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Motivations of the work

I What is the exact mechanism of the Electroweak symmetry breaking
(EWSB)?

I Is the observed Higgs same as the one predicted by the Standard Model?
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Motivations of the work

I Precise measurement of the couplings of the Higgs to electroweak gauge
bosons is needed to uncover the exact mechanism of EWSB.

I Apart from the usual observables namely total cross section,angular
distribution, observables like spin polarizations can provide deeper insight into
underlying physics.
A. Aguilar Saavedra et al., 2010 & 2016, R.K.Singh et al. show that angular
asymmetries corresponding to different polarizations are useful to probe new
physics.

I Focus is to use the information contained in the polarization of EW gauge
bosons to study its coupling to Higgs, using spin density matrix formalism.
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Question:

How well can the polarization observables of a (massive) gauge boson
probe the underlying physics ?
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Goal of The Work

I Study anomalous ZZH vertex in the associated ZH production at LHC using
the Z polarization observables
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Figure: Feynman diagram for ZH production.
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where the vertex Zµ(k1)→ Zν(k2)H takes the following Lorentz invariant
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I The form factors az , bz and b̃z are in general complex. The first two
couplings would correspond to CP-even terms in the interaction, while the
third term is odd under CP.
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Spin Density Matrix Formalism

I The 2× 2 density matrix for spin-1/2 system-

ρ =
1

2
I +

1

2
P.σ

where the Pauli matrices σ serve the basis for this expansion and P is called the
spin-polarization vector for the ensemble

P = 〈σ〉 = Tr(ρσ)
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Spin Density Matrix Formalism

I The 2× 2 density matrix for spin-1/2 system-

ρ =
1

2
I +

1

2
P.σ

where the Pauli matrices σ serve the basis for this expansion and P is called the
spin-polarization vector for the ensemble

P = 〈σ〉 = Tr(ρσ)

I For spin-1, the elements of 3× 3 spin density matrix written as

ρ =
1

3
I +

1

2

M=1∑
M=−1

〈SM〉∗SM +
M=2∑
M=−2

〈TM〉∗TM

where S0 = S3,S±1 = ∓ 1√
2

(S1 + iS2) are the spin operators in spherical basis and

TMs are five rank 2 irreducible tensors built from SM .
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The production and decay density matrices

I For a generic process AB → VX , V → f f̄ ′ . Total rate with V being on-shell
is given as

1

σ

dσ

dΩf
=

2s + 1

4π

∑
λ,λ′

P(λ, λ
′
)Γ(λ, λ

′
) (1)

σ = σVBR(V → f f̄ ′) is the total cross section for production of V .
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dσ

dΩf
=
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4π

∑
λ,λ′

P(λ, λ
′
)Γ(λ, λ

′
) (4)

σ = σVBR(V → f f̄ ′) is the total cross section for production of V .
I P(λ, λ

′
)(λ, λ

′
= ±1, 0) is the polarization density matrix for V and in terms

of a hermitian 3× 3 production density matrix given as

P(λ, λ
′
) =

1

σv

∫
ρ(λ, λ

′
)dΩv =

1

σv
ρT (λ, λ

′
) (5)

with σv the production cross section of V without decay.

ρ(λ, λ
′
) =

Phase space

Flux
M(λ)M†(λ

′
)

I P parametrized in terms of a vector P = (Px ,Py ,Pz) and a rank 2
traceless,symmetric tensor Tij (E.Leader,” Spin in particle physics”)



The production and decay density matrices

P(λ, λ
′
) =


1
3 + Pz

2 + Tzz√
6

Px−iPy

2
√
2

+
Txz−iTyz√

3

Txx−Tyy−2iTyz√
6

Px+iPy

2
√
2

+
Txz+iTyz√

3
1
3 −

2Tzz√
6

Px−iPy

2
√
2
− Txz−iTyz√

3
Txx−Tyy−2iTxy√

6

Px+iPy

2
√
2
− Txz+iTyz√

3
1
3 −

Pz

2 + Tzz√
6

 (6)

The decay density matrix with the interaction vertex Vf f̄ : γµ(c fLPL + c fRPR) in its
rest frame is given by

Γ(λ, λ
′
) =


(1+cos2 θ+2α cos θ

4
sin θ(α+cos θ)e iφ

2
√
2

(1−cos θ2)e2iφ
4

sin θ(α+cos θ)e−iφ

2
√
2

sin2 θ
2

sin θ(α−cos θ)e iφ

2
√
2

(1−cos θ2)e−2iφ

4
sin θ(α−cos θ)e−iφ

2
√
2

(1+cos2 θ−2α cos θ
4

 (7)

α→ c2R−c
2
L

c2R+c2L
for massless final state fermions
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Therefore the angular distribution of the fermion in the rest frame of V

1

σ

dσ

dΩf
=

3

8π
[(

2

3
− Tzz√

6
)− Pz cos θ] (8)

+

√
3

2
Tzz cos2 θ + (−Px + 2

√
2

3
Txz cos θ) sin θ cosφ

+(−Py + 2

√
2

3
Tyz cos θ) sin θ sinφ

+(
Txx − Tyy√

6
) sin2 θ cos 2φ+

√
2

3
Txy sin2 θ sin 2φ
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Extracting the various polarization parameters of V -

I At production level, by using the polarization matrix elements (R.Rahaman
and R.K.Singh, Eur.Phys.J. C76 (2016) no.10, 539)

Px =
{ρT (+, 0) + ρT (+, 0)}+ {ρT (0,−) + ρT (−, 0)}√

2σv

Py =
−i{[ρT (0,+)− ρT (+, 0)] + [ρT (−, 0)− ρT (0,−)]}√

2σv

Pz =
[ρT (+,+)]− [ρT (−,−)]

2σv
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Txy =
−i
√

6[ρT (−,+)− ρT (+,−)]

4σv

Txz =

√
3{[ρT (+, 0) + ρT (+, 0)]− [ρT (0,−) + ρT (−, 0)]}√

2σv

Tyz =
−i
√

3{[ρT (0,+)− ρT (+, 0)]− [ρT (−, 0)− ρT (0,−)]}√
2σv

Txx − Tyy =

√
6[ρT (−,+)− ρT (+,−)]

2σv

Tzz =

√
6

2

{
[ρT (+,+)]− [ρT (−,−)]

σv
− 2

3

}
=

√
6

2

[
1

3
− ρT (0, 0)

σv

]
Here Txx and Tyy can be separately calculated by using the tracelessness property
of Tij .
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I At decay level, by using partial integration of the differential distribution (Eq.
4) and then constructing various asymmetries.(R.Rahaman and R.K.Singh,
Eur.Phys.J. C76 (2016) no.10, 539)

Ax =
3αPx

4
≡ σ(cosφ > 0)− σ(cosφ < 0)

σ(cosφ > 0) + σ(cosφ < 0)

Ay =
3αPy

4
≡ σ(sinφ > 0)− σ(sinφ < 0)

σ(sinφ > 0) + σ(sinφ < 0)

Az =
3αPz

4
≡ σ(cos θ > 0)− σ(cos θ < 0)

σ(cos θ > 0) + σ(cos θ < 0)

Axz =
−2

π

√
2

3
Txz ≡

σ(cos θ cosφ < 0)− σ(cos θ cosφ > 0)

σ(cos θ cosφ > 0) + σ(cos θ cosφ < 0)

Priyanka Sarmah 12 / 24



Ayz =
2

π

√
2

3
Tyz ≡

σ(cos θ sinφ > 0)− σ(cos θ sinφ < 0)

σ(cos θ sinφ > 0) + σ(cos θ sinφ < 0)

Ax2−y2 =
1

π

√
2

3
(Txx − Tyy ) ≡ σ(cos 2φ > 0)− σ(cos 2φ < 0)

σ(cos 2φ > 0) + σ(cos 2φ < 0)

Axy =
2

π

√
2

3
Txy ≡

σ(sin 2φ > 0)− σ(sin 2φ < 0)

σ(sin 2φ > 0) + σ(sin 2φ < 0)

Azz =
3

8

√
3

2
Tzz ≡

σ(sin 3θ > 0)− σ(sin 3θ < 0)

σ(sin 3θ > 0) + σ(sin 3θ < 0)
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Helicity Amplitudes for q + q̄ → Zα(p) + H(k)

q(p1) + q̄(p2)→ Zα(p) + H(k)

In the limit of massless initial states

M(−,+,±) =
g 2
wmz
√
s

cos2 θw ((s −m2
z ) + iΓzmz)

(cv + ca)

2

[
1−
√
s

m2
z

(Ezbz ± i b̃zPz)

]
× (1∓ cos θ)√

2

M(∓,±, 0) =
g 2
w

√
s

cos2 θw ((s −m2
z ) + iΓzmz)

(cv ± ca)

2

[
Ez −

√
sbz

]
sin θ

M(+,−,±) =
g 2
wmz
√
s

cos2 θw ((s −m2
z ) + iΓzmz)

(cv − ca)

2

[
−1 +

√
s

m2
z

(Ezbz ± i b̃zPz)

]
× (1± cos θ)√

2

where the first two entries in M denote the helicities +1/2 and −1/2 of the quark and

anti-quark respectively
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√
s = total center of mass energy , Cv = −0.5 + sin2 θw , Ca = −0.5 where θw is

the weak mixing angle.
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√
s = total center of mass energy , Cv = −0.5 + sin2 θw , Ca = −0.5 where θw is

the weak mixing angle.

I we adopt the following representations for the polarization vectors of Z

εµ(s = ±1) = ∓ 1√
2

(0,− cos θ,∓i , sin θ) (9)

εµ(s = 0) =
1

mz
(| pz |,−Ez sin θ, 0,−Ez cos θ) (10)

where Ez ,| pz | are the energy and momentum of the Z respectively,with θ being
the polar angle made by Z with respect to quark momentum taken to be along
the positive z axis.
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ρ(±,±) =
g4m2

Z s

8 cos4 θW (ŝ −m2
Z )2

[
(cV + cA)2(1∓ cos θ)2

+(cV − cA)2(1± cos θ)2
] [

1− 2(Re bZ ∓ βZ Im b̃Z )
EZ

√
ŝ

m2
Z

+
E 2
Z ŝ

m4
Z

|bZ |2 ∓
2EZPZ ŝ

m4
Z

(Im b̃Z Re bZ − Im bZ Re b̃Z )

+
P2
Z ŝ

m4
Z

|b̃Z |2
]

(11)

ρ(0, 0) =
g4E 2

Z s

2 cos4 θW (s −m2
Z )2

sin2 θ (c2V + c2A)

[
1− 2Re bZ

√
s

EZ

+
ŝ

E 2
Z

|bZ |2
]

(12)

(13)
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ρ(±,∓) =
g4m2

Z s

4 cos4 θW (ŝ −m2
Z )2

sin2 θ (c2V + c2A)

×
[

1− 2(Re bZ ± iβZRe b̃Z )
EZ
√
s

m2
Z

+
E 2
Z ŝ

m4
Z

|bZ |2 ± i
2EZPZ ŝ

m4
Z

(Im b̃Z Im bZ + Re bZ Re b̃Z )− 2P2
Z ŝ

m4
Z

|b̃Z |2
]

(14)

ρ(±, 0) =
g4mZEZ s

4
√

2 cos4 θW (ŝ −m2
Z )2

sin θ

×
[
(cV + cA)2(1∓ cos θ)− (cV − cA)2(1± cos θ)

]
×
[

1− Re bZ
√
ŝ

(E 2
Z + m2

Z )

EZm2
Z

− i
√
ŝ
EZ

m2
Z

(
Im bZ β2

Z ± b̃ZβZ
)

∓ ŝ

m2
Z

|bZ |2 ±
ŝPZ

m2
ZEZ

(Im bZ + iRe bZ )(Re b̃Z + i Im b̃Z )

]
(15)

where βZ = |~pZ |/EZ is the velocity of the Z in the c.m frame.
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Sensitivities at
√
s = 14 TeV LHC

Observable Coupling Limit (×10−3)
σ Re bZ 0.70
Ax Re bZ 136

Ay Re b̃Z 37.9

Az Im b̃Z 13.5

Axy Re b̃Z 9.53
Ayz Im bZ 16.5

Axz Im b̃Z 13.3
Ax2−y2 Re bZ 24.4
Azz Re bZ 6.88

I Redefine the z-axis as reconstructed momentum of ZH system

I In SM, only three asymmetries are non-zero viz. Ax , Ax2−y2 , Azz .
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Sensitivities at
√
s = 14 TeV and

∫
Ldt = 1000 fb−1
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Observable Coupling Limit (×10−3)
σ |Re bZ | 0.70
σ |Im bZ | 15.9

Axy |Re b̃Z | 9.54

Axz , Az |Im b̃Z | 13.3

Table: The best 1σ limit on couplings and the corresponding observables at√
s = 14 TeV

(K.Rao, S.D.Rindani, P.Sarmah, Nucl.Phys.B 964 115317 (2021))
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Summary

I Studied anomalous ZZH vertex by making use of the full density matrix of Z
boson at the e+e− and LHC. The 8 angular asymmetries corresponding to
different polarization states of Z, help probing all the anomalous couplings.

I
√
s = 14 TeV LHC with

∫
Ldt = 1000 fb−1 could provide a limit on the

couplings Rebz in the interval [−0.7, 0.7]× 10−3 and Imbz in the interval
[−15.9, 15.9]× 10−3.

I Couplings Reb̃z and Imb̃z get a best bound of |Reb̃z | ≤ 9.54× 10−3 and
|Imb̃z | ≤ 13.3× 10−3respectively.
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Figure: 1σ sensitivity contours for cross-section and asymmetries obtained by varying
two parameters simultaneously.
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