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Measurements of the SM Higgs boson.
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• Excellent agreement entails the success of the SM and places 
stringent constraint on theories beyond SM.

• Current experimental results cannot rule out the possibility that it 
is part of an extended Higgs sector.

• Typical benchmark model is CP-conserved 2HDM (two-Higgs-
doublet-models).

[TeV] s
7 8 9 10 11 12 13

[p
b]

 
H

→
pp
σ

0

20

40

60

80

100 ATLAS  Preliminary  = 125.09 GeVHm   H→ppσ

QCD scale uncertainty
)sα PDF+⊕(scale Total uncertainty 

γγ→H l4→*ZZ→H
combined data
systematic uncertainty

-1 = 7 TeV,  4.5 fbs
-1 = 8 TeV,  20.3 fbs
-1 = 13 TeV, 36.1 fbs

ATLAS-CONF-2017-047

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-047/


2HDM interpretation
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• Introduce two Higgs doublets: φ1 and φ2.
• Spontaneous symmetry breaking results in 5 Higgs bosons:

CP-even (h, H); CP-odd (A),  charged Higgs (H+/-).
• Free parameters in the physics basis:

masses of all Higgs bosons.
ratio of vacuum expectation values: tanβ = ν2/ν1.
Higgs mixing angle in the CP-even sector α, HSM = sin(β-α)h + cos(β-α)H.

• mA, mH+/-, is assumed to be heavy enough that H won’t decay to them. 
• Coupling modifiers:

κ(h,V) = sin(β-α), κ(H, V) = cos(β-α). 
κ(H, t) = - sin(β-α)/tanβ + cos(β-α).
TypeI: κ(H, b) = κ(H, t)
TypeII: κ(H, b) = sin(β-α) tanβ + cos(β-α).

S. Su 4

after EWSB, 5 physical Higgses
CP-even Higgses: h0, H0 , 
CP-odd Higgs: A0, 
Charged Higgses: H±

I. INTRODUCTION

Hu =

⎛

⎝

H+
u

H0
u

⎞

⎠ , Hd =

⎛

⎝

H0
d

H−
d

⎞

⎠ (1)

v2
u + v2

d = v2 = (246GeV)2 tanβ = vu/vd vu/
√

2 vd/
√

2 (2)

⎛

⎝

χ−
1

χ−
2

⎞

⎠ =

⎛

⎝

1

1

⎞

⎠

⎛

⎝

W̃−

H̃−
d

⎞

⎠

(mℓℓ)cutoff = mχ0
2

√

√

√

√1 −
m2

ℓ̃

m2
χ0

2

√

√

√

√1 −
m2

χ0
1

m2

ℓ̃

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

χ0
1

χ0
2

χ0
3

χ0
4

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

=

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

1 O(mZ

µ )(mZ

M2
)(s2β + M1

µ ) O(mZ

µ )(sβ + cβ
M1

µ ) O(mZ

µ )(cβ + sβ
M1

µ )

O(mZ

µ )(mZ

M2
)(s2β + M2

µ ) 1 O(mZ

µ )(sβ + cβ
M2

µ ) O(mZ

µ )(cβ + sβ
M2

µ )

O(mZ

µ )(cβ − sβ) O(mZ

µ )(cβ − sβ) 1√
2

− 1√
2

O(mZ

µ )(cβ + sβ) O(mZ

µ )(cβ + sβ) 1√
2

1√
2

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

B̃

W̃ 0

H̃0
d

H̃0
u

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

χ0
1 ∼ B̃ + O(

mZ

µ
)(

mZ

M2

) W̃ 0 + O(
mZ

µ
) H̃0

d + O(
mZ

µ
) H̃0

u (3)

χ0
2 ∼ O(

mZ

µ
)(

mZ

M2

) B̃ + W̃ 0 + O(
mZ

µ
) H̃0

d + O(
mZ

µ
) H̃0

u

χ+
1 ∼ W̃+ + O(

mZ

µ
) H̃+

u

χ−
1 ∼ W̃− + O(

mZ

µ
) H̃−

d

χ0
1 ∼ B̃ +O(mZ

µ )(mZ

M2
) W̃ 0 +O(mZ

µ ) H̃0
d +O(mZ

µ ) H̃0
u

χ0
2 ∼ O(mZ

µ )(mZ

M2
) B̃ +W̃ 0 +O(mZ

µ ) H̃0
d +O(mZ

µ ) H̃0
u

χ+
1 ∼ W̃+ +O(mZ

µ ) H̃+
u

χ−
1 ∼ W̃− +O(mZ

µ ) H̃−
d

2

I. INTRODUCTION

Hu =

⎛

⎝

H+
u

H0
u

⎞

⎠ , Hd =

⎛

⎝

H0
d

H−
d

⎞

⎠ (1)

v2
u + v2

d = v2 = (246GeV)2 tanβ = vu/vd vu/
√

2 vd/
√

2 (2)

⎛

⎝

χ−
1

χ−
2

⎞

⎠ =

⎛

⎝

1

1

⎞

⎠

⎛

⎝

W̃−

H̃−
d

⎞

⎠

(mℓℓ)cutoff = mχ0
2

√

√

√

√1 −
m2

ℓ̃

m2
χ0

2

√

√

√

√1 −
m2

χ0
1

m2

ℓ̃

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

χ0
1

χ0
2

χ0
3

χ0
4

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

=

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

1 O(mZ

µ )(mZ

M2
)(s2β + M1

µ ) O(mZ

µ )(sβ + cβ
M1

µ ) O(mZ

µ )(cβ + sβ
M1

µ )

O(mZ

µ )(mZ

M2
)(s2β + M2

µ ) 1 O(mZ

µ )(sβ + cβ
M2

µ ) O(mZ

µ )(cβ + sβ
M2

µ )

O(mZ

µ )(cβ − sβ) O(mZ

µ )(cβ − sβ) 1√
2

− 1√
2

O(mZ

µ )(cβ + sβ) O(mZ

µ )(cβ + sβ) 1√
2

1√
2

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

B̃

W̃ 0

H̃0
d

H̃0
u

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

χ0
1 ∼ B̃ + O(

mZ

µ
)(

mZ

M2

) W̃ 0 + O(
mZ

µ
) H̃0

d + O(
mZ

µ
) H̃0

u (3)

χ0
2 ∼ O(

mZ

µ
)(

mZ

M2

) B̃ + W̃ 0 + O(
mZ

µ
) H̃0

d + O(
mZ

µ
) H̃0

u

χ+
1 ∼ W̃+ + O(

mZ

µ
) H̃+

u

χ−
1 ∼ W̃− + O(

mZ

µ
) H̃−

d

χ0
1 ∼ B̃ +O(mZ

µ )(mZ

M2
) W̃ 0 +O(mZ

µ ) H̃0
d +O(mZ

µ ) H̃0
u

χ0
2 ∼ O(mZ

µ )(mZ

M2
) B̃ +W̃ 0 +O(mZ

µ ) H̃0
d +O(mZ

µ ) H̃0
u

χ+
1 ∼ W̃+ +O(mZ

µ ) H̃+
u

χ−
1 ∼ W̃− +O(mZ

µ ) H̃−
d

2

๏ Two Higgs Doublet Model (CP-conserving) 

The paper is organized as follows. In Sec. 2, we present a brief overview of models and
parameter regions where the channels under consideration can be significant. In Sec. 3, we
summarize the current experimental search limits on heavy Higgses. In Sec. 4.1, we present
the details of the analysis of the HZ/AZ with the bb`` final states. We also show model-
independent results of 95% C.L. exclusion as well as 5� discovery limits for � ⇥BR(gg !
A/H ! HZ/AZ ! bb``) at the 14 TeV LHC with 100, 300 and 1000 fb

�1 integrated
luminosity. In Secs. 4.2 and 4.3, we present the analysis for the ⌧⌧`` and ZZZ final
states, respectively. In Sec. 5, we study the implications of the collider search limits on the
parameter regions of the Type II 2HDM. We conclude in Sec. 6.

2 Scenarios with large H ! AZ or A ! HZ

In the 2HDM, we introduce two SU(2) doublets �i, i = 1, 2:
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The mass eigenstates contain a pair of CP-even Higgses: h0, H0, one CP-odd Higgs, A

and a pair of charged Higgses H±2:
 
H0

h0

!
=

 
cos↵ sin↵

� sin↵ cos↵

! 
�0

1

�0

2

!
,

A

H±
= �G

1

sin� +G
2

cos�

= ��±
1

sin� + �±
2

cos�
. (2.2)

Two types of couplings that are of particular interest are ZAH0/h0 couplings and
H0/h0V V couplings, with V being the SM gauge bosons W± and Z. Both are determined
by the gauge coupling structure and the mixing angles. The couplings for ZAH0 and ZAh0

are [22]:

gZAH0 = �g sin(� � ↵)

2 cos ✓w
(pH0 � pA)µ, gZAh0 =

g cos(� � ↵)

2 cos ✓w
(ph0 � pA)µ, (2.3)

with g being the SU(2) coupling, ✓w being the Weinberg angle and pµ being the incoming
momentum of the corresponding particle.

The H0V V and h0V V couplings are:

gH0V V =

m2

V

v
cos(� � ↵), gh0V V =

m2

V

v
sin(� � ↵). (2.4)

2For more details about the model, see Ref. [11].
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General analysis strategy in event selections
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• First define an inclusive signal region.

• To enhance the sensitivity on the VBF production, VBF-like 
category is defined by looking for VBF signatures: two forward 
jets, leading to large mjj and Δηjj.

llvv: mjj > 550 GeV and Δηjj  > 4.4.
4l: mjj > 400 GeV and Δηjj  > 3.3.

• Events in inclusive SR containing the VBF signatures are 
classified to VBF-like category, otherwise to the ggF-like category.
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ℓℓ𝑣𝑣 analysis

5

• Search for the events with two leptons originating from a on-
shell Z and large missing transverse momentum ETmiss.

• Interesting signature, can result from different phenomena, 
depending on the origin of ETmiss.

Dark matter: mono-Z, Invisible Higgs (ZH) or Z→𝑣𝑣.

• Large branching ratio, good sensitivity in the high mass region.

• Due to different resolution and background composition of 
electrons and muons, the events are classified into ee and mm 
channels.

•  Look for excesses in the transverse mass:

DRAFT

1 Introduction39

In 2012, the ATLAS and CMS collaborations at the LHC discovered a new particle [1, 2], which opened40

a new era in particle physics and helped the understanding of the mechanism of the electroweak (EW)41

symmetry breaking [3–5]. The experiments have confirmed that the spin, parity and couplings of the42

new particle are consistent with those predicted for the Standard Model (SM) Higgs boson [6–8] (denoted43

as h throughout this paper), measured its mass to be mh = 125.09 ± 0.21(stat) ±0.11(syst) GeV [9] and44

reported recently on a combination of its couplings to other SM particles [10].45

One important remaining question is whether the newly discovered particle is part of an extended scalar46

sector as postulated by various extensions to the Standard Model such as the two-Higgs-doublet model47

(2HDM) [11]. These models predict additional Higgs bosons, motivating searches in an extended range48

of mass.49

This paper reports on two separate searches for a heavy resonance decaying into two SM Z bosons,50

encompassing the final states Z Z (⇤)! `+`�`+`� and Z Z! `+`�⌫⌫̄ where ` stands for either an electron51

or a muon. These modes are referred to as `+`�`+`� and `+`�⌫⌫̄, respectively.52

It is assumed that an additional Higgs boson would be produced predominantly via the gluon fusion (ggF)53

and vector-boson fusion (VBF) processes but that the ratio of the two production mechanisms is unknown54

in the absence of a specific model. For this reason, the results are interpreted separately for ggF and VBF55

production modes. Due to its excellent mass resolution and high signal-to-background ratio, the `+`�`+`�56

final state is well-suited to search for a narrow resonance with mass mres between 200 GeV and 1200 GeV.57

The `+`�⌫⌫̄ search covers the 300 < mres < 1200 GeV range and dominates at high masses due to its58

larger branching ratio.59

These searches look for an excess in the four lepton invariant mass, m4` , for the `+`�`+`� final state, and60

the transverse invariant mass, mT , for `+`�⌫⌫̄ final state, since the escaping neutrinos do not allow the full61

reconstruction of the final state. The mT is defined as:62

mT ⌘

sq
m2

Z + (p``T )2 +
q

m2
Z + (Emiss

T )2
�2
� | ~pT

`` + ~Emiss
T |2 (1)

where mZ is the pole mass of the Z boson, p``T is the transverse momentum of the lepton pair and Emiss
T63

is the amplitude of the missing transverse momentum. In the absence of such excess, limits on the64

production rate of di�erent signal hypotheses are obtained from a simultaneous likelihood fit to the two65

mass distributions. The first hypothesis is the ggF and VBF production of a heavy Higgs boson (spin-066

resonance) under the Narrow Width Approximation (NWA). The upper limits on a heavy Higgs boson67

are then translated into exclusion contours in the context of the two-Higgs-doublet-model. As several68

theoretical models favor the Large Width Assumption (LWA) three benchmark models with widths of 1%,69

5% and 10% of the resonance mass are studied. Limits are also set on the Randall–Sundrum (RS) model70

[12, 13] with a warped extra dimension giving rise to a spin-2 graviton excitation G⇤. The results of71

this paper extend previous results published by the ATLAS collaboration on the search for an additional72

heavy Higgs boson [14] performed with the LHC data collected at centre-of-mass energy of
p

s = 8 TeV.73

Similar results on the data collected at the LHC with
p

s = 8 TeV have also been reported by the CMS74

collaboration [15].75

This paper is organized as follows: the ATLAS detector is briefly described in Section 2, the data and76

simulation samples are presented in Section 3 and the object reconstruction and identification in Section 4.77
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Inclusive signal regions
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Single electron/muon trigger, ε ~ 99%.

mℓℓ in [76, 106] GeV.
ΔR(ℓ,ℓ) < 1.8

ETmiss  > 120 GeV.

No third lepton, no bottom-quark 
tagged jets!

mH: [300, 1200] GeV

Δφ(ℓℓ, ETmiss) > 2.7

Δφ(jet, ETmiss) > 0.4

ETmiss/HT > 0.4

| pTmiss,jet - pTll |/pTll < 0.2.



Background composition
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1. qqZZ (~55%): simulated by PowHeg, corrected to NNLO QCD 
and NLO EW calculation.

2. ggZZ (~4%): simulated by gg2VV in LO QCD calculation, 
corrected with NLO k-factor of 1.7 ± 1.0.

3. WZ (~32%): simulated by PowHeg, using a k-factor of 1.29 
derived from 3l control region (CR) to correct the overall 
normalization predicted by MC simulation.

4. Z+jets (~6%): data-driven, use Boolean ABCD method.

5. WW/tt/Zττ (~3%): data-driven using the eμ control region.



Results for ℓℓ𝑣𝑣
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• mT distributions in inclusive signal region before the fit.
• Expected background: 612.6 ± 36.7 while observed: 681, 

compatibility is about 1.5 σ.
• In VBF category, expected 4.6 ± 1.0, while observed 9, 

compatibility is about 1.6 σ.
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4ℓ analysis

9

• Search for the events with four leptons originating from two on-
shell Zs.

• Events are classified into 4e, 4μ, 2e2μ and VBF-like categories.

• Experimental features include:
Excellent mass resolution: 
• 38 GeV (4μ) and 16 GeV (4e) for mH = 1 TeV.
Challenge is to maximize the acceptance.

• Look for excesses in the four-lepton invariant mass.

• Search range for mH is [200, 1200] GeV.



Inclusive signal regions
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Fire electron/muon triggers, ε = 98%.

Further improvement on mass resolution:
1. Add final-state-radiation photons
2. Apply Z-mass constraint on both Zs.

15% improvement.
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¯̀ only one quadruplet: lepton pair closest 
(m12) and second closest (m34) to the pole 
mass of Z.
50 < m12 < 106 GeV, 50 < m34 < 115 GeV 
for m4l > 190 GeV

J/ψ veto, isolation and small impact-
parameters criteria on leptons, χ2/NDF in 
the vertex fit.

e: ET > 7 GeV, |η| < 2.47
μ: pT > 5 GeV, |η| < 2.7



Background composition
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1. qqZZ (~85%): simulated by Sherpa (NLO for 0/1 jet, LO for 2/3 
jets), with NLO EW corrections applied.

2. ggZZ (~10%): simulated by Sherpa in LO QCD, apply NLO 
correction of 1.7 ± 1.0.

3. qqZZjj EW (~2%): simulated by Sherpa, important for VBF-like 
category (15%).

4. Z+jets/tt/WZ (~2%). from data-driven methods. The uncertainty 
is about 20%.

5. ttV/VVV(~1%): from MC simulations.
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• A 3.6 (2.2) σ local (global) excess at ~240 GeV (mostly from 4e 
channel).

• A 3.6 (2.2) σ local (global) excess at ~700 GeV (excluded at 
95% CL by llvv).

• In VBF category, expected 19.5 ± 8.0 while observed 31 events, 
compatibility: 1.2 σ.

ATLAS-CONF-2017-058
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Combination of 4ℓ and ℓℓ𝑣𝑣

13

• correlation schemes for systematic uncertainties: 

the uncertainties coming from the same source are either fully 
correlated or anti-correlated.

• Combined yields:

expected events: 1643 ± 164, observed 1870, 1.3 σ.

• Interpretations: 

Narrow width approximation (NWA)

Large width assumption (LWA)



NWA interpretation

14

• When setting limits on ggF (VBF), VBF (ggF) is profiled.

• Compared to the limits published in Run 1 EPJC(2016), the 
expected limit is significantly extended depending on mH.

• A ~2 (< 1) σ local (global) excess is observed at about 700 GeV.
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llvv dominates.

4l dominates.
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Fig. 13 95 % CL exclusion contours in the 2HDM a Type-I and b
Type-II models for mH = 200 GeV, shown as a function of the param-
eters cos(β − α) and tan β. The red hashed area shows the observed
exclusion, with the solid red line denoting the edge of the excluded
region. The dashed blue line represents the expected exclusion contour

and the shaded bands the 1-σ and 2-σ uncertainties on the expectation.
The vertical axis range is set such that regions where the light Higgs
couplings are enhanced by more than a factor of three from their SM
values are avoided
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Fig. 14 95 % CL exclusion contours in the 2HDM a Type-I and b
Type-II models for cos(β − α) = −0.1, shown as a function of the
heavy Higgs boson mass mH and the parameter tan β. The shaded area
shows the observed exclusion, with the black line denoting the edge
of the excluded region. The blue line represents the expected exclusion

contour and the shaded bands the 1-σ and 2-σ uncertainties on the
expectation. The grey area masks regions where the width of the boson
is greater than 0.5 % of mH . For the choice of cos(β − α) = −0.1 the
light Higgs couplings are not altered from their SM values by more than
a factor of two

123

• For a given cos(β-α) and tanβ, the relative rate of σggF and σVBF is 
difference, therefore the limits are re-evaluated accordingly.

Run 1Run 2

ATLAS-CONF-2017-058
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• Below 300 GeV only 4l contributes, above 300 GeV both 4l and llvv 
contribute.

• Exclusion region in 13 TeV is about 2 times better than the one in 
Run 1.

Run 1Run 2

ATLAS-CONF-2017-058
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LWA interpretation

17

• Consider only the gluon-fusion production.

• Take into account the interferences, but limits are on the “signal 
only” cross section of the ggF production times BR(ZZ).

• Set limits on three benchmark scenarios for the width of 1, 5, 10% 
of the mH.
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Conclusion

18

• A search for heavy ZZ resonances in the ℓℓ𝑣𝑣 and 4ℓ final states 
has been presented. 

• The maximum deviation in data is observed at around      
700 GeV with a local (global) significance of about 2 (<1) σ.

• Current exclusion limits in context of 2HDM are twice 
stringent than the one published in Run 1.

• Other interesting studies can be found in the conference note 
ATLAS-CONF-2017-058

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-058/
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Figure 3: Distribution of the four-lepton reconstructed invariant mass m4` in the full mass range
(left) and the low-mass range (right). Points with error bars represent the data and stacked his-
tograms represent expected distributions. The SM Higgs boson signal with mH = 125 GeV,
denoted as H(125), and the ZZ backgrounds are normalized to the SM expectation, the Z+X
background to the estimation from data. The order in perturbation theory used for the normal-
ization of the irreducible backgrounds is described in Section 7.1. No events are observed with
m4` > 1 TeV.

Higgs boson signal after the full event selection are reported in Table 1 for the full range of m4`.
Table 2 shows the expected and observed yields for each of the seven event categories.

Table 1: The number of expected background and signal events and number observed candi-
dates after full analysis selection, for each final state, for the full mass range m4` > 70 GeV, for
an integrated luminosity of 35.9 fb�1. Signal and ZZ backgrounds are estimated from Monte
Carlo simulation, Z+X is estimated from data.

Channel 4e 4µ 2e2µ 4`
qq̄ ! ZZ 192.7+18.6

�20.1 360.2+24.9
�27.3 471.0+32.6

�35.7 1023.9+68.9
�76.0

gg ! ZZ 41.2+6.3
�6.1 69.0+9.5

�9.0 101.7+14.0
�13.3 211.8+28.9

�27.5
Z+X 21.1+8.5

�10.4 34.4+14.5
�13.2 59.9+27.1

�25.0 115.4+31.9
�30.1

Sum of backgrounds 255.0+23.9
�25.1 463.5+31.9

�33.7 632.6+44.2
�46.1 1351.1+85.8

�91.2
Signal (mH = 125 GeV) 12.0+1.3

�1.4 23.6 ± 2.1 30.0 ± 2.6 65.7 ± 5.6
Total expected 267.0+24.9

�26.1 487.1+33.1
�34.9 662.6+45.7

�47.5 1416.8+89.1
�94.3

Observed 293 505 681 1479

The reconstructed dilepton invariant masses selected as Z1 and Z2 are shown in Fig. 5 for 118 <
m4` < 130 GeV, with their correlation. The correlation of the kinematic discriminant Dkin

bkg with
the four-lepton invariant mass is shown in Fig. 6. The distribution of the discriminants used for
event categorization along with the corresponding working point values are shown in Fig. 7.

10.1 Signal strength

To extract the signal strength for the excess of events observed in the Higgs boson peak region,
we perform a multi-dimensional fit that relies on two variables: the four-lepton invariant mass

CMS PAS HIG-16-041 

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html


Signal modeling for NWA
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• 4ℓ: analytical function (Crystal-Ball + Gaussian) as a function of 
mH.

• ℓℓ𝑣𝑣, templates obtained from MC simulation and interpolated 
with moment morphing for any other mass.
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Modeling of signal and interferences.
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Table 3: Impact of the leading systematic uncertainties on the predicted signal event yield which is set to the
expected upper limit, expressed as a percentage of the cross section for the ggF (left) and VBF (right) production
modes at mH = 300, 600, and 1000 GeV.

ggF production VBF production
Systematic source Impact [%] Systematic source Impact [%]

mH = 300 GeV

Luminosity 4 Parton showering 9
Z+jets modeling (`+`�⌫⌫̄) 3.3 Jet energy scale 4
Parton showering 3.2 Luminosity 4
eµ statistical uncertainty `+`�⌫⌫̄ 3.2 qq̄ ! Z Z QCD scale (VBF-enriched category) 4

mH = 600 GeV

Luminosity 6 Parton showering 6
Pileup reweighting 5 Pileup reweighting 6
Z+jets modeling (`+`�⌫⌫̄) 4 Jet energy scale 6
QCD scale of qq̄ ! Z Z 3.1 Luminosity 4

mH = 1000 GeV

Luminosity 4 Parton showering 6
QCD scale of gg ! Z Z 2.3 Jet energy scale 5
Jet vertex tagger 1.9 Z+jets modeling (`+`�⌫⌫̄) 4
Z+jets modeling (`+`�⌫⌫̄) 1.8 Luminosity 4

8.2 General results

The numbers of observed candidate events for each of the four categories with mass above 130 GeV along
with the background yields are presented in Table 4 for the `+`�`+`� analysis. The m4` spectrum for the
ggF-enriched and VBF-enriched categories is shown in Figure 4.

Table 5 contains the number of observed candidate events along with the background yields for the
`+`�⌫⌫̄ analysis, while Figure 5 shows the mT distribution for the electron and muon channels with the
ggF-enriched and VBF-enriched categories combined.

Table 4: `+`�`+`� search: Number of expected and observed events for m4` > 130 GeV, together with their
statistical and systematic uncertainties, for the ggF- and VBF-enriched categories.

Process ggF-enriched categories VBF-enriched category4µ channel 2e2µ channel 4e channel

ZZ 297 ± 1 ± 40 480 ± 1 ± 60 193 ± 1 ± 25 15 ± 0.1 ± 6.0
ZZ (EW) 1.92 ± 0.11 ± 0.19 3.36 ± 0.14 ± 0.33 1.88 ± 0.12 ± 0.20 3.0 ± 0.1 ± 2.2
Z + jets/t t̄/WZ 3.7 ± 0.1 ± 0.8 7.8 ± 0.1 ± 1.1 4.4 ± 0.1 ± 0.8 0.37 ± 0.01 ± 0.05
Other backgrounds 5.1 ± 0.1 ± 0.6 8.7 ± 0.1 ± 1.0 4.0 ± 0.1 ± 0.5 0.80 ± 0.02 ± 0.30

Total background 308 ± 1 ± 40 500 ± 1 ± 60 203 ± 1 ± 25 19.5 ± 0.2 ± 8.0

Observed 357 545 256 31

In the `+`�`+`� search, two excesses are observed in the data for m4` around 240 and 700 GeV, each

19
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Figure 4: Four-lepton invariant mass distribution in the `+`�`+`� search for (a) the ggF-enriched category and (b)
the VBF-enriched category. The backgrounds are determined following the description in Section 5.2 and the last
bin includes the overflow. The error bars on the data points indicate the statistical uncertainty, while the systematic
uncertainty on the prediction is shown by the hatched band. The bottom part of the figures shows the ratio of data
over expectation.

Table 5: `+`�⌫⌫̄ search: Number of expected and observed events together with their statistical and systematic
uncertainties, for the ggF- and VBF-enriched categories.

Process ggF-enriched categories VBF-enriched categorye+e� channel µ+µ� channel

Z Z 177 ± 3 ± 21 180 ± 3 ± 21 2.1 ± 0.2 ± 0.7
W Z 93 ± 2 ± 4 99.5 ± 2.3 ± 3.2 1.29 ± 0.04 ± 0.27
WW /tt̄/Wt/Z ! ⌧⌧ 9.2 ± 2.2 ± 1.4 10.7 ± 2.5 ± 0.9 0.39 ± 0.24 ± 0.26
Z + jets 17 ± 1 ± 11 19 ± 1 ± 17 0.8 ± 0.1 ± 0.5
Other backgrounds 1.12 ± 0.04 ± 0.08 1.03 ± 0.04 ± 0.08 0.03 ± 0.01 ± 0.01

Total background 297 ± 4 ± 24 311 ± 5 ± 27 4.6 ± 0.4 ± 0.9

Observed 320 352 9

20
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Limits on LWA
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Modeling for Large Width Assumption 
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The Modeling for signal-only.
4ℓ: use analytical function to describe the truth line-shape, convolved with detector 
resolution.

DRAFT

m f corresponds to mass of a fermion f , and �H is an assumed total width of the Heavy Higgs boson.279

In LHC case, m4` line shape is defined by a hadron cross section that can be derived from Equation 4 by280

multiplication with gluon-gluon luminosity Lgg described in [24]. Also cross section should be rewritten281

as a function of m4` but not s, that will give and extra power of mass dependence in the formula.282

�pp!H!ZZ (m4` ) = 2 · m4` · Lgg ·
1

|s � sH |2
· �H!gg (m2

4` ) · �H!ZZ (m2
4` ) (8)

Comparison of the analytical shape to a truth m4` distribution in gg2VV MC samples is shown on Figure283

9.284

Figure 9: Comparison of the analytical shape to a truth m4` distribution in gg2VV MC samples for 450 GeV, 700
GeV and width equal to 5,10,15 % of the mass

Reconstructed distribution can be modelled as analytical truth shape multiplied by acceptance and con-285

voluted with detector e�ects. Such the shape is well compatible with the reconstructed MC distribution286

above 400 GeV. Comparison of the modelled shape to the MC distribution is shown on Figures 10, 11 and287

12. This modelling is not valid for lower masses because in that region detector resolution is changing288

fast and it is contradictory to assumed constant detector resolution under the peak.289
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The difference in the line-shape at another mass and width comes from the 
propagator. 1/|s - sH|2

ℓℓ𝑣𝑣: Reweight full-simulated signal samples to obtain mT distribution in reco. 
for any mass and width.



Modeling for Large Width Assumption 

27

The Modeling for interference of (h-H), described by.

DRAFT

So the cross section simplifies to:395

�gg (s) =
1
s

Z
d⌦ · Re

"
1

s � sH
· 1

(s � sh)⇤

#
· ���Agg!H (s,⌦)���2 |AH!ZZ (s,⌦) |2 (18)

Taking into account Equation 3:396

�gg (s) = 4 · Re
"

1
s � sH

· 1
(s � sh)⇤

#
· �H!gg (s) · �H!ZZ (s) (19)

where partial widths are described in Equations 6 and 7, and the propagators in Equation 5. Parton cross397

section can be transformed to a hadron cross section as a function of m4` as it was described at the end of398

Section 2.3.2. The final formula that describes the interference of heavy Higgs and SM Higgs follows:399

�pp (m4` ) = 4 · m4` · Lgg · Re
"

1
s � sH

· 1
(s � sh)⇤

#
· �H!gg (m4` ) · �H!ZZ (m4` ) (20)

This equation is very similar to the di�erential cross section of the signal only production, with the only400

di�erence in the propagator part. However the propagator does not a�ect kinematic properties of the401

final state, so this interference process has the same acceptance as the one in signal only process. So the402

interference process can be reproduced by reweighting the signal events with weights defined as:403

w(m4` ) =
2 · Re

f
1

s�sH ·
1

(s�sh )⇤
g

1
|s�sH |2

(21)

The reweighting procedure can be validated by comparing of a reweighted signal distribution for certain404

mass and width hypothesis to the nominal MC distribution for the same signal hypothesis. Figure 23 shows405

the comparison of the MC mreco
4` distribution for the signal with mH = 900 GeV and �H = 0.05 ⇥ mH ,406

to the mreco
4` distribution for the same signal hypothesis reweighted from the signal sample with mH =407

900 GeV and �H = 0.15 ⇥ mH . Good compatibility of the distributions provides a good closure test of408

the reweighting procedure.409

A set of pseudo-MC samples for the interference process is produced with the reweighting procedure.410

These samples provide precise description of the interference including the reconstruction e�ects, and they411

will be further used for the validation of the interference model. Figure 24 shows the reconstructed invariant412

mass distributions for the signal and for the interference under di�erent signal hypotheses. Each of the413

signal distributions has arbitrary normalisation, while the interference has a proper relative normalisation414

with respect to the corresponding signal. Moreover, relative normalisation of the interference and the415

signal depends on the couplings of the heavy Higgs boson.Relative normalisation in Figure 24 corresponds416

to the Standard Model couplings of the heavy Higgs boson.417

Modelling of the interference is done in the same way as for the large width signal discussed in Section 2.3.2.418

The truth line shape is described by the computation of the leading order Feynman diagram given in419

Equation 19, that is further corrected for the acceptance e�ect. This model is compared to the pseudo-MC420

mtruth
4` distribution in Figure 25. The reconstructed shape is modelled by a convolution of the previously421

described truth model and the detector resolution function taken form the NWA signal parametrisation.422
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at truth-level for 4ℓ and at reco-level for ℓℓ𝑣𝑣. For 4ℓ, it then 
convolves with detector resolution.
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The Modeling for interference of (H-B), similar in 4ℓ and ℓℓ𝑣𝑣.

12

Parametrization of H-B interference

● H-B interference shape also needs to be available at any 
mass+width point → but cannot factorize cross section, 
reweighting as in H-h case not applicable

● But can use same $t model developed by Denys for 4l 
interference: 

● For more details see Denys' slides: link

● Use same technical implementation 
For 4ℓ, it convolves with detector resolution;
For ℓℓ𝑣𝑣, a ‘c-factor’ is applied to obtain the shape at reco. 
level.

• Generated truth samples for SBI using gg2VV for ℓℓ𝑣𝑣 and MCFM 
for 4ℓ. From that subtract the S and B to get the interference.

• Fit the interference with following formula in mZZ with to obtain its 
line-shape in truth:
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• llvv excludes the region of  mG* < ~1.3 TeV.

• llqq+vvqq excludes the region of mG* < ~1.3 TeV.
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