and

mN > 1:9 TeV ðMWR
� 2:4 TeVÞ: (10)

The search for the sequential SM W 0, W 0
SSM, decay-

ing into a charged SM lepton plus 6ET , with g0 ¼ g,
has also been performed. With 3:7 fb�1 of 8 TeV pp
collisions [28], the present mass bound is

MWSSM0 > 2:85 TeV: (11)

(ii) Bounds from ATLAS: The ATLAS experiment has
also searched for WR and heavy N, under the same
stipulations as the CMS experiment [29]. With
2:1 fb�1 of 7 TeV pp collisions, the present mass
bounds for W 0

R and N are

MWR
> 2:5 TeV ðmN � 0:8 TeVÞ and

mN > 1:6 TeV ðMWR
� 1:8 TeVÞ: (12)

(iii) Global fit analysis: The effects of a generic Z0
boson on electroweak (EW) precision observables
place bounds [30] of

MZ0=gZ0 * 2:7–6:7 TeV: (13)

For Z0 and W0 bosons originating from the same
broken symmetry, we expect similar constraints on
MW0=gW0 since

MW 0 �MZ0 �Oð1Þ: (14)

(iv) Bounds on WL �WR mixing: Nonleptonic Kaon
decays [31] and universality in Weak decays [32]
constrain WL �WR mixing. The present bound for
the L-R mixing angle � [6] is

j�j � 1� 4� 10�3: (15)

C. Current constraints on N

More complete lists of constraints on low and high mass
neutrinos, respectively, are available [24,25].

(i) Bounds from 0���: For mN 	 1 GeV, a lack of
evidence for neutrinoless double beta decay bounds

the mixing between heavy neutrino states and the
electron-flavor state at [33]

X
m0

jVem0 j2
mm0

< 5� 10�5 TeV�1; (16)

where the sum is over all heavy Majorana neutrinos.
(ii) Bounds from EW precision data: ATeV scale singlet

neutrino mixing with the SM flavor states is con-
strained [34] by

jVeNj2; jV�Nj2 < 0:003 and jV�Nj2 < 0:006:

(17)

III. W 0 AND N PRODUCTION
AND DECAYAT THE LHC

For the remainder of this analysis, we consider for our
various benchmark calculations only the pure gauge states
W 0

R andW
0
L, respectively, given by Eq. (7) and (8), and with

SM coupling strength

gq;‘R;L ¼ g: (18)

More general results can be obtained by simple scaling.
Unless explicitly stated otherwise, we take

MW0 ¼ 3 TeV; mN ¼ 500 GeV; jVCKM0
ud j2 ¼ 1;

(19)

and use the CTEQ6L1 parton distribution functions [35]
for all hadronic-level cross section calculations. Explicitly,
we consider only the ud ! W 0 production mode.
Regarding our choice of neutrino mixing parameters, for

mixing between left-hand gauge states and light mass
eigenstates, we use the Pontecorvo-Maki-Nakagawa-
Sakata matrix with mixing angles taken from Ref. [25],
which includes recent measurements of �13, and take �CP,
	1, 	2 ¼ 0. The bounds from 0��� decay are quite severe
and discourage collider searches for L violation in the
electronic channel. However, neutrino mixing between
the mu- or tau-flavor state and lightest heavy mass eigen-
state can still be considerably larger in left-handed inter-
actions. Therefore, we use

jVeNj2 ¼ 2:5� 10�5; jV�Nj2 ¼ 1� 10�3; and

jV�Nj2 ¼ 1� 10�3: (20)

These numerical values are in line with Eqs. (16), (17), and
(19); and furthermore, mimic the observed �-� symmetry
seen in mixing between flavor states and light mass eigen-
states. Where necessary, for mixing between right-handed
gauge states and light mass eigenstates, we apply the
unitarity condition

X3
m¼1

jX‘mj2 ¼ 1� X3
m¼1

jU‘mj2 for ‘ ¼ e;�; �: (21)
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For mixing between right-handed gauge states and the
lightest, heavy mass eigenstate, we apply Eq. (6) and take

jY‘Nj2 ¼ 1 for ‘ ¼ e;�; �: (22)

A. W 0 Production and decay

Under our parametrization, the partial widths for W 0
decaying into a pairs of quarks are

�ðW 0 ! �qq0Þ ¼ 3jVCKM0
qq0 j2ðgqL2 þ gqR

2ÞMW0

48

;

�ðW 0 ! tbÞ ¼ 3jVCKM0
tb j2ðgqL2 þ gqR

2Þ
�MW0

48

ð1� x2t Þ2

�
1þ 1

2
x2t

�
; (23)

where xi ¼ mi=MW0 , and the factors of 3 represent color
multiplicity. Likewise, the partial widths of the W 0 decay-
ing to leptons are

�ðW 0 ! ‘�mÞ ¼ ðg‘R2jX‘mj2 þ g‘L
2jU‘mj2ÞMW0

48

; (24)

�ðW 0 ! ‘NÞ ¼ ðg‘R2jY‘Nj2 þ g‘L
2jV‘Nj2Þ

�MW0

48

ð1� x2NÞ2

�
1þ 1

2
x2N

�
: (25)

Summing over the partial widths, the full widths are found
to be

�W0
R
¼ MW0

32


�
4þ ð1� x2t Þ2ð2þ x2t Þ þ ð1� x2NÞ2ð2þ x2NÞ

� 1

3

X�
‘¼e

jY‘Nj2 þ 2

3

X3;�
m¼1;‘¼e

jX‘mj2
�
; (26)

�W0
L
¼ MW0

32


�
4þ ð1� x2t Þ2ð2þ x2t Þ þ ð1� x2NÞ2ð2þ x2NÞ

� 1

3

X�
‘¼e

jV‘Nj2 þ 2

3

X3;�
m¼1;‘¼e

jU‘mj2
�
: (27)

As a function ofMW 0 , Fig. 1 shows (a) the totalW 0 decay
width; (b) the branding ratio (BR) of W 0 ! N‘, for ‘ ¼ e,
�, �, defined as the ratio of the partial width to the totalW 0
width, �0

W :

BRðW 0 ! ‘NÞ ¼ �ðW 0 ! ‘NÞ
�W0

; (28)

and the production cross sections for the pure gauge eigen-
states W 0

R;L, along with pp ! W 0þ
R;L ! N‘þ in (c) 8 TeV

and (d) 14 TeV pp collisions.
The production cross section of the W 0 and its subse-

quent decay to N is calculated in the usual fashion [36].
The treatment of our full 2 ! 4 process, on the other hand,
is addressed in Appendix B. Since the u quark is more
prevalent in the proton than the d quark, and since the

 (TeV)W  M

1 2 3 4

) 
(G

eV
)

L2
+

g
R2

/(
g

WΓ

100

200

300

 = 500 GeVNm

LW
RW

 (TeV)W  M

1 2 3 4

)+ l
 N

→+
B

R
(W

-510

-410

-310

-210

-110

1

 = 500 GeVNm

+l N→+
RW

+l N→+
LW

+µ N→+
RW

+µ N→+
LW

 (TeV)WM
1 2 3 4

 (
fb

)
σ

-410

-110

210

410
+W
-W

+l N→+
RW

+l N→+
LW

8 TeV LHC

 = 500 GeVNm

 (TeV)WM
1 2 3 4

 (
fb

)
σ

-210

10

410
+W
-W

+l N→+
RW

+l N→+
LW

14 TeV LHC

 = 500 GeVNm

FIG. 1 (color online). (a) The total decay width for W 0
R (solid line) and W 0

L (dashed line); (b) the branching ratio of W 0
R;L ! N‘þ,

with subsequent W 0
R ! N�þ (dotted line) and W 0

L ! N�þ (dashed-dotted line) ratios; and the production cross sections at the (c) 8
and (d) 14 TeV LHC of W0

R (solid line), W 0
L (dashed line), W 0

R ! N‘þ (dotted line), and W 0
L ! N‘þ (dashed-dotted line).
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dominate subprocess of W 0þ (W 0�) production at the LHC
is u �d ! W 0þ (d �u ! W 0�), the production cross section of
W 0þ is greater than theW 0� cross section. In a similar vein,
the mixing between left-handed interaction states and
heavy neutrino mass eigenstates is suppressed by jV‘Nj2 �
Oð10�3Þ, whereas the mixing between right-handed inter-
action states and heavy neutrino mass eigenstates is pro-
portional to jY‘Nj2 �Oð1Þ. Consequently, the W 0

L ! N‘
branching ratio, and hence the pp ! W 0

L ! N‘ cross
section, is roughly 3 orders of magnitude smaller than
the W 0

R rates.

B. Heavy neutrino decay

A heavy neutrino with mass of a few hundred GeV
or more can decay through on-shell SM gauge and
Higgs bosons. The partial widths of the lightest heavy
neutrino are

�ðN ! ‘�W

0 Þ � �0 ¼ g2

64
M2
W

jV‘Nj2m3
Nð1� y2WÞ2;

�ðN ! ‘�W

T Þ � �T ¼ g2

32

jV‘Nj2mNð1� y2WÞ2;

�ðN ! �‘ZÞ � �Z ¼ g2

64
M2
W

jV‘Nj2m3
Nð1� y2ZÞ2

� ð1þ 2y2ZÞ;

�ðN ! �‘HÞ � �H ¼ g2

64
M2
W

jV‘Nj2m3
Nð1� y2HÞ2;

(29)

where W0;T are longitudinally and transversely polarized

W’s, respectively, and yi ¼ Mi=mN. The decays of the
heavy neutrino through a W 0 are not kinematically acces-
sible. The total width is

�N ¼ X�
‘¼e

ð2ð�0 þ �TÞ þ �Z þ �HÞ; (30)

where the factor of 2 in front of �0;T is from the sum over

positively and negatively charged leptons.
Figure 2(a) shows the total decay width (solid line) and

the partial decay widths to positively charged lepton
(dashed line) normalized to the sum over the mixing ma-
trices. For this plot the mass of the SMHiggs boson is set to
125 GeV. The normalized width grows dramatically with
mass due to decays into longitudinally polarized W’s and
Z’s and the Higgs boson. Although the width appears to be
large at high neutrino mass, for mixing angles on the order
of a percent or less the width is still narrow.
Also of interest is the BR of heavy neutrinos into

charged leptons:

BRðN ! ‘�W
Þ ¼
P

�
‘¼eð�0 þ �TÞ

�Tot

: (31)

Figure 2(b) shows the total BR of the heavy neutrino into
positively charged leptons (solid line) and individually the
BR into longitudinally (dashed line) and transversely (dot-
ted line) polarize W’s as a function of neutrino mass. The
BRs into negatively charged leptons are the same. As the
mass of the neutrino increases the Z and Higgs decay
channels open, hence the branching ratio into charged
leptons decreases. Since �0 grows more quickly with neu-
trino mass than �T , for mN 	 MW the total BR converges
to the BR into longitudinally polarized W’s. Also, at high
neutrino masses

�0 � �H � �Z: (32)

Hence the total width approaches 4�0 and, from Eq. (31),
the branching ratio into a positively charged leptons is
approximately 0.25. This is a manifestation of the
Goldstone equivalence theorem when taking mN and V‘N

as independent parameters.

IV. LIKE-SIGN DILEPTON SIGNATURE

A distinctive feature of Majorana neutrinos is that they
facilitate L-violating processes, and to study this behavior
at the LHC we consider the L-violating cascade

 (GeV)Nm
210 310

 (
G

eV
)

2 |
Nl

 |VΣ/
NΓ

-110

10

310

Total

)0
-W+l→(NΓ

)T
-W+l→(NΓ

 (GeV)Nm
210 310

)-
W+ l

→
B

R
(N

-210

-110

1

)-W+l→BR(N

)0
-W+l→BR(N

)T
-W+l→BR(N

FIG. 2 (color online). As a function of heavy neutrino mass, (a) the total N width and the N ! ‘þW�
� partial widths, and (b) the

combined N ! ‘þW� and individual N ! ‘þW�
� branching ratios for longitudinal (� ¼ 0) and transverse (� ¼ T) W polarizations.
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uðpAÞ �dðpBÞ ! W 0þ
R;LðqÞ ! ‘þ1 ðp1ÞNðpNÞ

! ‘þ1 ðp1Þ‘þ2 ðp2Þqðp3Þ �q0ðp4Þ:
(33)

The two diagrams that contribute to this process are shown
in Fig. 3. Figure 4 shows the total production cross section
for the like-sign dimuon process as a function of mN . In it,
the solid line denotes the pure W 0

R gauge state while the
dashed line represents the pure W 0

L state. Since the W0
R !

N� branching ratio is larger than W 0
L ! N� ratio, the

cross section for W 0
R is systematically larger than for W 0

L.
Additionally, as the neutrino mass approaches theW 0 mass
the cross section drops precipitously due to phase space
suppression.

In principle, the conjugate process, �ud ! W 0�, should
also be possible at the LHC. However, it will possess a
much smaller production rate because the �ud initial state
has a smaller parton luminosity than u �d. Despite this, all
reconstruction methods and observables discussed below
are applicable to both processes.

A. Event selection

For simplicity, we restrict our study to like-sign muons.
There is no change in the analysis if extended to electrons;
however, 6ET requirements must be reassessed for inclusion
of unstable �’s [37]. Consequently, our signal consists
strictly of two positively charged leptons and two jets, a

fact that allows for considerable background suppression.
In simulating this like-sign leptons plus dijet signal, to
make our analysis more realistic, we smear the lepton
and jet energies to emulate real detector resolution
effects. These effects are assumed to be Gaussian and
parametrized by

�ðEÞ
E

¼ affiffiffiffi
E

p � b; (34)

where �ðEÞ=E is the energy resolution, a is a sampling
term, b is a constant term, � represents addition in quad-
rature, and all energies are measured in GeV. For leptons
we take a ¼ 5% and b ¼ 0:55%, and for jets we take a ¼
100% and b ¼ 5% [38].
After smearing, we define our candidate event as two

positively charged leptons and two jets passing the follow-
ing basic kinematic and fiducial cuts on the transverse
momentum, pT , and pseudorapidity, :

pj
T  30 GeV; p‘

T  20 GeV; j � 3:0;

‘ � 2:5:
(35)

Table I lists the cross sections for Eq. (33) assuming the
pure W 0

R;L gauge states at the 8 and 14 TeV LHC without

smearing or acceptance cuts (row 1), and with smearing
plus acceptance cuts from Eq. (35) (row 2). Here and

FIG. 3. The partonic-level process for a heavy W 0þ production and decay to like-sign leptons in hadronic collisions.

 (TeV)Nm
0.5 1 1.5 2

) 
(f

b)
qq

+ µ
+ µ

→
(p

p
σ -610
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1

R
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= 3 TeVWM
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FIG. 4 (color online). Total cross section of pp ! W 0þ ! �þ�þW� times W� ! q �q0 branching ratio versus heavy neutrino mass
at (a) 8 and (b) 14 TeV. Solid (dashed) line corresponds to W 0

R (W0
L) gauge state.
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henceforth, we assume a 100% efficiency for lepton and jet
identification.

The goal of this analysis is to unambiguously determine
the properties ofW 0 and N. To do so, our candidate leptons
and jets must be well defined and well separated, that latter
of which is measured by

�Rij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð��ijÞ2 þ ð�ijÞ2

q
; (36)

where ��ij and �ij are the difference in the azimuthal

angles and rapidities, respectively, of particles i and j.
Subsequently, we apply isolation cuts on our candidate
objects:

�Rmin
‘j  0:4; �Rjj  0:3 (37)

for all lepton and jet combinations, where �Rmin
‘j is

defined as

�Rmin
‘j ¼ min

i¼W 0;N
�Rmin

‘ij
: (38)

In Eq. (38), the subscript i ¼ W 0, N on ‘i denotes
the identified parent particle of ‘i. The effects of the
isolation cuts applied at both the 8 and 14 TeV LHC are
shown in the third row of Table I. To understand the
origin of these precise numbers and parent-particle identi-
fication, we digress to succinctly connect properties of
our chiral Lagrangian to the final-state kinematical
distributions.

B. Characteristics of kinematical distributions

Our signal suffers from a very evident ambiguity: either
lepton can originate from the neutrino decay. The origin of
each lepton must thus be determined in order to fully
reconstruct an event. As noted in Sec. III, the width of N
is narrow. Consequently, there is a very small probability
for the phase space of each diagram in Fig. 3 to overlap,
meaning that the interference of the two diagrams is neg-
ligible. In fact, in the W 0

R case, the interference is exactly
zero because the charged lepton from the N decay is left
handed while the charged lepton from the W 0

R is right
handed. Furthermore, since the two diagrams add incoher-
ently, it is reasonable to expect that only one diagram
contributes at a time. Intuitively, this means that only one

of the two following momentum combinations will closely
reconstruct the heavy neutrino mass:

m2
1jj ¼ ðp1 þ p3 þ p4Þ2 or m2

2jj ¼ ðp2 þ p3 þ p4Þ2;
(39)

where p3 and p4 are the momenta of our final-state jets.
After calculating both permutations of mN (Fig. 5), the

appearance of the N mass peak is stark. Using the central
value of the mass peak, mReco

N , we identify the charged
lepton from the N decay as the charged lepton from our
candidate event that most closely recovers mReco

N , i.e.,

�mmin ¼ min
i¼1;2

jmijj �mReco
N j; (40)

where mijj for i ¼ 1, 2 is defined by Eq. (39).

Independent of reconstructing N, the charged lepton
associated with theW 0 decay can be identified by analyzing
the transverse momentum, pT , distributions of our final-
state objects. In Fig. 6, the pT distributions of the charged
leptons (a), (b) and jets (c), (d) for the W 0

L (a), (c) and W 0
R

(b), (d) gauge states. As expected, the lepton identified as
originating from theW 0 has a Jacobian peak aroundMW0=2
for both the W 0

L and W 0
R cases. To understand the other

distributions, we consider spin correlations.

TABLE I. Cross section for pp ! W 0þ
L;R ! �þ�þq �q0 after consecutive cuts for 8 and 14 TeV

LHC.

8 TeV 14 TeV

� (fb) W 0
L W 0

R W 0
L W 0

R

Reco. without cuts or smearing 4:6� 10�5 0.046 9:3� 10�4 0.95

þsmearingþ fiducialþ kinematics [Eq. (35)] 4:0� 10�5 0.035 8:2� 10�4 0.71

þisolation [Eq. (37)] 2:1� 10�5 0.027 3:2� 10�4 0.50

þ6ET þmjj requirements [Eq. (43)] 1:7� 10�5 0.023 2:6� 10�4 0.42

þmass req. [Eq. (44)] 7:2� 10�6 0.012 2:0� 10�4 0.35

�ðall cutsÞ=�ðsmearingþ fidþ kinÞ 18% 35% 25% 49%
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FIG. 5 (color online). Invariant mass distribution of m‘1jj and
m‘2jj, where ‘i for i ¼ 1,2 could originate from either the W 0 or
N. The cuts in Eqs. (35) and (37) as well as the energy smearing
have been applied.
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Figure 7 shows the spin correlations of the process in
Eq. (33) with the single arrowed lines representing
momentum direction and double arrowed lines spin. The
direction ẑ is defined as the direction of motion of the
neutrino in the W 0 rest rame. Each column indicates
the spin and momentum of the particles in their parents’
rest frame with the first column in the neutrino rest frame.
Note that for theW 0

R (W 0
L) the heavy neutrino is in a mostly

right- (left-) handed helicity state. Hence, for the W 0
R (W 0

L)
the neutrino spin points with (against) the ẑ direction. The
decays of the neutrino through longitudinalW are shown in
Fig. 7(a) and 7(b) for W 0

L and W 0
R, respectively, and the

decays through a transversely polarized W are shown in
Fig. 7(c) for W 0

L and Fig. 7(c) for W 0
R.

As shown in Fig. 2, 500 GeV neutrino preferentially
decays into longitudinally polarized W’s. We therefore
focus on that case. For the W 0

R, the lepton from the heavy
neutrino decay moves preferentially along the ẑ direction.
Hence, the boost into the partonic c.m. frame will be along
the charged lepton’s momentum. In the W 0

L case, the
charged lepton moves in negative ẑ direction and the boost
into the partonic c.m. frame is against the lepton’s momen-
tum. Therefore, the lepton from the heavy neutrino decay is
harder in theW 0

R case than in theW 0
L case. The contribution

from decay into transversely polarized W’s is in the oppo-
site direction. However, as noted previously, this contribu-
tion is smaller than the decays into longitudinally polarized
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FIG. 6 (color online). Transverse momentum distributions for (a), (b) the lepton identified as originating from the W 0 (dashed lines)
and neutrino (solid lines), and (c), (d) the hardest (dashed lines) and softest (solid lines) jets in pp ! W 0 ! ‘þ‘þjj production. The
W 0

L case is represented in (a), (c) and the W0
R case in (b), (d). The energy smearing has been applied.

FIG. 7. Helicity and spin correlations in the chains NL;R !
‘þW� ! ‘þq �q0 from W 0

L decay in (a), (c); and from W 0
R decay

in (b), (d). Figures (a) and (b) are for longitudinally polarized
SM W’s, and Figs. (c) and (d) are for transversely polarized SM
W’s. The decay goes from left to right as labeled by the particle
names. The momenta (single arrow lines) and spins (double
arrow lines) are in the parent rest frame in the direction of the
heavy neutrino’s motion (ẑ) in the W0 rest frame.
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W’s. Similar arguments can be made to explain that the two
jets are softer in the W 0

R case than in the W 0
L case.

As previously stated, identifying well-separated objects
in our event is paramount to measuring our observables.
For 14 TeV LHC collisions, Fig. 8 shows (a) the separation
between the two jets, �Rjj, and (b) the minimum separa-

tion between the leptons identified as originating from the
heavy neutrino and W 0 and the two jets defined by

�Rmin
‘ij

¼ min
k¼1;2

�R‘ijk ; (41)

where i ¼ W 0 for the lepton coming from the W 0 and i ¼
N for the lepton coming from the neutrino decay. The solid
lines are for W 0

R and the dashed lines for W 0
L. The �Rjj

distributions peak at low values for both the left- and right-
handed cases. This is due to theW from the heavy neutrino
decay being highly boosted and its decay products there-
fore collimated. Also, as can be seen from Fig. 6, in theW 0

R

case the lepton from the neutrino decay is harder and hence
the SM W softer than in the W 0

L case. Since the SM W is
less boosted in the right-handed case, the jets are less
collimated and the �Rjj distribution has a longer tail for

W 0
R than forW 0

L. Also, since the neutrino is highly boosted,
its decay products are expected to land opposite in the
transverse plane from the lepton from W 0 decay. Hence,
�Rmin

‘W0 j peaks near 
 for both the the left-handed and right-

handed case. Finally, �Rmin
‘Nj

is peaked near 2mN=EN � 0:7

for both the W 0
L and W 0

R cases. The �R distributions at the
8 TeV LHC are peaked at similar values, but are more
narrow than the 14 TeV distributions. Based on these argu-
ments, we define the isolation cuts given by Eq. (37).

The isolation cuts more severely affect the W 0
L cross

section since the �Rjj distribution is strongly peaked at

low values forW 0
L. As the mass of theW 0 increases, the SM

W from the heavy neutrino decay will become more
boosted. Hence, the two jets will become more collimated
and the effects of the isolation cuts will be even more
significant. Since we will only be interested in the angular
distributions of the lepton, it is possible to relax the �Rjj

cut and look for one or two jets with two like-sign leptons.
Also, the separation between the lepton and jets from the
heavy neutrino decay depend on the ratio of mN=MW0 . As
mN=MW0 increases (decreases) the lepton and jets become
more (less) well separated.

C. Background reduction and statistical significance

The SM background for our ‘þ‘þjj signature has been
thoroughly studied for the 14 TeV LHC by Ref. [24]. The
largest background to our process was found to be from t�t
events with the cascade decays,

t ! Wþb ! ‘þ�mb; �t ! W� �b ! W� �c�m‘
þ; (42)

and was also found to be greatly suppressed by the lepton
isolation cuts in Eq. (37). The background can be further
suppressed by noting that leptonic t�t events contain a final-
state light neutrino and therefore a considerable amount of
missing transverse energy, 6ET . This is in direct comparison
with our signal where all the 6ET is due to detector resolu-
tion effects. The 6ET for our like-sign leptonsþ dijet events
is shown in Fig. 9 for both the right- (solid line) and left-
handed (dashed line)W 0 cases. Furthermore, the two jets in

0 0.5 1 1.5 2 2.5 3
∆R

jj

0

1

2

3

1/
σ 

dσ
/∆

R
jj

W
L

W
R

M
W

 = 3 TeV

m
N

 = 500 GeV

14 TeV LHC

0 1 2 3 4
∆R

0

0.5

1

1.5

1/
σ 

dσ
/∆

R

W
L

W
R

M
W

 = 3 TeV
m

N
 = 500 GeV

14 TeV LHC

min

m
in

FIG. 8 (color online). (a) �Rjj distribution and (b) �Rmin
‘j distributions for both the lepton identified as originating from N and W 0.

The solid lines are for the W 0
R case and dashed lines W 0

L. Energy smearing has been applied.

0 50 100 150 200
p

T
    (GeV)

10
-4

10
-3

10
-2

10
-1

1/
σ 

dσ
/d

p T
   

 (
1/

G
eV

) W
L

W
R

M
W

 = 3 TeV
m

N
 = 500 GeV

14 TeV LHCm
is

s

miss

FIG. 9 (color online). Missing energy distribution for pp !
W0þ

L;R ! �þ�þq �q0 at the LHC. Energy smearing has been

applied.

LEPTON NUMBER VIOLATION AND W 0 CHIRAL . . . PHYSICAL REVIEW D 87, 035011 (2013)

035011-9



our process originate from a SM W whereas the jets in the
top background do not. Hence 6ET and dijet invariant mass,
mjj, cuts are also applied:

6ET < 30 GeV; 60 GeV<mjj < 100 GeV: (43)

The effect of these cuts on the signal rate is seen in the
fourth line of Table I.

Having obtained a measurement of mN from Eq. (39)
and MW 0 from the W 0’s Jacobian peak, if desired, invariant
mass cuts on m‘Njj and ŝ can be imposed to further isolate

the signal:

jm‘Njj �mNj � 0:1mN and jŝ�MW0 j � 0:1MW0 :

(44)

The effects of these cuts are shown in the fifth line of
Table I.

As
ffiffiffi
s

p
increases from 8 to 14 TeV, the percentage of

events passing the selection cuts also increases. See the
final line of Table I. In particular, we note that relatively
fewer events are failing the cuts imposed on the recon-
structed masses [Eq. (44)]. To understand this effect, con-
sider that increasing the c.m. energy also enlarges the
phase space. Consequently, our internal propagators are
more likely to be on-shell.

The contribution from the irreducible background for
our ‘�‘�jj signal,

pp ! W�W�W
; pp ! W�W�jj; pp ! t�t;

(45)

events and

pp ! jjZZ; pp ! jjZW; (46)

wherein leptons from the Z boson escape from a detector,
are estimated [24] to be at most � ¼ 0:08 fb using a
comparable list of selection cuts. However, this previous

analysis does not impose any restriction on the invariant
mass of the system as done in Eq. (44), and therefore,
realistically, the background will be much less than
0.08 fb. In either case, our W 0

R signal is clearly above
background. Using � ¼ 0:08 fb as an estimation for our
background, we calculate the significance and reachability
of our W 0

R signal at the 14 TeV LHC as shown in Fig. 10.
With 100 fb�1 integrated luminosity, a W 0

R signal via the
lepton number violating process can be observed at a 5�
level up to a mass of 3 TeV. As evident, the required
integrated luminosity for a discovery at the LHC grows
rapidly with increasing MW0

R
. This is expected if we again

consider that theW boson becomes increasingly boosted as
MW0

R
grows. A more boosted W leads to more collimated

jets, which have more difficulty passing the isolation cuts
[Eq. (37)] than their less collimated counterparts.

V. W 0 CHIRAL COUPLINGS FROM ANGULAR
CORRELATIONS AT THE LHC

Once a new gauge bosonW 0 is observed at the LHC, it is
of fundamental importance to determine the nature of its
coupling to the SM fermions. Here, we identify various
kinematical quantities that depend on the chiral couplings
of the fermions to aW 0. Each quantity will have a different
dependence on theW 0 chiral couplings and so will provide
independent measurements of the chiral couplings.

A. W 0 chiral couplings to leptons

Figure 11 shows the spin correlations for the process
q �q0 ! W 0 ! N‘þ in the partonic c.m. frame for both the
(a) left-handed and (b) right-handed cases. Double arrowed
lines represent spin and single arrowed lines momentum.
As it is well known, although the preferred charged lepton
momentum direction leads to a clear distribution of parity
violation, it cannot reveal more detailed nature of the chiral
coupling. On the other hand, the nature of the W 0 leptonic

)-1Integrated Lumi. (fb

N
+

B
 =

 N
 / 

σ

0

2

4

6

 = 3 TeVWM
 = 500 GeVNm

14 TeV LHC

RW

σ3

σ5

 (TeV)WM

0 50 100 2 2.5 3 3.5 4 4.5

)
-1

In
te

gr
at

ed
 L

um
i. 

(f
b

1

10

210

310

410

 = 500 GeVNm

14 TeV LHC

σ5

σ3

FIG. 10 (color online). Integrated luminosity needed at 14 TeV LHC for (a) achievable statistical significance for W 0
R with MW0 ¼

3 TeV and mN ¼ 500 GeV, and (b) reachable W 0
R mass at 3� and 5� sensitivity.

TAO HAN et al. PHYSICAL REVIEW D 87, 035011 (2013)

035011-10



chiral couplings is encoded in polarization of the heavy
neutrino; i.e., in the W 0

R (W 0
L) case the heavy neutrino is

preferentially right handed (left handed). Hence, if the
polarization of the neutrino can be determined, the left-
handed and right-handed cases can be distinguished. Spin
observables such as hŝN � âi, where sN is the spin of the
heavy neutrino and â is an arbitrary spin quantization axis,
are sensitive to the polarization of the heavy neutrino.
Defining the angle �� between the â and the direction of
motion of the charged lepton originating from the heavy

neutrino decay, p̂‘2 , the angular distribution of the partial

width of the neutrino decaying into a charged lepton and
two jets is [39]

1

�

d�

d cos��
ðN ! ‘�jjÞ ¼ 1

2
ð1þ 2A‘� cos��Þ; (47)

where A‘þ ¼ �A‘� � A due to the CP invariance. The
coefficient A is related to hŝN � âi and is the forward-
backward asymmetry of the charged lepton with respect to
the direction â. We will refer to A as the analyzing power.
The angular distribution of either of the two jets from the
neutrino decay will also have a similar linear form and may
be used to perform this analysis, although uncertainties in jet
measurements may cause more complications.
A highly boosted neutrino from a heavy W 0 decay will

be produced mostly in a helicity state; hence, it is natural to
choose â ¼ p̂N , the direction of motion of the neutrino in
the partonic c.m. frame, and measure p̂‘2 in the neutrino

rest frame. At the partonic level, the angular distribution of
the lepton from neutrino decay in the reconstructible neu-
trino rest frame is (see Appendix B)

d�̂ðu �d ! ‘þ1 ‘þ2 W�Þ
d cos�‘2

¼ �̂Tot

2

�
1þ

�
�̂ðW0Þ � �̂ðWTÞ
�̂ðW0Þ þ �̂ðWTÞ

��
2��2

N

2þ�2
N

��
g‘R

2jY‘1Nj2 � g‘L
2jV‘1Nj2

g‘R
2jY‘1Nj2 þ g‘L

2jV‘1Nj2
�
cos�‘2

�
: (48)

Here �̂ðW0Þ and �̂ðWTÞ are the partonic-level u �d ! W 0þ ! ‘þ1 ‘
þ
2 W

�
� cross sections with N decaying into longitudinally

(� ¼ 0) and transversely (� ¼ T) polarized W’s, respectively. They are given by

�̂ðW0Þ � �̂ðu �d ! ‘þ1 N ! ‘þ1 ‘þ2 W�
0 Þ (49)

¼ 1

9

1

210
g2


2

jVCKM0
ud j2jV‘2Nj2
ð1þ �‘1‘2Þ

ðgqR2 þ gqL
2Þðg‘R2jY‘1Nj2 þ g‘L

2jV‘1Nj2Þ
�
mN

�N

�

� ŝ

½ðŝ�M2
W 0 Þ2 þ ð�W0MW0 Þ2� ð1� y2WÞ2ð1��2

NÞ2ð2þ�2
NÞ
�

1

2y2W

�
;

(50)

�̂ðWTÞ � �̂ðu �d ! ‘þ1 N ! ‘þ1 ‘þ2 W�
T Þ; (51)

¼ �̂ðW0Þ � 2y2W: (52)

where �N ¼ mN=
ffiffiffî
s

p
, yW ¼ MW=mN , and �̂Tot ¼ ð�̂ðW0Þ þ �̂ðWTÞÞ � BRðW ! q �q0Þ is the total partonic cross section.

As W 0 comes on-shell, �N ! xN . In this reference frame, �� from Eq. (47) satisfies

cos�� ¼ cos�‘2 � p̂‘2 � p̂N; (53)

where, again, p̂‘2 is measured in the neutrino rest frame and p̂N is measured in the partonic c.m. frame.
For an on-shellW 0, the analyzing power at the partonic and hadronic level are the same. In such a case, after comparing

Eqs. (47) and (48), we find that the analyzing power is

A ¼ 1

2

�
�̂ðW0Þ � �̂ðWTÞ
�̂ðW0Þ þ �̂ðWTÞ

��
2� x2N
2þ x2N

��
g‘R

2jY‘1Nj2 � g‘L
2jV‘1Nj2

g‘R
2jY‘1Nj2 þ g‘L

2jV‘1Nj2
�
;

¼ 1

2

�
1� 2y2W
1þ 2y2W

��
2� x2N
2þ x2N

��
g‘R

2jY‘1Nj2 � g‘L
2jV‘1Nj2

g‘R
2jY‘1Nj2 þ g‘L

2jV‘1Nj2
�
:

(54)

FIG. 11. Spin correlations for q �q0 ! W 0 ! N‘þ for (a) left-
handed and (b) right-handed couplings. Single arrow lines rep-
resent momentum directions and double arrow lines represent
spin directions.
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The different signs for the analyzing power between the
neutrino decays to the two different W polarizations and
between the W 0

L;R cases can be understood via the spin
correlation in Fig. 7. For the W 0

R case, a heavy neutrino
decaying to a longitudinal (transverse) W will have the
charged lepton preferentially moving with (against) p̂N .
For the W 0

L case the helicity of the neutrino, and therefore
the direction of the charged lepton, is reversed. Hence the
analyzing power is proportional to ð�̂ðW0Þ � �̂ðWTÞÞ�
ðg‘R2jY‘1Nj2 � g‘L

2jV‘1Nj2Þ.
In the analysis of Fig. 7, the left- and right-chiral neu-

trinos at the W 0 ! N‘þ vertex are approximated as the
left-handed and right-handed helicity states in the partonic
c.m. frame. As the neutrino becomes more massive relative
to the W 0, the approximation of the chiral basis by the
helicity basis begins to break down; i.e., the left- (right-)
helicity state makes a larger contribution to the right- (left-)
chiral state. In Eq. (48), this is reflected by the cos�‘2
( cos�‘ for simplicity) coefficient

2� x2N
2þ x2N

¼ 2M2
W 0 �m2

N

2M2
W 0 þm2

N

: (55)

As xN increases, the distribution flattens due to the
right-handed (left-handed) neutrino helicity state,

thereby making a larger contribution to the W 0
L (W 0

R)

distributions.
Figure 12 shows the hadronic-level angular distribution

of the lepton in the neutrino’s rest frame for both W0
L and

W 0
R at the LHC. The case without smearing or cuts is shown

in Fig. 12(a), and contains both the analytical results
(dashed line) and Monte Carlo simulation (solid line)
histograms. As can be clearly seen, the analytical and
numerical results are in good agreement. Figure 12(b)
shows the leptonic angular distribution after energy smear-
ing and cuts in Eqs. (35), (37), (43), and (44). Notice that
there is a small depletion of events for cos�‘ � 1 and a
large depletion when cos�‘ < 0. First, when cos�‘ � 1 the
charged lepton is moving with and the jets against the
direction of motion of the neutrino in the partonic c.m.
frame. Hence, with boost back to the partonic c.m. frame,
the jets are softest at this point and the jet pT cuts in
Eq. (35) lead to a depletion of event in this region. When
cos�‘ < 0, the lepton is moving against and the SM W is
moving with the neutrino’s direction of motion. Hence,
with the boost back to the partonic c.m. frame, the W is
boosted and its decay products highly collimated.
Consequently, the �Rjj cuts in Eq. (37) lead to a large

depletion of events. Figure 12(c) shows lepton angular
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distribution with the same cuts as Fig. 12(b) except the
�Rjj cuts. For comparison, both the Monte Carlo simula-

tion with cuts (solid line) and analytical results without
cuts (dashed line) are shown. It is clear that the discrimi-
nating power of the lepton angular distribution would
increase and the Monte Carlo distribution approaches the
analytical results if the jet isolation cuts are relaxed.

The analyzing power in Eq. (54) can additionally be
related to the forward-backward asymmetry

A ¼ �ðcos�‘  0Þ � �ðcos�‘ < 0Þ
�ðcos�‘  0Þ þ �ðcos�‘ < 0Þ : (56)

Without cuts or smearing, A ¼ A, and for the values of
mN, MW 0 stipulated in Eq. (19),

A ¼
�þ0:43; W 0 ¼ W 0

R

�0:43; W 0 ¼ W 0
L:

(57)

The simulated values for the forward-backward asymmetry
with consecutive cuts are shown in Table II. Again, simu-
lations are in good agreement with the theoretical predic-
tion for the forward-backward asymmetry for no smearing
or cuts. As the cuts become more severe, the simulated and
theoretical values deviate more; however, the W 0

L and W 0
R

cases can still be distinguished clearly. Furthermore, as
shown in the final row, if the �Rjj cuts in Eq. (37) are

relaxed, the discriminating power of the asymmetry is
greatly increased, and the theory and simulation are in
much better agreement.

B. W 0 chiral couplings to initial-state quarks

Thus far, we have only presented the results to test the
chiral coupling ofW 0 to the final-state leptons. It is equally
important to examine its couplings to the initial-state
quarks. Define an azimuthal angle

cos� ¼ p̂N � ~p‘2

jp̂N � ~p‘2 j
� p̂N � ~pq

jp̂N � ~pqj ; (58)

as the angle between the qq0 ! N‘þ1 production plane and
N ! W�‘þ2 decay plane in the neutrino rest frame, where
~p‘2 is the three momentum of ‘2, the charged lepton

identified as originating from the neutrino, p̂N is the

direction of motion of the neutrino in the partonic c.m.
frame, and ~pq is the initial-state quark momentum. The

definition of � is invariant under boosts along p̂N; hence,
the quark and charged lepton momenta can be evaluated
either in the partonic c.m. or the neutrino rest frame. The
angular distribution between the two planes is thus calcu-
lated to be

d�̂

d�
¼ �Tot

2


�
1þ 3
2

16

�N

2þ�2
N

0
@�̂ðW0Þ � �̂ðWTÞ
�̂ðW0Þ þ �̂ðWTÞ

1
A

�
0
@gqR2 � gqL

2

gqR
2 þ gqL

2

1
A cos�

�
:

(59)

The distribution for W 0
L is 180� out of phase with the W 0

R

distribution and the slope only depends on the W 0 chiral
coupling to the initial-state quarks. Hence, the phase of this
distribution determines the chirality of the initial-state
quarks couplings to the W 0 independently of the leptonic
chiral couplings to the W 0.
To understand the distribution in Eq. (59), we consider

the spin correlations between the initial and final states. As
noted previously, the angle � is invariant under the boosts
along p̂N . So for simplicity, we consider the spin correla-
tions in the heavy neutrino rest frame. Figure 13 shows the
spin correlations of the neutrino production in the neutrino’s
rest frame for both the (a)W 0

L and (b)W
0
R cases. Like before,

TABLE II. Forward-backward asymmetry for pp ! W 0þ
L;R ! �þ�þq �q0 with consecutive cuts

at 8 and 14 TeV LHC. The last row has the same cuts applied as the previous row with the
removal of the �Rjj cuts in Eq. (37).

8 TeV 14 TeV

A W 0
L W 0

R W0
L W0

R

Reco. without cuts or smearing �0:42 0.42 �0:43 0.43

þsmearingþ fiducialþ kinematics [Eq. (35)] �0:46 0.33 �0:47 0.34

þisolation [Eq. (37)] �0:11 0.59 0.083 0.72

þ6ET þmjj requirements [Eq. (43)] �0:078 0.62 0.11 0.75

þmass reco. [Eq. (44)] 0.16 0.77 0.18 0.77

��Rjj �0:34 0.49 �0:34 0.49

FIG. 13. Spin correlations for neutrino production in the neu-
trino rest frame. Single arrowed lines represent momentum and
double arrowed lines represent spin in the helicity basis. The ẑ
axis is defined to be the neutrino’s direction of motion in the
partonic c.m. frame and the ŷ axis is defined such that y compo-
nent of the initial-state quark momentum is always positive.
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single arrowed lines represent momentum directions and
double arrowed lines spin in the helicity basis. Also, we
define the production plane to be oriented in the ŷ-ẑ plane
such that the ŷ component of the quark momentum always
points along the positive ŷ axis and that ẑ ¼ p̂N . With this
axis convention, � ¼ ��‘2 , where �‘2 is the azimuthal

angle of ‘2 as measured from the positive ŷ axis.
Figure 14 shows the spin correlations for the heavy

neutrino production and decay with the spin quantization
axis chosen to be the ŷ direction as defined above. TheW 0

L

case is shown in Figs. 14(a) and 14(c) and theW 0
R case in (b),

(d). The solid dots next to the N and ‘1 indicate that they
have no momentum in the ŷ direction. In the W 0

R case, the
initial-state quark must be right handed and the initial-state
antiquark left handed. Hence, the total spin of the initial-
state points in the positive ŷ direction, causing the spin of
the neutrino to also point in the positive ŷ direction. When
the neutrino decays to a longitudinal or transverse W, the
lepton from the neutrino decay has spin along or against the
ŷ axis, respectively. For theW0

R case, Figs. 14(b) and 14(d)
show the decay into longitudinal and transverse W’s,
respectively. Therefore, for the decay into W0 (WT) case,
the lepton prefers to move in the same (opposite) direction
as the initial-state quark and� peaks at 0 (� 
). In theW 0

L

case, the direction ofmotion of ‘2 relative to the direction of
motion of the initial-state quark is reversed and the peaks in
the � distribution are shifted by 
. This explains the 180�
phase difference in the angular distribution, Eq. (59),
between the W 0

L and W0
R cases, and between the neutrino

decay to W0 and WT . Also, notice that this argument only
relies on theW 0 � q� q0 coupling and not theW 0 � N � ‘
chiral couplings. Hence, measuring the distribution

of the angle between the qq0 ! N‘1 production and the
N ! ‘þ2 W

� decay planes can determine the chiral cou-
plings of aW 0 to light quarks independently from the chiral
couplings of theW 0 to leptons.
Most of the angular definition and analysis depend on

the initial-state quark momentum direction. Since the LHC
is a symmetric pp machine, this is not known a priori.
However, at the LHC u and d quarks are valence and
antiquarks are sea. Hence, the initial-state quark generally
has a larger momentum fraction than the initial-state anti-
quark; and the initial-state quark direction can be identified
as the direction of motion of the fully reconstructed par-
tonic c.m. frame. Similar techniques have been used for
studying forward-backward asymmetries associated with
new heavy gauge bosons [14,40].
Figure 15 shows the � distributions at the 14 TeV LHC

withM0
W ¼ 3 TeV for bothW 0

L andW
0
R. From Eq. (59), the

amplitude of the � distribution depends on the ratio
mN=M

0
W , and therefore increases mN to 1.5 TeV. The solid

line is the � distribution with the initial-state quark mov-
ing direction identified as the partonic c.m. frame boost
direction; the dashed lines are the theoretical distribution
given in Eq. (59); and in (a) the dashed-dotted lines are the
Monte Carlo truth, i.e., using the known direction of the
initial-state quark.
Figure 15(a) does not include cuts or smearing; as can be

seen, the Monte Carlo truth and theoretical calculation
agree very well. The reconstructed distribution has a
smaller amplitude than the theoretical distribution due to
the direction of the initial-state quark being misidentified.
Figure 15(b) shows the theoretical prediction and recon-
structed distribution with smearing and the cuts in

FIG. 14. Spin correlations in the neutrino rest frame as described in Fig. 13. Double arrowed lines represent spin with ŷ being the
quantization axis and single arrowed lines are the ŷ component of the particles.
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Eqs. (35), (37), (43), and (44) applied. For � ¼ 0, the SM
W is maximally boosted and its decay products are maxi-
mally collimated. Consequently, the �Rjj cut in Eq. (37)

causes a large depletion of events in the central region.
Figure 15(c) shows the reconstructed distribution with the
same cuts as (b) minus the �Rjj cut. With the relaxation of

this cut, the W 0
L and W 0

R cases become reasonably discern-
ible with the W 0

L distribution nearly the same as the theo-
retical prediction. The continued depletion of events at
� ¼ 0 and� ¼ �
 are due to the rapidity cuts on leptons
and jets, respectively.

VI. UNLIKE-SIGN DILEPTON
ANGULAR DISTRIBUTIONS

Intrinsically, Majorana neutrinos can decay to positively
or negatively charged leptons, and therefore also contribute
to the L-conserving process

pp ! W 0 ! ‘þ1 ‘
�
2 jj: (60)

These events can be reconstructed similarly to the method
described in Sec. IV. However, the SM backgrounds for
this process, particularly pp ! Zjj, will be larger. Our
purpose here is not to do a full signal versus backgrounds
study, but to comment on the differences between the like-
sign and unlike-sign lepton cases. Again, u �d has a larger

parton luminosity than d �u, so we focus only on W 0þ
production:

pp ! W 0þ ! N‘þ1 ! ‘þ1 ‘�2 jj: (61)

W 0 chiral coupling from angular distributions

For the unlike-sign case, we mimic our entire like-sign
analysis and reconstruct the polar angular distribution of
the lepton originating from neutrino decay in the heavy
neutrino rest frame (Appendix B). Respectively, the polar
and azimuthal distributions are similar to those in Eqs. (48)
and (59) up to a opposite sign in front of the angular
dependence.
Figure 16 shows the� distributions at the for the unlike-

sign process following the identical procedure as for the
like-sign case. The solid line is the � distribution with the
initial-state quark propagation direction identified as
the partonic c.m.~frame boost direction; the dashed lines
are the theoretical distributions given by Eq. (62); and the
dashed-dotted lines are the Monte Carlo truth, i.e., using
the known direction of the initial-state quark. Figure 16(a)
does not include cuts or smearing. Figure 16(b) shows the
theoretical prediction and reconstructed distribution with
smearing and cuts in Eqs. (35), (37), (43), and (44) applied.
Figure 16(c) shows the reconstructed distribution with the
same cuts as 16(b) minus the �jj isolation cut.
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FIG. 15 (color online). � distributions at the 14 TeV LHC with M0
W ¼ 3 TeV and mN ¼ 1:5 TeV for fully reconstructed events

(solid lines), the analytical result in Eq. (59) (dashed lines), and Monte Carlo truth (dashed-dotted lines). Figure (a) is without energy
smearing or cuts, (b) with energy smearing and cuts in Eqs. (35), (37), (43), and (44), and (c) with the same cuts as (b) without the �Rjj

cut in Eq. (37).
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d�̂

d cos�‘2
¼ �̂Tot

2

2
41�

0
@�̂ðW0Þ � �̂ðWTÞ
�̂ðW0Þ þ �̂ðWTÞ

1
A
0
@2��2

N

2þ�2
N

1
A

�
0
@g‘R2jY‘1Nj2 � g‘L

2jV‘1Nj2
g‘R

2jY‘1Nj2 þ g‘L
2jV‘1Nj2

1
A cos�‘2

3
5; (62)

d�̂

d�
¼ �̂Tot

2


2
41� 3
2

16

�N

2þ�2
N

0
@�̂ðW0Þ � �̂ðWTÞ
�̂ðW0Þ þ �̂ðWTÞ

1
A

�
0
@gqR2 � gqL

2

gqR
2 þ gqL

2

1
A cos�

3
5: (63)

To understand why the sign of the slope for the
L-conserving distributions differ from the L-violating dis-
tributions, we turn to spin correlations. For W 0þ, the spin
correlations for u �d ! W 0þ ! N‘þ are shown in Fig. 11
without yet specifying N’s decay. However, we only need
to analyze the angular correlation in the neutrino decay.
The spin correlations are simply obtained by replacing the
right-handed antilepton in Fig. 7 with a left-handed lepton.
Since the direction of the spin of the lepton is completely
determined by the neutrino spin, which is unchanged

between the two cases, the effect of the helicity flip is to
reverse the direction of the final-state lepton momentum
relative to the ẑ direction. Therefore, the slopes of the
lepton angular distribution are opposite for the like-sign
and unlike-sign lepton cases. These same arguments can be
made to show that the phases of the � distribution in
Eqs. (59) and (63) differ by 180�.
The analysis of the two cases also reveals that, unlike the

angular distributions, the total cross section is independent
of having like-sign or unlike-sign leptons in the final state.
This may be understood by recognizing that the difference
between the two final states is tantamount to a charge
conjugation. Having integrated out the angular depen-
dence, the total cross section is invariant under parity
inversion. Consequently, by CP invariance, the total rate
is invariant under charge conjugation. This behavior is
evident in Eq. (29) and Fig. 2, which show that N decays
to ‘þW� and ‘�Wþ equally.

VII. SUMMARY

The nature of the neutrino mass remains one of most
profound puzzles in particle physics. The possibility of its
being Majorana-like is an extremely interesting aspect
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FIG. 16 (color online). For the opposite sign lepton case, the angular distribution of the charged lepton originating from neutrino
decay in the heavy neutrino rest frame with respect to the neutrino moving direction in the partonic c.m. frame at the LHC with MW0 ,
mN set by Eq. (19). Distribution (a) without smearing or cuts, (b) with energy smearing and cuts in Eqs. (35), (37), (43), and (44), and
(c) with all cuts applied to (b) except the �Rjj cuts in Eq. (37). The solid lines are for the Monte Carlo simulation results and in (a) and

(c) the dashed lines are for the analytical result in Eq. (48).
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since it may have far-reaching consequences in particle
physics, nuclear physics and cosmology.

Given the outstanding performance of the LHC, we are
motivated to study the observability for a heavy Majorana
neutrinoN along with a new charged gauge bosonW 0 at the
LHC. We first parametrized their couplings in a model-
independent approach in Sec. II and presented the current
constraints on the mass and coupling parameters.

We studied the production and decay ofW 0 and N at the
LHC, and optimized the observability of the like-sign
dilepton signal over the SM backgrounds. We emphasized
the complementarity of these two particles by exploiting
the characteristic kinematical distributions resulting from
spin correlations to unambiguously determine their prop-
erties. Our phenomenological results can be summarized
as follows.

(1) The heavy neutrino is likely to have a large right-
handed component and thus the W 0

R would likely
yield a larger signal rate than that for W 0

L, governed
by the mixing parameters as discussed in Sec. II.
Under these assumptions, we found that at the
14 TeV LHC a 5� signal, via the clean channels
‘�‘�jj, may be reached forMW0

R
¼ 3 TeV (4 TeV)

with 90 fb�1 (1 ab�1) integrated luminosity, as seen
in Fig. 10.

(2) The chiral coupling of W 0 to the leptons can be
inferred by the polar angle distribution of the leptons
in the reconstructed neutrino frame, as seen in
Fig. 12, owing to the spin correlation from the
intermediate state N.

(3) The chiral coupling of W 0 to the initial-state quarks
can be inferred by the azimuthal angular distribution
of the neutrino production and decay planes, as seen
in Fig. 15.

(4) The kinematical distributions for the like-sign and
unlike-sign cases have been found to be quite sensi-
tive to spin correlations and are complementary. In
particular, the angular distributions differ by a minus
sign and provide qualitative differences for a
Majorana and a Dirac N. Thus in addition to observ-
ing final states that violate lepton number, compari-
son of the two scenarios provides a means to
differentiate the Majorana nature of N.

Overall, if the LHC serves as a discovery machine for a
new gauge boson W 0, then its properties and much rich
physics will await to be explored. Perhaps a Majorana
nature of a heavy neutrino may be first established asso-
ciated with W 0 physics.
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APPENDIX A: NEUTRINO MIXING FORMALISM
AND W 0 COUPLINGS

1. Neutrino flavor mixing

We assume that there are three left-handed neutrinos
(denoted by �aL, a ¼ 1, 2, 3) with three corresponding
light mass eigenstates (denoted by m), and n right-handed
neutrinos (denoted by Na0R, a

0 ¼ 1; . . . ; n) with n corre-
sponding heavy mass eigenstates (denoted by m0). The
mixing between chiral states and mass eigenstates may
then be parametrized [24] by

�L

Nc
L

 !
¼ U3�3 V3�n

Xn�3 Yn�n

 !
�m

Nc
m0

 !
; (A1)

where c c ¼ C �c T denotes the charge conjugate of the
spinor field c , with C labeling the charge conjugation
operator, and the chiral states satisfy c c

L � ðc cÞL ¼
ðc RÞc. Expanding the left-handed and right-handed chiral
states, we obtain

��aL ¼ X3
m¼1

��mU
�
ma þ

Xnþ3

m0¼4

�Nc
m0V�

m0a;

�Nc
a0L ¼ X3

m¼1

��mX
�
ma0 þ

Xnþ3

m0¼4

�Nc
m0Y�

m0a0 ;
(A2)

��c
aR ¼ X3

m¼1

��c
mUma þ

Xnþ3

m0¼4

�Nm0Vm0a;

�Na0R ¼ X3
m¼1

��c
mXma0 þ

Xnþ3

m0¼4

�Nm0Ym0a0 :
(A3)

Under this formalism, one expects diagonal mixing of
order 1,

UUy and YYy �Oð1Þ; (A4)

and suppressed off-diagonal mixing,

VVy and XXy �Oðmm=mm0 Þ: (A5)

2. Model-independent W 0 charged current couplings

The goal of this paper is to explore the feasibility of
quantifying the properties of a new charged gauge boson,
W 0, at the LHC. For this purpose, we relax the W 0
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interactions to include both left-handed and right-handed
leptons,

LaL ¼ �a

la

 !
L

; RbR ¼ Nb

lb

 !
R

; (A6)

with a, b ¼ 1, 2, 3. The left-handed neutrinos and charged
leptons that are members of SUð2ÞL doublets in the SM are
denoted by �aL and la. The right-handed neutrinos, which
are SM singlets, and right-handed charged leptons are
denoted by NbR and lb. To grasp the feature of left-right
symmetric models for a W 0, we pair NbR and lb into the
SUð2ÞR doublet. Though there may be more ‘‘sterile’’
neutrinos, i.e., b > 3, we consider only b ¼ 3 and one
new mass eigenstate in our phenomenological presenta-
tion. The mass mixing matrix in Eq. (A1), in the present
case, becomes a 6� 6 matrix with several repeating
entries.

With this assignment, the resulting charged current
interactions are

L ¼
�
� g‘Lffiffiffi

2
p W 0þ

�L

X3
a¼1

��aL�
�PLl

�
a

� g‘Rffiffiffi
2

p W 0þ
�R

X3
b¼1

�NbR�
�PRl

�
b

�
þ H:c: (A7)

We have explicitly included the couplings of left- and
right-charged currents with new gauge interactions via
W 0

L;R.

The gauge state leptons, la and lb, may be rotated into
the mass eigenstates, which are defined to be the flavors
eigenstates ‘ ¼ e, �, �. This amounts to the rotation

l�a ¼ X�
‘¼e

Oa‘‘
�: (A8)

With the SM-like simplest Higgs mechanism, this trans-
formation is trivial and we will make it implicit without
loss of generality. By simultaneously expanding into the
neutrinos’ mass basis and into the charged leptons’ flavor
basis, we obtain

L ¼ �X�
‘¼e

g‘Lffiffiffi
2

p W 0þ
�

�X3
m¼1

��mU
�
m‘ þ

Xnþ3

m0¼4

�Nc
m0V�

m0‘

�
��PL‘

�

þ H:c:� X�
‘¼e

g‘Rffiffiffi
2

p W 0þ
�

�X3
m¼1

��c
mXm‘ þ

Xnþ3

m0¼4

�Nm0Ym0‘

�

� ��PR‘
� þ H:c:; (A9)

where

U�
m‘ �

X3
a¼1

U�
maOa‘; V�

m0‘ �
X3
a¼1

V�
m0aOa‘;

Xm‘ �
X3
b¼1

X�
mbOb‘; Y�

m0‘ �
X3
b¼1

Ym0bOb‘:
(A10)

These are the general couplings for the W 0 charged
currents that we follow in this study. Leptonic couplings
to the SM W� boson can be recovered from Eq. (A9) by
identifying W 0� ! W� and by setting

g‘L ¼ g and g‘R ¼ 0; (A11)

where g is the SUð2ÞL coupling constant in the SM.
Similarly, we arrive at the SUð2ÞR charged current coupling
by identifying W 0 ! W�

R and by setting

g‘L ¼ 0 and g‘R � 0: (A12)

In the quark sector, we do not plan to go through a fully
fledged construction for the charged current couplings.
Instead, we take the simplest approach and just parametrize
the model-independent W 0 Lagrangian by

L ¼ �1ffiffiffi
2

p X3
i;j¼1

W 0þ
� �uiV

CKM0
ij ��½gqLPL þ gqRPR�dj þ H:c:;

(A13)

where VCKM0
is an unknown flavor mixing matrix.

APPENDIX B: DERIVATION OF PARTONIC-
LEVEL ANGULAR DISTRIBUTIONS

We strive clarify a few subtleties that arise when calcu-
lating observables involving Majorana fermions. To do so,
we present a detailed derivation of the matrix element for
the lepton number ðLÞ violating process:

uiðpAÞ þ �djðpBÞ
! W 0þ ! ‘þ1 ðp1Þ þ ‘þ2 ðp2Þ þ qmðp3Þ þ �qnðp4Þ; (B1)

with an intermediate Majorana neutrino of mass mN , and
governed by the Lagrangian given in Sec. II. As discussed
in Sec. IV, and shown in Fig. 3, there are two interfering
Feynman diagrams associated with our 2‘þ2j final state.
The interference term may be neglected safely when cal-
culating the amplitude squared, jMj2, since the heavy
neutrino’s width is very narrow and thus the interference
is expected to be small. When constructing and evaluating
jMj2, we focus on only a single diagram (Fig. 17) but
stress that the two diagrams can be treated identically.

FIG. 17. The partonic-level process for heavy W 0þ production
and decay into like-sign leptons and quarks in hadronic colli-
sions. The longer, black arrow not touching the Feynman dia-
gram denotes FF.
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Additionally, the narrowness of the SM W boson’s width
allows us to further apply the narrow width approximation
(NWA). The NWA stipulates that, due to its small width
compared to its mass, the W boson will dominantly be
produced on-shell, and further implies

�̂ðui �dj ! ‘þ1 ‘
þ
2 q �q

0Þ
� �̂ðui �dj ! ‘þ1 ‘þ2 W�Þ � BRðW ! q �q0Þ; (B2)

where BRðX ! YÞ is the branching fraction of X going
into Y. Since BRðW ! q �q0Þ is well known, our work is
reduced to determining the analytical expression for

�̂ðui �dj ! ‘þ1 ‘
þ
2 W

�Þ: (B3)

1. Determination of the spin-summed, polarization-
dependent, squared matrix element

The usefulness of Feynman rules stems from the ability
to assign specific multiplicative factors to each component
of a Feynman diagram. However, Dirac field Feynman
rules are dependent on Wick’s theorem, which is a state-
ment on field contractions. For Dirac fields, only combi-
nations of the form �c c can contract, where as for

Majorana fields, c c and c c are allowed to contract. In
short, Feynman rules for Dirac fermions do not account for
all possible Majorana interactions.

We therefore adopt the Feynman rules developed in
Ref. [36] for a twofold reason. The first is that the rules
for diagram segments not involving Majorana fermions do
not change. The second is that for parts that do involve
Majorana fermions, the new Feynman rules reduce to
(a) treating the Majorana fermion like a Dirac fermion
and modifying the vertex factor for an ordinary Dirac
fermion with an appropriately placed factor of �1, and/or
(b) making a single u $ v spinor substitution. The place-
ment of the additional minus sign and possible spinor
substitution is based on the direction of fermion flow
(FF) relative to the traditionally chosen fermion number
flow. When the fermion flow and fermion number flow are
equal, the newer rules simplify to the usual rules.
Computationally, these rules provide a desirable technique
that can be automated in a straightforward manner.

In the present case, we identify the relevant FF as being
identical to the lepton number-changing current. The FF
current starts at ‘1, the charged lepton produced in the W 0
boson decay, and points antiparallel to ‘1’s momentum; the
current then continues parallel to the Majorana neutrino’s
momentum, and finally terminates at ‘2, the charged lepton
produced in the N decay, and points parallel to ‘2’s mo-
mentum. See the curved black arrow in Fig. 17. With this
orientation, the FF is parallel to the fermion number flow at
theW 0‘1N vertex, and antiparallel to it at theN‘2W vertex.
This change in relative current orientation causes two
modifications, the first of which is to the spinor of the
outgoing lepton originating from the N‘2W vertex:

�v ‘2ðp2Þ ! �u‘2ðp2Þ; (B4)

and accounts explicitly for the change in lepton number.
The second modification is to the N‘2W vertex itself and
occurs in the following way:

C�
N‘2

¼ �igffiffiffi
2

p V‘2N�
�PL ! C0�

N‘2
¼ ð�1Þ2 igffiffiffi

2
p V‘2N�

�PR;

(B5)

where g is the SM SUð2ÞL coupling constant, PR;L � 1
2 �ð1� �5Þ, and, as defined in Ref. [36], the primed-vertex

convention indicates

�0 � C�TC�1 ¼ �; (B6)

where C is the charge conjugation operator and for which

 ¼
8<
: 1; � 2 f1; i�5; ���5g
�1; � 2 f��;���g: (B7)

As a result, we find that the matrix element describing
the ui �dj ! ‘þ1 ‘þ2 W�

� scattering process, for an outgoing

SM W� boson with polarization �, and in the Feynman
Gauge, is

iM�¼"���ðpWÞ

� ½ �vBjA
�
jiuAi� � ½ �u2C0�

N‘2
ð6pNþmNÞB�‘1Nv1�

ðŝ�M2
W0 þ i�W0MW0 Þðp2

N�m2
Nþ i�NmNÞ

; (B8)

where the vertex terms are given by

A
�
ji ¼

1ffiffiffi
2

p VCKM0
ji ��½gqRPR þ gqLPL�; (B9)

B�
‘1N

¼ 1ffiffiffi
2

p ��½g‘RPRY‘1N þ g‘LPLV
�
‘1N

�: (B10)

To be explicit: "���ðpWÞ denotes the outgoing polarization

vector of the on-shell W boson with momentum pW , mass
MW , and polarization �; �vBj represents the the spinor �v of

an initial-state antiquark of flavor j and momentum pB;
similarly, uAi represents the spinor u of an initial-state
quark of flavor i and momentum pA; �u2 denotes the spinor
of our final-state antilepton with flavor ‘2 and momentum
p2; and likewise, v1 denotes the spinor of our final-state
antilepton with flavor ‘1 and momentum p1. TheW

0 mass,
width, and momentum squared are, respectively, given by
MW0 , �W0 , and the Mandelstam variable

ŝ ¼ ðpA þ pBÞ2 ¼ ðp1 þ p2 þ pWÞ2: (B11)

The heavy neutrino’s mass, width, and momentum are
similarly given by mN, �N , and

pN ¼ pA þ pB � p1 ¼ pW þ p2: (B12)

After squaring and summing over external spins, dia-
grams, and colors (NC), but not external boson polariza-
tions (�), the polarization-dependant squared amplitude is
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X jM�j2 ¼
4N2

Cg
2jVCKM0

ji j2jV‘2Nj2Tr½6pA�
� 6pB�

�ðgqR2PR þ gqL
2PLÞ�

23ð1þ �‘1‘2Þ½ðŝ�M2
W0 Þ2 þ ð�W 0MW 0 Þ2�½ðp2

N �m2
NÞ2 þ ð�NmNÞ2�

� Tr½6p1��ð6pN þmNÞ6�� 6p2 6���PRð6pN þmNÞ��ðg‘R2PRjY‘1Nj2 þ g‘L
2PLjV‘1Nj2Þ�;

(B13)

¼ 23N2
Cg

2jVCKM0
ji j2jV‘2Nj2

ð1þ �‘1‘2Þ½ðŝ�M2
W0 Þ2 þ ð�W0MW0 Þ2�½ðp2

N �m2
NÞ2 þ ð�NmNÞ2�

� ½jY‘1Nj2ðgqRg‘RÞ2A� þ jY‘1Nj2ðgqLg‘RÞ2B� þ jV‘1Nj2ðgqLg‘LÞ2C� þ jV‘1Nj2ðgqRg‘LÞ2D��; (B14)

where

A� ¼ 2ðpA � p1ÞðpB � pNÞ½ðpN � p2Þ þ 2ðpN � "�Þð"� � p2Þ� �m2
NðpA � p1Þ½ðpB � p2Þ þ 2ðpB � "�Þð"� � p2Þ�; (B15)

B � ¼ 2ðpB � p1ÞðpA � pNÞ½ðpN � p2Þ þ 2ðpN � "�Þð"� � p2Þ� �m2
NðpB � p1Þ½ðpA � p2Þ þ 2ðpA � "�Þð"� � p2Þ�; (B16)

C� ¼ m2
NðpA � p1Þ½ðpB � p2Þ þ 2ðpB � "�Þð"� � p2Þ�; (B17)

D� ¼ m2
NðpB � p1Þ½ðpA � p2Þ þ 2ðpA � "�Þð"� � p2Þ�; (B18)

and "� is taken to be real.
The Majorana neutrino’s width, �N, is expected to be very small. Therefore, to simplify analytic integration, we again

apply the narrow width approximation such that
1

ðp2
N �m2

NÞ2 þ ð�NmNÞ2 � 


�NmN

�ðp2
N �m2

NÞ: (B19)

We are motivated to make this additional approximation to highlight and emphasize the analyzing power of the angular
distributions. Our reported numerical results do not reflect this extra stipulation [see Eq. (B47)]. Consequentially, the
squared and summed amplitude becomes

X jM�j2 �
23
NCg

2jVCKM0
ji j2jV‘2Nj2�ðp2

N �m2
NÞ

ð1þ �‘1‘2Þð�NmNÞ½ðŝ�M2
W0 Þ2 þ ð�W0MW0 Þ2�

� ½jY‘1Nj2ðgqRg‘RÞ2A� þ jY‘1Nj2ðgqLg‘RÞ2B� þ jV‘1Nj2ðgqLg‘LÞ2C� þ jV‘1Nj2ðgqRg‘LÞ2D��:
(B20)

2. Phase space volume element

We calculate the partonic-level cross section using the
usual formula,

d�̂ ¼ 1

2ŝ

1

4N2
C

X jMj2 � dPSn: (B21)

Here, the factor of 4N2
C comes from averaging over initial-

state colors and spins. The factor dPSn represents the
n-body phase space volume element,

dPSnðP;p1 . . .pnÞ

¼ Yn
k¼1

d3pk

ð2
Þ32Ek

ð2
Þ4�4ðP� p1 � � � � � pnÞ; (B22)

which can be decomposed using the recursion formula

dPSnðP;p1; . . . ; pnÞ
¼ dPSn�1ðP;p1; . . . ; pn�1;nÞ

� dPS2ðpn�1;n;pn�1; pnÞ �
dp2

n�1;n

2

; (B23)

where P ¼ P
n
m¼1 pm and pi;j ¼ pi þ pj. In the present

case, dPS3 is expressible as

dPS3ðpA þpB;p1; p2; pWÞ

¼ dPS2ðpA þpB;p1; pNÞ � dPS2ðpN;p2; pWÞ � dp2
N

2

:

(B24)

Since each dPSk is individually Lorentz invariant, the
two phase space elements in Eq. (B24) can be evaluated in
different reference frames. When dPS2ðp1; pNÞ is eval-
uated in the partonic c.m. frame and dPS2ðp2; pWÞ in the
neutrino rest frame, the full volume element is found to be
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dPS3ðpA þ pB;p1; p2; pWÞ

¼ d�N

ð1� ~�2
NÞ

2ð4
Þ2 � d�‘2

ð1� �2
WÞ

2ð4
Þ2 � dp2
N

2

; (B25)

with

�2
N ¼ m2

N

ŝ
; ~�2

N ¼ p2
N

ŝ
; �2

W ¼ MW

p2
N

; (B26)

and, in the on-shell limit,

�N; ~�N ! xN ¼ mN

MW0
; �W ! yW ¼ MW

mN

: (B27)

The solid angle element d�N is defined as the angle made
by N with respect to the direction of propagation of the
initial-state quark in the c.m. frame; d�‘2 is defined as the

angle made by ‘þ2 with respect to the heavy neutrino spin
axis in the neutrino’s rest frame.

3. Partonic-level angular distributions

The angular distribution of the charged lepton from the

neutrino decay is most efficiently determined by evaluatingP jMj2 in the neutrino rest frame. Like individual dPSk
volume elements, jMj2 is separately Lorentz invariant and
thus can be evaluated in its own reference frame.

In order to evaluate Eq. (B20) in the neutrino rest frame,

we must first rotate and boost the four-momenta of the

initial-state quarks from the c.m. frame. Without the loss of

generality, we assume that the initial-state (anti)quark is

originally traveling in the positive (negative) ẑ axis and that
the ‘þ1 N pair propagate in the ŷ-ẑ plane. This allows us to
rotate the entire 2 ! 2 system such that the neutrino’s

momentum is aligned with the ẑ axis, and then boost into

the neutrino rest frame. Since we are applying the NWA

and immediately integrating over dp2
N, we will takeN to be

on-shell. After boosting, our four-momenta are

pA ¼ ŝ

4mN

ðð1� cos�NÞ þ�2
Nð1þ cos�NÞ; 0;�2�N sin�N;�

2
Nð1þ cos�NÞ � ð1� cos�NÞÞ;

pB ¼ ŝ

4mN

ðð1þ cos�NÞ þ�2
Nð1� cos�NÞ; 0; 2�N sin�N;�

2
Nð1� cos�NÞ � ð1þ cos�NÞÞ;

pN ¼ ðmN; 0; 0; 0Þ; and p1 ¼ ŝ

2mN

ð1��2
NÞð1; 0; 0;�1Þ;

(B28)

where �N represents the polar angle between ~pN and ~pA in the c.m. frame. In the neutrino rest frame, the N ! ‘þ2 W
�

decay products’ momenta are

p2 ¼ j ~p2jð1; sin�‘2 cos�‘2 ; sin�‘2 sin�‘2 ; cos�‘2Þ; j ~p2j ¼ j ~pW j ¼ mN

2
ð1� y2WÞ;

pW ¼ j ~p2j
�
EW

j ~p2j ;� sin�‘2 cos�‘2 ;� sin�‘2 sin�‘2 ;� cos�‘2

�
; EW ¼ mN

2
ð1þ y2WÞ;

(B29)

where �‘2 and �‘2 are defined with respect to the neutrino spin axis in the c.m. frame. Explicitly, ẑ ¼ p̂N , where p̂N ¼
~pN=j ~pNj is measured in the c.m. frame, and �‘2 with respect to to the þŷ axis. This is consistent with Eq. (B25). The
polarization vectors for the SM W boson are subsequently

"�0 ðpWÞ ¼ EW

mW

�j ~p2j
EW

;� sin�‘2 cos�‘2 ;� sin�‘2 sin�‘2 ;� cos�‘2

�
;

"
�
T1ðpWÞ ¼ ð0;� cos�‘2 cos�‘2 ;� cos�‘2 sin�‘2 ; sin�‘2Þ; "

�
T2ðpWÞ ¼ ð0; sin�‘2 ;� cos�‘2 ; 0Þ:

(B30)

Here the labels 0, T1, and T2 denote the longitudinal and transverse polarizations of the outgoing vector boson. After
combining Eqs. (B20), (B21), and (B25), and integrating over dp2

N , as well as d�N , for the L-violating process ui �dj !
‘þ1 N ! ‘þ1 ‘þ2 W� with a longitudinally polarized W� boson the angular distribution is

d�̂0

d�‘2

¼ �̂ðW0Þ
24


�
�
4

�
1þ

�
2��2

N

2þ�2
N

��
g‘R

2jY‘1Nj2 � g‘L
2jV‘1Nj2

g‘R
2jY‘1Nj2 þ g‘L

2jV‘1Nj2
�
cos�‘2

�
� 3
�N

ð2þ�2
NÞ
�
gqR

2 � gqL
2

gqR
2 þ gqL

2

�
sin�‘2 cos�‘2

�
: (B31)

Accordingly, for transversely polarized W bosons the angular distributions are

d�̂T1

d�‘2

¼ d�̂T2

d�‘2

¼ �̂ðWTÞ
25


�
�
4

�
1�

�
2��2

N

2þ�2
N

��
g‘R

2jY‘1Nj2 � g‘L
2jV‘1Nj2

g‘R
2jY‘1Nj2 þ g‘L

2jV‘1Nj2
�
cos�‘2

�
þ 3
�N

ð2þ�2
NÞ
�
gqR

2 � gqL
2

gqR
2 þ gqL

2

�
sin�‘2 cos�‘2

�
: (B32)
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In the preceding lines, we have used the following quantities:

�̂ðW0Þ � �̂ðu �d ! ‘þ1 N ! ‘þ1 ‘þ2 W�
0 Þ

¼ g2jVCKM0
ji j2jV‘2Nj2

3NC2
10
2ð1þ �‘1‘2Þ

ðgqR2 þ gqL
2Þðg‘R2jY‘1Nj2 þ g‘L

2jV‘1Nj2Þ
mN

�N

ŝ

½ðŝ�M2
W0 Þ2 þ ð�W0MW0 Þ2�

� ð1��2
NÞ2ð1� y2WÞ2ð2þ�2

NÞ
�

1

2y2W

�
;

(B33)

�̂ðWTÞ � �̂ðu �d ! ‘þ1 N ! ‘þ1 ‘þ2 W�
T Þ ¼ �̂ðW0Þ � 2y2W: (B34)

Integrating over the azimuthal angle, the polar distributions are calculated to be

d�̂0

d cos�‘2
¼ �̂ðW0Þ

2

2
41þ

0
@2��2

N

2þ�2
N

1
A
0
@g‘R2jY‘1Nj2 � g‘L

2jV‘1Nj2
g‘R

2jY‘1Nj2 þ g‘L
2jV‘1Nj2

1
A cos�‘2

3
5; (B35)

and

d�̂T

d cos�‘2
� dð�̂T1 þ �̂T1Þ

d cos�‘2
¼ �̂ðWTÞ

2

2
41�

0
@2��2

N

2þ�2
N

1
A
0
@g‘R2jY‘1Nj2 � g‘L

2jV‘1Nj2
g‘R

2jY‘1Nj2 þ g‘L
2jV‘1Nj2

1
A cos�‘2

3
5: (B36)

After combining the two, we find that the polarization-summed polar distribution for the full ui �dj ! ‘þ1 ‘
þ
2 q �q

0 process is

d�̂Tot

d cos�‘2
� dð�̂0 þ �̂TÞ

d cos�‘2
¼ �̂Tot

2

2
41þ �̂ðW0Þ � �̂ðWTÞ

�̂ðW0Þ þ �̂ðWTÞ

0
@2��2

N

2þ�2
N

1
A
0
@g‘R2jY‘1Nj2 � g‘L

2jV‘1Nj2
g‘R

2jY‘1Nj2 þ g‘L
2jV‘1Nj2

1
A cos�‘2

3
5; (B37)

where

�̂ðW0Þ � �̂ðWTÞ
�̂ðW0Þ þ �̂ðWTÞ ¼

�̂ðW0Þ � 2y2W�̂ðW0Þ
�̂ðW0Þ þ 2y2W�̂ðW0Þ

¼ 1� 2y2W
1þ 2y2W

; (B38)

and the total partonic-level cross section is

�̂ Tot � �̂ðui �dj ! ‘þ1 ‘
þ
2 q �q

0Þ; (B39)

¼ ð�̂ðW0Þ þ �̂ðWTÞÞ � BRðW ! q �q0Þ; (B40)

¼ �̂ðW0Þð1þ 2y2WÞ � BRðW ! q �q0Þ; (B41)

¼ g2jVCKM0
ji j2jV‘2Nj2

3NC2
10
2ð1þ �‘1‘2Þ

ðgqR2 þ gqL
2Þðg‘R2jY‘1Nj2 þ g‘L

2jV‘1Nj2Þ
�
mN

�N

�

� ŝð1� y2WÞ2ð1��2
NÞ2ð2þ�2

NÞ
½ðŝ�M2

W 0 Þ2 þ ð�W0MW0 Þ2�
�
1þ 2y2W
2y2W

�
� BRðW ! q �q0Þ: (B42)

Having instead chosen to integrate first over the polar angle before the azimuthal angle, the polarization-dependent
azimuthal distributions for the ui �dj ! ‘þ1 N ! ‘þ1 ‘þ2 W� process are

d�̂0

d�‘2

¼ �̂ðW0Þ
2


�
1� 3
2

16

�N

ð2þ�2
NÞ
�
gqR

2 � gqL
2

gqR
2 þ gqL

2

�
cos�‘2

�
; (B43)

and

d�̂T

d�‘2

� ðd�̂T1
þ �̂T2

Þ
d�‘2

¼ �̂ðWTÞ
2


�
1þ 3
2

16

�N

ð2þ�2
NÞ
�
gqR

2 � gqL
2

gqR
2 þ gqL

2

�
cos�‘2

�
: (B44)
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Similarly, after combining the azimuthal distributions, the total polarization-summed azimuthal distribution for the full
ui �dj ! ‘þ1 ‘

þ
2 q �q

0 process is

d�̂Tot

d�‘2

¼ �̂Tot

2


2
41� 3
2

16

�N

ð2þ�2
NÞ

0
@�̂ðW0Þ � �̂ðWTÞ
�̂ðW0Þ þ �̂ðWTÞ

1
A
0
@gqR2 � gqL

2

gqR
2 þ gqL

2

1
A cos�‘2

3
5: (B45)

Under the definition of the azimuthal angle, �, in Eq. (58), we have � ¼ ��‘2 , and consequentially recover Eq. (59):

d�̂Tot

d�
¼ �̂Tot

2


2
41� 3
2

16

�N

ð2þ�2
NÞ

0
@�̂ðW0Þ � �̂ðWTÞ
�̂ðW0Þ þ �̂ðWTÞ

1
A
0
@gqR2 � gqL

2

gqR
2 þ gqL

2

1
A cos�

3
5: (B46)

Lastly, were the NWA never applied to N, the differential cross section for the ui �dj ! ‘þ1 ‘þ2 W� process is

d�̂

dp2
N

¼ g2jVCKM0
ji j2jV‘2Nj2

3NC2
11
3M2

Wð1þ �‘1‘2Þ
ðgqR2 þ gqL

2Þðp2
Ng

‘
R
2jY‘1Nj2 þm2

NjV‘1Nj2g‘L2Þ

� ŝð1� ~�2
NÞ2ð2þ ~�2

NÞ
½ðŝ�M2

W 0 Þ2 þ ð�W0MW0 Þ2�
p2
Nð1� �2

WÞ2ð1þ 2�2
WÞ

½ðp2
N �m2

NÞ2 þ ð�NmNÞ2�
;

(B47)

where ~�2
N � p2

N=ŝ and �2
W � M2

W=p
2
N .

4. Partonic-level angular distributions: L-conserving case

For comparison, we consider the case where the heavy neutrino decays through the following L-conserving process:

ui �dj ! W 0 ! ‘þ1 N ! ‘þ1 ‘
�
2 W

þ: (B48)

Following the identical arguments specified in the preceding Appendix, the subsequent polarization-dependent angular
distributions are

d�̂0

d�‘2

¼ �̂ðW0Þ
24


�
8<
:4

2
41�

0
@2��2

N

2þ�2
N

1
A
0
@g‘R2jY‘1Nj2 � g‘L

2jV‘1Nj2
g‘R

2jY‘1Nj2 þ g‘L
2jV‘1Nj2

1
A cos�‘2

3
5þ 3
�N

ð2þ�2
NÞ

0
@gqR2 � gqL

2

gqR
2 þ gqL

2

1
A sin�‘2 cos�‘2

9=
;;

(B49)

and

d�̂T1

d�‘2

¼ d�̂T2

d�‘2

¼ �̂ðWTÞ
24


�
8<
:4

2
41þ

0
@2��2

N

2þ�2
N

1
A
0
@g‘R2jY‘1Nj2 � g‘L

2jV‘1Nj2
g‘R

2jY‘1Nj2 þ g‘L
2jV‘1Nj2

1
A cos�‘2

3
5� 3
�N

ð2þ�2
NÞ

0
@gqR2 � gqL

2

gqR
2 þ gqL

2

1
A sin�‘2 cos�‘2

9=
;:

(B50)

The polarization-summed distributions for the polar and azimuthal cases are therefore

d�̂Tot

d cos�‘2
¼ �̂Tot

2

2
41�

0
@�̂ðW0Þ � �̂ðWTÞ
�̂ðW0Þ þ �̂ðWTÞ

1
A
0
@2��2

N

2þ�2
N

1
A
0
@g‘R2jY‘1Nj2 � g‘L

2jV‘1Nj2
g‘R

2jY‘1Nj2 þ g‘L
2jV‘1Nj2

1
A cos�‘2

3
5; (B51)

and

d�̂Tot

d�
¼ �̂Tot

2


2
41þ 3
2

16

�N

ð2þ�2
NÞ

0
@�̂ðW0Þ � �̂ðWTÞ
�̂ðW0Þ þ �̂ðWTÞ

1
A
0
@gqR2 � gqL

2

gqR
2 þ gqL

2

1
A cos�

3
5; (B52)

respectively, where �Tot is still given by Eq. (B42). A comparison to Eqs. (B37) and (B46) demonstrates that the slopes of
the angular distributions differ in sign for the L-violating and L-conserving cases. Consequentially, adding the
L-conserving and L-violating distributions together results in the quantitative feature
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�̂Tot ¼ d�̂L
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Tot

d cos�‘2
¼ 
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4d�̂L

Tot
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Tot

d�

3
5; (B53)

where L ( 6L) denotes the lepton number-conserving (violating) angular distributions.
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