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Abstract. Many models of physics beyond Standard Model predict the existdricgb
Higgs states, dark photons, and new gauge bosons mediating interdosttoreen dark
sectors and the Standard Model. Using a full data sample collected with tBABA
detector at the PEP-H*e™ collider, we report searches for a light non-Standard Model
Higgs boson, dark photon, and a new muonic dark force mediated layigegooson
(Z’) coupling only to the second and third lepton families. Our results significamtly
prove upon the current bounds and further constrain the remaingimref the allowed
parameter space.

1 Introduction

Many astrophysical and cosmological observations indithaat a fraction of energy density in the
universe is due to non-baryonic matter. The microscopiareatf dark matter is currently unknown.
Models of physics beyond Standard Model predict the exigtai a new non-Abelian gauge group
Higgs with gauge boson masses below 10 GeV [1]. The WIMP hysigtsuggested that dark matter
is assumed to consist of stable particle with low massesh Bewv gauge bosons can typically interact
with other Standard Model elementary particles. The nevggdiosonZ’, can couple to the Standard
Model field. SM fields can be directly charged under new gawg®b or theZ’ may couple with the
SM hypercharge boson [2].

Based on thd, — L. model [3] one of the most promising candidates based on gguitie
existing approximate global symmetries of the Standard &1¢8M) is the gauge group associated
with the diference between muon and tau-lepton number. The gaugd_. model portal to the’
has all features of being coupled only to the leptons of tiverse and third generation. The — L.
model has been studied in the neutrino mass model. It hasbakso studied in the (g-2) current
discrepancy. Consequently it was found that the tentafipéaeation of the (g-2) anomaly in models
with large electron coupling is now excluded at least fortir@eV and heavieZ’ bosons. The model
explains the possible production 8f gauge boson production vide™ —»— u*'u 2, 2" — u*u~
that primarily comes from the radiation of heavy-flavor tegg and is shown in the following Fig. 1.
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Figure 1. Feynman Diagram for production of gauge bogbiased on thé, — L. model at are*e™ collider.

2 Data and Event Selection

We used the data collected by the BABAR detector5 [4] withttial luminosity of 514 fo'. Most

of the data were taken at th&4S) resonance plus including about 28 fllata aty'(3S) and 14 fo!
data afY'(2S) and 48 fby! data at the fi-resonance. Th¥(4S) resonance decays to a pairiis [5].

We used about 5% of the data set to validate and optimize thlgsas method. The rest of the data
was only examined after finish finalizing the analysis mettiaat the background study we generated
signal Monte Carlo (MC) samples.

Signal MC events are generated using MadGraph 5 [6], whildulzaes matrix elements for the
sample. The MC then were showered using Pythia 6 [7] for aBOuifferentZ’ mass hypotheses.
The main background comes from the QED processes. We genbeatlirect processes efe” —
utu~utu~ using Diag36 [8], which includes the full set of the lowestl@r diagrams. The Diag36
does not include initial state radiation (ISR) samples. &hents of the process efe” — e*e (y)
are generated using BHWIDE [9] and the MC event®'td — u*u (y) andete™ — 71 (y) are
generated using KK [10]. Theflsresonance data samplese™ — qq (g = u, d, s, c), are simulated
using EvtGen [11]. The events processes'®& — (2S)y theny(2S) — n*n~J/y andJ/y — u*u~
were generated using a structure function technique [1R, EBally the detector acceptance and
reconstruction ficiency are determined using MC simulation based on GEAN#4 [1

3 Z’ Measurement

We select events containing exactly two pairs of oppositerged tracks, consistent with the topol-
ogy of the processs"e™ — u*u~Z' andZ’ — u*u~ final state. The muons are identified by particle
identification algorithms for each track. We require the aafranergies of the electromagnetic clus-
ters that are not associated to any track must be less tha@@0We finally reject events that come
from the Y(3S) and T (2S), whereY(2S, 3S) — n*tx~Y(1S), T(1S) — u*u~ decays if the dimuon
combination is within 100 MeV of th&'(1S) where pions are misidentified as muons.

The distribution of the four-muon invariant mass after alestions is shown in Fig. 2 (left). At
the low mass of the four-muon invariant masf4u) < 9 GeV, is well reproduced by the Monte
Carlo simulation including direct decays®fe- — u*u~u*u~, however, the Monte Carlo simulation
overestimates the full energy peak by30% and fails to reproduce the radiactive tail. The overesti
mate simulation is expected because the Diag36 simulatiea dot simulate the initial state radiation
(ISR) events. To estimate the potential ISR emission wesele™ — y*u~u*u~ events by requiring
a four-muon invariant mass distribution within 500 MeV oéthominal center-of-mass energy. We
also require the tracks to originate from the interactiomiio within its uncertainty and constraining
the center-of-mass energy of the system to be within the lezemgy spread. The four-muon invariant
mass after allowing the potential ISR emission is now fit asshin Fig. 2 (right).
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Figure2. (Left) The four-muon invariant mass distribution with the Monte Carlo jtézhs of various processes
including direct decay of"'e~ — u*u u*u~ normalized to the data luminosity. (Right) The four-muon invariant
mass distribution with the Monte Carlo predictions of various processefidwirgg the initial state radiation
emission.
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applying all selections, together with the Monte Carlo predictions of varioosegses with normalized to the

data luminosity. The fit ratio between the reconstructed and simulated évehtawvn as a blue dashed line.

Figure 3. The distribution of the reduced dimuon masg, = Im2, - 4mﬁ, for the optimization sample after

We also show the distribution of the reduced dimuon massrddhgced dimuon mass is calculated
using the following equatiomg = /mﬁﬂ — 4n¥ in linear scale as shown in Fig. 3 and in log scale as

shown in Fig. 4. The most dominant samples is coming from trextddecay okte™ — utu u*u~
process. The contribution from the decay¥(S) — »*n~J/y, J/¢ — u*u~ as shown around 3
GeV. The reduced dimoun mass distribution has a better mtaear threshold and it is also easier
to model compare to the dimuon mass distribution. The sigffialency at low masses is about 35%
and it rises to about 50% around higher mass of the reducedbdimass. We exclude tligy region
when calculating the correction factors by fitting the siatetl and reconstructed reduced dimuon
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Figure 4. The distribution of the reduced dimuon masg = msw_ - 4rn§ in log scale together with the
Monte Carlo predictions of various processes.

masses in the range ofd mg < 9 GeV. We obtain a correction factor of 0.82 as shown in Fig. 3.
It includes the ISR emission andfidirences in the triggerciency, charged particle identification,
and track and photon reconstructioffi@encies. We assign a systematic uncertainty of 5% to cover
the small variations between the uncertainties ondtes — p*u u*u~ and data taking period.
We calculate the ISR contribution based on the quasi reatrele approximation [15]. We assess
the sidebands of the four dimuon mass distribution in thgeaof 5.0 - 8.0 GeV. In this region the
process okB*e” — 11t (y) is dominant. The correction factors are in agreement wighcorrection
factors obtain from the reduce dimuon mass spectrum. Thealsigeld is extracted bu a series of
unbinned likelihood fits to the reduced dimuon mass spectrithin the range of 212 < mg < 10
GeV and (212 < mg < 9 GeV for theT(4S) resonance data art{2S) andY'(3S) resonances data,
respectively. We exclude a region #80 MeV around the nominal knowdyy mass. We probe a
total of 2219 mass hypothesis. The cross sectiogtef — u*tu2', 2’ — u*u is extracted as

a function ofZ’ mass as shown in Fig. 5. The gray band indicates the exclietgdn. We find
the largest local significance is34 aroundZ’ mass of 8.2 GeV that is corresponding to the global
significance of 160 and it is consistent with the zero-hypothesis. We also de9i¥9% confidence
level (CL) Bayesian upper limit on the cross sectioneoé™ — pu*u=2’, 2/ — u*u~ as shown in
Fig. 6.

We consider all uncertainties to be uncorrelated excepghfuncertainties of the luminosity and
efficiency. We finally extract the corresponding 90% CL on theptiog parametey’ by assuming
the equal magnitude vector couplings muons, taus and tmespmnding neutrinos together with the
existing limits from Borexino and neutrino experiments lasven in Fig. 7. We set down tox 1074
near the dimuon threshold.
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Figure 5. The measurement &fe- — pu*uZ’, ZZ — u*u~ cross section with its statistical significance as a
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Figure 6. The limit on the cross sectiom(ete — u*u~Z’, 2 — u*u~) as a function of th&’ mass. The
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4 Conclusion

In conclusion, we have performed the first direct measurémied’ production from the decay of
ee - utuzZ', 72 — ptu anete collider at BABAR. No significant signal is observed for
Z’ masses in the range of 0.212 - 10 GeV. We set limits on the oauplarameterg’ down to

7 x 1074, We set a strongest bounds for many parameter space below.3/®eexclude most of
the remaining parameter space preferred by the discrefdasteyeen the calculated and measured
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anomalous magnetic moment of the muon above the dimuorhibiceEL6].
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Figure 7. Upper limit on the new gauge coupling as a function of the mass @ together with the existing
limits from Borexino and neutrino experiments.
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