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Abstract
The prospects for non-flavour physics in the early data taking period of Belle II are briefly
reviewed in this report. We collect a broad variety of topics on bottomonium near Υ(3S), bottomonium and exotic states near Υ(5S), Rb scans up to the upper accelerator threshold, searches
for dark sectors, precision electroweak tests, quark fragmentation and τ -lepton physics. We also
briefly discuss the trigger considerations, in particular for low-multiplicity analyses.

2

Contents

I. Introduction
A. Executive Summary

4
5

II. Bottomonium below Υ(4S)
A. General
B. ηb measurements
C. Υ(m3 DJ ) measurements
D. hb measurements
E. Analysis with converted photons
F. Hadronic transitions and decays
G. Radiative decays
H. Four quark Zb states

8
8
9
10
11
12
12
13
13

III. Bottomonium above Υ(4S)
A. General
B. ECM scans
C. Four quark states
D. Υ(6S) and the Λb threshold
E. b-quark mass from bottomonium sum-rules

13
14
15
16
17
18

IV. Dark sector and Light Higgs
A. Dark photon searches, leptonic final states
B. Dark photon searches, invisible final states
C. Dark photon and dark Higgs searches

20
20
22
24

V. Production and Fragmentation
A. Fragmentation of light quarks (u, d, and s)
B. Charm fragmentation
C. Determination of αs
D. Monte Carlo tuning

25
26
27
27
27

VI. Electroweak
A. Muon Pair Asymmetry

28
28

VII. Tau physics

30

VIII. Belle II Trigger
A. Level-1
B. High Level Trigger (HLT)
C. Trigger menus
D. Considerations for Trigger-sensitive Low-multiplicity analyses
IX. Summary

30
30
31
32
32
33

References

33

3

I.

INTRODUCTION

The aim of this report is to identify a physics program that will maximise the original
physics research undertaken by Belle II in the first year of data taking, while allowing for
sufficient time to calibrate the detector at Υ(4S). This report was partially motivated by
recommendations in the 2014 BPAC report [1].
One of the main motivating factors for looking at physics beyond Υ(4S) and Υ(5S)
resonances in the earlier phases is that large full-detector samples of 700 fb−1 and 123 fb−1
have respectively been collected already (see Table III A). This leaves the possibility for
quick acquisition of uniquely large samples at Υ(1S), Υ(2S), Υ(3S), Υ(6S), off-resonance,
and ECM scan points if sufficiently justified. The definition of “first physics” in this case
will be of order 300 fb−1 of non-Υ(4S) data.
TABLE I: Existing e+ e− datasets collected near Υ resonances.
Experiment Scans/Off. Res.

CLEO
BaBar
Belle

fb−1
17.1
54
100

Υ(5S)
10876 MeV
fb−1 106
0.4 0.1
Rb scan
121 36

Υ(4S)
10580 MeV
fb−1 106
16 17.1
433 471
711 772

Υ(3S)
10355 MeV
fb−1 106
1.2
5
30 122
3
12

Υ(2S)
Υ(1S)
10023 MeV 9460 MeV
fb−1 106 fb−1 106
1.2
10
1.2 21
14
99
−
25 158
6 102

There are also several startup scenarios to consider that may have a negative impact on
the types of studies undertaken.
• The TOP Cerenkov particle identification device may not be fully installed. Therefore
K/π separation may not be optimal for the first 6 months. (Although this was an
initial motivating argument for the report, the delayed SuperKEKB schedule may see
that the full PID is installed, but will take time to full calibrate.)
• It may take time to fully align the detectors, particularly the silicon vertex detectors.
Therefore analyses that are highly reliant on vertex fitting, such as time dependent
CP violation, will have large systematics in the early phases.
There are also some potential benefits to the early running phase. For example, the
luminosity will be relatively low, and therefore the triggers could be configured to be looser
than at nominal luminosity. This will benefit dark sector and precision electroweak analyses.
Concerning the latter, it should be noted that low multiplicity analyses that were limited
by trigger systematics in Belle may be measured more accurately in Belle II with relatively
small data samples if the trigger can be suitably designed. It may also be possible to perform
rapid Pythia tuning analyses of production processes with minimally biased events.
We focus this document on establishing an overview of the well motivated research topics
at Υ(1S), Υ(2S), Υ(3S), Υ(6S), off-resonance, and ECM scans. In the final part of the report
we provide a summary to inform future data taking plans. A full discussion of physics at
the Υ(5S) and Υ(4S) will be discussed in other Belle II notes.
A total of seven broad topics are covered in this report. Contact names of section editors
are listed.
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• Bottomonium(like) below Υ(4S): B. Fulsom*.
• Bottomonium(like) above Υ(4S): T. Pedlar*, R. Mizuk, P. Urquijo*.
• Dark sectors and light Higgs: C. Hearty*, G. Inguglia, I. Jaegle*, S. Vahsen.
• Production and fragmentation: A. Rostomyan*.
• Electroweak: T. Ferber*.
• Tau: C. Schwanda*.
A.

Executive Summary

The section authors propose the following measurements, which are either limited currently due to lack of data at specific CM energies or due to trigger design in Belle and
Babar.
• Bottomonium below Υ(4S). The general consensus is that running at Υ(3S) would
be substantially more advantageous to studies of bottomonium than at Υ(2S) despite
the smaller cross section. Roughly an order of magnitude more data for either Υ(2S)
or Υ(3S) is feasible. Various topics of quarkonia in this region are considered. An
order of magnitude more data than Babar or Belle would be transformational for
physics at Υ(3S), corresponding to 200 − 300 fb−1 .
ηb (1S)

Resolve discrepancies on the mass and width, based
on measurements of radiative transitions.

ηb (2S)

Independent confirmation of Υ(2S) properties, and
tests of hyperfine splitting against theoretical
predictions.

Υ(13 D1 ), Υ(13 D3 )

Precise measurement of multi-photon cascade decays
to separate J = 1, 3 (not seen) states from the J = 2
(seen) state.

Υ(13 D1 )

Inclusive photon spectra of Υ(3S) decays.

Rb near Υ(3S), Υ(23 D2 )-triplet Search for unseen Υ(1D) states and the unseen
Υ(23 D2 ) triplet via Rb scan methods.
hb

First observation and resonance characterisation in
Υ(3S) transitions. Babar finds an anomalous rate.

Inclusive decays (χb , Υ)

Surveys of inclusive hadronic transitions of χb and
Υ(2S, 3S).

Dipion transitions

Surveys of dipion transitions between χb states (analogous to Υ).
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• Bottomonium above Υ(4S). The opportunities for discovery of exotic 4-quark states
above Υ(4S) is compelling. Furthermore, issues concerning pQCD in the threshold
region of the accelerator reach demand further measurements to better understand
mb determinations from bottomonium sum-rules. A scan of approximately 30 − 50
fb−1 would be very important in finding postulated new states. If the accelerator
allows for energies near Υ(6S), then a unique data set would have the most profound
impact. However this is not allowed in early data taking.
Rb

Inclusive b cross section as a function of ECM up to Υ(6S)
(∗)

(∗)

Flavour decomposition: σ(B (∗) B (∗) ) and σ(Bs Bs )
Zb from scans

Analysis of π +Zb substructure through σ(Υ+2π) and σ(hb (nP )+
2π) through an ECM scan

Zb near resonance Analysis of Zb charged and neutral from Υ(6S)
Tetra quark states Analysis of radiative or 2π transitions from Υ(6S)
Other exotica

Searches for exotic states with single π transitions from Υ(5S) and
Υ(6S)

Wb , Xb

Studies of radiative transitions from Υ(6S) to new bottomoniumlike or molecular states

mb

Accurate determination of mb via bottomonium sum-rules.

• Dark sectors and light Higgs. Models of the dark sector offer a rich variety of
topologies that could potentially be examined with relatively small data sets.
The uniqueness of the measurements with respect to Belle and Babar is largely
attributable to improvements in trigger design at Belle II. Measurements may be
able to take advantage of data collected either at Υ(4S) or at lower level Υ resonances.
Dark photons to leptons Radiative production of A0 via e+ e− → γA0 , where the A0
couples electromagnetically.
Dark Light Higgs

Υ(2S, 3S) → A0 γ, A0 →invisible, with single-photon triggered events. The dark Higgs couples with the b-quarks in
the Υ.

Dark Matter

Non-resonant production of dark matter via e+ e− → A0 γ,
A0 →invisible, analysed with single-photon triggered events.

(Dark) Higgs-strahlung e+ e− → A0 h0 , where h0 → A0 A0(∗) , `+ `− or hadrons. Early
Belle II data taking could be uniquely sensitive to long lived
h0 .
• Studies of low multiplicity processes. Precision electroweak measurements can be
uniquely measured thanks to improved trigger design. Topics such as fragmentation
and Pythia tuning are crucial in understanding production mechanisms, that have
an impact on our understanding of QCD and for modelling background processes to
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most flavour measurements.
Light quark Fragmentation Cross section measurements as a function of z below the
B threshold. Improved particle identification and vertex reconstruction in Belle II will help to suppress charm
background.
Charm Fragmentation

Cross section measurements as a function of z below the
B threshold.

αs

Determination of the strong coupling constant from fragmentation data.

Pythia tuning

Tuning of Pythia 8 with early Belle II fragmentation data
in Υ(1S) and e+ e− → q q̄ below the B threshold.

Muon-pair asymmetry

Precision electroweak tests and probes of axial-axial
operators with measurements of the forward-backward
asymmetry.

• Tau-lepton physics.
Precision SM measurements in tau-lepton decays can be probed in early Belle-II data
due to the systematic limitations these measurements faced at Belle.
Work in progress
The topics not covered in this report include charmonium, and b and c-quark flavour
physics. Most associated channels would require more than 1 ab−1 of data with a complete
and calibrated detector. This requirement places such topics slightly outside of the scope of
the first physics report. The SuperB physics report describes special runs at very low CM
energies for threshold charm production, however SuperKEKB will not run with such low
energies, where the lower limit will be only slightly below the Υ(1S).
We also do not discuss the full early data taking strategy for first commissioning of the
detector. This will be covered in separate notes in the future.
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II.

BOTTOMONIUM BELOW Υ(4S)

Section author(s): Bryan Fulsom
A.

General

The charge of the Belle II First Physics Task Force is to identify analyses of interest
for non-Υ(4S, 5S) running. During this intial running period, there are further caveats that
particle identification and vertexing may not be fully reliable. With this in mind, this review
will focus on analyses relying mainly on tracking from the CDC, photon reconstruction in
the ECL, and muon identification in the KLM. Given these conditions, this section mainly
considers analyses reconstructing Υ final states decaying to e+ e− and µ+ µ− , transitions with
π 0 and η mesons decaying to γγ, transitions involving photons, and analyses using recoil
mass techniques that are not as dependent on particle identification. The focus here is on
bottomonium results accessible by running at the Υ(3S) resonance.
The existing Υ(1S, 2S, 3S) samples are summarized in Table III A. An Υ(3S) dataset
several times larger than the existing BaBar sample offers the most opportunity for study
of the bottomonium system, and is within reach of the early Belle-II running period. In this
section, we make simple estimations for the expected number of events and significances
by scaling from existing BaBar analyses or indicated theoretical predictions. A reasonably
significant increase in scientific potential could be achieved with about 7 times as much data
(∼ 200 fb−1 ). This should be easily achieveable at the start of Belle II running, and offers
opportunities for unique early physics publications from the experiment that would not
necessarily be achieved with an Υ(4S) dataset of similar size. From a machine operations
standpoint, it may also be desirible to begin with a “low” energy, as opposed to pushing
above Υ(4S) to the highest limits with an energy scan right from the start. The early
running conditions with below (Belle-II) nominal instantaneous luminosity and backgrounds
are also well-suited for many of the calorimeter-reliant measurements described herein. For
future trigger considerations, most of the decay topologies here contain either Υ → µ+ µ−
or inclusive multihadronic final states as the final result. A dedicated effort to produce
relevent Monte Carlo samples with Υ-specific decays and generators will also be needed and
is underway.
A comprehensive documentation of relatively recent progress in quarkonium physics can
be found in [2, 3], though with further results primarily from LHCb, BES-III, Belle, and
BaBar, quarkonium physics continues to be a rapidly evolving field. Figure 1 illustrates
the current knowledge of the bottomonium spectrum. Below the Υ(3S) threshold, there
are four predicted bottomonium states that have yet to be positively identified: ηb (3S),
Υ(1D3 ), Υ(1D1 ), and ηb (1D), and evidence for ηb (2S) is below the 5σ threshold [4]. Of
the known states there are several important parameters that either need to be measured
or have conflicting experimental results in need of resolution. Examples include the masses
and widths of the ηb states, χb0 widths, the mass splitting of the Υ(1D) states, and the
B(Υ(3S) → γχb (1P )) branching fractions. These and other potential analyses will be described here.
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FIG. 1: The bottomonium spectrum.
B.

ηb measurements

The main success of BaBar’s Υ(3S) programme was the discovery of the ηb (1S) bottomonium ground state [5]. Subsequent analyses at Belle from the Υ(4S) [6] and Υ(5S)
[4] datasets provided further measurements of ηb (1S) and evidence for ηb (2S). Analyses of
the CLEO data have also produced indications for these states [7, 8]. Despite these many
results, there remains a conflict between the BaBar/CLEO and Belle measurements of the
ηb (1S) mass, and between Belle [9] and a rogue analysis of CLEO data regarding the mass
of the ηb (2S) [8].
The combined BaBar [5, 10] and CLEO [7] results from Υ(mS) → γηb (1S) decays give
mηb (1S) = 9391.1 ± 2.9MeV/c2 , while the combined Belle [4, 6] measurements via hb (nP ) →
γηb (1S) find mηb (1S) = 9403.4 ± 1.9MeV/c2 . These measurements disagree at the ∼3.5σ
level. An unpublished Belle result for Υ(2S) → γηb (1S) found a mass value consistent
with that of the similar BaBar and CLEO radiative decays [11]. Combining the two existing
measurements of the ηb (1S) width [4, 6] still has an appreciable uncertainty, Γηb (1S) = 10.8+3.5
−3.0
MeV.
2
As for ηb (2S), Belle [4] measured mηb (2S) = 9999.0 ± 3.5+2.8
−1.9 MeV/c in the decay hb (2P ) →
γηb (2S), while an independent analysis of the CLEO dataset found mηb (2S) = 9974.6 ± 2.3 ±
2.1MeV/c2 [8] (which has been both strongly disputed by [9] and rejected by the CLEO
Collaboration). Further measurements, particularly for the ηb (2S), are needed, and could
be provided by running at the Υ(3S).
A recent literature review [12] covers more than 50 theoretical predictions for the bottomonium hyperfine splitting for Υ − ηb , spanning both lattice and potential models. It
notes the inconsistency between the BaBar and Belle values, and points out the obvious
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disagreement between the independent “CLEO” ηb (2S) result [8] and nearly all theoretical
predictions. Width predictions for the ηb (1S) fall in the range of 3 < Γgg < 12 MeV, and
1 < Γgg < 5 MeV for ηb (2S) [84]. The existing experimental results are at the high end of
this range, though the uncertainties are large enough so as to not be exclusionary. Further
measurements of the ηb masses will be able to determine if there is indeed a decay-mode
dependency (perhaps requiring lineshape modifications as suggested for J/ψ → γηc (1S) decays [13]), and to distinguish between the many theoretical predictions for both the masses
and widths.
Given B(Υ(3S) → γηb (1S)) = (5.1 ± 0.7) × 10−4 [14], one expects roughly 800 ηb (1S)
per fb−1 above a large background via this pathway, assuming an efficiency of ∼ 40%.
Verification of the ηb (1S) mass from Υ(3S) → γηb (1S) in the inclusive photon spectrum
should be straightforward with a large statistics early Belle-II dataset, given the BaBar
analysis had a 10σ signal [5]. (See also Section II E.) Uncertainty on the ηb (1S) mass was
evenly statistical and systematic, therefore there is room for improvement here. The decay
Υ(3S) → π 0 hb (1P ) → γηb (1S), for which ∼3σ evidence was seen at BaBar [15], may also
provide comparative information on the ηb (1S) from a separate production method. The
confirmation of the Υ(3S) → π 0 hb (1P ) result is itself an important measurement in its
own right (see Section II D). Based on the branching fraction and efficiency from BaBar
((4.3 ± 1.4) × 10−4 and ∼ 20%), this represents ∼350 events produced per fb−1 , though the
expected background is also large.
Another potential unexplored pathway well-suited to the initial running conditions could
be via Υ(3S) → γχb0 (2P ) → ηηb (1S). The χb (2P ) → ηηb (1S) decay could have a branching
fraction as large as 10−3 [16]. When combined with B(Υ(3S) → γχb0 (2P )) = 5.9 ± 0.6% [14]
and an estimated efficiency of 5%, one might expect ∼12 events per fb−1 , or a few thousand
events with a 200 fb−1 Υ(3S) sample.
The best limit for the suppressed M 1 transition, B(Υ(3S) → γηb (2S)) < 6.2 × 10−4 ,
was set by CLEO [17]. BaBar also considered this decay in an analysis of their inclusive
converted photon spectrum, but did not improve upon this limit [18]. Preliminary studies at
BaBar [19] showed that a similar analysis on the calorimeter photon sample could perhaps
reach 3σ significance, assuming a branching fraction of a similar order to B(Υ(3S) → ηb (1S))
[85]. The level of background was estimated to be approximately four times higher in this
energy range than at Υ(3S) → γηb (1S) photon energies. Therefore, a large increase in
available statistics is an important condition to making this analysis feasible. It will also be
necessary to have a detailed understanding of several nearby peaking contributions from χb ,
Υ(1D), and initial-state radiation photon lines, which can be obtained from other studies
on an expanded Υ(3S) dataset.
C.

Υ(m3 DJ ) measurements

Although much progress has been made on understanding of the Υ(13 DJ ) triplet by
CLEO, BaBar and Belle, isolation and identification of the individual Υ(13 DJ ) states remains elusive. The Υ(13 D2 ) state has a mass of 10163.7 ± 1.4 MeV/c2 [14], and theoretical
predictions from both potential [20] and lattice [21] models put the J = 1 and J = 3 states
in the range of 10145 − 10155 MeV/c2 and 10168 − 10172 MeV/c2 , respectively. The Υ(23 D2
triplet is expected to be somewhere in the range of 10420 < mΥ(23 DJ ) < 10460 MeV/c2 .
These states are expected to narrow, and predominantly decay radiatively to χbJ (∼ 70 + %)
[22, 23].
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CLEO first discovered the Υ(1D) in the exclusive four-photon cascade, measuring
B(Υ(3S) → γχb (2P ) → γΥ(1D) → γχb (1P ) → γΥ(1S) → `+ `− ) = (2.5 ± 0.7) × 10−5 [24].
It was unclear from similar preliminary attempts at BaBar if the energy resolution would
be sufficient to resolve the J = 2 and J = 3 states, and the J = 1 state was expected to be
inaccessible via this decay chain due to a low branching fraction [25]. BaBar performed the
first measurement of hadronic Υ(1D) decays, Υ(3S) → γγΥ(1D) → π + π − Υ(1S) → `+ `− ,
finding evidence for the J = 2 state and two less significant (∼2σ) satellite peaks that could
be interpreted as the J = 1 and J = 3 states [26]. The branching fraction for these decays
is small (O(−7)), necessitating a large Υ(3S) dataset for their study. Belle has also made
several (to-be-published) Υ(1D)-related measurements [6], though is it not apparent these
analyses are able to distinguish the individual J states.
Based on the BaBar results [26], a factor of 7 − 9 increase in statistics is needed to resolve
and observe the other Υ(1D) → π + π − Υ(1S) peaks, given a similar reconstruction efficiency
(and if they are indeed significant). For the exclusive four-photon cascade, approximately 4,
15, and 2 events are expected per fb−1 for the J = 1, 2, and 3 states, respectively (assuming
an efficiency of ∼ 15%).
Another possibility could be to search for the Υ(1D1 ) state via the inclusive Υ(3S) photon
spectrum. In the inclusive ηb photon searches described previously, the decay Υ(1D1 ) →
∗
∼ 288 MeV. This is the highest of the
γχb0 (1P ) is predicted to have a photon energy of ECM
six photon transition energies expected from the Υ(1D) → γχbJ (1P ) decays, with the nearest
(Υ(1D2 ) → γχb1 (1P )) expected to be 268 MeV. Although the other transitions dominate
and create a significant nearby peak, preliminary BaBar studies indicated that ∼ 40k of
inclusive Υ(1D1 ) → γχb0 (1P ) events would be present, although above a large background
[19]. Given an increase in statistics and sufficient energy separation, it is possible that they
could be identified in a manner similar to CLEO’s initial evidence for Υ(3S) → γχb0 (1P ):
a lone peak apart from a Gaussian encompassing several other photon transition lines [17].
In addition to the above noted Υ(13 DJ ) strategies from the Υ(3S), there could also be
the chance to produce the J = 1 states directly via a beam energy scan [27]. Γe+ e− widths
for the Υ(D) states are predicted to be very small, (0.6−1.5) eV for m = 1 and (1.1−2.7) eV
for m = 2 [28, 29]. Based on theoretical predictions for the total width [22, 23], the resulting
peak (e+ e− → Υ → hadrons) cross section for Υ(13 DJ ) (Υ(23 DJ )) is 0.5-1.2 (0.9-2.1) nb.
A beam energy spread of ∼ 5 MeV leads to an effective cross section of approximately 6.1
(10.3) pb in the more pessimistic case. Although the first step for Υ(D) decays is usually to
γχb (with the remainder to light hadrons), χb mesons decay predominantly to hadrons. Thus
an “R scan” could be a potential method to search for Υ(D) production over a continuum
hadronic background of ∼ 3 nb. For a scan of 7 (10) steps centered on 10.150 (10.435) GeV,
assuming a hadronic signal efficiency of 50% and background rejection at the level of 80%,
it would require about 1 (0.7) fb−1 per scan point to obtain 3σ evidence for these states;
approximately double for a 5σ observation. The time taken to perform such a scan would
obviously depend on the instantaneous luminosity. With a value of 2 × 10−34 cm−2 s−1 it
would require about one week to scan for each state.
D.

hb measurements

First evidence (∼3σ) for the hb (1P ) came from a double search strategy for Υ(3S) →
π 0 hb (1P ) → γηb (1S) in BaBar’s Υ(3S) dataset [15]. No evidence for Υ(3S) → π + π − hb (1P )
was found [30]. [86] BaBar’s measurement of B(Υ(3S) → π 0 hb (1P )) × B(hb (1P ) →
11

γηb (1S)) = (4.3 ± 1.4) × 10−4 and efficiency of ∼ 15% implies about 250 events per fb−1 ,
though the background level for the π 0 transition is very high. The signal significance of 3.1σ
indicates that a factor of ∼3 increase in statistics could turn the Υ(3S) → π 0 hb evidence
into an observation and lead to further measurements of hb (1P ) parameters. This analysis
could also rely mainly on photon detection, which may be advantageous in early running
scenarios.
The dipion transition set a branching fraction limit for Υ(3S) → π + π − hb (1P ) of less than
1.2 × 10−4 . This result has generally ruled out most theoretical predictions, the lowest of
which was on the order of O(10−4 ) [31, 32, 33]. While this does not constitute a promising search mode for hb (1P ), further predictions may be needed here, and this decay is an
interesting contrast to the enhanced decays seen in the Υ(5S) system.
Further information regarding hadronic transitions can be found in Section II F.
E.

Analysis with converted photons

BaBar used photons converting into e+ e− pairs in detector material to perform several
measurements related to radiative bottomonium decays [18]. Although the efficiency for
converted photon reconstruction (1% and less) is much lower than that for calorimetry (by
a factor of 20-40), this can be offset by an improvement in energy resolution (e.g. from 25
MeV to 5 MeV in the energy region for ηb (1S) transitions). The improved photon resolution
with conversions also affords the possibility to measure particle widths (e.g. ηb (1S) and
χb0 (1P )).
BaBar attempted to provide an alternative measure of the ηb (1S) mass using converted
photons, but the result with 30 fb−1 was just below the 3σ threshold. (A preliminary
BaBar estimate was that an ηb width down to a few MeV could be resolved with 10 times
the statistics) [19]. The BaBar converted photon sample was also used to measure the
B(Υ(3S) → γχb (1P )) branching fractions, finding results in mild conflict with a CLEO
analysis. Photon lines from Υ(1D) transitions and Υ(3S) → γηb (2S), as mentioned in
previous sections, may also be in principle resolvable in the inclusive photon spectrum,
although the low converted photon efficiency makes these search strategies difficult. All
of these measurements would be possible with the increased dataset that Belle-II could
provide, though it will be dependent upon the material layout and tracking capabilities of
the detector, particularly for low momentum track acceptance.
One note of interest from the BaBar experience is that while most of the photon conversions occured in the beampipe, silicon vertex tracker, and support structure (∼ two thirds),
roughly one third occured in the inner wall of the drift chamber [19]. Because the e+ e−
pairs from these latter converted photons immediately entered the tracking volume without
multiple scattering, their energy resolution was somewhat better than that from the conversions at an inner radius. This could be of consideration given the status of the SVD in
early Belle-II running.
F.

Hadronic transitions and decays

CLEO and Belle have searched for or identified dozens of exclusive final states for χb
and Υ [34, 35, 36] decays (generally with branching fractions at the level of < O(10−4 )).
However, repeating and expanding upon these results would be highly dependent on particle
12

identification. With sufficient statistics, an “N=even” number of tracks selection may be
used for certain final states, but this needs to be understood. Two examples of interesting
measurements with this approach are Υ → γηb (nS) → hadrons [8, 9], or using the ratio of
Υ(2S) → γχb (1P ) → hadrons to Υ(3S) → γχb (1P ) → hadrons to access Υ(3S) → γχb (1P )
[34].
There are several allowed dipion transitions amongst bottomonium states that could be
studied in detail, for example Υ(3S) → π + π − Υ(1S, 2S) and χb (2P ) → π + π − χb (1P ), and
their neutral pion counterparts. While the dipion transitions between Υ states and their
atypical mππ structure have been studied extensively [37], the transitions between χb states
have yet to be fully exploited and understood [30, 38].
Studies of other hadronic transitions between bottomonium states that have been attempted in the past include Υ(2S) → ηΥ(1S) [39, 40], Υ(3S) → ηΥ(1S) (upper limit
1 × 10−4 ) [40], and χb (2P ) → ωΥ(1S) [41]. Recent results in the Υ(4S, 5S) sector point to
possible anomolies related to the η transitions [6], with further exploration of these in the
below Υ(4S) range as a possible complement. Studies of transitions involving ρ have yet to
be made. All of these transitions have potential for improved results and publication.
G.

Radiative decays

Radiative decays between Υ and χb have been extensively studied by several experiments in the past, most recently by BaBar [18, 42]. Two outstanding questions regarding these transitions are the observation of χb0 (2P ) → γΥ(1S), and the understanding of
Υ(3S) → γχbJ (1P ) decays. The former has a single dubious claim [43], while the recent
high-statistics BaBar measurement could only reach a significance of 2.2σ [42], putting this
observation within reach with approximately 5 times the dataset. The latter transitions
are both experimentally difficult to measure due to overlapping photon transition energies,
and theoretically difficult to calculate due to the effects of higher-order corrections. While
they have been measured by both CLEO [17, 44] and BaBar [18, 42], there remains some
disagreement over the presence of the suppressed Υ(3S) → γχb1 (1P ) transition. This could
potentially be resolved with a high-statistics Υ(3S) converted photon sample. Reference
[42] also noted the ability to accurately measure χb mass splittings and matrix elements to
compare with theoretical predictions, which is something that could also be done with such
a dataset.
H.

Four quark Zb states

The Belle experiment led the way in the observation of many apparently four-quark
states, both neutral and charged [45, 46]. All of these discoveries in the bottomonium sector
have taken place above the open-flavour/Υ(4S) threshold [47]. Guidance from theorists is
needed here for possbilities for similar lower mass states.
III.

BOTTOMONIUM ABOVE Υ(4S)

Section author(s): Alex Bondar, Roman Mizuk, Todd Pedlar, Phillip Urquijo
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A.

General

Among the studies of interest for us in the “First Physics” phase of Belle II are studies
above the Υ(5S). The existing data samples taken at and above Υ(5S) are summarised in
Table III A.
TABLE II: Existing datasets taken at or above Υ(5S)

mb in Rb scans

First physics

•

Experiment
Υ(5S)
Scan above Υ(5S)
−1
CLEO
0.42 fb [48] ∼ 70 pb−1 [49]
CUSB
∼ 123 pb−1 [50]
BaBar
∼ 3.3 fb−1 [51]
Belle
121 fb−1 [52] ∼ 24 fb−1 [53, 54]

Scan around Υ (5S) and b quark mass determination
Scan highest available CM energy
K.G. Chetyrkin
(SuperKEKB
max. et
at al11.24 GeV)
po
PRD 80 (2009) 074010
In the early stages of Belle-II running, we advocate for two data samples to be accumumass
in
arXivΥ(5S):
:0907.2110
• b-quark
lated above
andetermination
energy scan from approximately
10.64 GeV to 11.24 GeV in 10 MeV
−1
(see
also
arXiv :1010.6157)
steps
with approximately
1 fb precise.
at each point (totalling roughly 60 fb−1 , and a dedicated
R
- most
b moments
run with integrated luminosity of order 100 fb−1 at the Υ(6S). We believe both of these data
m
GeV)=3610(16)
MeV measurements to be made, which we discuss in
b(10will
samples
enable a number of interesting

what follows.
It should be noted that there is currently an upper limit to the ECM due to the Belle II
cm 2. This would allow for
injection system, which is at 11.24 GeV. This is depicted in Figure
∘ lowest
region:
narrow
resonances
data collection across the Υ(6S) resonance.

Limitations for Higher E �

∘ intermediate ''theshold
'' region : 10.62
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⇒ moments → mb
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FIG. 2: Diagram of the accelerator ECM limit due to the LER injection system.
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B.

ECM scans

The region between about 10.6 GeV and 11.25 GeV has been studied only sparingly
- most recently at the very end of Belle data taking, in 2010. For twenty-five years the
only data in this region came from CLEO and CUSB, and the data (a grand total of 70
pb−1 in the CLEO sample [49], and 123 pb−1 in the CUSB sample [50]) in which for the
first time candidate resonances for identification as the Υ(5S) and Υ(6S) were observed.
Subsequently, in 2008, Babar published the result of their energy scan in this region [51], a
much finer-binned search covering the range with 300 data points, and using approximately
3.3 fb−1 of e+ e− collisions, and we in 2010 published results of our own scan, which utilized
about 8 fb−1 [54].
At the end of Belle running in the Spring of 2010, we added another 16 points between
10.63 and 11.02 GeV, each of approximately 1 fb−1 , and 61 data points between the same
limits with 50 pb−1 taken at each. Preliminary results of that scan are found in Ref [53].√In
Figure 3 we show the measurement of the Υ(nS) + π + π − cross section as a function of s
from this latest scan [53].

FIG. 3: The Υ(nS) + π + π − cross section as a function of

√

s from this latest scan [53]

In the early running of Belle II, it would be useful therefore to study this region in some
detail, in part to help us set priorities for above-Υ(4S) running during the later running
periods. The scan by BaBar of this region, while it covered the full range from 10.6 to 11.2
GeV, was done with very low integrated luminosity (25 pb−1 ) at each point. The Belle scans,
while done with comparable point-by-point integrated luminosities, covered only part of the
range, barely extending beyond the peak of the Υ(6S) resonance, and were concentrated
near the peak of the Υ(5S) resonance. Part of the motivation for these scans was to study
potential differences between the peak in Rb = σ(bb̄)/σ(µ+ µ− ) and that in Υππ) near 10.89
15

GeV.
We therefore suggest as one of our first physics studies a scan of the region between 10.64
and 11.24 GeV in 10 MeV steps, with an integrated luminosity of at least 1 fb−1 per point,
using a total of 60 fb−1 for the study. It is important that this scan extend beyond the 11.0
GeV mass of Υ(6S), and as close to the maximum energy as possible (so as to reach Λb pair
threshold. At each energy point we would expect to study the following as a function of
energy:
• Rb = σ(bb̄)/σ(µ+ µ− ).
• σ(Υ(nS) + π + π − ) (and potentially looking at π + Zb substructure).
• σ(hb (nP ) + π + π − ) (and potentially looking at π + Zb substructure).
(∗)

(∗)

• σ(B (∗) B (∗) ) and σ(Bs Bs ).
A scan such as we propose would give us the opportunity to study both the cross sections
for bb̄ and for Υππ in finer detail and in a systematic manner, with a view possibly to taking
a 10× higher statistics scan (10 fb−1 per point) later in Belle-II running. As was noted in
Ref. [53], the difference between continuum production of B-mesons (lots) and Υππ (almost
none) means that the cross section measurements of the latter are far more reliable for Υ(5S)
and Υ(6S) resonance parameter determination, but that the former process is still of much
interest. Not only are these cross sections interesting in the vicinity of Υ(5S), but it is
also desirable to study the region at and above Υ(6S), where very little data exists above
the peak energy of ∼ 11.0 GeV. In trying to understand the complex structure of the Rb
distribution, a scan such as we suggest offers the statistics necessary to begin to determine
the composition Rb in terms of the different flavours of B mesons by making a careful study
of the production of each type as the various thresholds are crossed.
C.

Four quark states

The Belle experiment has historically led the way in the discovery of many apparently
four-quark states, both neutral and charged, in both the bottomonium and charmonium
sectors. Soon after the discovery of the hb (nP ), (n = 1, 2) mesons in 2011-12 [4, 52], we
published results of studies which indicated two charged (and thus manifestly exotic) Zb
states at 10610 and 10650 MeV. [47]. Soon thereafter, neutral partners to the charged Zb
were identified, and their decays studied. [55]
Among currently unanswered questions of interest related to the Zb states are: Is the
Υ(6S) a strong source of Zb as the Υ(5S) was discovered to be? Is the distribution among
the two Zb mass states different at Υ(6S) than Υ(5S)? How does the Zb π cross section vary
between the Υ(5S) and Υ(6S)? Can we observe the turn-on of the two Zb π thresholds, as
seems to be indicated in the Υ(1S)ππ and Υ(2S)ππ cross sections below the Υ(5S) peak?
Finally, it also might be asked whether there are also other tetraquark states to be
observed in these data above Υ(5S): these are G = −1 partners to the G = +1 Zb states,
denoted by Voloshin Wb [56] and illustrated in Figure 4. It is expected that they should be
produced in either radiative transitions or dipion transitions from Υ(6S), and have expected
decays Υρ and ηb π. While the Υ(5S) is a possible source of these states, running at the
Υ(6S) opens the door to more of these expected states and production in hadronic transitions
as well as radiative transitions.
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FIG. 4: Array of predicted and observed quarkonium-like resonances lying above open-bottom
threshold. [57]

Certainly we cannot answer all of these questions using a 1 fb−1 per point scan of the
entire region - we would need more statistics, it is likely, but a full scan across the region
with point-by-point luminosities of this order, coupled with a good run of 100 fb−1 at Υ(6S)
will give us indications of some of the answers, and others perhaps will be answered outright.
D.

Υ(6S) and the Λb threshold

A small sample of approximately 6 fb−1 was taken at a handful of points on the Υ(6S)
resonance - but in order to study the decays of Υ(6S) in detail, we suggest that in early
running we should aim to accumulate a sample of roughly the same size as that which we
took in Belle I at the Υ(5S). Hence we suggest an initial data sample of ∼ 100 fb−1 to be
taken at the peak of the Υ(6S). With this sample we expect to study:
• Radiative transitions to lower bottomonium χbJ states, and possibly new bottomonium
like states Xb and the expected Wb states.
(∗)

(∗)

• Decay branching fractions to B (∗) B (∗) and Bs Bs , although we recognise that this
may be hampered somewhat by less-than-optimal particle identification in the early
stages.
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• π transitions to the Zb , both charged and neutral, and searches for dipion transitions
and/or radiative transitions to the expected isovector Wb states.
• Similarly, single π transitions to other exotic charged states in the mass range between
M (Υ(6S)) − M (π) and M (Υ(5S) − M (π) that may mediate transitions to hb (3P ).
E.

b-quark mass from bottomonium sum-rules

The precise determination of the b-quark mass is an important task for the Belle II
experiment. Various methods have been employed to determine the quark masses, including
bottomonium sum rules, and semileptonic and radiative B decays. The latter exploits the
fact that mQ  ΛQCD to construct effective theories (mQ is the mass of the heavy quark
Q). The former involves systems containing two heavy quarks such as the Υ, which can
be treated using non-relativistic QCD (NRQCD) to extract masses. The problem is that
the typical momentum and energy transfers in these systems is sensitive to scales much
smaller than mQ . However, smeared observables, such as Rb (s) averaged over some range of
s that includes several bound state energy levels, are better behaved and only sensitive to
scales near mQ . For this reason, most determinations of the b (and c) quark masses using
perturbative calculations compare smeared observables with experiment. Determination of
heavy quark masses in this approach involves the direct comparison of the theoretical and
experimental evaluations of the contributions to the derivatives of the polarisation function
ΠQ (q 2 ), the former evaluated in perturbative QCD, the latter through moments of the
measured cross section for heavy quark production in electron-positron annihilation.
The experimental input to such an analysis is a precise measurement of
0
Rb (s) = σb /σµµ
(s),

0
σµµ
(s) =

4πα2
2s

(1)

0
which enters into the moments relations, where σµµ
(s) is the lowest-order cross section for
+ −
+ −
+ −
e e → µ µ , σb is the total cross section for e e → bb̄(γ), including bb̄ states produced
in initial state radiation (ISR) below the open beauty threshold, i.e. the Υ(1S), Υ(2S), and
Υ(3S) resonances. The data is then split into three integration regions.

• the low region with the narrow resonances below Υ(4S),
• the intermediate threshold region between 10.62 GeV and 11.24 GeV,
• and the perturbative region above 11.24 GeV, where there are no measurements available.
The value of 11.24 GeV corresponds to the limitation of the data covered by CLEO (
BABAR was limited to about 11.20 GeV), and early running at Belle II. Running at higher
CM energies would require redesigning aspects of the accelerator, which is feasible but not
for some time. In the low and threshold regions the masses and widths of the upsilon
resonances are taken into account. Data from CLEO and BABAR have been used in quark
mass derivations. The Babar dat set was composed of two scans: an energy scan over the
whole range in 5 MeV steps, collecting approximately
25pb−1 per step for a total of about
√
3.3 fb−1 ; and a 600 pb−1 scan in the range of s = 10.96 to 11.10 GeV with irregular
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FIG. 5: The comparison of CLEO and Babar Rb data, and the theory prediction on the left. The
right figure shows a zoomed figure of the threshold point, with only the higher precision Babar
data.

spacing. The leading experimental uncertainty on mb is due to the correlated systematic
uncertainty in the BABAR measurement.
The details of this procedure and some results are provided in Ref. [58], giving mb (mb ) =
4.163 ± 0.010exp ± 0.003pert ± 0.012αs GeV. Another determination shown at CKM 2014
(preliminary) gave a consistent value using O(αs3 ) calculations and a more conservative
treatment of the experimental uncertainties, mb (mb ) = 4.167 ± 0.019exp ± 0.004pert ± 0.007αs
GeV. The latter result demonstrates the need to greatly improve the experimental data.
There are a few key notes on this determination:
• The measurements of the narrow Υ resonances are missing compensation of radiative
corrections. They are addressed only in the theoretical interpretation.
• The agreement between the threshold region for Rb and the perturbative region is
poor. The procedure in Ref. [58] is based on the assumption that pQCD is valid in
the region above 11.2 GeV, which corresponds to where the relative momentum of the
b quarks is about 5 GeV. No additional uncertainty is give to this apparent mismatch.
• Furthermore, the available Belle data has a threshold closer to 11.02 GeV [53], and
therefore unable to thoroughly test any systematic biases introduced by the Babar
measurement.
The biases introduced by the mismatch of pQCD and the Rb data, is ±64 MeV for mb
from first order moments and ±20 MeV for the second order moments, which are greater
than the currently assigned total uncertainties in these techniques. Improvements in the
determination of the b-quark mass could come from more precise information on the Rratios, in particular to consolidate the agreement with pQCD.
• Improved determination of the electronic widths of the narrow Υ resonances.
• Independent measurement of the R ratio in the region from the Υ(4S) up to 11.24
GeV.
• Measurements into the pQCD problematic region.
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FIG. 6: Radiative production of a dark photon, which subsequently decays to a lepton pair.

Belle has recently measured Rb using 50 pb−1 at each of 61 points taken in 5 MeV steps
between 10.75 and 11.05 GeV, as well as approximately 1 fb−1 at 6 additional energy points
above 10.80 GeV and 1 fb−1 at 16 further points between 10.63 and 11.02 GeV. The results
are yet to be included in any global analysis for mb , and unfortunately the threshold CM
energy is too low (by more than 200 MeV) to reliably test pQCD in the high ECM region.
IV.

DARK SECTOR AND LIGHT HIGGS

Section author(s): Chris Hearty
A.

Dark photon searches, leptonic final states

Dark sectors are an exciting topic in particle physics. These theories introduce new
particles that interact gravitationally with standard model matter, but do not interact via
the electroweak or strong forces. Such particles would be dark matter that is observed
astronomically.
There are a variety of such theories. One of the simplest includes a dark photon A0 that
mixes with strength  to the standard model photon [59]. Annihilation of heavy dark matter
fermions would produce an A0 , which would decay to standard model particles, if the A0 is
the lightest dark sector particle. This process could explain the positron excess observed
by PAMELA, LAT Fermi, and AMS [60, 61, 62]. These observations are consistent with an
A0 mass MA0 in the MeV/c2 to GeV/c2 range. With this mass, the A0 could be radiatively
produced in e+ e− collisions, e+ e− → γA0 (Fig. 6).
2
The cross section for this process is proportional to 2 α2 /ECM
[63]. The decay branching
0
fractions of the A are the same as a virtual photon of mass MA0 (i.e. e+ e− → γ ∗ → X)
(Fig. 7).
A significant number of experiments have recently published results of A0 searches and
several other dedicated experiments will proceed over the next several years. A recent
search by BaBar for the radiative production of the A0 in the e+ e− and µ+ µ− final states
used 514 fb−1 of data [64]. The standard model rates for e+ e− → γe+ e− and e+ e− → γµ+ µ−
are large, and the search for the A0 consists of a search for a narrow peak in the dilepton
mass spectrum on top of a large background.

20

FIG. 7: Dark photon decay branching fractions. Figure courtesy of Betrand Echenard.

This result can be extrapolated to predict Belle II upper limits U in the  vs MA0 plane:
 0
0.25
L ∆M 0``
U
=
,
U0
L ∆0M ``
where the superscript 0 corresponds to BaBar values. The three components in the extrapolation are:
• L is integrated luminosity. The upper limit on the e+ e− → γA0 cross section decreases
as the square root of integrated luminosity. Therefore, the upper limit on  scales as
the fourth root of luminosity.
• The number of background events under the signal peak directly scales with the dilepton mass resolution, ∆M . The Belle II drift chamber radius is much larger than BaBar,
1130 mm vs 800 mm, implying ∆M /∆0M = 0.5.
• `` is the efficiency. BaBar suffered a factor of two loss of efficiency in the e+ e− final
state due to a scale factor of 2 for radiative Bhabha events in the level 3 trigger. BaBar
also had a muon identification system that suffered from efficiency loss. Assuming
the Belle II trigger will retain the maximum efficiency for events of physics interest,
`` /0`` = 2 for the electron final state and 1.1 for muons.
Note that the scaling is not done from the actual BaBar upper limits, but rather from the
expected limits based on the statistical and systematic uncertainties.
Systematic errors are negligible except at the lowest masses, where there is uncertainty
in the background mass distribution. The Belle II projections are based on the quadratic
sum of the statistical and systematic limits. Note that due to lower backgrounds and higher
efficiency, the muon final state is dominant above threshold.
A number of dedicated experiments are planned or proposed to search for dark photons,
all of which are fixed target experiments at electron beams. Results will be limited to A0
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FIG. 8: Existing exclusion regions (90% CL) on the dark photon mixing parameter  and mass
MA0 (solid regions), with projected limits for Belle II and other future experiments (lines). Data
for current limits and extrapolations other than Belle II from [65].

masses below 500 MeV/c2 . Above this mass, only Belle II will be able to improve the existing
limits.
The BaBar analysis excluded 30–50 MeV/c2 regions around the ω, φ, J/ψ, ψ(2S), Υ(1S),
and Υ(2S) resonances, where the backgrounds are changing rapidly with mass, and where
the A0 branching fractions to leptons are low. An analysis of hadronic final states would be
useful here.
The lifetime of the A0 is proportional to 1/(MA0 2 ) [66]. For the vast majority of the
parameter space covered by Belle II in Fig. 8 the A0 decay can be assumed to be prompt.
This approximation starts to fail only at the lowest mass and highest luminosity: calculated
in the centre-of-mass frame, βγcτ = 10 mm for MA0 = 20 MeV/c2 and  = 0.0003.
B.

Dark photon searches, invisible final states

If there is a dark fermion χ lighter than the A0 , the A0 will decay essentially 100% via
A0 → χχ. Since the interaction probability of the χ in the detector is negligible, radiative
production of the dark photon will produce a final state that consists of a single monoenergetic photon with no accompanying charged tracks. The centre
√ of mass energy of the
photon Eγ∗ is related to the dark photon mass by Eγ∗ = (s−MA2 0 )/(2 s), where s is the square
of the centre of mass energy. This is an interesting search to perform. There are no explicit
limits set on invisible dark photon decays, and few proposals for dedicated experiments,
unlike the leptonic decay case.
BaBar recorded 45 fb−1 of data with various single photon triggers in its final year of
operations. 28 fb−1 of this data recorded at the Υ(3S) was used in a search for invisible
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decays of the light Higgs A0 , Υ(3S) → γA0 , A0 → invisible. The result was presented in
a conference note [67], but never published. It is a useful introduction to the challenges of
this analysis, including trigger and backgrounds.
The level 1 trigger required a single energy cluster greater than 800 MeV in the laboratory
frame. Rate was 350 Hz (8% of the total) at a typical luminosity of 8 × 1033 running on the
Υ(2S) or Υ(3S) resonances.
Three different level 3 triggers were used, with thresholds of 2 GeV, 1 GeV, and 0.6 GeV
in the centre of mass, and a requirement of no charged tracks with pt > 250 MeV/c. The
highest threshold was available for the full 45 fb−1 , the other two for 85% of the data.
Note that the level 3 trigger did not use the full calorimeter calibration, and there was
considerable smearing between the level 3 energy measurement and the final calibrated
value. The efficiency of the lowest threshold trigger was quite poor, and it was not used for
physics analysis. The combined rate of the three triggers was 200 Hz (a third of all triggers),
of which 100 Hz was due to the two higher-threshold triggers. Different triggers were defined
to allow for prescaling if required.
A preselection was applied before events were fully reconstructed in the offline code.
There were two relevant filters for this analysis. One required a photon of Eγ∗ > 3.2 GeV
and no charged tracks with pt > 1 GeV/c, and the second required Eγ∗ > 1.8 GeV with loose
quality cuts on the photon, and no tracks with pt > 100 MeV/c.
The actual BaBar preliminary result used only events with Eγ∗ > 2.2 GeV, excluding
lower energies “where the backgrounds are excessively high and the single-photon trigger
selection requires further investigation”.
There are two substantial backgrounds, e+ e− → γγ and e+ e− → γe+ e− . The γγ gives
a peaking background at MA0 = 0 when one of the two photons does not interact in the
calorimeter. 97% of these events were rejected using information from the muon identification system. The residual background was measured by comparing one photon and two
photon events in data recorded below the Υ(3S) resonance. This was a reasonable approach
in a search for a signal that is produced in the decay of an Υ resonance, such as the light
Higgs. A dark photon signal, on the other hand, would be present in both on and off peak
data, and a different approach will need to be developed. Note that the angular acceptance
of the signal photon was selected to ensure that the second photon in an e+ e− → γγ event
would be in the calorimeter.
The high rate of radiative Bhabha backgrounds arises when both charged tracks miss
the detector acceptance. BaBar used tight cuts on the photon acceptance to reduce this
background. In the “low energy” region of the analysis (2.2 < Eγ∗ < 3.7 GeV) increasing the
angular acceptance from the value used, | cos θ∗ | < 0.46, to the full calorimeter acceptance
−0.92 < cos θ∗ < 0.89 would increase the background levels by an order of magnitude. The
optimisation of this selection would be different for a dark photon search, where the angular
distribution of the photon is much more strongly peaked in the forward and backwards
directions than the light Higgs. A prescaled trigger recording single high-momentum track
events would be very helpful in understanding this background.
We have used the BaBar preliminary result to project possible Belle II sensitivity in
the  − MA0 plane using e+ e− → γA0 , A0 → invisible. This work is similar to that in
Ref. [68]. The scaling is done as for the leptonic analysis. In this case, we assume there is no
improvement in mass resolution compared to BaBar. To obtain the efficiency, we unfold the
angular distribution of the radiative photon in the light Higgs search to obtain the efficiency
for reconstructing the photon within the acceptance cuts. The dark photon cross section is
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FIG. 9: Projected limits for Belle II for a search for dark photons decaying invisibly, assuming
massless daughters. The BaBar region is an interpretation of the preliminary result from Ref. [67]
in terms of a dark photon search.

then calculated for the analysis acceptance.
BaBar had a large systematic error on the residual γγ peaking background due to the
time variation in the response of the muon identification hardware. We assume that this can
be reduced to a negligible level. Otherwise, we do not assume any analysis improvements,
or optimisations for the light Higgs/dark photon differences. The result is shown in Fig. 9
for a massless χ.
The ability of Belle II to undertake this analysis depends entirely on the presence of a
single photon trigger. Such a trigger could also be used to search for non-resonant production
of weakly interacting particles, e+ e− → γχχ. In this case, there is no peak in the energy
distribution of the photon, but rather an overall increase in the single photon rate compared
to the expected QED backgrounds.
C.

Dark photon and dark Higgs searches

The dark U(1) symmetry group could be spontaneously broken by a Higgs mechanism,
adding a dark Higgs h0 (or several dark Higgs bosons) to these models [66]. Therefore, since
the dark photon has a mass, the dark photon coupling, αD , to the dark Higgs is non zero.
The hypothetical dark photon and dark Higgs particles can be searched in the so-called
Higgs-strahlung channel, e+ e− → A0 h0 (Fig. 10).
The dark photon A0 can decay into either `+ `− , hadrons or invisible particles while dark
Higgs h0 can decay into either A0 A0(∗) , `+ `− or hadrons. The decay modes of the A0 and h0
depend on their masses, kinematic thresholds, and their respective decay lengths [66, 69].
There are three main cases:
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FIG. 10: Higgs-strahlung production of a dark photon, which subsequently decays to a lepton pair
or hadron pair, and a dark Higgs, which subsequently decays to dark photon pair.

• Case (a), Mh0 < MA0 : h0 is long lived and h0 → `+ `− outside the detector. A0 → `+ `−
or hadrons. Only one dark photon could be reconstructed, the dark Higgs will show
up as missing energy. The signature is Belle II would be two leptons or hadrons plus
missing energy.
• Case (b), MA0 < Mh0 < 2MA0 : h0 → A0 A0∗ where A0∗ is a virtual dark photon that
decays into leptons. Only two dark photons can be reconstructed. The signature in
Belle II would be 6 leptons in the final state.
• Case (c), Mh0 > 2MA0 : h0 → A0 A0 . Three dark photons can be detected. The signature
in Belle II would be a combination of 6 leptons and hadrons in the final state. All
three dark photons can be reconstructed.
In the Higgs-strahlung channel, two couplings are involved: the electromagnetic coupling
of the dark photon to SM particles, α0 = 2 α (where  is the kinetic mixing and α is the SM
electromagnetic coupling constant), and the dark photon coupling to the dark Higgs, αD .
2
The cross section for this process is ∼ 2 αD α/ECM
if Mh0 +MA0 < ECM . If h0 → A0 A0 , the A0
will decay to standard model particles as described in Sec. IV A. The advantage of the Higgsstrahlung channel compared to the radiative decay is that the Quantum Electrodynamic
(QED) background is much smaller. If in addition the coupling between the dark photon
and dark Higgs is of order unity, then the Higgs-strahlung channel is the most sensitive
probe for the dark photon.
KLOE, BaBar and Belle have reported their searches for the dark photon and the dark
Higgs [70, 71, 72]. Further information will be posted after submission of the Belle result to
the journal
Cases (b) and (c) do not require a specific trigger. Case (a) might require a specific
trigger particularly for low momentum leptons.
V.

PRODUCTION AND FRAGMENTATION

Section author(s): Ami Rostomyan
Since the transformation of quarks and gluons into specific final state hadrons cannot
be described by Quantum Chromodynamics (QCD), in the hadron production cross section
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a necessity arises to introduce a non-perturbative part - the hadronization phase. In the
case of light hadrons the QCD factorization theorem allows to factorize [? ] these nonperturbative effects into universal fragmentation functions. Because of the non-perturbative
nature, the fragmentation functions are usually extracted from fits to experimental data.
These are dimensionless functions that describe the probability of a quark of a certain flavor
to fragment into a hadron carrying a fraction x of its momentum at a center-of-mass energy
s of the system.
This general picture becomes somewhat different when the heavy quarks are involved in
the fragmentation process. One can still mimic the factorization theorem complementing the
perturbative calculation for heavy quark production with a non-perturbative fragmentation
function accounting for its hadronization into a meson. However, in 1977 J.D. Bjorken []
and M. Suzuki [] independently argued that the average fraction of momentum lost by the
heavy quark when hadronizing into a heavy-flavored hadron is very small compared to the
light quarks. This can also be seen with a very simplistic argument: a fast-traveling massive
quark will lose very little momentum when picking up from the vacuum a light quark to form
a heavy meson. Thus experimentally, it is important to measure heavy quark fragmentation
functions and experimentally test whether their shapes are different from the ones of light
quarks.
Fragmentation functions are believed to be universal, i.e. the same for quarks produced
in electron-positron annihilation, in lepton-proton collisions, as well as in the hadronic collisions. The universality can be tested my comparing the fragmentation functions obtained
from different reactions.
The data from e+ e− annihilation experiments played an important role in the investigations of the fragmentation functions being very precise due to high statistics. In e+ e− , a
convenient way to study the fragmentation of quarks (e+ e− → q q̄) is to study the differential cross section of a produced mesons as a function of a scaled momentum or energy z.
A customary experimental definition of z is z = Emeson /Ebeam , where Emeson and Ebeam are
the energies of produced meson and beams in the center-of-mass system. In leading order,
i.e. without gluon emissions, it is also the energy of the q q̄ quark pair.
A.

Fragmentation of light quarks (u, d, and s)

Most of the present knowledge on the fragmentation functions of light (uds) quarks comes
from e+ e− annihilation data from the LEP (CERN) experiments, collected at the Z 0 -boson
mass scale. Recently, the Belle and Babar experiments measured the multiplicities of charged
pions and kaons, allowing the extraction of the fragmentation functions at lower scales.
Since B-mesons at Belle are produced nearly at threshold, in the center-of-mass system
they have a spherical topology. In contrast, the e+ e− → q q̄ continuum events with q = u, d, s
or c produce primary quark and antiquark pair and tend to have a jet-like topology. The
magnitude of the thrust vector, the thrust value, varies between 0.5 and 1 for spherical events
and events with all tracks aligned with the thrust axis, respectively. The differences in the
topologies can be exploit for separation of the continuum and B-meson events. For large
thrust values the contamination from B-decays in the event sample of hadrons produced
from light quarks (u, d, s) is only on the order of 2%. However, the background contamination of the charm production reaches up to 50% at certain kinematics since the the charm
contribution has nearly the same thrust distribution as that of the light quarks.
The Belle II detector is undergoing an upgrade with a number of advantages for the
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studies of fragmentation of light quarks, the most important ones being more precise hadron
identification and vertex reconstruction which will significantly reduce the charm production
contribution in the sample of hadrons produced from u, d, s quarks.
B.

Charm fragmentation

Very accurate data on bottom quark production from the LEP storage ring and from the
SLD collaboration have been published. These collaborations have also published measurements of charm quark fragmentation functions, but with large statistical uncertainties due to
the small product of the branching fraction and reconstruction efficiency for the various final
states. At lower energies, results on charm fragmentation are those of CLEO collaboration
which are more than 10 years old. Recently, the Belle collaboration presented the results
on charm fragmentation that had better precision. However, one cannot fit simultaneously
CLEO/BELLE and ALEPH data in a pure perturbative QCD framework. This fact indicates the lack of knowledge on the QCD evolution of the fragmentation functions. Due to
the explicit dependence of fragmentation functions on center-of-mass energy s [? ], they are
subject of QCD evolution which is assumed to follow the DGLAP evolution equations. Thus
it is very important to have measurements on fragmentation functions at different energy
scales.
For Belle II collaboration this is a great opportunity to provide an independent measurements on charm fragmentation in the early phases of data taking. Measurements below
the B B̄ pair production threshold with charmed hadrons being made of one of the leading
quarks, are the ideal place to study the e+ e− → cc̄ reactions without the contributions from
B-meson decays. The data samples at (1S), (2S), (3S) resonances at Belle II are ideally
suited for this studies.
C.

Determination of αs

The energy dependence of the fragmentation functions are used to determine αs and
check the underlying non perturbative ansatz.
D.

Monte Carlo tuning

Last but not least, the fragmentation functions from e+ e− collisions are important for
theoretical and practical reasons. They provide information for best parametrization of the
Monte Carlo simulations on which the analysis of many high energy experiments partially
rely. Monte Carlo simulations are used by experiments to determine detection efficiencies,
to calculate some sources of backgrounds, etc. QCD inspired Monte Carlo simulations have
been built and implemented in Monte Carlo programs (e.g. JETSET).
Previous analysis of Belle experimental data have indicated that the light quark hadronisation description of data by Monte Carlo simulations is not sufficient. Thus a tuning of
the JETSET parameters is needed.
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VI.

ELECTROWEAK

Section author(s): Torben Ferber
A.

Muon Pair Asymmetry

The process e+ e− → µ+ µ− is among the simplest reactions of the Standard Model (SM)
where both quantum electrodynamics (QED) and electroweak (EW) predictions can be
tested. The distribution of the polar angle θ∗ of the outgoing leptons in the center of mass
system, defined as the angle between the e± and the µ± , is expected to be asymmetric in
the SM at Born level, caused by the interference of γ and Z exchange even at energies well
below the Z pole, whereas lowest–order QED predicts a symmetric angular distribution.
The forward–backward asymmetry is defined as
A±
FB ≡

N ± (cos(θ∗ ) ≥ 0) − N ± (cos(θ∗ ) < 0)
,
N ± (cos(θ∗ ) ≥ 0) + N ± (cos(θ∗ ) < 0)

(2)

where N ± (cos(θ∗ )) is the number of µ± detected under the angle cos(θ∗ ). At lowest order
and neglecting initial and final state masses, the forward–backward asymmetry for s  MZ2
can be approximated as
sMZ2 e µ
3GF
−
√
gA gA ,
A+
(s)
=
−A
(s)
=
A
(s)
≈
FB
FB
FB
4 2πα s − MZ2

(3)

where s is the squared centre of mass energy, GF is the Fermi constant, α is the QED coupling constant, MZ is the Z boson mass and gAe and gAµ are the axial couplings of the electron
and the muon. Previous measurements of AFB are shown in Fig. 11. The forward–backward
√
asymmetry is proportional to the ρ parameter via gAf = ρf T3f , where T3f = 1/2 is the third
component of the weak isospin and f = e, µ. In the SM containing only Higgs doublets the
ρ parameter at lowest order is equal to unity. Deviation of the extracted ρ parameter and
its SM expectation after applying flavour–universal and flavour–specific virtual corrections
can, e.g., be related to isospin violating New Physics through the oblique parameter T [73],
where the contribution to the low energy (s  MZ2 ) ρ parameter is approximately given
by ∆ρnew ≈ αZ T , and αZ ≈ 1/128.945 is the electromagnetic coupling at the Z pole [74].
This measurement is unique in the sense that it probes axial–axial operators and allows an
extraction of the oblique parameter T that is independent of the oblique parameter S.
Using the existing unskimmed SVD2 Belle data with about 0.7 ab−1 , a measurement of
AFB ((10.58 GeV)2 ) with a statistical uncertainty of σ(AFB ) ≈ 10−4 (i.e. σ(AFB )/AFB ≈ 1 %)
2
can be expected, where the lowest–order SM prediction √
is A+
FB ((10.58 GeV) ) ≈ −0.0077.
The statistical uncertainty approximately scales as 1/ N , thus reducing the expected
statistical uncertainty to σ(AFB ) ≈ 10−5 at Belle II (50 ab−1 ) which would be competitive and complementary to the combined LEP sensitivity to the oblique parameter space [77].
Based on kinematical cuts on the acollinearity of the muon pair and the muon energies
as well as electron–rejection based on ECL and KLM information, the selection efficiency
is about 50 % with small backgrounds (below 0.5 %) from ee → τ τ , ee → eeµµ and ee → ee
(Bhabha). The largest background correction of O(10−5 ) is expected from mis–identified
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FIG. 11: Measurements of AFB (e+ e− → µ+ µ− ) at different energies s corrected for QED effects
by the respective authors (see [75] and references therein), theoretical SM prediction at lowest
order and the expected Belle and Belle II statistical uncertainties (scaled up by a factor of 1000)
√
at s = 10.58 GeV [76].

Bhabha events due to their huge t–channel induced QED asymmetry.
The raw asymmetry has to be corrected for QED effects and detector induced asymmetries. The QED contribution to the asymmetry is dominated by interference (IFI) of initial
and final state radiation and depends on the event selection cuts, since a partial cancellation
of this interference arises from soft and hard photons. The theoretical uncertainty due
to higher order QED effects on IFI, not included in KKMC [78, 79], has to be studied.
The latest PHOKHARA9.0 generator [80] already includes the full two–loop corrections
to the process e+ e− → µ+ µ− + γ with hard ISR, but neither the soft photon contribution
nor Z–exchange. The effect of final state muon masses to QED corrections beyond purely
kinematical effects will be calculated semi–analytically. KKMC as default generator is the
first choice also for Belle II, but unlike for Belle, larger MC samples for Bhabha backgrounds
(using e.g. BABAYAGA.NLO [81]) are needed.
The detector–related uncertainties mainly depend on statistics and are hence expected to
be smaller at Belle II than at Belle. The largest detector–related uncertainty is expected to
arise from the L1 trigger which was not optimally designed at Belle in terms of unbiased or
orthogonal triggers for low multiplicity event topologies and the analysis method developed
for Belle is expected to not deliver the required precision for Belle II. At Belle, muon pair
events were mainly triggered by the klm opn trigger (Two CDC tracks with an opening
angle of > 135◦ and coincident KLM hits for at least one of the tracks). The absolute
exclusive trigger rate of the klm opn trigger amounted to less than 4 % of the total Belle L1
trigger rate (after L3 and L4 trigger), mostly from muon pairs with non–barrel tracks but
also from e.g. τ → µνν decays.
The measurement of the muon pair asymmetry during the first year of Belle II data taking
would allow fine–tuning of the L1 triggers and understand detector alignment and magnetic
field asymmetries and provide a path towards a unique measurement of AFB using the full
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Belle II dataset. For the full dataset the larger interference of Υ(1/2/3S) resonances with
(5)
the (signal) QED continuum and also the larger time–like contributions to ∆αhad of the
narrow Υ(1/2/3S) resonances makes running at CM energies around or above the Υ(4S)
preferable. For the first year of physics though, these effects are smaller than the expected
statistical uncertainties and any CM energy is suited for the systematic studies.
VII.

TAU PHYSICS

Section author(s): Christoph Schwanda
VIII.

BELLE II TRIGGER

Section author(s): Torben Ferber, Phillip Urquijo
The trigger system for Belle II should be substantially better than Belle in serving physics
other than the core B-physics program. For the physics program in this report, the trigger
must be carefully tuned, to ensure that the various low-multiplicity signatures are preserved.
In this section we briefly cover the design of the 3-step trigger system, and various considerations necessary for precision analyses (that may have been systematically limited with
Belle).
A.

Level-1

The online trigger system is indispensable to Belle II to reduce the number of beam
background events associated with high electron and positron beam currents, as well as to
enhance physics-oriented events. For this purpose, we have designed the Belle II online
trigger system with two kinds of primary Level 1 trigger components: a track trigger and an
energy trigger. The track trigger is composed of 2-dimensional and 3-dimensional tracking
algorithms, and the energy trigger implements algorithms based on total energy, isolated
clusters, and identification of Bhabha events. In addition, precise event trigger timing and
muon tagging information are provided by the time-of-propagation detector and iron flux
return muon detector, respectively.
The Belle II trigger is expected to handle increased beam background due to the nan-beam
design of SuperKEKB. It should be noted that these beam induced background processes
will be larger in initial running, when vacuum conditions and other accelerator parameters
are not yet optimised. The use of 3-dimensional tracking algorithms will be an innovation,
allowing better z0 -coordinate measurement of tracks for beam background suppression. The
KLM trigger will be used for µ triggering, particularly for µ−pair and τ -pair events. The
efficiency of the KLM trigger in the endcap regions will be greatly enhanced by the use of 3dimensional tracking algorithms. Furthermore out of time events will be precisely eliminated
with the PID triggers, based on fast TOP electronics.
In the electromagnetic calorimeter, faster readout electronics will be employed to handle
the higher collision rate. To cope with evolving levels and composition of backgrounds and
to reduce the fake trigger rate as much as possible, we will have a set of easily tuneable
options:
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1. increase of the TC threshold,
2. increase of the total energy threshold,
3. increase of the number of isolated clusters,
4. exclusion of a part of the physics trigger region in the endcap detector, and
5. enabling of the cosmic veto trigger.
In the early stage of the experiment, we plan to operate the ECL trigger system by disabling
the cosmic veto trigger, as this veto might unintentionally bring down the trigger efficiency
for several interesting low-multiplicity processes, such as the initial state radiation (ISR)
process, the two-photon process, and tau-pair production. Furthermore the Bhabha veto
will be removed from standard hadronic triggers.
The overall trigger decisions will be based on combined information from the ECL, CDC
tracks, KLM, and fast PID timing. The selection logic is based on experience at Belle and
Babar.
The baseline triggers at L1 are:
1. Physics: τ -pairs, hadronic (Υ(4S), continuum)
2. Calibration (potentially pre-scaled): Bhabha, γγ, µ-pairs
3. Veto: inclusive two-photon events.
The exact prescale values on calibration triggers, as well the triggers for low multiplicity
physics: such as dark sectors and electroweak precision is an important priority to consider
in the design of the thresholds. These are not necessarily included in the above list.
B.

High Level Trigger (HLT)

The HLT of Belle II has been redesigned with respect to Belle, due to the greater demand for event rate reduction prior to data transfer to the computing centres. The HLT is
composed of two main software steps:
• Level 3: Firstly, trigger-dedicated fast reconstruction and clustering algorithms filter
collisions based on track multiplicity, track IP and total energy deposition, with partial
detector readout (the PXD and SVD are not utilised).
• Event reconstruction (without PXD hits) & Physics Trigger: “physics-level” selection
is performed using all information except for the silicon pixel detector for which the
number of channels precludes rapid data retrieval. The goal of the HLT is to reduce
the background rate by a factor of at least 6 and the event data size by a factor of 10,
losing no more than 1% of all B and τ decays. The physics trigger also classifies the
events according to the main event topology.
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C.

Trigger menus

It is clear that the triggers that are run for the core flavour physics at Υ(4S) are not
necessarily optimal for the full physics program presented in this report. We therefore foresee
various trigger menu scenarios for data taking:
1. Beam background scenarios (low → high). In the case of low beam background,
triggers can be configured to allow more high rate (low multiplicity) physics processes.
2. Instantaneous luminosity scenarios (low → high). Lower luminosity scenarios can
accommodate looser trigger requirements.
3. ECM , e.g. Υ(nS) [n = 1, 2, 3, 4, 5], or Rb scans.
4. Dedicated low-multiplicity trigger runs, including single photons, and triggers for
events with pairs low momentum leptons.
5. Off-resonance (below B threshold) triggers for fragmentation analyses.
It should be noted that triggering on DM signatures is by far out greatest challenge, typically
only signalled by a slight energy imbalance in the detector.
D.

Considerations for Trigger-sensitive Low-multiplicity analyses

The trigger system for low multiplicity analyses can be improved substantially for Belle
II. Here we specify some issues that have limited the precision of analyses in Belle.
1. Trigger details
Every analysis would benefit from more trigger detail information:
• offline track–matched information of the L1 track triggers, i.e. the knowledge
which reconstructed tracks have triggered the track trigger,
• offline cluster–matched information of the L1 energy triggers, i.e. which offline
reconstructed cluster is matched to the respective trigger ECL structure.
This requires saving location information such as the CDC segments or ECL cluster
positions and may need an extension of the existing data format.
2. Orthogonal triggers
In order to study systematic effects with highest precision, efficient orthogonal triggers
are needed. This is the case for measurements such as the dimuon FB asymmetry,
and precision SM tests in tau lepton decays. For example orthogonal triggers to the
nominal KLM based muon trigger are needed. Optimal L1 triggers would be based
on unscaled single track triggers. In order to reduce non–muon pair backgrounds, L1
triggers based on a single CDC track and corresponding track–matched KLM, TOP or
ECL information or KLM 3D single tracks should be investigated. Prescaled triggers
are not efficient enough for systematic studies. In addition to that, low multiplicity
studies involving hard ISR photons could use L1 triggers based on ECL electron–
vetoed single track triggers in combination with ECL energy depositions in the order
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of (0.5–1.0) GeV. Background reduction for these kind of triggers can be achieved by
e.g. a certain opening angle between ECL cluster and the track. Due to the expected
very high rates of single track triggers, the first year of Belle II running provides an
excellent environment to find suitable low multiplicity triggers with the initially lower–
than–final luminosity.
3. Trigger monitoring
The existing Belle L4 trigger is planned to serve as L3 trigger at Belle II. At Belle, the
TRASAN–based L4 tracking is almost 100 % efficient for two–track event topologies.
For constant monitoring of the Belle 2 L3 performance, a random trigger bit with a
sufficiently small prescale of about 50 instead of the salvage trigger bit (saves 1 % of
otherwise untriggered events) as used at Belle, is preferred.
4. Endcap efficiencies
Low multiplicity processes such as the di-muon forward-background asymmetry measurement, are dominated by large polar angles. Therefore improved efficiency in the
endcaps would be beneficial. At Belle, the single track KLM efficiency in the endcaps
is reduced gradually by up to 10 % compared to the barrel, the largest decrease of the
single track KLM efficiency is observed in the backward KLM gap (θ ≈ 130◦ ).
IX.

SUMMARY

In this report we have covered various non-flavour topics that could be considered in the
early data taking phase for Belle II. The topics are mostly limited due to existing sample
sizes at specific collision energies, and those that are limited by triggers and systematics that
were insufficient in the previous generation B-factories. Many of the proposed analyses are
not overly sensitive to particle identification efficiencies and fake rates, nor to vertex finding
precision.
The topics collected in this report will be pursued in simulation studies to better justify
the data taking plans for the experiment.
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