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Outline
• Motivation of New Physics and its interference 

with Standard Model. 


• The interference @LHC in channels of 


• Summary
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1. H ! ��

2. H ! �Z ! �``

3. H ! ZZ ! 4`



New physics before LHC
• Neutrino mass


• Dark matter, Dark 
energy 


• Matter-antimatter 
asymmetry


• Gravity


• ……
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• Higgs mass hierarchy


• Number of parameters


• Strong CP problem


• ……

New Models:   Supersymmetry 
Models, Extra dimension,  GUT, 
String Theory, ……



Where is New physics @ LHC
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Around 100GeV~1TeV, effectively new physics is highly suppressed !
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Figure 6: Summary plot of the fit to the production–decay signal strength products µ
f
i = µi ⇥

µ f . The points indicate the best-fit values while the horizontal bars indicate the 1s CL intervals.
The hatched areas indicate signal strengths which are restricted to positive values due to low
background contamination.
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Interference effect may 
become relatively large
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|MSM +Mnew|2 = |MSM|2 + |Mnew|2 + 2Re(MSMM⇤
new)

e.g. H

Z

Z

H

Z

Z

p
s=13 TeV,gg ! H ! ZZ ! e+e�µ+µ�

�SM �new �interference

0.533fb 0.220fb -0.599fb

TABLE I: check1

1

Is there a new observable (method) from interference effect to probe new physics ?

L(HZZ) ⇠ a1
m2

Z
2 HZµZµ + a2

1
2HZµ⌫Zµ⌫

a1=1,a2=1
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1. H ! ��

2. H ! �Z ! �``

3. H ! ZZ ! 4`

XW, Youkai Wang, arXiv:1712.00267

Huarong He, XW, Youkai Wang  in progress

Xuan Chen, Gang Li, XW, PRD96, 055023 (2017)
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Lh =
c� cos ⇠�

v
hFµ⌫F

µ⌫ +
c� sin ⇠�

2v
hFµ⌫ F̃

µ⌫

+
cg
v

hGa
µ⌫G

aµ⌫ (1)

where F , Ga denote the � and gluon field strengths,
a = 1, ..., 8 are SU(3)c adjoint representation indices for
the gluons, v = 246 GeV is the electroweak vacuum
expectation value, the dual field strength is defined as
X̃µ⌫ = ✏µ⌫�⇢X�⇢, c� and cg are e↵ective couplings in SM
at leading order, ⇠� 2 [0, 2⇡) is a phase that parametrize
CP violation. When ⇠� = 0, it is the SM case; when
it is non-zero, there must exist CP violation (except for
⇠� = ⇡ ) and new physics beyond SM.

In SM at leading order c� is introduced by fermion
and W loops and cg is introduced by fermion loops only,
which have the expression as

cg = �ab
↵s

16⇡

X

f

F1/2(4m
2
f/ŝ), (2)

c� =
↵

8⇡

2

4F1(4m
2
W /ŝ) +

X

f

NcQ
2
fF1/2(4m

2
f/ŝ)

3

5 .(3)

where a, b = 1, ..., 8 are SU(3)c adjoint representation
indices for the gluons, Nc = 3, Qf and mf are electric
charge and mass of fermions, and

F1/2(⌧) = �2⌧ [1 + (1� ⌧)f(⌧)], (4)

F1(⌧) = 2 + 3⌧ [1 + (2� ⌧)f(⌧)], (5)

f(⌧) =

(
arcsin2

p
1/⌧ ⌧ � 1 ,

� 1
4

h
log 1+

p
1�⌧

1�
p
1�⌧

� i⇡
i2

⌧ < 1 .
(6)

The helicity amplitudes for gg ! H ! �� and gg !
�� can be written as,

M = �e�ih3⇠� �h1h2�h3h4

M4
��

v2
4cgc�

M2
�� �M2

H + iMH�H

+ 4↵↵s�
ab

X

f=u,d,c,s,b

Q2
fA

h1h2h3h4
box , (7)

where his are helicities for outgoing gluons and photons,
Qf is the electric charge of fermion, Ah1h2h3h4

box are re-
duced 1-loop helicity amplitudes of gg ! �� mediated by
five flavor quarks, while the contribution from top quark
is much suppressed [19] and is neglected in our analysis.
The Abox for non-zero interference are

A++++
box = A����

box = 1

A++��
box = A��++

box =

�1 + z ln

✓
1 + z

1� z

◆
� 1 + z2

4


ln2

✓
1 + z

1� z

◆
+ ⇡2

�
, (8)

where z = cos ✓, with ✓ being the scattering angle of � in
diphoton center of mass frame.

After considering interference, the lineshape over the
smooth background is composed of both lineshapes of
signal and interference, which have expressions as

d�sig

dM��
/ |cgc� |2

(M2
�� �M2

H) +M2
H�2

H

(9)

d�int

dM��
/

(M2
�� �M2

H)Re (cgc�) +MH�H Im (cgc�)

(M2
�� �M2

H) +M2
H�2

H

⇥
Z

dz[A++++
box +A++��

box ] cos ⇠� , (10)

where �sig,�int are cross section from signal term and
interference term respectively, the integral region of z
depends on the detector angle coverage in experiment.
The interference term consists of two parts: antisymmet-
ric and symmetric parts around Higgs boson’s mass. It
is worthy to notice that at leading order Im

�
cSM
g cSM

�

�
is

suppressed by mb/mt compare to Re
�
cSM
g cSM

�

�
because

the imaginary part of cSM
g , cSM

� are mainly from bottom
quark loop while their real part are from top quark or
W boson loop. Thus the symmetric part of interference
term is much suppressed at leading order and its integral
value for the total cross section is mainly from contribu-
tion at Next-to-Leading order [19, 25]. In contrast, the
antisymmetric part could have a larger integral value if
the integral region are not symmetric around MH .
The observable Aint uses an integral antisymmetric

around MH to extract the antisymmetric part of inter-
ference, which is defined as

Aint(⇠�) =

R
dM��

d�int

dM��
⇥(M�� �MH)

R
dM��

d�sig

dM��

, (11)

where the integral of dM�� choose around Higgs reso-
nance, MH is the Higgs boson’s mass, the ⇥-function is

⇥(x) ⌘
⇢

�1, x < 0
1, x > 0

So ⇥(M���MH) changes sign around the resonance peak
MH , and the integral in numerator of Aint is asymmet-

ric around MH . Since the signal term
d�sig

dM��
is almost

symmetric in resonance region and the interference term
d�int

dM consists mainly of the antisymmetric part, after the
integral the numerator will get its value mainly from the
interference term while the denominator will get its value
from the signal term. Therefore, Aint(⇠�) is an observ-
able indicating the ratio of the interference to the signal.
As ⇠� = 0 represents the SM case, we could define

ASM
int ⌘ Aint(⇠� = 0) and rewrite Aint(⇠�) as

Aint(⇠�) = ASM
int ⇥ cos ⇠� (12)

The largest deviation happens when ⇠� = ⇡ and
Aint(⇡) = �ASM

int . Although ⇠� = ⇡ represents an in-
verse H�� coupling from new physics with CP-even but

FIG. 1. An illustration of an example of a CPV sensitive observable in h ! �� ! 4e. The

Higgs decays to on-shell photons which convert in the detector. The distribution of the azimuthal

angle ' between the two planes formed by each positron and its parent photon depends on the

Higgs couplings to CP even and odd operators. The electrons do not need to be co-planar with

the corresponding photon-positron planes. The positron-photon plane is shown in magenta and

the electron-photon plane in blue. For further details and subtleties see the main text.

Secondly, small CPV signals are only linearly suppressed in this interference term.

The h ! �� phase space distribution alone, however, is not sensitive to CP violating

e↵ects, since the Higgs decays isotropically to two photons. Nevertheless, the underlying

CPV structure in the di↵erential h ! �� rate may be determined if one is able to measure

the linear polarizations of the outgoing photons. This in itself is an old idea, first proposed

for the determination of the ⇡

0 parity [21–23] and, more recently, to probe NP e↵ects in

radiative B decays [24]. It relies on the fact that a spin-0 particle decays to either two positive

or two negative helicity photon states, which acquire a relative CPV phase in the presence

of non-trivial CP structure. The linearly polarized photon states are a superposition of both

helicities, permitting one to extract this CPV phase. It is not feasible to directly measure the

linear polarization of O(60 GeV) photons from Higgs decay. However, in both the ATLAS

[25] and CMS [26] detectors roughly half of the photons from Higgs decays convert via the

well-known Bethe-Heitler (BH) process into e

+
e

� pairs inside the silicon tracker. This has

an important benefit: the orientation of the produced e

+
e

� pairs encodes the underlying

CP structure. Figure 1 illustrates an observable expected to be sensitive to CPV.

Previous proposals to measure CPV in h ! ��, or in other neutral meson diphoton

decays, via double photon conversion appear in Refs. [3, 23, 27]. We extend these studies
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H ! �⇤�⇤ ! 4`We indicate by the green dashed line the value ∼0.008,
corresponding to the magnitude of the leading-order SM
prediction for Aγγ

2 at 125 GeV [42]. On the top axis we also
show an estimate for the expected LHC luminosity multi-
plied by efficiency while the vertical gray dashed line
indicates a rough estimate for the final LHC luminosity
which will be achieved (∼3000 fb−1). We have used
production cross sections for both gluon fusion and vector
boson fusion as well as the h → 4l branching fraction
values provided by the LHC Higgs Cross Section Working
Group [43,44].
We see in Fig. 4 that the sensitivity to the γγ couplings is

significantly greater than for Zγ and even more so than for
ZZ. This was to be expected from our considerations of the
differential spectra as well as integrated magnitudes defined
in Eq. (4). In fact, we see that for the γγ couplings, σðAγγ

2;3Þ
reaches values ≲Oð10−2Þ with ≳800 events, which corre-
sponds to roughly 100 fb−1 of luminosity assuming 100%
efficiency. We estimate this number of events can be
reached with ∼300–400 fb−1 after accounting for detector
efficiencies [32].
Establishing the hγγ CP properties.—The results shown

in Fig. 4 indicate that the golden channel should be able to
establish the CP nature and overall sign of the Higgs
couplings to photons for couplings roughly of the same size
as those predicted by the SM. To demonstrate this we
perform a second parameter extraction. This time we fit to
the ‘true’ point ~Ao ¼ ð0; 0; 0; 0;−0.008; 0Þ again allowing
all couplings to float. We have chosen Aγγ

2 ¼ −0.008 which
is the leading contribution predicted by the SM at
125 GeV [42].
We show in Fig. 5 the results for a large set of

pseudoexperiments each containing 12 800 events. This
corresponds roughly to an integrated luminosity of
3000 fb−1 assuming a uniform efficiency of 60% [32].
We show fit results in the 2D plane for Aγγ

2 vs Aγγ
3 , where

the turquoise circles correspond to the 68% and 95%
confidence intervals obtained in our fit. The pink ring
indicates the projected 1σ confidence interval which will be
achieved in the h → γγ decay channel [45] for the same
luminosity. The pink ring makes it clear that the h → γγ
process is only sensitive to the combination jAγγ

2 j2 þ jAγγ
3 j2

and thus cannot directly probe the CP nature of these
couplings. We also show in the thin green line the very
strong, but highly model dependent, constraint coming
from the electron EDM [46,47]. For this constraint we have
assumed the couplings of the Higgs boson to first gen-
eration fermions is of the order of their SM value and that
the mass of the states which generate these operators is
∼TeV. This constraint can be completely relaxed in other
models [46]. The green line makes it clear that even with
these model dependent assumptions, EDM measurements
cannot establish the overall sign of the Higgs photon
coupling.

Conclusions.—We have examined the expected sensitiv-
ity of the h → 4l golden channel to the loop-induced
couplings of the Higgs boson to ZZ, Zγ, and γγ gauge
boson pairs for values approximating those predicted by the
standardmodel.We have demonstrated qualitatively that the
golden channel has excellent prospects of directly establish-
ing the CP nature of the Higgs couplings to photons, well
before the end of the LHC running, with less optimistic
prospects for the ZZ and Zγ loop-induced couplings.
Specifically, we find that for standard CMS-like cuts and

reconstruction with ∼100–400 fb−1 of luminosity, the LHC
will reach the precision necessary to begin distinguishing
between zero and values corresponding to the loop-induced
standard model effects which generate the Higgs coupling
to photons and, in particular, the overall sign of this
coupling can be established. This of course warrants further
study, but indicates that the golden channel is capable of
directly probing the CP properties of the Higgs couplings
to photons at the LHC, something which is not currently
possible by any other means.

R. V. M. is supported by the European Research Council
(ERC) Advanced Grant Higgs@LHC. Fermilab is operated
by Fermi Research Alliance, Limited Liability Company
(LLC), under Contract No. DE-AC02-07CH11359 with the
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FG02-92-ER-40701. This work is also sponsored in part
by the DOE Grant No. DE-FG02-91ER40684. This work
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Science Foundation Grant No. OCI-1053575.
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FIG. 5 (color online). The results of our parameter extraction
(turquoise circles) in h → 4l for the true point ~Ao ¼
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h → γγ rate (pink ring) and EDM constraints (thin green line).
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1. CP violation in H��



Interference

!8

Precision predictions for gg (→ H) → γγ signal-background interference

L. Dixon, Y. Li arXiv:1305.3854 (NLO analysis and Higgs width constraint)
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Lh =
c� cos ⇠�

v
hFµ⌫F

µ⌫ +
c� sin ⇠�

2v
hFµ⌫ F̃

µ⌫

+
cg
v

hGa
µ⌫G

aµ⌫ (1)

where F , Ga denote the � and gluon field strengths,
a = 1, ..., 8 are SU(3)c adjoint representation indices for
the gluons, v = 246 GeV is the electroweak vacuum
expectation value, the dual field strength is defined as
X̃µ⌫ = ✏µ⌫�⇢X�⇢, c� and cg are e↵ective couplings in SM
at leading order, ⇠� 2 [0, 2⇡) is a phase that parametrize
CP violation. When ⇠� = 0, it is the SM case; when
it is non-zero, there must exist CP violation (except for
⇠� = ⇡ ) and new physics beyond SM.

In SM at leading order c� is introduced by fermion
and W loops and cg is introduced by fermion loops only,
which have the expression as

cg = �ab
↵s

16⇡

X

f

F1/2(4m
2
f/ŝ), (2)

c� =
↵

8⇡

2

4F1(4m
2
W /ŝ) +

X

f

NcQ
2
fF1/2(4m

2
f/ŝ)

3

5 .(3)

where a, b = 1, ..., 8 are SU(3)c adjoint representation
indices for the gluons, Nc = 3, Qf and mf are electric
charge and mass of fermions, and

F1/2(⌧) = �2⌧ [1 + (1� ⌧)f(⌧)], (4)

F1(⌧) = 2 + 3⌧ [1 + (2� ⌧)f(⌧)], (5)

f(⌧) =

(
arcsin2

p
1/⌧ ⌧ � 1 ,

� 1
4

h
log 1+

p
1�⌧

1�
p
1�⌧

� i⇡
i2

⌧ < 1 .
(6)

The helicity amplitudes for gg ! H ! �� and gg !
�� can be written as,

M = �e�ih3⇠� �h1h2�h3h4

M4
��

v2
4cgc�

M2
�� �M2

H + iMH�H

+ 4↵↵s�
ab

X

f=u,d,c,s,b

Q2
fA

h1h2h3h4
box , (7)

where his are helicities for outgoing gluons and photons,
Qf is the electric charge of fermion, Ah1h2h3h4

box are re-
duced 1-loop helicity amplitudes of gg ! �� mediated by
five flavor quarks, while the contribution from top quark
is much suppressed [19] and is neglected in our analysis.
The Abox for non-zero interference are

A++++
box = A����

box = 1

A++��
box = A��++

box =

�1 + z ln

✓
1 + z

1� z

◆
� 1 + z2

4


ln2

✓
1 + z

1� z

◆
+ ⇡2

�
, (8)

where z = cos ✓, with ✓ being the scattering angle of � in
diphoton center of mass frame.

After considering interference, the lineshape over the
smooth background is composed of both lineshapes of
signal and interference, which have expressions as

d�sig

dM��
/ |cgc� |2

(M2
�� �M2

H) +M2
H�2

H

(9)

d�int

dM��
/

(M2
�� �M2

H)Re (cgc�) +MH�H Im (cgc�)

(M2
�� �M2

H) +M2
H�2

H

⇥
Z

dz[A++++
box +A++��

box ] cos ⇠� , (10)

where �sig,�int are cross section from signal term and
interference term respectively, the integral region of z
depends on the detector angle coverage in experiment.
The interference term consists of two parts: antisymmet-
ric and symmetric parts around Higgs boson’s mass. It
is worthy to notice that at leading order Im

�
cSM
g cSM

�

�
is

suppressed by mb/mt compare to Re
�
cSM
g cSM

�

�
because

the imaginary part of cSM
g , cSM

� are mainly from bottom
quark loop while their real part are from top quark or
W boson loop. Thus the symmetric part of interference
term is much suppressed at leading order and its integral
value for the total cross section is mainly from contribu-
tion at Next-to-Leading order [19, 25]. In contrast, the
antisymmetric part could have a larger integral value if
the integral region are not symmetric around MH .
The observable Aint uses an integral antisymmetric

around MH to extract the antisymmetric part of inter-
ference, which is defined as

Aint(⇠�) =

R
dM��

d�int

dM��
⇥(M�� �MH)

R
dM��

d�sig

dM��

, (11)

where the integral of dM�� choose around Higgs reso-
nance, MH is the Higgs boson’s mass, the ⇥-function is

⇥(x) ⌘
⇢

�1, x < 0
1, x > 0

So ⇥(M���MH) changes sign around the resonance peak
MH , and the integral in numerator of Aint is asymmet-

ric around MH . Since the signal term
d�sig

dM��
is almost

symmetric in resonance region and the interference term
d�int

dM consists mainly of the antisymmetric part, after the
integral the numerator will get its value mainly from the
interference term while the denominator will get its value
from the signal term. Therefore, Aint(⇠�) is an observ-
able indicating the ratio of the interference to the signal.
As ⇠� = 0 represents the SM case, we could define
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where his are helicities for outgoing gluons and photons,
Qf is the electric charge of fermion, Ah1h2h3h4

box are re-
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five flavor quarks, while the contribution from top quark
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where z = cos ✓, with ✓ being the scattering angle of � in
diphoton center of mass frame.
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where �sig,�int are cross section from signal term and
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So the numerator keeps the antisymmetric contribution
from the interference, and the denomenator is the cross
section from the signal, Aint is an observable that roughly
indicates the ratio of the interference to the signal.

As ⇠� = 0 represents the SM case, we could define
ASM

int ⌘ Aint(⇠� = 0) and rewrite Aint(⇠�) simply as

Aint(⇠�) = ASM
int ⇥ cos ⇠� . (13)

The largest deviation Aint(⇡) = �ASM
int happens when

⇠� = ⇡, which represents an inverse CP-even H�� cou-
pling from new physics but without CP violation. It’s
interesting that this degenerate coupling could only be
exhibited by the interference e↵ect.

III. SIMULATION

The simulation is performed for a proton-proton col-
lider with

p
s = 14 TeV by using the MCFM [29] package,

in which subroutines according to the helicity amplitudes
of Eq. (7) are added. The Higgs boson’s mass and width
are set as MH = 126 GeV, and �H = 4.3 MeV. Each
photon is required to have p�T > 20 GeV and |⌘� | < 2.5.
Based on the simulation, we study ASM

int firstly and then
Aint from CP violation cases. After that, we make a
fitting to show how the Aint is extracted.

A. ASM
int

Fig. 1 show the theoretical lineshapes of the signal (a
sharp peak shown in the black histogram) and the inter-
ference (a peak and dig shown in the red histogram),
among which Fig. 1a is an overall plot, Fig. 1b and
Fig. 1c are close-ups. As shown in Fig. 1a and Fig. 1b,
the signal has a mass peak that is about four times of
the interference, but the mass peak of the interference is
wider and has a much longer tail. The resonance region
[125.9, 126.1]GeV is further scrutinized in Fig. 1c with
bin width changed from 100 MeV to 2 MeV. The value
of the signal exceeds that of the interference at the en-
ergy point that is about ten times of Higgs boson’s width
(⇠ 43 MeV) below MH . After integrating, the ASM

int is
36% as shown in table I, which is quite marvelous. As the
smearing by the mass resolution (MR) is not considered
yet, we mark it as the �MR = 0 case.

The invariant mass of the diphotonM�� has a mass res-
olution of about 1 ⇠ 2 GeV at the LHC experiment [30].
For simplicity we include the mass resolution e↵ect by
convoluting the histograms with a Gaussian function of
width �MR = 1.1, 1.3, 1.5, 1.7, 1.9 GeV. This convolu-
tion procedure is also called Gaussian smearing. Fig. 2
shows the lineshapes after the Gaussian smearing with
�MR = 1.5 GeV. The sharp peak of the signal becomes a
wide bump (the black histogram), meanwhile, the peak
and dig of the interference are also widened, but they

cancel each other a lot near MH and leave a flat bump
and down (the red histogram). The ASM

int after Gaussian
smearing is thus much reduced, which range from 10.2%
to 7.2% when �MR goes from 1.1 to 1.9 GeV as shown in
table I.
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FIG. 1. The diphoton invariant mass M�� distribution of the
signal and the interference as in Eq. (9) and (10). ⇠� = 0
represents the SM case, �MR = 0 represents the theoretical
distribution before Gaussian smearing. Among them (a) is an
overall plot, (b) and (c) are close-ups.
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signal and the interference as in Eq. (9) and (10). ⇠� = 0
represents the SM case, �MR = 0 represents the theoretical
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FIG. 2. The diphoton invariant mass M�� distribution after
Gaussian smearing with its mass resolution width �MR =
1.5 GeV.

TABLE I. The ASM
int values with di↵erent mass resolution

widths. The �MR = 0 represents the theoretical case before
Gaussian smearing.

�MR ASM
int denominator ASM

int numerator ASM
int

(GeV) (fb) (fb) (%)

0 39.3 14.3 36.3

1.1 39.3 4.0 10.2

1.3 39.3 3.7 9.4

1.5 39.3 3.4 8.6

1.7 39.3 3.1 7.9

1.9 39.3 2.8 7.2

B. Aint(⇠� 6= 0)

Fig. 3 shows the lineshapes of interference under the
⇠� = 0,⇡,⇡/2 cases with �MR = 1.5 GeV. The blue
histogram (⇠� = ⇡, inverse CP -even H�� coupling) is al-
most opposite to the red histogram (⇠� = 0, SM), which
correspond to the minimum and the maximum of Aint

values. The black dashed histogram (⇠� = ⇡/2, CP -odd
H�� coupling) looks like a flat line, and it corresponds
to zero Aint value. Fig. 4 shows Aint and its absolute
statistical error �Aint. The statistical error is estimated
with an integrated luminosity of 30 fb�1, and the e�-
ciency of detector is assumed to be one. �Aint decrease
as Aint becomes smaller, however, the relative statistical
error �Aint/Aint increase quickly and becomes very large
as Aint approaches zero. In SM (⇠� = 0 in Fig. 4), the
relative statistical error �Aint/Aint is about 18% with an
assumption of zero correlation between symmetric and
antisymmetric cross-sections.
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when ⇠� = 0, ⇡, ⇡/2.
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FIG. 4. Aint values (red line) and its statistical error (shade)
with di↵erent phase ⇠� .

C. Fitting

In current CMS or ATLAS experiment, the �� mass
spectrum is fitted by a signal function and a background
function. To consider the interference e↵ect, the anti-
symmetric lineshape should also be included. That is,
instead of a Gaussian function (or a double-sided Crys-
tal Ball function) as the signal function in current LHC
experiment [30, 31], a Gaussian function (or a double-
sided Crystal Ball function) plus an asymmetric function
should be used as the modified signal function, while the
background function is kept as same as in the experiment.
To see whether or not the asymmetric lineshape could

be extracted, we carry out a modified-signal fitting on
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where a, b = 1, ..., 8 are SU(3)c adjoint representation
indices for the gluons, Nc = 3, Qf and mf are electric
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The helicity amplitudes for gg ! H ! �� and gg !
�� can be written as,
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where his are helicities for outgoing gluons and photons,
Qf is the electric charge of fermion, Ah1h2h3h4

box are re-
duced 1-loop helicity amplitudes of gg ! �� mediated by
five flavor quarks, while the contribution from top quark
is much suppressed [19] and is neglected in our analysis.
The Abox for non-zero interference are
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where z = cos ✓, with ✓ being the scattering angle of � in
diphoton center of mass frame.

After considering interference, the lineshape over the
smooth background is composed of both lineshapes of
signal and interference, which have expressions as
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where �sig,�int are cross section from signal term and
interference term respectively, the integral region of z
depends on the detector angle coverage in experiment.
The interference term consists of two parts: antisymmet-
ric and symmetric parts around Higgs boson’s mass. It
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the imaginary part of cSM
g , cSM

� are mainly from bottom
quark loop while their real part are from top quark or
W boson loop. Thus the symmetric part of interference
term is much suppressed at leading order and its integral
value for the total cross section is mainly from contribu-
tion at Next-to-Leading order [19, 25]. In contrast, the
antisymmetric part could have a larger integral value if
the integral region are not symmetric around MH .
The observable Aint uses an integral antisymmetric

around MH to extract the antisymmetric part of inter-
ference, which is defined as
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where the integral of dM�� choose around Higgs reso-
nance, MH is the Higgs boson’s mass, the ⇥-function is
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�1, x < 0
1, x > 0

So ⇥(M���MH) changes sign around the resonance peak
MH , and the integral in numerator of Aint is asymmet-

ric around MH . Since the signal term
d�sig

dM��
is almost

symmetric in resonance region and the interference term
d�int

dM consists mainly of the antisymmetric part, after the
integral the numerator will get its value mainly from the
interference term while the denominator will get its value
from the signal term. Therefore, Aint(⇠�) is an observ-
able indicating the ratio of the interference to the signal.
As ⇠� = 0 represents the SM case, we could define

ASM
int ⌘ Aint(⇠� = 0) and rewrite Aint(⇠�) as

Aint(⇠�) = ASM
int ⇥ cos ⇠� (12)

The largest deviation happens when ⇠� = ⇡ and
Aint(⇡) = �ASM

int . Although ⇠� = ⇡ represents an in-
verse H�� coupling from new physics with CP-even but
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two background-subtracted data samples. As the back-
ground fluctuation would be dealt similarly as in real ex-
periment, we ignore it here for simplicity. One data sam-
ple is from the CMS experiment in Ref. [30], we fetch 10
data points with its errors between [121, 131] GeV in the
background-subtracted �� mass spectrum for 35.9 fb�1

luminosity with proton-proton collide energy at 13 TeV
(see Fig. 13 in Ref. [30]). The fitting function is described
as

f(m) = c1 ⇥ fsig(m� �m) + c2 ⇥ fint(m� �m), (14)

where c1, c2, �m are float parameters, m means the value
of the �� invariant mass, the functions fsig(m), fint(m)
are evaluated from the two histograms in Fig. 2 and they
describe the signal and interference separately. Fig. 5
shows the fitting result on the CMS data, in which the
crosses represent CMS data with its error, the red solid
line is the combined function, the black dashed line and
the blue dotted line represent the signal and interference
components respectively. The black dashed line is almost
same as the red solid line while the blue dotted line is al-
most flat, the fitting parameter c2 for the interference
component has a huge uncertainty that even larger than
the central value of c1, which indicates the interference
component is hard to be extracted from the 35.9 fb�1

CMS data. For a comparison, we simulate a pseudodata
sample from the combined histogram in Fig. 2, which is
normalized to have events of about 80 times the CMS
data (corresponding to 3000 fb�1), with a binwidth of
0.5 GeV and Poission fluctuation. The fitting result is
shown in Fig. 6, where the red solid line has a shift from
the black dashed line, the blue dotted line could be dis-
tinguishable clearly. The ratio of the fitting parameters
c1/c2 is almost equal to one, and each of them have uncer-
tainties less than 3%, which corresponds to a Aint value
consistent with ASM

int .

IV. CP VIOLATION IN Hgg COUPLING

In the above study the Hgg coupling is supposed to
be SM-like, furthermore, the observable Aint could also
be used to probe CP violation in Hgg coupling. In this
section, we add one more parameter ⇠g to describe CP
violation in Hgg coupling, and study Aint following the
same procedure as above.

Based on Eq. (1), one more parameter ⇠g to describe
CP violation in Hgg coupling is added, and the e↵ective
Lagrangian is modified as
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After that, the helicity amplitude in Eq. (7) and dif-
ferential cross section of interference in Eq. (10) should
be changed correspondingly, which are
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FIG. 5. A fitting on the background-substracted CMS data
sample. The crosses represent CMS data from Ref. [30]. The
red solid line is the combined function, the black dashed line
and the blue dotted line represent the signal and interference
components respectively.
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bined function, the black dashed line and the blue dotted line
represent the signal and interference components respectively.
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TABLE I. The ASM
int values with di↵erent mass resolution

widths. The �MR = 0 represents the theoretical case before
Gaussian smearing.

�MR ASM
int denominator ASM

int numerator ASM
int

(GeV) (fb) (fb) (%)

0 39.3 14.3 36.3

1.1 39.3 4.1 10.4

1.3 39.3 3.8 9.6

1.5 39.3 3.5 8.8

1.7 39.3 3.2 8.2

1.9 39.3 3.0 7.5
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FIG. 3. Diphoton invariant mass M�� distribution of inter-
ference term after Gaussian smearing when ⇠� = 0, ⇡, ⇡/2.

B. Aint(⇠� 6= 0)

According to Eq. (12), Aint has a maximum when ⇠� =
0, which is the SM case; it has a minimum when ⇠� = ⇡,
which represents a CP-even H�� coupling but from new
physics. Aint(⇠� = ⇡/2 or 3⇡/2) = 0 is also a special
case, which indicate a vanishing interference e↵ect. We
get the lineshape of interference for these three cases as
shown in Fig. 3. The blue histogram (⇠� = ⇡) is almost
inverse of the red histogram (⇠� = 0), and the black
dashed histogram looks like a flat line.

The significance of Aint deviated from ASM
int is esti-

mated as following,

Significance =
|Aint �ASM

int |p
|�Aint|2 + |�ASM

int |2
(13)

�Aint = Aint ⇥
1p
L

s
1

|�I
int|

+
1

�I
sig

, (14)

TABLE II. Aint and its significance for di↵erent ⇠� choices.

⇠� Aint(%) Significance(L = 30fb�1)

0 8.8 -

⇡ -8.8 9
⇡
2 0 7

�I
int =

Z I

dM
d�int

dM
, �I

sig =

Z I

dM
d�sig

dM
, (15)

where I represents the integral over half resonance region,
L is the integrated luminosity in experiment, �Aint only
includes statistical error.
As the minimum of Aint has a largest deviation from

ASM
int , we calculate its significance as an example. When

Aint is minimum, �I
int = �1.6fb, �I

sig = 19.6fb; mean-

while, for SM, �I
int(SM) = 1.6fb, �I

sig(SM) = 19.6fb.

If we suppose the integrated luminosity is L = 30fb�1,
the significance is about 9. As for the Aint = 0 case, it
is about 7. These values are listed in Table II for com-
parison. If suppose systematic error was same as the
statistical error, which is reasonable in experiment [29],

the significance in Table. II will be divided by
p
2. Even

though, the significances are still large enough to distin-
guish the two characteristic cases from SM. At the level
of significance around 5�, a constraint of ⇠� /2 [⇡/2, 3⇡/2]
could be got. That is, a pure CP-odd H�� coupling is
excluded and a possible inverse CP-even H�� coupling
is also excluded. This method may provide a first direct
constraint on CP -violating H�� coupling at LHC.

IV. CP VIOLATION IN Hgg COUPLING

The observable Aint could also be used to probe CP
violation in Hgg coupling, which is also di�cult to probe
and has only been studied in Ref. [12]. In this section,
firstly we add one more parameter ⇠g to describe CP
violation in Hgg coupling, then the procedure is same as
above, and finally we get the significance and constraint.
Based on Eq. (1), one more parameter ⇠g to describe

CP violation in Hgg coupling is added, and the e↵ective
Lagrangian is modified as

Lh =
c� cos ⇠�

v
hFµ⌫F

µ⌫ +
c� sin ⇠�

2v
hFµ⌫ F̃

µ⌫

+
cg cos ⇠g

v
hGa

µ⌫G
aµ⌫ +

cg sin ⇠g
2v

hGa
µ⌫G̃

aµ⌫ .(16)

After that, the helicity amplitude in Eq. (7) and dif-
ferential cross section of interference in Eq. (10) should
be changed correspondingly, which are

M = �e�ih1⇠ge�ih3⇠� �h1h2�h3h4

M4
��

v2
4cgc�

M2
�� �M2

H + iMH�H

+ 4↵↵s�
ab

X

f=u,d,c,s,b

Q2
fA

h1h2h3h4
box , (17)
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FIG. 7. The diphoton invariant mass M�� distribution of
interference after Gaussian smearing in various ⇠g, ⇠� cases.

⇥
Z

dz[cos(⇠g + ⇠�)A++++
box + cos(⇠g � ⇠�)A++��

box ] .(17)

Then ASM
int ⌘ Aint(⇠g = 0, ⇠� = 0) and

Aint(⇠g, ⇠�) = ASM
int ⇥

R
dz[cos(⇠g + ⇠�)A++++

box + cos(⇠g � ⇠�)A++��
box ]R

dz[A++++
box +A++��

box ]
,(18)

where the integral could be calculated numerically once
the the integral region of z is given. For example, if the
pseudorapidity of � is required to be |⌘� | < 2.5, that is,
z 2 [�0.985, 0.985], the integral

R
dzA++��

box ⇡ �9, and
Eq. (18) could be simplified as

Aint(⇠g, ⇠�) ⇡ ASM
int ⇥ 2 cos(⇠g + ⇠�)� 9 cos(⇠g � ⇠�)

�7
.

(19)
Aint(⇠g, ⇠�) thus has a maximum and minimum of about
1.6 times of ASM

int . If ⇠g = 0, Aint(⇠g = 0, ⇠�) will de-
generate to the Aint(⇠�) in Eq. (13). By constrast, if
⇠� = 0,

Aint(⇠g) = ASM
int ⇥ cos(⇠g), (20)

which shows the same dependence of Aint(⇠�) on ⇠� when
⇠g = 0 as in Eq. (13). So a CP -violating Hgg cou-
pling could cause similar deviation of Aint to ASM

int as a

CP -violating H�� coupling, and an single observed Aint

value could not distinguish them since there are two free
parameters for one observable.

Fig. 7 shows the lineshapes of interference for di↵erent
⇠g, ⇠� choices. The red histogram (⇠g = 0, ⇠� = 0)
represents the SM case; the magenta histogram (⇠g =
⇡
2 , ⇠� = ⇡

2 ) could get largest Aint; the cyan histogram
(⇠g = ⇡

2 , ⇠� = 3⇡
2 ) corresponds to the smallest Aint ; and

the black histogram is from ⇠g = 0, ⇠� = ⇡
2 case with

Aint equal to zero. For the general case of both ⇠g, ⇠�
being free parameters, Aint(⇠g, ⇠�) could have a wider
value range than Aint(⇠�), which makes it easier to be
probed in future experiment.

V. CONCLUSION AND DISCUSSION

The diphoton mass distribution from the interference
between gg ! H ! �� and gg ! �� at leading order
is almost antisymmetric around MH and we propose an
sign-reversed integral around MH to get its contribution.
After dividing this integral value by the cross section of
Higgs signal, we get an observable Aint. In SM, the theo-
retical Aint value without invariant mass resolution could
be large than 30%. After considering mass resolution of
⇠ 1.5 GeV, Aint is reduced but still could be as large as
10%. The CP violation in H�� could change Aint from
10% to -10% depending on the CP violation phase ⇠� .
In a general framework of both CP -violating H�� and
Hgg coupling, Aint could have a larger value of ⇠ ±16%,
which makes it easier to be probed. At current exper-
iment, the uncertainties of signal strength in H ! ��
process is larger than Aint, which could make it di�cult
to be extracted from the total spectrum. However, the
high luminosity and precision in future experiment may
let Aint be extracted out, and the CP violation be probed
to some extent.
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2. CP violation in H�Z

shows

[A2!2

box ]�h1�h2
�h3� = �(�1)[A2!2

box ]h1h2
h3

(20)

III. KINEMATICS

A. The angles

In the helicity amplitudes, we use pi with i = 1 · · · 5 to represent momenta of the five

external legs and write the process gg ! �Z ! �`�`+ as

g(p
1

)g(p
2

) ! H(p
12

) ! �(p
3

)Z(p
45

) ! �(p
3

)`�(p
4

)`+(p
5

), (21)

where p
12

= p
1

+ p
2

, p
45

= p
4

+ p
5

. Actually, the five momenta should fulfill the energy-

momentum conversation criteria and we only need five variables to character the full kine-

matics. They are two squared invariant masses s
12

, s
45

and three angles ✓, ✓
1

and �
1

. Fig. 3

illustrates the three angles.

FIG. 3: The kinematic angles for gg ! H ! �Z ! �`�`+ process. ✓ is defined in H (or gg) rest

frame. It is the angle between Z boson momentum direction and Z-axis. ✓
1

is the angle between `�

momentum in Z boson rest frame and Z boson production momentum which is obtained in H rest

frame. �
1

is the angle between Z boson production and decay planes.

✓ is the angle between Z boson momentum direction and Z-axis in H (or gg) rest frame.

✓ 2 [0, ⇡]. For the background process, ✓ is defined in the gg rest frame. In its expression

we use �~p
3

to represent Z boson momentum direction, that is

✓ = cos�1

✓
� ~p

3

· n̂z

|~p
3

||n̂z|

◆
, n̂z = (0, 0, 1) . (22)
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full amplitude is the sum of two interfering amplitudes, M = |c
1

|ei( 1+⇠1) + |c
2

|ei( 2+⇠2),

where  
1

,  
2

are strong phases and ⇠
1

, ⇠
2

are weak phases, the asymmetry depends on the

di↵erences of both weak and strong phases:

A =
�(F )� �(F̄ )

�(F )� �(F̄ )
/ |c

1

||c
2

| sin( 
1

�  
2

) sin(⇠
1

� ⇠
2

) . (1)

The CP violation could be probed only when both phase di↵erences exist.

This paper is preformed in the following structure. In the first part, we introduce a

general model with CP-violation phase factor and the helicity amplitudes involved for both

signal and background processes. We also discuss the parity relations of those amplitudes.

In the second part, a special frame with kinematic angles is introduced. We make a two-part

factorization in such frame for the di↵erential cross-section and scrutinize the AFB sources.

In the third part, we setup numerical simulations using modified MCFM to estimate the AFB

values under di↵erent mass integral regions. In the last part, we summarize the results and

discuss possible future work.

II. HELICITY AMPLITUDES

A. E↵ective operator and CP violation phase ⇠

We use the following dimension-5 e↵ective operators to describe the gg ! H ! �Z

process.

L
h

=
c

v
hFµ⌫Z

µ⌫ +
c̃

2v
hFµ⌫Z̃

µ⌫ +
cg
v

hGa
µ⌫G

aµ⌫ . (2)

Compare to Standard Model(SM), we add a CP-odd term to study the possible CP violation

in H�Z coupling, which may arise from CP violation in Hff̄ Yukawa coupling, HV V

coupling or other new physics. The Higgs boson couples to gluon via e↵ective vertex where

the top quark mass is assumed to be infinite. We also assume the masses of active light

quarks are zero during our calculations. The source to bring CP violation in H�Z coupling

may also cause CP violation in Hgg coupling. However, it is beyond the scope of the current

study.

Even though the c and c̃ in Eq. (2) could be complex numbers and have di↵erent strong

phases, here we make a simple assumption that both of them have equal strong phases. This

is obviously true if CP violation happens in Htt̄ or HV V vertex. In the following study we

use the strong phase of e↵ective H�Z vertex in SM for both c and c̃.

3

CP-violatingHγZ coupling. In the first part, we introduce a
general model with a CP-violation phase factor and the
helicity amplitudes involved for both signal and background
processes. We also discuss the parity relations of those
amplitudes. In the second part, a special frame with
kinematic angles is introduced. We make a two-part fac-
torization in such a frame for the differential cross section
and scrutinize the AFB sources. In the third part, we set up
numerical simulations using modified MCFM to estimate the
AFB values under different mass integral regions. In the last
part, we summarize the results and discuss possible
future work.

II. HELICITY AMPLITUDES

A. Effective operator and CP-violation phase ξ

By considering the gluon fusion to the Higgs boson,
which is the dominant Higgs production channel at the
hadron collider and the Higgs decay to a photon plus a Z
boson, we use the following dimension-5 effective oper-
ators to describe the gg → H → γZ process:

Lh ¼
c
v
hFμνZμν þ

~c
2v

hFμν
~Zμν þ

cg
v
hGa

μνGaμν; ð2Þ

where F, Ga denote the γ and gluon field strengths;
a ¼ 1;…; 8 are SUð3Þc adjoint representation indices for
the gluons; v ¼ 246 GeV is the electroweak vacuum
expectation value; the dual field strength is defined as
~Xμν ¼ ϵμνσρXσρ; and c, ~c, and cg are complex numbers.
To compare to the Standard Model, we add a CP-odd

term to study the potential CP-violation effects from HγZ
coupling, which may arise from CP violations in the Hff̄
Yukawa coupling, HVV coupling, or other new physics.
The Higgs boson couples to the gluon via the effective
vertex where the top and bottom quarks are considered to
be massive. The masses of the four light quarks are set to
zero during our calculation. The source to bring the CP
violation in the HγZ coupling may also cause a CP
violation in the Hgg coupling. However, it is beyond the
scope of the current study.
The c and ~c in Eq. (2) are complex numbers and have

different phases. For the simplicity of the current analysis,
we make an assumption that their phases are the same or
have a difference of π. That is,

ArgðcÞ ¼ Argð~cÞ or ArgðcÞ ¼ Argð−~cÞ: ð3Þ

It is convenient to define

ξ ¼ tan−1ð~c=cÞ; ð4Þ

which is a CP-violation phase (also called weak phase)
in helicity amplitudes; in contrast, the phase from the
complex number c is a strong phase. More details about ξ
will be revealed when we discuss parity relation and CP

transformation. From the definition, ξ ∈ ½0; 2πÞ. When
ξ ¼ 0, it is the SM case; when ξ ≠ 0, there must exist
CP violation and new physics. It is worth pointing out that
even though ξ ¼ π

2 or ξ ¼ 3π
2 corresponds to pure CP-odd

coupling, it introduces CP violation because the Standard
Model ggH coupling is CP even. As ξ is the only weak
phase in our analysis, the CP observable is expected to be
proportional to sin ξ, which will be verified later in our
analytical calculation. Thus, a nonzero AFB means new
physics, and new physics effects would be more obvious if
AFB reached its peak value at ξ ¼ π

2.

B. gg → H → γZ → γl−l+ process

In this section, we first introduce the helicity amplitudes
in the spinor helicity formalism and then discuss their
parity relations.

1. Amplitudes in the spinor helicity formalism

Figure 1 shows the Feynman diagram of the process
gg → H → γZ → γl−lþ as described by effective cou-
plings in Eq. (2). The helicity amplitude is written into three
parts,

AHð1
h1
g ; 2h2g ; 3h3γ ; 4h4l− ; 5h5lþÞ

¼ Agg→Hð1h1g ; 2h2g Þ × iPHðs12Þ
s12

×AH→γZ→γl−lþð3h3γ ; 4h4l− ; 5
h5
lþÞ; ð5Þ

where PXðsÞ ¼ s
s−M2

XþiMXΓX
, s12¼ðp1þp2Þ2, and

hi ði ¼ 1 & & & 5Þ are helicity labels of external particles.
Agg→Hð1h1g ; 2h2g Þ is the helicity amplitude of gluon-gluon
fusion to the Higgs process, and h1, h2 represent the
helicities of outgoing gluons. When writing the helicity
amplitudes, we adopt the conventions used in [11,12]:

hiji ¼ ū−ðpiÞuþðpjÞ; ½ij' ¼ ūþðpiÞu−ðpjÞ
hiji½ji' ¼ 2pi · pj; sij ¼ ðpi þ pjÞ2; ð6Þ

and we have

FIG. 1. The Feynman diagram of the process gg → H → γZ →
γl−lþ. The cg and c; ~c factors represent the Hgg and HγZ
effective couplings, respectively.
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Then we define a CP violation phase (weak phase) ⇠ through

⇠ = tan�1(c̃/c) (3)

When ⇠ = 0, it is the SM case; when ⇠ = ⇡
2

, only CP-odd H�Z coupling exists. As ⇠

is the only weak phase, the CP observable is expected to be proportional to sin ⇠, which is

also verified in our analytical calculation. Thus a non-zero AFB means new physics, and

new physics e↵ects would be more obvious if AFB reached its peak value at ⇠ = ⇡
2

.

B. gg ! H ! �Z ! �`�`+ process

In this section, we firstly list out the helicity amplitudes in spinor helicity formalism, then

discuss their parity relations.

1. Amplitudes in spinor helicity formalism
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g �
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FIG. 1: The Feynman diagram of the process gg ! H ! �Z ! �`�`+. The cg and c, c̃ factors

represent the Hgg and H�Z e↵ective couplings respectively.

Fig. 1 shows the Feynman diagram for the process of gg ! H ! �Z ! �`�`+ as

described by e↵ective couplings in Eq. (2). The helicity amplitude is written into three

parts,

AH(1
h1
g , 2h2

g , 3h3
� , 4h4

`� , 5
h5

`+) = Agg!H(1h1
g , 2h2

g )⇥ iPH(s12)

s
12

⇥AH!�Z!�`�`+(3h3
� , 4h4

`� , 5
h5

`+) , (4)

where PX(s) =
s

s�M2
X+iMX�X

, s
12

= (p
1

+ p
2

)2. Agg!H(1h1
g , 2h2

g ) is the helicity amplitude of

gluon-gluon fusion to Higgs process, and h
1

, h
2

represents the helicities of outgoing gluons.

Agg!H(1+g , 2
+

g ) =
cg
v
[12]2

Agg!H(1�g , 2
�
g ) =

cg
v
h12i2 (5)

4

ASM
H (1h1

g , 2h2
g , 3h3

� , 45Z) is propagated by the scalar H boson and has non-zero amplitudes

only when h
1

= h
2

and h
3

= . For these non-zero amplitudes, the parity relation is [5]

[ASM 2!2

H ]�h1�h2
�h3� = [ASM 2!2

H ]h1h2
h3

. (18)

Thus the parity relation for AH(1h1
g , 2h2

g , 3h3
� , 45Z) could be written as

[A2!2

H ]�h1�h2
�h3� = [A2!2

H ]h1h2
h3

����
⇠$�⇠

, (19)

which shows that ⇠ changes sign under CP transformation and thus it is a CP weak phase.

This is understandable since ⇠ is connected to pseudoscalar coupling strength.

C. gg ! �Z ! �`�`+ process

1. Helicity amplitudes

g

g

f

�

Z
e�

e+

FIG. 2: The Feynman diagram of the process gg ! �Z ! �`�`+.

Fig. 2 shows the the Feynman diagram for the process of gg ! �Z ! �`�`+. The

fermions in the loop include five light quarks and top quark. At the lowest order only box

diagrams contribute to gg ! �Z process [12]. The helicity amplitudes using the spinor

helicity formalism is in Ref. [12] and is coded in MCFM package. In the following numerical

analysis, we use the helicity amplitudes in Eq.s (B.5)-(B.10) from Ref. [12]. We have

checked its conventions carefully to make sure the interference with gg ! H ! �Z ! �`�`+

amplitudes is correct.

2. Parity relation

Under P-parity transformation the helicity amplitudes behave like a high-spin d-matrix

function [5], the explicit expressions also support this viewpoint [13]. Thus its parity relation
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Then we define a CP violation phase (weak phase) ⇠ through

⇠ = tan�1(c̃/c) (3)

When ⇠ = 0, it is the SM case; when ⇠ = ⇡
2

, only CP-odd H�Z coupling exists. As ⇠

is the only weak phase, the CP observable is expected to be proportional to sin ⇠, which is

also verified in our analytical calculation. Thus a non-zero AFB means new physics, and
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Fig. 1 shows the Feynman diagram for the process of gg ! H ! �Z ! �`�`+ as

described by e↵ective couplings in Eq. (2). The helicity amplitude is written into three

parts,
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where PX(s) =
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g ) is the helicity amplitude of

gluon-gluon fusion to Higgs process, and h
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shows

[A2!2

box ]�h1�h2
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III. KINEMATICS

A. The angles

In the helicity amplitudes, we use pi with i = 1 · · · 5 to represent momenta of the five

external legs and write the process gg ! �Z ! �`�`+ as

g(p
1

)g(p
2

) ! H(p
12

) ! �(p
3

)Z(p
45

) ! �(p
3

)`�(p
4

)`+(p
5

), (21)

where p
12

= p
1

+ p
2

, p
45

= p
4

+ p
5

. Actually, the five momenta should fulfill the energy-

momentum conversation criteria and we only need five variables to character the full kine-

matics. They are two squared invariant masses s
12

, s
45

and three angles ✓, ✓
1

and �
1

. Fig. 3

illustrates the three angles.

FIG. 3: The kinematic angles for gg ! H ! �Z ! �`�`+ process. ✓ is defined in H (or gg) rest

frame. It is the angle between Z boson momentum direction and Z-axis. ✓
1

is the angle between `�

momentum in Z boson rest frame and Z boson production momentum which is obtained in H rest

frame. �
1

is the angle between Z boson production and decay planes.

✓ is the angle between Z boson momentum direction and Z-axis in H (or gg) rest frame.

✓ 2 [0, ⇡]. For the background process, ✓ is defined in the gg rest frame. In its expression

we use �~p
3

to represent Z boson momentum direction, that is

✓ = cos�1

✓
� ~p

3

· n̂z

|~p
3

||n̂z|

◆
, n̂z = (0, 0, 1) . (22)
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✓
1

is the angle between `� momentum in Z boson rest frame and Z boson production

momentum which is obtained in H rest frame. ✓
1

2 [0, ⇡]. The expression for ✓
1

is

✓
1

= cos�1

✓
� ~p

3

· ~p
4

|~p
3

||~p
4

|

◆
(23)

�
1

is the angle between the Z production and decay planes and �
1

2 [�⇡, ⇡]. We define it

in the H rest frame. It could also be defined in the Z rest frame since any boost along the

Z direction won’t change this angle. The expression for �
1

is

�
1

=
�~p

3

· (n̂prod ⇥ n̂decay)

|~p
3

· (n̂prod ⇥ n̂decay)|
⇥ cos�1(n̂prod · n̂decay) (24)

with n̂prod and n̂decay being perpendicular to the corresponding planes, which are

n̂prod =
�n̂z ⇥ ~p

3

|n̂z ⇥ ~p
3

| , n̂z = (0, 0, 1) .

n̂decay =
~p
4

⇥ ~p
5

|~p
4

⇥ ~p
5

| . (25)

B. Cross-section Factorization

In this work we consider on-shell Z boson with narrow-width approximation for the Z

boson propagator, that is P (s45)
s45

! ⇡ 1

mZ�Z
�(s

45

�m2

Z). The fully di↵erential cross-section is

d�(s
12

, ✓; ✓
1

,�
1

)

d(cos ✓)d(cos ✓
1

)d�
1

=
(s

12

�mZ
2)

211⇡3s2
12

��A(s
12

, ✓; ✓
1

,�
1

, ⇠)
��2

mZ�Z

, (26)

where

��A(s
12

, ✓; ✓
1

,�
1

, ⇠)
��2 =

X

hi

�����
X

=+,0,�
A(1h1

g , 2h2
g , 3h3

� , 45Z)A(45�
Z , 4h4

`� , 5
h5

`+)

�����

2

=
X

hi

�����
X

=+,0,�
[A2!2

H +A2!2

box ]h1h2
h3

(s
12

, ✓, ⇠)[A1!2]�
h4h5

(✓
1

,�
1

)

�����

2

=
X

,0

[�̃2!2]0(s
12

, ✓, ⇠)[�̃1!2]��0
(✓

1

,�
1

) (27)

with

[�̃2!2]0(s
12

, ✓, ⇠) =
X

h1,h2,h3

[A2!2

H +A2!2

box ]h1h2
h3

(s
12

, ✓, ⇠)[A⇤2!2

H +A⇤2!2

box ]h1h2
h30 (s

12

, ✓, ⇠)

[�̃1!2]��0
(✓

1

,�
1

) =
X

h4,h5

[A1!2]�
h4h5

(✓
1

,�
1

)[A⇤1!2]�0

h4h5
(✓

1

,�
1

) . (28)

The details of �̃1!2 and �̃2!2 are shown in the following sections and the source for AFB

is studied afterwards. More details involving the strong phase and mass integral region will

be evaluated by the end of this chapter.
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III. KINEMATICS

A. The angles

In the helicity amplitudes, we use pi with i = 1 · · · 5 to represent momenta of the five

external legs and write the process gg ! �Z ! �`�`+ as

g(p
1

)g(p
2

) ! H(p
12

) ! �(p
3

)Z(p
45

) ! �(p
3

)`�(p
4

)`+(p
5

), (21)

where p
12

= p
1

+ p
2

, p
45

= p
4

+ p
5

. Actually, the five momenta should fulfill the energy-

momentum conversation criteria and we only need five variables to character the full kine-

matics. They are two squared invariant masses s
12

, s
45

and three angles ✓, ✓
1

and �
1

. Fig. 3

illustrates the three angles.

s
12

, s
45

, ✓, ✓
1

and �
1

.

~p
3

in H rest frame,

~p
4

in Z rest frame.

FIG. 3: The kinematic angles for gg ! H ! �Z ! �`�`+ process. ✓ is defined in H (or gg) rest

frame. It is the angle between Z boson momentum direction and Z-axis. ✓
1

is the angle between `�

momentum in Z boson rest frame and Z boson production momentum which is obtained in H rest

frame. �
1

is the angle between Z boson production and decay planes.

✓ is the angle between Z boson momentum direction and Z-axis in H (or gg) rest frame.

✓ 2 [0, ⇡]. For the background process, ✓ is defined in the gg rest frame. In its expression
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momentum in Z boson rest frame and Z boson production momentum which is obtained in H rest

frame. �
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is the angle between Z boson production and decay planes.

✓ is the angle between Z boson momentum direction and Z-axis in H (or gg) rest frame.

✓ 2 [0, ⇡]. For the background process, ✓ is defined in the gg rest frame. In its expression

we use �~p
3

to represent Z boson momentum direction, that is

✓ = cos�1

✓
� ~p

3

· n̂z

|~p
3

||n̂z|

◆
, n̂z = (0, 0, 1) . (22)
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3. The source of AFB

Combining Eqs. (26), (27), (31) and (37), we could get

d�̂(s
12

, ✓; ✓
1

,�
1

)

d(cos ✓
1

)
=

(s
12

�mZ
2)

211⇡3s2
12

mZ�Z⇢
(r2e + l2e)

Z
1

�1

d cos ✓

Z ⇡

�⇡

d�
1

([�̃2!2]
++

+ [�̃2!2]��)(1 + cos2 ✓
1

)

+ 2(r2e + l2e)

Z
1

�1

d cos ✓

Z ⇡

�⇡

d�
1

[�̃2!2]
00

sin2 ✓
1

+ 2(l2e � r2e)

Z
1

�1

d cos ✓

Z ⇡

�⇡

d�
1

([�̃2!2]
++

� [�̃2!2]��) cos ✓1

�
.

d�̂int(s12, ✓; ✓1,�1

)

d(cos ✓
1

)
=

(s
12

�mZ
2)

211⇡3s2
12

mZ�Z⇢
(r2e + l2e)

Z
1

�1

d cos ✓

Z ⇡

�⇡

d�
1

(4Re[�̃2!2

H,box]++

cos ⇠)(1 + cos2 ✓
1

)

+ 2(l2e � r2e)

Z
1

�1

d cos ✓

Z ⇡

�⇡

d�
1

(4 Im[�̃2!2

H,box]++

sin ⇠) cos ✓
1

�
.

Re[�̃2!2

H,box]++

Im[�̃2!2

H,box]++

AFB(s12) =
(
R

1

0

�
R

0

�1

)d cos ✓
1

R
1

�1

d cos ✓
R ⇡

�⇡
d�

1

d�̂(s12,✓;✓1,�1)

d(cos ✓)d(cos ✓1)d�1

(
R

1

�1

)d cos ✓
1

R
1

�1

d cos ✓
R ⇡

�⇡
d�

1

d�̂(s12,✓;✓1,�1)

d(cos ✓)d(cos ✓1)d�1

(38)

=
(l2e � r2e)

R
1

�1

d cos ✓([�̃2!2]
++

� [�̃2!2]��)
4

3

(r2e + l2e)
R

1

�1

d cos ✓([�̃2!2]
++

+ [�̃2!2]�� + [�̃2!2]
00

)
(39)

The forward-backward asymmetry is

AFB(s12) =
(
R

1

0

�
R

0

�1

)d cos ✓
1

R
1

�1

d cos ✓
R ⇡

�⇡
d�

1

d�(s12,✓;✓1,�1)

d(cos ✓)d(cos ✓1)d�1

(
R

1

�1

)d cos ✓
1

R
1

�1

d cos ✓
R ⇡

�⇡
d�

1

d�(s12,✓;✓1,�1)

d(cos ✓)d(cos ✓1)d�1

(40)

=
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R
1
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d cos ✓([�̃2!2]
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� [�̃2!2]��)
4

3

(r2e + l2e)
R

1

�1

d cos ✓([�̃2!2]
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+ [�̃2!2]�� + [�̃2!2]
00

)
(41)

The denominator of AFB(s12) includes mainly signal and background cross-sections, but

also the interference part that is proportional to cos ⇠ (see (36) and (39)). The numerator

is proportional to sin ⇠. In the SM case, where ⇠ = 0, no AFB(s12) could be observed. If

12

cross-section after �
1

integral (from �⇡ to ⇡). That is

R ⇡

�⇡
d�

1

[�̃1!2]
0
(✓

1

,�
1

) = 0,  6= 0 (32)

Only  = 0 terms could contribute after the �
1

integral. Thus for AFB value we only

need to focus on the  = 0 case.

2. The �̃2!2 contribution

Firstly we factorize out the ⇠ dependence in �̃2!2,

[�̃2!2]0(s
12

, ✓, ⇠) = [�̃2!2

H,H ]0(s
12

, ✓) + [�̃2!2

box,box]0(s
12

, ✓)

+ [�̃2!2

H,box]0(s
12

, ✓)e�i⇠ + [�̃2!2

box,H ]0(s
12

, ✓)ei
0⇠ (33)

Then according to Eqs. (19) and (20)

[�̃2!2

H/box,H/box]+,+ = [�̃2!2

H/box,H/box]�,� (34)

And we also have [�̃2!2

box,H ]0 = [�̃2!2

H,box]
⇤
0 , so

[�̃2!2]
++

� [�̃2!2]�� = 4 Im[�̃2!2

H,box]++

sin ⇠ (35)

[�̃2!2]
++

+ [�̃2!2]�� = 2[�̃2!2

H,H ]++

+ 2[�̃2!2

box,box]++

+ 4Re[�̃2!2

H,box]++

cos ⇠ (36)

[�̃2!2]
00

= [�̃2!2

box,box]00 (37)

3. The source of AFB

Combining Eqs. (26), (27), (31) and (37), we could get
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)
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)
=

(s
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�mZ
2)

211⇡3s2
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⇢
(r2e + l2e)
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�1

d cos ✓
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1

([�̃2!2]
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+ [�̃2!2]��)(1 + cos2 ✓
1

)

+ 2(r2e + l2e)

Z
1

�1

d cos ✓

Z ⇡
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1

[�̃2!2]
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1
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1
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d cos ✓
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�
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(38)
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Then we define a CP violation phase (weak phase) ⇠ through

⇠ = tan�1(c̃/c) (3)

When ⇠ = 0, it is the SM case; when ⇠ = ⇡
2

, only CP-odd H�Z coupling exists. As ⇠

is the only weak phase, the CP observable is expected to be proportional to sin ⇠, which is

also verified in our analytical calculation. Thus a non-zero AFB means new physics, and

new physics e↵ects would be more obvious if AFB reached its peak value at ⇠ = ⇡
2

.

B. gg ! H ! �Z ! �`�`+ process

In this section, we firstly list out the helicity amplitudes in spinor helicity formalism, then

discuss their parity relations.

1. Amplitudes in spinor helicity formalism

H

Z0

e�

e+

g

g �

cg c, c̃

FIG. 1: The Feynman diagram of the process gg ! H ! �Z ! �`�`+. The cg and c, c̃ factors

represent the Hgg and H�Z e↵ective couplings respectively.

Fig. 1 shows the Feynman diagram for the process of gg ! H ! �Z ! �`�`+ as

described by e↵ective couplings in Eq. (2). The helicity amplitude is written into three

parts,

AH(1
h1
g , 2h2

g , 3h3
� , 4h4

`� , 5
h5

`+) = Agg!H(1h1
g , 2h2

g )⇥ iPH(s12)

s
12

⇥AH!�Z!�`�`+(3h3
� , 4h4

`� , 5
h5

`+) , (4)

where PX(s) =
s

s�M2
X+iMX�X

, s
12

= (p
1

+ p
2

)2. Agg!H(1h1
g , 2h2

g ) is the helicity amplitude of

gluon-gluon fusion to Higgs process, and h
1

, h
2

represents the helicities of outgoing gluons.

Agg!H(1+g , 2
+

g ) =
cg
v
[12]2

Agg!H(1�g , 2
�
g ) =

cg
v
h12i2 (5)

4

ASM
H (1h1

g , 2h2
g , 3h3

� , 45Z) is propagated by the scalar H boson and has non-zero amplitudes

only when h
1

= h
2

and h
3

= . For these non-zero amplitudes, the parity relation is [5]

[ASM 2!2

H ]�h1�h2
�h3� = [ASM 2!2

H ]h1h2
h3

. (18)

Thus the parity relation for AH(1h1
g , 2h2

g , 3h3
� , 45Z) could be written as

[A2!2

H ]�h1�h2
�h3� = [A2!2

H ]h1h2
h3

����
⇠$�⇠

, (19)

which shows that ⇠ changes sign under CP transformation and thus it is a CP weak phase.

This is understandable since ⇠ is connected to pseudoscalar coupling strength.

C. gg ! �Z ! �`�`+ process

1. Helicity amplitudes

g

g

f

�

Z
e�

e+

FIG. 2: The Feynman diagram of the process gg ! �Z ! �`�`+.

Fig. 2 shows the the Feynman diagram for the process of gg ! �Z ! �`�`+. The

fermions in the loop include five light quarks and top quark. At the lowest order only box

diagrams contribute to gg ! �Z process [12]. The helicity amplitudes using the spinor

helicity formalism is in Ref. [12] and is coded in MCFM package. In the following numerical

analysis, we use the helicity amplitudes in Eq.s (B.5)-(B.10) from Ref. [12]. We have

checked its conventions carefully to make sure the interference with gg ! H ! �Z ! �`�`+

amplitudes is correct.

2. Parity relation

Under P-parity transformation the helicity amplitudes behave like a high-spin d-matrix

function [5], the explicit expressions also support this viewpoint [13]. Thus its parity relation
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3. Anomalous couplings in HZZ

L(HZZ) ⇠ a1
m2

Z
2 HZµZµ + a2

1
2HZµ⌫Zµ⌫ + a3

1
2HZµ⌫Z̃µ⌫

16 4 Analysis techniques

Figure 1: Illustration of the production of a system X in a parton collision and its decay to two
vector bosons gg or qq ! X ! ZZ, WW, Zg, and gg either with or without sequential decay of
each vector boson to a fermion-antifermion pair [28, 59]. The two production angles q⇤ and F1
are shown in the X rest frame and the three decay angles q1, q2, and F are shown in the V rest
frames. Here X stands either for a Higgs boson, an exotic particle, or, in general, the genuine or
misidentified VV system, including background.

in the H ! gg channel are discussed in Ref. [15].

The rest of this section is organized as follows. The kinematic observables reconstructed in the
H ! VV ! 4` and H ! WW ! `n`n channels are discussed first. A matrix element likelihood
approach is introduced next. Its goal is to reduce the number of observables to be manageable
in the following analysis, while retaining full information for the measurements of interest. A
maximum likelihood fit employs the template parameterization of the probability distribution
of the kinematic observables using full simulation of the processes in the detector. This method
is validated with the analytic parameterization of some of the multidimensional distributions
using a simplified modeling of the detector response in the H ! ZZ ! 4` channel. Systematic
uncertainties and validation tests are also discussed.

4.1 Observables in the H ! VV ! 4` analysis

The four-momenta of the H ! 4` decay products carry eight independent degrees of freedom,
which fully describe the kinematic configuration of a four-lepton system in its center-of-mass
frame, except for an arbitrary rotation around the beam axis. These can be conveniently ex-
pressed in terms of the five angles ~W ⌘ (q⇤, F1, q1, q2, F) defined in Fig. 1, the invariant masses
of the dilepton pairs, m1 and m2, and of the four-lepton system, m4`. The boost of the H bo-
son system in the laboratory frame, expressed as pT and rapidity, depends on the production
mechanism and generally carries some but limited discrimination power between either signal
or background hypotheses originating from different production processes. These observables
are not used in the analysis to remove the dependence of the results on the production model.
For the same reason, information about particles produced in association with H boson is not
used either. This approach differs from the study reported in Ref. [12] where such observables
were used to investigate the production mechanisms of the Higgs boson.

The distributions of the eight kinematic observables (m1, m2, m4`, ~W) in data, as well as the ex-
pectations for the SM background, the Higgs boson signal, and some characteristic alternative

sis about resonance quantum numbers can be efficiently
separated if all five angles are analyzed simultaneously. Of
course, correlations in the multidimensional space of all
angles are important for full separation power and those
correlations cannot be easily illustrated. We fully exploit
those correlations in the angular analysis discussed in the
next section.

Our MC generation is performed stand-alone but, since
unweighted events are produced, it is easy to incorporate it
into a software framework that includes full detector simu-

lation. This is achievable in the same way as for
MADGRAPH interfaced through PYTHIA [39]. However, to
illustrate effects of realistic detector response, we employ a
simplified technique not attached to any particular
experiment.
Note that, with our choice of the final state, we require

measurements of the four-momenta of all charged leptons
for complete reconstruction of the event kinematics, in-
cluding boosts to the rest frames of X and Zs, where the
production and helicity angles are defined. In an experi-
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FIG. 2 (color online). Distribution of the cos!! (left), !1 (second from the left), cos!1 and cos!2 (second from the right), and !
(right) generated for mX ¼ 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 0þ and 0$ (top), spin one 1þ and 1$ (second row from top), spin two 2þm , 2

þ
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 Jþ distributions are shown with solid red points and J$ distributions are shown with open blue points, while the 2þm
and 2þL are shown with red circles and green squares, respectively.
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Table 2. The best-fit and excluded ranges for the coe�cients of the BSM CP-even and CP-odd terms in Eq. 1 at
ATLAS, with H ! ZZ⇤ and H ! WW⇤ combined [3].

Coupling ratio Best fit value 95% CL Exclusion Regions
Combined Expected Observed Expected Observed
̃HVV/S M 0.0 -0.48 (�1,�0.55] [ [4.80,1) (�1,�0.73] [ [0.63,1)

(̃AVV/S M) · tan↵ 0.0 -0.68 (�1,�2.33] [ [2.30,1) (�1,�2.18] [ [0.83,1)

Figure 2. The bounds on the coe�cients of the di↵erent BSM terms for H ! ZZ⇤, H ! WW⇤, H ! Z� and
H ! �� decays at CMS [4].

Since the vector bosons in the process are not directly observable, it is easier to treat the CP-odd terms
as one by the assumption in Eq. 4 about the relations of the coe�cients:

g̃HAA = g̃HZZ =
1
2
g̃HWW =

g

2mW
d̃, and g̃HAZ = 0. (4)

Traditionally, the signed �� between the two tagging in the VBF process are used as the CP sensitive
variable [6]. ATLAS used a di↵erent variable, the Optimal Observable (OO), which is expected to
perform better. It is based on the ME of

M =MS M + d̃ · MCP�odd, and |M|2 = |MS M |2 + d̃ · 2Re
�M⇤S MMCP�odd

�

+ d̃2 |MCP�odd |2 , (5)

and the OO is defined as

OO =
2Re
⇣

M⇤S MMCP�odd
⌘

|MS M |2
. (6)

With all 4-momenta of the final state particles (the Higgs and two tagging jets) measured, the
LO ME of SM and CP-odd can be calculated from HAWK [8], and then the OO can be calculated
per event. As Fig. 3 shows, of there is no CP violation, the mean of the OO distribution should be
zero. For positive (negative) CP-odd component (determined by d̃), its mean will be shifted to positive
(negative) values. This method can be applied to other decays such as H ! ��. To obtain a pure signal
sample, a cut is first made on the Multi-Variate-Analysis (MVA) output score. A signal to background
ratio of about 0.3 is achieved by this cut. Next, a likelihood fit to the OO distribution is performed to
find the best value for d̃. Figure 4 shows the OO distribution in the H ! ⌧⌧! ll+4⌫ subchannel, and
the increase of the negative-log-likelihood �NLL with respect to its minimum in the likelihood scan.
Each point in the plot indicates a �NLL calculated with a particular hypothesis template and the data.
The 68% CL interval is found by the intersection points of the �NLL curve and the horizontal line at

CMS, PRD92, 012004 (2014)
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Table 14: Summary of the allowed 95% CL intervals on the anomalous couplings in HZZ in-
teractions using results in Table 13. The coupling ratios are assumed to be real (including
cos(fL1) = 0 or p).

Parameter Observed Expected
(L1

p
|a1|) cos(fL1) [�•,�119 GeV] [ [104 GeV, •] [�•, 50 GeV] [ [116 GeV, •]

a2/a1 [�2.28,�1.88] [ [�0.69, •] [�0.77, •]

a3/a1 [�2.05, 2.19] [�3.85, 3.85]
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Figure 22: Observed likelihood scans using the template method for pairs of effective fractions
fL1 vs. fa2, fL1 vs. fa3, and fa2 vs. fa3 (from top to bottom) describing HZZ interactions. Plots
on the left show the results when the couplings studied are constrained to be real and all other
couplings are fixed to the SM predictions. Plots on the right show the results when the phases
of the anomalous couplings are left unconstrained. The SM expectations correspond to points
(0,0) and the best fit values are shown with the crosses. The confidence level intervals are
indicated by the corresponding �2 D lnL contours.
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Interference in on-shell region

a1=1,a2=1

p
s=13 TeV,gg ! H ! ZZ ! e+e�µ+µ�

�SM �new �interference

0.533fb 0.220fb -0.599fb

TABLE I: check1

p
s=8 TeV,gg(! H⇤) ! ZZ ! e+e�µ+µ�,M(4`) > 220 GeV

�SM �new �interference

0.45fb 0.23fb 0.15fb

TABLE II: check1

p
s=8 TeV,gg ! H ! ZZ ! e+e�µ+µ�,M(4`) < 130 GeV

�SM �new �interference

0.245fb 0.101fb -0.275fb

TABLE III: check1

1
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s=13 TeV,gg ! H ! ZZ ! e+e�µ+µ�

�SM �new �interference

0.533fb 0.220fb -0.599fb

TABLE I: check1

p
s=8 TeV,gg(! H⇤) ! ZZ ! e+e�µ+µ�,M(4`) > 220 GeV

�SM �new �interference

0.45fb 0.23fb 0.15fb

TABLE II: check1

1

a1=1,a2=1
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7

Full region Signal-enriched region
gg + VBF ! 4` (signal, GH/GSM

H = 1) 2.22 +0.15
�0.17 1.20 +0.08

�0.09
gg + VBF ! 4` (background) 31.1 +3.0

�3.1 2.12±0.21
(a) gg + VBF ! 4` (total, GH/GSM

H = 1) 29.6 +2.8
�2.9 1.73 +0.16

�0.17
gg + VBF ! 4` (total, GH/GSM

H = 15) 51.8 +4.9
�5.0 13.1±1.1

(b) qq̄ ! 4` 154.7±7.4 8.6±0.4
(c) Reducible background 3.7±0.6 0.44±0.08

(a+b+c) Total expected (GH/GSM
H = 1) 188.0±7.9 10.8±0.4

Observed 183 8

Table 1: Expected and observed number of 4` events (sum of the 4e, 4µ and 2e2µ) for the off-
shell analysis region defined by m4` � 220 GeV, and for the signal-enriched region defined by
m4` � 330 GeV and Dgg > 0.65. The abbreviation gg is used to denote the gg ! ZZ ! 4`
process, and the abbreviation VBF to denote the qq0 ! ZZqq0 ! 4`qq0 process.

flavor that are compatible with the decay of a Z boson and large missing transverse energy
(Emiss

T ) from the undetectable neutrinos. Events are selected online by requiring double-muon
and double-electron triggers. Single-muon triggers are also used in order to recover trigger
inefficiencies. The minimal pT of the first and second lepton are 17 and 8 GeV, respectively,
for the double-lepton triggers, while it is 24 GeV for the single-muon trigger. The selected
events are required to have two well-identified, isolated leptons (e+e� or µ+µ�), each with
pT > 20 GeV. The invariant mass of the pair is required to be within ±15 GeV of the Z boson
nominal mass.

A very large potential background arises from Z + jets events with large mis-measured Emiss
T

from hadronic recoil, which is hard to model. Other relevant backgrounds are top-quark pro-
duction (tt ! 2`2n2b and tW ! 2`2nb), and diboson production (WZ ! 3`n, ZZ ! 2`2n,
and WW ! 2`2n). The top-quark background is suppressed by rejecting events containing
a bottom-quark decay identified by either the presence of a tagged b-jet or a soft muon. The
tagged b-jet is required to have pT > 30 GeV and to be reconstructed within the tracker ac-
ceptance volume. The soft muon is required to have pT > 3 GeV, which is typically produced
in the leptonic decay of a bottom quark. To reduce the WZ background in which both bosons
decay leptonically, events containing additional electrons or muons with pT > 10 GeV are re-
jected. The presence of large Emiss

T is a fundamental feature of the signal signature. To reject the
bulk of the Z+ jets background, Emiss

T > 80 GeV is required. In addition, events are removed if
the angle in the azimuthal plane between the Emiss

T vector and the closest jet with pT > 30 GeV
is smaller than 0.5 radians.

Selected events are categorised according to the number and topology of reconstructed jets
with pT > 30 GeV. An event is assigned to the VBF category if the following requirements
satisfied: the two highest-pT jets in the event have a minimal pseudo-rapidity separation of
|Dh| > 4 and invariant mass > 500 GeV; their pseudo-rapidities are used to define the bounds
of the so-called central region of the event; the pseudo-rapidity of both lepton candidates lies
in the central region and no other selected jet with pT > 30 GeV is found in this central region.
The other events are assigned to the ”0-jet” and ”�1-jet” categories according to number of jets.

The WZ and ZZ backgrounds are modelled using MC simulation, and are normalized to their
respective NLO cross sections computed with MCFM. The Z + jets background is modelled
from an orthogonal control sample of events with a single isolated photon produced in asso-
ciation with jets (g + jets). The contribution of tt, tW and WW backgrounds is estimated by

CMS data for off-shell region CMS PAS Higg-14-002

a2 ⇢ [�2.0, 1.4]

a3 ⇢ [�1.7, 1.7]

6 The CMS Collaboration / Physics Letters B 775 (2017) 1–24

Fig. 3. Observed (solid) and expected (dashed) likelihood scans of fa3 cos(φa3) (a), fa2 cos(φa2) (b), f"1 cos(φ"1) (c), and f Zγ
"1 cos(φZγ

"1) (d). Results of the Run 2 only and the 
combined Run 1 and Run 2 analyses are shown.

and are propagated into the template uncertainties as in the pre-
vious analyses [13], where the main effect is on the m4ℓ resolution 
affecting the Dbkg parameterization.

The primary new feature in this analysis, compared to
Run 1 [13], is the categorization based on jets and the kinematic 
discriminants using jet information. Both the shapes and the yields 
are varied according to uncertainties obtained from the jet energy 
variations. In addition, uncertainties in renormalization and factor-
ization scales, PDFs, and the modeling of hadronization and the 
underlying event in MC simulation are propagated to the template 
and relative yield uncertainties. As part of these studies, compar-
isons were made between QCD production at NLO and LO, with 
matched pythia hadronization in each case, for the VBF, VH, and 
ttH processes. In all cases, only small differences were observed. 
The uncertainties in the migration of signal and background events 
between categories amount to 3–13% for the signal and 4–25% 
for the background, depending on the category. Among the sig-
nal processes, the largest uncertainties arise from the prediction 
of the gg → H yield in the VBF-jet category. In ttH and gluon fu-
sion production, anomalous couplings on the production side are 
not generally related to the HVV anomalous couplings considered 
here. There is a negligible effect on the observed distributions with 
large variations in the couplings.

Backgrounds from the qq → 4ℓ, gg → 4ℓ, VBF, and V + (4ℓ)

processes are estimated using MC simulation. Theoretical uncer-
tainties in the background estimation include uncertainties from 

the renormalization and factorization scales, the PDFs, and the K-
factors described above. An additional 10% uncertainty is assigned 
to the gg → 4ℓ background K-factor to cover potential differences 
between signal and background.

5. Results and discussion

Four fai parameters sensitive to anomalous H boson interac-
tions, as defined in Eqs. (2) and (3), are tested in the observed 
data using the pdf in Eq. (6). The results of the likelihood scans of 
the fai parameters on 13 TeV data only and on the full, combined 
data set from collisions at 13, 8, and 7 TeV are shown in Fig. 3. The 
combined results are listed in Table 3 and supersede our previous 
measurement in Ref. [13].

The expected 68% CL constraints improve by nearly an order 
of magnitude compared to the Run 1 analysis [13], as is evident 
from the narrow minima at fai = 0 in the expectations in Fig. 3. 
This effect comes from utilizing production information, because 
the cross section in VBF and VH production increases quickly with 
fai due to larger q2 values contributing in Eq. (1) [33]. The narrow 
minima are shallower than expected, which may be understood 
by examining the best fitted (µV , µF ) values in the four analyses 
under the assumption that fai = 0: (0.76+1.10

−0.76, 1.08+0.21
−0.20) at fa3 =

0, (0.01+0.89
−0.01, 1.24+0.20

−0.18) at fa2 = 0, (0.20+0.94
−0.20, 1.20+0.21

−0.20) at f"1 =
0, and (0.24+0.84

−0.24, 1.20+0.20
−0.19) at f Zγ

"1 = 0. The values obtained for 
the different analyses vary due to the different categorization and 

run2, on-shell

a2 ⇢ [�0.34, 1.5]

a3 ⇢ [�2.0, 2.4]
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p
s=13 TeV,gg ! H ! ZZ ! e+e�µ+µ�

�SM �new �interference

0.533fb 0.220fb -0.599fb

TABLE I: check1

p
s=8 TeV,gg(! H⇤) ! ZZ ! e+e�µ+µ�,M(4`) > 220 GeV

�SM �new �interference

0.45fb 0.23fb 0.15fb

TABLE II: check1

p
s=8 TeV,gg ! H ! ZZ ! e+e�µ+µ�,M(4`) < 130 GeV

�SM �new �interference

0.245fb 0.101fb -0.275fb

TABLE III: check1

The interference e↵ect of new physics are studied in three Higgs processes at LHC.

• The antisymmetric lineshape in H ! �� could be extracted to probe CP -violating

H�� coupling.

• The forward-backward symmetry of the lepton in Z rest frame could totally reach as

large as ⇠ 4% for a maximal CP violation in H�Z coupling.

• Constraints of anomalous HZZ couplings in Higgs o↵-shell region could be good com-

plement for the experimental measurements in on-shell region.

1



Thanks!

!22


