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Azimuthal correlations in H → ZZ → 4f
S.Y.Choi, D.J.Miller, M.M.Mühlleitner, P.M.Zerwas (’03)
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• Azimuthal correlations reflect the tensor structures of the HV V
coupling. Why does each tensor structure give such a distribution?

• How about the correlation for spin-2 massive gravitons?



Contents

1. Introduction

2. Helicity amplitude formalism and kinematics

3. Helicity amplitudes for X → V V → 4f

4. Azimuthal correlations between the decay planes

• CP -even/odd Higgs boson (J = 0) decays

• Randall-Sundrum (RS) massive graviton (J = 2) decays

5. Summary



The helicity amplitude formalism k3, σ3
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The helicity amplitudes for X → V V → 4f
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Note: The total amplitudes are generally the coherent sum of the 9 amplitudes

which have the different helicity combinations of the decaying vector-bosons.



Kinematics for gg/qq̄ → X → V V → (f f̄)(ff̄)

Θp1

p2

q2

q1

k4k2

θ2, φ2

k3

θ1, φ1

k1

−→ z

I

II

III

↗
z′

Note: The azimuthal angles (φ1 and φ2) are measured individually from

the X production-decay (gg/qq̄ → X → V V ) plane.



Current amplitudes k3, σ3
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σi ūf ′(ki+2, σi+2) γµ uf(ki, σi)

J1
λ1
σ1σ3

• J1
+
+− = −

(
J1
−
−+

)∗ 1

2
(1 + cos θ1) eiφ1

• J1
0
+− = J1

0
−+

1√
2

sin θ1

• J1
−
+− = −

(
J1

+
−+

)∗ 1

2
(1− cos θ1) e−iφ1

J1
λ1

++ = J1
λ1

−− 0

Note: The amplitudes for transversely polarized vector-bosons have a

phase, e+iφ1 or e−iφ1, while those for londitudinal ones do not.



XV V vertex k3, σ3
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• X → V V decay amplitudes:
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• XVV vertex:
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The GV V vertex: [Giudice, Rattazzi, Wells (’99), T.Han, J.Lykken, R.Zhang (’99)]
Γ̂µν,ρσ
GV V (q1, q2) = (m2

V + q1 · q2)Cµν,ρσ +Dµν,ρσ(q1, q2)

Cµν,ρσ = gµρgνσ + gµσgνρ − gµνgρσ

Dµν,ρσ(q1, q2) = gµνqσ1q
ρ
2 −
[
gµσqν1q

ρ
2 + gµρqσ1q

ν
2 − gρσqµ1qν2 + (µ↔ ν)

]



k3, σ3

k2, σ2

k1, σ1

k4, σ4

q1, λ1

q2, λ2

P, λ

X → V V decay amplitudes

in the q2
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• light H (β → 0;M ∼ 2mV ): decay into both longitudinally- and
transversely-polarized VBs.

• heavy H (β → 1;M � mV ): decay into the longitudinally-polarized
VBs.

• A: decay only into transversely-polarized VBs.

• G (β → 1): decay into both longitudinally- and (λ1λ2) = (±∓)
transversely-polarized VBs.



Azimuthal correlations for Higgs bosons
The J = 0 total amplitudes are the sum of the three amplitudes:
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Therefore, the squared amplitudes are generally given by
∑

σ1,··· ,4

∣∣Mλ=0
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∣∣2 = Σ0 + Σ1cos ∆φ+ Σ2cos 2∆φ (∆φ ≡ φ1 − φ2)

The azimuthal correlation is manifestly expressed by the interference
among different helicity states of the intermediate vector-bosons.

The different tensor structures of the H/A coupling to a Z-pair give
rise to the different azimuthal angle dependences:

H(heavy) : M00 �M++ =M−− ⇒ dΓ/d∆φ ∼ constant

H(light) : M00 ∼M++ =M−− (Σ1 � 1) ⇒ dΓ/d∆φ ∼ Σ0 + |Σ2| cos 2∆φ

A : M00 = 0, M++ = −M−− ⇒ dΓ/d∆φ ∼ Σ0 − |Σ2| cos 2∆φ
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• Azimuthal correlations reflect the tensor structures of the HV V
coupling. Why does each tensor structure give such a distribu-
tion?

SM (light) H ⇒ dΓ/dϕ ∼ Σ0 + |Σ2| cos 2ϕ
pseudoscalar H ⇒ dΓ/dϕ ∼ Σ′0 − |Σ′2| cos 2ϕ

• How about the correlation for massive gravitons? ⇒ Next slides!



Azimuthal correlations for gravitons Θp1
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The amplitudes for gg/qq̄ → G→ ZZ → 4f are

MσI
1,2;σ1,··· ,4 ∝ MI

λI=σI
1−σI

2

σI
1σ

I
2

∑

λ1=±,0

∑

λ2=±,0

d2
λI,λ(Θ)

P 2 −M2 + iMΓ
MG

λ=λ1−λ2

λ1λ2
J1

λ1

σ1σ3
J2

λ2

σ2σ4

−−−−→
β = 1 d2

λI,+2(Θ)MG
+2
+−J1

+
σ1σ3
J2
−
σ2σ4

e−i(φ1+φ2) + d2
λI,0(Θ)MG

0
00J1

0
σ1σ3
J2

0
σ2σ4

+ d2
λI,−2(Θ)MG

−2
−+J1

−
σ1σ3
J2

+
σ2σ4

ei(φ1+φ2)

Therefore, the squared amplitudes in the M � mV (β = 1) limit are
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=⇒ The azimuthal Φ correlations depend on Θ and λI.



Azimuthal correlations in pp→ G→ ZZ → 4`
MG/ME with spin-2 particles [Hagiwara, Kanzaki, Q.Li, KM (’08)]
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Summary P, λ
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• We have studied

– heavy particle (H/A and G) productions in association with
two jets via VBF processes at the LHC; see my slides in Pheno09.

– their decays into 4 leptons/jets via a vector-boson pair.

• We showed

– the helicity amplitudes explicitly for X → V V → 4f .

– non-trivial azimuthal correlations of the jets are manifestly ex-
pressed as the quantum interference among different helicity
states of the intermediate vector-bosons.

• These correlations reflect the spin and CP nature of the decaying
heavy particles.



Back up
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Current amplitudes
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• Fermion current vectors
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• Wavefunctions for the fermions
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• Wavefunctions for the decaying vector-bosons

εµ(q1,±) =
1√
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(0,∓1,−i,0)

εµ(q1,0) = (0,0,0,1)



Angular distributions for G→ V V → (f f̄)(ff̄)
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∆φ (= φ1 − φ2) distributions for Higgs bosons
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Φ (= φ1 + φ2) distributions for gravitons
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The Θ and λ′ dependent azimuthal Φ correlations !


