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Higgs Boson – Spin and Parity

Spin 0:

Prospects for Spin and CP Properties 
or better: test coupling structure of  Higgs-like boson to other species 

5

A(X → V1V2) provides a more general description of the properties of the new boson than any effective Lagrangian

because the couplings g(0)i are momentum-dependent form-factors that, for example, can have both real and imaginary
parts. We do not expect this issue to be important for the new boson with a mass of 125 GeV, discovered at the LHC,
but it may be essential for heavier resonances that may be discovered later, so we prefer to stick to this description.
On the other hand, it is also true that effective Lagrangians lead to streamlined prediction for scattering amplitudes,
since they provide an opportunity to order contributions of operators of different mass dimensions by their relevance,
thereby reducing the number of terms that contribute to scattering amplitudes. Of course, given the scattering
amplitude and assuming that form-factors are momentum-independent constants, the corresponding Lagrangian can
always be constructed. For example, in case of Eq.(9), the following correspondence is valid

g(0)1 m2
V

v
ϵ∗1ϵ

∗
2 ⇔ L ∼ g(0)

1
XZµZ

µ,
g(0)2

v
f∗(1)
µν f∗(2),µν ⇔ L ∼ g(0)2

v
XZµνZ

µν ,

g(0)
3

f∗(1),µνf∗(2)
µα

qνqα

Λ2
⇔ L ∼ g(0)

3
ZµαZ

νβ [∂β∂αX ] , g(0)
4

f∗(1)
µν f̃∗(2),µν ⇔ L ∼ g(0)

4
XZµνZ̃µν , (10)

where v is the vacuum expectation value of the X field. Therefore, terms with g(0)1 in A(X → V1V2) are associated

with dimension-three operators in the Lagrangian, terms with g(0)2 and g(0)4 with dimension-five, and terms with g(0)3
with dimension seven. As mentioned above, power-counting arguments suggest that lower-dimensional operators give
larger contributions to the amplitude.
We can re-write Eq. (9) as

A(X → V1V2) = v−1ϵ∗µ1 ϵ∗ν2

(

a1gµνm
2
H
+ a2 qµqν + a3ϵµναβ q

α
1 q

β
2

)

. (11)

The coefficients a1,2,3 are related to g(0)1,2,3,4 by
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4

, (12)

where s is defined as

s = q1q2 =
m2

X
−m2

1 −m2
2

2
. (13)

For a spin-zero resonance with couplings shown in Eq. (11), the three contributing helicity amplitudes are
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where x is defined as

x =

(

m2
X
−m2

1 −m2
2

2m1m2

)2

− 1. (15)

For a SM Higgs boson decaying to two massive vector bosons, ZZ or WW , the values of the couplings are g(0)1 = 1,

and g(0)2 = g(0)3 = g(0)4 = 0. A small value of g(0)2 ∼ O(αEW) ∼ 10−2 is generated in the SM by electroweak radiative

corrections. The CP -violating constant g(0)4 is tiny in the SM since it appears only at the three-loop level. For the SM

Higgs boson decays γγ, Zγ, or gg, only loop-induced couplings are possible so that g(0)2 ̸= 0 while the other couplings

are zero. However, allowing for beyond the SM scenarios, values of the g(0)i need to be determined experimentally.

For example, for a pseudoscalar Higgs boson one would expect g(0)4 ̸= 0 while the other g(0)i = 0. It is also interesting

to consider the model g(0)2 ̸= 0 as an alternative to the SM scalar hypothesis, or a mixture of any of the above
contributions.

6

B. Spin one

For a spin-one resonance the amplitude depends on two independent terms

A(X → V1V2) = b1 [(ϵ
∗
1q)(ϵ

∗
2ϵX) + (ϵ∗2q)(ϵ

∗
1ϵX)] + b2ϵαµνβϵ

α
X
ϵ∗,µ1 ϵ∗,ν2 q̃β , (16)

where ϵX is the polarization vector of particle X . The decay into two massless identical vector bosons is not allowed.
The helicity amplitudes in the spin-one case corresponding to Eq. (16) are the following
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The model b1 = g(1)1 ̸= 0 corresponds to a vector particle and b2 = g(1)2 ̸= 0 to pseudovector particle, assuming
parity-conserving interactions. Even though the spin-one hypothesis is rejected by the observation of X → γγ decay,
it is still interesting to consider the spin-one models in the decay to massive vector bosons. Indeed, there could be
two nearby resonances at 125 GeV, one decaying to massive gauge bosons and the other to γγ, and there have been
models suggested [32] which predict the presence of two resonances.

C. Spin two

For a decay of a spin-two resonance to two vector bosons, including ZZ, WW , and γγ, the scattering amplitude
has the following general form
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, (18)

where tµν is the X wave function given by a symmetric traceless tensor [19]. This amplitude can be re-written as

A(X → V1V2) = Λ−1e∗µ1 e∗ν2
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. (19)

In case of massless bosons, like γγ or gg, the terms with mV in Eq. (18) vanish. The coefficients c1−7 can be expressed

through g(2)1,..,10
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The model b1 = g(1)1 ̸= 0 corresponds to a vector particle and b2 = g(1)2 ̸= 0 to pseudovector particle, assuming
parity-conserving interactions. Even though the spin-one hypothesis is rejected by the observation of X → γγ decay,
it is still interesting to consider the spin-one models in the decay to massive vector bosons. Indeed, there could be
two nearby resonances at 125 GeV, one decaying to massive gauge bosons and the other to γγ, and there have been
models suggested [32] which predict the presence of two resonances.

C. Spin two
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The model b1 = g(1)1 ̸= 0 corresponds to a vector particle and b2 = g(1)2 ̸= 0 to pseudovector particle, assuming
parity-conserving interactions. Even though the spin-one hypothesis is rejected by the observation of X → γγ decay,
it is still interesting to consider the spin-one models in the decay to massive vector bosons. Indeed, there could be
two nearby resonances at 125 GeV, one decaying to massive gauge bosons and the other to γγ, and there have been
models suggested [32] which predict the presence of two resonances.

C. Spin two

For a decay of a spin-two resonance to two vector bosons, including ZZ, WW , and γγ, the scattering amplitude
has the following general form
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where tµν is the X wave function given by a symmetric traceless tensor [19]. This amplitude can be re-written as

A(X → V1V2) = Λ−1e∗µ1 e∗ν2

[

c1 (q1q2)tµν + c2 gµνtαβ q̃
αq̃β + c3

q2µq1ν
m2

X

tαβ q̃
αq̃β + 2c41 q1νq

α
2 tµα + 2c42 q2µq

α
1 tνα

+c5tαβ
q̃αq̃β

m2
X

ϵµνρσq
ρ
1q

σ
2 + c6t

αβ q̃βϵµναρq
ρ +

c7tαβ q̃β
m2

X

(ϵαµρσq
ρq̃σqν + ϵανρσq

ρq̃σqµ)

]

. (19)

In case of massless bosons, like γγ or gg, the terms with mV in Eq. (18) vanish. The coefficients c1−7 can be expressed

through g(2)1,..,10
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A(X → V1V2) provides a more general description of the properties of the new boson than any effective Lagrangian

because the couplings g(0)i are momentum-dependent form-factors that, for example, can have both real and imaginary
parts. We do not expect this issue to be important for the new boson with a mass of 125 GeV, discovered at the LHC,
but it may be essential for heavier resonances that may be discovered later, so we prefer to stick to this description.
On the other hand, it is also true that effective Lagrangians lead to streamlined prediction for scattering amplitudes,
since they provide an opportunity to order contributions of operators of different mass dimensions by their relevance,
thereby reducing the number of terms that contribute to scattering amplitudes. Of course, given the scattering
amplitude and assuming that form-factors are momentum-independent constants, the corresponding Lagrangian can
always be constructed. For example, in case of Eq.(9), the following correspondence is valid
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where v is the vacuum expectation value of the X field. Therefore, terms with g(0)1 in A(X → V1V2) are associated

with dimension-three operators in the Lagrangian, terms with g(0)2 and g(0)4 with dimension-five, and terms with g(0)3
with dimension seven. As mentioned above, power-counting arguments suggest that lower-dimensional operators give
larger contributions to the amplitude.
We can re-write Eq. (9) as
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The coefficients a1,2,3 are related to g(0)1,2,3,4 by
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For a spin-zero resonance with couplings shown in Eq. (11), the three contributing helicity amplitudes are
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For a SM Higgs boson decaying to two massive vector bosons, ZZ or WW , the values of the couplings are g(0)1 = 1,

and g(0)2 = g(0)3 = g(0)4 = 0. A small value of g(0)2 ∼ O(αEW) ∼ 10−2 is generated in the SM by electroweak radiative

corrections. The CP -violating constant g(0)4 is tiny in the SM since it appears only at the three-loop level. For the SM

Higgs boson decays γγ, Zγ, or gg, only loop-induced couplings are possible so that g(0)2 ̸= 0 while the other couplings

are zero. However, allowing for beyond the SM scenarios, values of the g(0)i need to be determined experimentally.

For example, for a pseudoscalar Higgs boson one would expect g(0)4 ̸= 0 while the other g(0)i = 0. It is also interesting

to consider the model g(0)2 ̸= 0 as an alternative to the SM scalar hypothesis, or a mixture of any of the above
contributions.
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B. Spin one

For a spin-one resonance the amplitude depends on two independent terms
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where ϵX is the polarization vector of particle X . The decay into two massless identical vector bosons is not allowed.
The helicity amplitudes in the spin-one case corresponding to Eq. (16) are the following
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The model b1 = g(1)1 ̸= 0 corresponds to a vector particle and b2 = g(1)2 ̸= 0 to pseudovector particle, assuming
parity-conserving interactions. Even though the spin-one hypothesis is rejected by the observation of X → γγ decay,
it is still interesting to consider the spin-one models in the decay to massive vector bosons. Indeed, there could be
two nearby resonances at 125 GeV, one decaying to massive gauge bosons and the other to γγ, and there have been
models suggested [32] which predict the presence of two resonances.

C. Spin two

For a decay of a spin-two resonance to two vector bosons, including ZZ, WW , and γγ, the scattering amplitude
has the following general form
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where tµν is the X wave function given by a symmetric traceless tensor [19]. This amplitude can be re-written as
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In case of massless bosons, like γγ or gg, the terms with mV in Eq. (18) vanish. The coefficients c1−7 can be expressed

through g(2)1,..,10
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A(X → V1V2) provides a more general description of the properties of the new boson than any effective Lagrangian

because the couplings g(0)i are momentum-dependent form-factors that, for example, can have both real and imaginary
parts. We do not expect this issue to be important for the new boson with a mass of 125 GeV, discovered at the LHC,
but it may be essential for heavier resonances that may be discovered later, so we prefer to stick to this description.
On the other hand, it is also true that effective Lagrangians lead to streamlined prediction for scattering amplitudes,
since they provide an opportunity to order contributions of operators of different mass dimensions by their relevance,
thereby reducing the number of terms that contribute to scattering amplitudes. Of course, given the scattering
amplitude and assuming that form-factors are momentum-independent constants, the corresponding Lagrangian can
always be constructed. For example, in case of Eq.(9), the following correspondence is valid
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where v is the vacuum expectation value of the X field. Therefore, terms with g(0)1 in A(X → V1V2) are associated

with dimension-three operators in the Lagrangian, terms with g(0)2 and g(0)4 with dimension-five, and terms with g(0)3
with dimension seven. As mentioned above, power-counting arguments suggest that lower-dimensional operators give
larger contributions to the amplitude.
We can re-write Eq. (9) as
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For a spin-zero resonance with couplings shown in Eq. (11), the three contributing helicity amplitudes are
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For a SM Higgs boson decaying to two massive vector bosons, ZZ or WW , the values of the couplings are g(0)1 = 1,

and g(0)2 = g(0)3 = g(0)4 = 0. A small value of g(0)2 ∼ O(αEW) ∼ 10−2 is generated in the SM by electroweak radiative

corrections. The CP -violating constant g(0)4 is tiny in the SM since it appears only at the three-loop level. For the SM

Higgs boson decays γγ, Zγ, or gg, only loop-induced couplings are possible so that g(0)2 ̸= 0 while the other couplings

are zero. However, allowing for beyond the SM scenarios, values of the g(0)i need to be determined experimentally.

For example, for a pseudoscalar Higgs boson one would expect g(0)4 ̸= 0 while the other g(0)i = 0. It is also interesting

to consider the model g(0)2 ̸= 0 as an alternative to the SM scalar hypothesis, or a mixture of any of the above
contributions.
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B. Spin one

For a spin-one resonance the amplitude depends on two independent terms
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where ϵX is the polarization vector of particle X . The decay into two massless identical vector bosons is not allowed.
The helicity amplitudes in the spin-one case corresponding to Eq. (16) are the following
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The model b1 = g(1)1 ̸= 0 corresponds to a vector particle and b2 = g(1)2 ̸= 0 to pseudovector particle, assuming
parity-conserving interactions. Even though the spin-one hypothesis is rejected by the observation of X → γγ decay,
it is still interesting to consider the spin-one models in the decay to massive vector bosons. Indeed, there could be
two nearby resonances at 125 GeV, one decaying to massive gauge bosons and the other to γγ, and there have been
models suggested [32] which predict the presence of two resonances.

C. Spin two

For a decay of a spin-two resonance to two vector bosons, including ZZ, WW , and γγ, the scattering amplitude
has the following general form
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where tµν is the X wave function given by a symmetric traceless tensor [19]. This amplitude can be re-written as
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In case of massless bosons, like γγ or gg, the terms with mV in Eq. (18) vanish. The coefficients c1−7 can be expressed

through g(2)1,..,10
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A(X → V1V2) provides a more general description of the properties of the new boson than any effective Lagrangian

because the couplings g(0)i are momentum-dependent form-factors that, for example, can have both real and imaginary
parts. We do not expect this issue to be important for the new boson with a mass of 125 GeV, discovered at the LHC,
but it may be essential for heavier resonances that may be discovered later, so we prefer to stick to this description.
On the other hand, it is also true that effective Lagrangians lead to streamlined prediction for scattering amplitudes,
since they provide an opportunity to order contributions of operators of different mass dimensions by their relevance,
thereby reducing the number of terms that contribute to scattering amplitudes. Of course, given the scattering
amplitude and assuming that form-factors are momentum-independent constants, the corresponding Lagrangian can
always be constructed. For example, in case of Eq.(9), the following correspondence is valid
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where v is the vacuum expectation value of the X field. Therefore, terms with g(0)1 in A(X → V1V2) are associated

with dimension-three operators in the Lagrangian, terms with g(0)2 and g(0)4 with dimension-five, and terms with g(0)3
with dimension seven. As mentioned above, power-counting arguments suggest that lower-dimensional operators give
larger contributions to the amplitude.
We can re-write Eq. (9) as
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where s is defined as
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For a spin-zero resonance with couplings shown in Eq. (11), the three contributing helicity amplitudes are
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For a SM Higgs boson decaying to two massive vector bosons, ZZ or WW , the values of the couplings are g(0)1 = 1,

and g(0)2 = g(0)3 = g(0)4 = 0. A small value of g(0)2 ∼ O(αEW) ∼ 10−2 is generated in the SM by electroweak radiative

corrections. The CP -violating constant g(0)4 is tiny in the SM since it appears only at the three-loop level. For the SM

Higgs boson decays γγ, Zγ, or gg, only loop-induced couplings are possible so that g(0)2 ̸= 0 while the other couplings

are zero. However, allowing for beyond the SM scenarios, values of the g(0)i need to be determined experimentally.

For example, for a pseudoscalar Higgs boson one would expect g(0)4 ̸= 0 while the other g(0)i = 0. It is also interesting

to consider the model g(0)2 ̸= 0 as an alternative to the SM scalar hypothesis, or a mixture of any of the above
contributions.
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B. Spin one

For a spin-one resonance the amplitude depends on two independent terms
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where ϵX is the polarization vector of particle X . The decay into two massless identical vector bosons is not allowed.
The helicity amplitudes in the spin-one case corresponding to Eq. (16) are the following
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The model b1 = g(1)1 ̸= 0 corresponds to a vector particle and b2 = g(1)2 ̸= 0 to pseudovector particle, assuming
parity-conserving interactions. Even though the spin-one hypothesis is rejected by the observation of X → γγ decay,
it is still interesting to consider the spin-one models in the decay to massive vector bosons. Indeed, there could be
two nearby resonances at 125 GeV, one decaying to massive gauge bosons and the other to γγ, and there have been
models suggested [32] which predict the presence of two resonances.

C. Spin two

For a decay of a spin-two resonance to two vector bosons, including ZZ, WW , and γγ, the scattering amplitude
has the following general form
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where tµν is the X wave function given by a symmetric traceless tensor [19]. This amplitude can be re-written as
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In case of massless bosons, like γγ or gg, the terms with mV in Eq. (18) vanish. The coefficients c1−7 can be expressed

through g(2)1,..,10
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A(X → V1V2) provides a more general description of the properties of the new boson than any effective Lagrangian

because the couplings g(0)i are momentum-dependent form-factors that, for example, can have both real and imaginary
parts. We do not expect this issue to be important for the new boson with a mass of 125 GeV, discovered at the LHC,
but it may be essential for heavier resonances that may be discovered later, so we prefer to stick to this description.
On the other hand, it is also true that effective Lagrangians lead to streamlined prediction for scattering amplitudes,
since they provide an opportunity to order contributions of operators of different mass dimensions by their relevance,
thereby reducing the number of terms that contribute to scattering amplitudes. Of course, given the scattering
amplitude and assuming that form-factors are momentum-independent constants, the corresponding Lagrangian can
always be constructed. For example, in case of Eq.(9), the following correspondence is valid
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where v is the vacuum expectation value of the X field. Therefore, terms with g(0)1 in A(X → V1V2) are associated

with dimension-three operators in the Lagrangian, terms with g(0)2 and g(0)4 with dimension-five, and terms with g(0)3
with dimension seven. As mentioned above, power-counting arguments suggest that lower-dimensional operators give
larger contributions to the amplitude.
We can re-write Eq. (9) as
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For a SM Higgs boson decaying to two massive vector bosons, ZZ or WW , the values of the couplings are g(0)1 = 1,

and g(0)2 = g(0)3 = g(0)4 = 0. A small value of g(0)2 ∼ O(αEW) ∼ 10−2 is generated in the SM by electroweak radiative

corrections. The CP -violating constant g(0)4 is tiny in the SM since it appears only at the three-loop level. For the SM

Higgs boson decays γγ, Zγ, or gg, only loop-induced couplings are possible so that g(0)2 ̸= 0 while the other couplings

are zero. However, allowing for beyond the SM scenarios, values of the g(0)i need to be determined experimentally.

For example, for a pseudoscalar Higgs boson one would expect g(0)4 ̸= 0 while the other g(0)i = 0. It is also interesting

to consider the model g(0)2 ̸= 0 as an alternative to the SM scalar hypothesis, or a mixture of any of the above
contributions.
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For a spin-one resonance the amplitude depends on two independent terms
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where ϵX is the polarization vector of particle X . The decay into two massless identical vector bosons is not allowed.
The helicity amplitudes in the spin-one case corresponding to Eq. (16) are the following

A00 = b1
(m2

1 −m2
2)

mX

√
x ,

A++ = i b2
(m2

1 −m2
2)

mX

,

A−− = −i b2
(m2

1 −m2
2)

mX

,

A+0 = b1m1
√
x+ i b2

m2

m2
X

[

1

2

(

m2
X
−m2

1 +m2
2

)

(

m2
1

m2
2

− 1

)

+ 2m2
1x

]

,

A0+ = −b1m2
√
x− i b2

m1

m2
X

[

1

2

(

m2
X
+m2

1 −m2
2

)

(

m2
2

m2
1

− 1

)

+ 2m2
2x

]

,

A−0 = b1m1
√
x− i b2

m2

m2
X

[

1

2

(

m2
X
−m2

1 +m2
2

)

(

m2
1

m2
2

− 1

)

+ 2m2
1x

]

,

A0− = −b1m2
√
x+ i b2

m1

m2
X

[

1

2

(

m2
X
+m2

1 −m2
2

)

(

m2
2

m2
1

− 1

)

+ 2m2
2x

]

. (17)

The model b1 = g(1)1 ̸= 0 corresponds to a vector particle and b2 = g(1)2 ̸= 0 to pseudovector particle, assuming
parity-conserving interactions. Even though the spin-one hypothesis is rejected by the observation of X → γγ decay,
it is still interesting to consider the spin-one models in the decay to massive vector bosons. Indeed, there could be
two nearby resonances at 125 GeV, one decaying to massive gauge bosons and the other to γγ, and there have been
models suggested [32] which predict the presence of two resonances.

C. Spin two

For a decay of a spin-two resonance to two vector bosons, including ZZ, WW , and γγ, the scattering amplitude
has the following general form
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where tµν is the X wave function given by a symmetric traceless tensor [19]. This amplitude can be re-written as
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In case of massless bosons, like γγ or gg, the terms with mV in Eq. (18) vanish. The coefficients c1−7 can be expressed
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spin-0 resonance kinematics 

• amplitude X→VV is characterized by a1,a2,a3 couplings

• For X→ZZ,WW: 

• SM Higgs (JP = 0+): a1 ≠ 0, a2 = a3 = 0

• pseudoscalar Higgs (JP = 0-): a3 ≠ 0, a1 = a2 = 0

• general amplitude can be separated into various helicity 
amplitudes 

• helicity amplitudes are used to characterize event 
kinematics

4

Where Does Higgs Kinematics Come From

• Discovery of SM Higgs (JP = 0+): H → γγ, ZZ(∗), W+W−,..

• Predict kinematics for SM Higgs and Beyond

– very different for background: qq̄ → ZZ and gg → ZZ

– very different for other signals 0− (non-SM Higgs), 2+ (graviton),..

A(HJ=0 → V1V2) = v−1ϵ∗µ1 ϵ∗ν2

(

a1gµνM
2
X + a2 qµqν + a3ϵµναβ qα

1 qβ
2

)

SM H → ZZ(∗), W+W− tree-level: a1 ̸= 0

SM H ↔ γγ, gg, (Zγ) loop-induced: a1 = −a2/2 ̸= 0

Beyond SM: any spin and couplings, e.g. a3 ̸= 0 for JP = 0−
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Higgs Boson – Spin and Parity

Spin 0:

For X ➛ ZZ, WW:

SM Higgs (JP = 0+): a1 ≠ 0 , a2 = a3 =0
Pseudoscalar (JP = 0–): a3 ≠ 0 , a1 = a2 =0

General amplitude can be separated in various  helicity amplitudes … 
Helicity amplitudes are used to characterize event kinematics … !
[Computation of helicity amplitude via polarization vectors, ε(±,0)] 
[For generic X ➛ VV decay: 9 possible amplitudes Ajk with j,k = ±1,0]

SM 
CP-even CP-even CP-odd
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Higgs Boson – Spin and Parity

Spin 0:

Three allowed amplitudes for spin 0: 
[A00, A++, A– –]

CP-even CP-odd

helicity amplitude formalism

• from a general amplitude, we can compute the helicity 

amplitude via polarization vectors, ∊(±,0)

• for generic X→VV decay, 9 possible amplitudes, Ajk 

where j,k = ±1, 0
• no longitudinal polarization for massless γ and g

• for spin-0, allowed amplitudes A++, A--, A00 

• helicity amplitudes used as parameters for angular 
distributions
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Helicity amplitudes
Helicity amplitudes: contributions to the total amplitude from the

different daughter helicities

Massive gauge bosons (W,Z) have Jz = 0,±1 possible helicity states;
9 total amplitudes, Akl

A00

A++

A--

A+0

A0-

A+-

Examples:

A++

A--

A00

1

I. H ! Z(⇤)Z(⇤) ! 4l

The helicity amplitudes A�1�2 are good experimental observables in the case of the narrow-mass approximation.
This is a good approximation for a narrow resonance X with a mass above the ZZ mass threshold. However, below
the ZZ threshold, these amlitudes depend on the actual mass of the two daughters in the decay X ! ZZ. In the
example of the spin-zero X particle, it coupling to two Z bosons is generally described as

A(X ! V V ) = v�1✏⇤µ1 ✏⇤⌫2

⇣
a1gµ⌫m

2
X + a2 qµq⌫ + a3✏µ⌫↵� q

↵
1 q

�
2

⌘
, (1)

with the three coupling constants a1, a2, and a3 which are dimensionless and complex. The helicity amplitudes are
calculated as follows

A00 = �m2
X

v

�
a1�+ a2⌘(�

2 � 1)
�
, (2)

A±± =
m2

X

v

 
a1 ±

ia3⌘
p

�2 � 1

2

!
, (3)

where the parameters � and ⌘ depend on the masses of the particles, and in particular on the masses m1 and m2 of
the o↵-shell Zs.

� = (m2
X �m2

1 �m2
2)/(2m1m2)

⌘ = m1m2/m
2
X , (4)

The angular distribution would still be described by Eq. (??), but the values of f�1�2 are no longer good quantities
to fit for since they are not constant. Instead, f�1�2 should be substituted by |A�1�2 |2 expressed through coupling
constants and masses using Eq. (2). Therefore, the 5D angular distrubution becomes 7D mass-anagular distribution
where dependence on m1 and m2 enters in a correlated way.

We define the dimensionless coupling constants ai = a1, a2, a3 as ai = |ai|ei�i . We can see the dependence of the
angular distribution on the o↵-shell boson mass m⇤ through ⌘,� by writing down the free parameters:

|A00|2 =
M4

X

v2

⇢
|a1|2�2 + |a2|2⌘2(�2 � 1)2 + 2|a1||a2|�(�2 � 1)⌘ cos(�1 � �2)

�

|A±±|2 =
M4

X

v2

⇢
|a1|2 + |a3|2⌘2(�2 � 1)± 2|a1||a3|�⌘

p
�2 � 1 cos(�1 � �3)

�

�00 = arctan 2


|a1|� cos�1 + |a2|⌘(�2 � 1) cos�2, |a1|� sin�1 + |a2|⌘(�2 � 1) sin�2

�

�±± = arctan 2


|a1| cos�1 ⌥ |a3|⌘

p
�2 � 1 cos�3, |a1| sin�1 ± |a3|⌘

p
�2 � 1 sin�3

�
(5)

To write down the fully di↵erential mass-angle expression, we must add in the Z⇤ propagator terms, as in Eq. (23)
of Ref. [? ].

d�J=0

� dm1dm2d cos ✓1d cos ✓2d�
/ � ⇥ m3

1

(m2
1 �M2

Z)
2 +M2

Z�
2
Z

m3
2

(m2
2 �M2

Z)
2 +M2

Z�
2
Z

⇥


d�J=0

� d cos ✓1d cos ✓2d�
(m1,m2, cos ✓1, cos ✓2,�)

�
(6)

where we have defined:

�2 =


1� (m1 +m2)

2

m2
X

�
1� (m1 �m2)

2

m2
X

�
(7)

Now we can take Eq. 6 and try to extract the mass distributions. We do this by integrating out the angular
dependency of the di↵erential cross-section leaving just d�/dm1dm2 in Mathematica for the SM Higgs case. The
remaining 2D distribution is plotted in Fig. 1

We can now implement both the SM Higgs and the Pseudoscalar Higgs 2D o↵-shell distributions in RooFit to
compare with generator level simulation. First we consider the case where we do not require that m1 > m2 (the
symmetric case). In this case, the m1 and m2 distributions are expected to be the same. This is shown for the SM
Higgs case in Fig. 2.

Now we consider the more common case where m1 is constrained to be greater than m2 (the asymmetric case).
This is plotted in Fig. 3 for both the SM and Pseudoscalar Higgs cases.
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Angular distribution  
parametrized by helicity amplitudes

angular distributions
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16 dΓ(XJ=2 → f f̄)

5Γd cos θ∗
= 2 (f+− + f−+)

{

(fz1 + fz2) + 3(2− 3fz1 − 2fz2) cos
2 θ∗ − (6− 10fz1 − 5fz2) cos

4 θ∗
}

+(1− f+− − f−+)
{

(2 − 2fz1 + fz2)− 6(2− 4fz1 − fz2) cos
2 θ∗ + 3(6− 10fz1 − 5fz2) cos

4 θ∗
}

−4 (f+− − f−+)∆fz1(cos θ
∗ − 2 cos3 θ∗) . (A4)

where for a massless fermion in the final state (f++ + f−−) = (1 − f+− − f−+) = 0, which would describe the decay
X → l+l−. It follows from this formula that there is a forward-backward asymmetry in this decay, as was pointed
out in Ref. [13] in the context of spin-one decays to a fermion pair. A dilution factor needs to be introduced in front
of the ∆fz1 terms, which depends on the ability to measure the sign of cos θ∗ in an experiment. The special case of
the minimal coupling in gluon fusion corresponds to fz1 + fz2 = 1.

Appendix B: Supporting material

Supporting material for this analysis may be found in Ref. [44], where we provide the Monte Carlo simulation
program and the most general angular distributions used in this analysis. For completeness, we present the general
angular distribution in the production and decay of a spin-J particle X in parton collisions ab → X → ZZ →
(f1f̄1)(f2f̄2). In order to simplify expressions, we redefine the fifth angle from Φ1 to Ψ = Φ1 + Φ/2, which can be
interpreted as the angle between the production plane and the average between the two decay planes shown in Fig. 1.

NJ dΓJ

Γd cos θ∗dΨd cos θ1d cos θ2dΦ
=

F J
00(θ

∗)×
{

4 f00 sin2 θ1 sin
2 θ2 + (f++ + f−−)

(

(1 + cos2 θ1)(1 + cos2 θ2) + 4R1R2 cos θ1 cos θ2
)

− 2 (f++ − f−−)
(

R1 cos θ1(1 + cos2 θ2) +R2(1 + cos2 θ1) cos θ2
)

+ 4
√

f++f00 (R1 − cos θ1) sin θ1(R2 − cos θ2) sin θ2 cos(Φ+ φ++)

+ 4
√

f−−f00 (R1 + cos θ1) sin θ1(R2 + cos θ2) sin θ2 cos(Φ− φ−−)

+ 2
√

f++f−− sin2 θ1 sin
2 θ2 cos(2Φ+ φ++ − φ−−)

}

+4F J
11(θ

∗)×
{

(f+0 + f0−)(1 − cos2 θ1 cos
2 θ2)− (f+0 − f0−)(R1 cos θ1 sin

2 θ2 +R2 sin
2 θ1 cos θ2)

+ 2
√

f+0f0− sin θ1 sin θ2(R1R2 − cos θ1 cos θ2) cos(Φ+ φ+0 − φ0−)
}

+(−1)J × 4F J
−11(θ

∗)×
{

(f+0 + f0−)(R1R2 + cos θ1 cos θ2)− (f+0 − f0−)(R1 cos θ2 +R2 cos θ1)

+ 2
√

f+0f0− sin θ1 sin θ2 cos(Φ+ φ+0 − φ0−)
}

sin θ1 sin θ2 cos(2Ψ)

+2F J
22(θ

∗)× f+−

{

(1 + cos2 θ1)(1 + cos2 θ2)− 4R1R2 cos θ1 cos θ2
}

+(−1)J × 2F J
−22(θ

∗)× f+− sin2 θ1 sin
2 θ2 cos(4Ψ)

+2F J
02(θ

∗)×
{

2
√

f00f+− sin θ1 sin θ2 ×
[

(R1 − cos θ1)(R2 + cos θ2) cos(2Ψ− φ+−)

+ (R1 + cos θ1)(R2 − cos θ2) cos(2Ψ+ φ+−)
]

+
√

f++f+−

[

sin2 θ1(1− 2R2 cos θ2 + cos2 θ2) cos(2Ψ− Φ+ φ+− − φ++)

+ (1 − 2R1 cos θ1 + cos2 θ1) sin
2 θ2 cos(2Ψ+ Φ− φ+− + φ++)

]

+
√

f−−f+−

[

sin2 θ1(1 + 2R2 cos θ2 + cos2 θ2) cos(2Ψ− Φ− φ+− + φ−−)

+ (1 + 2R1 cos θ1 + cos2 θ1) sin
2 θ2 cos(2Ψ+ Φ+ φ+− − φ−−)

]}

−2
√
2 F J

01(θ
∗)×

{

2
√

f00f+0

[

sin θ1(R1 − cos θ1) sin
2 θ2 cos(Ψ − Φ/2− φ+0)

− sin2 θ1 sin θ2(R2 − cos θ2) cos(Ψ+ Φ/2 + φ+0)
]

+ 2
√

f00f0−
[

sin2 θ1 sin θ2(R2 + cos θ2) cos(Ψ + Φ/2− φ0−)

26

16 dΓ(XJ=2 → f f̄)

5Γd cos θ∗
= 2 (f+− + f−+)

{

(fz1 + fz2) + 3(2− 3fz1 − 2fz2) cos
2 θ∗ − (6− 10fz1 − 5fz2) cos

4 θ∗
}

+(1− f+− − f−+)
{

(2 − 2fz1 + fz2)− 6(2− 4fz1 − fz2) cos
2 θ∗ + 3(6− 10fz1 − 5fz2) cos

4 θ∗
}

−4 (f+− − f−+)∆fz1(cos θ
∗ − 2 cos3 θ∗) . (A4)

where for a massless fermion in the final state (f++ + f−−) = (1 − f+− − f−+) = 0, which would describe the decay
X → l+l−. It follows from this formula that there is a forward-backward asymmetry in this decay, as was pointed
out in Ref. [13] in the context of spin-one decays to a fermion pair. A dilution factor needs to be introduced in front
of the ∆fz1 terms, which depends on the ability to measure the sign of cos θ∗ in an experiment. The special case of
the minimal coupling in gluon fusion corresponds to fz1 + fz2 = 1.

Appendix B: Supporting material

Supporting material for this analysis may be found in Ref. [44], where we provide the Monte Carlo simulation
program and the most general angular distributions used in this analysis. For completeness, we present the general
angular distribution in the production and decay of a spin-J particle X in parton collisions ab → X → ZZ →
(f1f̄1)(f2f̄2). In order to simplify expressions, we redefine the fifth angle from Φ1 to Ψ = Φ1 + Φ/2, which can be
interpreted as the angle between the production plane and the average between the two decay planes shown in Fig. 1.

NJ dΓJ

Γd cos θ∗dΨd cos θ1d cos θ2dΦ
=

F J
00(θ

∗)×
{

4 f00 sin2 θ1 sin
2 θ2 + (f++ + f−−)

(

(1 + cos2 θ1)(1 + cos2 θ2) + 4R1R2 cos θ1 cos θ2
)

− 2 (f++ − f−−)
(

R1 cos θ1(1 + cos2 θ2) +R2(1 + cos2 θ1) cos θ2
)

+ 4
√

f++f00 (R1 − cos θ1) sin θ1(R2 − cos θ2) sin θ2 cos(Φ+ φ++)

+ 4
√

f−−f00 (R1 + cos θ1) sin θ1(R2 + cos θ2) sin θ2 cos(Φ− φ−−)

+ 2
√

f++f−− sin2 θ1 sin
2 θ2 cos(2Φ+ φ++ − φ−−)

}

+4F J
11(θ

∗)×
{

(f+0 + f0−)(1 − cos2 θ1 cos
2 θ2)− (f+0 − f0−)(R1 cos θ1 sin

2 θ2 +R2 sin
2 θ1 cos θ2)

+ 2
√

f+0f0− sin θ1 sin θ2(R1R2 − cos θ1 cos θ2) cos(Φ+ φ+0 − φ0−)
}

+(−1)J × 4F J
−11(θ

∗)×
{

(f+0 + f0−)(R1R2 + cos θ1 cos θ2)− (f+0 − f0−)(R1 cos θ2 +R2 cos θ1)

+ 2
√

f+0f0− sin θ1 sin θ2 cos(Φ+ φ+0 − φ0−)
}

sin θ1 sin θ2 cos(2Ψ)

+2F J
22(θ

∗)× f+−

{

(1 + cos2 θ1)(1 + cos2 θ2)− 4R1R2 cos θ1 cos θ2
}

+(−1)J × 2F J
−22(θ

∗)× f+− sin2 θ1 sin
2 θ2 cos(4Ψ)

+2F J
02(θ

∗)×
{

2
√

f00f+− sin θ1 sin θ2 ×
[

(R1 − cos θ1)(R2 + cos θ2) cos(2Ψ− φ+−)

+ (R1 + cos θ1)(R2 − cos θ2) cos(2Ψ+ φ+−)
]

+
√

f++f+−

[

sin2 θ1(1− 2R2 cos θ2 + cos2 θ2) cos(2Ψ− Φ+ φ+− − φ++)

+ (1 − 2R1 cos θ1 + cos2 θ1) sin
2 θ2 cos(2Ψ+ Φ− φ+− + φ++)

]

+
√

f−−f+−

[

sin2 θ1(1 + 2R2 cos θ2 + cos2 θ2) cos(2Ψ− Φ− φ+− + φ−−)

+ (1 + 2R1 cos θ1 + cos2 θ1) sin
2 θ2 cos(2Ψ+ Φ+ φ+− − φ−−)

]}

−2
√
2 F J

01(θ
∗)×

{

2
√

f00f+0

[

sin θ1(R1 − cos θ1) sin
2 θ2 cos(Ψ − Φ/2− φ+0)

− sin2 θ1 sin θ2(R2 − cos θ2) cos(Ψ+ Φ/2 + φ+0)
]

+ 2
√

f00f0−
[

sin2 θ1 sin θ2(R2 + cos θ2) cos(Ψ + Φ/2− φ0−)

26

16 dΓ(XJ=2 → f f̄)

5Γd cos θ∗
= 2 (f+− + f−+)

{

(fz1 + fz2) + 3(2− 3fz1 − 2fz2) cos
2 θ∗ − (6− 10fz1 − 5fz2) cos

4 θ∗
}

+(1− f+− − f−+)
{

(2 − 2fz1 + fz2)− 6(2− 4fz1 − fz2) cos
2 θ∗ + 3(6− 10fz1 − 5fz2) cos

4 θ∗
}

−4 (f+− − f−+)∆fz1(cos θ
∗ − 2 cos3 θ∗) . (A4)

where for a massless fermion in the final state (f++ + f−−) = (1 − f+− − f−+) = 0, which would describe the decay
X → l+l−. It follows from this formula that there is a forward-backward asymmetry in this decay, as was pointed
out in Ref. [13] in the context of spin-one decays to a fermion pair. A dilution factor needs to be introduced in front
of the ∆fz1 terms, which depends on the ability to measure the sign of cos θ∗ in an experiment. The special case of
the minimal coupling in gluon fusion corresponds to fz1 + fz2 = 1.

Appendix B: Supporting material

Supporting material for this analysis may be found in Ref. [44], where we provide the Monte Carlo simulation
program and the most general angular distributions used in this analysis. For completeness, we present the general
angular distribution in the production and decay of a spin-J particle X in parton collisions ab → X → ZZ →
(f1f̄1)(f2f̄2). In order to simplify expressions, we redefine the fifth angle from Φ1 to Ψ = Φ1 + Φ/2, which can be
interpreted as the angle between the production plane and the average between the two decay planes shown in Fig. 1.
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X ➛	ZZ ➛ eeμμ
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FIG. 1: Illustration of an exotic X particle production and decay in pp collision gg or qq̄ → X → ZZ → 4l±. Six angles fully
characterize orientation of the decay chain: θ∗ and Φ∗ of the first Z boson in the X rest frame, two azimuthal angles Φ and Φ1

between the three planes defined in the X rest frame, and two Z-boson helicity angles θ1 and θ2 defined in the corresponding
Z rest frames. The offset of angle Φ∗ is arbitrarily defined and therefore this angle is not shown.

discussed in Refs. [21–23] KK graviton decays into pairs of gauge bosons are enhanced relative to direct decays into
leptons. Similar situations may occur in “hidden-valley”-type models [24]. An example of a ”heavy photon” is given
in Ref. [25].
Motivated by this, we consider the production of a resonance X at the LHC in gluon-gluon and quark-antiquark

partonic collisions, with the subsequent decay of X into two Z bosons which, in turn, decay leptonically. In Fig. 1,
we show the decay chain X → ZZ → e+e−µ+µ−. However, our analysis is equally applicable to any combination of
decays Z → e+e− or µ+µ−. It may also be applicable to Z decays into τ leptons since τ ’s from Z decays will often be
highly boosted and their decay products collimated. We study how the spin and parity of X , as well as information
on its production and decay mechanisms, can be extracted from angular distributions of four leptons in the final state.
There are a few things that need to be noted. First, we obviously assume that the resonance production and

its decays into four leptons are observed. Note that, because of a relatively small branching fraction for leptonic Z
decays, this assumption implies a fairly large production cross-section for pp → X and a fairly large branching fraction
for the decay X → ZZ. As we already mentioned, there are well-motivated scenarios of BSM physics where those
requirements are satisfied.
Second, having no bias towards any particular model of BSM physics, we consider the most general couplings of the

particle X to relevant SM fields. This approach has to be contrasted with typical studies of e.g. spin-two particles
at hadron colliders where such an exotic particle is often identified with a massive graviton that couples to SM fields
through the energy-momentum tensor. We will refer to this case as the “minimal coupling” of the spin-two particle
to SM fields.
The minimal coupling scenarios are well-motivated within particular models of New Physics, but they are not

sufficiently general. For example, such a minimal coupling may restrict partial waves that contribute to the production
and decay of a spin-two particle. Removing such restriction opens an interesting possibility to understand the couplings
of a particle X to SM fields by means of partial wave analyses, and we would like to set a stage for doing that in this
paper. To pursue this idea in detail, the most general parameterization of the X coupling to SM fields is required.
Such parameterizations are known for spin-zero, spin-one, and spin-two particles interacting with the SM gauge
bosons [7, 8] and we use these parameterizations in this paper. We also note that the model recently discussed in
Refs. [21–23] requires couplings beyond the minimal case in order to produce longitudinal polarization dominance.
Third, we note that while we concentrate on the decay X → ZZ → l+1 l

−
1 l

+
2 l

−
2 , the technique discussed in this

paper is more general and can, in principle, be applied to final states with jets and/or missing energy by studying
such processes as X → ZZ → l+l−jj, X → W+W− → l+νjj, etc. In contrast with pure leptonic final states,
higher statistics, larger backgrounds, and a worse angular resolution must be expected once final states with jets and
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FIG. 2: Distribution of the cos θ∗ (left), Φ1 (second from the left), cos θ1 and cos θ2 (second from the right), and Φ (right)
generated for mX = 250 GeV with the program discussed in the text (unweighted events shown as points with error bars) and
projections of the ideal angular distributions given in the text (smooth lines). The four sets of plots from top to bottom show
the models discussed in Table I for spin-zero 0+ and 0− (top), spin-one 1+ and 1− (second row from top), spin-two 2+m, 2+

L
,

and 2− (third row from top), and the bottom row shows distributions in background generated with Madgraph (points with
error bars) and empirical shape (smooth lines). The J+ distributions are shown with solid red points and J− distributions are
shown with open blue points, while the 2+m and 2+

L
are shown with red circles and green squares, respectively.

production angles in Fig. 3, where we plot the distributions of θ∗ and Φ1 production angles for the spin-zero particle
X . If these distributions are measured with the “ideal” (4π) detector, the results are flat. Hence, the non-trivial
shapes of these distributions shown in Fig. 3 are entirely due to an acceptance effect.
It is evident from Fig. 3 that the acceptance effects are very important in the analysis of data. They have to be

taken into account explicitly, otherwise the results of the analysis will be biased. This can be easily done in our MC
simulation program on an event-by-event basis using the acceptance function in Eq. (39), where we reject events if
at least one lepton exceeds the maximal pseudorapidity. It is also possible, but much harder, to incorporate this
acceptance function into the likelihood function that is discussed in the next section. However, as we explain now,

0+

0−

Spin 0; θ* and Φ1 …

2

FIG. 1: Illustration of an exotic X particle production and decay in pp collision gg or qq̄ → X → ZZ → 4l±. Six angles fully
characterize orientation of the decay chain: θ∗ and Φ∗ of the first Z boson in the X rest frame, two azimuthal angles Φ and Φ1

between the three planes defined in the X rest frame, and two Z-boson helicity angles θ1 and θ2 defined in the corresponding
Z rest frames. The offset of angle Φ∗ is arbitrarily defined and therefore this angle is not shown.

discussed in Refs. [21–23] KK graviton decays into pairs of gauge bosons are enhanced relative to direct decays into
leptons. Similar situations may occur in “hidden-valley”-type models [24]. An example of a ”heavy photon” is given
in Ref. [25].
Motivated by this, we consider the production of a resonance X at the LHC in gluon-gluon and quark-antiquark

partonic collisions, with the subsequent decay of X into two Z bosons which, in turn, decay leptonically. In Fig. 1,
we show the decay chain X → ZZ → e+e−µ+µ−. However, our analysis is equally applicable to any combination of
decays Z → e+e− or µ+µ−. It may also be applicable to Z decays into τ leptons since τ ’s from Z decays will often be
highly boosted and their decay products collimated. We study how the spin and parity of X , as well as information
on its production and decay mechanisms, can be extracted from angular distributions of four leptons in the final state.
There are a few things that need to be noted. First, we obviously assume that the resonance production and

its decays into four leptons are observed. Note that, because of a relatively small branching fraction for leptonic Z
decays, this assumption implies a fairly large production cross-section for pp → X and a fairly large branching fraction
for the decay X → ZZ. As we already mentioned, there are well-motivated scenarios of BSM physics where those
requirements are satisfied.
Second, having no bias towards any particular model of BSM physics, we consider the most general couplings of the

particle X to relevant SM fields. This approach has to be contrasted with typical studies of e.g. spin-two particles
at hadron colliders where such an exotic particle is often identified with a massive graviton that couples to SM fields
through the energy-momentum tensor. We will refer to this case as the “minimal coupling” of the spin-two particle
to SM fields.
The minimal coupling scenarios are well-motivated within particular models of New Physics, but they are not

sufficiently general. For example, such a minimal coupling may restrict partial waves that contribute to the production
and decay of a spin-two particle. Removing such restriction opens an interesting possibility to understand the couplings
of a particle X to SM fields by means of partial wave analyses, and we would like to set a stage for doing that in this
paper. To pursue this idea in detail, the most general parameterization of the X coupling to SM fields is required.
Such parameterizations are known for spin-zero, spin-one, and spin-two particles interacting with the SM gauge
bosons [7, 8] and we use these parameterizations in this paper. We also note that the model recently discussed in
Refs. [21–23] requires couplings beyond the minimal case in order to produce longitudinal polarization dominance.
Third, we note that while we concentrate on the decay X → ZZ → l+1 l

−
1 l

+
2 l

−
2 , the technique discussed in this

paper is more general and can, in principle, be applied to final states with jets and/or missing energy by studying
such processes as X → ZZ → l+l−jj, X → W+W− → l+νjj, etc. In contrast with pure leptonic final states,
higher statistics, larger backgrounds, and a worse angular resolution must be expected once final states with jets and
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FIG. 2: Distribution of the cos θ∗ (left), Φ1 (second from the left), cos θ1 and cos θ2 (second from the right), and Φ (right)
generated for mX = 250 GeV with the program discussed in the text (unweighted events shown as points with error bars) and
projections of the ideal angular distributions given in the text (smooth lines). The four sets of plots from top to bottom show
the models discussed in Table I for spin-zero 0+ and 0− (top), spin-one 1+ and 1− (second row from top), spin-two 2+m, 2+

L
,

and 2− (third row from top), and the bottom row shows distributions in background generated with Madgraph (points with
error bars) and empirical shape (smooth lines). The J+ distributions are shown with solid red points and J− distributions are
shown with open blue points, while the 2+m and 2+

L
are shown with red circles and green squares, respectively.

production angles in Fig. 3, where we plot the distributions of θ∗ and Φ1 production angles for the spin-zero particle
X . If these distributions are measured with the “ideal” (4π) detector, the results are flat. Hence, the non-trivial
shapes of these distributions shown in Fig. 3 are entirely due to an acceptance effect.
It is evident from Fig. 3 that the acceptance effects are very important in the analysis of data. They have to be

taken into account explicitly, otherwise the results of the analysis will be biased. This can be easily done in our MC
simulation program on an event-by-event basis using the acceptance function in Eq. (39), where we reject events if
at least one lepton exceeds the maximal pseudorapidity. It is also possible, but much harder, to incorporate this
acceptance function into the likelihood function that is discussed in the next section. However, as we explain now,
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FIG. 1: Illustration of an exotic X particle production and decay in pp collision gg or qq̄ → X → ZZ → 4l±. Six angles fully
characterize orientation of the decay chain: θ∗ and Φ∗ of the first Z boson in the X rest frame, two azimuthal angles Φ and Φ1

between the three planes defined in the X rest frame, and two Z-boson helicity angles θ1 and θ2 defined in the corresponding
Z rest frames. The offset of angle Φ∗ is arbitrarily defined and therefore this angle is not shown.

discussed in Refs. [21–23] KK graviton decays into pairs of gauge bosons are enhanced relative to direct decays into
leptons. Similar situations may occur in “hidden-valley”-type models [24]. An example of a ”heavy photon” is given
in Ref. [25].
Motivated by this, we consider the production of a resonance X at the LHC in gluon-gluon and quark-antiquark

partonic collisions, with the subsequent decay of X into two Z bosons which, in turn, decay leptonically. In Fig. 1,
we show the decay chain X → ZZ → e+e−µ+µ−. However, our analysis is equally applicable to any combination of
decays Z → e+e− or µ+µ−. It may also be applicable to Z decays into τ leptons since τ ’s from Z decays will often be
highly boosted and their decay products collimated. We study how the spin and parity of X , as well as information
on its production and decay mechanisms, can be extracted from angular distributions of four leptons in the final state.
There are a few things that need to be noted. First, we obviously assume that the resonance production and

its decays into four leptons are observed. Note that, because of a relatively small branching fraction for leptonic Z
decays, this assumption implies a fairly large production cross-section for pp → X and a fairly large branching fraction
for the decay X → ZZ. As we already mentioned, there are well-motivated scenarios of BSM physics where those
requirements are satisfied.
Second, having no bias towards any particular model of BSM physics, we consider the most general couplings of the

particle X to relevant SM fields. This approach has to be contrasted with typical studies of e.g. spin-two particles
at hadron colliders where such an exotic particle is often identified with a massive graviton that couples to SM fields
through the energy-momentum tensor. We will refer to this case as the “minimal coupling” of the spin-two particle
to SM fields.
The minimal coupling scenarios are well-motivated within particular models of New Physics, but they are not

sufficiently general. For example, such a minimal coupling may restrict partial waves that contribute to the production
and decay of a spin-two particle. Removing such restriction opens an interesting possibility to understand the couplings
of a particle X to SM fields by means of partial wave analyses, and we would like to set a stage for doing that in this
paper. To pursue this idea in detail, the most general parameterization of the X coupling to SM fields is required.
Such parameterizations are known for spin-zero, spin-one, and spin-two particles interacting with the SM gauge
bosons [7, 8] and we use these parameterizations in this paper. We also note that the model recently discussed in
Refs. [21–23] requires couplings beyond the minimal case in order to produce longitudinal polarization dominance.
Third, we note that while we concentrate on the decay X → ZZ → l+1 l

−
1 l

+
2 l

−
2 , the technique discussed in this

paper is more general and can, in principle, be applied to final states with jets and/or missing energy by studying
such processes as X → ZZ → l+l−jj, X → W+W− → l+νjj, etc. In contrast with pure leptonic final states,
higher statistics, larger backgrounds, and a worse angular resolution must be expected once final states with jets and
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FIG. 2: Distribution of the cos θ∗ (left), Φ1 (second from the left), cos θ1 and cos θ2 (second from the right), and Φ (right)
generated for mX = 250 GeV with the program discussed in the text (unweighted events shown as points with error bars) and
projections of the ideal angular distributions given in the text (smooth lines). The four sets of plots from top to bottom show
the models discussed in Table I for spin-zero 0+ and 0− (top), spin-one 1+ and 1− (second row from top), spin-two 2+m, 2+

L
,

and 2− (third row from top), and the bottom row shows distributions in background generated with Madgraph (points with
error bars) and empirical shape (smooth lines). The J+ distributions are shown with solid red points and J− distributions are
shown with open blue points, while the 2+m and 2+

L
are shown with red circles and green squares, respectively.

production angles in Fig. 3, where we plot the distributions of θ∗ and Φ1 production angles for the spin-zero particle
X . If these distributions are measured with the “ideal” (4π) detector, the results are flat. Hence, the non-trivial
shapes of these distributions shown in Fig. 3 are entirely due to an acceptance effect.
It is evident from Fig. 3 that the acceptance effects are very important in the analysis of data. They have to be

taken into account explicitly, otherwise the results of the analysis will be biased. This can be easily done in our MC
simulation program on an event-by-event basis using the acceptance function in Eq. (39), where we reject events if
at least one lepton exceeds the maximal pseudorapidity. It is also possible, but much harder, to incorporate this
acceptance function into the likelihood function that is discussed in the next section. However, as we explain now,

Angular Distributions – Expectation

1−

1+

Spin 0; θ* and Φ1 …

2

FIG. 1: Illustration of an exotic X particle production and decay in pp collision gg or qq̄ → X → ZZ → 4l±. Six angles fully
characterize orientation of the decay chain: θ∗ and Φ∗ of the first Z boson in the X rest frame, two azimuthal angles Φ and Φ1

between the three planes defined in the X rest frame, and two Z-boson helicity angles θ1 and θ2 defined in the corresponding
Z rest frames. The offset of angle Φ∗ is arbitrarily defined and therefore this angle is not shown.

discussed in Refs. [21–23] KK graviton decays into pairs of gauge bosons are enhanced relative to direct decays into
leptons. Similar situations may occur in “hidden-valley”-type models [24]. An example of a ”heavy photon” is given
in Ref. [25].
Motivated by this, we consider the production of a resonance X at the LHC in gluon-gluon and quark-antiquark

partonic collisions, with the subsequent decay of X into two Z bosons which, in turn, decay leptonically. In Fig. 1,
we show the decay chain X → ZZ → e+e−µ+µ−. However, our analysis is equally applicable to any combination of
decays Z → e+e− or µ+µ−. It may also be applicable to Z decays into τ leptons since τ ’s from Z decays will often be
highly boosted and their decay products collimated. We study how the spin and parity of X , as well as information
on its production and decay mechanisms, can be extracted from angular distributions of four leptons in the final state.
There are a few things that need to be noted. First, we obviously assume that the resonance production and

its decays into four leptons are observed. Note that, because of a relatively small branching fraction for leptonic Z
decays, this assumption implies a fairly large production cross-section for pp → X and a fairly large branching fraction
for the decay X → ZZ. As we already mentioned, there are well-motivated scenarios of BSM physics where those
requirements are satisfied.
Second, having no bias towards any particular model of BSM physics, we consider the most general couplings of the

particle X to relevant SM fields. This approach has to be contrasted with typical studies of e.g. spin-two particles
at hadron colliders where such an exotic particle is often identified with a massive graviton that couples to SM fields
through the energy-momentum tensor. We will refer to this case as the “minimal coupling” of the spin-two particle
to SM fields.
The minimal coupling scenarios are well-motivated within particular models of New Physics, but they are not

sufficiently general. For example, such a minimal coupling may restrict partial waves that contribute to the production
and decay of a spin-two particle. Removing such restriction opens an interesting possibility to understand the couplings
of a particle X to SM fields by means of partial wave analyses, and we would like to set a stage for doing that in this
paper. To pursue this idea in detail, the most general parameterization of the X coupling to SM fields is required.
Such parameterizations are known for spin-zero, spin-one, and spin-two particles interacting with the SM gauge
bosons [7, 8] and we use these parameterizations in this paper. We also note that the model recently discussed in
Refs. [21–23] requires couplings beyond the minimal case in order to produce longitudinal polarization dominance.
Third, we note that while we concentrate on the decay X → ZZ → l+1 l

−
1 l

+
2 l

−
2 , the technique discussed in this

paper is more general and can, in principle, be applied to final states with jets and/or missing energy by studying
such processes as X → ZZ → l+l−jj, X → W+W− → l+νjj, etc. In contrast with pure leptonic final states,
higher statistics, larger backgrounds, and a worse angular resolution must be expected once final states with jets and
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FIG. 2: Distribution of the cos θ∗ (left), Φ1 (second from the left), cos θ1 and cos θ2 (second from the right), and Φ (right)
generated for mX = 250 GeV with the program discussed in the text (unweighted events shown as points with error bars) and
projections of the ideal angular distributions given in the text (smooth lines). The four sets of plots from top to bottom show
the models discussed in Table I for spin-zero 0+ and 0− (top), spin-one 1+ and 1− (second row from top), spin-two 2+m, 2+

L
,

and 2− (third row from top), and the bottom row shows distributions in background generated with Madgraph (points with
error bars) and empirical shape (smooth lines). The J+ distributions are shown with solid red points and J− distributions are
shown with open blue points, while the 2+m and 2+

L
are shown with red circles and green squares, respectively.

production angles in Fig. 3, where we plot the distributions of θ∗ and Φ1 production angles for the spin-zero particle
X . If these distributions are measured with the “ideal” (4π) detector, the results are flat. Hence, the non-trivial
shapes of these distributions shown in Fig. 3 are entirely due to an acceptance effect.
It is evident from Fig. 3 that the acceptance effects are very important in the analysis of data. They have to be

taken into account explicitly, otherwise the results of the analysis will be biased. This can be easily done in our MC
simulation program on an event-by-event basis using the acceptance function in Eq. (39), where we reject events if
at least one lepton exceeds the maximal pseudorapidity. It is also possible, but much harder, to incorporate this
acceptance function into the likelihood function that is discussed in the next section. However, as we explain now,

Angular Distributions – Expectation

1−

1+

Spin 1; θ1,2 and Φ …

2

FIG. 1: Illustration of an exotic X particle production and decay in pp collision gg or qq̄ → X → ZZ → 4l±. Six angles fully
characterize orientation of the decay chain: θ∗ and Φ∗ of the first Z boson in the X rest frame, two azimuthal angles Φ and Φ1

between the three planes defined in the X rest frame, and two Z-boson helicity angles θ1 and θ2 defined in the corresponding
Z rest frames. The offset of angle Φ∗ is arbitrarily defined and therefore this angle is not shown.

discussed in Refs. [21–23] KK graviton decays into pairs of gauge bosons are enhanced relative to direct decays into
leptons. Similar situations may occur in “hidden-valley”-type models [24]. An example of a ”heavy photon” is given
in Ref. [25].
Motivated by this, we consider the production of a resonance X at the LHC in gluon-gluon and quark-antiquark

partonic collisions, with the subsequent decay of X into two Z bosons which, in turn, decay leptonically. In Fig. 1,
we show the decay chain X → ZZ → e+e−µ+µ−. However, our analysis is equally applicable to any combination of
decays Z → e+e− or µ+µ−. It may also be applicable to Z decays into τ leptons since τ ’s from Z decays will often be
highly boosted and their decay products collimated. We study how the spin and parity of X , as well as information
on its production and decay mechanisms, can be extracted from angular distributions of four leptons in the final state.
There are a few things that need to be noted. First, we obviously assume that the resonance production and

its decays into four leptons are observed. Note that, because of a relatively small branching fraction for leptonic Z
decays, this assumption implies a fairly large production cross-section for pp → X and a fairly large branching fraction
for the decay X → ZZ. As we already mentioned, there are well-motivated scenarios of BSM physics where those
requirements are satisfied.
Second, having no bias towards any particular model of BSM physics, we consider the most general couplings of the

particle X to relevant SM fields. This approach has to be contrasted with typical studies of e.g. spin-two particles
at hadron colliders where such an exotic particle is often identified with a massive graviton that couples to SM fields
through the energy-momentum tensor. We will refer to this case as the “minimal coupling” of the spin-two particle
to SM fields.
The minimal coupling scenarios are well-motivated within particular models of New Physics, but they are not

sufficiently general. For example, such a minimal coupling may restrict partial waves that contribute to the production
and decay of a spin-two particle. Removing such restriction opens an interesting possibility to understand the couplings
of a particle X to SM fields by means of partial wave analyses, and we would like to set a stage for doing that in this
paper. To pursue this idea in detail, the most general parameterization of the X coupling to SM fields is required.
Such parameterizations are known for spin-zero, spin-one, and spin-two particles interacting with the SM gauge
bosons [7, 8] and we use these parameterizations in this paper. We also note that the model recently discussed in
Refs. [21–23] requires couplings beyond the minimal case in order to produce longitudinal polarization dominance.
Third, we note that while we concentrate on the decay X → ZZ → l+1 l

−
1 l

+
2 l

−
2 , the technique discussed in this

paper is more general and can, in principle, be applied to final states with jets and/or missing energy by studying
such processes as X → ZZ → l+l−jj, X → W+W− → l+νjj, etc. In contrast with pure leptonic final states,
higher statistics, larger backgrounds, and a worse angular resolution must be expected once final states with jets and
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FIG. 2: Distribution of the cos θ∗ (left), Φ1 (second from the left), cos θ1 and cos θ2 (second from the right), and Φ (right)
generated for mX = 250 GeV with the program discussed in the text (unweighted events shown as points with error bars) and
projections of the ideal angular distributions given in the text (smooth lines). The four sets of plots from top to bottom show
the models discussed in Table I for spin-zero 0+ and 0− (top), spin-one 1+ and 1− (second row from top), spin-two 2+m, 2+

L
,

and 2− (third row from top), and the bottom row shows distributions in background generated with Madgraph (points with
error bars) and empirical shape (smooth lines). The J+ distributions are shown with solid red points and J− distributions are
shown with open blue points, while the 2+m and 2+

L
are shown with red circles and green squares, respectively.

production angles in Fig. 3, where we plot the distributions of θ∗ and Φ1 production angles for the spin-zero particle
X . If these distributions are measured with the “ideal” (4π) detector, the results are flat. Hence, the non-trivial
shapes of these distributions shown in Fig. 3 are entirely due to an acceptance effect.
It is evident from Fig. 3 that the acceptance effects are very important in the analysis of data. They have to be

taken into account explicitly, otherwise the results of the analysis will be biased. This can be easily done in our MC
simulation program on an event-by-event basis using the acceptance function in Eq. (39), where we reject events if
at least one lepton exceeds the maximal pseudorapidity. It is also possible, but much harder, to incorporate this
acceptance function into the likelihood function that is discussed in the next section. However, as we explain now,

Angular Distributions – Expectation

2− 
pseudo-tensor

2+ 
gravition-like tensor  
with minimal couplings

Spin 0; θ* and Φ1 …

2

FIG. 1: Illustration of an exotic X particle production and decay in pp collision gg or qq̄ → X → ZZ → 4l±. Six angles fully
characterize orientation of the decay chain: θ∗ and Φ∗ of the first Z boson in the X rest frame, two azimuthal angles Φ and Φ1

between the three planes defined in the X rest frame, and two Z-boson helicity angles θ1 and θ2 defined in the corresponding
Z rest frames. The offset of angle Φ∗ is arbitrarily defined and therefore this angle is not shown.

discussed in Refs. [21–23] KK graviton decays into pairs of gauge bosons are enhanced relative to direct decays into
leptons. Similar situations may occur in “hidden-valley”-type models [24]. An example of a ”heavy photon” is given
in Ref. [25].
Motivated by this, we consider the production of a resonance X at the LHC in gluon-gluon and quark-antiquark

partonic collisions, with the subsequent decay of X into two Z bosons which, in turn, decay leptonically. In Fig. 1,
we show the decay chain X → ZZ → e+e−µ+µ−. However, our analysis is equally applicable to any combination of
decays Z → e+e− or µ+µ−. It may also be applicable to Z decays into τ leptons since τ ’s from Z decays will often be
highly boosted and their decay products collimated. We study how the spin and parity of X , as well as information
on its production and decay mechanisms, can be extracted from angular distributions of four leptons in the final state.
There are a few things that need to be noted. First, we obviously assume that the resonance production and

its decays into four leptons are observed. Note that, because of a relatively small branching fraction for leptonic Z
decays, this assumption implies a fairly large production cross-section for pp → X and a fairly large branching fraction
for the decay X → ZZ. As we already mentioned, there are well-motivated scenarios of BSM physics where those
requirements are satisfied.
Second, having no bias towards any particular model of BSM physics, we consider the most general couplings of the

particle X to relevant SM fields. This approach has to be contrasted with typical studies of e.g. spin-two particles
at hadron colliders where such an exotic particle is often identified with a massive graviton that couples to SM fields
through the energy-momentum tensor. We will refer to this case as the “minimal coupling” of the spin-two particle
to SM fields.
The minimal coupling scenarios are well-motivated within particular models of New Physics, but they are not

sufficiently general. For example, such a minimal coupling may restrict partial waves that contribute to the production
and decay of a spin-two particle. Removing such restriction opens an interesting possibility to understand the couplings
of a particle X to SM fields by means of partial wave analyses, and we would like to set a stage for doing that in this
paper. To pursue this idea in detail, the most general parameterization of the X coupling to SM fields is required.
Such parameterizations are known for spin-zero, spin-one, and spin-two particles interacting with the SM gauge
bosons [7, 8] and we use these parameterizations in this paper. We also note that the model recently discussed in
Refs. [21–23] requires couplings beyond the minimal case in order to produce longitudinal polarization dominance.
Third, we note that while we concentrate on the decay X → ZZ → l+1 l

−
1 l

+
2 l

−
2 , the technique discussed in this

paper is more general and can, in principle, be applied to final states with jets and/or missing energy by studying
such processes as X → ZZ → l+l−jj, X → W+W− → l+νjj, etc. In contrast with pure leptonic final states,
higher statistics, larger backgrounds, and a worse angular resolution must be expected once final states with jets and

2+ 
gravition-like tensor longitudinally  
polarized and JZ = 0 contribution
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FIG. 2: Distribution of the cos θ∗ (left), Φ1 (second from the left), cos θ1 and cos θ2 (second from the right), and Φ (right)
generated for mX = 250 GeV with the program discussed in the text (unweighted events shown as points with error bars) and
projections of the ideal angular distributions given in the text (smooth lines). The four sets of plots from top to bottom show
the models discussed in Table I for spin-zero 0+ and 0− (top), spin-one 1+ and 1− (second row from top), spin-two 2+m, 2+

L
,

and 2− (third row from top), and the bottom row shows distributions in background generated with Madgraph (points with
error bars) and empirical shape (smooth lines). The J+ distributions are shown with solid red points and J− distributions are
shown with open blue points, while the 2+m and 2+

L
are shown with red circles and green squares, respectively.

production angles in Fig. 3, where we plot the distributions of θ∗ and Φ1 production angles for the spin-zero particle
X . If these distributions are measured with the “ideal” (4π) detector, the results are flat. Hence, the non-trivial
shapes of these distributions shown in Fig. 3 are entirely due to an acceptance effect.
It is evident from Fig. 3 that the acceptance effects are very important in the analysis of data. They have to be

taken into account explicitly, otherwise the results of the analysis will be biased. This can be easily done in our MC
simulation program on an event-by-event basis using the acceptance function in Eq. (39), where we reject events if
at least one lepton exceeds the maximal pseudorapidity. It is also possible, but much harder, to incorporate this
acceptance function into the likelihood function that is discussed in the next section. However, as we explain now,

Angular Distributions – Expectation

Spin 1; θ1,2 and Φ …

2

FIG. 1: Illustration of an exotic X particle production and decay in pp collision gg or qq̄ → X → ZZ → 4l±. Six angles fully
characterize orientation of the decay chain: θ∗ and Φ∗ of the first Z boson in the X rest frame, two azimuthal angles Φ and Φ1

between the three planes defined in the X rest frame, and two Z-boson helicity angles θ1 and θ2 defined in the corresponding
Z rest frames. The offset of angle Φ∗ is arbitrarily defined and therefore this angle is not shown.

discussed in Refs. [21–23] KK graviton decays into pairs of gauge bosons are enhanced relative to direct decays into
leptons. Similar situations may occur in “hidden-valley”-type models [24]. An example of a ”heavy photon” is given
in Ref. [25].
Motivated by this, we consider the production of a resonance X at the LHC in gluon-gluon and quark-antiquark

partonic collisions, with the subsequent decay of X into two Z bosons which, in turn, decay leptonically. In Fig. 1,
we show the decay chain X → ZZ → e+e−µ+µ−. However, our analysis is equally applicable to any combination of
decays Z → e+e− or µ+µ−. It may also be applicable to Z decays into τ leptons since τ ’s from Z decays will often be
highly boosted and their decay products collimated. We study how the spin and parity of X , as well as information
on its production and decay mechanisms, can be extracted from angular distributions of four leptons in the final state.
There are a few things that need to be noted. First, we obviously assume that the resonance production and

its decays into four leptons are observed. Note that, because of a relatively small branching fraction for leptonic Z
decays, this assumption implies a fairly large production cross-section for pp → X and a fairly large branching fraction
for the decay X → ZZ. As we already mentioned, there are well-motivated scenarios of BSM physics where those
requirements are satisfied.
Second, having no bias towards any particular model of BSM physics, we consider the most general couplings of the

particle X to relevant SM fields. This approach has to be contrasted with typical studies of e.g. spin-two particles
at hadron colliders where such an exotic particle is often identified with a massive graviton that couples to SM fields
through the energy-momentum tensor. We will refer to this case as the “minimal coupling” of the spin-two particle
to SM fields.
The minimal coupling scenarios are well-motivated within particular models of New Physics, but they are not

sufficiently general. For example, such a minimal coupling may restrict partial waves that contribute to the production
and decay of a spin-two particle. Removing such restriction opens an interesting possibility to understand the couplings
of a particle X to SM fields by means of partial wave analyses, and we would like to set a stage for doing that in this
paper. To pursue this idea in detail, the most general parameterization of the X coupling to SM fields is required.
Such parameterizations are known for spin-zero, spin-one, and spin-two particles interacting with the SM gauge
bosons [7, 8] and we use these parameterizations in this paper. We also note that the model recently discussed in
Refs. [21–23] requires couplings beyond the minimal case in order to produce longitudinal polarization dominance.
Third, we note that while we concentrate on the decay X → ZZ → l+1 l

−
1 l

+
2 l

−
2 , the technique discussed in this

paper is more general and can, in principle, be applied to final states with jets and/or missing energy by studying
such processes as X → ZZ → l+l−jj, X → W+W− → l+νjj, etc. In contrast with pure leptonic final states,
higher statistics, larger backgrounds, and a worse angular resolution must be expected once final states with jets and
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pure scalar hypothesis, while disfavoring the pure pseudoscalar hypothesis. This is the first
study of the spin-parity of the newly discovered boson.
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Figure 3: Expected distribution of �2 lnL0�/L0+ under the pure pseudoscalar and pure scalar
hypotheses (histograms). The arrow indicates the value determined from the observed data.
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FIG. 1: Illustration of an exotic X particle production and decay in pp collision gg or qq̄ → X → ZZ → 4l±. Six angles fully
characterize orientation of the decay chain: θ∗ and Φ∗ of the first Z boson in the X rest frame, two azimuthal angles Φ and Φ1

between the three planes defined in the X rest frame, and two Z-boson helicity angles θ1 and θ2 defined in the corresponding
Z rest frames. The offset of angle Φ∗ is arbitrarily defined and therefore this angle is not shown.

discussed in Refs. [21–23] KK graviton decays into pairs of gauge bosons are enhanced relative to direct decays into
leptons. Similar situations may occur in “hidden-valley”-type models [24]. An example of a ”heavy photon” is given
in Ref. [25].
Motivated by this, we consider the production of a resonance X at the LHC in gluon-gluon and quark-antiquark

partonic collisions, with the subsequent decay of X into two Z bosons which, in turn, decay leptonically. In Fig. 1,
we show the decay chain X → ZZ → e+e−µ+µ−. However, our analysis is equally applicable to any combination of
decays Z → e+e− or µ+µ−. It may also be applicable to Z decays into τ leptons since τ ’s from Z decays will often be
highly boosted and their decay products collimated. We study how the spin and parity of X , as well as information
on its production and decay mechanisms, can be extracted from angular distributions of four leptons in the final state.
There are a few things that need to be noted. First, we obviously assume that the resonance production and

its decays into four leptons are observed. Note that, because of a relatively small branching fraction for leptonic Z
decays, this assumption implies a fairly large production cross-section for pp → X and a fairly large branching fraction
for the decay X → ZZ. As we already mentioned, there are well-motivated scenarios of BSM physics where those
requirements are satisfied.
Second, having no bias towards any particular model of BSM physics, we consider the most general couplings of the

particle X to relevant SM fields. This approach has to be contrasted with typical studies of e.g. spin-two particles
at hadron colliders where such an exotic particle is often identified with a massive graviton that couples to SM fields
through the energy-momentum tensor. We will refer to this case as the “minimal coupling” of the spin-two particle
to SM fields.
The minimal coupling scenarios are well-motivated within particular models of New Physics, but they are not

sufficiently general. For example, such a minimal coupling may restrict partial waves that contribute to the production
and decay of a spin-two particle. Removing such restriction opens an interesting possibility to understand the couplings
of a particle X to SM fields by means of partial wave analyses, and we would like to set a stage for doing that in this
paper. To pursue this idea in detail, the most general parameterization of the X coupling to SM fields is required.
Such parameterizations are known for spin-zero, spin-one, and spin-two particles interacting with the SM gauge
bosons [7, 8] and we use these parameterizations in this paper. We also note that the model recently discussed in
Refs. [21–23] requires couplings beyond the minimal case in order to produce longitudinal polarization dominance.
Third, we note that while we concentrate on the decay X → ZZ → l+1 l
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paper is more general and can, in principle, be applied to final states with jets and/or missing energy by studying
such processes as X → ZZ → l+l−jj, X → W+W− → l+νjj, etc. In contrast with pure leptonic final states,
higher statistics, larger backgrounds, and a worse angular resolution must be expected once final states with jets and
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Figure 2: a) Observed distribution of the DSB (SM Higgs boson versus background) discrimi-
nant compared with the background and signal expectations. b) Observed distribution of DPS
(JP = 0� versus JP = 0+) compared with expectation, for DSB > 0.5. c) Observed distribution
of DGS (JP = 2+ versus JP = 0+) compared with expectation, for DSB > 0.5. Points represent
the observed data, shaded histograms represent the background, and the open histogram rep-
resent the expectation for a 126 GeV boson with the indicated spin-parity, produced at the SM
Higgs boson rate.

range 70 < m4` < 180 GeV. The contribution expected from a SM Higgs boson of mass mH =
126 GeV is displayed. The peak from Z ! 4` decay, studied in detail elsewhere [20], is ob-
served at the nominal Z boson mass. The signal from the new boson is a distinct peak above
the expected background, consistent with the signal lineshape depicted in the figure. The
background is locally flat and dominated by the ZZ/Zg⇤ contribution. In the mass range,
121.5 < m4` < 130.5 GeV, corresponding to the three central bins around the new boson peak
in Fig. 1a, we observe 17 events: there are 6, 8 and 3 events in the 4µ, 2e2µ, and 4e final states
respectively. This compares to an expectation of 6.8 ± 0.8 (stat.) ± 0.3 (syst.) from SM back-
ground.

Further separation between the signal and background is provided by a discriminant KD that
incorporates the production and decay kinematics. In this analysis, we make use of observables
defined for each event in the 4` center-of-mass frame; the rapidity and transverse momentum of
the 4` system depend on the production mechanism and are ignored. We use a matrix element
likelihood approach [2, 21–23], which combines, for each value of m4`, the two dilepton masses
mZ1 and mZ2 and five angular variables denoted ~W. We introduce a kinematic discriminant KD

using the probability density in the dilepton masses and angular variables, P(mZ1, mZ2, ~W|m4`).
The discriminant is defined as

KD ⌘
Psig

Psig + Pbkg
=

"
1 +

P bkg(mZ1, mZ2, ~W|m4`)

Psig(mZ1, mZ2, ~W|m4`)

#�1

. (1)

A scalar SM Higgs boson is assumed for the signal. The separation between the signal and
background is relatively insensitive to the particular choice of a signal spin-parity hypoth-
esis [22]. The minimum p-value [24], which characterizes the probability for a background
fluctuation to be at least as large as the observed maximum excess around mH ' 126 GeV, is
obtained from the measurements of m4` and KD. It corresponds to a significance of 4.5 standard
deviations, which is to be compared to an expected significance of 5.0 standard deviations for
the SM Higgs boson.

We measure the mass of the boson using a maximum-likelihood fit to three-dimensional dis-
tributions combining for each event the m4`, the associated per-event uncertainties dm4` [15]

~⌦ = {✓⇤,�1, ✓1, ✓2,�}
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CMS – Matrix Element Likelihood Analysis

H ➛ ZZ ➛ 4 lepton CMS Analysis … 
Use of MELA/KD observable …
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Figure 2: a) Observed distribution of the DSB (SM Higgs boson versus background) discrimi-
nant compared with the background and signal expectations. b) Observed distribution of DPS
(JP = 0� versus JP = 0+) compared with expectation, for DSB > 0.5. c) Observed distribution
of DGS (JP = 2+ versus JP = 0+) compared with expectation, for DSB > 0.5. Points represent
the observed data, shaded histograms represent the background, and the open histogram rep-
resent the expectation for a 126 GeV boson with the indicated spin-parity, produced at the SM
Higgs boson rate.

range 70 < m4` < 180 GeV. The contribution expected from a SM Higgs boson of mass mH =
126 GeV is displayed. The peak from Z ! 4` decay, studied in detail elsewhere [20], is ob-
served at the nominal Z boson mass. The signal from the new boson is a distinct peak above
the expected background, consistent with the signal lineshape depicted in the figure. The
background is locally flat and dominated by the ZZ/Zg⇤ contribution. In the mass range,
121.5 < m4` < 130.5 GeV, corresponding to the three central bins around the new boson peak
in Fig. 1a, we observe 17 events: there are 6, 8 and 3 events in the 4µ, 2e2µ, and 4e final states
respectively. This compares to an expectation of 6.8 ± 0.8 (stat.) ± 0.3 (syst.) from SM back-
ground.

Further separation between the signal and background is provided by a discriminant KD that
incorporates the production and decay kinematics. In this analysis, we make use of observables
defined for each event in the 4` center-of-mass frame; the rapidity and transverse momentum of
the 4` system depend on the production mechanism and are ignored. We use a matrix element
likelihood approach [2, 21–23], which combines, for each value of m4`, the two dilepton masses
mZ1 and mZ2 and five angular variables denoted ~W. We introduce a kinematic discriminant KD

using the probability density in the dilepton masses and angular variables, P(mZ1, mZ2, ~W|m4`).
The discriminant is defined as

KD ⌘
Psig

Psig + Pbkg
=

"
1 +

P bkg(mZ1, mZ2, ~W|m4`)

Psig(mZ1, mZ2, ~W|m4`)

#�1

. (1)

A scalar SM Higgs boson is assumed for the signal. The separation between the signal and
background is relatively insensitive to the particular choice of a signal spin-parity hypoth-
esis [22]. The minimum p-value [24], which characterizes the probability for a background
fluctuation to be at least as large as the observed maximum excess around mH ' 126 GeV, is
obtained from the measurements of m4` and KD. It corresponds to a significance of 4.5 standard
deviations, which is to be compared to an expected significance of 5.0 standard deviations for
the SM Higgs boson.

We measure the mass of the boson using a maximum-likelihood fit to three-dimensional dis-
tributions combining for each event the m4`, the associated per-event uncertainties dm4` [15]

Distribution 
of cos θ2

Distribution 
of cos Φ1

Distribution 
of cos Φ

~⌦ = {✓⇤,�1, ✓1, ✓2,�}
with

Kinematic discriminant KD using the probability density  
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CMS – Matrix Element Likelihood Analysis
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Use of MELA/KD observable …
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Figure 2: a) Observed distribution of the DSB (SM Higgs boson versus background) discrimi-
nant compared with the background and signal expectations. b) Observed distribution of DPS
(JP = 0� versus JP = 0+) compared with expectation, for DSB > 0.5. c) Observed distribution
of DGS (JP = 2+ versus JP = 0+) compared with expectation, for DSB > 0.5. Points represent
the observed data, shaded histograms represent the background, and the open histogram rep-
resent the expectation for a 126 GeV boson with the indicated spin-parity, produced at the SM
Higgs boson rate.

range 70 < m4` < 180 GeV. The contribution expected from a SM Higgs boson of mass mH =
126 GeV is displayed. The peak from Z ! 4` decay, studied in detail elsewhere [20], is ob-
served at the nominal Z boson mass. The signal from the new boson is a distinct peak above
the expected background, consistent with the signal lineshape depicted in the figure. The
background is locally flat and dominated by the ZZ/Zg⇤ contribution. In the mass range,
121.5 < m4` < 130.5 GeV, corresponding to the three central bins around the new boson peak
in Fig. 1a, we observe 17 events: there are 6, 8 and 3 events in the 4µ, 2e2µ, and 4e final states
respectively. This compares to an expectation of 6.8 ± 0.8 (stat.) ± 0.3 (syst.) from SM back-
ground.

Further separation between the signal and background is provided by a discriminant KD that
incorporates the production and decay kinematics. In this analysis, we make use of observables
defined for each event in the 4` center-of-mass frame; the rapidity and transverse momentum of
the 4` system depend on the production mechanism and are ignored. We use a matrix element
likelihood approach [2, 21–23], which combines, for each value of m4`, the two dilepton masses
mZ1 and mZ2 and five angular variables denoted ~W. We introduce a kinematic discriminant KD

using the probability density in the dilepton masses and angular variables, P(mZ1, mZ2, ~W|m4`).
The discriminant is defined as

KD ⌘
Psig

Psig + Pbkg
=

"
1 +

P bkg(mZ1, mZ2, ~W|m4`)

Psig(mZ1, mZ2, ~W|m4`)

#�1

. (1)

A scalar SM Higgs boson is assumed for the signal. The separation between the signal and
background is relatively insensitive to the particular choice of a signal spin-parity hypoth-
esis [22]. The minimum p-value [24], which characterizes the probability for a background
fluctuation to be at least as large as the observed maximum excess around mH ' 126 GeV, is
obtained from the measurements of m4` and KD. It corresponds to a significance of 4.5 standard
deviations, which is to be compared to an expected significance of 5.0 standard deviations for
the SM Higgs boson.

We measure the mass of the boson using a maximum-likelihood fit to three-dimensional dis-
tributions combining for each event the m4`, the associated per-event uncertainties dm4` [15]
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CMS – Data vs. Expectation
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CMS – Distinguishing SM from other Models …

MELA ⌘ Psig

Psig + Pbkg
=

"
1 +

Pbkg(mZ1 , mzZ2 , ~⌦ | m4`)
Psig(mZ1 , mzZ2 , ~⌦ | m4`)

#�1

superMELA ⌘ Psig

Psig + Pbkg
=

"
1 +

Pbkg(mZ1 , mzZ2 , ~⌦ | m4`) Pbkg(m4`)
Psig(mZ1 , mzZ2 , ~⌦ | m4`) Psig(m4`)

#�1

Define analogously: 
[analogous to superMELA]

D12 =
P1

P1 + P2
P1

P2

: 	 JP hypothesis 1
: 	 JP hypothesis 2 or bkg. hypothesis

DSB

DPS

DGS

: 	 Discriminator for SM vs. background
: 	 Discriminator for Pseudoscalar (JP = 0−) vs. SM
: 	 Discriminator for Spin-2 Tensor (JP = 2+) vs. SM

CMS



CMS – Distinguishing SM from other Models …

L =
NY

i=1

p(~xi,~a)

Two-dimensional unbinned likelihood fit …

N	: 	 number of events    
p	 : 	 probability from model prediction     
!
xi	 : 	 set of observables for event i     
a	 :	 model parameters    
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Discriminants:

DSB =
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DNew =

PSM

PSM + PNew

Likelihood ratio:

q = �2 ln
LNew1

LNew2
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CMS – Templates for Hypothesis Testing
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CMS – Alternative Models
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Spin and Parity

● Use kinematic discriminator to discriminate 
against different signal hypotheses:

● A two-dimensional template fit in D
bkg

 and D
JP

 is used to perform 

hypothesis tests against the following alternative models :
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CMS – Dsig distributions for Dbkg > 0.5

 

 

 
Figure 8. Distributions of DJP with a requirement Dbkg > 0.5, in data (points with error bars) and 
expectations for background and signal. The six alternative signal hypotheses described in the text are 
tested. 
 

A likelihood fit of the ensemble of selected events to the expected 2D distributions (DJP, Dbkg) is 
performed with data and simulated samples, allowing the signal rates to float independently for each 
signal type. The distribution of the likelihood ratio q =  −2ln(LJP/LSM) is obtained with generated 
samples of background and signal of seven types (SM 0+ and six JP) for mH=126 GeV. The expected 
and observed values of q are shown in Figure 9 and the results are summarized in Table 1. We define a 
CLS criterion as the ratio of the probabilities to observe, under the JP and the 0+ hypotheses, a value of 
the test statistics q equal or larger than the one in the data. The data disfavors the alternative 
hypotheses JP with a CLS value in the range 0.1–10%. 
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CMS – Profiled Log-Likelihood Distributions

 

 

 
Figure 8. Distributions of DJP with a requirement Dbkg > 0.5, in data (points with error bars) and 
expectations for background and signal. The six alternative signal hypotheses described in the text are 
tested. 
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performed with data and simulated samples, allowing the signal rates to float independently for each 
signal type. The distribution of the likelihood ratio q =  −2ln(LJP/LSM) is obtained with generated 
samples of background and signal of seven types (SM 0+ and six JP) for mH=126 GeV. The expected 
and observed values of q are shown in Figure 9 and the results are summarized in Table 1. We define a 
CLS criterion as the ratio of the probabilities to observe, under the JP and the 0+ hypotheses, a value of 
the test statistics q equal or larger than the one in the data. The data disfavors the alternative 
hypotheses JP with a CLS value in the range 0.1–10%. 
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Figure 9. Distributions of q  =  −2ln(LJP/LSM) for two signal types (0+ represented by the yellow 
histogram and alternative JP hypothesis by the blue histogram) for mH =126 GeV obtained with a large 
number of generated pseudo experiments. The arrow indicates the value observed in data. Six 
alternative hypotheses, described in the main text, are evaluated. 
 
Table 1. List of models used in spin-parity analysis. The expected separation is quoted for two 
scenarios, when the signal strength is pre-determined from the fit to data and when events are 
generated with SM expectation for the signal yield (P�= 1). The observed separation quotes the 
difference between the observation and the expected average of the 0+ model or the JP model 
expressed in standard deviations, and corresponds to the scenario where the signal strength is pre-
determined from the fit to data. The last column quotes CLs criterion for the JP model. 
 
JP production comment expect (P ��� obs. 0+ obs. JP CLS 
0− gg o X pseudoscalar 2.6V�����V�� 0.5V 3.3V 0.16% 

0+
h gg o X higher dim operators 1.7V�����V� 0.0V 1.7V 8.1% 

2+
mgg gg o X minimal couplings 1.8V�����V� 0.8V 2.7V 1.5% 

2+
mqq qq o X minimal couplings 1.7V�����V� 1.8V 4.0V <0.1% 

1− qq o X exotic vector 2.8V�����V� 1.4V >4.0V <0.1% 

1+ qq o X exotic pseudovector 2.3V�����V� 1.7V >4.0V <0.1% 

 

 
3.3 Decay mode H o WW 
For H oWW, the most sensitive final states contain two opposite-sign leptons (ee, eP�or PP) and 
significant ET

miss due to the undetected neutrinos. In contrast to the JJ and ZZ modes the mass cannot 
be reconstructed precisely. The signal is therefore expected to appear as an excess over background 
that extends over a broad mass range. Multivariate analysis techniques are used to optimize the 
sensitivity to signal. Events are categorized by lepton flavor content and jet multiplicity with different 
backgrounds and sensitivities. Jet identification and ET

miss require some care in a high pileup 
environment where energy deposits from multiple pp collisions can become intertwined.  Pileup 
effects are largely neutralized by associating charged particles to their correct interaction vertices and 
by means of MVA techniques that use jet shape variables to separate real jets from clusters of pileup 
energy deposits. The final impact of pileup on the correct accounting of events with zero additional 
jets is negligible, as seen in Figure 10.  
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CMS – Results of Spin-Parity Analysis
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be reconstructed precisely. The signal is therefore expected to appear as an excess over background 
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by means of MVA techniques that use jet shape variables to separate real jets from clusters of pileup 
energy deposits. The final impact of pileup on the correct accounting of events with zero additional 
jets is negligible, as seen in Figure 10.  
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The studied pseudo-scalar, spin-1 and spin-2 models  
are excluded at 95% CL or higher

Separation of alternative models from the SM. The expected separation is quoted for two scenarios, when the signal  
strength is pre-determined from the fit to data and when events are generated with SM expectation for the signal  
yield (μ = 1). The observed separation quotes the difference between the observation and the expected average  
of the 0+ model or the JP model expressed in standard deviations, and corresponds to the scenario where the  
signal strength is pre-determined from the fit to data. The last column quotes CLS criterion for the JP model. 
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ATLAS – Statistical Treatment
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Figure 9: E↵ect of the choice of production mode in 2+m events on the BDT2 discriminants, determined
by varying the fraction of gg and qq̄ events in the sample. BDT2 is retrained for each fqq̄ value used in
the spin analysis. The distributions are normalised to unit area.

8.1 Statistical methodology

The statistical analysis of the data employs a binned likelihoodL(✏, ✓) constructed with one parameter of
interest ✏, which represents the fraction of 0+ signal events in the total signal expectation, such that ✏ = 0
represents the 2+m hypothesis and ✏ = 1 represents the 0+ hypothesis. The overall signal normalisation
µ > 0 is included as a nuisance parameter. Template histograms representing the nominal signal and
background rates are used to construct L(✏, ✓). Systematic uncertainties are represented through the
nuisance parameters ✓, each of which has corresponding auxiliary constraintsA(✓̃|✓). The full likelihood
can be written as

L(✏, µ,~✓) =
NbinsY

i

P
⇣
Ni | µ

⇣
✏S 0+,i(~✓) + (1 � ✏)S 2+,i(~✓)

⌘
+ bi(~✓)

⌘
⇥

NsysY

j

A(✓̃ j|✓ j) , (2)

where the treatment of µ as a nuisance parameter is shown explicitly. The product runs over all bins in
the two dimensional BDT output distribution. The compatibility between data and the two hypotheses is
then estimated using the following test statistic:

q = log
L(H0+)
L(H2+m)

= log
L(✏ = 1, ˆ̂µ✏=1,

ˆ̂✓✏=1)

L(✏ = 0, ˆ̂µ✏=0,
ˆ̂✓✏=0)

. (3)

In both the numerator and denominator, the likelihood is maximised over all nuisance parameters to
obtain the maximum likelihood estimators ˆ̂µ, ˆ̂✓ for a value of ✏ = 1 and ✏ = 0, respectively. Pseudo-
experiments for the two hypotheses are used to obtain the corresponding distributions in q and subse-
quently the p-values which define the expected and observed sensitivities.

8.2 Observations

The fitted rate of 0+ events, as obtained from a region of phase space significantly expanded compared
to that used for the results quoted in Ref. [5], is compatible with the rate reported there within better than
1.6 standard deviations, taking into account the correlations between the two measurements. Table 6
lists the dominant sources of systematic uncertainty on the fitted signal rate in the 0+ case. Uncertainties
related to the theoretical prediction of the signal yields are not relevant to the spin analysis.

16

Same for all analyses [0+ vs. 1+ …]

ATLAS-CONF-2013-031  
	 	 ATLAS-CONF-2013-029  

ATLAS-CONF-2013-013 
…

Use likelihood function with ε giving the fraction of a spin-0 component … 
[ε = 0: spin = 2; ε = 1: spin = 0; signal strength μ: nuisance parameter …] 

Test statistic q:
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Figure 9: E↵ect of the choice of production mode in 2+m events on the BDT2 discriminants, determined
by varying the fraction of gg and qq̄ events in the sample. BDT2 is retrained for each fqq̄ value used in
the spin analysis. The distributions are normalised to unit area.

8.1 Statistical methodology

The statistical analysis of the data employs a binned likelihoodL(✏, ✓) constructed with one parameter of
interest ✏, which represents the fraction of 0+ signal events in the total signal expectation, such that ✏ = 0
represents the 2+m hypothesis and ✏ = 1 represents the 0+ hypothesis. The overall signal normalisation
µ > 0 is included as a nuisance parameter. Template histograms representing the nominal signal and
background rates are used to construct L(✏, ✓). Systematic uncertainties are represented through the
nuisance parameters ✓, each of which has corresponding auxiliary constraintsA(✓̃|✓). The full likelihood
can be written as

L(✏, µ,~✓) =
NbinsY

i

P
⇣
Ni | µ

⇣
✏S 0+,i(~✓) + (1 � ✏)S 2+,i(~✓)

⌘
+ bi(~✓)

⌘
⇥

NsysY

j

A(✓̃ j|✓ j) , (2)

where the treatment of µ as a nuisance parameter is shown explicitly. The product runs over all bins in
the two dimensional BDT output distribution. The compatibility between data and the two hypotheses is
then estimated using the following test statistic:

q = log
L(H0+)
L(H2+m)

= log
L(✏ = 1, ˆ̂µ✏=1,

ˆ̂✓✏=1)

L(✏ = 0, ˆ̂µ✏=0,
ˆ̂✓✏=0)

. (3)

In both the numerator and denominator, the likelihood is maximised over all nuisance parameters to
obtain the maximum likelihood estimators ˆ̂µ, ˆ̂✓ for a value of ✏ = 1 and ✏ = 0, respectively. Pseudo-
experiments for the two hypotheses are used to obtain the corresponding distributions in q and subse-
quently the p-values which define the expected and observed sensitivities.

8.2 Observations

The fitted rate of 0+ events, as obtained from a region of phase space significantly expanded compared
to that used for the results quoted in Ref. [5], is compatible with the rate reported there within better than
1.6 standard deviations, taking into account the correlations between the two measurements. Table 6
lists the dominant sources of systematic uncertainty on the fitted signal rate in the 0+ case. Uncertainties
related to the theoretical prediction of the signal yields are not relevant to the spin analysis.
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Figure 1: Distributions of (starting from upper left) ��``, m``, p``T , and Emiss
T,rel for JP = 0+ (solid red line)

and 2+m (dashed blue line) events with two opposite-charge leptons, Emiss
T > 20 GeV, and zero jets. The

definitions of these quantities are discussed in the text. The distributions are normalised to unit area.

from fake leptons.
The main Drell-Yan contribution is comprised of Z ! ⌧⌧ ! `` + Emiss

T events. This contribution
can be suppressed by requiring Emiss

T,rel above 20 GeV, because Emiss
T,rel still tends to be small in these events,

owing to the fact that the neutrinos from the ⌧ decays are usually back-to-back. The background in-
volving top quarks is suppressed by vetoing events containing jets with pT > 25 GeV and |⌘| < 4.5, as
reconstructed using the anti-kt algorithm [30] with distance parameter R = 0.4. The jet pT threshold is
increased to 30 GeV in the forward region 2.5 < |⌘| < 4.5 to reduce the ine�ciency of the jet veto arising
from jets produced by pile-up. The lepton selection, Emiss

T,rel and jet veto cuts comprise a set that will be
referred to as “pre-selection cuts” in the following text.

Further lepton topology cuts are then applied to optimise sensitivity for both 0+ and 2+m signals
simultaneously, namely on the transverse momentum of the dilepton system, p``T > 20 GeV, on the
invariant mass, m`` < 80 GeV, and on the azimuthal angular di↵erence between the leptons, ��`` < 2.8
radians. These cuts significantly reduce the amount of WW continuum and Drell-Yan background. The
combination of all of these cuts defines a sample enriched with both 0+ and 2+m events. These lepton
topology selections are looser than those used in the rate measurement, which assumes a SM scalar Higgs
boson. A comparison of the selection for the spin measurement to that used in the H ! WW(⇤) ! `⌫`⌫
rate measurement is shown in Table 2. This set of cuts will be referred to as “signal region cuts” in the
following text.
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T,rel for JP = 0+ (solid red line)

and 2+m (dashed blue line) events with two opposite-charge leptons, Emiss
T > 20 GeV, and zero jets. The

definitions of these quantities are discussed in the text. The distributions are normalised to unit area.

from fake leptons.
The main Drell-Yan contribution is comprised of Z ! ⌧⌧ ! `` + Emiss

T events. This contribution
can be suppressed by requiring Emiss

T,rel above 20 GeV, because Emiss
T,rel still tends to be small in these events,

owing to the fact that the neutrinos from the ⌧ decays are usually back-to-back. The background in-
volving top quarks is suppressed by vetoing events containing jets with pT > 25 GeV and |⌘| < 4.5, as
reconstructed using the anti-kt algorithm [30] with distance parameter R = 0.4. The jet pT threshold is
increased to 30 GeV in the forward region 2.5 < |⌘| < 4.5 to reduce the ine�ciency of the jet veto arising
from jets produced by pile-up. The lepton selection, Emiss

T,rel and jet veto cuts comprise a set that will be
referred to as “pre-selection cuts” in the following text.

Further lepton topology cuts are then applied to optimise sensitivity for both 0+ and 2+m signals
simultaneously, namely on the transverse momentum of the dilepton system, p``T > 20 GeV, on the
invariant mass, m`` < 80 GeV, and on the azimuthal angular di↵erence between the leptons, ��`` < 2.8
radians. These cuts significantly reduce the amount of WW continuum and Drell-Yan background. The
combination of all of these cuts defines a sample enriched with both 0+ and 2+m events. These lepton
topology selections are looser than those used in the rate measurement, which assumes a SM scalar Higgs
boson. A comparison of the selection for the spin measurement to that used in the H ! WW(⇤) ! `⌫`⌫
rate measurement is shown in Table 2. This set of cuts will be referred to as “signal region cuts” in the
following text.
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Selection via BDT … !
Input variables:

mll	 : di-lepton invariant mass    
pT,ll	 : di-lepton transverse momentum    
Δφll	 : di-lepton angular difference   
mT		 : transverse mass of system    

Preselection: 
Variable Spin analysis Rate analysis [5]

common eµ/µe lepton selection
Emiss

T,rel > 20 GeV > 25 GeV
N jets 0 jets 0, 1,� 2 jet selections
p``T > 20 GeV > 30 GeV
m`` < 80 GeV < 50 GeV
��`` < 2.8 < 1.8

Table 2: List of selection cuts applied for the H ! WW (⇤) ! `⌫`⌫ spin (left column) and rate (right
column) measurements, after the common dilepton selections.

5 Backgrounds

The main background for this analysis after all the topological selection cuts is the SM production of
WW pairs followed by smaller backgrounds from tt̄, single top (tW, tb and tqb), W+jets, Z+jets and
WZ/ZZ/W� processes. The contributions predicted by MC from WW, top quark and Z+jets processes
are normalised to observed rates in control regions dominated by the relevant background source. The
W+jets background is fully estimated from data. The shapes and normalisations of non-WW diboson
backgrounds are estimated using simulation and cross-checked in a validation region [5]. The control
and validation regions are defined by selections similar to those used in the signal region but with some
criteria reversed or modified to obtain signal-depleted samples enriched in a particular background.

The correlations introduced among the di↵erent background sources by the presence of other pro-
cesses in the control regions are fully incorporated in the statistical procedure to test the compatibility
between data and the two spin hypotheses as described in Section 8.1. In the following, each background
estimate is described after any others on which it depends.

5.1 W+jets background

The W+jets background contribution is estimated using a control sample of events in which one of the
two leptons satisfies the identification and isolation criteria required for the signal selection [5], and
the other lepton (denoted “anti-identified”) fails these criteria but satisfies a loosened selection. The
dominant contribution to this background comes from W+jets events in which a jet produces an object
which is reconstructed as a lepton.

The W+jets background in the signal region is obtained by scaling the number of events in the data
control region by a fake factor. The fake factor is defined as the ratio of the number of fully identified
lepton candidates passing all selections to the number that are anti-identified. It is estimated as a function
of the anti-identified lepton pT and using an inclusive dijet data sample.

The uncertainty on the lepton fake factor is the main uncertainty on the W+jets background estima-
tion. It is dominated by di↵erences in jet composition between dijet and W+jets samples as observed in
MC simulation. The total relative uncertainty on this background is 45% for mis-identified electrons and
40% for mis-identified muons. This systematic uncertainty is treated as uncorrelated between electrons
and muons, reducing the e↵ective uncertainty on the total W+jets background.

5.2 Z/�⇤ ! ⌧⌧ control sample

The Z/�⇤ ! ⌧⌧ background is the dominant source of Z+jets events in the di↵erent lepton flavour chan-
nel. In the signal region its contribution is of the same order as the W+jets contribution. In the control
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Figure 2: Distribution of number of jets after the Emiss
T,rel cut. The lepton flavours are combined. The shaded

area represents the uncertainty on the signal and background yields from statistical, experimental, and
theoretical sources.

region defined by m`` < 80 GeV and ��`` > 2.8, in addition to the pre-selection, a Z/�⇤ ! ⌧⌧ pu-
rity of more than 90% is expected, as obtained from MC samples. Residual contamination from other
backgrounds is subtracted from the data, using simulation and the W+jets estimate from data. The nor-
malisation factor, used to scale the Drell-Yan prediction from simulation, is then obtained from the ratio
of the number of events in data, with backgrounds not originating from Z/�⇤ subtracted, and the number
of MC events in Z/�⇤ ! ⌧⌧. The normalisation factor is 0.92 ± 0.02 (stat). The total uncertainty on the
estimate is 8%, which includes both statistical and systematic uncertainties as described in Section 7.

5.3 Top-quark control sample

The number of background events from top quark production in the signal region is normalised to the
number of events satisfying modified pre-selection criteria, namely, the selection up to but not including
the jet veto. This sample is dominated by top quark events, as shown in Fig. 2. The small contribution
of non-top backgrounds to this sample is estimated from simulation except for the W+jets contribution,
which is estimated from data. The fraction of top events that survive the jet veto is then estimated in
data using a control sample with at least one b-tagged jet, as described in Ref. [5]. The e�ciency for
the remaining requirements on p``T , m``, and ��`` is taken from simulation. The ratio of the resulting
prediction to the one from simulation alone is 1.07 ± 0.03 (stat). The total uncertainty on the estimate is
14%, which includes both statistical and systematic uncertainties as described in Section 7. The dominant
systematic uncertainty is due to renormalisation and factorisation scale uncertainties.

5.4 WW control sample

The MC prediction for the WW background is normalised using a control region defined with the same
selection as the signal region except that the ��`` requirement is removed and the upper bound on m`` is
replaced with a lower bound, m`` > 80 GeV. Events from WW contribute about 70% of the total events
in this control region. Contributions from sources other than WW are derived as they are for the signal
region, including the top, Z/�⇤ ! ⌧⌧ and W+jets backgrounds. The resulting WW normalisation factor
applied to the MC prediction is 1.08±0.03, including only the statistical uncertainty. The total uncertainty
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region defined by m`` < 80 GeV and ��`` > 2.8, in addition to the pre-selection, a Z/�⇤ ! ⌧⌧ pu-
rity of more than 90% is expected, as obtained from MC samples. Residual contamination from other
backgrounds is subtracted from the data, using simulation and the W+jets estimate from data. The nor-
malisation factor, used to scale the Drell-Yan prediction from simulation, is then obtained from the ratio
of the number of events in data, with backgrounds not originating from Z/�⇤ subtracted, and the number
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estimate is 8%, which includes both statistical and systematic uncertainties as described in Section 7.

5.3 Top-quark control sample

The number of background events from top quark production in the signal region is normalised to the
number of events satisfying modified pre-selection criteria, namely, the selection up to but not including
the jet veto. This sample is dominated by top quark events, as shown in Fig. 2. The small contribution
of non-top backgrounds to this sample is estimated from simulation except for the W+jets contribution,
which is estimated from data. The fraction of top events that survive the jet veto is then estimated in
data using a control sample with at least one b-tagged jet, as described in Ref. [5]. The e�ciency for
the remaining requirements on p``T , m``, and ��`` is taken from simulation. The ratio of the resulting
prediction to the one from simulation alone is 1.07 ± 0.03 (stat). The total uncertainty on the estimate is
14%, which includes both statistical and systematic uncertainties as described in Section 7. The dominant
systematic uncertainty is due to renormalisation and factorisation scale uncertainties.

5.4 WW control sample

The MC prediction for the WW background is normalised using a control region defined with the same
selection as the signal region except that the ��`` requirement is removed and the upper bound on m`` is
replaced with a lower bound, m`` > 80 GeV. Events from WW contribute about 70% of the total events
in this control region. Contributions from sources other than WW are derived as they are for the signal
region, including the top, Z/�⇤ ! ⌧⌧ and W+jets backgrounds. The resulting WW normalisation factor
applied to the MC prediction is 1.08±0.03, including only the statistical uncertainty. The total uncertainty
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Figure 3: ��``, m``, p``T and mT distributions in the WW control region. The lepton flavours e/µ and
µ/e are combined. The negligible signal shown is for mH = 125 GeV. The shaded area represents the
uncertainty on the signal and background yields from statistical, experimental, and theoretical sources.
The 0+ signal is too small to see in these distributions.
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Figure 3: ��``, m``, p``T and mT distributions in the WW control region. The lepton flavours e/µ and
µ/e are combined. The negligible signal shown is for mH = 125 GeV. The shaded area represents the
uncertainty on the signal and background yields from statistical, experimental, and theoretical sources.
The 0+ signal is too small to see in these distributions.
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Figure 6: ��``, m``, p``T and mT distributions in the signal region. The lepton flavours are combined. The
signal shown is for mH = 125 GeV and the 0+ hypothesis. The shaded area represents the uncertainty on
the signal and background yields from statistical, experimental, and theoretical sources.
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Figure 6: ��``, m``, p``T and mT distributions in the signal region. The lepton flavours are combined. The
signal shown is for mH = 125 GeV and the 0+ hypothesis. The shaded area represents the uncertainty on
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Figure 8: BDT output distributions in the signal region. The plots show the distributions of the BDT
outputs obtained in data compared to the sum of background and 0+ (top) and 2+m (bottom), respectively.
The signal is scaled to the SM 0+ cross section for both hypotheses. The shaded area represents the
uncertainty on the signal and background yields from statistical, experimental, and theoretical sources.
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Figure 8: BDT output distributions in the signal region. The plots show the distributions of the BDT
outputs obtained in data compared to the sum of background and 0+ (top) and 2+m (bottom), respectively.
The signal is scaled to the SM 0+ cross section for both hypotheses. The shaded area represents the
uncertainty on the signal and background yields from statistical, experimental, and theoretical sources.
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Use 2-dimensional log-likelihood fit to get  
test statistic q and determination of CLS …

q

-10 -5 0 5 10 15 20

N
o
rm

a
lis

e
d
 t
o
 u

n
ity

0

0.05

0.1

0.15

0.2

0.25

ATLAS
  -1

  L dt = 20.7 fb ∫ = 8 TeV   s

 + 0 jetsνeνµ/νµν e→ WW* →H

+ = 0PJ
+ = 2PJ

Data

 = 100%qqf

q

-10 -5 0 5 10 15 20

N
o
rm

a
lis

e
d
 t
o
 u

n
ity

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18 ATLAS
  -1

  L dt = 20.7 fb ∫ = 8 TeV   s

 + 0 jetsνeνµ/νµν e→ WW* →H

+ = 0PJ
-

 = 1PJ
Data



ATLAS  
H ➛ WW ➛ lνlν

ATLAS

Table 4: Summary of results for the various fractions fqq̄ of the qq̄ production of the spin-2 particle for the H! �� (top), H ! ZZ⇤ (middle), and
H ! WW⇤ (bottom) channels. The expected p0-values for rejecting the JP = 0+ and JP = 2+ hypotheses (assuming the alternative hypothesis) are
shown in the second and third columns. The fourth and fifth columns show the observed p0-values, while the CLsvalues for excluding the JP = 2+
hypothesis are given in the last column.

H! ��

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.148 0.135 0.798 0.025 0.124
75% 0.319 0.305 0.902 0.033 0.337
50% 0.198 0.187 0.708 0.076 0.260
25% 0.052 0.039 0.609 0.021 0.054
0% 0.012 0.005 0.588 0.003 0.007

H ! ZZ⇤

fqq̄
2+ assumed assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.102 0.082 0.962 0.001 0.026
75% 0.117 0.099 0.923 0.003 0.039
50% 0.129 0.113 0.943 0.002 0.035
25% 0.125 0.107 0.944 0.002 0.036
0% 0.099 0.092 0.532 0.079 0.169

H ! WW⇤

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.013 3.6 · 10�4 0.541 1.7 · 10�4 3.6 · 10�4

75% 0.028 0.003 0.586 0.001 0.003
50% 0.042 0.009 0.616 0.003 0.008
25% 0.048 0.019 0.622 0.008 0.020
0% 0.086 0.054 0.731 0.013 0.048

Table 5: Expected and observed p0-values for the JP = 0+ and JP = 2+ hypotheses as a function of the fraction fqq̄ of the qq̄ spin-2 production
mechanism. The values are tabulated for the combination of the H! ��, H ! ZZ⇤ and H ! WW⇤ channels. The CLs values for excluding the
JP = 2+ hypothesis are given in the last column.

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 3.0 · 10�3 8.8 · 10�5 0.81 1.6 · 10�6 0.8 · 10�5

75% 9.5 · 10�3 8.8 · 10�4 0.81 3.2 · 10�5 1.7 · 10�4

50% 1.3 · 10�2 2.7 · 10�3 0.84 8.6 · 10�5 5.3 · 10�4

25% 6.4 · 10�3 2.1 · 10�3 0.80 0.9 · 10�4 4.6 · 10�4

0% 2.1 · 10�3 5.5 · 10�4 0.63 1.5 · 10�4 4.2 · 10�4

15

Use 2-dimensional log-likelihood fit to get  
test statistic q and determination of CLS …

Excess easier to reconcile with a spin 0 signal! Spin 2 looks too flat.  
Sensitivities between 2σ and 3σ according to fraction fqq. 
!
[fqq = fraction of quark anti-quark annihilation …]
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with increasing fqq̄. For large values of fqq̄, the | cos ✓⇤|
distributions associated with the spin-0 and spin-2 sig-
nals become very similar. In the case of the H ! ZZ⇤
channel, a separation slightly above one standard devi-
ation is expected between the JP = 0+ and JP = 2+
hypotheses, with little dependence on the production
mechanism. The H ! WW⇤ channel has the opposite
behaviour to the H! �� one, with the best expected re-
jection achieved for large values of fqq̄, as illustrated in
Table 4. The results for the H ! WW⇤ channel are also
in agreement with the JP = 0+ hypothesis. The JP = 2+
hypothesis is excluded with a CL above 95%. The data
are in better agreement with the JP = 0+ hypothesis
over the full range of fqq̄.

 (%)qqf
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Figure 8: Expected (blue triangles/dashed line) and observed (black
circles/solid line) confidence levels, CLs(JP = 2+), of the JP = 2+
hypothesis as a function of the fraction fqq̄ (see text) for the spin-2
particle. The green bands represent the 68% expected exclusion range
for a signal with assumed JP = 0+. On the right y-axis, the corre-
sponding numbers of Gaussian standard deviations are given, using
the one-sided convention.

Table 5 shows the expected and observed p0-values
for both the JP = 0+ and JP = 2+ hypotheses for the
combination of the H! ��, H ! ZZ⇤ and H ! WW⇤
channels. The test statistics calculated on data are com-
pared to the corresponding expectations obtained from
pseudo-experiments, as a function of fqq̄. The data are

in good agreement with the Standard Model JP = 0+
hypothesis over the full fqq̄ range. Figure 8 shows the
comparison of the expected and observed CLs values for
the JP = 2+ rejection as a function of fqq̄. The observed
exclusion of the JP = 2+ hypothesis in favour of the
Standard Model JP = 0+ hypothesis exceeds 99.9% CL
for all values of fqq̄.
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Figure 9: Expected (blue triangles/dashed lines) and observed (black
circles/solid lines) confidence level CLs for alternative spin–parity hy-
potheses assuming a JP = 0+ signal. The green band represents the
68% CLs(JP

alt) expected exclusion range for a signal with assumed
JP = 0+. For the spin-2 hypothesis, the results for the specific 2+m
model, discussed in Section 2, are shown. On the right y-axis, the cor-
responding numbers of Gaussian standard deviations are given, using
the one-sided convention.

7.6. Summary
The observed and expected CLs values for the exclu-

sion of the di↵erent spin–parity hypotheses are sum-
marised in Fig. 9. For the spin-2 hypothesis, the CLs
value for the specific 2+m model, discussed in Section 2,
is displayed.

8. Conclusions

The Standard Model JP = 0+ hypothesis for the
Higgs boson has been compared to alternative spin–

11

Expected and observed  
confidence level for JP = 2+ … 
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Figure 5: Expected distributions of | cos θ∗| for the spin-0 signal (blue line), the spin-2 signal produced by

gg (solid red line) or qq̄ (dashed red line) and the observed distribution from background events (black

line) in the invariant mass sidebands (105 GeV < mγγ < 122 GeV and 130 GeV < mγγ < 160 GeV).
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JCP = 2+ in the γγ channel

Discriminating variable is the distribution of the polar angle of 
the photons with respect to the z-axis of the Collins-Soper frame:

● Best discrimination power
● Impact of ISR minimal 

Topological differences: before acceptance cuts:

● Isotropic decay for a spin0 resonance

● For spin2, distribution depends on the qq fraction

● Background: strongly peaked in the 
forward-backward direction 

100gg:

100qq:

max 
difference

Discriminating variable: 
distribution of the polar angle θ …  
	 Best discrimination power … 
	 Impact of ISR minimal …

Topological differences 
before acceptance cuts: !
Spin 0: 	Isotropic decay  
Spin 2: distribution depends  
	 on the qq-fraction, fqq 

100% qq:   dN ~ 1 + cos4θ* + 6 cos2θ*  
100% gg:   dN ~ 1 − cos4θ*

➛
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Event selection: !
	 - two photons, ET > 35, 25 GeV … 
	 - di-photon inv. mass: 105 < mγγ < 160 !
	 	 120 - 130 GeV : signal region 
	 	 105 - 122 GeV : sideband 
	 	 130 - 160 GeV : sideband 
!
Minimal correlations between mγγ and cos θ*:                     ,  

ATLAS

4 Overview of the analysis strategy

Two separate analyses are performed. The first one – referred to as nominal – makes use of the near

absence of correlations (“de-correlation”) between mγγ and cos θ∗ to perform fit to the product of the

probability density functions (pdfs) of these variables in the signal region. The second one – referred

to as alternative – performs simultaneous fits of the full mγγ spectrum in bins of | cos θ∗|, in a manner

analogous to the mass and couplings analysis in H → γγ [14].

These two analyses exhibit different kinds of uncertainties associated to the background modelling,

which are dominantly of a statistical nature in both cases. An improved statistical power is obtained due

the de-correlation hypothesis in the nominal analysis which, in turn, induces larger systematic uncertain-

ties to account for any remaining correlations between mγγ and cos θ∗. The two analyses have similar

sensitivities when applied to a combination of signal and background events from MC. When profiling

the nuisance parameters in data, however, the nominal analysis exhibits a larger expected significance,

and is thus chosen as the baseline result.

Both analyses share a common statistical procedure. They use the following likelihood ratio to

quantify the outcome of the experiment:

q = ln
L0( ˆ̂θ0)

L2( ˆ̂θ2)
, (2)

where the likelihood corresponding to the background plus spin-0 (spin-2) hypothesis, described be-

low, is denoted by L0 (L2) and the vector θ is a set of nuisance parameters (including the signal and

background yields) that are needed to complete the model description. Some of these parameters are

constrained by ancillary measurements through Log-normal or Gaussian pdfs that multiply the likeli-

hood function, as discussed below. The double-hat notation corresponds to the maximum likelihood

estimator of θ under a given spin hypothesis. The nuisance parameters are thus fitted separately for each

spin hypothesis.

Pseudo-experiments are used to compute the expected distributions of the test statistic associated

to the presence of a spin-0 or a spin-2 signal. These distributions are used in the estimation of the

corresponding p-values p(0+) or p(2+) 3, while spin-2 exclusion limits (in favor of the spin-0 hypothesis)

are evaluated using a CLS procedure [19], and are given by:

1 −CLS (2+) = 1 −
p(2+)

1 − p(0+)
. (3)

4.1 Inclusive analysis of mγγ and | cos θ∗| in the signal region (nominal)

In the nominal analysis, the pdfs of mγγ and | cos θ∗| are assumed to be uncorrelated in the signal

region. The likelihood function is given by:

−lnL = (nS + nB) −
∑

events

ln
[

nS · fS
(

| cos θ∗|
)

· fS (mγγ) + nB · fB(| cos θ∗|) · fB(mγγ)
]

,

where the subscripts S and B refer to the signal and background, respectively. The total number of signal

(background) events are denoted by nS (nB). The natural width of the diphoton resonance is assumed

3The p-values are not, strictly speaking, probabilities of a given measurement being at least as discrepant as the observation.

Instead, they are associated to the expected and observed rejections of a given hypothesis and are computed, respectively, by

integrating the distribution of the tested hypothesis up to the median of the alternative hypothesis or the observed value. When

the tested hypothesis corresponds to the true one, the observation is expected to be close to the median, corresponding to a

p-value around 50%; any deviation (either towards 0% or 100%) is a sign of a disagreement between the data and the tested

hypothesis.

4

p�1
T

m��
> 0.35

p�2
T

m��
> 0.25

Likelihood: 

signal  
mass pdf

polar angle pdf 
[different for spin 0 and 2]

background 
mass pdf 
[5th degree poly.]

from  
sidebands
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Figure 2: Distributions of background-subtracted data in the signal
region as a function of | cos ✓⇤ |. The expected distributions for (a)
spin-0 and (b) spin-2 signals produced by gluon fusion, normalised
to the fitted number of signal events, are overlaid as solid lines. The
cyan/grey bands around the horizontal lines at zero show the system-
atic uncertainties on the background modelling before the fits, which
include the statistical uncertainties on the data sidebands.

fitted background depends on the profiling of the nui-
sance parameters associated with the bin-by-bin system-
atic uncertainties.

5. H ! ZZ⇤ ! 4` Analysis

The H ! ZZ⇤ ! 4` channel, where ` = e or µ, ben-
efits from the presence of several observables dependent
on spin and parity thanks to the full reconstruction of the
four-lepton final state. The kinematic observables are
the reconstructed masses of the two Z boson candidates
and the five production and decay angles described in
the following. The Z boson candidates are denoted here-
after as Z1 and Z2, where the index 1 refers to the lepton
pair with the invariant mass closer to the PDG value [31]

of the Z boson mass. Their respective masses are de-
fined as m12 and m34. The full definition of the pro-
duction and decay angles as well as the description of
their variation for di↵erent spin and parity values can be
found in Ref. [20]. Here only a brief summary is given:
✓1 (✓2) is the angle between the negatively charged final-
state lepton in the Z1 (Z2) rest frame and the direction of
flight of the Z1 (Z2) boson in the four-leptons rest frame.
� is the angle between the decay planes defined by the
two lepton pairs coming from the Z decays in the four-
lepton rest frame. �1 is the angle between the decay
plane of the leading lepton pair and a plane defined by
the momentum of the Z1 in the four-lepton rest frame
and the direction of the beam axis. ✓⇤ is the production
angle of the Z1 defined in the four-lepton rest frame.

The lepton identification criteria and the analysis
requirements follow the inclusive event selection de-
scribed in Ref. [18]. To increase the sensitivity to the
Higgs boson signal the final states are classified depend-
ing on the flavours of the lepton pairs. The events used
to reconstruct the variables sensitive to the spin and par-
ity of the resonance are selected in the region of recon-
structed four-lepton invariant mass 115 GeV < m4` <
130 GeV, defined as the signal mass window.

After the analysis requirements 43 candidate events
are selected in data in the signal mass window, com-
pared with an expected background of about 16 events,
dominated by the continuum ZZ⇤ process, and about
18 signal events for a SM Higgs boson with a mass
of 125.5 GeV. The irreducible ZZ⇤ background is
estimated from Monte Carlo simulation, normalised
to NLO calculations, while the reducible tt̄, Zbb̄ and
Z+jets backgrounds are estimated from corresponding
control regions in data, as described in Ref. [18]. Fig-
ure 3 shows the cos(✓1) and m34 distributions for events
passing the full selection in the signal mass window.

In order to distinguish between pairs of spin and
parity states, the reconstructed observables described
above, namely the five angles and the two invariant
masses, are combined using a multivariate discrimi-
nant based on a boosted decision tree (BDT) [32]. The
BDT is trained on simulated signal events after full re-
construction and event selection. Dedicated discrimi-
nants are defined for the separation between the Stan-
dard Model JP = 0+ hypothesis and each of the consid-
ered alternative models, JP = 0�, 1+, 1�, 2+. In the
case of the spin-2 hypothesis, the studies are performed
as a function of the qq̄ production fraction, fqq̄.

The response of the BDT classifiers is evaluated sep-
arately for each pair of signal hypotheses, including the
expected backgrounds from other SM processes. In ad-
dition, to improve the overall sensitivity, the BDT re-
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Figure 2: Distributions of background-subtracted data in the signal
region as a function of | cos ✓⇤ |. The expected distributions for (a)
spin-0 and (b) spin-2 signals produced by gluon fusion, normalised
to the fitted number of signal events, are overlaid as solid lines. The
cyan/grey bands around the horizontal lines at zero show the system-
atic uncertainties on the background modelling before the fits, which
include the statistical uncertainties on the data sidebands.

fitted background depends on the profiling of the nui-
sance parameters associated with the bin-by-bin system-
atic uncertainties.
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pared with an expected background of about 16 events,
dominated by the continuum ZZ⇤ process, and about
18 signal events for a SM Higgs boson with a mass
of 125.5 GeV. The irreducible ZZ⇤ background is
estimated from Monte Carlo simulation, normalised
to NLO calculations, while the reducible tt̄, Zbb̄ and
Z+jets backgrounds are estimated from corresponding
control regions in data, as described in Ref. [18]. Fig-
ure 3 shows the cos(✓1) and m34 distributions for events
passing the full selection in the signal mass window.

In order to distinguish between pairs of spin and
parity states, the reconstructed observables described
above, namely the five angles and the two invariant
masses, are combined using a multivariate discrimi-
nant based on a boosted decision tree (BDT) [32]. The
BDT is trained on simulated signal events after full re-
construction and event selection. Dedicated discrimi-
nants are defined for the separation between the Stan-
dard Model JP = 0+ hypothesis and each of the consid-
ered alternative models, JP = 0�, 1+, 1�, 2+. In the
case of the spin-2 hypothesis, the studies are performed
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expected backgrounds from other SM processes. In ad-
dition, to improve the overall sensitivity, the BDT re-
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tion in pseudo-rapidity of the two photons, and p�1T , p
�2
T

are the transverse momenta of the photons.
This channel has a large background, dominated by

non-resonant diphoton production, whose distribution
in | cos ✓⇤| is intermediate between those expected for
JP = 0+ and JP = 2+ states produced in gluon fusion.
Two observables, | cos ✓⇤| and m��, are used in the fit to
data: m�� provides better separation power between the
signal and the background, and | cos ✓⇤| is sensitive to
the spin.

The selected events contain two isolated photon can-
didates, as described in Ref. [18], but with the important
di↵erence that the kinematic requirements on the trans-
verse momenta of the photons are proportional to m��.
This choice reduces the correlation between m�� and
| cos ✓⇤| for the background to a negligible level. The
selection requirements are set to p�1T > 0.35 m�� and
p�2T > 0.25 m��. The fitted mass range is chosen to be
105 GeV < m�� < 160 GeV.

The intrinsic width of the resonance is assumed to be
negligible compared to the detector resolution for both
spin hypotheses. For this reason, the same probability
density function (pdf) is used to model the reconstructed
mass spectra of both signal hypotheses, independent of
the value of | cos ✓⇤|. The chosen function is the sum of a
Crystal Ball [28] component, accounting for about 95%
of the signal events, and a wider Gaussian component
to model outlying events, as described in Ref. [18].

The | cos ✓⇤| distributions of the signal, for either spin
state, are obtained from simulated samples. The signal
yields per | cos ✓⇤| bin for a spin-0 particle are corrected
for interference e↵ects with the non-resonant diphoton
background gg! �� [29]. The size of the correction
is non-negligible only at high values of | cos ✓⇤| and its
value is taken as the systematic uncertainty on this ef-
fect. No interference between the spin-2 particle and the
diphoton continuum background is assumed, since there
are no theoretical models that describe it.

For the spin-2 state, the full size of the correction to
the generated pT spectrum of the diphoton system, de-
scribed in Section 2, is taken as a systematic uncertainty.

The background distributions are derived directly
from the observed data, using the two mass sidebands
105 GeV < m�� < 122 GeV and 130 GeV < m�� <
160 GeV, where the signal contribution is negligible.
The background shape as a function of m�� is modeled
by a fifth-order polynomial with coe�cients fitted to the
data. The background shape as a function of | cos ✓⇤| is
taken from the two mass sidebands, since the remain-
ing correlation between the two observables is small.
The statistical uncertainties a↵ecting the determination

of the | cos ✓⇤| distribution from the sidebands are prop-
agated into the signal region (SR), 122 GeV < m�� <
130 GeV, independently for each | cos ✓⇤| bin. Detailed
studies of the data in the sidebands show that possible
residual correlations between m�� and | cos ✓⇤| are not
significant compared to the statistical uncertainties. A
study of the background, based on a large sample of
simulated events using the SHERPA generator [30], in-
dicates the presence of a residual correlation at the level
of 0.6% for | cos ✓⇤| < 0.8 and 2% elsewhere. These
values are treated as the systematic uncertainties due to
possible correlations between m�� and | cos ✓⇤|.

The fit to data is carried out simultaneously in the sig-
nal region and the two sideband regions. In the signal
region, the likelihood is a function of the two discrim-
inant variables m�� and | cos ✓⇤|, while in the sidebands
only m�� is considered.

The number of data events selected in the signal re-
gion is 14977, compared with a background estimate
of about 14300 events and an expected SM Higgs bo-
son signal of about 370 events. Figure 1 displays the
data distribution for | cos ✓⇤| in the signal region, over-
laid with the signal and background components, fitted
under the JP = 0+ hypothesis.
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Figure 1: Distribution of | cos ✓⇤ | for events in the signal region de-
fined by 122 GeV < m�� < 130 GeV. The data (dots) are overlaid
with the projection of the signal (blue/dark band) and background
(yellow/light histogram) components obtained from the inclusive fit
of the data under the spin-0 hypothesis.

The likelihood function is fitted to data for both the
spin-0 and spin-2 hypotheses with the signal and back-
ground normalisations treated as nuisance parameters.
Figure 2 shows the | cos ✓⇤| distributions in the signal
region, obtained after subtracting the estimated back-
ground, and compared with the expected distributions
for spin-0 and spin-2 signals. The data points di↵er
slightly between the two spin hypotheses, because the
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Table 4: Summary of results for the various fractions fqq̄ of the qq̄ production of the spin-2 particle for the H! �� (top), H ! ZZ⇤ (middle), and
H ! WW⇤ (bottom) channels. The expected p0-values for rejecting the JP = 0+ and JP = 2+ hypotheses (assuming the alternative hypothesis) are
shown in the second and third columns. The fourth and fifth columns show the observed p0-values, while the CLsvalues for excluding the JP = 2+
hypothesis are given in the last column.

H! ��

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.148 0.135 0.798 0.025 0.124
75% 0.319 0.305 0.902 0.033 0.337
50% 0.198 0.187 0.708 0.076 0.260
25% 0.052 0.039 0.609 0.021 0.054
0% 0.012 0.005 0.588 0.003 0.007

H ! ZZ⇤

fqq̄
2+ assumed assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.102 0.082 0.962 0.001 0.026
75% 0.117 0.099 0.923 0.003 0.039
50% 0.129 0.113 0.943 0.002 0.035
25% 0.125 0.107 0.944 0.002 0.036
0% 0.099 0.092 0.532 0.079 0.169

H ! WW⇤

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 0.013 3.6 · 10�4 0.541 1.7 · 10�4 3.6 · 10�4

75% 0.028 0.003 0.586 0.001 0.003
50% 0.042 0.009 0.616 0.003 0.008
25% 0.048 0.019 0.622 0.008 0.020
0% 0.086 0.054 0.731 0.013 0.048

Table 5: Expected and observed p0-values for the JP = 0+ and JP = 2+ hypotheses as a function of the fraction fqq̄ of the qq̄ spin-2 production
mechanism. The values are tabulated for the combination of the H! ��, H ! ZZ⇤ and H ! WW⇤ channels. The CLs values for excluding the
JP = 2+ hypothesis are given in the last column.

fqq̄
2+ assumed 0+ assumed Obs. p0(JP = 0+) Obs. p0(JP = 2+) CLs(JP = 2+)

Exp. p0(JP = 0+) Exp. p0(JP = 2+)
100% 3.0 · 10�3 8.8 · 10�5 0.81 1.6 · 10�6 0.8 · 10�5

75% 9.5 · 10�3 8.8 · 10�4 0.81 3.2 · 10�5 1.7 · 10�4

50% 1.3 · 10�2 2.7 · 10�3 0.84 8.6 · 10�5 5.3 · 10�4

25% 6.4 · 10�3 2.1 · 10�3 0.80 0.9 · 10�4 4.6 · 10�4

0% 2.1 · 10�3 5.5 · 10�4 0.63 1.5 · 10�4 4.2 · 10�4
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with increasing fqq̄. For large values of fqq̄, the | cos ✓⇤|
distributions associated with the spin-0 and spin-2 sig-
nals become very similar. In the case of the H ! ZZ⇤
channel, a separation slightly above one standard devi-
ation is expected between the JP = 0+ and JP = 2+
hypotheses, with little dependence on the production
mechanism. The H ! WW⇤ channel has the opposite
behaviour to the H! �� one, with the best expected re-
jection achieved for large values of fqq̄, as illustrated in
Table 4. The results for the H ! WW⇤ channel are also
in agreement with the JP = 0+ hypothesis. The JP = 2+
hypothesis is excluded with a CL above 95%. The data
are in better agreement with the JP = 0+ hypothesis
over the full range of fqq̄.
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Figure 8: Expected (blue triangles/dashed line) and observed (black
circles/solid line) confidence levels, CLs(JP = 2+), of the JP = 2+
hypothesis as a function of the fraction fqq̄ (see text) for the spin-2
particle. The green bands represent the 68% expected exclusion range
for a signal with assumed JP = 0+. On the right y-axis, the corre-
sponding numbers of Gaussian standard deviations are given, using
the one-sided convention.

Table 5 shows the expected and observed p0-values
for both the JP = 0+ and JP = 2+ hypotheses for the
combination of the H! ��, H ! ZZ⇤ and H ! WW⇤
channels. The test statistics calculated on data are com-
pared to the corresponding expectations obtained from
pseudo-experiments, as a function of fqq̄. The data are

in good agreement with the Standard Model JP = 0+
hypothesis over the full fqq̄ range. Figure 8 shows the
comparison of the expected and observed CLs values for
the JP = 2+ rejection as a function of fqq̄. The observed
exclusion of the JP = 2+ hypothesis in favour of the
Standard Model JP = 0+ hypothesis exceeds 99.9% CL
for all values of fqq̄.
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Figure 9: Expected (blue triangles/dashed lines) and observed (black
circles/solid lines) confidence level CLs for alternative spin–parity hy-
potheses assuming a JP = 0+ signal. The green band represents the
68% CLs(JP

alt) expected exclusion range for a signal with assumed
JP = 0+. For the spin-2 hypothesis, the results for the specific 2+m
model, discussed in Section 2, are shown. On the right y-axis, the cor-
responding numbers of Gaussian standard deviations are given, using
the one-sided convention.

7.6. Summary
The observed and expected CLs values for the exclu-

sion of the di↵erent spin–parity hypotheses are sum-
marised in Fig. 9. For the spin-2 hypothesis, the CLs
value for the specific 2+m model, discussed in Section 2,
is displayed.

8. Conclusions

The Standard Model JP = 0+ hypothesis for the
Higgs boson has been compared to alternative spin–
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