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Figure 2: Transverse mass distributions for all estimated standard model backgrounds and for

CMS data. Here, other backgrounds also includes W→τν, in addition to the combined ”other”

backgrounds in Table 1. The hashed lines represent the expected MT distributions for a W
�

signal with three different W
�

masses.
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Figure 2: Transverse mass distributions for all estimated standard model backgrounds and for

CMS data. Here, other backgrounds also includes W→τν, in addition to the combined ”other”

backgrounds in Table 1. The hashed lines represent the expected MT distributions for a W
�

signal with three different W
�

masses.
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Figure 1: The MT distribution after all the selection steps, in the data and in the simulation. A
W� signal with two different hypothetical masses is shown.

calculated as:
MT =

�
2 · pT · Emiss

T · (1 − cos ∆φµ,ν)

where ∆φµ,ν is the opening azimuthal angle between the muon and the direction of Emiss
T mea-

sured in radians.

The two-body decay kinematics is exploited to further select events with signal-like topology
where the muon and Emiss

T are expected to be nearly back-to-back in the transverse plane and
also balanced in transverse energy. A selection on the ratio of the muon pT and Emiss

T is then
applied, 0.4 < pT/Emiss

T < 1.5. Further, the angular difference is required to be ∆φµ,ν > 2.5.
After this selection, the W� signal efficiency for the explored W� mass range is found to be
between 79% and 82.5% within the muon acceptance of |η| < 2.1.

Estimated SM backgrounds, based on MC simulations, are shown in Fig. 1 separately for W
bosons and for smaller contributions due to QCD, tt̄, Drell-Yan, and diboson production. The
dominant background up to high transverse masses is the W → µν contribution, which is
difficult to suppress as it also decays to a muon and a neutrino. The data are also shown in
Fig. 1, in agreement with the SM expectation.

The background in the signal region is estimated using the lower 180 < MT < 350 GeV side
band region of the high MT part of the spectrum. A relativistic Breit-Wigner function is used
as an ad-hoc empirical shape to fit the MT distribution in the side band, both in the simulation
and the data. The parameters of the fitting function are then used to calculate the number of
expected background events in the different bins of MT outside the side band. The choice of
the side band lower and upper limits is made in order to minimize the contribution from a
hypothetical W� signal and find a region that gives reliable extrapolations of the background
in the signal region, based on simulation studies. According to the simulation, 71±8 events
are expected in the side band region for the combination of all SM backgrounds, for an inte-
grated luminosity of 36 pb−1. The signal contamination would be 1.63±0.07 or 0.17±0.01 W�

events for a mass of 1.0 and 1.4 TeV, respectively. In the data, this region contains 52 events,

arXiv:1103.0030
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muon channel exhibits slightly higher sensitivity (due to the larger efficiency of about 79-82%,

compared to 64-67% in the electron channel). In either channels, no events are seen at high

transverse masses. Identical NNLO signal cross sections with the same k-factors and the same

PDF uncertainties are used for both channels under the assumption of lepton universality. The

search windows are optimized individually for each channel based on the best expected limit.

The search windows for both channels can be found in Table 2. For each channel the likelihood

function is determined and the two likelihood functions are combined.
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Figure 3: Individual limits as observed for the electron (black line) and the muon channel (red

line). Their combination is shown as a solid blue line for the observed limit (expected as dashed

blue line), using a Bayesian technique with only the luminosity uncertainty correlated.

The limits for the two individual channels as well as the limit obtained by combining them are

shown in Fig. 3. The systematic uncertainties for resolution, trigger and lepton identification

efficiencies are assumed to be fully uncorrelated between both channels. The uncertainty on

the luminosity is taken as fully correlated, as well as the k-factors and PDF uncertainties on the

theoretical cross section. When all background uncertainties are assumed to be fully correlated

between the two channels, the combined limit remains unchanged. From this combination, a

W� with SM-like couplings and with mass below 1.58 TeV is excluded at the 95% confidence

arXiv:1103.0030



This channel is very simple.

A model independent analysis can be done.
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FIG. 8: The parton-level Feynman diagrams responsible for pp → �ν̄X, where k = p1 + p2 = p3 + p4. Plot (W ) shows the
W boson contribution in the SM, plot (S) shows a new scalar resonance contribution, plot (V ) shows a new vector resonance
contribution, and plot (T ) shows a new tensor resonance contribution.

g� ∝ 1 g� ∝ γ5 + 1 g� ∝ γ5 g� ∝ γ5 − 1 g� ∝ −1
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gu ∝ γ5 − 1
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FIG. 9: Transverse mass distribution for the process dū → e−ν̄e. The energy is set at
√

s = 7 TeV, and the CTEQ6L pdf
sets are used. The solid (black) curve is for the SM, the dot-dashed (green) curve includes the scalar field, the dotted (red)
curve includes the vector field, and the dashed (blue) curve includes the tensor field. The scalar and tensor curves are right on
top of each other. The mass of the new particle is taken to be 1 TeV while the width is taken to be 20 GeV. The horizontal
axis runs from 950 GeV to 1050 GeV. The vertical axis is the differential cross section in arbitrary unit. For this illustration,
the couplings are taken to be real and nonzero only for the up quark and electron. The row and column headers refer to the
amount of parity violation in each coupling. (The scalar fields have an i accompanying γ5.)

and background events as in

LL = 2
�
N ln

�
N

ν

�
+ ν −N

�
(26)

where N was the number expected in the SM and ν was
the number expected with the SM plus the new boson.
We then took our estimate of the significance as the
square root of this log likelihood and plotted the 95%
confidence level for each spin in Figure 11.

By comparing the expected number of events from new
physics interactions and the CMS data [8], one can im-
pose constraints on the resonance mass and its couplings
to fermions. We show the 95% C. L. bound for the three
cases in Figure 11.

SM
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FIG. 8: The parton-level Feynman diagrams responsible for pp → �ν̄X, where k = p1 + p2 = p3 + p4. Plot (W ) shows the
W boson contribution in the SM, plot (S) shows a new scalar resonance contribution, plot (V ) shows a new vector resonance
contribution, and plot (T ) shows a new tensor resonance contribution.
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FIG. 9: Transverse mass distribution for the process dū → e−ν̄e. The energy is set at
√

s = 7 TeV, and the CTEQ6L pdf
sets are used. The solid (black) curve is for the SM, the dot-dashed (green) curve includes the scalar field, the dotted (red)
curve includes the vector field, and the dashed (blue) curve includes the tensor field. The scalar and tensor curves are right on
top of each other. The mass of the new particle is taken to be 1 TeV while the width is taken to be 20 GeV. The horizontal
axis runs from 950 GeV to 1050 GeV. The vertical axis is the differential cross section in arbitrary unit. For this illustration,
the couplings are taken to be real and nonzero only for the up quark and electron. The row and column headers refer to the
amount of parity violation in each coupling. (The scalar fields have an i accompanying γ5.)

and background events as in

LL = 2
�
N ln

�
N

ν

�
+ ν −N

�
(26)

where N was the number expected in the SM and ν was
the number expected with the SM plus the new boson.
We then took our estimate of the significance as the
square root of this log likelihood and plotted the 95%
confidence level for each spin in Figure 11.

By comparing the expected number of events from new
physics interactions and the CMS data [8], one can im-
pose constraints on the resonance mass and its couplings
to fermions. We show the 95% C. L. bound for the three
cases in Figure 11.

Scalar
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√
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sets are used. The solid (black) curve is for the SM, the dot-dashed (green) curve includes the scalar field, the dotted (red)
curve includes the vector field, and the dashed (blue) curve includes the tensor field. The scalar and tensor curves are right on
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amount of parity violation in each coupling. (The scalar fields have an i accompanying γ5.)

and background events as in

LL = 2
�
N ln

�
N

ν

�
+ ν −N

�
(26)

where N was the number expected in the SM and ν was
the number expected with the SM plus the new boson.
We then took our estimate of the significance as the
square root of this log likelihood and plotted the 95%
confidence level for each spin in Figure 11.

By comparing the expected number of events from new
physics interactions and the CMS data [8], one can im-
pose constraints on the resonance mass and its couplings
to fermions. We show the 95% C. L. bound for the three
cases in Figure 11.

Scalar
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II. GENERAL INTERACTIONS OF

BOSON-FERMION

In this article, we will concentrate exclusively on

neutral-current and charged-current s-channel reso-

nances contributing to the Drell-Yan processes at the

LHC

pp→ �+�−X and �±νX . (1)

We consider the most general couplings for leading-order

operators allowed by certain symmetry for such a new

particle. This particle must be a color singlet and have

integer spin. We concentrate on the possibilities of a

scalar (S), vector (V ) and traceless symmetric second-

rank tensor (T ), although other spins are possible in prin-

ciple. There are two cases for the electrical charge of the

boson. In the case of neutral-current processes, this bo-

son (generically denoted by R0) must be neutral whereas

for the charged-current processes, this boson (generically

denoted by Rc) must have charge ±1. In Table I, we sum-

marize the properties of these new bosons along with the

processes to which they contribute.

Name SU(3)C |Qe| J Partonic processes

R0 1 0 0, 1, 2 uū, dd̄, gg → �+�−

Rc 1 1 0, 1, 2 ud→ �+ν, du→ �−ν

TABLE I: Summary of particles potentially contributing in
the s-channel of Drell-Yan processes and their quantum num-
bers. They must be color singlets, have integer spin and an
electrical charge of 0 for R0 or ±1 for Rc. The processes they
contribute to are also listed, where u, d, � and ν generally
refer to up-type quarks, down-type quarks, charged leptons
and neutrinos, respectively.

We now write down the most general Lagrangian be-

tween these new bosons and the SM fermions allowed by

Lorentz and electromagnetic gauge invariance. In each

case, we only include the leading effective terms which are

either dimension-4 or dimension-5 operators. Further-

more, we drop all terms which vanish when the masses

of the initial-state and final-state particles are taken to

zero. We begin with the neutral scalar boson V which

can have the following Lagrangian

Lscalar
V = f i

�
gf

Sij + igf
Pijγ5

�
fjV −

1

4

gg
S

Λ
F a

µνF aµνV (2)

where f can be u for an up-type quark, d for a down-

type quark or � for a charged lepton. The indices i and j
run over generations, and the generation matrices gf

Sij =

(gf
S)ij and gf

Pij = (gf
P )ij are required to be Hermitian

by the Hermiticity of the Lagrangian. F a
µν denotes the

gluonic field strength tensor, and Λ is the cutoff scale of

the effective interactions. Using the same notation, the

most general Lagrangian for the neutral vector boson is

Lvector
V = f iγ

µ
�
gf

V ij + gf
Aijγ5

�
fjVµ (3)

where gf
V ij = (gf

V )ij and gf
Aij = (gf

A)ij are required to be

Hermitian matrices. (give SM normalization here).
We have dropped interactions of the neutral vector boson

V with gluons since they do not contribute to this Drell-

Yan process. Finally, the neutral tensor Lagrangian is

given by

Ltensor
V =

i

Λ
Vµν

�
f i

�
gf

T ij − gf
ATijγ5

�
(γµ∂νfj + γν∂µfj)

−
�
∂µf iγ

ν
+ ∂νf iγ

µ
� �

gf†
Tij + gf†

ATijγ5

�
fj

�

−1

4

gg
T

Λ
F a

µαF aµ
β V �αβ

(4)

where the couplings gf
T ij = (gf

T )ij and gf
ATij = (gf

AT )ij

are general 3 × 3 complex matrices. Note that a

dimension-4 operator between SM fermions and neutral

tensor particle is not allowed since it would be propor-

tional to the trace of the tensor which we have assumed to

be traceless. We have worked out the resulting Feynman

rules and included them in Appendix A.

For the charged scalar boson V �
, we have

Lscalar
V � = ui

�
hq

Sij + ihq
Pijγ5

�
djV

�
+ h.c.

+νi

�
h�

Sij + ih�
Pijγ5

�
�jV

�
+ h.c. (5)

where hf
Sij = (hf

S)ij and hf
Pij = (hf

P )ij are allowed to be

general complex matrices. The charged vector boson has

the Lagrangian

Lvector
V � = uiγ

µ
�
hq

V ij + hq
Aijγ5

�
djV

�
µ + h.c.

+νiγ
µ

�
h�

V ij + h�
Aijγ5

�
�jV

�
µ + h.c. (6)

where hf
V ij = (hf

V )ij and hf
Aij = (hf

A)ij are allowed to

be general complex matrices. Finally, the charged tensor

has the interaction Lagrangian as follows

Ltensor
V � =

i

Λ

�
ui

�
hq

T ij − hq
ATijγ5

�
(γµ∂νdj + γν∂µdj)V �

µν

−(∂µuiγ
ν

+ ∂νuiγ
µ
)

�
h̃q

T ij + h̃q
ATijγ5

�
djV

�
µν

�

+
i

Λ

�
νi

�
h�

Tij − h�
ATijγ5

�
(γµ∂ν�j + γν∂µ�j) V �

µν

−(∂µνiγ
ν

+ ∂ννiγ
µ
)

�
h̃�

Tij + h̃�
ATijγ5

�
�jV

�
µν

�

+h.c. (7)

where (hf
T )ij , (hf

AT )ij , (h̃f
T )ij and (h̃f

AT )ij are general

complex matrices. The corresponding Feynman rules

have been worked out and can be found in Appendix A.

III. NEUTRAL BOSON RESONANCES

Diagrams for the Drell-Yan process pp → �+�−X me-

diated by a neutral boson at tree level are shown in Fig-
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FIG. 8: The parton-level Feynman diagrams responsible for pp → �ν̄X, where k = p1 + p2 = p3 + p4. Plot (W ) shows the
W boson contribution in the SM, plot (S) shows a new scalar resonance contribution, plot (V ) shows a new vector resonance
contribution, and plot (T ) shows a new tensor resonance contribution.
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FIG. 9: Transverse mass distribution for the process dū → e−ν̄e. The energy is set at
√

s = 7 TeV, and the CTEQ6L pdf
sets are used. The solid (black) curve is for the SM, the dot-dashed (green) curve includes the scalar field, the dotted (red)
curve includes the vector field, and the dashed (blue) curve includes the tensor field. The scalar and tensor curves are right on
top of each other. The mass of the new particle is taken to be 1 TeV while the width is taken to be 20 GeV. The horizontal
axis runs from 950 GeV to 1050 GeV. The vertical axis is the differential cross section in arbitrary unit. For this illustration,
the couplings are taken to be real and nonzero only for the up quark and electron. The row and column headers refer to the
amount of parity violation in each coupling. (The scalar fields have an i accompanying γ5.)

and background events as in

LL = 2
�
N ln

�
N

ν

�
+ ν −N

�
(26)

where N was the number expected in the SM and ν was
the number expected with the SM plus the new boson.
We then took our estimate of the significance as the
square root of this log likelihood and plotted the 95%
confidence level for each spin in Figure 11.

By comparing the expected number of events from new
physics interactions and the CMS data [8], one can im-
pose constraints on the resonance mass and its couplings
to fermions. We show the 95% C. L. bound for the three
cases in Figure 11.

Vector
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FIG. 9: Transverse mass distribution for the process dū → e−ν̄e. The energy is set at
√

s = 7 TeV, and the CTEQ6L pdf
sets are used. The solid (black) curve is for the SM, the dot-dashed (green) curve includes the scalar field, the dotted (red)
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and background events as in

LL = 2
�
N ln

�
N

ν

�
+ ν −N

�
(26)

where N was the number expected in the SM and ν was
the number expected with the SM plus the new boson.
We then took our estimate of the significance as the
square root of this log likelihood and plotted the 95%
confidence level for each spin in Figure 11.

By comparing the expected number of events from new
physics interactions and the CMS data [8], one can im-
pose constraints on the resonance mass and its couplings
to fermions. We show the 95% C. L. bound for the three
cases in Figure 11.
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II. GENERAL INTERACTIONS OF

BOSON-FERMION

In this article, we will concentrate exclusively on

neutral-current and charged-current s-channel reso-

nances contributing to the Drell-Yan processes at the

LHC

pp→ �+�−X and �±νX . (1)

We consider the most general couplings for leading-order

operators allowed by certain symmetry for such a new

particle. This particle must be a color singlet and have

integer spin. We concentrate on the possibilities of a

scalar (S), vector (V ) and traceless symmetric second-

rank tensor (T ), although other spins are possible in prin-

ciple. There are two cases for the electrical charge of the

boson. In the case of neutral-current processes, this bo-

son (generically denoted by R0) must be neutral whereas

for the charged-current processes, this boson (generically

denoted by Rc) must have charge ±1. In Table I, we sum-

marize the properties of these new bosons along with the

processes to which they contribute.

Name SU(3)C |Qe| J Partonic processes

R0 1 0 0, 1, 2 uū, dd̄, gg → �+�−

Rc 1 1 0, 1, 2 ud→ �+ν, du→ �−ν

TABLE I: Summary of particles potentially contributing in
the s-channel of Drell-Yan processes and their quantum num-
bers. They must be color singlets, have integer spin and an
electrical charge of 0 for R0 or ±1 for Rc. The processes they
contribute to are also listed, where u, d, � and ν generally
refer to up-type quarks, down-type quarks, charged leptons
and neutrinos, respectively.

We now write down the most general Lagrangian be-

tween these new bosons and the SM fermions allowed by

Lorentz and electromagnetic gauge invariance. In each

case, we only include the leading effective terms which are

either dimension-4 or dimension-5 operators. Further-

more, we drop all terms which vanish when the masses

of the initial-state and final-state particles are taken to

zero. We begin with the neutral scalar boson V which

can have the following Lagrangian

Lscalar
V = f i

�
gf

Sij + igf
Pijγ5

�
fjV −

1

4

gg
S

Λ
F a

µνF aµνV (2)

where f can be u for an up-type quark, d for a down-

type quark or � for a charged lepton. The indices i and j
run over generations, and the generation matrices gf

Sij =

(gf
S)ij and gf

Pij = (gf
P )ij are required to be Hermitian

by the Hermiticity of the Lagrangian. F a
µν denotes the

gluonic field strength tensor, and Λ is the cutoff scale of

the effective interactions. Using the same notation, the

most general Lagrangian for the neutral vector boson is

Lvector
V = f iγ

µ
�
gf

V ij + gf
Aijγ5

�
fjVµ (3)

where gf
V ij = (gf

V )ij and gf
Aij = (gf

A)ij are required to be

Hermitian matrices. (give SM normalization here).
We have dropped interactions of the neutral vector boson

V with gluons since they do not contribute to this Drell-

Yan process. Finally, the neutral tensor Lagrangian is

given by

Ltensor
V =

i

Λ
Vµν

�
f i

�
gf

T ij − gf
ATijγ5

�
(γµ∂νfj + γν∂µfj)

−
�
∂µf iγ

ν
+ ∂νf iγ

µ
� �

gf†
Tij + gf†

ATijγ5

�
fj

�

−1

4

gg
T

Λ
F a

µαF aµ
β V �αβ

(4)

where the couplings gf
T ij = (gf

T )ij and gf
ATij = (gf

AT )ij

are general 3 × 3 complex matrices. Note that a

dimension-4 operator between SM fermions and neutral

tensor particle is not allowed since it would be propor-

tional to the trace of the tensor which we have assumed to

be traceless. We have worked out the resulting Feynman

rules and included them in Appendix A.

For the charged scalar boson V �
, we have

Lscalar
V � = ui

�
hq

Sij + ihq
Pijγ5

�
djV

�
+ h.c.

+νi

�
h�

Sij + ih�
Pijγ5

�
�jV

�
+ h.c. (5)

where hf
Sij = (hf

S)ij and hf
Pij = (hf

P )ij are allowed to be

general complex matrices. The charged vector boson has

the Lagrangian

Lvector
V � = uiγ

µ
�
hq

V ij + hq
Aijγ5

�
djV

�
µ + h.c.

+νiγ
µ

�
h�

V ij + h�
Aijγ5

�
�jV

�
µ + h.c. (6)

where hf
V ij = (hf

V )ij and hf
Aij = (hf

A)ij are allowed to

be general complex matrices. Finally, the charged tensor

has the interaction Lagrangian as follows

Ltensor
V � =

i

Λ

�
ui

�
hq

T ij − hq
ATijγ5

�
(γµ∂νdj + γν∂µdj)V �

µν

−(∂µuiγ
ν

+ ∂νuiγ
µ
)

�
h̃q

T ij + h̃q
ATijγ5

�
djV

�
µν

�

+
i

Λ

�
νi

�
h�

Tij − h�
ATijγ5

�
(γµ∂ν�j + γν∂µ�j) V �

µν

−(∂µνiγ
ν

+ ∂ννiγ
µ
)

�
h̃�

Tij + h̃�
ATijγ5

�
�jV

�
µν

�

+h.c. (7)

where (hf
T )ij , (hf

AT )ij , (h̃f
T )ij and (h̃f

AT )ij are general

complex matrices. The corresponding Feynman rules

have been worked out and can be found in Appendix A.

III. NEUTRAL BOSON RESONANCES

Diagrams for the Drell-Yan process pp → �+�−X me-

diated by a neutral boson at tree level are shown in Fig-
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FIG. 8: The parton-level Feynman diagrams responsible for pp → �ν̄X, where k = p1 + p2 = p3 + p4. Plot (W ) shows the
W boson contribution in the SM, plot (S) shows a new scalar resonance contribution, plot (V ) shows a new vector resonance
contribution, and plot (T ) shows a new tensor resonance contribution.
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FIG. 9: Transverse mass distribution for the process dū → e−ν̄e. The energy is set at
√

s = 7 TeV, and the CTEQ6L pdf
sets are used. The solid (black) curve is for the SM, the dot-dashed (green) curve includes the scalar field, the dotted (red)
curve includes the vector field, and the dashed (blue) curve includes the tensor field. The scalar and tensor curves are right on
top of each other. The mass of the new particle is taken to be 1 TeV while the width is taken to be 20 GeV. The horizontal
axis runs from 950 GeV to 1050 GeV. The vertical axis is the differential cross section in arbitrary unit. For this illustration,
the couplings are taken to be real and nonzero only for the up quark and electron. The row and column headers refer to the
amount of parity violation in each coupling. (The scalar fields have an i accompanying γ5.)

and background events as in

LL = 2
�
N ln

�
N

ν

�
+ ν −N

�
(26)

where N was the number expected in the SM and ν was
the number expected with the SM plus the new boson.
We then took our estimate of the significance as the
square root of this log likelihood and plotted the 95%
confidence level for each spin in Figure 11.

By comparing the expected number of events from new
physics interactions and the CMS data [8], one can im-
pose constraints on the resonance mass and its couplings
to fermions. We show the 95% C. L. bound for the three
cases in Figure 11.

Tensor
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N ln
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N

ν

�
+ ν −N
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(26)

where N was the number expected in the SM and ν was
the number expected with the SM plus the new boson.
We then took our estimate of the significance as the
square root of this log likelihood and plotted the 95%
confidence level for each spin in Figure 11.

By comparing the expected number of events from new
physics interactions and the CMS data [8], one can im-
pose constraints on the resonance mass and its couplings
to fermions. We show the 95% C. L. bound for the three
cases in Figure 11.
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II. GENERAL INTERACTIONS OF

BOSON-FERMION

In this article, we will concentrate exclusively on

neutral-current and charged-current s-channel reso-

nances contributing to the Drell-Yan processes at the

LHC

pp→ �+�−X and �±νX . (1)

We consider the most general couplings for leading-order

operators allowed by certain symmetry for such a new

particle. This particle must be a color singlet and have

integer spin. We concentrate on the possibilities of a

scalar (S), vector (V ) and traceless symmetric second-

rank tensor (T ), although other spins are possible in prin-

ciple. There are two cases for the electrical charge of the

boson. In the case of neutral-current processes, this bo-

son (generically denoted by R0) must be neutral whereas

for the charged-current processes, this boson (generically

denoted by Rc) must have charge ±1. In Table I, we sum-

marize the properties of these new bosons along with the

processes to which they contribute.

Name SU(3)C |Qe| J Partonic processes

R0 1 0 0, 1, 2 uū, dd̄, gg → �+�−

Rc 1 1 0, 1, 2 ud→ �+ν, du→ �−ν

TABLE I: Summary of particles potentially contributing in
the s-channel of Drell-Yan processes and their quantum num-
bers. They must be color singlets, have integer spin and an
electrical charge of 0 for R0 or ±1 for Rc. The processes they
contribute to are also listed, where u, d, � and ν generally
refer to up-type quarks, down-type quarks, charged leptons
and neutrinos, respectively.

We now write down the most general Lagrangian be-

tween these new bosons and the SM fermions allowed by

Lorentz and electromagnetic gauge invariance. In each

case, we only include the leading effective terms which are

either dimension-4 or dimension-5 operators. Further-

more, we drop all terms which vanish when the masses

of the initial-state and final-state particles are taken to

zero. We begin with the neutral scalar boson V which

can have the following Lagrangian

Lscalar
V = f i

�
gf

Sij + igf
Pijγ5

�
fjV −

1

4

gg
S

Λ
F a

µνF aµνV (2)

where f can be u for an up-type quark, d for a down-

type quark or � for a charged lepton. The indices i and j
run over generations, and the generation matrices gf

Sij =

(gf
S)ij and gf

Pij = (gf
P )ij are required to be Hermitian

by the Hermiticity of the Lagrangian. F a
µν denotes the

gluonic field strength tensor, and Λ is the cutoff scale of

the effective interactions. Using the same notation, the

most general Lagrangian for the neutral vector boson is

Lvector
V = f iγ

µ
�
gf

V ij + gf
Aijγ5

�
fjVµ (3)

where gf
V ij = (gf

V )ij and gf
Aij = (gf

A)ij are required to be

Hermitian matrices. (give SM normalization here).
We have dropped interactions of the neutral vector boson

V with gluons since they do not contribute to this Drell-

Yan process. Finally, the neutral tensor Lagrangian is

given by

Ltensor
V =

i

Λ
Vµν

�
f i

�
gf

T ij − gf
ATijγ5

�
(γµ∂νfj + γν∂µfj)

−
�
∂µf iγ

ν
+ ∂νf iγ

µ
� �

gf†
Tij + gf†

ATijγ5

�
fj

�

−1

4

gg
T

Λ
F a

µαF aµ
β V �αβ

(4)

where the couplings gf
T ij = (gf

T )ij and gf
ATij = (gf

AT )ij

are general 3 × 3 complex matrices. Note that a

dimension-4 operator between SM fermions and neutral

tensor particle is not allowed since it would be propor-

tional to the trace of the tensor which we have assumed to

be traceless. We have worked out the resulting Feynman

rules and included them in Appendix A.

For the charged scalar boson V �
, we have

Lscalar
V � = ui

�
hq

Sij + ihq
Pijγ5

�
djV

�
+ h.c.

+νi

�
h�

Sij + ih�
Pijγ5

�
�jV

�
+ h.c. (5)

where hf
Sij = (hf

S)ij and hf
Pij = (hf

P )ij are allowed to be

general complex matrices. The charged vector boson has

the Lagrangian

Lvector
V � = uiγ

µ
�
hq

V ij + hq
Aijγ5

�
djV

�
µ + h.c.

+νiγ
µ

�
h�

V ij + h�
Aijγ5

�
�jV

�
µ + h.c. (6)

where hf
V ij = (hf

V )ij and hf
Aij = (hf

A)ij are allowed to

be general complex matrices. Finally, the charged tensor

has the interaction Lagrangian as follows

Ltensor
V � =

i

Λ

�
ui

�
hq

T ij − hq
ATijγ5

�
(γµ∂νdj + γν∂µdj)V �

µν

−(∂µuiγ
ν

+ ∂νuiγ
µ
)

�
h̃q

T ij + h̃q
ATijγ5

�
djV

�
µν

�

+
i

Λ

�
νi

�
h�

Tij − h�
ATijγ5

�
(γµ∂ν�j + γν∂µ�j) V �

µν

−(∂µνiγ
ν

+ ∂ννiγ
µ
)

�
h̃�

Tij + h̃�
ATijγ5

�
�jV

�
µν

�

+h.c. (7)

where (hf
T )ij , (hf

AT )ij , (h̃f
T )ij and (h̃f

AT )ij are general

complex matrices. The corresponding Feynman rules

have been worked out and can be found in Appendix A.

III. NEUTRAL BOSON RESONANCES

Diagrams for the Drell-Yan process pp → �+�−X me-

diated by a neutral boson at tree level are shown in Fig-
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Figure 2: Transverse mass distributions for all estimated standard model backgrounds and for

CMS data. Here, other backgrounds also includes W→τν, in addition to the combined ”other”

backgrounds in Table 1. The hashed lines represent the expected MT distributions for a W
�

signal with three different W
�

masses.
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6

muon channel exhibits slightly higher sensitivity (due to the larger efficiency of about 79-82%,

compared to 64-67% in the electron channel). In either channels, no events are seen at high

transverse masses. Identical NNLO signal cross sections with the same k-factors and the same

PDF uncertainties are used for both channels under the assumption of lepton universality. The

search windows are optimized individually for each channel based on the best expected limit.

The search windows for both channels can be found in Table 2. For each channel the likelihood

function is determined and the two likelihood functions are combined.

W' mass (GeV)
800 1000 1200 1400 1600 1800 2000

) (
pb

)
!

 +
 

µ
 e

 / 
"

 B
R

(W
' 

.  
# -110

1

CMS

-1 L = 36 pb$
 = 7 TeVs

95% observed limit Muon

95% observed limit Electron

95% observed limit Combined

95% expected limit Combined

Theoretical Cross Section

Figure 3: Individual limits as observed for the electron (black line) and the muon channel (red

line). Their combination is shown as a solid blue line for the observed limit (expected as dashed

blue line), using a Bayesian technique with only the luminosity uncertainty correlated.

The limits for the two individual channels as well as the limit obtained by combining them are

shown in Fig. 3. The systematic uncertainties for resolution, trigger and lepton identification

efficiencies are assumed to be fully uncorrelated between both channels. The uncertainty on

the luminosity is taken as fully correlated, as well as the k-factors and PDF uncertainties on the

theoretical cross section. When all background uncertainties are assumed to be fully correlated

between the two channels, the combined limit remains unchanged. From this combination, a

W� with SM-like couplings and with mass below 1.58 TeV is excluded at the 95% confidence

arXiv:1103.0030
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What if we actually find a MT peak?

Can we determine the spin of the resonance?

Can we determine the parity violation?
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d0
0,0 = 1

d1
1,±1 = 1

2 (1± cos θ)

d2
1,±1 = 1

2 (1± cos θ)(2 cos θ ∓ 1)

d2
2,±1 = − 1

2 (1± cos θ) sin θ

TABLE VI: dj
m,m� functions relevant for our processes and

used in the helicity amplitudes given in Tables II and III. A
review of the dj

m,m� functions is given in Appendix C.

We also find that

J2
y =

−1
2




−1 0 1
0 −2 0
1 0 −1



 (C4)

and

J2n
y = J2

y J2n+1
y = Jy (C5)

where n > 0. With this information, exp(iJyθ) can be
expanded and it can be shown that

d1
m,m� = eiJyθ =





1
2 (1 + cos θ) 1√

2
sin θ 1

2 (1− cos θ)
− 1√

2
sin θ cos θ 1√

2
sin θ

1
2 (1− cos θ) 1√

2
sin θ 1

2 (1 + cos θ)





(C6)
where m and m� refer to the elements of the matrix.

For j = 2, it is not as simple, but can be looked up in
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(λ,−λ)→ (λ�,−λ�)

Mλλ�
W = Cλλ�

W δλ�,−1d
1
1,1 Cλλ�

W = −
g2

W V KM
ij s

s−M2
W

δλ,−1

Mλλ�
V = Cλλ�

V d1
1,λλ� Cλλ�

V =
−2s

s−M2
V �

V

(λhq
V + hq

A)ij(λ
�h�†

V + h�†
A )ff

Mλλ�
T = Cλλ�

T2 d2
1,λλ� + Cλλ�

T1 d1
1,λλ� Cλλ�

T2 =
−2λλ�s2

Λ2(s−M2
V �

T

)
T (hq

T + λhq
AT )ijT (h�†

T + λ�h�†
AT )ff

Cλλ�
T1 =

−2λλ�s2(s−M2
V �

T

)

Λ2M2
V �

T

(s−M2
V �

T

+iMV �
T

ΓV �
T

)
AT (hq

T + λhq
AT )ijAT (h�†

T + λ�h�†
AT )ff

(λ, λ)→ (λ�, λ�)

Mλλ�
S = Cλλ�

S d0
0,0 Cλλ�

S =
s

s−M2
V �

S

(iλhq
S − hq

P )ij(iλ
�h�†

S + h�†
P )ff

TABLE III: Helicity scattering amplitudes for the parton-level processes dj ūi → �f n̄uf (Ding, why do we assume the flavors

for the leptons are the same for the new physics?). The amplitudes correspond with the diagrams in Figure 8. We have the
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Interference with the SM is included in these calculations,

which are done at
√

s = 7 TeV with the CTEQ6L pdf set

and the cut of |M�� −MV | < 50 GeV. For illustration, the

couplings are taken to have the form gu ∝ γ5 + 1 and g� ∝
γ5−1. After subtracting the SM part from these distributions,

we obtain the distributions in Figure 5.

A. Transverse mass distribution

The first place we will look for a charged boson in
Drell-Yan processes is in the transverse mass. Since we

can not detect the neutrino, we can not fully reconstruct
the invariant mass of the lepton system. The best one can
do is to construct the transverse mass which contains the
charged leptons momentum and the missing transverse
momentum:

M2
T = (ET � + ETmiss)

2 − (pT � + pTmiss)
2 , (22)

where

ET =
�

M2 + p2
T , (23)

and we assume that the mass of the missing particle is
zero. The energies we are considering are far greater
than the mass of the charged leptonic final states here.
So we also take them to be massless. Furthermore, in
a 2 → 2 process such as the dominant contribution to
this Drell-Yan process (pp→ �ν̄), the missing transverse
momentum is exactly equal and opposite to that of the
charged lepton. This allows us to simplify the transverse
mass to

MT = 2pT (24)

This distribution contains a Jacobian peak at the mass of
the new particle. In Figure 9, we plot examples of trans-
verse mass distributions for a variety of parity violation
cases.

B. Current constraint

We compared our signal for a range of masses and cou-
pling strengths to the CMS results published in [8]. To do
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Interference with the SM is included in these calculations,

which are done at
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and the cut of |M�� −MV | < 50 GeV. For illustration, the

couplings are taken to have the form gu ∝ γ5 + 1 and g� ∝
γ5−1. After subtracting the SM part from these distributions,
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A. Transverse mass distribution

The first place we will look for a charged boson in
Drell-Yan processes is in the transverse mass. Since we

can not detect the neutrino, we can not fully reconstruct
the invariant mass of the lepton system. The best one can
do is to construct the transverse mass which contains the
charged leptons momentum and the missing transverse
momentum:
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2 , (22)
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and we assume that the mass of the missing particle is
zero. The energies we are considering are far greater
than the mass of the charged leptonic final states here.
So we also take them to be massless. Furthermore, in
a 2 → 2 process such as the dominant contribution to
this Drell-Yan process (pp→ �ν̄), the missing transverse
momentum is exactly equal and opposite to that of the
charged lepton. This allows us to simplify the transverse
mass to

MT = 2pT (24)

This distribution contains a Jacobian peak at the mass of
the new particle. In Figure 9, we plot examples of trans-
verse mass distributions for a variety of parity violation
cases.

B. Current constraint

We compared our signal for a range of masses and cou-
pling strengths to the CMS results published in [8]. To do



What if I knew the full momentum of the neutrino?

Let’s concentrate on the signal for now.
But, we will include the pdfs.
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But, we don’t know the full momentum of the neutrino!

There is a well-known two-fold ambiguity in the z-component of the neutrino 
momentum.
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FIG. 10: (a) Transverse mass distribution of the charged lep-

ton in pp→ �νX at LHC of 7 TeV. The red curve is the SM

expectation. The green, yellow, and blue curves are respec-

tively for a spin-0, -1, and -2 resonance with a mass of 1 TeV

and width of 20 GeV. Latest CMS data [8] are superimposed

in the figure. (b) Expected number of events as a function

of the new resonance mass. (What does the black solid
curve mean in this plot?)

C. Angular distribution

After establishing the mass of the new charged reso-
nance, we can start analyzing the angular distribution of
the charged leptons. Unlike the case of Drell-Yan pro-
cesses mediated by a neutral boson, it is more difficult
to do angular analysis in the current case as momentum
information is incomplete. In particular, we do not know
the z-component of the neutrino momentum. We do,
however, know that it satisfies

s = (E� + Eν)2 − (pz� + pzν)2 , (27)

where

Eν =
�

p2
Tν + p2

zν , (28)

and we have assumed

pTν = −pT � . (29)
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FIG. 11: 95% C. L. bound on the plane of resonance mass and

the product of quark and lepton couplings based on the CMS

data [8] for (a) scalar, (b) vector, and (c) tensor interactions.

(The dashed curves are 6/5M*g/Lambda, the highest
point we use for the analysis (This is to show whether
we are above or below the effective cut off.)

We can solve this for pzν to obtain

pzν = pz�

�
ŝ

2p2
T �

− 1
�
± E�

√
ŝ

pT �

�
ŝ

4p2
T �

− 1 , (30)
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After establishing the mass of the new charged reso-
nance, we can start analyzing the angular distribution of
the charged leptons. Unlike the case of Drell-Yan pro-
cesses mediated by a neutral boson, it is more difficult
to do angular analysis in the current case as momentum
information is incomplete. In particular, we do not know
the z-component of the neutrino momentum. We do,
however, know that it satisfies

s = (E� + Eν)2 − (pz� + pzν)2 , (27)

where

Eν =
�

p2
Tν + p2

zν , (28)

and we have assumed

pTν = −pT � . (29)

600 800 1000 1200 1400 1600 1800 2000

0.00

0.05

0.10

0.15

0.20

M!GeV"

g
q
g

l

(a)

600 800 1000 1200 1400 1600 1800 2000

0.00

0.05

0.10

0.15

0.20

M!GeV"

g
q
g

l

(b)

600 800 1000 1200 1400 1600 1800 2000

0

5

10

15

20

M!GeV"

g
q
g

l#
!

2
!1

0
"

8
G

e
V
"

2
"

0.2

0.4 0.6 0.8 1.0

(c)

FIG. 11: 95% C. L. bound on the plane of resonance mass and

the product of quark and lepton couplings based on the CMS

data [8] for (a) scalar, (b) vector, and (c) tensor interactions.

(The dashed curves are 6/5M*g/Lambda, the highest
point we use for the analysis (This is to show whether
we are above or below the effective cut off.)

We can solve this for pzν to obtain

pzν = pz�

�
ŝ
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Usually, we try to find a cut that improves our chances of 
guessing the right solution.

These cuts tend to reduce the signal rate
and they tend to modify the angular distribution.



Can we do better?



Can we do better?

Yes!
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Let’s look at the Large solution first:

We can reconstruct the spin.
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FIG. 13: Angular distribution of the negatively charged lep-

ton when only the large solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the large solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.

on the left, bin by bin on the cos θ > 0 side, one mul-

tiplies the number of events in each bin by the fraction

for the corresponding bin given in Figure 15. One then

subtracts this number from that bin and adds it to the
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FIG. 14: Angular distribution of the negatively charged lep-

ton when only the small solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the small solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.

mirror image bin on the cos θ < 0 side. We have applied

this procedure to all the cases in the left column of Fig-

ure 14, and obtain the corresponding plots on the right.

In each plot on the right, the dashed (blue) curve is the
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FIG. 13: Angular distribution of the negatively charged lep-

ton when only the large solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the large solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.
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tiplies the number of events in each bin by the fraction

for the corresponding bin given in Figure 15. One then

subtracts this number from that bin and adds it to the
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FIG. 14: Angular distribution of the negatively charged lep-

ton when only the small solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the small solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.

mirror image bin on the cos θ < 0 side. We have applied

this procedure to all the cases in the left column of Fig-

ure 14, and obtain the corresponding plots on the right.

In each plot on the right, the dashed (blue) curve is the
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FIG. 13: Angular distribution of the negatively charged lep-

ton when only the large solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the large solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.
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tiplies the number of events in each bin by the fraction

for the corresponding bin given in Figure 15. One then

subtracts this number from that bin and adds it to the
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FIG. 14: Angular distribution of the negatively charged lep-

ton when only the small solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the small solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.

mirror image bin on the cos θ < 0 side. We have applied

this procedure to all the cases in the left column of Fig-

ure 14, and obtain the corresponding plots on the right.

In each plot on the right, the dashed (blue) curve is the
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FIG. 13: Angular distribution of the negatively charged lep-

ton when only the large solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the large solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.
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tiplies the number of events in each bin by the fraction

for the corresponding bin given in Figure 15. One then

subtracts this number from that bin and adds it to the

Scalar

!1.0 !0.5 0.0 0.5 1.0
0

50

100

150

200

!1.0 !0.5 0.0 0.5 1.0
0

50

100

150

200

Symmetric Vector

!1.0 !0.5 0.0 0.5 1.0
0

50

100

150

200

!1.0 !0.5 0.0 0.5 1.0
0

50

100

150

200

Left-Left Vector

!1.0 !0.5 0.0 0.5 1.0
0

50

100

150

200

250

!1.0 !0.5 0.0 0.5 1.0
0

50

100

150

200

250

Symmetric Tensor

!1.0 !0.5 0.0 0.5 1.0
0

10

20

30

40

50

!1.0 !0.5 0.0 0.5 1.0
0

10

20

30

40

50

Left-Left Tensor

!1.0 !0.5 0.0 0.5 1.0
0

10

20

30

40

50

60

70

!1.0 !0.5 0.0 0.5 1.0
0

10

20

30

40

50

60

70

FIG. 14: Angular distribution of the negatively charged lep-

ton when only the small solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the small solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.

mirror image bin on the cos θ < 0 side. We have applied

this procedure to all the cases in the left column of Fig-

ure 14, and obtain the corresponding plots on the right.

In each plot on the right, the dashed (blue) curve is the
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FIG. 13: Angular distribution of the negatively charged lep-

ton when only the large solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the large solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.
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tiplies the number of events in each bin by the fraction

for the corresponding bin given in Figure 15. One then

subtracts this number from that bin and adds it to the
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FIG. 14: Angular distribution of the negatively charged lep-

ton when only the small solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the small solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.

mirror image bin on the cos θ < 0 side. We have applied

this procedure to all the cases in the left column of Fig-

ure 14, and obtain the corresponding plots on the right.

In each plot on the right, the dashed (blue) curve is the
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FIG. 13: Angular distribution of the negatively charged lep-

ton when only the large solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the large solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.
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tiplies the number of events in each bin by the fraction

for the corresponding bin given in Figure 15. One then

subtracts this number from that bin and adds it to the
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FIG. 14: Angular distribution of the negatively charged lep-

ton when only the small solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the small solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.

mirror image bin on the cos θ < 0 side. We have applied

this procedure to all the cases in the left column of Fig-

ure 14, and obtain the corresponding plots on the right.

In each plot on the right, the dashed (blue) curve is the



Let’s look at the small solution next:

We can also reconstruct the parity violation.
(Look in our paper for the details.)
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FIG. 13: Angular distribution of the negatively charged lep-

ton when only the large solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the large solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.
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tiplies the number of events in each bin by the fraction

for the corresponding bin given in Figure 15. One then

subtracts this number from that bin and adds it to the
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FIG. 14: Angular distribution of the negatively charged lep-

ton when only the small solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the small solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.

mirror image bin on the cos θ < 0 side. We have applied

this procedure to all the cases in the left column of Fig-

ure 14, and obtain the corresponding plots on the right.

In each plot on the right, the dashed (blue) curve is the
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FIG. 13: Angular distribution of the negatively charged lep-

ton when only the large solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the large solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.

on the left, bin by bin on the cos θ > 0 side, one mul-

tiplies the number of events in each bin by the fraction

for the corresponding bin given in Figure 15. One then

subtracts this number from that bin and adds it to the
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FIG. 14: Angular distribution of the negatively charged lep-

ton when only the small solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the small solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.

mirror image bin on the cos θ < 0 side. We have applied

this procedure to all the cases in the left column of Fig-

ure 14, and obtain the corresponding plots on the right.

In each plot on the right, the dashed (blue) curve is the
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FIG. 13: Angular distribution of the negatively charged lep-

ton when only the large solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the large solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.
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tiplies the number of events in each bin by the fraction

for the corresponding bin given in Figure 15. One then

subtracts this number from that bin and adds it to the
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FIG. 14: Angular distribution of the negatively charged lep-

ton when only the small solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the small solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.

mirror image bin on the cos θ < 0 side. We have applied

this procedure to all the cases in the left column of Fig-

ure 14, and obtain the corresponding plots on the right.

In each plot on the right, the dashed (blue) curve is the
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FIG. 13: Angular distribution of the negatively charged lep-

ton when only the large solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the large solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.
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for the corresponding bin given in Figure 15. One then

subtracts this number from that bin and adds it to the
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FIG. 14: Angular distribution of the negatively charged lep-

ton when only the small solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the small solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.

mirror image bin on the cos θ < 0 side. We have applied

this procedure to all the cases in the left column of Fig-

ure 14, and obtain the corresponding plots on the right.

In each plot on the right, the dashed (blue) curve is the
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FIG. 13: Angular distribution of the negatively charged lep-

ton when only the large solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the large solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.
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for the corresponding bin given in Figure 15. One then

subtracts this number from that bin and adds it to the
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FIG. 14: Angular distribution of the negatively charged lep-

ton when only the small solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the small solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.

mirror image bin on the cos θ < 0 side. We have applied

this procedure to all the cases in the left column of Fig-

ure 14, and obtain the corresponding plots on the right.

In each plot on the right, the dashed (blue) curve is the
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FIG. 13: Angular distribution of the negatively charged lep-

ton when only the large solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the large solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.

on the left, bin by bin on the cos θ > 0 side, one mul-

tiplies the number of events in each bin by the fraction

for the corresponding bin given in Figure 15. One then

subtracts this number from that bin and adds it to the
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FIG. 14: Angular distribution of the negatively charged lep-

ton when only the small solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the small solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.

mirror image bin on the cos θ < 0 side. We have applied

this procedure to all the cases in the left column of Fig-

ure 14, and obtain the corresponding plots on the right.

In each plot on the right, the dashed (blue) curve is the
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FIG. 13: Angular distribution of the negatively charged lep-

ton when only the large solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the large solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.
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FIG. 14: Angular distribution of the negatively charged lep-

ton when only the small solution of the neutrino pz is taken.

Each row lists a case of distinct spin and parity violation.

Each plot on the left gives the angular distribution directly

obtained from the small solution. On the right, the dashed

(blue) curve is the angular distributions with full momentum

information of the neutrino. The solid (black) curve is the

angular distribution obtained from the corresponding distri-

bution on the left by following the procedure explained in the

main text.

mirror image bin on the cos θ < 0 side. We have applied

this procedure to all the cases in the left column of Fig-

ure 14, and obtain the corresponding plots on the right.

In each plot on the right, the dashed (blue) curve is the
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