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1 Introduction

The standard model (SM) of particle physics describes a wide range of observed phenomena.
However, it is not an ultimate theory of nature as, for example, the SM fails to explain
neutrino masses, the matter-antimatter asymmetry of the universe, and the nature of dark
matter [1]. In one of the simplest extensions, an additional U(1) symmetry group gives rise to a
new neutral gauge boson, Z′, analogous to the SM Z boson. A Z′ boson is proposed in various
models of physics beyond the SM such as U(1)X extensions [2, 3], Randall–Sundrum models [4–
6], and grand unified theories [7, 8]. Such Z′ bosons could be produced in proton-proton
(pp) collisions at the CERN LHC.

In recent years, potential effects beyond the SM have been examined through precision
measurements of B meson decay rates [9–19]. These effects can be roughly categorized into
neutral-current anomalies R(K∗) and charged-current anomalies R(D∗), R being a branching
fraction ratio between decay modes with different-flavored lepton daughters. These ratios
measure the violation of lepton flavor universality in b → sℓℓ and b → cℓνℓ transitions,
respectively. These measurements have led to proposals of various theoretical models of
heavy neutral and charged gauge bosons (Z′ and W′, respectively) with nonuniversal fermion
couplings. Anomalies in R(K∗) motivate the search for a Z′ boson that preferentially couples to
third-generation fermions [20, 21]. Updated measurements from the LHCb experiment [18, 19]
have removed tension originally observed in tests of lepton flavor universality in b → sℓℓ

transitions that motivated this low-mass Z′ signal model. More recently, however, an
additional spontaneously broken U(1)X gauge group with family-dependent charges has been
proposed that is consistent with the latest R(K∗) measurements along with a TeV-scale Z′

boson [3]. This motivates the current search (i.e., using the dimuon channel only).
Searches for a Z′ boson inclusive in associated jet multiplicity have been performed

by both the ATLAS and CMS Collaborations in dielectron and dimuon final states using
data collected during the LHC Run 2 [22–24], which spanned the years 2015–2018. These
searches assume flavor universality of the couplings to all quark and lepton generations,
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Figure 1. Representative Feynman diagrams of Z′ boson production with bottom-bottom or bottom-
strange quark fusion with decays into a dimuon final state. Production at tree level (left), single
associated initial-state radiation (ISR) jet production (middle), and two associated ISR jet production
(right) are shown.

and the leading order (LO) gauge boson production is driven by light-quark initial states.
Assuming a Z′ boson with the same couplings to the third-generation fermions as the SM
Z boson, bounds on the Z′ boson mass (mZ′) are found for the Z′ → τ

+
τ
− decay mode,

excluding mZ′ up to 2.42 (ATLAS) [25] and 3.5 TeV (CMS) [26], and for the Z′ → bb decay
mode, excluding mZ′ up to 2.7 (ATLAS) [27] and 2.4 TeV (CMS) [28]. Models that prefer
third-generation quark production modes, such as those in ref. [20], which proposes a Z′

boson decaying to muons that could accommodate flavor anomalies and be detected at the
LHC. We probe the decay to muons of a Z′ boson (with no coupling to electrons) produced
via bottom-bottom or bottom-strange quark fusion as a benchmark model. A Z′ decay into
a tau lepton pair is not considered. Consequently, models in refs. [29–31], which propose
Z′ bosons decaying to tau leptons, are not directly excluded. Diagrams for the Z′ boson
production and decay are shown in figure 1.

The search presented here for a Z′ boson in the mass range of 125–350 GeV complements
the search of ref. [32], which explored Z′ boson masses in the range of 350 GeV to 2 TeV. The
present study is optimized for a Z′ boson scenario with exclusive bottom quark couplings
in the quark sector and possible flavor-changing neutral current (FCNC) bottom-strange
couplings (δbs). The presence of the δbs coupling adds diagrams directly accessing the strange
quark PDF of the proton for Z′ boson production, as well as 2-jet diagrams where one of the
outgoing jets is a strange quark jet. Increasing δbs enhances the production cross section
and increases the fraction of events with associated light jets.

In this benchmark scenario, the hypothetical spin-1 narrow Z′ resonance couples exclusively
to muons and muon neutrinos in the lepton sector. We therefore search for a narrow resonance,
i.e., with the width less than 1% of its mass. It is produced in association with one or more
jets where at least one is b tagged, and decays into a pair of muons. Dielectron events
are treated as a control region (CR).

The search does retain some sensitivity to flavor-universal models. For a sequential-SM [33]
Z′ boson with flavor-universal quark couplings most of the parameter space has already been
excluded for masses ranging from 150 GeV to 5.15 TeV [22, 24, 34]. The sensitivity of the
search reported here for flavor-universal lepton couplings is reduced because of the use of
dielectron CRs for the background prediction. This limitation will be described in section 7.
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The analysis is performed on LHC Run 2 pp collision data at a center-of-mass energy of
13 TeV collected during 2016–2018, and corresponding to an integrated luminosity of 138 fb−1.
As cross section measurements of Drell–Yan (DY) plus single or double b jet processes have
found significant deviations from simulation predictions [35, 36], the background estimation
strategy is fully based on control samples in data. Results are presented in a model-independent
manner, covering a range of hypothetical Z′ boson production with different final states for
both pure bottom and FCNC bottom-strange quark couplings. The processes are grouped
into seven categories for the interpretation of our results according to the matrix element (ME)
calculation of the process. For the left diagram in figure 1, 0b (b-s) and 0b (b-b) denote
b-s and b-b fusion, respectively, with no associated partons. For the middle diagram, 1b
denotes a single associated b parton, and 1s denotes a single associated s parton. For the
right diagram, 1b +1s denotes associated b and s partons, 2b denotes two associated b
partons, and 2s denotes two associated s partons arising from a similar diagram where an
ISR gluon splits into an ss parton pair.

This paper is structured as follows: Section 2 describes the CMS detector and the event
reconstruction. Section 3 introduces the data used and the simulated samples generated.
Section 4 deals with the event selection and categorization. Section 5 describes the background
estimation, while section 6 lists all systematic uncertainties considered. Results are shown
in section 7, with a summary provided in section 8. Tabulated results can be found in the
HEPData record for this analysis [37].

2 The CMS detector and event reconstruction

The CMS apparatus [38, 39] is a multipurpose, nearly hermetic detector, designed to trigger
on [40–42] and identify electrons, muons, photons, and (charged and neutral) hadrons [43–
45]. Its central feature is a superconducting solenoid of 6 m internal diameter, 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 (HCAL), each composed of a barrel and two endcap sections. Forward calorimeters
extend the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are
reconstructed using gas-ionization detectors embedded in the steel flux-return yoke outside
the solenoid. More detailed descriptions of the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic variables, can be found in refs. [38, 39].

Events of interest are selected using a two-tiered trigger system. The first level (L1),
composed of custom hardware processors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100 kHz within a fixed latency of about 4 µs [40].
The second level, known as the high-level trigger, consists of a farm of processors running a
version of the full event reconstruction software optimized for fast processing, and reduces
the event rate to around 1 kHz before data storage [41]. Events are selected using either (i) a
trigger requiring a single muon, with a minimum pT threshold of 50 GeV, updated in 2017 and
2018 to use a slightly different reconstruction method better optimized for high-pT muons, or
(ii) a double-electron trigger with a pT requirement of 33 GeV per electron, which was lowered
to 25 GeV during 2017 and 2018. Single-muon triggers are used instead of double-muon
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triggers because they offer higher acceptance, and the primary advantage of double muon
triggers, the lower pT threshold, is not required.

The global event reconstruction, also called particle-flow (PF) event reconstruction [46],
aims to reconstruct and identify each individual particle in an event, with an optimized
combination of all subdetector information. In this process, the identification of the particle
type (photon, electron, muon, charged hadron, neutral hadron) plays an important role in the
determination of the particle direction and energy. Photons are identified as ECAL energy
clusters not linked to the extrapolation of any charged-particle trajectory to the ECAL.
Electrons are identified as a primary charged-particle track and potentially many ECAL
energy clusters corresponding to this track extrapolation and to possible bremsstrahlung
photons. Muons are identified as tracks in the central tracker consistent with either a track
or several hits in the muon system, and associated with calorimeter deposits compatible
with the muon hypothesis. Charged hadrons are identified as charged-particle tracks neither
identified as electrons, nor as muons. Finally, neutral hadrons are identified as HCAL energy
clusters not linked to any charged-hadron trajectory, or as a combined ECAL and HCAL
energy excess with respect to the expected charged-hadron energy deposit.

Hadronic jets are clustered from reconstructed PF particles using the anti-kT algorithm [47,
48] with a distance parameter of 0.4. Jet momentum is determined as the vectorial sum of
all particle momenta in the jet, and is found from simulation to be, on average, within 5
to 10% of the true particle-level momentum. Additional pp interactions within the same
or nearby bunch crossings (pileup) can contribute additional tracks and calorimetric energy
depositions to the jet momentum. To mitigate this effect, charged-particles identified to be
originating from pileup vertices are discarded and an offset correction is applied to correct
for remaining contributions. Jet energy corrections are derived from simulation to bring the
measured response of jets to that of particle-level jets on average, and in situ measurements
of the momentum balance in dijets, multijets, and Z+jets events are used to account for any
residual differences in the jet energy scale between data and simulation [49]. The jet energy
resolution amounts typically to 15–20% at 30 GeV, 10% at 100 GeV, and 5% at 1 TeV [49].
We refer to the group of either type of lepton (e or µ) or jet, irrespective of b tagging, as an
object, from hereon out. A tight lepton veto is applied to ensure jets are not misreconstructed
leptons and a ∆R =

√
(∆η)2 + (∆ϕ)2 > 0.4 requirement is applied to the nearest electron

or muon, where ∆η and ∆ϕ are the differences in the pseudorapidity and azimuthal angle,
respectively, between the two objects. Additional selection criteria are applied to each jet
to remove jets potentially dominated by anomalous contributions from various subdetector
components or reconstruction failures [50].

The missing transverse momentum vector p⃗ miss
T is computed as the negative vector sum

of the transverse momenta of all the PF candidates in an event, and its magnitude is denoted
as pmiss

T [51]. The p⃗ miss
T is modified to account for corrections to the energy scale of the

reconstructed jets in the event.
Jets containing b quarks can be identified utilizing the relatively long b quark lifetime

and identifying a secondary vertex within the jet, as well as using jet shape variables [52].
We utilize the medium working point of the DeepJet algorithm [53, 54] defined by a 1%
misidentification probability for jets originated from light-quarks or gluons, yielding an
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efficiency of ≈90% to identify jets originated from b quarks as b-tagged. All jets are required
to fulfill |η| < 2.4, a tight jet identification selection to suppress detector noise, and for
jet pT < 50 GeV, a boosted decision tree discriminator is used to reject pileup jets if the
score passes a certain threshold (tight working point) [50, 55]. The b-tagged jets are subject
to a requirement of pT > 20 GeV, while non-b-tagged jets must satisfy pT > 30 GeV. The
lower pT requirement for b jets allows for greater acceptance of the soft associated b jet
production and is possible since the b-tagged jet selection retains purity at lower pT. Lastly,
all jets must be separated from any identified isolated electron or muon by at least ∆R > 0.4.
Scale factors to correct for the differences between data and simulation are applied to pileup
and b tagging criteria [52].

The electron momentum is estimated by combining the energy measurement in the ECAL
with the momentum measurement in the tracker. The relative energy resolution for electrons
withpT ≈ 45 GeV from Z → ee decays ranges from 1.4 to 3%. It is generally better in the
barrel region than in the endcaps, depends on the bremsstrahlung energy emitted by the
electron as it traverses the material in front of the ECAL, and the data-taking year [43, 56].
This results in a dielectron mass resolution for Z → ee decays in the ranges 1.2–2.0% or
2.2–3.2% when both electrons are in the ECAL barrel or in the ECAL endcaps, respectively

Muons are measured in the pseudorapidity range |η| < 2.4. The single-muon trigger
efficiency exceeds 90% over the full η range, and the efficiency to reconstruct and identify
muons is greater than 96%. Matching muons to tracks measured in the silicon tracker results
in a relative transverse momentum resolution, for muons with pT up to 100 GeV, of 1% in
the barrel and 3% in the endcaps. The pT resolution in the barrel is better than 7% for
muons with pT up to 1 TeV [44].

Electrons and muons in this analysis are required to fulfill pT > 53 GeV and |η| < 2.4,
slightly above the 50 GeV muon trigger threshold. We require tight quality criteria with
misidentification probabilities of 1% for electrons, using high-energy electron pair (HEEP)
identification [43], and 0.1% for muons, using the cutoff-based high-pT identification [44].
Moreover, both types of leptons are required to be isolated, where the relative isolation is
measured by the pT sum of all additional PF candidates in a cone around the lepton relative
to the lepton pT [44, 57]. The cone size is ∆R < 0.3 for electrons and < 0.4 for muons.
The isolation is part of a multivariate analysis (MVA) discriminant for electrons with the
aforementioned misidentification rate and a total efficiency of reconstruction, identification,
and the isolation requirement of 85–90% [43]. For muons, relative isolation is evaluated
independently of the identification working point and is required to be less than 0.1. Lepton
isolation is corrected for neutral-hadron contributions from pileup [43, 44]. This selection is
synchronized with the CMS dilepton final-state search [24] and utilizes the high-pT identifica-
tion developed for that analysis. Muon and electron momentum scale factors are applied to
amend differences in momentum reconstruction between data and simulation. Both lepton
types are corrected in simulation with scale factors for differences in identification, isolation,
and reconstruction efficiencies to data.

An additional loose selection of electrons or muons is used to veto events with extra leptons.
A loose set of quality criteria is applied, using the MVA identification for electrons [43], as
the HEEP identification [43] does not allow for selecting sufficiently low-pT electrons, and the
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Object Identification Minimum pT [GeV]
µ Tight 53
e Tight 53

Veto µ Loose 10
Veto e Loose 10
b jet Pass medium b tag 20

Non-b jet Fail medium b tag 30

Table 1. Summary of object selection requirements on leptons, veto leptons, and jets passing and
failing b jet identification. All objects have a maximum |η| of 2.4. The efficiencies of the respective
identification working points are detailed in the text of section 2.

cutoff-based high-pT identification for the muons along with the requirements pT > 10 GeV
and |η| < 2.4 [44].

Table 1 summarizes these selection requirements.

3 Data and simulated samples

Signal Monte Carlo (MC) samples were prepared with MadGraph5_amc@nlo [58] version
2.4.2 (2.6.0) for 2016 (2017 and 2018) at leading order (LO) with the NNPDF3.1 [59] parton
distribution functions (PDFs) in the five flavor scheme. The MLM technique [60] is used to
eliminate the double counting between jets from the matrix element calculations and parton
shower. The signal process is generated with up to two additional partons. The Universal
FeynRules Output (UFO) [61] configuration file for the signal process was privately prepared
and can be found in the HEPData record for this analysis [37]. Signals are generated at Z′

boson masses of 125, 150, 175, 200, 250, 300, and 350 GeV, and with δbs values of 0.04, 0.5,
and 1.0, with resonance widths of less than 1% of the Z′ boson mass. This is lower than
the reconstructed dimuon mass resolution, which ranges from 1.7 GeV at 125 GeV to 7.2 GeV
at 350 GeV. Different δbs samples change the proportion of different production categories,
each with its unique product of acceptance and efficiency, but not the dimuon mass shape.
The δbs values were chosen to cover different production categories [20].

DY + jets processes are simulated at next-to-leading order (NLO) using Mad-
Graph5_amc@nlo version 2.4.2 (2.6.5) for 2016 (2017 and 2018) data taking, with jets from
the matrix element calculations and from parton shower matched using the FxFx scheme [62].
Single top quark, top quark pair production (tt), and diboson (VV = WW, WZ, ZZ) samples
are simulated at NLO using the powheg v2.0 generator. Additional NLO DY samples gener-
ated with powheg are used to increase the event count of the MadGraph5_amc@nlo sam-
ples in the low-mass regions where the selections are most stringent. In the powheg samples,
the jet matching is handled internally.

The NNPDF3.0 [63] parton distribution functions (PDFs) are used for 2016, while
NNPDF3.1 [59] is used for the 2017 and 2018 data taking. The matrix element generators
are interfaced with pythia 8.226 (8.230) [64] for parton showering and underlying event
description using the CUETP8M1 tune [65] (CP5 tune [66]) for 2016 (2017 and 2018) samples.
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Pileup is included in the simulation, as generated with pythia, with its multiplicity
distribution adjusted to match that observed in data. All simulated events are processed
by a Geant4-based [67] simulation of the CMS detector, in the same version of the CMS
software as used in data reconstruction.

4 Event selection and categorization

After selecting events that pass the single muon or double-electron triggers, we retain only
events with exactly two opposite-sign same-flavor leptons with selection criteria that ensure
high purity and veto any event with any further loosely selected leptons of any flavor, as
detailed in the object selections described in section 2. To search for a Z′ boson that
decays to muons, with associated b jets, we create dimuon signal regions (SRs) containing
at least one b-tagged jet and CRs enhanced with either events containing either electrons,
or light-quark, or gluon, jets.

We select events with exactly one or two jets. These two jet multiplicity categories are
handled separately to distinguish the two types of leading diagrams in their respective jet
multiplicity categories for the targeted signal: a quark-gluon initiated diagram with one
final-state b quark in the 1-jet category, and a gluon-gluon initiated diagram with an sb
or bb quark pair in the final state for the 2-jet category. The presence of a flavor-violating
δbs coupling adds diagrams directly accessing the strange quark PDF of the proton for Z′

boson production, as well as 2-jet diagrams where one of the outgoing jets is a strange
quark jet. Therefore, the strength of such a coupling changes both the branching fraction
between the 1- and 2-jet categories, and their acceptances. Higher jet multiplicities are
not included due to of minimal signal acceptance and larger additional background. The
SRs and the dielectron b jet enriched CRs require at least one jet to be b tagged, while
the light-jet regions require no b-tagged jets. In the labeling of SRs and CRs, dimuon and
dielectron regions are denoted with a µµ or ee superscript, respectively, and a “j”, “b”, “2j”
or “b + j/b” subscript indicates that the region is a single/double light-quark jet or b jet
region. Table 2 lists the resulting SRs and CRs.

Further requirements to suppress backgrounds beyond the selections introduced in section 2
depend on the dilepton invariant mass mℓℓ and the jet multiplicity. Consequently, two-
dimensional Bottom Quark Fusion (BQF) variable selections are applied to optimize the
analysis as a function of the reconstructed dilepton mass. These are upper bounds on
pmiss

T /mµµ and on the difference between the scalar sum of jet transverse momenta (HT)
and lepton transverse momenta (LT), denoted as HT − LT. Distributions of these BQF
variables, proposed in ref. [20], for backgrounds and signals in SRµµ

b and SRµµ

b+j/b are shown
in figure 2. The signal distributions for the HT − LT and pmiss

T /mµµ variables shift as a
function of the Z′ boson mass.

We optimize the selections on each BQF variable to maximize the expected significance,
defined as the signal counts divided by the square root of the sum of signal and expected
background counts, for a range of signal mass hypotheses between 125 and 350 GeV. The
reconstructed Z′ boson mass is used as a proxy of the generated Z′ boson mass to create
two-dimensional selections tuned for optimal performance as a function of the mass. The
results of the optimization are shown in table 3.
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Nb Nall
jets µ

+
µ
− e+e−

≥1 2 SRµµ

b+j/b CRee
b+j/b

0 2 CRµµ

2j CRee
2j

1 1 SRµµ

b CRee
b

0 1 CRµµ

j CRee
j

Table 2. Number of jet requirements for the SRs and CRs based on opposite-sign dilepton pair flavor,
number of b-tagged jets (Nb), and the overall number of jets (Nall

jets). Events with more than two
leptons passing veto lepton selections of any flavor are discarded. In the chosen benchmark model,
the Z′ boson does not decay into electrons, hence the use of the dielectron CRs.

BQF variable Jet multiplicity
1 2

pmiss
T /mℓℓ < 223(mℓℓ/GeV)−0.23 67(mℓℓ/GeV)−0.04

HT − LT < −0.43mℓℓ + 47 GeV −0.56mℓℓ + 124 GeV

Table 3. Summary of additional mℓℓ-dependent event selection requirements on pmiss
T and HT −

LT BQF variables to suppress backgrounds. The jet multiplicity column indicates the maximum
value the BQF variables can have to pass the selection for the respective number of jets.

At the lowest dimuon masses in our search range, the background suppression is less
effective, as both HT −LT and pmiss

T /mµµ better separate signal from background for high-pT
dimuons. Additionally, the decay products of a low-mass Z′ boson are generally more similar
to those of SM processes, reducing the efficacy of the BQF selections. Conversely, with
increasing mass, the background rejection power of the BQF variables improves.

Compared to the variables used for masses above 350 GeV in the high-mass analysis [32],
the BQF variables offer less stringent background rejection but higher acceptance. For dilepton
masses between 125 and 350 GeV, background events are reduced to 78–42% of their pre-BQF-
variable selection values in SRµµ

b and to 43–21% in SRµµ

b+j/b . Signal events are reduced to
95–84% in SRµµ

b and 76–67% in SRµµ

b+j/b relative to their pre-BQF-variable selection values.
We analyze the dilepton mass range 122–391 GeV so as to cover a Z′ boson mass range

of 125–350 GeV, by expanding the mass window by 3 times the dimuon mass resolution
in each direction.

5 Background estimation

In this search, we use an ABCD (matrix) background estimation technique based on parametric
fits to the CRs to smooth statistical fluctuations. All previous selections, including the BQF
ones, are applied before performing the fits. Jet and electron selections are used to construct
the CRs, which are then used to predict the backgrounds in the muon-enriched and b jet
enriched SRs.
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Figure 2. Distributions of the search-specific variables from simulated backgrounds and signals for
Z′ boson masses of 125, 200, and 350 GeV after object selections including a single-muon requirement
and categorization into both jet multiplicities. The left column shows the HT − LT distributions,
and the right column shows the pmiss

T /mℓℓ distributions. The upper row shows the 1-jet category
distributions, and the lower row shows the 2-jet category distributions. Overflow events are not shown.

Figure 3 shows a visualization of the ABCD method. Here, the symbols A, B, C, and
D refer to four regions constructed from two uncorrelated selection based on leptons and
jets. One of the regions (A) is dominated by signal while the other three CRs (B, C, D)
are background-dominated. The background yield in the SR is estimated from the yields in
the three CRs with the expression: NA = NBNC/ND, where NX is the number of events
in region X.

For this analysis, as the benchmark model predicts no decays to electrons, the background
shape is extracted from a dielectron CR with at least one b-tagged jet for both the one
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Figure 3. A visualization of the ABCD SRs and CRs. For example, SRµµ

b represents the dimuon b
jet enriched SRs (SRµµ

b or SRµµ

b+j/b) and CRee
b represents the dielectron b jet enriched CRs (CRee

b or
CRee

b+j/b).

(CRee
b ) and two (CRee

b+j/b) jet regions, as also indicated in table 2. To correct for differences
in the dilepton mass shape and normalization arising from acceptance, resolution, and other
differences between electrons and muons, a multiplicative transfer factor per bin in the dilepton
mass distribution is determined from functional fits, described below, in non-b-tagged regions:
CRµµ

j /CRee
j and CRµµ

2j /CRee
2j for the one- and two-jet regions, respectively. These per-bin

transfer factors are then multiplied per bin by fit values in the dielectron b-tagged regions
CRee

b and CRee
b+j/b to create the predictions for backgrounds in SRµµ

b and SRµµ

b+j/b . Thus,
the ABCD background prediction equations are given by:

SR
µµ

b = CR
ee
b

CR
µµ

j

CR
ee
j

, SR
µµ

b+j/b = CR
ee
b+j/b

CR
µµ

2j

CR
ee
2j

. (5.1)

This method assumes that there is no signal in the CRs. In the benchmark model, signal
contamination in the dimuon non-b-tagged regions has been tested and found to be negligible
even with a signal ten times the expected exclusion cross section, because of the far higher
background rates and lower signal acceptance, even for production with additional associated
strange jets. Furthermore, any initial/final-state radiation or PDF effects cancel in the ratio
of the regions of different lepton flavors by construction. In addition, a signal injection test
into the dielecton b jet enriched CRs was conducted to demonstrate robustness against signal
contamination for Z′ scenarios with electron couplings (as discussed in section 7).

The main backgrounds depend on the associated jet multiplicity and dilepton mass. In
general, tt is the most relevant background at higher dilepton masses, while in the lower range,
DY processes are dominant. A subdominant contribution from single top quark production
is always present at either multiplicity, and rarer backgrounds, such as VV, contribute at
the sub-percent level. Most of the DY background is in the 1-jet regions (≈50% DY, ≈40%
tt , ≈10% single top quark), while tt background aggregates preferably in the 2-jet regions
(≈20% DY, ≈75% tt , ≈5% single top quark).
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All backgrounds are estimated directly from data using the ABCD method rather than
from simulations. This is motivated because (i) in cross section measurements of DY
production with one or two associated b jets, discrepancies between simulations and data
have been observed [35], and (ii) uncertainties in the bottom and strange quark PDF
contributions would affect predictions for the relative rate of background processes, and
thereby the background acceptance in regions with one to two associated b jets.

We utilize two types of mℓℓ binning in this analysis. We use a flat 1 GeV binning for the
background estimation based on CRs in data to improve the fit stability in the CRs. For the
SRs, we use a binning scheme that progressively widens in 1 GeV steps, starting from 1 GeV
and ending at 9 GeV, to match the width of the Z′ boson mass resonance peak. This ensures
sufficient resolution for limit setting while avoiding low counts per bin. The dilepton mass
distribution is plotted as the number of events normalized by the bin width (figures 4–9).
The bin widths are rounded down to the closest integer of the reconstructed Z′ boson width
in GeV for a resonance at the corresponding mℓℓ . The mℓℓ locations at which the binning
widens are: 136, 182, 224, 264, 299, 335, 363, and 395 GeV.

All shapes and normalizations are extracted using a log-normal function:

f(mℓℓ, σ, µ, n) = n

mℓℓσ
√

2π
exp

[
−(ln(mℓℓ) − µ)2

2σ2

]
, (5.2)

where σ is the turn-on width, µ is the mean, and n the normalization.
The comparisons of simulated backgrounds, including all systematic uncertainties, with

the ABCD SR background predictions derived from fits to the simulated CRs are shown in
figure 4. The respective ratios of the ABCD predictions derived on simulated CRs to the
actual simulated prediction in each SR are also shown.

Discrepancies are observed between data and simulation in the CRs, as shown in figures 5
and 6, which motivated us not to use a simulated background prediction in favor of a
background prediction based solely on data. Figure 7 presents the ABCD prediction compared
to the data, illustrating the accuracy of the background estimation technique based on the
CRs in data. Between the ABCD background estimation and the observed background in
data, we calculate a χ2 of 83.0, 67.1, 124.0 (42.7, 71.9, 77.4) over 84 bins for 2016, 2017,
2018 SRµµ

b (SRµµ

b+j/b), respectively.

6 Systematic uncertainties

Systematic uncertainties of both theoretical and experimental origin that affect signal sim-
ulation are listed in table 4. Background uncertainties in this analysis are not subject to
simulation uncertainties, but rather uncertainties in the closure of the ABCD method. These
uncertainties affect both the signal and background acceptance, as well as the dilepton mass
distribution, which is the primary search variable. As we aim to provide model-independent
results, we factorize the results into signal acceptances for different final-states. Template
shapes for the nominal dilepton mass resonance and each of its systematic variations are
used to set limits on the shape prior to applying the acceptances for each final-state jet
multiplicity. It is important to note that the addition of initial-state b jet production does
not change the mass shape of the resonance.
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Figure 4. Comparison between the predictions of the SRµµ

b background from simulation (gray) and
the ABCD method (teal) from MC simulation. Events are divided by the bin width. The statistical
and systematic uncertainties using the ABCD method are shown around it in a teal hashed area.
The ratio of the nominal MC background values (dashed line) to the ABCD prediction is shown as a
dashed line in the ratio plot. The MC background uncertainties are not shown for visual clarity. Left:
SRµµ

b . Right: SRµµ

b+j/b .

The integrated luminosities for the 2016, 2017, and 2018 data-taking periods have 1.2–2.5%
individual uncertainties [68–70], while the overall uncertainty for the 2016–2018 period is 1.6%.

Mismodeling of pileup is evaluated by varying the total inelastic pp cross section used to
predict the pileup distribution in the data by ±4.6% [71]. This affects the signal normalization
in the range of 0.30–2.44%, correlated across years.

Simulated jet four-momenta are varied according to the jet energy scale and resolution
uncertainties, resulting in a systematic uncertainty in the transverse momentum of 2.4–4.4%
for the jet energy scale and 2.6–7.2% for the jet energy resolution per jet. The misidentification
rate of genuine jets in the pileup identification between data and simulation is also varied
within its uncertainty, contributing 0.7–1.7% uncertainty in the event yield. Finally, the
uncertainty in the pT- and |η|-dependent b tagging efficiency for b, c, and light-flavor quarks
or gluons is evaluated by varying data-to-simulation scale factors applied to simulation by
their uncertainties. These variations yield a change in normalization and shape of 0.6–1.6%.

In June of 2018, the HCAL experienced a readout loss covering approximately a ∆ϕ = 40◦

arc in the region 1.3 < |η| < 3.0 [39]. In MC simulations, jets in this region are assigned
an additional 0.20–0.22% HCAL jet energy scale uncertainty to account for uncertainties
in the modeling of this issue.

The fit function used for the mass distribution in each CR is subject to correlations by
which fluctuations in low-mass bins can inversely affect the fit predictions in the high-mass
range, and vice versa. For example, an upward fluctuation in the lower part of the CRee

b
mass range could cause the fitted function to underestimate the data in the higher part
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Figure 5. The 1-jet CRs with data fits used for the SRµµ

b background prediction. Upper left: CRµµ

j .
Upper right: CRee

b . Lower: CRee
j . Events are divided by the bin width. We observe a shape difference

between data and simulation in CRµµ

j . The ratio of the nominal MC background values (dashed line)
and data to the ABCD prediction is shown as a dashed line in the ratio plot. The MC background is
included as a comparison, and is not used for predictions.

of the CRee
b mass range. These effects lead to nontrivial and varied changes in the fit

prediction, depending on the bin where the fluctuation occurs, which are not adequately
accounted for by taking the envelope of the covariance matrix. As such, the variations in the
fit from fluctuations at each bin are introduced as a systematic uncertainty. Because CRee

b
and CRee

b+j/b are the least populated regions, and therefore the most sensitive to statistical
fluctuations in any bin, we use these CRs to estimate the correlations in the fit function
across bins caused by such fluctuations. The central prediction of the fit is used as a baseline
for the per-bin estimated yield. The Poissonian uncertainty in that estimated yield is taken
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Figure 6. The 2-jet CRs with data fits used for the SRµµ

b+j/b background prediction. Upper left:
CRµµ

2j . Upper right: CRee
b+j/b . Lower: CRee

2j . Events are divided by the bin width. We observe a
shape difference between the MC and data in CRµµ

2j . The ratio of the nominal MC background values
(dashed line) and data to the ABCD prediction is shown as a dashed line in the ratio plot. The MC
background is included as a comparison, and is not used for predictions.

as the bin’s fluctuation value. For each bin, we vary the number of events up and down by its
fluctuation value and refit the distribution for each variation. The resulting changes to the fit
prediction based on the fit variations are assigned as shape uncertainties over the dilepton
mass range. This method preserves the correlations between the bins along the entire fit
prediction curve. To demonstrate the size of the fit variations, the envelope of all these
variations adds an effective uncertainty that we refer to as the background fit uncertainty
of 2 to 16% (2 to 17%) in SRµµ

b (SRµµ

b+j/b).
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Figure 7. Distributions of mℓℓ in the SRµµ

b (left) and SRµµ

b+j/b (right) SRs. Events are divided by
the bin width. Simulated signal shapes for Z′ boson masses of 125, 200, and 350 GeV are shown. The
“Stat + syst” band shows the envelope of the fit variations with statistical uncertainties. The ratio of
the nominal MC background values (dashed line) and data to the ABCD prediction is shown as a
dashed line in the ratio plot. The MC background uncertainties are not shown for visual clarity.

For the signal acceptances of different jet multiplicities, we take into account the PDF,
factorization, and renormalization scale uncertainties of each. The PDF uncertainties are
evaluated by reweighting the signal and background events using the 68% envelopes of the
NNPDF 3.0 or 3.1 set of eigenvector variations as per the recommendation of the PDF4LHC
working group [72]. The PDF uncertainties result in a < 0.1% uncertainty in the acceptance,
correlated across the data-taking years. Factorization and renormalization scales, µF and
µR, impact within each matrix element diagram the presence of further associated soft jets.
The associated soft jets mostly affect the acceptance of final states with no inherent outgoing
bottom quark. Uncertainties in this are estimated for each final states’s acceptance by halving
or doubling each scale independently and choosing the largest deviations from nominal in
each direction among all permutations as the total uncertainty, excluding the two extreme
variations. The scale variations introduce a relative variation of up to 7%, with a mean value
of 2%. An overview of all uncertainties considered for the dilepton mass shape of the Z′

boson resonance and the background and which part of the analysis they affect, as well as
whether there are correlations across the data-taking years, are summarized in table 4.

7 Results

The SR data agree with the background predictions within the uncertainties.
We report limits on the product of inclusive cross section and branching fraction. Accep-

tance times efficiency for individual production processes, primarily based on the flavors and
multiplicities (b and s) of the initial-state radiation (ISR), are listed in tables 5–11, such that
the limits can be reinterpreted for any model based on these processes. Contributions from
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Uncertainty source Type Processes Range
SRµµ

b SRµµ

b+j/b
Trigger eff. Per event Signal 2.2–4.7%
Background fit Per event Backgr. est. 2–16% 2–17%
Integrated luminosity Per event Signal 1.2–2.5%
Muon reco., ident., and iso. eff. Per muon Signal 0.2–0.6%
Muon energy scale Per muon (pT) Signal 0.1–0.2%
Jet energy scale Per jet (pT) Signal 2.4–4.4%
Jet energy resolution Per jet (pT) Signal 2.6–7.2%
HCAL inefficiency* Per jet (pT) Signal 0.20–0.22%
b tagging efficiency* Per jet Signal 0.6–1.6%
Pileup* Per event Signal 0.30–2.44%
Pileup jet ident. Per jet Signal 0.7–1.7%
PDF Per event Signal <0.02% <0.2%
Factorization/renormalization scales Per event Signal <0.2% <0.4%

Table 4. Overview of systematic uncertainty sources and their ranges. Systematic uncertainties that
are treated as fully or partially correlated across the data-taking years are labeled with an asterisk.

other jet flavors (light-flavor and charm quarks) are not considered for the categorization,
as they do not couple to the Z′ boson in the model considered.

The mℓℓ distributions corresponding to the reconstructed dilepton masses in the 1- and
2-jet categories, combined over all three data-taking years, are shown in figure 7, along with
a few simulated Z′ boson signal masses. Limits are based on the background estimation
from control samples in data. The dominant background in the low-mass range of SRµµ

b is
DY production, while in all other areas of the mℓℓ distribution tt dominates, for either SR.
Single top quark background contributes at the 5 to 10% level and rarer diboson backgrounds
have sub-percent contributions.

The total background shape and normalization have been estimated based on CRs in data,
as described in section 5. Asymptotic limits at 95% confidence level (CL) [73] are set for Z′

boson masses between 125 and 350 GeV, with corresponding reconstructed mass peak widths
ranging from 1.7 to 7.2 GeV. The data compared to the ABCD method background predictions
are shown in figures 8 and 9 for SRµµ

b and SRµµ

b+j/b , and for each data taking year separately.
A simultaneous maximum likelihood fit across data-taking years is performed in each

jet multiplicity category separately to extract any potential signal contributions from the
0–2 parton signal processes shown in figure 1. It has been shown that the dilepton mass
shape is the same in our chosen benchmark model for all evaluated signal processes with
the same Z′ boson mass, regardless of the production diagram. Systematic uncertainties as
described in section 6 are treated as nuisance parameters following log-normal probability
density functions for purely rate-affecting cases, while systematic uncertainties affecting the
mℓℓ shape are assumed to follow a Gaussian probability density function instead. Asymptotic
limits at 95% CL are set on the product of cross section, branching fraction, and acceptance
for Z′ boson masses between 125 and 350 GeV in steps equal to the reconstructed dimuon
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Figure 8. Data (black) vs. the ABCD method background prediction (blue) for 2016 (left), 2017
(middle), and 2018 (right) data-taking years in SRµµ

b . Events are divided by the bin width. Error
bars show statistical uncertainties of data. The blue band shows the propagated uncertainty of all
individual fit variations in a given bin, which we consider to be uncorrelated. The lower panels show
the ratio of the observed data to the background estimation.
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Figure 9. Data (black) vs. the ABCD method background prediction (blue) for 2016 (left), 2017
(middle), and 2018 (right) data-taking years in SRµµ

b+j/b . Events are divided by the bin width. Error
bars show statistical uncertainties of data. The blue band shows the propagated uncertainty of all
individual fit variations in a given bin, which we consider to be uncorrelated. The lower panels show
the ratio of the observed data to the background estimation.

mass width. The limits are computed using the CMS statistical analysis tool Combine [74]
which is based on the RooFit [75] and RooStats [76] frameworks. The generator width for
Z′ boson masses of 125, 250, and 300 GeV is 0.6, 0.65, and 0.72 GeV, respectively. Limits are
also set on the presence of a signal for SRµµ

b and SRµµ

b+j/b separately, as shown in figure 10.
No evidence of a statistically significant signal contribution is found from the fit to the data.
The most notable deviation from the expected limits occurs in SRµµ

b at 230 GeV with a
3.1 standard deviations local significance; however, the global significance, computed using
MC pseudo-experiments and accounting for both SRs, is only at 0.5 standard deviations
due to the look-elsewhere effect [77]. Since we aim to provide model-independent limits
corresponding to different signal process diagrams, we do not combine the two SRs in this
paper, to avoid assumptions on the mix of processes involved.
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Figure 10. The asymptotic 95% CL limits on the product of cross section(σ), branching fraction into
a pair of muons (B), acceptance (A), and efficiency (ϵ). Left is SRµµ

b , right is SRµµ

b+j/b . A combination
of both limits depends on the relative acceptance contributions in each region and is omitted here.

Production process categories we consider are based on matrix element level generator
selections after hadronization and jet matching with the MLM prescription [60], as described
in section 3. The primary concern of this categorization is the number of ISR jets and their
flavor (bottom or strange), whilst a secondary concern is, for events with no hard matrix
element ISR jets, the production of the Z′ boson via one or two associated bottom quarks.
The multiplicity of b jets depends on the soft b hadrons from hadronization in the underlying
event, and therefore affects the acceptance.

Contributions from other jet flavors, gluons or light and charm quarks, are not considered
for the categorization, as they do not couple to the Z′ boson in the model considered. The
processes are grouped into the following categories, in the order shown in figure 1:

• 0b (b-s): No associated final-state s or b jet production, where the initial state involved
a single bottom quark (first diagram of figure 1, tree level).

• 0b (b-b): No associated final-state s or b jet production, where the initial state involved
two different bottom quarks (first diagram of figure 1, tree level).

• 1b: A single associated final-state b jet (second diagram of figure 1).

• 1s: A single associated final-state s jet (second diagram of figure 1).

• 1b +1s: A pair of associated final-state s and b jets (third diagram of figure 1).

• 2b: Two associated final-state b jets (third diagram of figure 1).

• 2s: Two associated final-state s jets (originating from an ISR gluon that splits into an
ss pair).
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mZ′ [GeV] Aϵ(SRµµ

b ) [%] Aϵ(SRµµ

b+j/b) [%]

125 1.09 ± 0.01+0.02
−0.01 0.12 ± 0.00+0.01

−0.01

150 2.71 ± 0.02+0.03
−0.02 0.29 ± 0.00+0.01

−0.01

175 3.80 ± 0.02+0.05
−0.03 0.46 ± 0.01+0.02

−0.01

200 4.45 ± 0.02+0.06
−0.04 0.56 ± 0.01+0.02

−0.01

250 4.73 ± 0.28+0.09
−0.06 0.76 ± 0.11+0.04

−0.02

300 5.44 ± 0.27+0.08
−0.06 1.01 ± 0.12+0.04

−0.03

350 5.44 ± 0.02+0.04
−0.04 0.98 ± 0.01+0.01

−0.01

Table 5. Acceptance times efficiency by the SR for events with no generator-level matrix element
ISR jets of strange or bottom flavor. Exactly one bottom quark contributes directly to the Z′ boson
production vertex. Statistical and systematic uncertainties for this 0b (b-s) category are listed.

mZ′ [GeV] Aϵ(SRµµ

b ) [%] Aϵ(SRµµ

b+j/b) [%]

125 1.87 ± 0.01+0.06
−0.03 0.23 ± 0.00+0.02

−0.01

150 4.78 ± 0.02+0.06
−0.03 0.59 ± 0.01+0.04

−0.02

175 6.71 ± 0.03+0.10
−0.03 0.89 ± 0.01+0.05

−0.02

200 7.80 ± 0.03+0.11
−0.10 1.12 ± 0.01+0.05

−0.04

250 9.09 ± 0.03+0.15
−0.10 1.48 ± 0.01+0.06

−0.04

300 9.58 ± 0.03+0.15
−0.11 1.73 ± 0.01+0.06

−0.04

350 9.63 ± 0.03+0.09
−0.08 1.86 ± 0.01+0.03

−0.03

Table 6. Acceptance times efficiency by the SR for events with no generator-level matrix element
ISR jets of strange or bottom flavor. Exactly two bottom quarks contribute directly to the Z′ boson
production vertex. Statistical and systematic uncertainties for this 0b (b-b) category are listed.

The acceptances times efficiency for each production category are given separately in
tables 5–11 for each SR, including all relevant event selections. We note that the acceptances
are not derived from a single b-tag efficiency; in addition to jets originating from b quarks
in the hard process, additional b-tagged jets from gluon splitting or initial- and final-state
radiation are also included, as well as effects from other object efficiencies and event selections.
However, any realistic model interpretation will have to take into account not only the
contribution of each diagram, its acceptance, and the uncertainty in the acceptance, but also
the uncertainty in the relative contribution of each category among all categories with ISR
and final-state radiation (FSR), and PDF uncertainties The ISR/FSR and PDF uncertainties
can be large in comparison to the systematic uncertainties in the background estimation
and the acceptance.

The 95% exclusion limits are derived assuming that the Z′ boson decays solely to muons.
Since the Z′ boson could also decay to electrons, contributions of this process to the dielectron
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mZ′ [GeV] Aϵ(SRµµ

b ) [%] Aϵ(SRµµ

b+j/b) [%]

125 6.34 ± 0.06+0.17
−0.09 2.59 ± 0.04+0.22

−0.12

150 10.95 ± 0.07+0.14
−0.07 4.23 ± 0.04+0.24

−0.14

175 15.78 ± 0.08+0.22
−0.09 5.95 ± 0.05+0.29

−0.13

200 18.97 ± 0.09+0.25
−0.20 7.30 ± 0.05+0.29

−0.21

250 21.42 ± 0.11+0.37
−0.24 9.50 ± 0.07+0.41

−0.28

300 21.60 ± 0.09+0.34
−0.25 9.99 ± 0.06+0.35

−0.26

350 21.41 ± 0.07+0.20
−0.17 9.38 ± 0.04+0.13

−0.13

Table 7. Acceptance times efficiency by the SR for events with exactly one generator-level matrix
element ISR jets of bottom flavor. Statistical and systematic uncertainties for this 1b category
are listed.

mZ′ [GeV] Aϵ(SRµµ

b ) [%] Aϵ(SRµµ

b+j/b) [%]

125 0.28 ± 0.04+0.01
−0.00 1.10 ± 0.08+0.08

−0.05

150 0.57 ± 0.04+0.01
−0.00 1.69 ± 0.07+0.09

−0.05

175 0.87 ± 0.05+0.01
−0.01 2.41 ± 0.08+0.11

−0.07

200 0.94 ± 0.05+0.01
−0.01 2.87 ± 0.09+0.11

−0.08

250 1.36 ± 0.83+0.00
−0.01 5.61 ± 1.41+0.30

−0.19

300 1.47 ± 0.53+0.02
−0.01 3.52 ± 0.82+0.11

−0.08

350 1.15 ± 0.04+0.01
−0.01 3.65 ± 0.07+0.04

−0.05

Table 8. Acceptance times efficiency by the SR for events with exactly one generator-level matrix
element ISR jets of strange flavor. Statistical and systematic uncertainties for this 1s category
are listed.

mZ′ [GeV] Aϵ(SRµµ

b ) [%] Aϵ(SRµµ

b+j/b) [%]

125 0.68 ± 0.21+0.02
−0.01 4.52 ± 0.50+0.32

−0.20

150 1.09 ± 0.17+0.01
−0.01 7.67 ± 0.44+0.40

−0.24

175 2.09 ± 0.21+0.02
−0.01 10.01 ± 0.48+0.46

−0.30

200 2.57 ± 0.26+0.03
−0.02 10.23 ± 0.47+0.36

−0.26

250 1.60 ± 1.60+0.01
−0.01 11.39 ± 4.71+0.62

−0.38

300 3.46 ± 2.04+0.06
−0.04 12.45 ± 3.82+0.40

−0.31

350 2.88 ± 0.16+0.02
−0.02 12.82 ± 0.34+0.13

−0.15

Table 9. Acceptance times efficiency by the SR for events with exactly two generator-level matrix
element ISR jets, one of which has strange, the other bottom flavor. Statistical and systematic
uncertainties for this 1b +1s category are listed.
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mZ′ [GeV] Aϵ(SRµµ

b ) [%] Aϵ(SRµµ

b+j/b) [%]

125 1.84 ± 0.17+0.06
−0.03 5.24 ± 0.28+0.48

−0.26

150 2.74 ± 0.19+0.04
−0.02 8.48 ± 0.34+0.51

−0.30

175 3.74 ± 0.20+0.04
−0.01 11.21 ± 0.36+0.59

−0.20

200 4.40 ± 0.19+0.06
−0.05 12.47 ± 0.32+0.50

−0.39

250 4.65 ± 0.20+0.07
−0.05 14.68 ± 0.36+0.60

−0.42

300 5.27 ± 0.16+0.07
−0.05 14.87 ± 0.28+0.45

−0.35

350 4.97 ± 0.14+0.04
−0.04 15.55 ± 0.26+0.24

−0.23

Table 10. Acceptance times efficiency by the SR for events with exactly two generator-level matrix
element ISR jets of bottom flavor. Statistical and systematic uncertainties for this 2b category
are listed.

mZ′ [GeV] Aϵ(SRµµ

b ) [%] Aϵ(SRµµ

b+j/b) [%]

125 0.93 ± 0.34+0.02
−0.01 2.05 ± 0.51+0.17

−0.09

150 1.55 ± 0.42+0.01
−0.00 5.09 ± 0.83+0.31

−0.17

175 2.45 ± 0.50+0.02
−0.02 5.85 ± 0.79+0.29

−0.13

200 2.74 ± 0.48+0.01
−0.01 7.96 ± 0.87+0.29

−0.22

250 4.66 ± 0.71+0.11
−0.06 10.00 ± 1.12+0.43

−0.30

300 5.00 ± 0.66+0.06
−0.05 9.92 ± 0.94+0.34

−0.25

350 2.84 ± 0.37+0.01
−0.01 7.54 ± 0.60+0.10

−0.10

Table 11. Acceptance times efficiency by the SR for events with exactly two generator-level matrix
element ISR jets of strange flavor. Statistical and systematic uncertainties for this 2s category
are listed.

CRs could modify the background estimation. To test this, we assume an equal contribution
to the dimuon signal in size and in shape to the b-quark-rich dielectron CRs. Then, the
ABCD background estimation is rerun as described in section 5, including the systematic
calculations. Thus modified background predictions are used to recompute exclusion limits.
At 200 and 350 GeV, these exclusion limits remain unchanged. However, at the 125 GeV mass
point, the observed exclusion limit would degrade by 10%.

8 Summary

A search for a new neutral Z′ gauge boson with nonuniversal couplings, decaying into
a pair of muons and produced with one or two associated jets, where at least one is b
tagged, has been presented. The analysis is based on LHC proton-proton collision data
at

√
s = 13 TeV, collected by the CMS experiment during 2016–2018, corresponding to an

integrated luminosity of 138 fb−1. Exclusion bounds prior to this analysis predominantly
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focused on Z′ boson production with universal couplings through light-quark fusion, leading
to less stringent constraints on this signature. This analysis provides a complementary
approach by targeting Z′ boson production through bottom quark fusion, improving the
sensitivity to this less-constrained region.

The presented results set the first specific limits on the product of cross section, branching
fraction to dimuons, acceptance, and efficiency for bZ′ and bjZ′ production with Z′ decays into
a pair of muons. The data are consistent with the background-only hypothesis, showing no
evidence of a signal. Limits at 95% confidence level on the product of cross section, branching
fraction to dimuons, acceptance, and efficiency, ranging from 0.2 to 2 fb, are set for Z′ boson
masses between 125 and 350 GeV. Process-dependent products of acceptance and efficiency,
and model-independent limits on the signal yield are provided. These limits are presently
the only results in the mass range of 125–200 GeV. In the mass range of 200–350 GeV, these
results provide the most stringent constraints on the specified set of bottom quark fusion
production modes, serving as a complementary approach to inclusive Z′ boson searches.
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170 State University of New York at Buffalo, Buffalo, New York, U.S.A.
171 Northeastern University, Boston, Massachusetts, U.S.A.
172 Northwestern University, Evanston, Illinois, U.S.A.
173 University of Notre Dame, Notre Dame, Indiana, U.S.A.
174 The Ohio State University, Columbus, Ohio, U.S.A.
175 Princeton University, Princeton, New Jersey, U.S.A.
176 University of Puerto Rico, Mayaguez, Puerto Rico, U.S.A.
177 Purdue University, West Lafayette, Indiana, U.S.A.
178 Purdue University Northwest, Hammond, Indiana, U.S.A.
179 Rice University, Houston, Texas, U.S.A.
180 University of Rochester, Rochester, New York, U.S.A.
181 Rutgers, The State University of New Jersey, Piscataway, New Jersey, U.S.A.
182 University of Tennessee, Knoxville, Tennessee, U.S.A.
183 Texas A&M University, College Station, Texas, U.S.A.
184 Texas Tech University, Lubbock, Texas, U.S.A.
185 Vanderbilt University, Nashville, Tennessee, U.S.A.
186 University of Virginia, Charlottesville, Virginia, U.S.A.
187 Wayne State University, Detroit, Michigan, U.S.A.
188 University of Wisconsin – Madison, Madison, Wisconsin, U.S.A.
189 An institute or international laboratory covered by a cooperation agreement with CERN
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a Also at Yerevan State University, Yerevan, Armenia
b Also at TU Wien, Vienna, Austria
c Also at Ghent University, Ghent, Belgium
d Also at Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
e Also at FACAMP – Faculdades de Campinas, Sao Paulo, Brazil
f Also at Universidade Estadual de Campinas, Campinas, Brazil
g Also at Federal University of Rio Grande do Sul, Porto Alegre, Brazil
h Also at University of Chinese Academy of Sciences, Beijing, China
i Also at China Center of Advanced Science and Technology, Beijing, China
j Also at University of Chinese Academy of Sciences, Beijing, China
k Also at China Spallation Neutron Source, Guangdong, China
l Now at Henan Normal University, Xinxiang, China

m Also at University of Shanghai for Science and Technology, Shanghai, China
n Now at The University of Iowa, Iowa City, Iowa, U.S.A.
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p Also at Helwan University, Cairo, Egypt
q Now at Zewail City of Science and Technology, Zewail, Egypt
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r Now at British University in Egypt, Cairo, Egypt
s Now at Cairo University, Cairo, Egypt
t Also at Purdue University, West Lafayette, Indiana, U.S.A.
u Also at Université de Haute Alsace, Mulhouse, France
v Also at Istinye University, Istanbul, Turkey
w Also at Another institute or international laboratory covered by a cooperation agreement with CERN
x Also at The University of the State of Amazonas, Manaus, Brazil
y Also at University of Hamburg, Hamburg, Germany
z Also at RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany

aa Also at Bergische University Wuppertal (BUW), Wuppertal, Germany
ab Also at Brandenburg University of Technology, Cottbus, Germany
ac Also at Forschungszentrum Jülich, Juelich, Germany
ad Now at RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany
ae Also at CERN, European Organization for Nuclear Research, Geneva, Switzerland
af Also at HUN-REN ATOMKI – Institute of Nuclear Research, Debrecen, Hungary
ag Now at Universitatea Babes-Bolyai – Facultatea de Fizica, Cluj-Napoca, Romania
ah Also at MTA-ELTE Lendület CMS Particle and Nuclear Physics Group, Eötvös Loránd University,

Budapest, Hungary
ai Also at HUN-REN Wigner Research Centre for Physics, Budapest, Hungary
aj Also at Physics Department, Faculty of Science, Assiut University, Assiut, Egypt
ak Also at Punjab Agricultural University, Ludhiana, India
al Also at University of Visva-Bharati, Santiniketan, India

am Also at Indian Institute of Science (IISc), Bangalore, India
an Also at Amity University Uttar Pradesh, Noida, India
ao Also at IIT Bhubaneswar, Bhubaneswar, India
ap Also at Institute of Physics, Bhubaneswar, India
aq Also at University of Hyderabad, Hyderabad, India
ar Also at Deutsches Elektronen-Synchrotron, Hamburg, Germany
as Also at Isfahan University of Technology, Isfahan, Iran
at Also at Sharif University of Technology, Tehran, Iran
au Also at Department of Physics, University of Science and Technology of Mazandaran, Behshahr, Iran
av Also at Department of Physics, Faculty of Science, Arak University, ARAK, Iran
aw Also at Italian National Agency for New Technologies, Energy and Sustainable Economic Development,

Bologna, Italy
ax Also at Centro Siciliano di Fisica Nucleare e di Struttura Della Materia, Catania, Italy
ay Also at Università degli Studi Guglielmo Marconi, Roma, Italy
az Also at Scuola Superiore Meridionale, Università di Napoli ‘Federico II’, Napoli, Italy
ba Also at Fermi National Accelerator Laboratory, Batavia, Illinois, U.S.A.
bb Also at Lulea University of Technology, Lulea, Sweden
bc Also at Consiglio Nazionale delle Ricerche – Istituto Officina dei Materiali, Perugia, Italy
bd Also at Institut de Physique des 2 Infinis de Lyon (IP2I), Villeurbanne, France
be Also at Department of Applied Physics, Faculty of Science and Technology, Universiti Kebangsaan

Malaysia, Bangi, Malaysia
bf Also at Consejo Nacional de Ciencia y Tecnología, Mexico City, Mexico
bg Also at Trincomalee Campus, Eastern University, Sri Lanka, Nilaveli, Sri Lanka
bh Also at Saegis Campus, Nugegoda, Sri Lanka
bi Also at National and Kapodistrian University of Athens, Athens, Greece
bj Also at Ecole Polytechnique Fédérale Lausanne, Lausanne, Switzerland
bk Also at Universität Zürich, Zurich, Switzerland
bl Also at Stefan Meyer Institute for Subatomic Physics, Vienna, Austria

bm Also at Laboratoire d’Annecy-le-Vieux de Physique des Particules, IN2P3-CNRS, Annecy-le-Vieux, France
bn Also at Near East University, Research Center of Experimental Health Science, Mersin, Turkey
bo Also at Konya Technical University, Konya, Turkey
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bp Also at Izmir Bakircay University, Izmir, Turkey
bq Also at Adiyaman University, Adiyaman, Turkey
br Also at Bozok Universitetesi Rektörlügü, Yozgat, Turkey
bs Also at Marmara University, Istanbul, Turkey
bt Also at Milli Savunma University, Istanbul, Turkey
bu Also at Kafkas University, Kars, Turkey
bv Now at Istanbul Okan University, Istanbul, Turkey
bw Also at Hacettepe University, Ankara, Turkey
bx Also at Erzincan Binali Yildirim University, Erzincan, Turkey
by Also at Istanbul University – Cerrahpasa, Faculty of Engineering, Istanbul, Turkey
bz Also at Yildiz Technical University, Istanbul, Turkey
ca Also at School of Physics and Astronomy, University of Southampton, Southampton, U.K.
cb Also at IPPP Durham University, Durham, U.K.
cc Also at Monash University, Faculty of Science, Clayton, Australia
cd Also at Università di Torino, Torino, Italy
ce Also at Bethel University, St. Paul, Minnesota, U.S.A.
cf Also at Karamanoğlu Mehmetbey University, Karaman, Turkey
cg Also at California Institute of Technology, Pasadena, California, U.S.A.
ch Also at United States Naval Academy, Annapolis, Maryland, U.S.A.
ci Also at Ain Shams University, Cairo, Egypt
cj Also at Bingol University, Bingol, Turkey
ck Also at Georgian Technical University, Tbilisi, Georgia
cl Also at Sinop University, Sinop, Turkey

cm Also at Erciyes University, Kayseri, Turkey
cn Also at Horia Hulubei National Institute of Physics and Nuclear Engineering (IFIN-HH), Bucharest,

Romania
co Now at Another institute formerly covered by a cooperation agreement with CERN
cp Also at Texas A&M University at Qatar, Doha, Qatar
cq Also at Kyungpook National University, Daegu, Korea
cr Also at Yerevan Physics Institute, Yerevan, Armenia
cs Also at Imperial College, London, U.K.
ct Now at Yerevan Physics Institute, Yerevan, Armenia
cu Also at Institute of Nuclear Physics of the Uzbekistan Academy of Sciences, Tashkent, Uzbekistan
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