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1 Introduction
In the standard model (SM) [1, 2], the Brout–Englert–Higgs mechanism [3–8] is responsible for
electroweak symmetry breaking, and it predicts the existence of the Higgs boson. A Higgs
boson was discovered by the ATLAS and CMS Collaborations in the ZZ, γγ, and WW chan-
nels [9–11]. Its mass is determined to be mh = 125.26± 0.20 (stat)± 0.08 (syst) GeV based on
data collected by the CMS experiment at a center-of-mass energy of 13 TeV [12]. This is con-
sistent with other measurements by the ATLAS and CMS experiments, including their com-
bined results [13, 14]. Additionally, the properties of the observed boson, such as couplings to
fermions, have been studied extensively, and are found to be compatible with the SM expecta-
tion [15, 16].

The observation of the SM-like Higgs boson has not only given closure for the hunt for parti-
cles described by the SM, but also constrains the beyond standard model theories proposed to
explain some of the open questions in particle physics. A class of simple extensions of the SM,
two-Higgs-doublet models (2HDMs), predict five Higgs bosons [17, 18]. One of these five par-
ticles, the light CP-even Higgs boson h, could correspond to the observed particle. The mass
of the observed state can be used to exclude regions of the parameter space of 2HDMs, and
the rest of it can be constrained by performing searches for the additional four Higgs bosons,
namely the heavy CP-even Higgs boson H, the CP-odd Higgs boson A, and two charged Higgs
bosons H±. The parameter space is often described by two parameters: the ratio of the vacuum
expectation values of the two doublets (tan β = v2/v1) and the mass of the CP-odd pseu-
doscalar A (mA). Another parameter, the mixing angle α, is defined for the CP-even scalars h
and H. The parameters α and β determine the interactions between the Higgs field and the
vector bosons and the fermions, offering a categorisation of possible types of 2HDMs based
on the couplings of the two doublets to fermions and vector bosons. The most studied type of
2HDMs is type II as the Minimal supersymmetric standard model (MSSM) is a special case of
this. In the MSSM the couplings of h (H) to vector bosons are normalized to the SM couplings
by sin(β− α) (cos(α− β)).

In this note, we study two MSSM benchmark scenarios: Low tan β and hMSSM [19–21]. In the
MSSM when the mass of the h boson is close to 125 GeV, the scale of the soft supersymmetry
breaking masses must be larger than 1 TeV. This is a reasonable assumption based on the non-
observations of supersymmetric particles at the LHC thus far. In the hMSSM scenario, by
requiring mh = 125 GeV, the dominant radiative corrections to the Higgs boson masses become
fixed. As a result, the MSSM Higgs sector can be described to a good approximation by tan β
and mA without fixing other parameters of the theory, such as α, mH, and mH± . In contrast to the
hMSSM scenario, the Low tan β scenario is based on choosing the supersymmetric parameters
so that the observed value of mh is obtained in most of the mA–tan β plane. The radiative
corrections to the Higgs boson masses are included in this case. To explore the parameter space
of these benchmark scenarios, we choose an experimentally accessible final state with at least
one SM-like Higgs boson. In the phase space region with low tan β values, the pseudoscalar A
boson has a substantial branching fraction into a SM-like Higgs boson h and a Z boson.

This note reports on a search for the pseudoscalar A boson decaying into a SM-like Higgs
boson h and a Z boson in proton-proton (pp) collisions at

√
s = 13 TeV. The search uses a

data set collected in 2016 by the CMS experiment corresponding to an integrated luminosity
of 35.9 fb−1. The studied signal mass range begins at 220 GeV because the A boson must be
massive enough to decay into the considered Zh state. The mass range extends up to 400 GeV,
slightly above where the mass of the A boson exceeds twice the top quark mass. This is where
the decay A→ tt starts to dominate.
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In this search, the SM-like Higgs boson is sought in its decay into a pair of tau leptons. Pre-
vious searches covering this process have been performed by the ATLAS and CMS Collabora-
tions using data sets collected in pp collisions at

√
s = 8 TeV [22, 23]. These analyses set both

model-independent and model-dependent limits in the context of type-II 2HDMs. The CMS
Collaboration also set model-dependent limits in the Low tan β scenario discussed above. The
ATLAS and CMS Collaborations have also searched for the pseudoscalar A decaying into the
same intermediate Zh state but with the Higgs boson h decaying into a pair of bottom quarks
in pp collisions at

√
s = 13 TeV [24, 25].

Four possible ττ decay channels of the SM-like Higgs boson are considered: eτh, µτh, eµ, and
τhτh, where τh denotes a tau lepton decaying hadronically. Throughout the note neutrinos are
omitted from the notation of the final states. These four decay channels are combined with the
Z boson decays into two leptons via Z→ `+`− (` = e, µ), resulting in eight distinct final states
of the A boson decay. To account for the missing energy that results from the neutrinos in the
final states, we use the SVFIT algorithm [26] to reconstruct the 4-vector of the SM-like Higgs
boson while constraining its mass to 125 GeV. Compared to the previous result presented by
the CMS Collaboration [23], this approach, which constrains the SM-like Higgs boson mass,
significantly increases the sensitivity of the search.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator
hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters
extend the pseudorapidity (η) coverage provided by the barrel and endcap detectors. Muons
are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the
solenoid. Events of interest are selected using a two-tiered trigger system [27]. A more detailed
description of the CMS detector, together with a definition of the coordinate system used and
the relevant kinematic variables, can be found in Ref. [28].

3 Simulated samples
Simulated signal events with a pseudoscalar Higgs boson A produced in gluon fusion (ggA),
decaying into a SM-like Higgs boson and a Z boson and finally into two light leptons (electrons
or muons) and two tau leptons are generated at leading order (LO) using MADGRAPH5 aMC@NLO

v2.3.3 [29]. The considered A boson mass points are within 220–400 GeV, as in this mass range
the decay into a Z boson and a h boson is the dominating decay mode. The samples are based
on the mmod+

h model [21], assuming a low value of tan β (∼ 2). The generated width of the
A is narrow for all masses compared to the experimental resolution. Additional signal events
are simulated for a 300 GeV A boson produced in association with b quarks (bbA) and are used
only to study the selection efficiency, necessary for setting model-dependent limits as explained
later on in Section 8.

The background processes consist of all SM processes with non-negligible yield in the stud-
ied final states, including the Higgs boson production through processes predicted in the SM
(e.g. Zh, Wh, tth). The background processes with a Higgs boson decaying into two tau lep-
tons, produced in association with a W or Z boson (Wh or Zh) are generated at next-to-LO
(NLO) in perturbative quantum chromodynamics (QCD) with the POWHEG 2.0 [30–34] gener-
ator extended with the MiNLO procedure [35]. The contribution from Higgs boson events pro-
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duced via gluon fusion or vector boson fusion and decaying into two tau leptons is negligible.
The transverse momentum (pT) distribution of the Higgs boson in the POWHEG simulations is
tuned to match closely the next-to-NLO plus next-to-next-to-leading-logarithmic prediction in
the HRES 2.3 generator [36, 37]. The production cross sections and branching fractions for the
SM Higgs boson production and their corresponding uncertainties are taken from Refs. [38–40].

The background samples for tth, tt, WZ, and qq→ ZZ, as well as Wh→ WWW, Wh→ WZZ,
Zh → ZWW, Zh → ZZZ, and ggh → ZZ processes, are generated at NLO with POWHEG.
The gg → ZZ process is generated at LO with MCFM [41]. Samples for the qq → ZZ and
gg → ZZ processes include all SM events with two Z bosons in final states except the ones
from ggh → ZZ process. The MADGRAPH5 aMC@NLO v2.3.3 generator is used for triboson,
ttW, and ttZ production, with the jet matching and merging scheme applied either at NLO with
the FxFx algorithm [42] or at LO with the MLM algorithm [43]. The generators are interfaced
with PYTHIA 8.212 [44] to model the parton showering and fragmentation, as well as the decay
of the τ leptons. The set of parton distribution functions (PDFs) is NNPDF3.0 [45]. The PYTHIA

parameters affecting the description of the underlying event are set to the CUETP8M1 tune [46].

The generated events are processed through a simulation of the CMS detector based on GEANT4 [47],
and are reconstructed with the same algorithms that are used for data. The simulated samples
include additional pp interactions per bunch crossing, referred to as in-time pileup. Addition-
ally the effect of inelastic collisions happening in the preceding and subsequent bunch cross-
ings (out-of-time pileup) is considered. The effect of pileup is taken into account by generating
concurrent minimum-bias collision events. The simulated events are weighted such that the
distribution of the number of additional pileup interactions matches closely with data. The
pileup distribution in data is estimated from the measured instantaneous luminosity for each
bunch crossing, resulting in an average of approximately 23 interactions per bunch crossing.

4 Event reconstruction
Both observed and simulated events are reconstructed using the particle-flow (PF) algorithm [48].
The algorithm identifies and reconstructs the particles produced in pp collisions by combin-
ing information from all subdetectors. These so-called PF objects include photons, electrons,
muons, neutral hadrons, and charged hadrons.

Any higher-level objects are reconstructed from combinations of the PF objects. For exam-
ple, jets are reconstructed with an anti-kT clustering algorithm implemented in the FASTJET

library [49, 50]. The reconstruction is based on the clustering of neutral and charged PF objects
with a distance parameter of 0.4. Additionally, charged PF objects are required to be associated
with the primary vertex of the interaction.

While neutrinos cannot be detected directly, they contribute to missing transverse momentum.
The missing transverse momentum vector ~pmiss

T is computed as the negative vector sum of the
transverse momenta of all the PF objects in an event, and its magnitude is denoted as pmiss

T [51].
The ~pmiss

T is modified to account for corrections to the energy scale of the reconstructed jets in
the event.

The primary pp interaction vertex is taken to be the reconstructed vertex with the largest value
of summed p2

T of jets and the associated pmiss
T . In vertex reconstruction, the tracks assigned to

each vertex are clustered into jets using the jet finding algorithm from Refs. [49, 52] and the
associated transverse momentum is taken as the negative vector sum of the ~pT of these jets.

Electrons are identified by a multivariate analysis (MVA) discriminant [53] that requires as
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input several quantities describing the track quality, the shapes of the energy deposits in the
ECAL, and the compatibility of the measurements from the tracker and the ECAL [54]. Muon
identification relies on the number of measurements in the inner tracker and the muon systems,
and on the quality of the reconstructed tracks [55]. Electrons and muons selected in this analysis
are required to be consistent with originating from the primary vertex.

A lepton isolation discriminant I` is defined to reject nonprompt or misidentified leptons:

I` ≡
∑charged pT + max

(
0, ∑neutral pT − 1

2 ∑charged, PU pT

)
p`T

, (1)

where p`T stands for the pT of the lepton. The variable ∑charged pT is the scalar sum of the trans-
verse momenta of the charged particles originating from the primary vertex and located in a
cone of size ∆R =

√
(∆η)2 + (∆φ)2 = 0.3 (0.4) centered on the electron (muon) direction, where

φ is the azimuthal angle in radians. The sum ∑neutral pT represents a similar quantity for neutral
particles. The scalar sum of the transverse momenta of charged hadrons in the cone originating
from pileup vertices, ∑charged, PU pT, is used to estimate the contribution of photons and neutral
hadrons originating from pileup vertices. The factor of 1/2 corresponds approximately to the
ratio of neutral to charged hadron production in the hadronization process of inelastic pp col-
lisions, as estimated from simulation. The isolation requirements based on I` are described in
the following section.

The combined secondary vertex algorithm [56] is used to identify jets that are likely to have
originated from a bottom quark (“b-tagged jets”). In this algorithm the secondary vertices as-
sociated with the jet and the track-based lifetime information are given as inputs to an MVA
discriminant designed for b jet identification. Any differences in the b tagging efficiency be-
tween data and simulation are taken into account by applying a set of pT-dependent correction
factors to simulated events [56]. An identification efficiency for genuine b jets is approximately
70%, whereas the misidentification probability for light flavor or gluon jets is approximately
1%.

Anti-kT jets seed the hadron-plus-strips algorithm [57–59] which is used to reconstruct hadron-
ically decaying τ leptons. In addition to one or more charged hadrons, hadronic tau decay
paths can contain one or more π0 particles. These π0 are reconstructed by clustering together
electromagnetic deposits in the ECAL into “strips“ in the η–φ plane. The strips are elongated in
the φ direction to contain energy lost to Bremsstrahlung radiation. The algorithm reconstructs
τh candidates based on the number of tracks and the number of strips representing the number
of charged hadrons (“prongs”) and the number of π0 present in the decay. The τh candidates
used in this analysis are reconstructed in three decay modes: 1-prong, 1-prong+π0, and 3-
prong. Additionally, the reconstructed τh must have a mass consistent with their reconstructed
decay mode.

To suppress objects (jets and leptons) misidentified as τh candidates, an MVA discriminant [59]
including calorimetric information, isolation sums, and lifetime information is used. A misiden-
tification rate for quark- and gluon-initiated jets of less than 1% is achieved within a pT range
typical of a τh originating from a h boson. Simultaneously, an efficiency for selecting τh can-
didates of about 65% is maintained for τh candidates passing the decay mode reconstruction
discussed above. To suppress electrons and muons misidentified as τh candidates, dedicated
criteria based on the consistency between the measurements in the tracker, the calorimeters,
and the muon detectors are applied [57–59]. The τh energy scale is measured from Z → ττ
events and the correction is propagated to simulation for each decay mode. A “tag-and-probe”



5. Event selection 5

measurement [60] in Z → `` events is used to correct the energy scale of electrons and muons
misidentified as τh candidates in simulation.

The reconstructed mass of the A boson candidate can be used to discriminate between signal-
like events and background-like events. Multiple reconstruction methods are considered. The
simplest reconstructed mass, mvis

``ττ, uses only the visible decay products and combines the
reconstructed Z→ `` four-vector with the h→ ττ four-vector based only on visible tau decay
products. The resulting mass resolution for mvis

``ττ is approximately 15% for an A boson with
mass 300 GeV in all final states.

The resolution of the reconstructed A boson candidate can be significantly improved by includ-
ing information from the neutrinos associated with the leptonic and hadronic tau decays. To
account for the neutrinos in the final states, the SVFIT algorithm is used to estimate the mass of
the SM-like h boson, denoted as mfit

ττ. The SVFIT algorithm combines the ~pmiss
T with the four-

vectors of both τ candidates, resulting in an estimate of the four-vector of the SM-like h boson
that can be used to obtain a more accurate estimate of the A boson candidate mass mfit

``ττ. The
mass resolution of mfit

``ττ is 10% at 300 GeV.

To further increase the mass resolution, the known mass of the SM-like Higgs boson can be
given as an input to the SVFIT algorithm. This yields a constrained estimate of the four-vector
of the SM-like h boson and thus a constrained estimate of its mass mc

ττ. Using the constrained
estimate of the four-vector of the SM-like h boson, we obtain an even more precise estimate of
the A boson candidate mass, denoted as mc

``ττ. The resulting mass resolution of mc
``ττ is as low

as 3% at 300 GeV, which improves the expected 95% confidence level (CL) model-independent
limits by approximately 40% compared to using the visible mass of the A boson mvis

``ττ as the
discriminating variable. Thus, we use mc

``ττ as the discriminating variable between the signal
and the background processes for the final results.

5 Event selection
Events are selected using single- or double-lepton triggers targeting leptonic decays of the Z
bosons. The trigger and offline selection requirements for all possible decay modes are pre-
sented in Table 1. Leptons geometrically matched to the trigger-level leptons must be identified
as the same ones which are selected in the analysis. The light leptons, i.e. electrons and muons,
in the events are required to be separated from each other by ∆R > 0.3, while the τh candidates
must be separated from each other and from any other lepton by ∆R > 0.5. The resulting event
samples are made mutually exclusive by discarding events that have additional identified and
isolated electrons or muons. Differences in trigger selection efficiencies are observed between
data and simulation. These differences are accounted for by applying corrections to simulated
events.

The non-triggering electrons and muons are required to have pT > 10 GeV, whereas τh can-
didates must have pT > 20 GeV. The |η| constraints from detectory geometry are |η|e < 2.5,
|η|µ < 2.4, and |η|τh < 2.3 for electrons, muons, and τh candidates, respectively. The |η| thresh-
olds are the same for both triggering and non-triggering electrons and muons.

The Z boson is reconstructed from the opposite charge, same-flavor light lepton combination
that fulfills 60 < m`` < 120 GeV. In case of multiple Z boson candidates, we choose the one
with a mass closest to the Z boson mass. Looser identification and isolation selection criteria
are applied to the leptons associated to the Z boson to maintain a high signal acceptance. The
electrons (muons) associated to a Z boson decay must pass the identification with 90% (> 99%)
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efficiency. The muons must pass an additional isolation requirement of Iµ < 0.25.

The leptons associated to the SM-like Higgs boson are required to have opposite charge. Tighter
selection criteria are applied to the two light leptons forming the SM-like Higgs boson candi-
date to decrease the background contributions from Z + jets and other reducible backgrounds.
The specific signal selections detailed in Table 2, including those chosen for the τh candidates,
were optimized to obtain the best signal sensitivity. The isolation requirements are Ie < 0.15
(Iµ < 0.15) for electrons (muons) associated to a τh decay. Electrons from a τh decay need to
pass electron identification with 80% efficiency. All τh candidates must satisfy τh identification
and isolation with 95% efficiency, but for the τh candidates associated with the SM-like Higgs
boson, tighter identification and isolation requirements corresponding to 65% efficiency are
applied.

As the signal events contain no b jets (ggA), or only b jets with relatively soft pT distribution
(bbA), we can suppress the contributions of tt and ttZ by discarding all events with one or more
b-tagged jets (“b jet veto”) without significantly reducing the signal selection efficiency.

The sensitivity of the analysis can be improved by reducing the amount of background events
using additional information regarding the SM-like Higgs boson candidate. The constrained
Higgs boson candidate four-vector, as estimated with SVFIT algorithm, is already used to re-
construct the A boson mass as described in Section 4. As the shape of the constrained estimate
of the h boson mass mc

ττ distribution is similar for the signal and background events, we do
not gain sensitivity by selecting events based on values of this variable. By removing the mass
constraint from the SVFIT algorithm, the most likely mass of the SM-like Higgs boson candidate
mfit

ττ provides significant discrimination between reducible backgrounds, which have a broad
distribution due to their lack of a resonance, and the signal processes which have a resonance
at 125 GeV. Additionally, the dominant irreducible background ZZ is suppressed because of its
softer distribution compared to the signal processes. The sensitivity is increased by an addi-
tional 20% by requiring mfit

ττ to be within 90–180 GeV.

The large h boson mass leads to relatively high-pT decay products compared to the lower pT
of the jets misidentified as leptons from the Z + jets background process. In the `` + τhτh
final states, which have a larger relative fraction of reducible-to-irreducible backgrounds, the
expected signal sensitivity is increased by selecting events based on the scalar pT sum of the
visible decay products of the SM-like Higgs boson, Lh

T. Events are selected with Lh
T > 60 GeV.

Table 1: Trigger and offline selection requirements for Z boson decay modes. The events are
selected with either a lower-pT threshold double lepton trigger or a higher-pT threshold single
lepton trigger. The subscripts 1 and 2 stand for the higher-pT and lower-pT leptons associated
with the Z boson, respectively.

Decay channel Z→ `` trigger selection Z→ `` offline selection
Z→ ee

[
pe1

T > 23 GeV & pe2
T > 12 GeV

] [
pe1

T > 24 GeV & pe2
T > 13 GeV

]
or pe1

T > 27 GeV or pe1
T > 28 GeV

Z→ µµ
[
pµ1

T > 17 GeV & pµ2
T > 8 GeV

] [
pµ1

T > 18 GeV & pµ2
T > 10 GeV

]
or pµ1

T > 24 GeV or pµ1
T > 25 GeV

6 Background estimation
The irreducible backgrounds (ZZ, ttZ, WWZ, WZZ, ZZZ) are estimated from simulation and
scaled by their theoretical cross sections at the highest order available. The production of the
125 GeV Higgs boson via the processes predicted by the SM are also estimated from simulation
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Table 2: Kinematic selection requirements for each A boson channel, applied on top of the
looser selections and b jet veto described in text, with the exception that muons associated to the
Z boson must also pass the identification requirement with > 99% efficiency. The identification
(and isolation) requirements are described by ε`id. that stands for efficiency for given lepton
type. The leptons assigned to the SM-like Higgs boson are required to have opposite charge.
To increase the sensitivity, we require mfit

ττ to be within 90–180 GeV. In the ``+ τhτh channel we
additionally require Lh

T > 60 GeV.

Channel Z boson selection h boson selection
``+ µτh ε

µ
id. > 99%, Iµ < 0.15

``+ eτh Opposite charge, same-flavor light leptons εe
id. = 80%, Ie < 0.15, ετh

id.+iso. = 65%
``+ τhτh 60 < m`` < 120 GeV ετh

id.+iso. = 65%
``+ eµ εe

id. = 80%, Ie < 0.15, ε
µ
id. > 99%, Iµ < 0.15

and are scaled to the theoretical cross sections at the highest order available and by their most
accurate branching fractions [38].

The reducible backgrounds, which have at least one jet misidentified as an electron, muon, or
τh candidate, are estimated from data. The dominant reducible contributions come from tt,
Z + jets, and WZ + jets processes. The estimation of the reducible background contribution is
performed with so called “fake rate method” which is based on measuring the misidentification
rates, i.e. probabilities to misidentify a jet as a lepton. Events with τ candidates (electrons,
muons, or τh) failing the signal region identification and isolation criteria are used along with
the misidentification rates to estimate the contribution of processes with jets misidentified as τ
candidates in the signal region.

The misidentification rates are estimated in event samples independent from the signal region.
In this analysis we use a sample of Z + jet events. The misidentification rates are measured
in different bins of lepton pT, and are further split between reconstructed decay modes for the
τh candidate and for muons and electrons in bins of lepton η based on barrel and endcap re-
gions. The measured misidentification rates are validated in an orthogonal region that consists
of events with a Z candidate and 2 jets. To ensure the validation is not contaminated with
signal events or significant irreducible background contributions, the two lepton candidates
associated with the Higgs boson are required to have the same charge.

The estimation of misidentification rates relies on reconstructing an opposite charge same-
flavor lepton pair compatible with a Z boson, and requiring one additional loosely defined
lepton (electron, muon, or τh candidate). The requirements on the leptons associated to the
Z boson are the same as defined in Section 5, but they must fulfill a more stringent Z mass
requirement, 81.2 < m`` < 120 GeV. After reconstructing the Z → `` decay, the jet-to-lepton
misidentification rate is estimated by applying the lepton identification algorithm to the ad-
ditional loosely defined lepton in the event. The events where the τ candidates arise from
genuine leptons and not jets, primarily from the WZ process, are estimated from simulation
and subtracted from the data so that the misidentification rates are measured for jets only.

To estimate the reducible background contribution in the signal region, we apply a weight
on data events where either one or both of the τ candidates associated to the SM-like Higgs
boson fail the identification and isolation criteria. Events with exactly one object failing the
identification and isolation criteria receive a weight f /(1− f ), where f is the misidentification
rate for the particular type of lepton. As such, this weight includes the contribution from the
WZ + jets process, where we expect one real lepton and one jet misidentified as a lepton in
addition to the Z boson candidate. Also tt and Z + jets processes are accounted for by the
weight as either of the two jets can pass the identification and isolation criteria even if neither
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of them are real leptons. As a result, the weight introduces double counting of events from tt
and Z + jets processes that should have both candidates failing the selection criteria.

To remove the double-counted events from tt and Z + jets processes, we define a weight with
a negative sign that is given for events with both objects failing the identification and isola-
tion criteria, namely − f1 f2/[(1− f1)(1− f2)]. This subtraction, however, introduces increased
statistical uncertainties on the estimated yield of the reducible background. The statistical un-
certainties can be controlled by taking the shape of the mc

``ττ distribution of the reducible back-
ground contribution from data in a region with negligible signal and irreducible background
contributions, defined similarly to the signal region but with same-sign τ candidates passing
relaxed identification and isolation criteria. This results in a smoother shape of the mc

``ττ distri-
bution.

Instead of using the same-sign data events for the shape of the mc
``ττ distribution, the statistical

uncertainties can alternatively be reduced considerably by giving a suitable nonzero weight
only for events with both candidates failing the selection criteria, i.e. by estimating only the
contribution from the tt and Z + jets processes by using the fake rate method. This alternative
approach offers a cross-check against the nominal method and requires some changes such
as predicting the contribution from events with a single object failing the identification and
isolation criteria from simulation and using a weight with a positive sign ( f1 f2/[(1− f1)(1−
f2)]) because there is no double counting in contrast to the nominal method. The shape of
the mc

``ττ distribution is taken from the same events that provide the estimated yield of the
reducible background. The results of the cross check show the two methods yield consistent
expected 95% CL model-independent limits.

To cross check the measured misidentification rates, we performed an additional measurement
using a sample of Z + 2 jets events. In this cross check the measurement region partially over-
laps with the aforementioned validation region, as in both cases the two lepton candidates
associated with the Higgs boson are required to have the same charge. The amount of overlap
between the measurement and validation regions depends on the lepton type and the decay
channel of the Higgs boson. The rates are measured in bins of lepton pT, and are separated by
the reconstructed decay mode of the τh candidates. Unlike above, the misidentification rates
are not split in bins of lepton η for muons and electrons. The measured misidentification rates
result in a reducible background yield and shape that are compatible with the reducible back-
ground estimation obtained with the nominal misidentification rate measurement used in this
analysis.

7 Systematic uncertainties
All systematic uncertainties considered in the analysis are summarized in Table 3. Different
uncertainties are treated as uncorrelated, and each uncertainty is correlated between different
processes and final states, unless otherwise mentioned below.

The overall uncertainty in the τh identification and isolation efficiency for genuine τh leptons
is 5% [58], which has been measured with a tag-and-probe method in Z → ττ events. An
uncertainty of 1.2% in the visible energy (neutrino component excluded) scale of genuine τh
affects both the distributions and yields of the signals and backgrounds. It is uncorrelated
among the 1-prong, 1-prong+π0, and 3-prong decay modes.

The uncertainties in the electron and muon identification and isolation efficiencies lead to a
normalization uncertainty of 2% for both electrons and muons. The uncertainty in the trigger
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efficiency results in a normalization uncertainty of 2% for the electron triggers and 2% for the
muon triggers. In all channels, the effect of the uncertainty in the muon and electron energy
scales is negligible.

The normalization uncertainty related to discarding events with a b-tagged jet is 4.5% for pro-
cesses with heavy-flavor jets, and 0.15% for processes with light-flavor jets.

The normalization uncertainties related to the choice of the PDFs and the QCD renormaliza-
tion and factorization scales, affecting the acceptance of the dominant background processes,
are estimated from simulation separately for each process. They cover the uncertainties in the
parton shower modeling. The uncertainty from the renormalization and factorization scales
is determined by varying these scales independently by factors of 0.5 and 2.0, and calculat-
ing the change in process acceptance. Combining the renormalization and factorization scale
uncertainties with the PDF set uncertainty [61] for the qq → ZZ process leads to an uncer-
tainty of 4.8%. The inclusive uncertainty for the Zh production related to the PDFs amounts to
1.6%, whereas the uncertainty for the variation of the renormalization and factorization scales
is 3.8% [38]. For the subleading Higgs boson processes Wh, ggh → ZZ, and tth the inclu-
sive uncertainties related to the PDFs amount to 1.9, 3.2, and 3.6% and the uncertainties for the
variation of the renormalization and factorization scales are 0.7, 3.9, and 7.5%, respectively [38].

For the gg → ZZ process, there is a 10% uncertainty in the NLO K factor used in the anal-
ysis which is dominant compared to PDF and QCD renormalization and factorization scale
uncertainties. The uncertainties in the cross section of the rare ttZ, ttW, and triboson processes
amount to 25% [62], which dominates other theoretical uncertainties for these processes.

The final theoretical uncertainty applied in this analysis is the uncertainty in the theoretical
calculations of the SM h→ ττ branching fraction. This uncertainty of 2% is applied to both the
ggA and bbA signal samples as well as all backgrounds that include the h→ ττ process.

Normalization uncertainties in the misidentification rates arising from the subtraction of prompt
leptons estimated from simulation are taken into account and propagated to the yield of the re-
ducible background mass distributions. The shape of the mass distribution of the reducible
background is estimated from data in a region where the τ candidates have the same charge
and pass relaxed isolation conditions. Therefore, the statistical uncertainties in the misiden-
tification rates do not have an impact on the shape of the mass distribution. An additional
uncertainty is applied based on potential differences between the region where the misidentifi-
cation rates are measured and the region where they are applied. These uncertainties are based
on the results of closure tests comparing the differences in observed versus predicted reducible
background yields. The uncertainty in the yield is taken to be 40%, conservative enough to
cover the observed non-closure, and is uncorrelated between the SM-like Higgs boson decay
channels resulting in 4 uncertainties tied to ``+ µτh, ``+ eτh, ``+ τhτh, and ``+ eµ channels.

The ~pmiss
T scale uncertainties [63], which are computed event-by-event, affect the normalization

of various processes as well as their distributions through the propagation of these uncertain-
ties to the di-τ masses mfit

ττ and mc
ττ. The ~pmiss

T scale uncertainties arising from unclustered
energy deposits in the detector come from four independent sources related to the tracker,
ECAL, the hadron calorimeter, and forward calorimeters. Additionally, ~pmiss

T scale uncertain-
ties related to the uncertainties in the jet energy scale measurement, which affect the ~pmiss

T
calculation, are taken into account.

Uncertainties related to the finite number of simulated events are taken into account. They are
considered for all bins of the signal and background distributions used to extract the results.
They are uncorrelated across different samples, and across bins of a single distribution. Finally,
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the uncertainty in the integrated luminosity amounts to 2.5% [64].

Table 3: Sources of systematic uncertainty. The sign † marks the uncertainties that affect both
the shape and normalization of the final mc

``ττ distributions. Uncertainties that only affect the
normalizations have no marker. For the shape and normalization uncertainties, the magnitude
column lists an approximation of the associated change in normalization.

Source of uncertainty Magnitude Process
τh id. & isolation 5% All simulations
τh energy scale† (1.2% energy shift) <2% All simulations
e id. & isolation 2% All simulations
e trigger 2% All simulations
µ id. & isolation 2% All simulations
µ trigger 2% All simulations
b jet veto 4.5% heavy flavor, 0.15% light flavor All simulations
qq→ ZZ theoretical uncertainty 4.8% qq→ ZZ
gg→ ZZ NLO K factor 10% gg→ ZZ
ttZ theoretical uncertainty 25% ttZ
ttW theoretical uncertainty 25% ttW
triboson theoretical uncertainty 25% triboson
Theoretical uncertainty on B(h→ ττ) <2% Signal, Zh, and Wh
Reducible background uncertainties: Reducible background

e prompt lepton subtraction <12% in ``+ eµ, <1% in ``+ eτh
µ prompt lepton subtraction <16% in ``+ eµ, <1.5% in ``+ µτh
τ prompt lepton subtraction <3.5% in ``+ eτh and ``+ µτh, <1% in ``+ τhτh
normalization 40% in ``+ eτh, ``+ µτh, ``+ τhτh, and ``+ eµ

~pmiss
T energy scale† <2% All simulations

Limited number of events Statistical uncertainty in individual bins All background processes
Integrated luminosity 2.5% All simulations

8 Results
The analysis sets 95% CL upper limits [65, 66] in multiple scenarios. Model-independent limits
are set on the product of the cross section and branching fraction, σ (ggA)B (A→ Zh→ ``ττ),
for the ggA → Zh process. Model-dependent limits are set for two MSSM benchmark scenar-
ios. An asymptotic approximation [67, 68] is used when calculating the 95% CL upper limits.
The limits are based on a simultaneous fit of the reconstructed pseudoscalar Higgs boson mass
distributions in the eight signal regions. We use the reconstructed mass, mc

``ττ, as the discrim-
inating variable between the signal and the background processes. Even though the studied
signal mass range is 220–400 GeV, the distribution of the reconstructed mass mc

``ττ covers mass
range 200–600 GeV as the additional information on the background distributions is used to
constrain the simultaneous fit.

The eight final states are each fit as separate distributions in the simultaneous fit. They are
combined together for visualization purposes only. When displaying the results, background
processes are grouped as follows: “Production of a 125 GeV h boson” includes all processes
with the SM Higgs boson (including ggh → ZZ → 4l), “ZZ → 4l (excl. h → ZZ → 4l)”
includes all events except ggh→ ZZ→ 4l, “Other” includes events from triboson, ttZ and ttW
production, and “Reducible” includes the reducible background contribution.

The mc
``ττ distributions are shown in Fig. 1 for each of the four Zh channels, and in Fig. 2 for all

eight final states together. The distributions are shown after a background-only fit and include
both statistical and systematic uncertainties. The signal and background predicted yields, as
well as the number of observed events, are given for each of the four Zh channels in Table 4.

The model-independent 95% CL limits are shown in Fig. 3 and are in agreement with the SM
prediction. In addition, multiple MSSM scenarios are considered where 95% CL limits are set
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Figure 1: Reconstructed mass mc
``ττ distributions and uncertainties after a background-only

fit for (upper left) `` + eτh, (upper right) `` + µτh, (lower left) `` + τhτh, and (lower right)
`` + eµ. In all cases the two decay channels of the Z boson are each included as separate
distributions in the simultaneous fit; combining them together is for visualization purposes
only. The uncertainties include both statistical and systematic components. The contribution
from the AZh yields are the numbers of expected signal events for a pseudoscalar Higgs boson
with mA = 300 GeV with the product of the cross section and branching fraction of 20 fb and is
for illustration only.

in the mA–tan β plane. The Low tan β scenario and the hMSSM scenario are shown in Fig. 4.
The previous observed (expected) limits by the CMS Collaboration [23] excluded the mA–tan β
plane to tan β = 2.7 (2.4) at mA = 300 GeV in the Low tan β scenario, whereas tan β value
of 3.8 (3.2) is reached by this analysis. Thus, the limits are improved by more than 30% for
mA = 300 GeV. The improvement in the limits is mainly due to the new mass reconstruction
method described in Section 4, and the amount of improvement depends on the mass point.

For both scenarios limits are set based on the ggA and bbA pseudoscalar A production pro-
cesses. The signal samples used in the analysis are generated with the ggA process. To account
for the bbA production, at each point in the mA–tan β plane, the yield of the signal process
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Figure 2: Reconstructed mass mc
``ττ distribution and uncertainties after a background-only fit

in all eight final states. The final states are each included as separate distributions in the si-
multaneous fit; combining them together is for visualization purposes only. The uncertainties
include both statistical and systematic components. The contribution from the AZh yield is the
number of expected signal events for a pseudoscalar Higgs boson with mA = 300 GeV with the
product of the cross section and branching fraction of 20 fb and is for illustration only.

resulting from ggA is scaled according to Eq. (2) to account for the bbA contribution:

Total signal yield = ggA yield×
(

1 + εbbA/ggA ×
σbbA

σggA

)
. (2)

The scaling takes the estimated ggA yield at each grid point and adds a contribution asso-
ciated to bbA according to the measured difference in the signal region selection efficiency,
εbbA/ggA = 0.76, and the ratio σbbA/σggA, which depends on mA and tan β. The signal yield
scaling allows us to include the estimated bbA contribution which is necessary when set-
ting model-dependent limits in phase space region where the bbA cross section becomes non-
negligible compared to the ggA cross section. For reference, at mA = 300 GeV and tan β = 4,
in the hMSSM scenario, σbbA/σggA = 0.22, which is a non-negligible contribution. In the Low
tan β scenario, Higgs boson masses and mixing (and effective Yukawa couplings) have been
calculated with FeynHiggs [69–73]. For the gluon-fusion process inclusive cross sections are
obtained with SusHi [74], which includes NLO supersymmetric-QCD corrections [75–80], next-
to-NLO QCD corrections for the top-quark contribution in the effective theory of a heavy top
quark [81–85] and electroweak effects by light quarks [86, 87]. Five-flavour next-to-NLO QCD
inclusive cross sections are calculated with SusHi [74] based on bbh@nnlo [88]. The results
are combined with the four-flavour NLO QCD calculation [89, 90]. Whereas in the hMSSM
branching ratios are solely computed with HDECAY [91, 92], the Low tan β scenario combines
the most precise results of HDECAY, FeynHiggs and PROPHECY4f [93–95].
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Table 4: Background and signal expectations together with the numbers of observed events, for
the signal region distributions after a background-only fit. The AZh yields are the numbers of
expected signal events for a pseudoscalar Higgs boson with mA = 300 GeV with the product of
the cross section and branching fraction of 20 fb. The background uncertainty accounts for all
sources of background uncertainty, systematic as well as statistical, after the simultaneous fit.

Process ``+ eτh ``+ µτh ``+ τhτh ``+ eµ
Production of a 125 GeV h boson 0.77± 0.02 1.39± 0.03 1.28± 0.04 0.45± 0.01
ZZ→ 4l (excl. h→ ZZ→ 4l) 6.48± 0.14 11.37± 0.24 7.58± 0.20 4.56± 0.09
Other 0.10± 0.01 0.24± 0.02 0.04± 0.01 0.69± 0.04
Reducible 5.52± 0.47 9.12± 0.85 6.68± 0.70 2.04± 0.23
Total background 12.87± 0.50 22.12± 0.87 15.58± 0.76 7.74± 0.27

AZh, mA = 300 GeV, σB = 20 fb 4.13± 0.18 7.32± 0.30 7.01± 0.40 2.26± 0.10
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Figure 3: The expected and observed 95% CL model-independent limits are shown
for the product of the cross section and branching fraction for the studied process:
σ (ggA)B (A→ Zh→ ``ττ). The green (yellow) bands correspond to the 68% (95%) confi-
dence intervals for the expected limit.

9 Summary
A search is presented for a pseudoscalar Higgs boson decaying into a standard model-like
Higgs boson that further decays into tau leptons and a leptonically decaying Z boson. A data
sample of proton-proton collisions collected at

√
s = 13 TeV by the CMS experiment at the LHC

is used, and corresponds to an integrated luminosity of 35.9 fb−1. The sensitivity of the study is
increased by using the information on the standard model-like Higgs boson mass from the pre-
vious mass measurements when reconstructing the mass of the pseudoscalar Higgs boson. The
signal extraction is further optimized with kinematic selections based on the mass of the stan-
dard model-like Higgs boson. In the absence of observing the signal, model-independent limits
are set. Model-dependent exclusion limits are set in the mA–tan β plane for two distinct Min-
imal supersymmetric standard model scenarios, Low tan β and hMSSM. This analysis brings
complementary sensitivity to analyses excluding mA–tan β phase space at high tan β values by
adding exclusion power at low tan β values.
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Figure 4: The expected and observed 95% CL exclusion limits in the mA–tan β plane are shown
for two MSSM scenarios: (left) Low tan β and (right) hMSSM. The excluded region is the lower
mA and lower tan β phase space. The limits are overlaid on a background showing the theo-
rized σ (ggA + bbA)B (A→ Zh→ ``ττ) at each grid point.
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[44] T. Sjöstrand et al., “An introduction to PYTHIA 8.2”, Comput. Phys. Commun. 191 (2015)
159, doi:10.1016/j.cpc.2015.01.024, arXiv:1410.3012.

http://dx.doi.org/10.1088/1126-6708/2007/11/070
http://www.arXiv.org/abs/0709.2092
http://dx.doi.org/10.1007/JHEP06(2010)043
http://www.arXiv.org/abs/1002.2581
http://dx.doi.org/10.1007/JHEP04(2011)081
http://www.arXiv.org/abs/1012.3380
http://dx.doi.org/10.1088/1126-6708/2009/04/002
http://www.arXiv.org/abs/0812.0578
http://dx.doi.org/10.1007/JHEP10(2013)083
http://www.arXiv.org/abs/1306.2542
http://dx.doi.org/10.1007/JHEP06(2012)132
http://www.arXiv.org/abs/1203.6321
http://dx.doi.org/10.1007/JHEP09(2013)129
http://www.arXiv.org/abs/1306.4581
http://dx.doi.org/10.23731/CYRM-2017-002
http://www.arXiv.org/abs/1610.07922
http://dx.doi.org/10.1140/epjc/s10052-011-1753-8
http://www.arXiv.org/abs/1107.5909
http://dx.doi.org/10.1016/j.nuclphysb.2011.03.021
http://www.arXiv.org/abs/1101.1300
http://dx.doi.org/10.1016/j.nuclphysbps.2010.08.011
http://www.arXiv.org/abs/1007.3492
http://dx.doi.org/10.1007/JHEP12(2012)061
http://www.arXiv.org/abs/1209.6215
http://dx.doi.org/10.1140/epjc/s10052-007-0490-5
http://www.arXiv.org/abs/0706.2569
http://dx.doi.org/10.1016/j.cpc.2015.01.024
http://www.arXiv.org/abs/1410.3012


18

[45] R. D. Ball et al., “Unbiased global determination of parton distributions and their
uncertainties at NNLO and at LO”, Nucl. Phys. B 855 (2012) 153,
doi:10.1016/j.nuclphysb.2011.09.024, arXiv:1107.2652.

[46] CMS Collaboration, “Event generator tunes obtained from underlying event and
multiparton scattering measurements”, Eur. Phys. J. C 76 (2016) 155,
doi:10.1140/epjc/s10052-016-3988-x, arXiv:1512.00815.

[47] GEANT4 Collaboration, “GEANT4—a simulation toolkit”, Nucl. Instrum. Meth. A 506
(2003) 250, doi:10.1016/S0168-9002(03)01368-8.

[48] CMS Collaboration, “Particle-flow reconstruction and global event description with the
CMS detector”, JINST 12 (2017) P10003, doi:10.1088/1748-0221/12/10/P10003,
arXiv:1706.04965.

[49] M. Cacciari, G. P. Salam, and G. Soyez, “FastJet user manual”, Eur. Phys. J. C 72 (2012)
1896, doi:10.1140/epjc/s10052-012-1896-2, arXiv:1111.6097.

[50] M. Cacciari and G. P. Salam, “Dispelling the N3 myth for the kT jet-finder”, Phys. Lett. B
641 (2006) 57, doi:10.1016/j.physletb.2006.08.037, arXiv:hep-ph/0512210.

[51] CMS Collaboration, “Performance of missing transverse momentum in pp collisions at√
s=13 TeV using the CMS detector”, CMS Physics Analysis Summary

CMS-PAS-JME-17-001, 2018.

[52] M. Cacciari, G. P. Salam, and G. Soyez, “The anti-kT jet clustering algorithm”, JHEP 04
(2008) 063, doi:10.1088/1126-6708/2008/04/063, arXiv:0802.1189.
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