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Abstract

This Letter presents the observation of the rare Z boson decay Z — ¢ ¢*¢~. Here,
represents contributions from direct J/i and ¢(2S) — J/p X, £~ is a pair of electrons
or muons, and the J/i meson is detected via its decay to u . The sample of proton-
proton collision data, collected by the CMS experiment at the LHC at a center-of-mass
energy of 13 TeV, corresponds to an integrated luminosity of 35.9 fb™!. The signal is
observed with a significance in excess of 5 standard deviations. After subtraction of
the ¥(2S) — J/ X contribution, the ratio of the branching fraction of the exclusive de-
cay Z — J/p £ L~ to the decay Z — upu~ ptp~ within a fiducial phase space is mea-
sured tobe B(Z — J/p0T07)/B(Z — ytu utp~) = 0.67 £ 0.18 (stat) £ 0.05 (syst).
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Although the Z boson was discovered more than 30 years ago [1]], only one exclusive decay
channel with leptons, Z — 4/ [246], has been observed apart from the dilepton final states. For
radiative dilepton decays, Z — (T ¢~ 1y, where { = e, i, experiments have reported yields con-
sistent with the standard model, as well as upper limits on the branching fraction for anoma-
lous production [7]. No resonant structure in the four-lepton decay has yet been observed. The
high rate of Z boson production at the CERN LHC facilitates the study of rare decay channels
suchas Z — Vv, Z — V/*t¢~,and Z — V'V, where V is a vector meson with J’¢ = 1=~ [§,9].
In this paper, we present the observation of the decay of the Z boson to a final state with a J/¢
meson and two oppositely charged same-flavor leptons.

The Z — V{T{~ process has been described and studied in various theoretical papers [10-
16]. For the case where V = J/i, the branching fraction B(Z — J/y ¢*{~) is calculable within
the standard model. The dominant diagram is the quantum electrodynamics radiative process
illustrated in Fig. 1, with the y*~V transition strength derived from the measured V. — ¢*¢~
electromagnetic decays [17]. The theoretical estimates of the branching fraction cover the range
(6.7-7.7) x 1077 [10, [11]. Although this branching fraction is small, the dileptons and vector
meson in the final state offer a clean signature. The measurement of this branching fraction is
valuable for the calculation of the fragmentation function for a virtual photon to split into a J /4
meson. Rare Higgs boson decays, such as those to quarkonia [18, [19], will become accessible
in the future, making it possible to search for nonstandard model signatures in these decays,
including, e.g., anomalous couplings or new exotic light states [20]. Accurate knowledge of
potential backgrounds from Z decays to quarkonia will be essential for these measurements.
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Figure 1: Leading-order Feynman diagram for the production of the Z boson and its decay in
the Z — J/p "¢~ channel.

This analysis uses proton-proton (pp) collision data recorded by the CMS experiment at a
center-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 35.9fb~!. We
report the observation of the Z — ("¢~ decay channel, where ¢ represents the contribu-
tions from direct J/¢ and J/i mesons from (2S) decays, and the J/i is detected via its pup~
decay channel. We measure the ratio of the branching fraction of this decay to that of the
Z — utyu ptu decay, to take advantage of a partial cancellation of systematic uncertainties.

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. Muons are detected
in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid, in the
pseudorapidity range || < 2.4 [21]. Electrons are reconstructed using information from the
ECAL and the tracker, in the || < 2.5 range [22]. 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. [23].

Events of the Z — u"u~pu"u~ process are simulated with the next-to-leading-order Monte
Carlo (MC) generator POWHEG [24], interfaced with PYTHIA 8.175 [25, 26] with parameters set
by the CUETP8ML1 tune [27] for parton showering, hadronization, and the underlying event.
The parton distribution functions are taken from the NNPDF 3.0 [28] set. For the Z — J/p £ ¢~
signal we use PYTHIA 8.175 (same tune as for Z — uu~ u™ u~) to simulate the production of Z
bosons, with an unpolarized phase-space model for the Z — J/p ¢T¢~ decay. Matrix-element
effects are evaluated by comparison with data and treated as systematic uncertainties. The
detector response is simulated with a model of the CMS detector implemented in the GEANT4
package [29]. We measure the fiducial branching fraction restricted to a region of phase space
covered by the acceptance of the measurement, as described below.

The trigger and offline selection criteria closely follow the previous CMS analysis of Z — 4/
decays [2-4]. Triggers requiring one, two, or three charged leptons, with varying pr require-
ments, are used. The combined efficiency of the triggers, within the acceptance of this analysis
defined below, is greater than 99%.

Among the multiple pp collisions within the time resolution of the data acquisition, the primary
vertex is taken to be the reconstructed vertex with the largest sum of p over the physics objects
in the event. These objects include jets, clustered using the anti-kt jet finding algorithm [30] 31]
with the tracks assigned to the vertex as inputs, and the associated missing transverse momen-
tum, taken as the negative vector sum of the pr of those jets. The primary vertex is required
to lie within 24 cm of the center of the detector along the beam axis and 2 cm perpendicular
to that axis. Charged particle tracks associated with vertices other than the primary vertex are
ignored.

We require all lepton candidate trajectories to pass within 1 (0.5) cm of the primary vertex in the
direction along (perpendicular to) the beam axis. The lepton candidates from Z boson decay are
required to be isolated from the hadronic activity in the event. To satisfy this requirement, the
scalar sum of transverse energy deposits in the calorimeters and the pr of tracks is computed
in a cone of radius AR = V/(A7)? + (A¢)? = 0.3 in 7—¢ around the lepton trajectory, where ¢ is
the azimuthal angle in radians. The sum is corrected for other leptons from Z boson decay that
fall within the isolation cone and for the average hadronic activity in an event. The ratio of this
corrected sum to the lepton pr is required to be smaller than 0.35. Leptons are required to be
separated by AR > 0.02 (0.05) for same- (different-) flavor pairs.

We select events with two oppositely charged reconstructed muons consistent with the dimuon
decay of a J/{ meson that, in combination with two additional oppositely charged electrons or
muons (which we refer to as prompt leptons, ¢), are consistent with the decay Z — ¢ ¢7¢~.
Specifically, the invariant mass of the ¢ muon pair must satisfy 2.6 < m,+,- < 3.6GeV and
that of the four leptons must satisfy |m,+ -+~ — mz| < 25GeV, where mz = 91.2GeV [17].
Each of the muons from J/¢ decay are required to have pr > 3.5GeV and |y| < 2.4, and the
pr of the J/{ candidate must exceed 8.5GeV. We require the highest- and second-highest-pr
prompt leptons to have pr > 30 and 15 GeV, respectively, satisfy || < 2.5(2.4) for { = e (u),
and have a dilepton invariant mass m;+,- < 80GeV. The lepton pr thresholds ensure high



trigger efficiency, and the invariant mass requirement suppresses the background from events
in which a dilepton from Z boson decay is combined with a dimuon from an uncorrelated J/y
decay or a nonresonant muon pair.

The four leptons, and separately the two muons from the J/¢ decay, are fitted to common
vertices, with each vertex fit required to have a x? probability greater than 5%. The significance
of the three-dimensional impact parameter relative to the primary vertex is required to satisty
|dip/op| < 4 for each lepton, where djp is the signed distance of closest approach of the lepton
track to the primary vertex and oip is the associated uncertainty.

Following the application of the selection criteria described above, 29 (18) events remain in
the p utpu~ (pete ) sample. Figure @ shows a two-dimensional plot of the utu~ versus
putu €0 invariant masses for the candidate events. The signal appears as a concentra-
tion of events in the overlap region of the J/{ meson and Z boson masses. The events out-
side the central cluster along the Z boson mass band indicate contributions from the Z —
(continuum pu~) £7¢~ decay, and along the ]/ meson mass band, nonresonant J/¢ ¢+ ¢~ pro-
duction.
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Figure 2: Distribution of invariant masses 1+~ vs. m,+,-¢+,- for the selected candidates. The
values in the legend give the numbers of candidates per bin, which are also indicated by the
sizes of the open black boxes.

We measure the branching fraction of the Z — @ ¢*¢~ decay mode relative to that of Z —
utu utu~. The selection criteria for the Z — ptpu~ptu~ events follow Ref. [4]; here the
required mass ranges of the two oppositely charged muon pairs are 4 (40) < m(p*pu~) <
80 GeV, where the 40 GeV threshold applies to the pair with the larger invariant mass.

The signal yield is obtained from unbinned extended maximum-likelihood fits [32] of the dis-
tributions in the two invariant mass variables m,,+,- and m,+ -+, separately for the dimuon
and dielectron channels. The probability density function (pdf) is a sum of four terms, each of
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Figure 3: Invariant mass distributions for the ¥ muon pairs (left) and for ¢ £*¢~ (right), for
Z — Yputu~ (upper) and Z — pete (lower) candidates. In each histogram the data are
represented by the points, with the vertical bars showing the statistical uncertainties, and the
solid curve is the overall fit to the data. The shaded region corresponds to the signal yield,
while the long-dashed lines are the i meson signal from the Z boson background (left) and
the Z boson signal from the 1 meson background (right). The short-dashed line represents the
combinatorial background.

which is a yield parameter multiplying a component pdf of the form f(m,+,-)g(1m,+,-¢+¢- ).
The four terms account for the Z — ¢ (¢~ signal and the backgrounds from: Z — (¢~
accompanied by nonresonant "y~ ; nonresonant J/¢¢"¢~; and nonresonant u*u~¢*¢~. The
pdf for the J/¢ — p*p~ invariant mass distribution is a Gaussian function of m,+,- with
the mean fixed to the J/i meson mass [17] and the width as a free parameter of the fit. The
Z — ptu L pdf is a Breit-Wigner function of #1,+,- ¢+, with its central value and width
fixed to the mass and width of the Z boson [17], convolved with a Gaussian function whose
width is a free parameter. The pdfs for the continuum background in each dimension of the
tit, representing backgrounds that are both peaking and nonpeaking in the orthogonal dimen-



sion, are exponential functions with free decay parameters. The projections in each variable are
shown in Fig. (3} along with the pdf components resulting from the fits.

The yields resulting from the fit are 13.0 £ 3.9 events for the Z — ¢ y"y~ mode and 112+ 34
events for Z — yete”, where the uncertainties are statistical only. The yields of the two
decay modes agree within uncertainties, as expected, since the reconstruction efficiencies of
the prompt electrons and muons in this pr range are similar. The Z — u"u~u"u~ reference
signal is extracted with a separate extended unbinned maximume-likelihood fit to the m,,+ -+ -
distribution, using the same parametrization as for Z — ¢ ¢*¢~. The fit yields 250 + 20 events.

We evaluate the signal significance for both ¢ u* 1~ and p e*e™ by generating random pseudo-
experiments with dimuon and four-lepton invariant mass distributions drawn from the background-
only pdf and then fitted with the background-only and signal-plus-background hypotheses.
From the pseudo-experiments the likelihood ratio of the two hypotheses is calculated and com-
pared with the likelihood ratio of the data. Taking into account the systematic uncertainties
(discussed below), the background-only hypothesis is excluded at 4.0 and 4.3 standard devi-
ations for  u"u~ and PpeTe, respectively. The combination of the two significances based

on the Fisher formalism [33] results in the observation of the Z — ¥ ¢*¢~ decay mode with a
significance of 5.7 standard deviations.

From the observed signal yield we compute a ratio of branching fractions defined over the
fiducial phase space of the measurement defined in Table[l} The entries consist of the kinemat-
ical requirements of the event selection given above, plus the additional requirement my+,- >
40GeV for the Z — P ¢T¢~ candidates, which is added to match the selection of the Z —
utu utu~ candidates and to avoid regions of the decay phase space in which the acceptance
is steeply falling. This requirement removes 2 (0) events from the Z — peTe™ (Z — putu™)
sample, and 0.95 events from the fitted Z — peTe™ yield. The ratio of the fiducial branching
fractions for lepton flavor / is

B(Z—]J/pete) . 1 NZ%]/I/JK?EZT €Z—ptyu—ptu- 1
B(Z = ptu—utp-) Nz syt pptu- BJ/p — utu~)’

where the branching fraction B(J/¢ — pp~) = (5.961 £ 0.033)% [17], N+, is the

signal yield excluding the ¥(2S) — J/¢ X contribution, and Nz_,,+,+, is the reference-
channel yield. The experimental efficiencies to reconstruct events within the fiducial phase
space are determined from simulation; combined with the trigger efficiencies given above they

Ryppeso- = 1)

2 limpe SZ-1e; e

are €z y/puty- = 81%, €7 /pete- = 80%, and €Zsptp-—yptu- = 81%.

Calculated contributions from (2S) — J/p X decays, the dominant feed-down source of J/i
mesons, are subtracted from the signal yields, since the natural width of the Z boson does not
allow the separation of the process 1(2S) — J/¢ X from direct J/ production. The predicted
production ratio of Z — J/p ¢4~ to Z — (2S) ¢* ¢~ is 3.5 [11]]. Taking into account the branch-
ing fraction of ¢(2S) toJ/¢ X [17], the ratioof N (Z — J/p LT ¢~ ) to N (Z — ¥(2S)[— J/p X|¢H (™)
is 5.7 £ 0.1. Using this scale factor, we subtract 1.9 (1.7) events from the Nz_,y +,,- (Nzyete-)
yield, considering them as J/¢ events from 1 (2S) meson decays.

Since the signal and reference-channel events are recorded with the same triggers, and the
topologies of the selected events are similar, many systematic uncertainties cancel in the ratio.
The uncertainties in R+~ are shown for the two signal decay modes in columns 2 and 3 of
Table 2} and are combined in quadrature as uncorrelated, unless stated otherwise, in column 4.

Systematic uncertainties arising from the choice of fit model are calculated by varying the
pdfs used for the signal (Z and J/¢) and combinatorial background. Substitution of a double-



Table 1: Definition of the fiducial phase space for the measurement of the ratio of branching
fractions. Here, ¢ refers to a prompt muon or electron from the signal decay, or to either of the
two muons from the higher invariant-mass pair in the reference-channel decay, and y refers to

a J/¢ daughter or a member of the lower invariant-mass pair in the reference-channel decay.

The symbol ¢; (¢) refers to the prompt lepton having the higher (lower) value of pr. The p]T/lp

threshold is applied to the signal and the m(u*uT) requirement to the reference channel.

Fiducial requirement

40 < myp+p- < 80GeV

|n(electrons)| < 2.5, |y(muons)| < 2.4
pr(61, 02,1, 1) > (30,15,3.5,3.5) GeV
Signal: p]T/lp > 8.5GeV

Reference channel: 4 < m(u*uT) < 80 GeV

Gaussian function for the Z boson signal leads to differences in the signal yields of 0.02, 0.05,
and 1.88 eventsin Z — pu*tu—,Z — pete ,and Z — utu uTu", respectively. The corre-
sponding changes from using a first-order polynomial instead of an exponential function for
the Z boson combinatorial background are 0.9, 0.1, and 0.4 events.

A similar approach was followed for the J/ip meson signal and background pdfs. The maximum
difference observed in the signal yields resulting from the substitution of the sum of a double-
Gaussian and a Crystal Ball [34] function for the signal pdf is 0.6 events for the ¢ u* 1~ and 0.2
events for the pee™ final state. The background pdf was replaced by a first-order polynomial
to estimate the background model uncertainty, where a difference of 0.2 events is found in both
decay modes.

To measure the uncertainty from the fitting procedure, 1000 random pseudo-samples were
generated with the number of events of each drawn from a Poisson distribution having a mean
equal to the number of events observed in the data. The absolute value of the average deviation
of the fit yields from the nominal yield is taken as the systematic uncertainty.

The reconstruction efficiencies of the muons from J/i decay and prompt leptons (electrons
and muons) are checked with Z — putu~, Z — eTe™, and J/¢ — u"u~ decay data using
the “tag-and-probe” method [21} 35], as functions of the lepton # and pr. To calculate the
systematic uncertainty in R+, these efficiencies are varied within their uncertainty, with
the uncertainties from the lepton efficiencies treated as correlated in the ratio. In addition, we
assign an uncertainty associated with the finite number of MC signal and reference-channel
events used to obtain the reconstruction efficiencies.

We test the three-body Z boson decay model implemented in the MC simulation by comparing
distributions from the simulation with those from signal-weighted data, obtained from the fit
model by the ;Plot method [36]. The most sensitive observables were found to be the azimuthal
separation between the J/{ candidate and the highest- and second-highest-pt prompt leptons.
We apply the observed shape differences to the simulation and reevaluate the reconstruction
efficiency to extract the decay model uncertainty.

The uncertainty in the fraction of J/¢ events that potentially originate from ¢(2S) is propagated
from the uncertainty of the N (Z — J/¢ ¢1¢~) to N (Z — ¥(2S)[— J/¢ X]¢T£7) ratio.

The total systematic uncertainty of 7.6% for Rj+¢- is calculated by adding the sources of
uncertainty given in the last column of Table [2|in quadrature.

After subtracting the (2S) feed-down we extract from Eq. the branching fraction ratio



Table 2: The contributions to the systematic uncertainty in the ratio of branching fractions for
the prompt muon, prompt electron, and combined samples, in percent. The last row gives the
sum in quadrature of all components.

Source of uncertainty Riuru-  Rypere  Rymere-
Z boson signal shape 0.8 0.8 0.8
Z boson background shape 6.9 0.5 3.7
]/ meson signal shape 4.8 2.0 2.8
J/¢¥ meson background shape 1.5 1.5 1.1
Fit procedure 3.0 8.4 42
Reconstruction efficiency 0.9 5.9 4.0
MC sample size 0.7 0.8 0.5
Z boson decay model 0.7 1.6 0.8
(2S) feed-down 0.3 0.3 0.3
Total 9.2 10.8 7.6

Rysp ¢+¢-, for the phase-space region defined in Table

Ryppe+o- = 0.67 £ 0.18 (stat) £ 0.05 (syst).

Assuming that the factors applied to extrapolate the signal and reference-channel branching
fractions from the phase space defined in Table 1| to the full phase space approximately cancel
in the ratio, we use the measured value of B(Z — "y~ pu*u~) = (1.20 + 0.08) x 10~° [4] for
m(utu~) > 4GeV to obtain an estimate for B(Z — J/w{*¢~) of 8 x 10~7. This estimate is
consistent with standard model predictions of (6.7 £ 0.7) x 10~ [10] and 7.7 x 10~ [L1].

The factors that extrapolate the fiducial measurements to the full phase space depend on the Z
boson decay matrix element, which determines the angular distributions of the muons coming
from the ¢ meson and the prompt leptons. Computing those factors assuming that the ¥ is
transversely or longitudinally polarized in the helicity frame (Ag = +1) [37] leads to a full
phase space branching fraction ratio that differs by less than 25% from the unpolarized result.

In summary, a new decay mode of the Z boson into a ¢ meson, where 1 represents the con-
tributions from direct J/¢ and ¥(2S) — J/¢ X, and an additional pair of leptons (muons or
electrons), is observed with a statistical significance greater than 5 standard deviations. Using
data from proton-proton collisions collected with the CMS detector at /s = 13TeV, corre-
sponding to an integrated luminosity of 35.9fb™!, 13.0 + 3.9 events of the Z — ¥ u*u~ and
11.2 + 3.4 events of the Z — ete™ decay are obtained. This is the first observed Z boson
decay to a vector meson and two oppositely charged same-flavor leptons. The ratio of the
branching fraction for this decay to the one for the reference channel Z — u™u~u*u~ in the
fiducial phase space of the measurement, as defined in Table (1} after subtracting the 1(2S)
feed-down, is Ry ¢+~ = 0.67 £ 0.18 (stat) & 0.05 (syst). Using the known branching fraction
for Z — u"yu~ T u~ results in a branching fraction for Z — J/¢ ¢~ consistent with standard
model predictions.
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