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Abstract

Measurements of the ZZ and WW final states in the mass range above the 2mZ and 2mW
thresholds provide a unique opportunity to measure the o↵-shell coupling strength of the
Higgs boson. This paper presents constraints on the o↵-shell Higgs boson event yields nor-
malised to the Standard Model prediction (signal strength) in the ZZ ! 4`, ZZ ! 2`2⌫ and
WW ! e⌫µ⌫ final states. The result is based on pp collision data collected by the ATLAS
experiment at the LHC, corresponding to an integrated luminosity of 20.3 fb-1 at a collision
energy of

p
s = 8 TeV. Using the CLs method, the observed 95% confidence level (CL)

upper limit on the o↵-shell signal strength is in the range 5.1–8.6, with an expected range
of 6.7–11.0. In each case the range is determined by varying the unknown gg ! ZZ and
gg! WW background K-factor from higher-order QCD corrections between half and twice
the value of the known signal K-factor. Assuming the relevant Higgs boson couplings are
independent of the energy scale of the Higgs production, a combination with the on-shell
measurements yields an observed (expected) 95% CL upper limit on �H/�SM

H in the range
4.5–7.5 (6.5–11.2) using the same variations of the background K-factor. Assuming that
the unknown gg ! VV background K-factor is equal to the signal K-factor, this translates
into an observed (expected) 95% CL upper limit on the Higgs boson total width of 22.7
(33.0) MeV.

c� 2015 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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Figure 13: Best fit results for the decay signal strengths for the combination of ATLAS and CMS data (the results
for µµµ are reported in Table 13). Also shown are the results from each experiment. The error bars indicate the
1� (thick lines) and 2� (thin lines) intervals.
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H ! ZZ: one of the best measured

channels from Higgs discovery

The kinematic discriminant is defined as in Ref. [9]:

ME = log10

 
PH

Pgg + c · Pqq̄

!
, (7)

where c = 0.1 is an empirical constant, to approximately balance the overall cross-sections of the qq̄ !
ZZ and gg ! (H⇤ !)ZZ processes. The value of c has a very small e↵ect on the analysis sensitivity.
Figure 3(b) shows the observed and expected distributions of the ME-based discriminant combining all
lepton final states. Events with the ME-based discriminant value between �4.5 and 0.5 are selected with
a signal e�ciency of > 99%.
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Figure 3: Observed distributions for (a) the four-lepton invariant mass m4` in the range of 220 GeV <
m4` < 1000 GeV and (b) the ME-based discriminant combining all lepton final states for the ME-based analysis
signal region, compared to the expected contributions from the SM including the Higgs boson (stack). The dashed
line corresponds to the total expected event yield, including all backgrounds and the Higgs boson with µo↵-shell = 10.
A relative gg! ZZ background K-factor of RB

H⇤=1.0 is assumed. The Z+jets and top-quark backgrounds are barely
visible in the plot since they are very small (<1% of the total background).

In addition, an alternative multivariate discriminant based on a boosted decision tree (BDT) algorithm was
studied to further separate the gg ! H⇤ ! ZZ signal and the main qq̄ ! ZZ background, by exploiting
additional kinematic information (pT and ⌘) of the ZZ system. The analysis sensitivity improves very
little (⇠2%) compared to the ME-based discriminant alone. Due to the dependence on the pT of the ZZ
system, the BDT-based discriminant introduces additional systematic uncertainties from the higher-order
QCD corrections. For these reasons, the BDT-based discriminant is not used for the final result.

4. Analysis of the ZZ ! 2` 2⌫ final state

The analysis of the ZZ ! 2`2⌫ channel follows strategies similar to those used in the invisible Higgs bo-
son search in the ZH channel [20]. The definitions of the reconstructed physics objects (electrons, muons,
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Offer best sensitivity for Higgs off-shell signal 
to indirectly bound on the total width.

ZZ: a well measured  channel
AMPLITUDE OF gg→ZZ 
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O↵-shell Higgs at the high mass tail region may contain a crucial information of the underlying
mechanism of the the electroweak symmetry breaking. We investigate several possible modifications
of the Higgs sector that a↵ects the behavior of the Higgs in the o↵-shell region via looking at
gg ! V V process, and showed that such modifications would generically increased the distribution
spectrum in the high mass region, where the main contribution comes from the longitudinal mode.
We propose to utilize the polarization modes of the o↵-shell Higgs to probe such new physics.
We focus on a study of the gg ! ZZ process in fully leptonic and semi-leptonic decay modes, and
demonstrate that our method indeed provides a very sensitive probe and discriminant of new physics
that can be hidden easily underneath the SM background.
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FIG. 1: Example Feynman diagrams for gg ! ZZ
through the massive top top quark in the loop.

I. INTRODUCTION

Depending on the di↵erent polarization combination of
the final state Z bosons, Z pair production could be cat-
egorized into TT (transverse-transverse), TL(transverse-
longitudinal), and LL(longitudinal-longitudinal) modes.
According to the goldstone equivalence theorem, at high
energy, the ZLZL final states would be equivalent to the
Goldstone boson, and thus the Higgs sector. It is thus
natural to consider tagging this polarization mode for
improving understanding of the scalar sector.

Closely related to the electroweak symmetry breaking,
the importance of probing the longitudinal component of
the vector bosons have been long discussed. For example
in the context of vector boson scattering[? ? ] and
recently in a similar work on the ZZ production in the
o↵-shell Higgs region [? ].

As a result of the negative interference between the
box and the S-channel Higgs triangle diagrams, both
with heavy quarks running in the loop1, in the Standard
model, the total cross section of gg ! ZZ is dominated

by the TT mode, which is mainly contributed by the box
diagrams with light quarks running in the loop. To see
explicitly in Fig. 2, the cross sections as a function ofp
s from the light quark box-loop, the third generation

quark box-loop, and the S-channel Higgs diagrams are
separately shown. We see that the massive quark box-
loop contribute mainly to the LL mode, the same as Higgs
contribution. Through the separate contributions of the
top triangle and box diagrams, the LL mode become
important and even dominant starting from mZZ(

p
s)

around 600 GeV and on. The destructive interference be-
tween the diagrams however, leave the total cross section
dominated by light quark box-loop contribution, which
is mainly in the TT mode throughout

p
s.

The high energy behavior of the di↵erent box diagrams
channels could be understood from the amplitude level.
The box diagram amplitude scales with the square of the
ZQ̄Q coupling, and there are Axial-axial (CACA), axial-
vector (CV CA) and vector-vector (CV CV ) three terms.
The axial-vector part vanishes due to charge-parity con-
servation [? ]. In the large

p
s >> mt limit, the am-

plitude for vector-vector type scales with 1/s along with
the ggZZ form factor, due to vector current conserva-
tion of the four vector couplings. The axial current is not
conserved for massive quarks and could scale as

p
s/mZ

from the longitudinally polarized Z’s. Thus the axial-
axial part could contribute in the ZLZL mode in thep
s >> mt limit is,

Agg!ZLZL(box) )�8C2

A

m2

q

s

s

m2

Z

log2(s/mt)

⇠ � log2(s/mt). (1)

This amplitude actually violates unitarity at high energy
scale. The amplitude from the Higgs contribution is
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There is large cancelation between Higgs and box
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I. INTRODUCTION

Depending on the di↵erent polarization combination of
the final state Z bosons, Z pair production could be cat-
egorized into TT (transverse-transverse), TL(transverse-
longitudinal), and LL(longitudinal-longitudinal) modes.
According to the goldstone equivalence theorem, at high
energy, the ZLZL final states would be equivalent to the
Goldstone boson, and thus the Higgs sector. It is thus
natural to consider tagging this polarization mode for
improving understanding of the scalar sector.

Closely related to the electroweak symmetry breaking,
the importance of probing the longitudinal component of
the vector bosons have been long discussed. For example
in the context of vector boson scattering[? ? ] and
recently in a similar work on the ZZ production in the
o↵-shell Higgs region [? ].

As a result of the negative interference between the
box and the S-channel Higgs triangle diagrams, both
with heavy quarks running in the loop1, in the Standard
model, the total cross section of gg ! ZZ is dominated

by the TT mode, which is mainly contributed by the box
diagrams with light quarks running in the loop. To see
explicitly in Fig. 2, the cross sections as a function ofp
s from the light quark box-loop, the third generation

quark box-loop, and the S-channel Higgs diagrams are
separately shown. We see that the massive quark box-
loop contribute mainly to the LL mode, the same as Higgs
contribution. Through the separate contributions of the
top triangle and box diagrams, the LL mode become
important and even dominant starting from mZZ(

p
s)

around 600 GeV and on. The destructive interference be-
tween the diagrams however, leave the total cross section
dominated by light quark box-loop contribution, which
is mainly in the TT mode throughout

p
s.

The high energy behavior of the di↵erent box diagrams
channels could be understood from the amplitude level.
The box diagram amplitude scales with the square of the
ZQ̄Q coupling, and there are Axial-axial (CACA), axial-
vector (CV CA) and vector-vector (CV CV ) three terms.
The axial-vector part vanishes due to charge-parity con-
servation [? ]. In the large

p
s >> mt limit, the am-

plitude for vector-vector type scales with 1/s along with
the ggZZ form factor, due to vector current conserva-
tion of the four vector couplings. The axial current is not
conserved for massive quarks and could scale as

p
s/mZ

from the longitudinally polarized Z’s. Thus the axial-
axial part could contribute in the ZLZL mode in thep
s >> mt limit is,
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I. INTRODUCTION

Depending on the di↵erent polarization combination of
the final state Z bosons, Z pair production could be cat-
egorized into TT (transverse-transverse), TL(transverse-
longitudinal), and LL(longitudinal-longitudinal) modes.
According to the goldstone equivalence theorem, at high
energy, the ZLZL final states would be equivalent to the
Goldstone boson, and thus the Higgs sector. It is thus
natural to consider tagging this polarization mode for
improving understanding of the scalar sector.

Closely related to the electroweak symmetry breaking,
the importance of probing the longitudinal component of
the vector bosons have been long discussed. For example
in the context of vector boson scattering[? ? ] and
recently in a similar work on the ZZ production in the
o↵-shell Higgs region [? ].

As a result of the negative interference between the
box and the S-channel Higgs triangle diagrams, both
with heavy quarks running in the loop1, in the Standard
model, the total cross section of gg ! ZZ is dominated

by the TT mode, which is mainly contributed by the box
diagrams with light quarks running in the loop. To see
explicitly in Fig. 2, the cross sections as a function ofp
s from the light quark box-loop, the third generation

quark box-loop, and the S-channel Higgs diagrams are
separately shown. We see that the massive quark box-
loop contribute mainly to the LL mode, the same as Higgs
contribution. Through the separate contributions of the
top triangle and box diagrams, the LL mode become
important and even dominant starting from mZZ(

p
s)

around 600 GeV and on. The destructive interference be-
tween the diagrams however, leave the total cross section
dominated by light quark box-loop contribution, which
is mainly in the TT mode throughout

p
s.

The high energy behavior of the di↵erent box diagrams
channels could be understood from the amplitude level.
The box diagram amplitude scales with the square of the
ZQ̄Q coupling, and there are Axial-axial (CACA), axial-
vector (CV CA) and vector-vector (CV CV ) three terms.
The axial-vector part vanishes due to charge-parity con-
servation [? ]. In the large

p
s >> mt limit, the am-

plitude for vector-vector type scales with 1/s along with
the ggZZ form factor, due to vector current conserva-
tion of the four vector couplings. The axial current is not
conserved for massive quarks and could scale as

p
s/mZ

from the longitudinally polarized Z’s. Thus the axial-
axial part could contribute in the ZLZL mode in thep
s >> mt limit is,
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I. INTRODUCTION

Depending on the di↵erent polarization combination of
the final state Z bosons, Z pair production could be cat-
egorized into TT (transverse-transverse), TL(transverse-
longitudinal), and LL(longitudinal-longitudinal) modes.
According to the goldstone equivalence theorem, at high
energy, the ZLZL final states would be equivalent to the
Goldstone boson, and thus the Higgs sector. It is thus
natural to consider tagging this polarization mode for
improving understanding of the scalar sector.

Closely related to the electroweak symmetry breaking,
the importance of probing the longitudinal component of
the vector bosons have been long discussed. For example
in the context of vector boson scattering[? ? ] and
recently in a similar work on the ZZ production in the
o↵-shell Higgs region [? ].

As a result of the negative interference between the
box and the S-channel Higgs triangle diagrams, both
with heavy quarks running in the loop1, in the Standard
model, the total cross section of gg ! ZZ is dominated

by the TT mode, which is mainly contributed by the box
diagrams with light quarks running in the loop. To see
explicitly in Fig. 2, the cross sections as a function ofp
s from the light quark box-loop, the third generation

quark box-loop, and the S-channel Higgs diagrams are
separately shown. We see that the massive quark box-
loop contribute mainly to the LL mode, the same as Higgs
contribution. Through the separate contributions of the
top triangle and box diagrams, the LL mode become
important and even dominant starting from mZZ(

p
s)

around 600 GeV and on. The destructive interference be-
tween the diagrams however, leave the total cross section
dominated by light quark box-loop contribution, which
is mainly in the TT mode throughout

p
s.

The high energy behavior of the di↵erent box diagrams
channels could be understood from the amplitude level.
The box diagram amplitude scales with the square of the
ZQ̄Q coupling, and there are Axial-axial (CACA), axial-
vector (CV CA) and vector-vector (CV CV ) three terms.
The axial-vector part vanishes due to charge-parity con-
servation [? ]. In the large

p
s >> mt limit, the am-

plitude for vector-vector type scales with 1/s along with
the ggZZ form factor, due to vector current conserva-
tion of the four vector couplings. The axial current is not
conserved for massive quarks and could scale as

p
s/mZ

from the longitudinally polarized Z’s. Thus the axial-
axial part could contribute in the ZLZL mode in thep
s >> mt limit is,
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I. INTRODUCTION

Depending on the di↵erent polarization combination of
the final state Z bosons, Z pair production could be cat-
egorized into TT (transverse-transverse), TL(transverse-
longitudinal), and LL(longitudinal-longitudinal) modes.
According to the goldstone equivalence theorem, at high
energy, the ZLZL final states would be equivalent to the
Goldstone boson, and thus the Higgs sector. It is thus
natural to consider tagging this polarization mode for
improving understanding of the scalar sector.

Closely related to the electroweak symmetry breaking,
the importance of probing the longitudinal component of
the vector bosons have been long discussed. For example
in the context of vector boson scattering[? ? ] and
recently in a similar work on the ZZ production in the
o↵-shell Higgs region [? ].

As a result of the negative interference between the
box and the S-channel Higgs triangle diagrams, both
with heavy quarks running in the loop1, in the Standard
model, the total cross section of gg ! ZZ is dominated

by the TT mode, which is mainly contributed by the box
diagrams with light quarks running in the loop. To see
explicitly in Fig. 2, the cross sections as a function ofp
s from the light quark box-loop, the third generation

quark box-loop, and the S-channel Higgs diagrams are
separately shown. We see that the massive quark box-
loop contribute mainly to the LL mode, the same as Higgs
contribution. Through the separate contributions of the
top triangle and box diagrams, the LL mode become
important and even dominant starting from mZZ(

p
s)

around 600 GeV and on. The destructive interference be-
tween the diagrams however, leave the total cross section
dominated by light quark box-loop contribution, which
is mainly in the TT mode throughout

p
s.

The high energy behavior of the di↵erent box diagrams
channels could be understood from the amplitude level.
The box diagram amplitude scales with the square of the
ZQ̄Q coupling, and there are Axial-axial (CACA), axial-
vector (CV CA) and vector-vector (CV CV ) three terms.
The axial-vector part vanishes due to charge-parity con-
servation [? ]. In the large

p
s >> mt limit, the am-

plitude for vector-vector type scales with 1/s along with
the ggZZ form factor, due to vector current conserva-
tion of the four vector couplings. The axial current is not
conserved for massive quarks and could scale as

p
s/mZ

from the longitudinally polarized Z’s. Thus the axial-
axial part could contribute in the ZLZL mode in thep
s >> mt limit is,
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I. INTRODUCTION

Depending on the di↵erent polarization combination of
the final state Z bosons, Z pair production could be cat-
egorized into TT (transverse-transverse), TL(transverse-
longitudinal), and LL(longitudinal-longitudinal) modes.
According to the goldstone equivalence theorem, at high
energy, the ZLZL final states would be equivalent to the
Goldstone boson, and thus the Higgs sector. It is thus
natural to consider tagging this polarization mode for
improving understanding of the scalar sector.

Closely related to the electroweak symmetry breaking,
the importance of probing the longitudinal component of
the vector bosons have been long discussed. For example
in the context of vector boson scattering[? ? ] and
recently in a similar work on the ZZ production in the
o↵-shell Higgs region [? ].

As a result of the negative interference between the
box and the S-channel Higgs triangle diagrams, both
with heavy quarks running in the loop1, in the Standard
model, the total cross section of gg ! ZZ is dominated

by the TT mode, which is mainly contributed by the box
diagrams with light quarks running in the loop. To see
explicitly in Fig. 2, the cross sections as a function ofp
s from the light quark box-loop, the third generation

quark box-loop, and the S-channel Higgs diagrams are
separately shown. We see that the massive quark box-
loop contribute mainly to the LL mode, the same as Higgs
contribution. Through the separate contributions of the
top triangle and box diagrams, the LL mode become
important and even dominant starting from mZZ(

p
s)

around 600 GeV and on. The destructive interference be-
tween the diagrams however, leave the total cross section
dominated by light quark box-loop contribution, which
is mainly in the TT mode throughout

p
s.

The high energy behavior of the di↵erent box diagrams
channels could be understood from the amplitude level.
The box diagram amplitude scales with the square of the
ZQ̄Q coupling, and there are Axial-axial (CACA), axial-
vector (CV CA) and vector-vector (CV CV ) three terms.
The axial-vector part vanishes due to charge-parity con-
servation [? ]. In the large

p
s >> mt limit, the am-

plitude for vector-vector type scales with 1/s along with
the ggZZ form factor, due to vector current conserva-
tion of the four vector couplings. The axial current is not
conserved for massive quarks and could scale as

p
s/mZ

from the longitudinally polarized Z’s. Thus the axial-
axial part could contribute in the ZLZL mode in thep
s >> mt limit is,
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I. INTRODUCTION

Depending on the di↵erent polarization combination of
the final state Z bosons, Z pair production could be cat-
egorized into TT (transverse-transverse), TL(transverse-
longitudinal), and LL(longitudinal-longitudinal) modes.
According to the goldstone equivalence theorem, at high
energy, the ZLZL final states would be equivalent to the
Goldstone boson, and thus the Higgs sector. It is thus
natural to consider tagging this polarization mode for
improving understanding of the scalar sector.

Closely related to the electroweak symmetry breaking,
the importance of probing the longitudinal component of
the vector bosons have been long discussed. For example
in the context of vector boson scattering[? ? ] and
recently in a similar work on the ZZ production in the
o↵-shell Higgs region [? ].

As a result of the negative interference between the
box and the S-channel Higgs triangle diagrams, both
with heavy quarks running in the loop1, in the Standard
model, the total cross section of gg ! ZZ is dominated

by the TT mode, which is mainly contributed by the box
diagrams with light quarks running in the loop. To see
explicitly in Fig. 2, the cross sections as a function ofp
s from the light quark box-loop, the third generation

quark box-loop, and the S-channel Higgs diagrams are
separately shown. We see that the massive quark box-
loop contribute mainly to the LL mode, the same as Higgs
contribution. Through the separate contributions of the
top triangle and box diagrams, the LL mode become
important and even dominant starting from mZZ(

p
s)

around 600 GeV and on. The destructive interference be-
tween the diagrams however, leave the total cross section
dominated by light quark box-loop contribution, which
is mainly in the TT mode throughout

p
s.

The high energy behavior of the di↵erent box diagrams
channels could be understood from the amplitude level.
The box diagram amplitude scales with the square of the
ZQ̄Q coupling, and there are Axial-axial (CACA), axial-
vector (CV CA) and vector-vector (CV CV ) three terms.
The axial-vector part vanishes due to charge-parity con-
servation [? ]. In the large

p
s >> mt limit, the am-

plitude for vector-vector type scales with 1/s along with
the ggZZ form factor, due to vector current conserva-
tion of the four vector couplings. The axial current is not
conserved for massive quarks and could scale as

p
s/mZ

from the longitudinally polarized Z’s. Thus the axial-
axial part could contribute in the ZLZL mode in thep
s >> mt limit is,
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I. INTRODUCTION

Depending on the di↵erent polarization combination of
the final state Z bosons, Z pair production could be cat-
egorized into TT (transverse-transverse), TL(transverse-
longitudinal), and LL(longitudinal-longitudinal) modes.
According to the goldstone equivalence theorem, at high
energy, the ZLZL final states would be equivalent to the
Goldstone boson, and thus the Higgs sector. It is thus
natural to consider tagging this polarization mode for
improving understanding of the scalar sector.

Closely related to the electroweak symmetry breaking,
the importance of probing the longitudinal component of
the vector bosons have been long discussed. For example
in the context of vector boson scattering[? ? ] and
recently in a similar work on the ZZ production in the
o↵-shell Higgs region [? ].

As a result of the negative interference between the
box and the S-channel Higgs triangle diagrams, both
with heavy quarks running in the loop1, in the Standard
model, the total cross section of gg ! ZZ is dominated

by the TT mode, which is mainly contributed by the box
diagrams with light quarks running in the loop. To see
explicitly in Fig. 2, the cross sections as a function ofp
s from the light quark box-loop, the third generation

quark box-loop, and the S-channel Higgs diagrams are
separately shown. We see that the massive quark box-
loop contribute mainly to the LL mode, the same as Higgs
contribution. Through the separate contributions of the
top triangle and box diagrams, the LL mode become
important and even dominant starting from mZZ(

p
s)

around 600 GeV and on. The destructive interference be-
tween the diagrams however, leave the total cross section
dominated by light quark box-loop contribution, which
is mainly in the TT mode throughout

p
s.

The high energy behavior of the di↵erent box diagrams
channels could be understood from the amplitude level.
The box diagram amplitude scales with the square of the
ZQ̄Q coupling, and there are Axial-axial (CACA), axial-
vector (CV CA) and vector-vector (CV CV ) three terms.
The axial-vector part vanishes due to charge-parity con-
servation [? ]. In the large

p
s >> mt limit, the am-

plitude for vector-vector type scales with 1/s along with
the ggZZ form factor, due to vector current conserva-
tion of the four vector couplings. The axial current is not
conserved for massive quarks and could scale as

p
s/mZ

from the longitudinally polarized Z’s. Thus the axial-
axial part could contribute in the ZLZL mode in thep
s >> mt limit is,
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The log-divergent terms from the box and Higgs con-
tribution cancel exactly. Deviation from the SM in the
Higgs portal however, would typically modify the cance-
lation, either show up as a resonances in the high tail
as in heavy Higgs case, or increase or decrease the total
cross section over a large energy scale as in a light Higgs
portal scalar case, and these cases would generically be
most sensitively probed by the LL mode.

II. TAGGING OF Z BOSON POLARIZATION

A. fully leptonic channel 4`

The Z boson couples to the fermion, the up-type quark
and the down-type quarks di↵erently. Depending on the
couplings, the decay branching ratios and distributions of
the polarized Z’s are di↵erent. To a good approximation,

we use NWA to factorize out and study separately the
decay amplitudes of the polarized Z 0s.
The di↵erential cross section over cos ✓ for the di↵erent

polarization mode is respectively{cite:QCD&Colliders}:
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Here ✓ is the angle between the positively charged
fermion and its mother particle Z in the rest frame of the
Z. The di↵erent cos ✓ distributions for the decay chan-
nels are shown in Fig. 3. The normalized distribution of
cos ✓ for the transverse mode (equally LH and RH polar-
ized) and the longitudinal polarized Z’s are independent
of the vector/axial coupling ratios, thus universal among
the Z decay modes.
The total cos ✓

1,2 distribution for the final state on-
shell Z’s are thus a superposition of the three, given
polarizations of the event {✏

TT

, ✏
TL

, ✏
LL

}. Since the

Example Feynman diagrams for gg ! ZZ process.

There is large cancelation between Higgs and box
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FIG. 2: MZZ distribution of the box induced diagram, the S-channel Higgs diagram, and the total contribution.
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* Additional form factor such as dim-6 operator                            would change the Lorentz 
structure of the HZZ coupling. The general form                        

* could be independently probed by energy dependence and CPV angle distribution. So 
we can leave these further complication to future discussion. 
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µ⌫
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CASE A: LIGHT SCALAR

3

two Z’s are symmetric, the di↵erential cross section over
cos ✓

1

would thus be, (✏
TT

+ ✏
TL

/2)(|M|2
+

+ |M|2�)/2 +
(✏

TT

+ ✏
TL

/2)|M|2L.
To enhance the ZLZL mode in searches, a simple cut

selecting the central region of the cos ✓ distribution are
thus motivated. At parton level, the optimal cut value
to enhance �L/

p
�T could be calculated exactly from the

analytic expression of the transverse and longitudinal dis-
tributions. This leads to a significance enhancement on
the LL channel over the TT channel �LL/

p
�TT at the

level of 26%, with a cut requiring,

�0.68 < cos ✓ < 0.68. (5)

The cut e�ciencies are {59%, 86%} for the TT and LL
mode respectively, at the matrix element level for both
the leptonic and hadronic decay modes of the vector
bosons. In principle, as long as the decay is all visi-
ble, the measurement of cos ✓ could be reconstructed. In
practice, the leptonic mode, though suppressed by decay
branching ratio, is cleaner to reconstruct; the hadronic
mode, especially in the boosted region of the Z bosons,
would su↵er from large systematics due to realistic ef-
fects such as parton shower, hadronization and detector
smearing.

B. semi-leptonic channel 2`2j

C. semi-visible channel 2`2⌫ and 2j2⌫(?)

III. ANALYSIS

It is necessary to point out that experimental searches
on specific cases of NP in the Higgs sector, through ZZ
final states, already make full use of the kinematics in the
final states to discriminate signal and background. For
heavy resonance searches, see for example in the CMS
collaboration, [? ],[? ]. Typically a narrow width or
at most �S/mS = 10% are assumed and the reinterpre-
tation is not applicable. In the experimental study of
putting indirect limit on Higgs total width, the o↵-shell
Higgs coupling are measured in the ZZ channel, where
the “signal” is optimized based on gg ! H⇤ > ZZ pro-
cess. We demonstrated above that NP in the Higgs sec-
tor is prominent in the LL mode especially at high energy
scale. Making use of this information, we then propose
discriminant (e.g. �LL/�TT , and that from the pseudo-
experiment(?)) to improve/optimizie the experimental
sensitivity on generic Higgs sector new physics, which
shows up in the high energy scale.

A. Higgs portal light scalar

As studied in paper [? ], a light scalar in the Higgs por-
tal with mass of mS > mh/2 contributing through loop
e↵ects to the Higgs self energy, would modify the mZZ

distribution at high energy scale. Such a light scalar with
no vacuum expectation value and couples only through
the Higgs portal, is otherwise poorly constrained except
from precision measurements of the �Zh total rate at a
lepton collider[? ].
The simplified Lagrangian of a SM plus a complex

scalar is chosen to be in the form of:

L = L
SM

+ @µS@
µS⇤ � µ2|S|2 � |S|2|�|2. (6)

In the one-loop renormalized theory, the internal Higgs
propagator is replaced with its 1PI form

Propagator =
i

p2 � µ2

h � i⌃̂h(p2)
(7)

Here, ⌃̂h(s) is the renormalized self-energy, defined as

⌃̂h(s) = ⌃h(p
2)� �µ2

h + (p2 � µ2

h)�Zh. (8)

µ2

h is the square of complex mass defined as µ2

h = m2

h �
imh�h. �Zh and �µ2

h are the wave function and mass
renormalizations of the Higgs field, respectively. In the
on-shell scheme, they are defined as,

�µ2

h = ⌃h(µ
2

h), �Zh = �d⌃h

dp2
(µ2

h). (9)

To understand the cross section deviation with the
modified propagator, we see that when

p
s > 2mS the

renormalized self energy ⌃̂h(p2) are complex. Re(⌃̂h)
corresponds to the decay amplitude of h ! SS, and
shifts the angle of the amplitude from Higgs contribu-
tion. The imaginary part Im(⌃̂h) changes the magnitude
of the amplitude of the Higgs contribution. In the highp
s limit, the imaginary part from the loop contribution

is negligible compared to the real contribution, and the
non-cancellation of the divergent log( s

m2
z
) term between

the Higgs and box contribution is mostly due to the an-
gular shift in the Higgs amplitude. This diverging high
energy behavior becomes apparent in the LL mode as
expected.
We choose the same parameter and study the polariza-

tion composition of the BSM case. From Fig. 5, we can
clearly see the deviation of BSM compared to the SM in
the LL mode (Right top plot), which contributions to the
increase in the total rate (Left top plot). We also show
in the plot the ratio of the BSM/SM rate, and the polar-
ization fraction of LL and TT mode respectively, for the
BSM case.
Issue with the scheme, we should in principle use MS

scheme instead, with the renormalized self energy run-
ning with the scale µ which should be taken around

p
s.

But the di↵erence should be higher order. Tao used the
on-shell scheme. Still, would the MS scheme kill/reduce
further the deviation?
Using the tagging strategy of the final state ZZ po-

larizations as discussed in Sec.II, we greatly improve the
sensitivity on the model parameter  as seen in Fig. (fig-
ure to come)

We take an example of a complex scalar in the Higgs sector, with mass 80 GeV:

With the additional scalar with zero vev, larger than mh/2, the scenario difficult to 
probe except for at a  lepton collider, but as shown in 1710.02149, deviation 
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on-shell scheme. Still, would the MS scheme kill/reduce
further the deviation?
Using the tagging strategy of the final state ZZ po-

larizations as discussed in Sec.II, we greatly improve the
sensitivity on the model parameter  as seen in Fig. (fig-
ure to come)

The real part corresponds to when S in the loop 
gets on shell, which does not vanish as energy rises. 
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two Z’s are symmetric, the di↵erential cross section over
cos ✓

1

would thus be, (✏
TT

+ ✏
TL

/2)(|M|2
+

+ |M|2�)/2 +
(✏

TT

+ ✏
TL

/2)|M|2L.
To enhance the ZLZL mode in searches, a simple cut

selecting the central region of the cos ✓ distribution are
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p
�T could be calculated exactly from the
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p
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level of 26%, with a cut requiring,

�0.68 < cos ✓ < 0.68. (5)
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B. semi-leptonic channel 2`2j

C. semi-visible channel 2`2⌫ and 2j2⌫(?)

III. ANALYSIS
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L = L
SM

+ @µS@
µS⇤ � µ2|S|2 � |S|2|�|2. (6)

In the one-loop renormalized theory, the internal Higgs
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Propagator =
i

p2 � µ2

h � i⌃̂h(p2)
(7)

Here, ⌃̂h(s) is the renormalized self-energy, defined as

⌃̂h(s) = ⌃h(p
2)� �µ2

h + (p2 � µ2

h)�Zh. (8)

µ2

h is the square of complex mass defined as µ2

h = m2

h �
imh�h. �Zh and �µ2

h are the wave function and mass
renormalizations of the Higgs field, respectively. In the
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�µ2

h = ⌃h(µ
2

h), �Zh = �d⌃h

dp2
(µ2

h). (9)

To understand the cross section deviation with the
modified propagator, we see that when

p
s > 2mS the

renormalized self energy ⌃̂h(p2) are complex. Re(⌃̂h)
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FIG. 4: (Left top)The di↵erential cross sections of gg ! ZZ process comparing BSM and SM and the qq̄ ! ZZ in
the SM, and the ratio (left bottom) between the BSM and SM gg ! ZZ process. (Right top) The di↵erential cross
section in various polarization modes comparing the BSM and SM, and the ratio (right bottom) of LL mode and TT

mode components compared to the total rate.

B. Broad-width heavy scalar

Another example would be a heavy scalar that decay
to ZLZL, with the amplitude proportional to its mixing
with the SM scalar doublet. Here we take a representa-
tive example of an additional real scalar with interaction
to the Higgs doublet as,

L � L
SM

� µSS|�|2+ (10)

After electroweak symmetry breaking, there is mixing
term between the S and the Higgs h. The mixing an-

gle could be calculated as tan ✓ = µSvp
(µSv)2+(m2

S�m2
H)

2
,

here v is the SM vev. In the limit m2

S � m2

H and small
mixing, the mixing angle is ⇠ µSv/m

2

S [? ] Through the
mixing, all the Higgs couplings to the other SM particles
are rescaled by cos ✓, while the SXX couplings being
sin ✓ the SM value. We take the scalar mass at around
MS = 800 GeV and cos↵ = 0.4 as being still allowed by
current data [? ], and assume a broad width �S = 400
GeV. The very broad width we argue could arise from S
couples to light Hidden sector, or cascade decay back to
the SM eventually. The former could be constrained by

Null-concellation shows up is mostly from LL mode
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FIG. 5: (Left) The di↵erential cross section in various polarization modes comparing the BSM and SM, and the
ratio (right) of LL mode and TT mode components compared to the total rate.
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CASE C: QUANTUM CRITICAL HIGGS
Quantum Critical Higgs predict a higher scale continuum in the scalar 
sector. The scalar evolves with a different anomalous dimension above 
some continuum scale. We consider here a minimal scenario where:

QCH case shows a sudden enhance in LL  mode above continuum scale
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mono-jet searches [? ], the latter remains di�cult to be
constrained. Similarly as in the light scalar case, we show
the deviation of the heavy scalar in separate polarization
mode, and the fraction of the LL mode (TT mode) as a
function of the energy scale. We see the deviation over a
large scale of

p
s in the LL mode. After applying the pre

ZL tagging, the constraints on cos ✓ could be improved
as table/figure to come.

C. Quantum Critical Higgs

Quantum critical Higgs [? ] type of models typically
predict a higher scale continuum which modify the Higgs
o↵-shell region. In general, the Higgs couplings to other
SM particles could depend on the details of the UV the-
ory, the conformal symmetry breaking and the scale etc.
As a simplified case explained in the reference, we con-
sider a minimal scenario where the propagator of the
physical Higgs field is modified as follows,

Gh(p) = � iZh

(µ2 � p2 � i✏)2�� � (µ2 �m2

h)
2��

, (11)

and the hZZ coupling becomes,

ghZZ = � (µ2)2�� � (µ2 � p2)2��

s
gSMhZZ , (12)

The non-standard hZZ form factor arises from gauge
invariant form of the Higgs two-point function. The con-
tinuum scale µ and the anomalous dimension � are the
only two new parameters in the simplified case.
The gg ! ZZ contribution comparing the SM and the

critical Higgs case is shown in Fig. 6. We chose µ = 400
GeV and � = 1.6 as benchmark point. As can be seen
from the Figure, the enhancement is prominent in the
LL mode, and in the total above mZZ > µ of the chosen
benchmark is around ?%.

IV. SUMMARY AND DISCUSSION

The Higgs o↵-shell rate measurement through the h⇤ >
ZZ > 4` channel has been used to put strong indirect
bounds on the Higgs total width. We stress in the paper
that the same measurements are sensitive to NP devi-
ations in the Higgs sector, as pointed out in [? ]. On
top of that, we point out the deviation is mostly from
the Longitudinal-longitudinal mode of the final state Z’s,
such that the polarization of the final state Z bosons,
determined through the final states fermions, would im-
prove dramatically the NP signal sensitivity. We demon-
strate through two simple NP examples.
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FIG. 2: MZZ distribution of the box induced diagram, the S-channel Higgs diagram, and the total contribution.
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In the limit
p
s � mt,mh, it is dominated by the lon-

gitudinal mode and in the form of
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The log-divergent terms from the box and Higgs con-
tribution cancel exactly. Deviation from the SM in the
Higgs portal however, would typically modify the cance-
lation, either show up as a resonances in the high tail
as in heavy Higgs case, or increase or decrease the total
cross section over a large energy scale as in a light Higgs
portal scalar case, and these cases would generically be
most sensitively probed by the LL mode.

II. TAGGING OF Z BOSON POLARIZATION

A. fully leptonic channel 4`

The Z boson couples to the fermion, the up-type quark
and the down-type quarks di↵erently. Depending on the
couplings, the decay branching ratios and distributions of
the polarized Z’s are di↵erent. To a good approximation,

we use NWA to factorize out and study separately the
decay amplitudes of the polarized Z 0s.
The di↵erential cross section over cos ✓ for the di↵erent

polarization mode is respectively{cite:QCD&Colliders}:

LH :
1

�

d�

d cos ✓
= 3

8

(1 + cos2 ✓ � 2 c2L�c2R
c2L+c2R

cos ✓)

RH :
1

�

d�

d cos ✓
= 3

8

(1 + cos2 ✓ + 2 c2L�c2R
c2L+c2R

cos ✓)

Transverse :
1

�

d�

d cos ✓
= 3

8

(1 + cos2 ✓)

Longitudinal :
1

�

d�

d cos ✓
= 3

4

(1� cos2 ✓) (4)

Here ✓ is the angle between the positively charged
fermion and its mother particle Z in the rest frame of the
Z. The di↵erent cos ✓ distributions for the decay chan-
nels are shown in Fig. 3. The normalized distribution of
cos ✓ for the transverse mode (equally LH and RH polar-
ized) and the longitudinal polarized Z’s are independent
of the vector/axial coupling ratios, thus universal among
the Z decay modes.
The total cos ✓

1,2 distribution for the final state on-
shell Z’s are thus a superposition of the three, given
polarizations of the event {✏

TT

, ✏
TL

, ✏
LL

}. Since the

To optimize the longitudinal over 
transverse mode significance:

Angle cos ✓ dist. from decay

Z polarization corresponds to decay angle cos𝜃1,2 distribution, basic cuts
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two Z’s are symmetric, the di↵erential cross section over
cos ✓

1

would thus be, (✏
TT

+ ✏
TL

/2)(|M|2
+

+ |M|2�)/2 +
(✏

TT

+ ✏
TL

/2)|M|2L.
To enhance the ZLZL mode in searches, a simple cut

selecting the central region of the cos ✓ distribution are
thus motivated. At parton level, the optimal cut value
to enhance �L/

p
�T could be calculated exactly from the

analytic expression of the transverse and longitudinal dis-
tributions. This leads to a significance enhancement on
the LL channel over the TT channel �LL/

p
�TT at the

level of 26%, with a cut requiring,

�0.68 < cos ✓ < 0.68. (5)

The cut e�ciencies are {59%, 86%} for the TT and LL
mode respectively, at the matrix element level for both
the leptonic and hadronic decay modes of the vector
bosons. In principle, as long as the decay is all visi-
ble, the measurement of cos ✓ could be reconstructed. In
practice, the leptonic mode, though suppressed by decay
branching ratio, is cleaner to reconstruct; the hadronic
mode, especially in the boosted region of the Z bosons,
would su↵er from large systematics due to realistic ef-
fects such as parton shower, hadronization and detector
smearing.

B. semi-leptonic channel 2`2j

C. semi-visible channel 2`2⌫ and 2j2⌫(?)

III. ANALYSIS

It is necessary to point out that experimental searches
on specific cases of NP in the Higgs sector, through ZZ
final states, already make full use of the kinematics in the
final states to discriminate signal and background. For
heavy resonance searches, see for example in the CMS
collaboration, [? ],[? ]. Typically a narrow width or
at most �S/mS = 10% are assumed and the reinterpre-
tation is not applicable. In the experimental study of
putting indirect limit on Higgs total width, the o↵-shell
Higgs coupling are measured in the ZZ channel, where
the “signal” is optimized based on gg ! H⇤ > ZZ pro-
cess. We demonstrated above that NP in the Higgs sec-
tor is prominent in the LL mode especially at high energy
scale. Making use of this information, we then propose
discriminant (e.g. �LL/�TT , and that from the pseudo-
experiment(?)) to improve/optimizie the experimental
sensitivity on generic Higgs sector new physics, which
shows up in the high energy scale.

A. Higgs portal light scalar

As studied in paper [? ], a light scalar in the Higgs por-
tal with mass of mS > mh/2 contributing through loop
e↵ects to the Higgs self energy, would modify the mZZ

distribution at high energy scale. Such a light scalar with
no vacuum expectation value and couples only through
the Higgs portal, is otherwise poorly constrained except
from precision measurements of the �Zh total rate at a
lepton collider[? ].
The simplified Lagrangian of a SM plus a complex

scalar is chosen to be in the form of:

L = L
SM

+ @µS@
µS⇤ � µ2|S|2 � |S|2|�|2. (6)

In the one-loop renormalized theory, the internal Higgs
propagator is replaced with its 1PI form

Propagator =
i

p2 � µ2

h � i⌃̂h(p2)
(7)

Here, ⌃̂h(s) is the renormalized self-energy, defined as

⌃̂h(s) = ⌃h(p
2)� �µ2

h + (p2 � µ2

h)�Zh. (8)

µ2

h is the square of complex mass defined as µ2

h = m2

h �
imh�h. �Zh and �µ2

h are the wave function and mass
renormalizations of the Higgs field, respectively. In the
on-shell scheme, they are defined as,

�µ2

h = ⌃h(µ
2

h), �Zh = �d⌃h

dp2
(µ2

h). (9)

To understand the cross section deviation with the
modified propagator, we see that when

p
s > 2mS the

renormalized self energy ⌃̂h(p2) are complex. Re(⌃̂h)
corresponds to the decay amplitude of h ! SS, and
shifts the angle of the amplitude from Higgs contribu-
tion. The imaginary part Im(⌃̂h) changes the magnitude
of the amplitude of the Higgs contribution. In the highp
s limit, the imaginary part from the loop contribution

is negligible compared to the real contribution, and the
non-cancellation of the divergent log( s

m2
z
) term between

the Higgs and box contribution is mostly due to the an-
gular shift in the Higgs amplitude. This diverging high
energy behavior becomes apparent in the LL mode as
expected.
We choose the same parameter and study the polariza-

tion composition of the BSM case. From Fig. 5, we can
clearly see the deviation of BSM compared to the SM in
the LL mode (Right top plot), which contributions to the
increase in the total rate (Left top plot). We also show
in the plot the ratio of the BSM/SM rate, and the polar-
ization fraction of LL and TT mode respectively, for the
BSM case.
Issue with the scheme, we should in principle use MS

scheme instead, with the renormalized self energy run-
ning with the scale µ which should be taken around

p
s.

But the di↵erence should be higher order. Tao used the
on-shell scheme. Still, would the MS scheme kill/reduce
further the deviation?
Using the tagging strategy of the final state ZZ po-

larizations as discussed in Sec.II, we greatly improve the
sensitivity on the model parameter  as seen in Fig. (fig-
ure to come)

cos ✓C = 0.68

{✏L, ✏T } = 86%, 59%

Significance :
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DISCRIMINANT AND ANALYSIS

To optimize over the qq background:

Angle cos𝜃*  is useful removing qq background 
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DISCRIMINANT AND ANALYSIS

 *MEM, BDT in progress

Cut based Analysis results show minor improvement e.g. QCH 

pp>e-e+mu-mu+ (bcut: pt_l>10,eta_l<2.5, mll>50, 
scut: m_4l>600)

Delphes_Detector_Effects

qq>ZZ 
[SM]

gg>h>ZZ gg>ZZ [SM] gg>ZZ[case
A]tot

gg>ZZ[case
A]nlo2

gg>ZZ[case
A]

gg>ZZ[case
B]

gg>ZZ[cas
eC]

h/sqrt(qq) (BSM-SM)/
sqrt(SM)

no_cut 24.45 3.7

bcut 10.8 1.754 1.632

LO_xsec 
(bcut,scut, 
fb)

2.55E-01 2.03E-02 1.82E-02 2.42E-02 2.66E-03 2.15E-02 2.13E-02 2.64E-02

k-factor 
weighted

3.06E-01 4.06E-02 3.64E-02 4.84E-02 5.33E-03 4.31E-02 4.26E-02 5.28E-02

NEvents 
(3ab-1)

9.18E+02 1.22E+02 1.09E+02 1.45E+02 1.60E+01 1.29E+02 1.28E+02 1.58E+02 4.02E+00

2e2mu-jets 4.95E+02 6.36E+01 9.31E+01 0.00E+00 1.25E+00

80<mll<100 3.76E+02 1.06E+02 5.19E+01 1.22E+02 1.40E+01 1.08E+02 1.06E+02 7.72E+01 5.48E+00 1.22E+00

costh*<0.7 1.85E+02 8.46E+01 3.42E+01 8.01E+01 1.11E+01 6.90E+01 7.07E+01 5.49E+01 6.23E+00 1.40E+00

costh1<0.68 1.20E+02 7.29E+01 2.40E+01 5.97E+01 9.55E+00 5.02E+01 5.24E+01 4.22E+01 6.66E+00 1.52E+00



THANKS!


