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Motivation

1 The Higgs boson discovered at the LHC is consistent with SM predictions.

2 The anomalous HVV couplings can be related to matter-antimatter
asymmetry & CP violation.

3 The channel of H → ZZ can be fully reconstructed and has large S/B ratio.

1 More physics information can be subtracted from differential cross section
VS total cross section.

2 Differential cross section involving contribution from interference of the
signal and box background process.

3 Extend from Higgs on-shell to off-shell energy region.
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Wang Youkai Shaanxi Normal University () Study of HZZ anomalous couplings by differential cross sectionsAugust 17, 2021 3 / 24



Theoretical calculation

Effective couplings

LSMEFT = LSM + L(5) + L(6) + L(7) + L(8) + · · · .

L(i) =

Ni∑
j=1

C
(i)
j

Λi−4
Q

(i)
j

Dim 6 HZZ/HWW operators under Warsaw basis

Q6
φD = (φ†Dµ

φ)∗(φ†Dµφ),

Q6
φW = φ

†
φW I

µνW Iµν
, Q6

φW̃
= φ
†
φW̃ I

µνW Iµν
,

Q6
φB = φ

†
φBµνBµν

, Q6
φB̃

= φ
†
φB̃µνBµν

,

Q6
φWB = φ

†
τ
I
φW I

µνBµν
, Q6

φW̃B
= φ
†
τ
I
φW̃ I

µνBµν
.
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Theoretical calculation

After spontaneous symmetry breaking

LHZZ =
a1

v
M2

ZσZ
µZµ︸ ︷︷ ︸

SM CP−even

− a2

v
σZµνZµν︸ ︷︷ ︸

BSM CP−even

− a3

v
σZµν Z̃µν︸ ︷︷ ︸

BSM CP−odd

.

HZZ effective couplings

ΓµνHZZ (k, k ′) = 2i
a1

v
M2

Zg
µν + 4i

a2

v
(kk ′gµν − kνk ′µ)− 4i

a3

v
εµνρσkρk

′
σ.

a1 = 1 +
v2

Λ2
C6
φD ,

a2 = −
v2

Λ2

(
C6
φW cos2 θW + C6

φB sin2 θW + C6
φWB cos θW sin θW

)
,

a3 = −
v2

Λ2

(
C6
φW̃

cos2 θW + C6
φB̃

sin2 θW + C6
φW̃B

cos θW sin θW

)
.

Zµν = ∂µZν − ∂νZµ,

Z̃µν =
1

2
εµνρσZ

ρσ .
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Theoretical calculation

Helicity amplitude method
In case of massless fermion, chirality ⇔ Helicity

u±(k) =
1

2
(1± γ5)u(k), v∓(k) =

1

2
(1± γ5)v(k).

u±(k) = u(k)
1

2
(1∓ γ5), v±(k) = v(k)

1

2
(1± γ5).

Denote the spinor as

|i±〉 ≡ |k±
i 〉 ≡ u±(ki ) = v∓(ki ), 〈i±| ≡ 〈k±

i | ≡ u±(ki ) = v∓(ki ).

Define spinor product

〈ij〉 ≡ 〈i−|j+〉 = u−(ki )u+(kj), [ij ] ≡ 〈i+|j−〉 = u+(ki )u−(kj).
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Theoretical calculation

Helicity amplitude for gg → H → ZZ → 2e2µ

g(k1, h1)

g(k2, h2)

H

Z(k)

µ

ν

µ′

ν′

Z ′(k′)

e−(k3, h3)

e+(k4, h4)
µ−(k5, h5)

µ+(k6, h6)

Helicity amplitude for Higgs production

iAgg→H
(

1+
g , 2+

g

)
=
−e

8π2
δabg

2
s

[12]

〈12〉

[
m2

2MW sin θ

(
2− s12C0(k1, k2,m,m,m)(1−

4m2

s12

)

)]
,

iAgg→H
(

1−g , 2−g

)
=
−e

8π2
δabg

2
s

〈12〉
[12]

[
m2

2MW sin θ

(
2− s12C0(k1, k2,m,m,m)(1−

4m2

s12

)

)]
.

C0(k1, k2,m1,m2,m3) =
1

iπ2

∫
d4 l

1

d(l,m1)d(l + k1,m2)d(l + k1 + k2,m3)
,

d(l,m) = (l2 − m2 + iε), s12 = (k1 + k2)2 = 2k1 · k2
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Theoretical calculation

Heilicity amplitude of the Higgs decay

iA
H→2e2µ
SM

(3−
e−
, 4+

e+ , 5−
µ−

, 6+
µ+ ) =

−2ie3MW

cos2 θW sin θW

PZ (s34)

s34

PZ′ (s56)

s56

l2e 〈35〉[46],

iAH→2e2µ
even (3−

e−
, 4+

e+ , 5−
µ−

, 6+
µ+ ) =

−2ie3MW

cos2 θW sin θW

cos2 θW

M2
W

PZ (s34)

s34

PZ′ (s56)

s56

l2e

[
2kk′[46]〈35〉 + ([45]〈53〉 + [46]〈63〉) ([36]〈53〉 + [46]〈54〉)

]
,

iA
H→2e2µ
odd

(3−
e−
, 4+

e+ , 5−
µ−

, 6+
µ+ ) =

−2ie3MW

cos2 θW sin θW

i cos2 θW

M2
W

PZ (s34)

s34

PZ′ (s56)

s56

l2e[
(2kk
′
− 2〈46〉[64])〈53〉[46] + 〈54〉[46](〈63〉[46]− 〈53〉[45])− 〈53〉[36](〈53〉[45] + 〈63〉[46])

]
,

Amplitude for other helicity states can be obtained by [ ]↔ 〈〉, 3↔ 4, 5↔ 6, le ↔ re .
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Theoretical calculation

Background box process of gg → ZZ → 2e2µ

Helicity amplitude of the background box process has been written in MCFM8.0
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Impact of HZZ anomalous couplings on differential CS

g(k1, h1)

g(k2, h2)

H

Z(k)

µ

ν

µ′

ν′

Z ′(k′)

e−(k3, h3)

e+(k4, h4)
µ−(k5, h5)

µ+(k6, h6)

Definition of the decay angles

g(p1)g(p2)→ H(p12)→ Z1(p56)Z2(p34)→ µ−(p5)µ+(p6)e−(p3)e+(p4).

θ1 = cos−1

(
~p56 · ~p5

| ~p56|| ~p5|

)
, θ1 ∈ [0, π].

θ2 = cos−1

(
~p34 · ~p3

| ~p34|| ~p3|

)
, θ2 ∈ [0, π].

θ∗ = cos−1

(
~p56 · n̂z
| ~p56||n̂z |

)
,

n̂z = (0, 0, 1), θ∗ ∈ [0, π].
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Impact of HZZ anomalous couplings on differential CS

g(p1)g(p2)→ H(p12)→ Z1(p56)Z2(p34)→ µ−(p5)µ+(p6)e−(p3)e+(p4).

φ =
[
cos−1

(
n̂decay1 · n̂decay2

)]
·

(
n̂decay2 × n̂decay1

)
· ~p56

|
(
n̂decay2 × n̂decay1

)
· ~p56|

n̂decay1 =
~p5 × ~p6

| ~p5 × ~p6|
, n̂decay2 =

~p3 × ~p4

| ~p3 × ~p4|
.

φ1 =
[
cos−1

(
n̂prod · n̂decay1

)]
·

(
n̂prod × n̂decay1

)
· ~p56

|
(
n̂prod × n̂decay1

)
· ~p56|

n̂prod =
n̂z × ~p56

|n̂z × ~p56|
, n̂z = (0, 0, 1).

φ, φ1 ∈ [−π, π]

Wang Youkai Shaanxi Normal University () Study of HZZ anomalous couplings by differential cross sectionsAugust 17, 2021 11 / 24



Impact of HZZ anomalous couplings on differential CS

Theoretical differential cross section by MCFM
Parameters in the calculation

a1 = a2 = a3 = 1,√
s = 13 TeV,MHiggs=125 GeV ,

PDF: MSTW08LO,
Renormalization factorization scale:m4l/2,

CMS cut criteria

Pt(µ) > 5GeV, |ηµ| < 2.4,

Pt(e) > 7GeV, |ηe | < 2.5,

m4l > 100GeV.

Draw the angular distribution diagrams by ROOT

1 Higgs on-shell m2e2µ<130 GeV VS off-shell m2e2µ>220 GeV energy region.

2 Contribution from interference between Higgs mediated process and
background box process.

3 Which angular differential cross section is the most sensitive to a certain
anomalous HZZ coupling?
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Impact of HZZ anomalous couplings on differential CS

Differential cross sections of the processes gg → 2e2µ and qq̄ → 2e2µ
process in protonõproton collision at

√
s = 13 TeV with

a2 = 1, a1 = a3 = 0.

(GeV)4lM

210×2 310 310×2

 (
fb

/G
eV

)
4l

/d
M

σd

5−10

4−10

3−10

2−10

1−10

13TeV

µ 2e2→qq

2|H
sm+A

box
, |Aµ 2e2→gg

2|
CP-even

+AH
sm+A

box
, |Aµ 2e2→gg

2|
CP-even

+|A2|H
sm+A

box
, |Aµ 2e2→gg
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Impact of HZZ anomalous couplings on differential CS

Angular differential CS for signal process (m2e2µ<130 GeV, Higgs
on-shell,CMS cut)
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Impact of HZZ anomalous couplings on differential CS

Angular differential CS for signal process (m2e2µ>220 GeV, Higgs
off-shell,nocut)

φ
3− 2− 1− 0 1 2 3
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Impact of HZZ anomalous couplings on differential CS

Angular distribution of the CS for interference between signal and
background box process(m2e2µ<130 GeV, Higgs on-shell )
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Impact of HZZ anomalous couplings on differential CS

Angular distribution of the CS for interference between signal and
background box process(m2e2µ>220 GeV, Higgs off-shell )
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Impact of HZZ anomalous couplings on differential CS

Angular distribution of the CS for interference between different signal
processes (m2e2µ<130 GeV, Higgs on-shell )
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Impact of HZZ anomalous couplings on differential CS

Angular distribution of the CS for interference between different signal
processes (m2e2µ>220 GeV, Higgs off-shell )
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Impact of HZZ anomalous couplings on differential CS

Angular distribution of the CS including all contributions(m2e2µ <130
GeV, Higgs on-shell)
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Impact of HZZ anomalous couplings on differential CS

Linear relationship between ∆φ and a3
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Impact of HZZ anomalous couplings on differential CS

Angular distribution of the CS including all contributions(m2e2µ >220
GeV, Higgs off-shell, CMScut)
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Summary

1 O�
�¹BSM HVV�~ÍÜº:�gg → H → ZZ → 2e2µL§¥HiggsPCL
§��Ì,ÏLMCFM ê�O����©�¡�©Ù.

2 3Higgsl�±93�«��[L§��©Ù,�Ä
¯~çÀ^�éu�©Ù�
K�,±9�µ�ã�K�.

1 3Higgs3�«�, &Ò��µ�ã�Z�éu�©Ù�K�´�±�Ñ�,
SM�CP-odd�Z�AT��Ä, Z���3¬¦�oNφ�©Ùu) £, ù�
� £��~ÍÜXêa3�3Cq��5'X.

2 3Higgsl�«�,&Ò��µ�ã�Z�é�©Ùk²w�K�. SM�CP-odd�
Z�±9CP-odd��µ�ã�Z�þ¬éoN�©Ù�)K�.
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