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*	I	consider	early	running	to	primarily	focus	
on	the	2018	partial	detector	run,	phase	II.	
I	will	briefly	mention	phase	III	topics.



Belle	II	&	SuperKEKB
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So	when	do	we	start	Belle	II	?

4

PHASE	II	Operation:	Starts	in	~Jan	2018	
[Begin	with	damping	ring	commissioning;	
First	collisions;	limited	physics	without	
vertex	detectors]	

Phase	III:	Belle	II	Physics	Running:		
late	2018	[vertex	detectors	in]

QCSL	at	the	IP,	Aug	2016
QCSR	will	be	at	KEK,	Dec	2016

BEAST	PHASE	I:		
Feb-June	2016		
(Belle	II	roll-in	in	March	2017).	
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Belle	II	Detector
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electrons		(7GeV)

positrons	(4GeV)

KL	and	muon	detector:	
Resistive	Plate	Counter	(barrel	outer	layers)	
Scintillator	+	WLSF	+	MPPC	(end-caps	,	inner	2	barrel	
layers)

Particle	Identification		
Time-of-Propagation	counter	(barrel)	
Prox.	focusing	Aerogel	RICH	(fwd)

Central	Drift	Chamber	
He(50%):C2H6(50%),	small	cells,	long	lever	arm,		
fast	electronics

EM	Calorimeter:	
CsI(Tl),	waveform	sampling	(barrel)	
Pure	CsI**	+	waveform	sampling	(end-caps)

Vertex	Detector:	NOT	IN	PHASE	II	
2	layers	DEPFET	+	4	layers	DSSD

Beryllium	beam	pipe	
2cm	diameter
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Belle	II	in	Phase	II
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Oct	2016:	CDC	(Central	Drift	Chamber)

BEAST	silicon	detector	setup	
(used	for	beam	background	study)
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Accelerator	ECM	reach

7

Beam Energy

8

Start from Y(4S) operation at 
Phase-2

10 fb-1 at Y(6S) is requested 
by Belle II.
~20 days

(80 % efficiency with 8x1033)

5 months operation at Phase-2

ECM	max	with	constant	γβ=0.284	is	~	11.1	GeV
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Thresholds	of	narrow	S	&	P	wave	states
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will allow to make the first attempt of the coupled-2174

channel analysis.2175

Search for new vector states. The final2176

states with bottomonia, such as ⌥ (nS)⇡+⇡�,2177

⌥ (nS)⌘ or hb(nP )⇡+⇡�, contribute only at a few2178

percent to the total bb̄ cross section [239]. They can2179

be used in the coupled-channel analysis and play2180

important role in searching for new states. “Smok-2181

ing gun” of the compact tetraquarks and hadrobot-2182

tomonia are suppressed decays to the open flavor2183

channels. Thus, hidden flavor cross sections pro-2184

vide a unique way to search for such states. Even2185

for molecular states, for which open flavor channels2186

dominate, the channels with bottomonia could have2187

higher sensitivity because they usually have higher2188

reconstruction e�ciency and no non-resonant con-2189

tinuum contribution.2190

Recently Belle measured the ⌥ (nS)⇡+⇡� (n =2191

1, 2, 3) and hb(mP )⇡+⇡� (m = 1, 2) cross sec-2192

tions [127, 136]. They exhibit clear ⌥ (5S) and2193

⌥ (6S) peaks. With the available statistics no new2194

significant structures are found.2195

Promising energy regions. The states with2196

molecular admixture are naturally located near2197

the corresponding threshold. The positions of the2198

thresholds in the region above 11.0 GeV where no2199

high-statistics data are available are listed in Ta-2200

ble 1.3. We consider only pairs of narrow S- and2201

P -wave mesons and baryons. The present energy

Table 1.3: Thresholds of narrow S and P wave
mesons and baryons.

Particles Threshold, GeV/c2

B(⇤)B̄⇤⇤ 11.00 – 11.07
B

(⇤)
s B̄⇤⇤

s 11.13 – 11.26
⇤b ⇤̄b 11.24

B⇤⇤B̄⇤⇤ 11.44 – 11.49
B⇤⇤

s B̄⇤⇤
s 11.48 – 11.68

⇤b ⇤̄⇤⇤b 11.53 – 11.54
⌃

(⇤)
b ⌃̄

(⇤)
b 11.62 – 11.67

⇤⇤⇤b ⇤̄⇤⇤b 11.82 – 11.84

2202

limit of the SuperKEKB accelerator of 11.24GeV2203

will allow to investigate the B(⇤)B̄⇤⇤ and B
(⇤)
s B̄⇤⇤

s2204

threshold regions. Increase of maximal energy by2205

at least 100MeV will allow to explore the ⇤b ⇤̄b2206

threshold and search for baryon-antibaryon molec-2207

ular states, which should be there, as can be judged2208

from the charmonium sector [192]. The region of2209

promising thresholds extends up to 12 GeV. Energy2210

region 11.5 – 11.6 GeV is of special importance to2211

search for partners of Zb(10610) and Zb(10650), as2212

discussed in the next Section.2213

In the high statistics energy scan Belle collected2214

about 1 fb�1 per point, and the statistical un-2215

certainty in measured cross sections was quite2216

high [127, 136, 238]. Thus at Belle IIit is use-2217

ful to collect about 10 fb�1 per scan point. Since2218

expected energy smearing at Belle IIis similar to2219

that at Belle – close to 5 MeV, no narrow peak will2220

be missed if the step of the scan is 10 MeV.2221

On resonance data: ⌥ (6S) and higher mass2222

states2223

Once a new state is found it is of interested to col-2224

lect about 500 fb�1 at its peak. There is a number2225

of studies to be performed with such data.2226

Mechanism of hadronic transitions and2227

structure of vector bottomonium-like states.2228

In Section 1.5.4 it is shown that the rates of2229

hadronic transitions are sensitive to the structure2230

of the parent state. The predictions are based2231

mainly on HQSS. Experimentally observed final2232

states include ⌥ (nS)⇡+⇡�, ⌥ (nS)⌘, ⌥ (1S)K+K�,2233

hb(nP )⇡+⇡�, hb(1P )⌘, �bJ(1P )!, ⌥J(1D)⇡+⇡�,2234

⌥J(1D)⌘ and Zb⇡ (see the full list in Ref. [240]).2235

Further final states to be investigated are given in2236

Table 1.2. These studies will benefit greatly from in-2237

creased ⌥ (4S) and ⌥ (5S) data samples at Belle II.2238

The final states that have already been investi-2239

gated at the ⌥ (6S) energy are limited to the most2240

prominent channels ⌥ (nS)⇡+⇡� and hb(nP )⇡+⇡�2241

because only small ammount of scan data with2242

e↵ective luminosity of 3 fb�1 is available. It is of2243

interest to compare the transitions from ⌥ (6S) and2244

⌥ (5S) since the two states are relatively close in2245

energy and the di↵erences should be due to their2246

di↵erent structures. The comparison requires an2247

increase of statistics at the ⌥ (6S) peak which is a2248

31
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Accelerator	CondiNons

9

Map for Phase-2

5

fundamental tuning
QCS, collision device check

beta squeezing: 2.2 mm

increasing beam current
with keeping Lsp

L = 1034 cm-2s-1 at Y(4S)
L tuning with physics run

Further beta squeezing
with physics run 

Plan A

Y(6S) for 10 fb-1

with physics run

Plan B

1 month

1 month

1 month

3 months

tentative goal

Risks: 
(1)  lack of QCS corrector margin
(2)  degradation of optics; quit 

different  from Y(4S)
(3) lack of linac energy due to 

trouble

*

*We	hope	for	20-30	o-1
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Track	ReconstrucNon
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Phase III
Phase II (no VXD)

•CDC	inner	radius	=	,	B-field	=	1.5	T
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ParNcle	IdenNficaNon
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Figure 1.14: Charged particle identification selection e�ciency for various pairs of particle types as a
function of momentum. The black markers show the selection e�ciency as determined from an inclusive

MC sample without beam backgrounds, while the red markers show the fake rate. Only tracks that fall
within the acceptance of at least one of the PID detectors or the CDC are considered.
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(TOP,	ARICH,	dE/dx[CDC]) (TOP,	ARICH,	dE/dx[CDC],	KLM)
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Muon	ID	efficiency
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Neutral	reconstrucNon
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Figure 1.3: Peak energy resolution in the ECL barrel as function of true photon energy for full background.

necessary to isolate hadronic final states, reduce407

backgrounds and enable flavor-tagging techniques.408

The Belle II detector ?? contains an upgraded409

PID system, including a Time-Of-Propagation410

(TOP) counter in the barrel region of the detector411

and a proximity-focusing Aerogel Ring-Imaging412

Cherenkov (ARICH) detector in the forward end-413

cap region, to provide information on charged par-414

ticles over the full kinematic range. The infor-415

mation from these detector systems is combined416

with that from specific ionization (dE/dx) mea-417

surements from the SVD and CDC to act as the418

primary sources of information for charged hadron419

PID. In a similar way, the ECL provides the pri-420

mary information for use in electron identification421

and the KLM provides that for muon identification.422

Charged hadron and lepton PID is described in423

more detail in the following sections.424

Charged particle identification at Belle II relies425

on likelihood based selectors. Information from426

each PID system is analyzed independently to de-427

termine a likelihood for each charged particle hy-428

pothesis. These likelihoods may then be used to429

construct a combined likelihood ratio. Analysis430

specific criteria may be used to construct prior431

probabilities. When combined with the likelihoods,432

the priors allow for the construction of the prob-433

ability for a charged track to have a particular434

identity. This provides the optimal PID perfor-435

mance, but comes at the cost of requiring analysis436

specific optimization. The uncertainty on the se-437

lection e�ciency cannot be pre-determined using438

this method.439

The likelihood selectors rely on likelihood ratios440

constructed in the following way. First, the PID441

log likelihoods from each detector are summed to442

create a combined PID likelihood for each of six443

long-lived charged particle hypotheses: electron,444

muon, pion, kaon, proton and deuteron. Next, the445

di↵erence in log likelihood between two particle446

hypotheses is used to construct a PID value L(↵ :447

�) according to448

L(↵ : �) =
1

1 + elnL↵�lnL�

=
Q

det L(↵)Q
det L↵

+
Q

det L�

,
(1.4)

7
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ProducNon	&	Cross	SecNons

Physics process Cross section [nb] Cuts Reference HLT e↵., Output

⌥ (4S) 1.05± 0.10 - [10] 99.7%, 1.05 nb
uū(�) 1.61 - KKMC

dd̄(�) 0.40 - KKMC

ss̄(�) 0.38 - KKMC

cc̄(�) 1.30 - KKMC 99%, 3.7 nb (total qq̄)

e+e�(�) 300± 3 (MC stat.) 10� < ✓⇤e0s < 170�,
E⇤

e0s > 0.15 GeV
BABAYAGA.NLO

e+e�(�) 74.4 e’s (p >0.5GeV) in ECL - 2.1 (total)
��(�) 4.99± 0.05 (MC stat.) 10� < ✓⇤�0s < 170�,

E⇤
�0s > 0.15 GeV

BABAYAGA.NLO 0.1 nb (total)

��(�) 3.30 �’s (p >0.5GeV) in ECL -
µ+µ�(�) 1.148 - KKMC

µ+µ�(�) 0.831 µ’s (p >0.5GeV) in CDC -
µ+µ��(�) 0.242 µ’s (p >0.5GeV) in CDC,

� 1 � (E� >0.5GeV) in ECL
- 0.6 nb (total)

⌧+⌧�(�) 0.919 - KKMC 85.2 %, 0.8 nb
⌫⌫̄(�) 0.25⇥ 10�3 - -

e+e�e+e� 39.7± 0.1 (MC stat.) W`` > 0.5GeV AAFH

e+e�e+e� 1.1 � 2 tracks (p >0.5 GeV)
in CDC

- 1.5 nb (total)

e+e�µ+µ� 18.9± 0.1 (MC stat.) W`` > 0.5GeV AAFH

e+e�µ+µ� 1.0 � 2 tracks (p >0.5 GeV)
in CDC

- 1.6 nb (total)

TABLE I: Total production cross section from various physics processes from collisions atp
s = 10.573GeV to be used for MC normalization.

3.1. Status flags and mother–daughter relations

All particles produced by any generator of the basf2 framework are assigned the flag
’c PrimaryParticle’. This flag is unambiguous and must only be set by an event generator.

If a generator stores initial beam particles e+ and e�, they get the flag ’c InitialParticle’.
If a generator stores virtual particles such as the exchanged boson (�, Z0, W±), the particle
is flagged ’c VirtualParticle’. Note that the PDG–code of this virtual particle must not be
used to distinguish between the interaction types but is purely a convention of the specific
generator: E.g. KKMC always uses the PDG code of a Z0 for the exchanged boson. In addi-
tion, it is not defined if a generator stores the initial or intermediate virtual particle(s) at all.

Most of the QED generators include interference e↵ects of ISR and FSR. This makes it
fundamentally impossible to distinguish between ISR and FSR photons: These photons are
assigned both the ’c IsISR’ and ’c IsFSR’ flags and the mother of these photons is assigned
based on the convention of the respective generator and is not related to the nature of ISR

5

•New	L1	menu	under	evaluaNon.	HLT	output	esNmated	to	be	~10	nb	(expected	from	Belle)	

• 5.5	nb	hadronic	+	τ	pairs,	4.5	nb	leptonic	(triggered	and	prescaled)

13
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Trigger:	More	flexible,	improved	access	to	low	mulNplicity	channels

• Challenge	

• Total	physics	event	rate	~10kHz	@8x1035	cm-2s-1	

• High	beam-induced	backgrounds	

• Touschek	scaHering	proporNonal	to	the	inverse	of	beam	size	

• One	order	higher	than	Belle	

• Physics	

• >99.9%	efficient	for	B	and	D	physics		

• Low	mulNplicity	processes	challenge	the	trigger	due	to	substanNal	QED	background		

• Precision	electroweak	tests	of	ee	and	μμ	

• LFV	and	leptonic	τ	decay		

• Precision	ISR	for	g-2:	ππ/KK/pp/...	and	one	photon	

• Searches	for	Dark	Photons	and	Light	Higgs	

• Scheme:	Hardware	trigger	+	So{ware	trigger	

• Level	1	(L1):	hardware	based	

• High	Level	Trigger	(HLT):	so{ware	based

14

L1 improvements
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Phases	2	&3:	Full	physics	preparation
Phase	2	will	provide	sufficient	data	to	begin	calibration	and	physics	preparation.	These	will	be	repeated	in	phase	3.	
Non	exhaustive	list.	

1.	Performance	measurements	in	data	using	control	modes	
• Tracking:	CDC	only	in	phase	2	
• Particle	ID:	K/π,	lepton,	proton	ID.		
• Neutral	reconstruction	efficiency	and	resolution:	π0,	γ,	KL	

2.	Normalisation	measurements	and	trigger	stability	checks,	e.g.	
• Luminosity	(precision)	
• B-counting	

3.	Trigger	Menu	&	Performance	
• Trigger	efficiency	measurements,	L1	and	HLT	
• Trigger	menu	tuning	

4.	Algorithm	tests	
• Full	event	interpretation	(	B-tag)	

5.	Background	measurements	
• Beam	background	characterisation	and	impact	on	reconstruction.	
• Collection	of	beam	background	for	overlay	in	MC.	

6.	Simulation	tuning	
• Unbiased	measurements	of	qq	for	Pythia	tuning.



Recent	results	in	
Bo_omonium-like	

Aates
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BoHomonia

17

3 

Bottomonia 

Bottomonium:  
§  Atomic-like b-pair 

bound state 

“Bottomonium-like:” 
§  additional quark 

pair 

BoHomonium	
-	atomic-like	bound	bb	
states

BoHomonium-like	
-	addiNonal	quark	pair
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History	of	BoHomonium-like	states	@	e+e–

•Belle	collected	120	a-1	near	Y(5S)	and	5.6	a-1	near	Y(6S)	

• Υ(5S)=	Υ(10860),	Y(6S)=	Υ(11020)	

• Unexpectedly	high	rate	to	Υ(nS)π+π–	(n=1,2,3),	x102,	at	Υ(5S)	

• PRL	100,	112001	(2008)	

• σ(Υ(nS)ππ),	σ(bb)	vs	CMS	energy:	”Υ(5S)”	peaks	offset	by	9±4	MeV	

• PRD	82,	091106	(2010)	

• BoHomonium-like	Zb±(10610),	Zb±	(10650)	in	5	channels	at	Υ(5S):	Υ(nS)π±,	
hb(mP)π±	(m=1,2)	

• PRL	108,	122001	(2012)	

• Neutral	BoHomonium-like	Zb0(10610)	to	Υ(nS)π0	at	Υ(5S)	

• PRD	88,	052016	(2013)	

• Zb±(10610),	Zb±	(10650)→Υ(nS)π±	amplitude	analysis	yields	JP=1+	

• PRD	91,	072003	(2015)
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Evidence for the three-body ϒð10860Þ → BB̄#π decay
has been reported previously by Belle, based on a data
sample of 23.6 fb−1 [5]. In this analysis, we use a data
sample with an integrated luminosity of 121.4 fb−1 col-
lected near the peak of the ϒð10860Þ resonance
(

ffiffiffi
s

p
¼ 10.866 GeV) with the Belle detector [6] at the

KEKB asymmetric-energy eþe− collider [7]. Note that
we reconstruct only three-body Bð#ÞB̄ð#Þπ combinations
with a charged primary pion. For brevity, we adopt the
following notations: the set of BþB̄0π− and B−B0πþ final
states is referred to as BBπ; the set of BþB̄#0π−, B−B#0πþ,
B0B#−πþ and B̄0B#þπ− final states is referred to as BB#π;
and the set of B#þB̄#0π− and B#−B#0πþ final states is
denoted as B#B#π. The inclusion of the charge conjugate
mode is implied throughout this Letter.
We use Monte Carlo (MC) events generated with

EVTGEN [8] and then processed through a detailed
detector simulation implemented in GEANT3 [9]. The
simulated samples for eþe− → qq̄ (q ¼ u, d, s, c, or b) are
equivalent to 6 times the integrated luminosity of the data
and are used to develop criteria to separate signal events
from backgrounds, identify types of background events,
determine the reconstruction efficiency, and parametrize
the distributions needed for the extraction of the signal
decays.
B mesons are reconstructed in the following decay

channels: Bþ→J=ψKð#Þþ, Bþ→ D̄ð#Þ0πþ, B0 → J=ψKð#Þ0,
B0 → Dð#Þ−πþ. We use Belle standard techniques [10] to
reconstruct primary particles such as photons, pions, kaons,
and leptons. The K#0 (K#þ) is reconstructed in the Kþπ−

(K0πþ) final state; the invariant mass of the K# candidate is
required to be within 150 MeV=c2 of the nominal K# mass
[11]. The invariant mass of a J=ψ → lþl− candidate is
required to be within 30 ð50Þ MeV=c2 for l ¼ e (μ), of the
nominal J=ψ mass. Neutral (charged) D mesons are
reconstructed in the K−πþ, K−πþπ0, and K−π−πþπþ

(K−πþπþ) modes. To identify D# candidates, we require
jMðDπÞ −MðDÞ − ΔmD# j < 3 MeV=c2, where MðDπÞ
and MðDÞ are the reconstructed masses of the D# and D
candidates, respectively, and ΔmD# ¼ mD# −mD is the
difference between the nominal D# and D masses. The
mass windows for narrow states quoted above correspond
to a &2.5σ requirement.
The dominant background comes from eþe− → cc̄

continuum events, where true D mesons produced in
eþe− annihilation are combined with random particles to
form a B candidate. This type of background is suppressed
using variables that characterize the event topology. Since
the momenta of the two B mesons produced from a three-
body eþe− → Bð#ÞBð#Þπ decay are low in the center-of-
mass (c.m.) frame (below 0.9 GeV=c), the decay products
of different B mesons are essentially uncorrelated so that
the event tends to be spherical. In contrast, hadrons from
continuum events tend to exhibit a back-to-back jet

structure. We use θthr, the angle between the thrust axis
of the B candidate and that of the rest of the event, to
discriminate between the two cases. The distribution of
j cos θthrj is strongly peaked near j cos θthrj ¼ 1.0 for cc̄
events and is nearly flat for Bð#ÞBð#Þπ events. We require
j cos θthrj < 0.80 for the B → Dð#Þπ final states; this elim-
inates about 81% of the continuum background and retains
73% of the signal events.
We identify B candidates by their reconstructed invariant

mass MðBÞ and momentum PðBÞ in the c.m. frame. We
require PðBÞ < 1.35 GeV=c to retain B mesons produced
in both two-body and multibody processes. The MðBÞ
distribution for B candidates is shown in Fig. 1(a). We
perform a binned maximum likelihood fit of the MðBÞ
distribution to the sum of a signal component parametrized
by a Gaussian function and two background components:
one related to other decay modes of B mesons and one due
to continuum eþe− → qq̄ processes, where q ¼ u, d, s, c.
The shape of the B-related background is determined from
a large sample of generic MC simulations, and the shape of
the qq̄ background is parametrized with a linear function.
The parameters of the signal Gaussian, the normalization
of the B-related background, and the parameters of the qq̄
background float in the fit. We find 12263& 168 fully
reconstructed B mesons. The B signal region is defined by
requiringMðBÞ to be within 30–40 MeV=c2 (depending on
the B decay mode) of the nominal B mass.
Reconstructed Bþ or B̄0 candidates are combined with

π−’s–the right-sign (RS) combination–and the missing
mass MmissðBπÞ is calculated as MmissðBπÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð

ffiffiffi
s

p
− EBπÞ2=c4 − P2

Bπ=c
2

p
, where EBπ and PBπ are the

measured energy and momentum of the reconstructed Bπ
combination. Signal eþe− → BB#π events produce a nar-
row peak in theMmissðBπÞ spectrum around the nominal B#

mass while eþe− → B#B#π events produce a peak at
mB# þ ΔmB# , where ΔmB# ¼ mB# −mB, due to the missed
photon from the B# → Bγ decay. It is important to note here
that, according to signal MC simulations, BB#π events,
where the reconstructed B is the one from the B#, produce a
peak in the MmissðBπÞ distribution at virtually the same

(a) (b)

FIG. 1. (a) Invariant mass and (b) M#
missðBπÞ distribution for B

candidates in the B signal region. Points with error bars represent
the data. The open histogram in (a) shows the result of the fit to
data. The solid line in (b) shows the result of the fit to the RS Bπ
data; the dashed line represents the background level.
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(
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we reconstruct only three-body Bð#ÞB̄ð#Þπ combinations
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following notations: the set of BþB̄0π− and B−B0πþ final
states is referred to as BBπ; the set of BþB̄#0π−, B−B#0πþ,
B0B#−πþ and B̄0B#þπ− final states is referred to as BB#π;
and the set of B#þB̄#0π− and B#−B#0πþ final states is
denoted as B#B#π. The inclusion of the charge conjugate
mode is implied throughout this Letter.
We use Monte Carlo (MC) events generated with

EVTGEN [8] and then processed through a detailed
detector simulation implemented in GEANT3 [9]. The
simulated samples for eþe− → qq̄ (q ¼ u, d, s, c, or b) are
equivalent to 6 times the integrated luminosity of the data
and are used to develop criteria to separate signal events
from backgrounds, identify types of background events,
determine the reconstruction efficiency, and parametrize
the distributions needed for the extraction of the signal
decays.
B mesons are reconstructed in the following decay

channels: Bþ→J=ψKð#Þþ, Bþ→ D̄ð#Þ0πþ, B0 → J=ψKð#Þ0,
B0 → Dð#Þ−πþ. We use Belle standard techniques [10] to
reconstruct primary particles such as photons, pions, kaons,
and leptons. The K#0 (K#þ) is reconstructed in the Kþπ−

(K0πþ) final state; the invariant mass of the K# candidate is
required to be within 150 MeV=c2 of the nominal K# mass
[11]. The invariant mass of a J=ψ → lþl− candidate is
required to be within 30 ð50Þ MeV=c2 for l ¼ e (μ), of the
nominal J=ψ mass. Neutral (charged) D mesons are
reconstructed in the K−πþ, K−πþπ0, and K−π−πþπþ

(K−πþπþ) modes. To identify D# candidates, we require
jMðDπÞ −MðDÞ − ΔmD# j < 3 MeV=c2, where MðDπÞ
and MðDÞ are the reconstructed masses of the D# and D
candidates, respectively, and ΔmD# ¼ mD# −mD is the
difference between the nominal D# and D masses. The
mass windows for narrow states quoted above correspond
to a &2.5σ requirement.
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continuum events, where true D mesons produced in
eþe− annihilation are combined with random particles to
form a B candidate. This type of background is suppressed
using variables that characterize the event topology. Since
the momenta of the two B mesons produced from a three-
body eþe− → Bð#ÞBð#Þπ decay are low in the center-of-
mass (c.m.) frame (below 0.9 GeV=c), the decay products
of different B mesons are essentially uncorrelated so that
the event tends to be spherical. In contrast, hadrons from
continuum events tend to exhibit a back-to-back jet

structure. We use θthr, the angle between the thrust axis
of the B candidate and that of the rest of the event, to
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events and is nearly flat for Bð#ÞBð#Þπ events. We require
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in both two-body and multibody processes. The MðBÞ
distribution for B candidates is shown in Fig. 1(a). We
perform a binned maximum likelihood fit of the MðBÞ
distribution to the sum of a signal component parametrized
by a Gaussian function and two background components:
one related to other decay modes of B mesons and one due
to continuum eþe− → qq̄ processes, where q ¼ u, d, s, c.
The shape of the B-related background is determined from
a large sample of generic MC simulations, and the shape of
the qq̄ background is parametrized with a linear function.
The parameters of the signal Gaussian, the normalization
of the B-related background, and the parameters of the qq̄
background float in the fit. We find 12263& 168 fully
reconstructed B mesons. The B signal region is defined by
requiringMðBÞ to be within 30–40 MeV=c2 (depending on
the B decay mode) of the nominal B mass.
Reconstructed Bþ or B̄0 candidates are combined with

π−’s–the right-sign (RS) combination–and the missing
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mass while eþe− → B#B#π events produce a peak at
mB# þ ΔmB# , where ΔmB# ¼ mB# −mB, due to the missed
photon from the B# → Bγ decay. It is important to note here
that, according to signal MC simulations, BB#π events,
where the reconstructed B is the one from the B#, produce a
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FIG. 1. (a) Invariant mass and (b) M#
missðBπÞ distribution for B

candidates in the B signal region. Points with error bars represent
the data. The open histogram in (a) shows the result of the fit to
data. The solid line in (b) shows the result of the fit to the RS Bπ
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position as BB!π events, where the reconstructed B is the
primary one. To remove the correlation betweenMmissðBπÞ
and MðBÞ and to improve the resolution, we use M!

miss ¼
MmissðBπÞ þMðBÞ −mB instead of MmissðBπÞ. The M!

miss
distribution for the RS combinations is shown in Fig. 1(b),
where peaks corresponding to the BB!π and B!B!π signals
are evident. Combinations with πþ—the wrong-sign (WS)
combinations—are used to evaluate the shape of the
combinatorial background. (The B → J=ψK0 mode is
not included in the WS sample, but both combinations
with πþ and π− are added to the RS sample.) We apply a
factor of 1.19& 0.01 [12] to the WS distribution to
normalize it to the expected number of the background
events in the RS sample. There is also a hint for a peaking
structure in the WS M!

miss distribution, shown as a hatched
histogram in Fig. 1(b). Because of B0 − B̄0 oscillations, we
expect a fraction of the produced B0 mesons to decay as B̄0

given by 0.5x2d=ð1þ x2dÞ ¼ 0.1861& 0.0024, where xd is
the B0 mixing parameter [11].
Note that the momentum spectrum of B mesons produced

in events with initial-state radiation (ISR), eþe− → γBB̄,
overlaps significantly with that for B mesons from the three-
body eþe− → Bð!ÞBð!Þπ processes. However, ISR events do
not produce peaking structures in the M!

miss distribution.
A binned maximum likelihood fit is performed to fit the

M!
miss distribution to the sum of three Gaussian functions to

represent three possible signals and two threshold compo-
nents Akðxk −M!

missÞαk expfðM!
miss − xkÞ=δkg (k ¼ 1, 2) to

parametrize the qq̄ and two-body Bð!ÞB̄ð!Þ backgrounds.
The means and widths of the signal Gaussian functions are
fixed from the signal MC simulation. The parameters Ak,
αk, δk of the background functions are free parameters of
the fit; the threshold parameters xk are fixed from the
generic MC simulations. ISR events produce an M!

miss
distribution similar to that for qq̄ events; these two
components are modeled by a single threshold function.
The resolution of the signal peaks in Fig. 1(b) is dominated
by the c.m. energy spread and is fixed at 6.5 and
6.2 MeV=c2 for the BB!π and B!B!π, respectively as
determined from the signal MC simulations. The fit to
the RS spectrum yields NBBπ¼13&25, NBB!π¼357&30,
and NB!B!π ¼ 161& 21 signal events. The statistical sig-
nificance of the observed BB!π and B!B!π signal is 9.3σ
and 8.1σ, respectively. The statistical significance is calcu-
lated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LsigÞ

p
, where Lsig and L0 denote the

likelihood values obtained with the nominal fit and with the
signal yield fixed at zero, respectively.
For the subsequent analysis, we require jM!

miss −mB! j <
15 MeV=c2 to select BB!π signal events and jM!

miss−
ðmB! þ ΔmBÞj < 12 MeV=c2, where ΔmB ¼ mB! −mB,
to select B!B!π events. For the selected Bð!ÞB!π candidates,
we calculate MmissðπÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð

ffiffiffi
s

p
− EπÞ2=c4 − P2

π=c2
p

,
where Eπ and Pπ are the reconstructed energy and
momentum, respectively, of the charged pion in the c.m.

frame. The MmissðπÞ distributions are shown in Fig. 2 [13].
We perform a simultaneous binned maximum likelihood fit
to the RS and WS samples, assuming the same number
(after normalization) and distribution of background events
in both samples and known fraction of signal events in the
RS sample that leaks to theWS sample due to mixing. To fit
the MmissðπÞ spectrum, we use the function

FðmÞ ¼ ½fsigSðmÞ þ BðmÞ(ϵðmÞFPHSPðmÞ; ð1Þ

where m≡MmissðπÞ, fsig ¼ 1.0 (0.1366& 0.0032 [14])
for the RS (WS) sample, SðmÞ and BðmÞ are the signal
and background probability density function, respectively,
and FPHSPðmÞ is the phase space function. To account for
the instrumental resolution, we smear the function FðmÞ
with a Gaussian function with σ ¼ 6.0 MeV=c2 that is
dominated by the c.m. energy spread. The reconstruction
efficiency is parametrized as ϵðmÞ ∼ exp½ðm −m0Þ=
Δ(ð1 −m=m0Þ3=4, where m0 ¼ 10.718& 0.001 GeV=c2

is an efficiency threshold and Δ ¼ 0.094& 0.002 GeV=c2.
The distribution of background events is parametrized as

BBð!ÞB!πðmÞ ¼ b0e−βδm , where b0 and β are fit parameters
and δm ¼ m − ðmBð!Þ þmB!Þ. A general form of the signal
probability density function is written as

SðmÞ ¼ jAZbð10610Þ þAZbð10650Þ þAnrj2; ð2Þ

where Anr ¼ anreiϕnr is the nonresonant amplitude para-
metrized as a complex constant and the two Zb amplitudes,

(a)

(b)

FIG. 2. The MmissðπÞ distribution for the (a) BB!π and
(b) B!B!π candidate events. Normalization factor is applied
for the WS distributions.
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generic MC simulations. ISR events produce an M!
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distribution similar to that for qq̄ events; these two
components are modeled by a single threshold function.
The resolution of the signal peaks in Fig. 1(b) is dominated
by the c.m. energy spread and is fixed at 6.5 and
6.2 MeV=c2 for the BB!π and B!B!π, respectively as
determined from the signal MC simulations. The fit to
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and 8.1σ, respectively. The statistical significance is calcu-
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is an efficiency threshold and Δ ¼ 0.094& 0.002 GeV=c2.
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BBð!ÞB!πðmÞ ¼ b0e−βδm , where b0 and β are fit parameters
and δm ¼ m − ðmBð!Þ þmB!Þ. A general form of the signal
probability density function is written as

SðmÞ ¼ jAZbð10610Þ þAZbð10650Þ þAnrj2; ð2Þ

where Anr ¼ anreiϕnr is the nonresonant amplitude para-
metrized as a complex constant and the two Zb amplitudes,

(a)

(b)

FIG. 2. The MmissðπÞ distribution for the (a) BB!π and
(b) B!B!π candidate events. Normalization factor is applied
for the WS distributions.
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position as BB!π events, where the reconstructed B is the
primary one. To remove the correlation betweenMmissðBπÞ
and MðBÞ and to improve the resolution, we use M!

miss ¼
MmissðBπÞ þMðBÞ −mB instead of MmissðBπÞ. The M!

miss
distribution for the RS combinations is shown in Fig. 1(b),
where peaks corresponding to the BB!π and B!B!π signals
are evident. Combinations with πþ—the wrong-sign (WS)
combinations—are used to evaluate the shape of the
combinatorial background. (The B → J=ψK0 mode is
not included in the WS sample, but both combinations
with πþ and π− are added to the RS sample.) We apply a
factor of 1.19& 0.01 [12] to the WS distribution to
normalize it to the expected number of the background
events in the RS sample. There is also a hint for a peaking
structure in the WS M!

miss distribution, shown as a hatched
histogram in Fig. 1(b). Because of B0 − B̄0 oscillations, we
expect a fraction of the produced B0 mesons to decay as B̄0

given by 0.5x2d=ð1þ x2dÞ ¼ 0.1861& 0.0024, where xd is
the B0 mixing parameter [11].
Note that the momentum spectrum of B mesons produced

in events with initial-state radiation (ISR), eþe− → γBB̄,
overlaps significantly with that for B mesons from the three-
body eþe− → Bð!ÞBð!Þπ processes. However, ISR events do
not produce peaking structures in the M!

miss distribution.
A binned maximum likelihood fit is performed to fit the

M!
miss distribution to the sum of three Gaussian functions to

represent three possible signals and two threshold compo-
nents Akðxk −M!

missÞαk expfðM!
miss − xkÞ=δkg (k ¼ 1, 2) to

parametrize the qq̄ and two-body Bð!ÞB̄ð!Þ backgrounds.
The means and widths of the signal Gaussian functions are
fixed from the signal MC simulation. The parameters Ak,
αk, δk of the background functions are free parameters of
the fit; the threshold parameters xk are fixed from the
generic MC simulations. ISR events produce an M!

miss
distribution similar to that for qq̄ events; these two
components are modeled by a single threshold function.
The resolution of the signal peaks in Fig. 1(b) is dominated
by the c.m. energy spread and is fixed at 6.5 and
6.2 MeV=c2 for the BB!π and B!B!π, respectively as
determined from the signal MC simulations. The fit to
the RS spectrum yields NBBπ¼13&25, NBB!π¼357&30,
and NB!B!π ¼ 161& 21 signal events. The statistical sig-
nificance of the observed BB!π and B!B!π signal is 9.3σ
and 8.1σ, respectively. The statistical significance is calcu-
lated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LsigÞ

p
, where Lsig and L0 denote the

likelihood values obtained with the nominal fit and with the
signal yield fixed at zero, respectively.
For the subsequent analysis, we require jM!

miss −mB! j <
15 MeV=c2 to select BB!π signal events and jM!

miss−
ðmB! þ ΔmBÞj < 12 MeV=c2, where ΔmB ¼ mB! −mB,
to select B!B!π events. For the selected Bð!ÞB!π candidates,
we calculate MmissðπÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð

ffiffiffi
s

p
− EπÞ2=c4 − P2

π=c2
p

,
where Eπ and Pπ are the reconstructed energy and
momentum, respectively, of the charged pion in the c.m.

frame. The MmissðπÞ distributions are shown in Fig. 2 [13].
We perform a simultaneous binned maximum likelihood fit
to the RS and WS samples, assuming the same number
(after normalization) and distribution of background events
in both samples and known fraction of signal events in the
RS sample that leaks to theWS sample due to mixing. To fit
the MmissðπÞ spectrum, we use the function

FðmÞ ¼ ½fsigSðmÞ þ BðmÞ(ϵðmÞFPHSPðmÞ; ð1Þ

where m≡MmissðπÞ, fsig ¼ 1.0 (0.1366& 0.0032 [14])
for the RS (WS) sample, SðmÞ and BðmÞ are the signal
and background probability density function, respectively,
and FPHSPðmÞ is the phase space function. To account for
the instrumental resolution, we smear the function FðmÞ
with a Gaussian function with σ ¼ 6.0 MeV=c2 that is
dominated by the c.m. energy spread. The reconstruction
efficiency is parametrized as ϵðmÞ ∼ exp½ðm −m0Þ=
Δ(ð1 −m=m0Þ3=4, where m0 ¼ 10.718& 0.001 GeV=c2

is an efficiency threshold and Δ ¼ 0.094& 0.002 GeV=c2.
The distribution of background events is parametrized as

BBð!ÞB!πðmÞ ¼ b0e−βδm , where b0 and β are fit parameters
and δm ¼ m − ðmBð!Þ þmB!Þ. A general form of the signal
probability density function is written as

SðmÞ ¼ jAZbð10610Þ þAZbð10650Þ þAnrj2; ð2Þ

where Anr ¼ anreiϕnr is the nonresonant amplitude para-
metrized as a complex constant and the two Zb amplitudes,

(a)

(b)

FIG. 2. The MmissðπÞ distribution for the (a) BB!π and
(b) B!B!π candidate events. Normalization factor is applied
for the WS distributions.
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position as BB!π events, where the reconstructed B is the
primary one. To remove the correlation betweenMmissðBπÞ
and MðBÞ and to improve the resolution, we use M!

miss ¼
MmissðBπÞ þMðBÞ −mB instead of MmissðBπÞ. The M!

miss
distribution for the RS combinations is shown in Fig. 1(b),
where peaks corresponding to the BB!π and B!B!π signals
are evident. Combinations with πþ—the wrong-sign (WS)
combinations—are used to evaluate the shape of the
combinatorial background. (The B → J=ψK0 mode is
not included in the WS sample, but both combinations
with πþ and π− are added to the RS sample.) We apply a
factor of 1.19& 0.01 [12] to the WS distribution to
normalize it to the expected number of the background
events in the RS sample. There is also a hint for a peaking
structure in the WS M!

miss distribution, shown as a hatched
histogram in Fig. 1(b). Because of B0 − B̄0 oscillations, we
expect a fraction of the produced B0 mesons to decay as B̄0

given by 0.5x2d=ð1þ x2dÞ ¼ 0.1861& 0.0024, where xd is
the B0 mixing parameter [11].
Note that the momentum spectrum of B mesons produced

in events with initial-state radiation (ISR), eþe− → γBB̄,
overlaps significantly with that for B mesons from the three-
body eþe− → Bð!ÞBð!Þπ processes. However, ISR events do
not produce peaking structures in the M!

miss distribution.
A binned maximum likelihood fit is performed to fit the

M!
miss distribution to the sum of three Gaussian functions to

represent three possible signals and two threshold compo-
nents Akðxk −M!

missÞαk expfðM!
miss − xkÞ=δkg (k ¼ 1, 2) to

parametrize the qq̄ and two-body Bð!ÞB̄ð!Þ backgrounds.
The means and widths of the signal Gaussian functions are
fixed from the signal MC simulation. The parameters Ak,
αk, δk of the background functions are free parameters of
the fit; the threshold parameters xk are fixed from the
generic MC simulations. ISR events produce an M!

miss
distribution similar to that for qq̄ events; these two
components are modeled by a single threshold function.
The resolution of the signal peaks in Fig. 1(b) is dominated
by the c.m. energy spread and is fixed at 6.5 and
6.2 MeV=c2 for the BB!π and B!B!π, respectively as
determined from the signal MC simulations. The fit to
the RS spectrum yields NBBπ¼13&25, NBB!π¼357&30,
and NB!B!π ¼ 161& 21 signal events. The statistical sig-
nificance of the observed BB!π and B!B!π signal is 9.3σ
and 8.1σ, respectively. The statistical significance is calcu-
lated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LsigÞ

p
, where Lsig and L0 denote the

likelihood values obtained with the nominal fit and with the
signal yield fixed at zero, respectively.
For the subsequent analysis, we require jM!

miss −mB! j <
15 MeV=c2 to select BB!π signal events and jM!

miss−
ðmB! þ ΔmBÞj < 12 MeV=c2, where ΔmB ¼ mB! −mB,
to select B!B!π events. For the selected Bð!ÞB!π candidates,
we calculate MmissðπÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð

ffiffiffi
s

p
− EπÞ2=c4 − P2

π=c2
p

,
where Eπ and Pπ are the reconstructed energy and
momentum, respectively, of the charged pion in the c.m.

frame. The MmissðπÞ distributions are shown in Fig. 2 [13].
We perform a simultaneous binned maximum likelihood fit
to the RS and WS samples, assuming the same number
(after normalization) and distribution of background events
in both samples and known fraction of signal events in the
RS sample that leaks to theWS sample due to mixing. To fit
the MmissðπÞ spectrum, we use the function

FðmÞ ¼ ½fsigSðmÞ þ BðmÞ(ϵðmÞFPHSPðmÞ; ð1Þ

where m≡MmissðπÞ, fsig ¼ 1.0 (0.1366& 0.0032 [14])
for the RS (WS) sample, SðmÞ and BðmÞ are the signal
and background probability density function, respectively,
and FPHSPðmÞ is the phase space function. To account for
the instrumental resolution, we smear the function FðmÞ
with a Gaussian function with σ ¼ 6.0 MeV=c2 that is
dominated by the c.m. energy spread. The reconstruction
efficiency is parametrized as ϵðmÞ ∼ exp½ðm −m0Þ=
Δ(ð1 −m=m0Þ3=4, where m0 ¼ 10.718& 0.001 GeV=c2

is an efficiency threshold and Δ ¼ 0.094& 0.002 GeV=c2.
The distribution of background events is parametrized as

BBð!ÞB!πðmÞ ¼ b0e−βδm , where b0 and β are fit parameters
and δm ¼ m − ðmBð!Þ þmB!Þ. A general form of the signal
probability density function is written as

SðmÞ ¼ jAZbð10610Þ þAZbð10650Þ þAnrj2; ð2Þ

where Anr ¼ anreiϕnr is the nonresonant amplitude para-
metrized as a complex constant and the two Zb amplitudes,
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FIG. 2. The MmissðπÞ distribution for the (a) BB!π and
(b) B!B!π candidate events. Normalization factor is applied
for the WS distributions.
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in the signal yield extraction (6.9% for BB!π and 8.7% for
B!B!π), in the reconstruction efficiency (7.6%) (including
secondary branching fractions [11]), in the correction factor
α (1%), in the integrated luminosity (1.4%), and in the ISR
correction (2.7%). The overall systematic uncertainties for
the three-body cross sections are estimated to be 7.9%,
10.8%, and 12.0% for the BBπ, BB!π, and B!B!π final
states, respectively.
Using the results of the fit to the MmissðπÞ spectra

with the nominal model (model 0 in Table I) and the results
of the analyses of eþe− → ϒðnSÞπþπ− [1] and eþe− →
hbðmPÞπþπ− [15,17], we calculate the ratio of the
branching fractions B½Zþ

b ð10610Þ → B̄0B!þ þ BþB̄!0&=
B½Zþ

b ð10610Þ → bottomonium& ¼ 5.93þ0.99þ1.01
−0.69−0.73 and

B½Zþ
b ð10650Þ→B!þB̄!0&=B½Zþ

b ð10650Þ→bottomonium&¼
2.80þ0.69þ0.54

−0.40−0.36 . We also calculate the relative fractions for Zb
decays, assuming that they are saturated by the already
observed ϒðnSÞπ, hbðmPÞπ, and Bð!ÞB! channels. The
results are presented in Table III.
To summarize, we report the first observations of the

three-body eþe− → BB!π and eþe− → B!B!π processes
with a statistical significance above 8σ. Measured
Born cross sections are σðeþe− → ½BB̄! þ c:c:&(π∓Þ ¼
ð17.4( 1.6( 1.9Þ pb and σðeþe− → ½B!B̄!&(π∓Þ ¼
ð8.75( 1.15( 1.04Þ pb. For the eþe− → BBπ process,
we set a 90% confidence level upper limit of σðeþe− →

½BB̄&(π∓Þ < 2.9 pb. The analysis of the Bð!ÞB! mass
spectra indicates that the total three-body rates are domi-
nated by the intermediate eþe− → Zbð10610Þ∓π( and
eþe− → Zbð10650Þ∓π( transitions for the BB!π and
B!B!π final states, respectively.
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TABLE I. Υ(5S) and Υ(6S) masses, widths, and phase difference, extracted from fits to data. The errors are statistical and
systematic. The 1 MeV uncertainty on the masses due to the systematic uncertainty in

√
s is not included.
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FIG. 1. (From top) RΥ(nS)ππ data with results of our nominal
fit for Υ(1S); Υ(2S); Υ(3S); R′

b, data with components of fit:
total (solid curve), constants |Aic|2 (thin), |Ac|2 (thick); for
Υ(5S) (thin) and Υ(6S) (thick): |f |2 (dot-dot-dash), cross
terms with Ac (dashed), and two-resonance cross term (dot-
dash). Error bars include the statistical and uncorrelated
systematic uncertainties.
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Chebyshev polynomial in both fit intervals. The order is
chosen by maximizing the confidence level of the fit.

Using MC simulation, we find that combining a ran-
dom pion that satisfies the Zb mass requirement and a
signal pion from Zb → hb(nP )π produces a broad bump
under the hb(nP ) signal. This background is absorbed
in the polynomial of the combinatorial background and
results in minor corrections in the hb(1P ) and hb(2P )
yields of 0.99± 0.01 and 0.995± 0.005, respectively. The
π+π− pairs originating from the Υ(2S) → Υ(1S)π+π−

transitions with the Υ(2S) produced inclusively or via
ISR result in a peak at Ec.m. − [mΥ(2S) −mΥ(1S)] that is
inside the hb(2P ) fit interval for the c.m. energies close
to the Υ(5S). The shape of this peaking background
is found from exclusively reconstructed Υ(1S) → µ+µ−

data to be a Gaussian with σ = 11MeV/c2. Its normal-
ization is floated in the fit.

To determine the reconstruction efficiency, we use
phase-space-generated MC, weighted inMmiss(π) accord-
ing to the fit results for the Υ(5S) → hb(1P )π+π− tran-
sitions [14] and in angular variables according to the ex-
pectations for the Zb spin-parity JP = 1+ [22]. The
efficiencies for the hb(1P )π+π− and hb(2P )π+π− chan-
nels are in the range 40−55% and 35−50%, respectively;
they rise with c.m. energy. At the lowest energy point,
there is a drop of efficiency by a factor of two since this
point is close to the kinematic boundary and the pion
momenta are low.

At each energy, the Born cross section is determined
according to the formula:

σB(e+e− → hb(nP )π+π−) =
N

L ε |1−Π|2
, (2)

where N is the number of signal events determined from
the Mmiss(ππ) fit that includes the ISR correction, L
is the integrated luminosity, ε is the reconstruction ef-
ficiency and |1 − Π|2 is the vacuum polarization correc-
tion [23], which is in the range 0.927 − 0.930. The re-
sulting cross sections are shown in Fig. 1. The cross sec-
tions, averaged over the three high statistics on-resonance
points at Ec.m. = (10865.6± 2.0)MeV, are

σB(e+e− → hb(1P )π+π−) = 1.66± 0.09± 0.10 pb, (3)

σB(e+e− → hb(2P )π+π−) = 2.70± 0.17± 0.19 pb. (4)

The ratio of the cross sections is 0.616 ± 0.052 ± 0.017.
Here and elsewhere in this Letter, the first uncertainties
are statistical and the second are systematic.

The systematic uncertainties in the signal yields orig-
inate from the signal and background shapes. The un-
certainties due to the hb(nP ) masses and ISR tail shapes
are found to be negligible. The relative uncertainty due
to the Mmiss(ππ) resolution is correlated among different
energy points and is equal to 1.4% for the hb(1P ) and
3.3% for the hb(2P ). The background-shape contribu-
tion is the only uncorrelated systematic uncertainty. It
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FIG. 1. (colored online) The cross sections for the e+e− →

hb(1P )π+π− (top) and e+e− → hb(2P )π+π− (bottom) as
functions of c.m. energy. Points with error bars are the data;
outer error bars indicate statistical uncertainties and inner
red error bars indicate uncorrelated systematic uncertainties.
The solid curves are the fit results.

is estimated by varying the fit interval limits by about
50MeV and the polynomial order for each fit interval.
The corresponding uncertainties are 1.1% and 2.5% for
the on-resonance cross sections in Eqs. (3) and (4), re-
spectively.

A relative uncertainty in the efficiency contributes to
the correlated systematic uncertainty. An uncertainty
due to the Zb mass requirement of +1.0

−1.8% is estimated
by varying the Zb parameters by ±1σ and taking into
account correlations among different parameters. The
efficiency of the R2 requirement is studied using inclu-
sively reconstructed Υ(5S) → Υ(nS)π+π− decays. We
find good agreement between data and MC and assign
the 5% statistical uncertainty in data as a systematic un-
certainty due to the R2 requirement. Finally, we assign
a 1% uncertainty per track due to possible differences in
the reconstruction efficiency between data and MC.

An uncertainty in the luminosity of 1.4% is primar-
ily due to the simulation of Bhabha scattering that is
used for its determination and is correlated among energy
points. We add in quadrature all the contributions to find
the total systematic uncertainties shown in Eqs. (3) and
(4). The values of the cross sections for all energy points
are provided in Ref. [24].

The shapes of the hb(1P )π+π− and hb(2P )π+π− cross
sections look very similar. They show clear Υ(5S) and
Υ(6S) peaks without significant continuum contribu-

No continuum  
– consistent with expectation  
from ϒππ scan, hbππ at ϒ(5S) ϒ(5S) ϒ(6S)  

hb(1P)π+π– 

hb(2P)π+π– 

5

tions. We perform a simultaneous fit of the shapes,
adding in quadrature the statistical and uncorrelated sys-
tematic uncertainties at each energy point. We use the
coherent sum of two Breit-Wigner amplitudes:

An Φn(s) |FBW(s,M5,Γ5)+a eiφ FBW(s,M6,Γ6)|
2, (5)

where s ≡ E 2
c.m., Φn(s) is the phase space calculated

numerically, taking into account the measured Zb line
shape [14], and FBW(s,M,Γ) = MΓ/(s − M2 + iMΓ)
is a Breit-Wigner amplitude. The fit parameters M5,
Γ5, M6, Γ6, a and φ are common for the two channels,
while only the normalization coefficients An are differ-
ent. Equation (5) is convolved with the Ec.m. resolution
of (5.0 ± 0.4)MeV, which is found using exclusively re-
constructed Υ(5S) → Υ(nS)π+π− events. The fitted
functions are shown in Fig. 1. The confidence level of
the fit is 93%. The fit results are:

M5 = (10884.7+3.6
−3.4

+8.9
−1.0)MeV/c2, (6)

Γ5 = (40.6+12.7
− 8.0

+ 1.1
−19.1)MeV, (7)

M6 = (10999.0+7.3
−7.8

+16.9
− 1.0)MeV/c2, (8)

Γ6 = (27+27
−11

+ 5
−12)MeV, (9)

a = 0.65+0.36
−0.12

+0.17
−0.10 and φ = (0.1+0.4

−0.8 ± 0.3)π. (10)

The measured masses and widths agree with the results
of the Υ(nS)π+π− scan [11].

The first error in the fit results is not purely statisti-
cal but includes uncorrelated systematic uncertainties in
the cross sections. The contributions of other considered
sources are listed in Table I.

TABLE I. The systematic uncertainties in the Υ(5S) and
Υ(6S) masses (in MeV/c2), widths (in MeV), amplitude a,
and phase φ (in units of π).

M5 Γ5 M6 Γ6 a φ

Fit model +8.9
−0.1

+ 0.4
−19.1

+16.7
− 0.0

+ 0.0
−11.5

+0.12
−0.00

+0.09
−0.00

Zb substructure +0.2
−0.0

+0.0
−0.2

+0.1
−0.0

+0.7
−0.0

+0.11
−0.00

+0.00
−0.29

√
s scale 1.0 1.0 +3.0

−1.0
+4.7
−1.0

+0.00
−0.10

+0.25
−0.00

Resolution 0.0 +0.3
−0.2 0.1 0.6 0.0 +0.01

−0.00

Total +8.9
−1.0

+ 1.1
−19.1

+16.9
− 1.0

+ 4.8
−11.5

+0.17
−0.10

+0.27
−0.29

To study systematic uncertainties due to the fit model,
we introduce a non-resonant continuum amplitude, b ei δ.
The significance of this contribution is only 1.6σ. How-
ever, the shifts in the fit results are large, and this is
the dominant source of systematic uncertainty. We also
consider the possibility that the parameters a and φ are
different in the hb(1P )π+π− and hb(2P )π+π− channels.
We find that the values in the two channels agree and
the shifts in masses and widths are small. Using MC
pseudo-experiments, we find that there is no significant
fit bias.

If the resonant substructures of the Υ(5S) and Υ(6S)
decays are different, the Υ(5S) and Υ(6S) amplitudes

in Eq. (5) are not fully coherent, and the interference
term is suppressed by a decoherence factor k [11]. If
only Zb(10610) is produced at the Υ(6S), k is calculated
numerically to be 0.62; if only Zb(10650) is produced, k is
0.80. We introduce these factors in the fit and take into
account that the efficiency of the Zb mass requirement is
smaller for a single Zb state compared to two Zb states
by 12% since the two Zb states interfere destructively
outside their signal region.

We account for an uncertainty in the Ec.m. scale and
the uncertainty in the Ec.m. resolution. We add in
quadrature the contributions of the various sources to
determine the total systematic uncertainties.

To study the resonant substructure of the Υ(6S) →
hb(nP )π+π− transitions, we combine the data samples
of the five highest-energy points. The corresponding
Mmiss(ππ) spectra are fitted using the same procedure as
described above (see Figs. 2 and 3). The hb(nP ) signal
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FIG. 2. (colored online) The Mmiss(ππ) spectrum in the
hb(1P ) region for the combined data samples of five energy
points near the Υ(6S). In (a) the data are the points with er-
ror bars with the fit function (solid curve) and background
(red dashed curve) overlaid. (b) shows the background-
subtracted data (points with error bars) with the signal com-
ponent of the fit overlaid (solid curve).

density functions are determined by averaging over the
data samples that are combined; we use weights propor-
tional to the integrated luminosity and the cross section
at each energy. We note that the hb(1P ) and hb(2P )
peaks are shifted by about 2.5MeV/c2, and the width
of the hb(2P ) peak is narrower by 1.2σ compared to
the fit. The shift could be due to a miscalibration of
the c. m. energy, and is accounted for in the system-
atic uncertainty. The narrow width is likely a statisti-
cal fluctuation. The confidence levels of the fits are
50% and 52%, respectively. From Wilks’ theorem [25],
we find that the significances of the hb(1P ) and hb(2P )
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Chebyshev polynomial in both fit intervals. The order is
chosen by maximizing the confidence level of the fit.
Using MC simulation, we find that combining a ran-

dom pion that satisfies the Zb mass requirement and a
signal pion from Zb → hb(nP )π produces a broad bump
under the hb(nP ) signal. This background is absorbed
in the polynomial of the combinatorial background and
results in minor corrections in the hb(1P ) and hb(2P )
yields of 0.99± 0.01 and 0.995± 0.005, respectively. The
π+π− pairs originating from the Υ(2S) → Υ(1S)π+π−

transitions with the Υ(2S) produced inclusively or via
ISR result in a peak at Ec.m. − [mΥ(2S) −mΥ(1S)] that is
inside the hb(2P ) fit interval for the c.m. energies close
to the Υ(5S). The shape of this peaking background
is found from exclusively reconstructed Υ(1S) → µ+µ−

data to be a Gaussian with σ = 11MeV/c2. Its normal-
ization is floated in the fit.
To determine the reconstruction efficiency, we use

phase-space-generated MC, weighted inMmiss(π) accord-
ing to the fit results for the Υ(5S) → hb(1P )π+π− tran-
sitions [14] and in angular variables according to the ex-
pectations for the Zb spin-parity JP = 1+ [22]. The
efficiencies for the hb(1P )π+π− and hb(2P )π+π− chan-
nels are in the range 40−55% and 35−50%, respectively;
they rise with c.m. energy. At the lowest energy point,
there is a drop of efficiency by a factor of two since this
point is close to the kinematic boundary and the pion
momenta are low.
At each energy, the Born cross section is determined

according to the formula:

σB(e+e− → hb(nP )π+π−) =
N

L ε |1−Π|2
, (2)

where N is the number of signal events determined from
the Mmiss(ππ) fit that includes the ISR correction, L
is the integrated luminosity, ε is the reconstruction ef-
ficiency and |1 − Π|2 is the vacuum polarization correc-
tion [23], which is in the range 0.927 − 0.930. The re-
sulting cross sections are shown in Fig. 1. The cross sec-
tions, averaged over the three high statistics on-resonance
points at Ec.m. = (10865.6± 2.0)MeV, are

σB(e+e− → hb(1P )π+π−) = 1.66± 0.09± 0.10 pb, (3)

σB(e+e− → hb(2P )π+π−) = 2.70± 0.17± 0.19 pb. (4)

The ratio of the cross sections is 0.616 ± 0.052 ± 0.017.
Here and elsewhere in this Letter, the first uncertainties
are statistical and the second are systematic.
The systematic uncertainties in the signal yields orig-

inate from the signal and background shapes. The un-
certainties due to the hb(nP ) masses and ISR tail shapes
are found to be negligible. The relative uncertainty due
to the Mmiss(ππ) resolution is correlated among different
energy points and is equal to 1.4% for the hb(1P ) and
3.3% for the hb(2P ). The background-shape contribu-
tion is the only uncorrelated systematic uncertainty. It
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FIG. 1. (colored online) The cross sections for the e+e− →

hb(1P )π+π− (top) and e+e− → hb(2P )π+π− (bottom) as
functions of c.m. energy. Points with error bars are the data;
outer error bars indicate statistical uncertainties and inner
red error bars indicate uncorrelated systematic uncertainties.
The solid curves are the fit results.

is estimated by varying the fit interval limits by about
50MeV and the polynomial order for each fit interval.
The corresponding uncertainties are 1.1% and 2.5% for
the on-resonance cross sections in Eqs. (3) and (4), re-
spectively.

A relative uncertainty in the efficiency contributes to
the correlated systematic uncertainty. An uncertainty
due to the Zb mass requirement of +1.0

−1.8% is estimated
by varying the Zb parameters by ±1σ and taking into
account correlations among different parameters. The
efficiency of the R2 requirement is studied using inclu-
sively reconstructed Υ(5S) → Υ(nS)π+π− decays. We
find good agreement between data and MC and assign
the 5% statistical uncertainty in data as a systematic un-
certainty due to the R2 requirement. Finally, we assign
a 1% uncertainty per track due to possible differences in
the reconstruction efficiency between data and MC.

An uncertainty in the luminosity of 1.4% is primar-
ily due to the simulation of Bhabha scattering that is
used for its determination and is correlated among energy
points. We add in quadrature all the contributions to find
the total systematic uncertainties shown in Eqs. (3) and
(4). The values of the cross sections for all energy points
are provided in Ref. [24].

The shapes of the hb(1P )π+π− and hb(2P )π+π− cross
sections look very similar. They show clear Υ(5S) and
Υ(6S) peaks without significant continuum contribu-

No continuum  
– consistent with expectation  
from ϒππ scan, hbππ at ϒ(5S) ϒ(5S) ϒ(6S)  

hb(1P)π+π– 

hb(2P)π+π– 

5

tions. We perform a simultaneous fit of the shapes,
adding in quadrature the statistical and uncorrelated sys-
tematic uncertainties at each energy point. We use the
coherent sum of two Breit-Wigner amplitudes:

An Φn(s) |FBW(s,M5,Γ5)+a eiφ FBW(s,M6,Γ6)|
2, (5)

where s ≡ E 2
c.m., Φn(s) is the phase space calculated

numerically, taking into account the measured Zb line
shape [14], and FBW(s,M,Γ) = MΓ/(s − M2 + iMΓ)
is a Breit-Wigner amplitude. The fit parameters M5,
Γ5, M6, Γ6, a and φ are common for the two channels,
while only the normalization coefficients An are differ-
ent. Equation (5) is convolved with the Ec.m. resolution
of (5.0 ± 0.4)MeV, which is found using exclusively re-
constructed Υ(5S) → Υ(nS)π+π− events. The fitted
functions are shown in Fig. 1. The confidence level of
the fit is 93%. The fit results are:

M5 = (10884.7+3.6
−3.4

+8.9
−1.0)MeV/c2, (6)

Γ5 = (40.6+12.7
− 8.0

+ 1.1
−19.1)MeV, (7)

M6 = (10999.0+7.3
−7.8

+16.9
− 1.0)MeV/c2, (8)

Γ6 = (27+27
−11

+ 5
−12)MeV, (9)

a = 0.65+0.36
−0.12

+0.17
−0.10 and φ = (0.1+0.4

−0.8 ± 0.3)π. (10)

The measured masses and widths agree with the results
of the Υ(nS)π+π− scan [11].

The first error in the fit results is not purely statisti-
cal but includes uncorrelated systematic uncertainties in
the cross sections. The contributions of other considered
sources are listed in Table I.

TABLE I. The systematic uncertainties in the Υ(5S) and
Υ(6S) masses (in MeV/c2), widths (in MeV), amplitude a,
and phase φ (in units of π).

M5 Γ5 M6 Γ6 a φ

Fit model +8.9
−0.1

+ 0.4
−19.1

+16.7
− 0.0

+ 0.0
−11.5

+0.12
−0.00

+0.09
−0.00

Zb substructure +0.2
−0.0

+0.0
−0.2

+0.1
−0.0

+0.7
−0.0

+0.11
−0.00

+0.00
−0.29

√
s scale 1.0 1.0 +3.0

−1.0
+4.7
−1.0

+0.00
−0.10

+0.25
−0.00

Resolution 0.0 +0.3
−0.2 0.1 0.6 0.0 +0.01

−0.00

Total +8.9
−1.0

+ 1.1
−19.1

+16.9
− 1.0

+ 4.8
−11.5

+0.17
−0.10

+0.27
−0.29

To study systematic uncertainties due to the fit model,
we introduce a non-resonant continuum amplitude, b ei δ.
The significance of this contribution is only 1.6σ. How-
ever, the shifts in the fit results are large, and this is
the dominant source of systematic uncertainty. We also
consider the possibility that the parameters a and φ are
different in the hb(1P )π+π− and hb(2P )π+π− channels.
We find that the values in the two channels agree and
the shifts in masses and widths are small. Using MC
pseudo-experiments, we find that there is no significant
fit bias.

If the resonant substructures of the Υ(5S) and Υ(6S)
decays are different, the Υ(5S) and Υ(6S) amplitudes

in Eq. (5) are not fully coherent, and the interference
term is suppressed by a decoherence factor k [11]. If
only Zb(10610) is produced at the Υ(6S), k is calculated
numerically to be 0.62; if only Zb(10650) is produced, k is
0.80. We introduce these factors in the fit and take into
account that the efficiency of the Zb mass requirement is
smaller for a single Zb state compared to two Zb states
by 12% since the two Zb states interfere destructively
outside their signal region.

We account for an uncertainty in the Ec.m. scale and
the uncertainty in the Ec.m. resolution. We add in
quadrature the contributions of the various sources to
determine the total systematic uncertainties.

To study the resonant substructure of the Υ(6S) →
hb(nP )π+π− transitions, we combine the data samples
of the five highest-energy points. The corresponding
Mmiss(ππ) spectra are fitted using the same procedure as
described above (see Figs. 2 and 3). The hb(nP ) signal
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FIG. 2. (colored online) The Mmiss(ππ) spectrum in the
hb(1P ) region for the combined data samples of five energy
points near the Υ(6S). In (a) the data are the points with er-
ror bars with the fit function (solid curve) and background
(red dashed curve) overlaid. (b) shows the background-
subtracted data (points with error bars) with the signal com-
ponent of the fit overlaid (solid curve).

density functions are determined by averaging over the
data samples that are combined; we use weights propor-
tional to the integrated luminosity and the cross section
at each energy. We note that the hb(1P ) and hb(2P )
peaks are shifted by about 2.5MeV/c2, and the width
of the hb(2P ) peak is narrower by 1.2σ compared to
the fit. The shift could be due to a miscalibration of
the c. m. energy, and is accounted for in the system-
atic uncertainty. The narrow width is likely a statisti-
cal fluctuation. The confidence levels of the fits are
50% and 52%, respectively. From Wilks’ theorem [25],
we find that the significances of the hb(1P ) and hb(2P )
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Chebyshev polynomial in both fit intervals. The order is
chosen by maximizing the confidence level of the fit.

Using MC simulation, we find that combining a ran-
dom pion that satisfies the Zb mass requirement and a
signal pion from Zb → hb(nP )π produces a broad bump
under the hb(nP ) signal. This background is absorbed
in the polynomial of the combinatorial background and
results in minor corrections in the hb(1P ) and hb(2P )
yields of 0.99± 0.01 and 0.995± 0.005, respectively. The
π+π− pairs originating from the Υ(2S) → Υ(1S)π+π−

transitions with the Υ(2S) produced inclusively or via
ISR result in a peak at Ec.m. − [mΥ(2S) −mΥ(1S)] that is
inside the hb(2P ) fit interval for the c.m. energies close
to the Υ(5S). The shape of this peaking background
is found from exclusively reconstructed Υ(1S) → µ+µ−

data to be a Gaussian with σ = 11MeV/c2. Its normal-
ization is floated in the fit.

To determine the reconstruction efficiency, we use
phase-space-generated MC, weighted inMmiss(π) accord-
ing to the fit results for the Υ(5S) → hb(1P )π+π− tran-
sitions [14] and in angular variables according to the ex-
pectations for the Zb spin-parity JP = 1+ [22]. The
efficiencies for the hb(1P )π+π− and hb(2P )π+π− chan-
nels are in the range 40−55% and 35−50%, respectively;
they rise with c.m. energy. At the lowest energy point,
there is a drop of efficiency by a factor of two since this
point is close to the kinematic boundary and the pion
momenta are low.

At each energy, the Born cross section is determined
according to the formula:

σB(e+e− → hb(nP )π+π−) =
N

L ε |1−Π|2
, (2)

where N is the number of signal events determined from
the Mmiss(ππ) fit that includes the ISR correction, L
is the integrated luminosity, ε is the reconstruction ef-
ficiency and |1 − Π|2 is the vacuum polarization correc-
tion [23], which is in the range 0.927 − 0.930. The re-
sulting cross sections are shown in Fig. 1. The cross sec-
tions, averaged over the three high statistics on-resonance
points at Ec.m. = (10865.6± 2.0)MeV, are

σB(e+e− → hb(1P )π+π−) = 1.66± 0.09± 0.10 pb, (3)

σB(e+e− → hb(2P )π+π−) = 2.70± 0.17± 0.19 pb. (4)

The ratio of the cross sections is 0.616 ± 0.052 ± 0.017.
Here and elsewhere in this Letter, the first uncertainties
are statistical and the second are systematic.

The systematic uncertainties in the signal yields orig-
inate from the signal and background shapes. The un-
certainties due to the hb(nP ) masses and ISR tail shapes
are found to be negligible. The relative uncertainty due
to the Mmiss(ππ) resolution is correlated among different
energy points and is equal to 1.4% for the hb(1P ) and
3.3% for the hb(2P ). The background-shape contribu-
tion is the only uncorrelated systematic uncertainty. It
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FIG. 1. (colored online) The cross sections for the e+e− →

hb(1P )π+π− (top) and e+e− → hb(2P )π+π− (bottom) as
functions of c.m. energy. Points with error bars are the data;
outer error bars indicate statistical uncertainties and inner
red error bars indicate uncorrelated systematic uncertainties.
The solid curves are the fit results.

is estimated by varying the fit interval limits by about
50MeV and the polynomial order for each fit interval.
The corresponding uncertainties are 1.1% and 2.5% for
the on-resonance cross sections in Eqs. (3) and (4), re-
spectively.

A relative uncertainty in the efficiency contributes to
the correlated systematic uncertainty. An uncertainty
due to the Zb mass requirement of +1.0

−1.8% is estimated
by varying the Zb parameters by ±1σ and taking into
account correlations among different parameters. The
efficiency of the R2 requirement is studied using inclu-
sively reconstructed Υ(5S) → Υ(nS)π+π− decays. We
find good agreement between data and MC and assign
the 5% statistical uncertainty in data as a systematic un-
certainty due to the R2 requirement. Finally, we assign
a 1% uncertainty per track due to possible differences in
the reconstruction efficiency between data and MC.

An uncertainty in the luminosity of 1.4% is primar-
ily due to the simulation of Bhabha scattering that is
used for its determination and is correlated among energy
points. We add in quadrature all the contributions to find
the total systematic uncertainties shown in Eqs. (3) and
(4). The values of the cross sections for all energy points
are provided in Ref. [24].

The shapes of the hb(1P )π+π− and hb(2P )π+π− cross
sections look very similar. They show clear Υ(5S) and
Υ(6S) peaks without significant continuum contribu-

ϒ(5S) ϒ(6S)  

Combine 5 scan points in 
ϒ(6S) region 

hb(1P)π+π– 

hb(2P)π+π– 

Ø  Search for Zb
±:  Plot π± 

missing mass in  
     hb(mP)π+π– events→ 

Ø  Significance at ϒ(6S) 
•  hb(1P)π+π– 3.5σ 
•  hb(2P)π+π– 5.3σ 
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News on bottomonium-like states 
•  hb(mP)ππ vs CMS energy, evidence for Zb

± at ϒ(6S) 
–  arXiv:1508.06562 6
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FIG. 3. (colored online) The Mmiss(ππ) spectrum in the
hb(2P ) interval for the combined data samples of five energy
points near the Υ(6S). The legend is the same as in Fig. 2.

signals are 3.5σ and 5.3σ, respectively, including sys-
tematic uncertainty, determined by varying the poly-
nomial order. Thus, we find the first evidence for the
Υ(6S) → hb(1P )π+π− transition and observe for the first
time the Υ(6S) → hb(2P )π+π− transition.

We release the requirement of an intermediate Zb and
fit the Mmiss(ππ) spectra in bins of Mmiss(π) to measure
the hb(nP )π+π− yields as functions of Mmiss(π). The
distribution of the phase-space-generated signal events
in the Mmiss(π+) vs. Mmiss(π−) plane has the shape
of a narrow slanted band; each structure at high val-
ues of Mmiss(π±) produces a “reflection” at small values
of Mmiss(π∓). We combine the Mmiss(ππ) spectra for
the corresponding Mmiss(π+) and Mmiss(π−) bins and
consider the upper half of the available Mmiss(π) range.
Thereby, we consider all signal events and avoid dou-
ble counting. The yields, corrected for the reconstruc-
tion efficiencies, are shown in Fig. 4. The data are not
distributed uniformly in phase space; they populate the
Zb(10610) and Zb(10650) mass region. We fit the data
to a shape where the Zb(10610) and Zb(10650) parame-
ters are fixed to the Υ(5S) → Zbπ → hb(1P )π+π− re-
sult and the non-resonant contribution is set to zero [14].
Such a model describes the data well: the confidence
levels of the fits are 65% and 77% for the hb(1P ) and
hb(2P ), respectively. The phase space hypothesis is ex-
cluded relative to this model at the 3.6σ and 4.5σ levels
in the hb(1P )π+π− and hb(2P )π+π− channels, respec-
tively. The single Zb(10610) hypothesis is excluded at
the 3.3σ level in the hb(1P )π+π− channel, while the sin-
gle Zb(10650) hypothesis cannot be excluded at a signif-
icant level. In the hb(2P )π+π− channel, the Zb(10610)±

and Zb(10650)± signals overlap with the Zb(10650)∓ and
Zb(10610)∓ reflections, respectively, which obscures the
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FIG. 4. The efficiency-corrected yields of hb(1P )π+π− (a)
and hb(2P )π+π− (b) as functions of Mmiss(π) for the com-
bined data samples of five energy points in the Υ(6S) region.
Points represent data; the solid histogram represents the fit
result with the Zb signal shape fixed from the Υ(5S) analysis;
the dashed histogram represents the result of the fit with a
phase space distribution.

determination of the relative yields. The exclusion levels
are determined using pseudo-experiments from the χ2

differences of the two hypotheses being compared, and
include systematic uncertainty.

In conclusion, we have measured the energy depen-
dence of the e+e− → hb(nP )π+π− (n = 1, 2) cross sec-
tions. We find two peaks corresponding to the Υ(5S) and
Υ(6S) states and measure their parameters, which agree
with the results from Ref. [11]. The data are consistent
with no continuum contribution.

We report first evidence for Υ(6S) → hb(1P )π+π−

and first observation of the Υ(6S) → hb(2P )π+π− tran-
sitions. We study their resonant substructures and find
evidence that they proceed entirely via the intermediate
isovector states Zb(10610) and Zb(10650). Their relative
fraction is loosely constrained by the current data: the
hypothesis that only Zb(10610) is produced is excluded at
the 3.3σ level, while the hypothesis that only Zb(10650)
is produced is not excluded at a significant level.

The shapes of the e+e− → hb(nP )π+π− and e+e− →
Υ(nS)π+π− cross sections look similar. The only signif-
icant difference is a smaller relative yield of Υ(nS)π+π−

at the Υ(6S). Since the hb(nP )π+π− final states are pro-
duced only via intermediate Zb while Υ(nS)π+π− at the
Υ(5S) are produced both via Zb and non-resonantly, this
difference indicates that the non-resonant contributions
in Υ(nS)π+π− are suppressed at the Υ(6S).

We thank the KEKB group for excellent operation
of the accelerator; the KEK cryogenics group for effi-
cient solenoid operations; and the KEK computer group,
the NII, and PNNL/EMSL for valuable computing and
SINET4 network support. We acknowledge support from
MEXT, JSPS and Nagoya’s TLPRC (Japan); ARC (Aus-
tralia); FWF (Austria); NSFC and CCEPP (China);
MSMT (Czechia); CZF, DFG, EXC153, and VS (Ger-

ϒ(6S)→hb(1P)π+π– ϒ(6S)→hb(2P)π+π– 

Ø  Events saturated by Zb
± states, no nonresonant contribution 

Ø  Relative rates to Zb(10610), Zb (10650) loosely constrained;  
Ø  Hypothesis of only Zb (10610) excluded at 3.3σ 
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ExisNng	data	sets	at	varying	ECM

26

• Significant	data	sets	already	taken	at	other	resonances.		

• LimitaNons	for	quarkonia	studies	with	small	mass	differences,	no	VXD	for	slow	
tracks.	

• Scans	may	be	challenging	for	accelerator.		

• Belle	was	not	opNmised	for	low	mulNplicity	triggering	-	new	opportuniNes	at	Belle	II	
if	we	redesign	the	trigger	logic.
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Options	in	Phase	2	:	Quarkonium

Y(2S)	10023	
MeV

Y(3S)	10355	
MeV

Y(4S)	10580	
MeV

Y(5S)	10876	
MeV

Y(6S)	11050	
MeV

ECM	max	
11250	MeV

10750	MeV

Y(1S)	~	ECM	min  
9460	MeV

10750	MeV:	Take	O(10	fb-1)	at	10.75,	near	RY	bump.	Analogous	
transitions	in	charm	revealed	new	structures.	

Y(6S):	Study	π±	Zb±(10610/50)[→π±hb(1P)]	modes	Analogous	
transitions	to	Y(5S)	→	ππ	Y(nS)		

at	either	ECM,	new	triggers	for	dark	photons	can	be	employed.

2	highlight	options	for	~20	fb-1
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Quarkonia	opNons

28

Energy Outcome a-1 Comments

Y(1S)	On N/A 60+ Limited	interest.	Low	end	for	machine

Y(2S)	On New	physics 20+ Special	triggers

Y(1D)	Scan ParNcle	discovery 10-20

Y(3S)	On Many	-onia	topics 200+ Known	resonance.	Needs	lumi.

Y(3S)	Scan Precision	QED ~10 Need	to	understand	beam	condiNons	
for	scans.

Y(2D)	Scan ParNcle	discovery 10-20 Unknown	masses

>Y(4S)	Scan ParNcle	discovery 10+ Energy	to	be	determined

Y(6S)	On Par>cle	discovery 30+ Upper	limit	of	machine	E

Single	γ New	physics 20+ Special	triggers	required
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Y(3S)	Vs	Y(6S)	Physics

• Lack	of	vertex	detector	diminishes	low	pT	track	reconstrucNon		

• Y(3S)	→	π+π-Y(2S)	unfeasible,	but	Y(6S)→	π	Zb(π	hb(nP))	unaffected

29
Early Physics at Belle II  –  Bryan Fulsom (PNNL) 

B2TIP Pitt WG7  –  2016 05 23 

Phase 2 Feasibility: Tracking 

17 

Lack of vertex detector diminishes low pT track reconstruction 
(3S)p+p-(2S) infeasible, but (6S)pZbphb(nP) unaffected 
 

Phase 2 
Phase 3 

PRELIMINARY 

(6S)  pZb
 

Zb phb(1P) 
 

PRELIMINARY 

(3S)pp(2S) 
(3S)pp(1S) 

pT(p) minimum p(p) 
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Other	options	with	a	Small	data	set	(mostly	Phase	III)

Υ(nD)	Scan	:	unseen	Υ(13DJ)	and	Υ(23DJ)		

Υ(3S)	→	γ	χbJ(1P)	w/	converted	photons		

Dark	Higgs:	Y(2S)	&	Y(3S)	→	Y(nS)	ππ,	Y(nS)	→	χ	χ	

Exotic:	Dark	photons,	e+e–→	A’	γ		

µ	pair	cross	section	

light	quark	&	charm	fragmentation

B2TiP	Nov	2015,	G.	Inguglia

recoil mass for the two-pion system as

M2
r = s+M⇡+⇡� � 2

p
sECMS

⇡+⇡� . (2)

A signal of the decay ⌥(1S) ! invisible is an excess of events in the Mr distribution at a mass equivalent
to that of the ⌥(1S) (9.460 GeV/c2). After taking into account the total reconstruction e�ciency (8.9%
for Belle and 16.4% for Babar) Belle and Babar Collaborations have set limits to ⌥(1S) ! invisible to 2.5
⇥10�3 and 3.0 ⇥10�4, respectively.

2.1.2 ⌥(2S) ! ⇡+⇡�⌥(1S), ⌥(1S) ! invisible

Similar considerations to those made under the assumption of collisions e+e� ! ⌥(3S) can be made
for e+e� ! ⌥(2S). ⌥(1S) resonances can be tagged reconstructing two oppositely charged pions in the
hadronic process ⌥(2S) ! ⇡+⇡�⌥(1S) with a branching ratio

BR⌥(2S)!⇡+⇡�⌥(1S) ⇡ 18.1%. (3)

As in the case of ⌥(3S) ! ⇡+⇡�⌥(1S) it is possible to write the same recoil mass distribution as in Eq. ??
but in this case one has s = 10.0233 GeV/c2. Again, a signal of the decay ⌥(1S) ! invisible is an excess
of events in the Mr distribution at a mass equivalent to that of the ⌥(1S) (9.460 GeV/c2).

3 Belle 2 running at the ⌥(nS)[n = 2, 3]

3.1 Expected Yields

During the first period of physics data taking (phase 2 and 3) it will be possible to collide electrons and
positrons at the center-of-mass energy equivalent either to that of the ⌥(3S) or to that of the ⌥(2S) or
both, and currently a possibility to collect 200 fb�1 of data at these energies is being studied. Such a
preliminary run would be of interest not only for studies of bottomonium physics, but it would be of general
interest for the Collaboration to perform detector calibration (ECL for example from radiative transitions
between bottomonium states). A sample 200 fb�1 collected at the ⌥(3S) would be 7 times larger with
the respect to the Babar sample and about 70 times larger than the Belle collected sample, providing the
possibility to study generic bottomonium transitions in more detail and allowing one to either observe new
physics in the ⌥(1S) ! invisible decay or to observe (and measure, eventually) the ⌥(1S) ! ⌫⌫̄ decay.
One would consider both the decay topologies discussed before, under the assumption the similar or im-
proved performance of the Belle 2 detector are expected over previous performance achieved by the Belle
experiment. Taking a conservative approach on the assumption of what the final e�ciencies might be, one
can assume that the processes

⌥(nS) ! ⇡+⇡�⌥(1S), (n = 2, 3) (4)

might be studied with total e�ciencies of the order of 10% and 15%. Under these assumptions, with a
sample of 200fb�1 of data collected at a center-of-mass energy of 10.3552 GeV/c2, equivalent to ⇡ 700M
⌥(3S), one would expect to have 31.5M ⌥(3S) ! ⇡+⇡�⌥(1S) and taking into account the mentioned
e�ciencies one should observe between 30 and 315 ⌥(1S) ! ⌫⌫̄ from di-pion tagged ⌥(1S) assuming
10�5 < BR(⌥(1S) ! ⌫⌫̄) < 10�4. With a sample of 200fb�1 of data collected at a center-of-mass energy
of 10.0233 GeV/c2, equivalent to 1.28 ⇥ 109 ⌥(2S) one would expect to reconstruct 231.7M ⌥(2S) !
⇡+⇡�⌥(1S), yielding 232 to 2300 ⌥(1S) ! ⌫⌫̄, assuming again 10�5 < BR(⌥(1S) ! ⌫⌫̄) < 10�4. After
confirming these predictions with a detailed MC study, the observation of a larger number of events in data
can signify new physics provided all the systematic uncertainties are kept under control.

3.2 Trigger considerations

The main limitations for studying transitions such as ⌥(nS) ! ⇡+⇡�⌥(1S)(n = 2, 3) with subsequent
⌥(1S) ! invisible is that one has to trigger and reconstruct final states in which only the two pions are

2

30

e
+
e

-→Y (3 S)
↓

Y (3 S)→π+ π-
Y (1S)

↓
Y (1S)→ invisible

e
+
e

-→Y (2S )
↓

Y (2 S)→π+ π-
Y (1 S)

↓
Y (1 S)→ invisible

➔ Low mass dark matter particles however might might play a 
role in the decays of Y(1S), having Y(1S)→χχ if kinematic 
allowed. [Phys. Rev. D 80, 115019, 2009]

➔ Also, new mediators (Z', A0, h0) or SUSY particles might 
enhance Y(1S)→νν(γ). [Phys. Rev. D 81, 054025, 2010] 

➔ In absence of new physics enhancement, Belle2 should be 
able to observe the SM  Y(1S)→νν

BR (Y (1S )→ν ν̄)

BR(Y (1S )→e
+
e

-)
=

27G
2
MY (1S)

4

64 π2α2
(−1+

4

3
sin

2θW )
2

=4.14×10
−4

BR (Y (1S )→ν ν̄)∼9.9×10
−6

Belle2 Simulation

Y(3S)→π+π-Y(1S), 
Y(1S)→ νν

Y(1S) invisible decays at Belle 2Y(1S) invisible decays at Belle 2

(4.4%)

(18.1%)

No signal was observed over the expected background and upper 
limits have been obtained: BR(Y→νν) < 2.5x10-4 (BaBar) and 
BR(Y→νν) < 3.0x10-3(Belle).

If we collect >200fb-1 of data @ Y(3S) [Y(2S)] we should reconstruct 
between 30 and 300 [~200 and ~2000] events , assuming 
10-5 (SM)<BR

Y→invisible
< 10-4 (NP) and ε

tot
=10%.

 

Phase	3	Full	physics	~Dec	2018-



Y(6S)	case	in	Phase	II
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Plans	(wishlist)

•Search	for	higher	mass	Zb-like	parNcles.	

•ObservaNon	of	separate	Zb	peaks	from	Y(6S).	

•Hadronic	transiNons	from	Y(6S)	(pp,h,W,KK).	
• virtual	meson	loops	and	connecNon	with	tetraquarks.	

•Rb	decomposiNon	at	Y(6S).	

•Trigger	validaNon	for	Y(1S)	→	invisible	and	hb	→	gg	

•Trigger	validaNon	for	boHomonium	physics.

32
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Y(6S)	=		Υ(11020)	

• σ(e+e-	→	Y(6S)	)=	0.15	nb.	~1	Million	Y(6S)	in	10	o-1.	

• Above	thresholds	for	producNon	of	new-	&	poorly	measured	states	  
BJ(**),	QCD	Hybrids,	WbJ	&	Xb	(ππ	transi>on),	hb(3P)	and	Y(2D).

33
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TABLE 2: From BABAR [28], ratios of branching fractions for
the  (4040),  (4160) and  (4415) resonances. The first error
is statistical, the second systematic. Theoretical expectations
are from models denoted 3P0 [31], C3 [32], and ⇢K⇢ [33]

State Ratio Measured 3P0 C3 ⇢K⇢

 (4040) DD̄/DD̄⇤ 0.24±0.05±0.12 0.003 0.14
D⇤D̄⇤/DD̄⇤ 0.18±0.14±0.03 1.0 0.29

 (4160) DD̄/D⇤D̄⇤ 0.02±0.03±0.02 0.46 0.08
DD̄⇤/D⇤D̄⇤ 0.34±0.14±0.05 0.011 0.16

 (4415) DD̄/D⇤D̄⇤ 0.14±0.12±0.03 0.025
DD̄⇤/D⇤D̄⇤ 0.17±0.25±0.03 0.14

from BABAR and Belle as they are not radiatively cor-
rected, but generally seem to reflect consistency. The
updated potential model predictions of Eichten [16, 34]
shown in Fig. 5 fail to describe many features of the data.
The CLEO total cross section determinations, shown in
Fig. 5(d), reveal that, within the measurement accuracy
of 5-10%, two- and three-body modes with open charm
saturate the yield of all multihadronic events above the
extrapolated uds contribution.

2.1.2. Vectors decaying to open bottom

The current generation of B-factories have scanned the
energy range above open bottom threshold. BABAR [36]
performed a comprehensive low-luminosity (25 pb�1 per
point), high-granularity (⇡ 5 MeV steps) scan between
10.54 and 11.2 GeV, followed by an eight-point scan,
0.6 fb�1 total, in the proximity of the ⌥(6S) peak.
Belle [37] acquired ⇡ 30 pb�1 for just nine points over
10.80-11.02 GeV, as well as 8.1 fb�1 spread over seven
additional points more focused on the ⌥(5S) peak. The
BABAR scan is shown in Fig. 6. Both scans suggest in-
stead that the simple Breit-Wigner parametrization, pre-
viously used to model the peaks observed in the CLEO
[38] and CUSB [39] scans, is not adequate for the de-
scription of the complex dynamics in the proximity of

the B(⇤)B̄(⇤) and B(⇤)
s B̄s

(⇤)
thresholds. Data points on

Rb = �(bb̄)/�(µµ) are better modeled assuming a flat bb̄
continuum contribution which interferes constructively
with the 5S and 6S Breit-Wigner resonances, and a sec-
ond flat contribution which adds incoherently. Such fits
strongly alter the PDG results on the 5S and 6S peaks,
as shown in Table 3. Strong qualitative agreement is ob-
served between the experimental behavior of the Rb ratio
and the theory predictions based on the coupled-channel
approach [40].

Additional insight can be provided by the exclusive
decomposition of the two-body (i.e., BB̄,BB̄⇤, B⇤B̄⇤)
and many-body decay modes. Results from e+e� colli-
sions have been given by Belle [41] using a data sample of
23.6 fb�1 acquired at the ⌥(5S). Charged B-mesons were

FIG. 6: From BABAR [36], measured values of the hadronic
cross section attributable to b-flavored states, normalized to
the point muon pair cross section, from a scan of the center-of-
mass energy region just below the ⌥(4S) to above the ⌥(6S).
Dashed vertical lines indicate the various BB̄ mass thresholds.
Adapted from [36] with kind permission, copyright (2009) The
American Physical Society

reconstructed in two decay channels, K±J/ and D0⇡±

(with J/ ! l+l� and D0 ! K⇡,K⇡⇡⇡). Neutral B
mesons were reconstructed in K⇤0J/ and D±⇡⌥, with
D± ! K±⇡±⇡⌥. The B⇤ mesons were reconstructed via
their radiative transition. Belle observes a large fraction
(about 16.4% of the total bb̄ pairs) from 3- and 4-body
decay modes, i.e., B(⇤)B̄(⇤)⇡, B(⇤)B̄(⇤)⇡⇡. A significant
fraction of these events can actually be expected from
ISR production of ⌥(4S). Theory predictions on multi-
body decays at ⌥(5S) range from 0.03% [42] to 0.3% [43].

2.2. Newly found conventional quarkonia

Table 4 lists properties of new conventional heavy
quarkonium states. The hc is the 1P1 state of charmo-
nium, singlet partner of the long-known �cJ triplet 3PJ .
The ⌘c(2S) is the first excited state of the pseudoscalar

TABLE 3: New BABAR and Belle results on masses and
widths of the ⌥(5S) and ⌥(6S) resonances, compared to PDG
averages. The angle � parametrizes the phase of interfering
continuum

⌥ m (MeV) � (MeV) � (rad) Ref.

5S 10876± 2 43± 4 2.11± 0.12 BABAR [36]

10879± 3 46+9
�7 2.33+0.26

�0.24 Belle [37]

10865± 8 110± 13 - PDG08 [18]

6S 10996± 2 37± 3 0.12± 0.07 BABAR [36]

11019± 8 79± 16 - PDG08 [18]

•Belle	collected	6	“Y(6S)”	
points	=	~5.6	o-1	(not	all	
“on-peak”)	

Energy	
[GeV] 10.977 10.992 11.007 11.016 11.018 11.022

Lumi	
[o-1] 0.999 0.985 0.967 0.771 0.859 0.982
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Zb	Y(6S)	Scan	analysis

•Anomalous	Y(5S)→	ππY(pS)	transiNons	led	to	discovery	of	Z	±(106XX)	

• Preliminary	evidence	for	Y(6S)→	ππh(nP),	via	πZ±(106XX)	

•Resonance	structure	of	Y(6S)	channel	not	fully	studied
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4

Chebyshev polynomial in both fit intervals. The order is
chosen by maximizing the confidence level of the fit.
Using MC simulation, we find that combining a ran-

dom pion that satisfies the Zb mass requirement and a
signal pion from Zb → hb(nP )π produces a broad bump
under the hb(nP ) signal. This background is incorpo-
rated within the combinatorial background and results
in minor corrections in the hb(1P ) and hb(2P ) yields of
0.99 ± 0.01 and 0.995 ± 0.005, respectively. The π+π−

pairs originating from the Υ(2S) → Υ(1S)π+π− transi-
tions with the Υ(2S) produced inclusively or via ISR re-
sult in a peak at Ec.m.− [mΥ(2S) −mΥ(1S)] that is inside
the hb(2P ) fit interval for the c.m. energies close to the
Υ(5S). The shape of this peaking background is found
to be a Gaussian with σ = 11MeV/c2. Its normalization
is floated in the fit.
To determine the reconstruction efficiency, we use

phase-space-generatedMC, weighted in Mmiss(π) accord-
ing to the fit results for the Υ(5S) → hb(1P )π+π− tran-
sitions [14] and in angular variables according to the ex-
pectations for the Zb spin-parity JP = 1+ [22]. The
efficiencies for the hb(1P )π+π− and hb(2P )π+π− chan-
nels are in the range 40−55% and 35−50%, respectively;
they rise with c.m. energy. At the lowest energy point,
there is a drop of efficiency by a factor of two since this
point is close to the kinematic boundary and the pion
momenta are low.
At each energy, the Born cross section is determined

according to the formula:

σB(e+e− → hb(nP )π+π−) =
N

L ε |1−Π|2
, (2)

where N is the number of signal events determined from
the Mmiss(ππ) fit that includes the ISR correction, L
is the integrated luminosity, ε is the reconstruction ef-
ficiency and |1 − Π|2 is the vacuum polarization correc-
tion [23], which is in the range 0.927 − 0.930. The re-
sulting cross sections are shown in Fig. 1. The cross sec-
tions, averaged over the three high statistics on-resonance
points at Ec.m. = (10865.6± 2.0)MeV, are

σB(e+e− → hb(1P )π+π−) = 1.66± 0.09± 0.10 pb, (3)

σB(e+e− → hb(2P )π+π−) = 2.70± 0.17± 0.19 pb. (4)

The ratio of the cross sections is 0.616 ± 0.052 ± 0.017.
Here and elsewhere in this Letter, the first uncertainties
are statistical and the second are systematic.
The systematic uncertainties in the signal yields origi-

nate from the signal and background shapes. The relative
uncertainty due to the Mmiss(ππ) resolution is correlated
among different energy points and is equal to 1.4% for
the hb(1P ) and 3.3% for the hb(2P ). The uncertainties
due to the hb(nP ) masses and ISR tail shapes are found
to be negligible. To estimate the background-shape con-
tribution, we vary the fit interval limits by about 50MeV
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FIG. 1. (colored online) The cross sections for the e+e− →
hb(1P )π+π− (top) and e+e− → hb(2P )π+π− (bottom) as
functions of c.m. energy. Points with error bars are the data;
outer error bars indicate statistical uncertainties and inner
red error bars indicate uncorrelated systematic uncertainties.
The solid curves are the fit results.

and the polynomial order for each fit interval. The cor-
responding uncertainties are considered uncorrelated and
are 1.1% and 2.5% for the on-resonance cross sections in
Eqs. (3) and (4), respectively.

A relative uncertainty in the efficiency contributes to
the correlated systematic uncertainty. An uncertainty
due to the Zb mass requirement of +1.0

−1.8% is estimated
by varying the Zb parameters by ±1σ and taking into
account correlations among different parameters. The
efficiency of the R2 requirement is studied using inclu-
sively reconstructed Υ(5S) → Υ(nS)π+π− decays. We
find good agreement between data and MC and assign
the 5% statistical uncertainty in data as a systematic un-
certainty due to the R2 requirement. Finally, we assign
a 1% uncertainty per track due to possible differences in
the reconstruction efficiency between data and MC.

An uncertainty in the luminosity of 1.4% is primar-
ily due to the simulation of Bhabha scattering that is
used for its determination and is correlated among energy
points. We add in quadrature all the contributions to find
the total systematic uncertainties shown in Eqs. (3) and
(4). The values of the cross sections for all energy points
are provided in Ref. [24].

The shapes of the hb(1P )π+π− and hb(2P )π+π− cross
sections look very similar. They show clear Υ(5S) and
Υ(6S) peaks without significant continuum contribu-
tions. We perform a simultaneous fit of the shapes,
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FIG. 3. (colored online) The Mmiss(ππ) spectrum in the
hb(2P ) interval for the combined data samples of five energy
points near the Υ(6S). The legend is the same as in Fig. 2.

fit the Mmiss(ππ) spectra in bins of Mmiss(π) to measure
the hb(nP )π+π− yields as functions of Mmiss(π). The
distribution of the phase-space-generated signal events
in the Mmiss(π+) vs. Mmiss(π−) plane has the shape
of a narrow slanted band; each structure at high val-
ues of Mmiss(π±) produces a “reflection” at small values
of Mmiss(π∓). We combine the Mmiss(ππ) spectra for
the corresponding Mmiss(π+) and Mmiss(π−) bins and
consider the upper half of the available Mmiss(π) range.
Thereby, we consider all signal events and avoid dou-
ble counting. The yields, corrected for the reconstruc-
tion efficiencies, are shown in Fig. 4. The data are not
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FIG. 4. The efficiency-corrected yields of hb(1P )π+π− (a)
and hb(2P )π+π− (b) as functions of Mmiss(π) for the com-
bined data samples of five energy points in the Υ(6S) region.
Points represent data; the solid histogram represents the fit
result with the Zb signal shape fixed from the Υ(5S) analysis;
the dashed histogram represents the result of the fit with a
phase space distribution.

distributed uniformly in phase space; they populate the

Zb(10610) and Zb(10650) mass region. We fit the data
to a shape where the Zb(10610) and Zb(10650) parame-
ters are fixed to the Υ(5S) → Zbπ → hb(1P )π+π− re-
sult and the non-resonant contribution is set to zero [14].
Such a model describes the data well: the confidence
levels of the fits are 65% and 77% for the hb(1P ) and
hb(2P ), respectively. The phase space hypothesis is ex-
cluded relative to this model at the 3.6σ and 4.5σ levels
in the hb(1P )π+π− and hb(2P )π+π− channels, respec-
tively. The single Zb(10610) hypothesis is excluded at
the 3.3σ level in the hb(1P )π+π− channel, while the sin-
gle Zb(10650) hypothesis cannot be excluded at a signif-
icant level. In the hb(2P )π+π− channel, the Zb(10610)±

and Zb(10650)± signals overlap with the Zb(10650)∓ and
Zb(10610)∓ reflections, respectively, which obscures the
determination of the relative yields. The exclusion levels
are determined using pseudo-experiments from the χ2

differences of the two hypotheses being compared, and
include systematic uncertainty.
In conclusion, we have measured the energy depen-

dence of the e+e− → hb(nP )π+π− (n = 1, 2) cross sec-
tions. We find two peaks corresponding to the Υ(5S) and
Υ(6S) states and measure their parameters, which agree
with the results from Ref. [11]. The data are consistent
with no continuum contribution.
We report first evidence for Υ(6S) → hb(1P )π+π−

and first observation of the Υ(6S) → hb(2P )π+π− tran-
sitions. We study their resonant substructures and find
evidence that they proceed entirely via the intermediate
isovector states Zb(10610) and Zb(10650). Their relative
fraction is loosely constrained by the current data: the
hypothesis that only Zb(10610) is produced is excluded at
the 3.3σ level, while the hypothesis that only Zb(10650)
is produced is not excluded at a significant level.
The shapes of the e+e− → hb(nP )π+π− and e+e− →

Υ(nS)π+π− cross sections look similar. The only signif-
icant difference is a smaller relative yield of Υ(nS)π+π−

at the Υ(6S). Since the hb(nP )π+π− final states are pro-
duced only via intermediate Zb while Υ(nS)π+π− at the
Υ(5S) are produced both via Zb and non-resonantly, this
difference indicates that the non-resonant contributions
in Υ(nS)π+π− are suppressed at the Υ(6S).
We thank the KEKB group for excellent operation

of the accelerator; the KEK cryogenics group for effi-
cient solenoid operations; and the KEK computer group,
the NII, and PNNL/EMSL for valuable computing and
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MEXT, JSPS and Nagoya’s TLPRC (Japan); ARC (Aus-
tralia); FWF (Austria); NSFC and CCEPP (China);
MSMT (Czechia); CZF, DFG, EXC153, and VS (Ger-
many); DST (India); INFN (Italy); MOE, MSIP, NRF,
BK21Plus, WCU and RSRI (Korea); MNiSW and NCN
(Poland); MES, RFAAE and RSF under Grant No. 15-
12-30014 (Russia); ARRS (Slovenia); IKERBASQUE
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MOST (Taiwan); and DOE and NSF (USA).
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Expected	molecular	states

35

Table 1.4: Missing bottomonium levels below the BB̄ threshold, their quantum numbers, potential model
predictions for masses [35], light hadrons emitted in the transitions from vector bottomonium-like states
to the considered bottomonia and thresholds of these transitions.

Name L S JPC Mass, MeV/c2 Emitted hadrons [Threshold, GeV/c2]
⌘b(3S) 0 0 0�+ 10336 ! [11.12], � [11.36]
hb(3P ) 1 0 1+� 10541 ⇡+⇡� [10.82], ⌘ [11.09], ⌘0 [11.50]
⌘b2(1D) 2 0 2�+ 10148 ! [10.93], � [11.17]
⌘b2(2D) 2 0 2�+ 10450 ! [11.23], � [11.47]
⌥J(2D) 2 1 (1, 2, 3)�� 10441� 10455 ⇡+⇡� [10.73], ⌘ [11.00], ⌘0 [11.41]
hb3(1F ) 3 0 3+� 10355 ⇡+⇡� [10.63], ⌘ [10.90], ⌘0 [11.31]
�bJ(1F ) 3 1 (2, 3, 4)++ 10350� 10358 ! [11.14], � [11.38]
⌘b4(1G) 4 0 4�+ 10530 ! [11.31], � [11.55]
⌥J(1G) 4 1 (3, 4, 5)�� 10529� 10532 ⇡+⇡� [10.81], ⌘ [11.08], ⌘0 [11.49]

Table 1.5: Expected molecular states with the structure BB̄, BB̄⇤ and B⇤B̄⇤.

IG(JP ) Name Composition Co-produced particles Decay channels
[Threshold, GeV/c2]

1+(1+) Zb BB̄⇤ ⇡ [10.75] ⌥ (nS)⇡, hb(nP )⇡, ⌘b(nS)⇢
1+(1+) Z 0

b B⇤B̄⇤ ⇡ [10.79] ⌥ (nS)⇡, hb(nP )⇡, ⌘b(nS)⇢
1�(0+) Wb0 BB̄ ⇢ [11.34], � [10.56] ⌥ (nS)⇢, ⌘b(nS)⇡
1�(0+) W 0

b0 B⇤B̄⇤ ⇢ [11.43], � [10.65] ⌥ (nS)⇢, ⌘b(nS)⇡
1�(1+) Wb1 BB̄⇤ ⇢ [11.38], � [10.61] ⌥ (nS)⇢
1�(2+) Wb2 B⇤B̄⇤ ⇢ [11.43], � [10.65] ⌥ (nS)⇢
0�(1+) Xb1 BB̄⇤ ⌘ [11.15] ⌥ (nS)⌘, ⌘b(nS)!
0�(1+) X 0

b1 B⇤B̄⇤ ⌘ [11.20] ⌥ (nS)⌘, ⌘b(nS)!
0+(0+) Xb0 BB̄ ! [11.34], � [10.56] ⌥ (nS)!, ⌘b(nS)⌘
0+(0+) X 0

b0 B⇤B̄⇤ ! [11.43], � [10.65] ⌥ (nS)!, ⌘b(nS)⌘
0+(1+) Xb BB̄⇤ ! [11.39], � [10.61] ⌥ (nS)!
0+(2+) Xb2 B⇤B̄⇤ ! [11.43], � [10.65] ⌥ (nS)!
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Zb	InterpretaNon
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Zb	&	Wb

• Closed-flavour	decays	with	the	largest	
branching	fracNons	are	2π		transiNons	
into	other	boHomonium	states.		

• Without	b-quark	spin	flip	 
Υ(5S)	→Υ(nS)ππ,	n	<	5	

• With	spin	flip	 
Υ(5S)→	hb(nP)ππ,	n	=	1,2.		

• ObservaNons	didn’t	follow	spin	
symmetry	→	led	to	discovery.	

• If	Zb(‘)	are	molecules,	they	have	Wb	
siblings.		

• Not	yet	seen,	the	best	portal	to	Wb	
may	be	ππ	transiNons		-	ρ	tail.	
Possible	at	6S,	not	5S.	

• RadiaNve	mode	analogous	to	
Y(4260)→γ	X(3872)	-	more	phase	
space	at	6S	for	this.
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molecular resonances is as shown in Fig.1. The existence of the JP = 0+ states Wb0 and W ′

b0

follows from the existence of the Zb(Z ′

b) resonances, while the existence of the Wb1 and Wb2 is

contingent on the presence of a near threshold singularity in the 1−SLB channel. It can be also

noted that the Wb1 state is a pure isovector bottomonium-like analog of the charmonium-like

resonance X(3872), which is a pure (1−H ⊗ 1−SLC) state [4].

❄ ❄ ❄

❄❄

❄

B∗B̄∗

B∗B̄

BB̄

Z ′

b W ′

b0

Wb0

Wb1

Wb2

Zb

Υπ, hbπ, ηbρ ηbπ, χbπ, Υρ

ηbπ, χbπ, Υρ

χbπ, Υρ

χbπ, Υρ

Υπ, hbπ, ηbρ

IG(JP ): 1+(1+) 1−(0+) 1−(1+) 1−(2+)

✴

✌

✎

❲

Υ(5S)

✙

π γ

Figure 1: The expected family of six isotriplet resonances at the BB̄, B∗B̄ and B∗B̄∗ thresh-

olds and their likely decay modes to bottomonium and a light meson. The excited bottomo-

nium states can be present in the decays instead of the shown lower states (ηb, Υ, hb, χb),

where kinematically possible. The dashed arrowed lines show the discussed radiative transi-

tions from Υ(5S). (The mass splitting to Υ(5S) is shown not to scale.)

Clearly, the H ⊗ SLB spin structure described be Eqs. (2) - (7) also implies relations

between the total widths of the WbJ states:

Γ(Wb2) = Γ(Wb1) =
3

2
Γ(Wb0)−

1

2
Γ(W ′

b0) (8)

4
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Xb

• Isovector	Zb	and	WbJ	states	may	
possess	isoscalar	C-odd	and	C-
even	partners,	also	residing	at	
the	B(∗)B(∗)	thresholds.		

• Analogous	to	C-even	X	(3872)		

• Y(6S)	is	expected	to	have	an	
enhanced	rate	to	Xb	due	to	
phase	space.
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Exotics in Y(5S) decays
Bottomonium equivalent of X(3872)

CMS, Atlas: inclusive search for
Xb    pp → Y(1S) in pp collisions

Belle: exclusive Y(5S) decay
Y(5S)  g → X

b
   g w → Y(1S)

BB threshold region
Xb

Guo et al 2014 
(arXiv:1402.6236)

X(3872) is closer to D0D0* than to D+D-*

0.11 MeV

8.18 MeV

D0D0*

D+D-*

X(3872) 
0.32 MeV

B0B0*

B+B-*

sizable isospin violation X(3872)  pp→  J/y

X
b
  w→  Y(1S)

X
b
  pp → Y(1S)

Isospin preserving

g

w

arXiv:1408.0504

Isospin violating

Xb 
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Search	for	QCD	Hybrids?
•A	quarkonium	hybrid	consists	of	Q,	anN-Q	in	a	color	octet	configuraNon	

and	a	gluonic	excitaNon	g.	Similar	system	to	diatomic	molecule.
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A.G. Drutskoy et al.: Hadron physics potential of future high-luminosity B-factories at the Υ (5S) and above 15
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Fig. 17. Pure cc̄(4S) (first) versus charmonium hybrid (sec-
ond) hypothesis (solid lines) for the ψ(4400) decaying to
open-flavour. The solid lines are typical model-wave func-
tions, and the coarse data are our adaption of various BaBar
and Belle measurements of the 2-body branching fractions for
DD̄ . . .D∗

sD̄
∗
s dividing by known spin and isospin factors.

C- and P -parities of the system. In particular, for the con-
stituent gluon or for the QCD string model, the quantum
numbers of a one-gluon hybrid are

P = (−1)lqq̄+j , C = (−1)lqq̄+sqq̄+1, (26)

for the “magnetic” gluon (lg = j), and

P = (−1)lqq̄+j+1, C = (−1)lqq̄+sqq̄+1, (27)

for the “electric” gluon (lg = j±1), where lg is the relative
angular momentum between the qq̄ pair and the gluon, j is
the total angular momentum of the gluon, lqq̄ is the orbital
momentum in the quark-antiquark subsystem, and sqq̄ is
the spin of the quark-antiquark pair.

The vector quantum numbers of highest interest for
e+e− colliders can be achieved therefore both for the elec-
tric gluon,

sqq̄ = 1, lqq̄ = 1, lg = 0, 2, j = 1, (28)

as well as for the magnetic gluon,

sqq̄ = 0, lqq̄ = 0, lg = 1, j = 1. (29)

However, hybrids with an electric gluon couple too
strongly to two S-wave final-state mesons and, as esti-
mated in [80], do not exist as resonances. On the con-
trary, for hybrids with a magnetic gluon, a selection rule is
established (see, for example, [79,80,84,89,90,91]) which

Q

Q̄

g

Q

Q̄

q̄

q

Fig. 18. Graphical representation for a QQ̄g hybrid open-
flavour decay.

forbids its B(∗)
(s) B̄

(∗)
(s) decay modes, so that the lowest possi-

ble open-beauty modes are the ones with one S-wave and
one P -wave B meson (see below).

The lowest states with magnetic gluons have lqq̄ = 0.
Then the 1−− hybrid is a spin-singlet state with respect
to the quark spin,

|1−−⟩m = Φ(r, ρ)S0(qq̄)
∑

ν1ν2

C1m
1ν11ν2ρY1ν1(ρ̂)S1ν2(g),

(30)
and there are three other hybrid states, with J−+, J =
0, 1, 2, lying in the vicinity of the vector hybrid. These are
spin triplets,

|J−+⟩m = Φ(r, ρ)
∑

µ1µ2

CJm
1µ11µ2

S1µ1(qq̄)

×
∑

ν1ν2

C1µ2
1ν11ν2ρY1ν1(ρ̂)S1ν2(g) , (31)

where S1ν(g) is the spin wave function of the gluon, S0(qq̄)
and S1ν(qq̄) are the singlet and triplet spin wave func-
tions of the qq̄ pair, Φ(r, ρ) is the radial wave function in
momentum space. The four states (30) and (31) are ex-
pected to be degenerate in the heavy-quark limit, with
the degeneracy removed by spin-dependent quark–gluon
interactions.

The prediction for hybrids is therefore that, together
with the vector hybrid, three more sibling hybrid states
with the quantum numbers (0, 1, 2)−+ should exist in the
same region of mass.

4.1.3 Open-flavour decay pattern

Schematic representation of the single-gluon hybrid open-
flavour decay is given in Fig. 18. With the form of the
wave functions (30) and (31) in hand, it is straightfor-
ward to calculate the corresponding Yb → B̄(1S)B(1S)
and Yb → B̄(1S)B(1P ) recoupling coefficients [86]6. In
Table 3 such coefficients are listed for the vector hybrid.

6 Notice that here and in what follows, where it applies,
charge conjugated components of the Yb wave function are
omitted for simplicity and an obvious shorthand notation
is used, for example, B̄(1S)B(1P ) ≡ 1√

2
(B̄(1S)B(1P ) +

B(1S)B̄(1P )).

Comparison with QCD sum rules

Bottomonium sector Chen et al 2013

H1 H2

H3
H4

BB Threshold

BsBs Thr.

1!! 0!" 1!" 2!" 0"! 1"! 1"" 0"" 2""
9.5

10.0

10.5

11.0

11.5

12.0
Mass!GeV"

Error bands take into account the uncertainty on the gluelump mass ±0.15 GeV

! The spin average of the H1 multiplet is 0.98 GeV lower than our mass.

! H2, H3 and H4 multiplets are incomplete.

! Large uncertainties compared to direct lattice calculations.
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Hybrid state masses from V (0.5)

Solving the coupled Schrödinger equations we obtain
GeV cc̄ bc̄ bb̄

mH ⟨1/r⟩ Ekin PΠ mH ⟨1/r⟩ Ekin PΠ mH ⟨1/r⟩ Ekin PΠ

H1 4.05 0.29 0.11 0.94 7.40 0.31 0.08 0.94 10.73 0.36 0.06 0.95
H′
1 4.23 0.27 0.20 0.91 7.54 0.30 0.16 0.91 10.83 0.36 0.11 0.92

H2 4.09 0.21 0.13 1.00 7.43 0.23 0.10 1.00 10.75 0.27 0.07 1.00
H′
2 4.30 0.19 0.24 1.00 7.60 0.21 0.19 1.00 10.87 0.25 0.13 1.00

H3 4.69 0.37 0.42 0.00 7.92 0.42 0.34 0.00 11.09 0.50 0.23 0.00
H4 4.17 0.19 0.17 0.97 7.49 0.25 0.14 0.97 10.79 0.29 0.09 0.98
H5 4.20 0.17 0.18 1.00 7.51 0.19 0.15 1.00 10.80 0.22 0.10 1.00

Consistency test:

1. The potentials describe the lattice
data well up to r ! 0.55− 0.65 fm
which corresponds
⟨1/r⟩ " 0.36− 0.30 GeV.

2. The multipole expansion requires
⟨1/r⟩ > Ekin.

! Spin symmetry multiplets

H1 {1−−, (0, 1, 2)−+} Σ−
u , Πu

H2 {1++, (0, 1, 2)+−} Πu

H3 {0++, 1+−} Σ−
u

H4 {2++, (1, 2, 3)+−} Σ−
u , Πu

H5 {2−−, (1, 2, 3)−+} Πu
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Symmetries of the static system

Static states classified by symmetry group D∞ h

Representations labeled Λσ
η

! Λ rotational quantum number
|n̂ · K| = 0, 1, 2 . . . corresponds to
Λ = Σ, Π, ∆ . . .

! η eigenvalue of CP:
g =̂ + 1 (gerade), u =̂− 1 (ungerade)

! σ eigenvalue of reflections

! σ label only displayed on Σ states
(others are degenerate)

• The static energies correspond to the irreducible representations of D∞ h.

• In general it can be more than one state for each irreducible representations of
D∞ h, usually denoted by primes, e.g. Πu , Π′

u , Π
′′
u ...

In the limit r → 0 more symmetry: D∞ h → O(3)× C

! Several Λσ
η representations contained in one JPC representation:

! Static energies in these multiplets have same r → 0 limit.

10 / 44

pNRQCD

QCD	Sum	rules

Possible	H1	candidate	Belle,	Yb(10890)[1−−]
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QCD	Hybrid	ProducNon	&	Decay

•Y(11020)	is	above	threshold	for	b	b	g	hybrid	producNon.	

•Hypothesised,	not	found/confirmed.

40
This is especially true of the a1p mode which appears to be
anomalously large.
Amongst quantum number-exotic hybrids, the isovector

012 appears to be very wide and thus may be difficult to
detect. Alternatively, there is growing evidence for ~several!
121 states. We stress the importance of exploring the b1p
and f 1p channels as well as pr and, if the hybrid is heavy
enough, K1(1400)K . In fact the latter mode is expected to be
the largest if the hybrid is heavier than 2.1 GeV.
The p~1800! is difficult to accommodate as a conven-

tional meson and makes a likely hybrid candidate. Indeed,
the experimental branching ratios agree spectacularly with
our predictions. Alternatively, it appears likely that the
a1(1700) is a 2 3P1 quarkonium state due to the small
S-wave pr mode and the strong f 1p channel. Finally, we
conclude that the h2(1875) can be an ss̄ 1D2 state or a hy-
brid. Searching for an isovector partner for this state would
therefore be especially interesting.
All cc̄ and bb̄ hybrids are very narrow if they lie within

their expected mass ranges. Since the heavy quarkonium
spectrum is well understood, searches for these hybrids are
especially interesting.
In general, all hybrid widths depend strongly on available

phase space so that care should be exercised when employ-
ing our results. Furthermore, there can be substantial param-
eter dependence in the predicted widths. The standard and
alternative data sets typically led to predictions differing by
50% and sometimes as much as 100%. Finally, the overall
scale is not well known and may change substantially as new
information emerges. We look forward to the day when hy-
brids and their decays are experimentally well established
since this is doubtlessly an important step in developing an
understanding of the mechanics of strong QCD and low en-
ergy glue.
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APPENDIX

The ‘‘standard parameters’’ are as follows. All b’s are
those of Ref. @21#, i.e., for uū , ss̄ , cc̄ , bb̄ hybrids 0.27, 0.30,
0.30, 0.34 GeV, for a2(1320), a1(1260), a0(1450),
b1(1235), f 2(1270), f 1(1285), f 0(1370), h1(1170), D**
0.34 GeV, for p~1300!, r~1450!, v~1420! 0.35 GeV, for
K(1460), K0*(1410) 0.37 GeV, for K2*(1430), K1(1270),
K0*(1430), K1(1400) 0.38 GeV, for p, r, v, D , D* 0.39
GeV, for B , B*, f 28(1525), f 1(1510), f 0(1370), h1(1380)
0.41 GeV, for hu(1295) 0.42 GeV, for K , K* 0.43 GeV,
for hs(1490) 0.45 GeV, for f~1680! 0.46 GeV, for h, h8
0.47 GeV and for f 0.54 GeV. In the case of hybrid
decays to S-wave mesons the widths are zero for bA5bB .
The width divided by (bA

22bB
2 )2/(bA

21bB
2 )2 remains

finite, and is called the ‘‘reduced width.’’ For hybrid
decays to S-wave mesons we calculate the actual width
by multiplying the reduced width by (bA

22bB
2 )2/(bA

2

1bB
2 )2, but this time we take the b’s to be those of

Ref. @12#, i.e., for p 0.75 GeV, h ,h8 0.74 GeV, r,v 0.45
GeV, f 0.51 GeV, K 0.71 GeV, K* 0.48 GeV, D 0.66
GeV, D* 0.54 GeV, B 0.64 GeV and B* 0.57 GeV. We
assume that the quarks that are created may have different
mass than the initial quarks. Specifically, the mass
of the u ,s ,c ,b quarks are assumed to be 0.33, 0.55, 1.82,
5.12 GeV.
We assume D011** and D11H** ~high mass 11 state! to have

masses of 2.40 and 2.45 GeV respectively. The wave func-
tions are taken to be S.H.O. wave functions except for the
hybrid, where a radial prefactor of rd, with d50.62 is as-
sumed @21#. The 3P1 /1P1-mixing is 34° @38# in the P-wave
kaon sector. D11L** /D11H** mixing is 41°.
The ‘‘alternative parameters’’ ~also employed in Ref. @6#!

change from the preceding as follows. b of all hybrids are
0.3 GeV. b of p ,r ,v ,K ,K*,f ,D ,D*,B ,B* are 0.54, 0.31,
0.31, 0.53, 0.36, 0.43, 0.45, 0.37, 0.43, 0.40 GeV respec-
tively @49#. Other mesons have b50.35 GeV @49#. We allow
the final states to have different b’s. All other conventions
are the same as for the ‘‘standard parameters.’’
Note that the overall normalization of pair creation differs

for ‘‘standard’’ and ‘‘alternative’’ parameters.

FIG. 2. Dominant partial widths of a 121cc̄ hybrid at various
masses. The partial widths to D**(1H1)D , D**(1L1)D ,
D**(21)D and D*D correspond to the highest to the lowest inter-
sections with the vertical axis.

TABLE VI. 10.7 GeV bb̄ hybrid decay modes ~MeV!.

alt
10.9 GeV
hybrid standard IKP reduced

221 B*B P .1 0 .5 3 44
121 B*B P .1 0 .5 3 44
021 B*B P .5 0 2 13 177
122 B*B P .2 0 1.2 7 88
212 B*B D .08 .05 .25 1 22
112 B*B S .02 .1 .2 5 13

B*B D .02 .02 .15 .6 12
111 B*B S .01 .05 .25 2 7

B*B D .1 .05 .5 1 24

PAGE, SWANSON, AND SZCZEPANIAK PHYSICAL REVIEW D 59 034016

034016-18

•Scan	would	be	best	
way	to	probe	various	
masses.		

•With	Y(6S)	we	can	
start	looking.

Swanson	et	al.
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Y(6S)	Measurements,	W,	X	and	Z	States	&	Hybrids
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1 Y(6S) → Zb+ π- →  hb(1P, 2P) π+ π- ***
2 Y(6S) → Zb+ π- → Y(1S, 2S, 3S) π+ π- ***
3 Υ(6S) → Zb+ π- → ηb ρ *
4 Υ(6S) → Wb0 γ, Wb → ηb π ,χbπ, Υρ *
5 Υ(6S) → Wb0 π+ π-, Wb → ηb π ,χbπ, Υρ **
6 Υ(6S) → γ Xb (→ ω Υ(1S)) **
7 Υ(6S) → π π Xb (→ ω Υ(1S)) *
8 QCD  hybrids in BB* *

• Program	based	on	decay	modes	that	have	been	seen	with	the	Y(5S)	sample	at	
some	level.	

• Assume	similar	rates	as	from	Y(5S)	where	relevant.
Feasibility	x	Interest

• Searches	also	for	neutral	modes	to	π0	π0
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Y(6S)	Measurements,	ConvenNonal	quarkonia
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1 Y(6S) → π π Υ(n3DJ) *
2 Y(6S) → η Υ(pS) and η Υ(n3DJ) *

3 Y(6S) → K+ K- Υ(pS), strangeness 
unexplored 

*

4 Y(6S) → ω χb(1P) *

5 Y(6S) → π+ π- hb(3P) *
6 Y(6S) → π+ π- Υ(2D) or η Y(2D) *

7 Y(6S) →1F bottomonium multiplet 
via dipion transition

?

Y(3S) at Belle-II – Bryan Fulsom PNNL 
B2TIP Quarkonium Session – 2014 10 30 

Bottomonium System 

October 29, 2014 2 

Many advances in past decade 
Yet to be discovered: 

Y(13D1,3), Y(2DJ), hb(3S) 
Needing further study: 

hb(1S,2S), hb(1P,2P), Y(13D2) 

Existing datasets 
 
 
 

This talk will focus on Y(3S) 
Allows access to lower states 
Assume ~200fb-1 (~7x BaBar) 
Y(1S,2S) not considered here/yet 

 

Areas for theoretical input in “orange” 

•High	mass	opens	up	access	to	most	Y(n3DJ)	states,	&	unseen	
boHomonium	states.	Marginal	discovery	potenNal.	

•Not	clear	if	~10-30	o-1	is	sufficient.
1*	due	to	stat	
limitationQuarkonia	transitions

Bottomonium	discovery
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Excited	BJ/B**	states

• B	anN-BJ	producNon	near	threshold	in	Y(6S)	-	may	be	useful	for	resolving	states.		

• e.g.	m(Y(6S))	-	m(B1)-m(B)	~	20	MeV	

• Reconstructed	in	S-	and	D-wave	pion	transiNons.		

• Is	the	D_J	puzzle	replicated	in	the	B_J	system?

43
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Inclusive production of B⇤⇤ mesons

B⇤⇤ mesons are characterized
by three quantum numbers:

M
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The signature of a B⇤⇤ doublet is
given by 3 peaks in the B⇡ spectrum:

one for the natural spin-parity
state decaying to B⇡;
two from both states decaying to
B⇤⇡, B⇤ ! B� with a missing �.

PRD 90 012013 (2014)

The labeling of states follows the quark-model
expectations for the quantum numbers, which

have not been experimentally verified.

PDG 2014 (masses and widths in MeV)
Resonance mass width
B⇤ 5325.2 ± 0.4 –
B1(5721)0 5723.5 ± 2.0 –
B⇤

2 (5747)0 5743 ± 5 23+5
�11

B⇤
s 5415.4+2.4

�2.1 –
Bs1(5830)0 5828.7 ± 0.4 –
Bs2(5840)0 5839.96 ± 0.20 1.6 ± 0.5

A.C. dos Reis Hadron spectroscopy at LHCb

1.5 : B Meson Spectroscopy 27
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Figure 1.2: Energy level diagram for the Bu,d system, showing the
L = 0 doublet and L = 1 quartet of states. Also shown are
the approximate energies, the quantum numbers under the
heavy quark approach, and the allowed transitions to the
L = 0 states.

Spin counting

In much the same way as isospin symmetry predicts that the three pions (π+, π0, π−) are

produced in equal amounts, the spin combinations of the B mesons provide a prediction

for the relative production rates, by a spin-counting method. The L = 0 states B(s) and

B∗
(s) form respectively a singlet and a triplet in SU(3) space, corresponding to the different

possible angular momentum projections J3:

B(s)(J3 = 0) =
1√
2
(↑Q↓q − ↓Q↑q) , (S = 0 singlet) (1.4)

B∗
(s)(J3 = +1) = (↑Q↑q)

B∗
(s)(J3 = 0) =

1√
2
(↑Q↓q + ↓Q↑q) (S = 1 triplet)

B∗
(s)(J3 = −1) = (↓Q↓q) , (1.5)

?
?

In	cs		̄system,	JP	=	0+	and	JP	=	1+	states	(both	L	
=	1)	have	predicted	masses	~100	MeV	higher	
than	measured	masses	of	the	DsJ	mesons.		

→	Might	not	be	simple	quark-anNquark	
configuraNons		
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6S	measurements,	Spectroscopy	&	ProducNon

44

1 BJ mesons spectroscopy, Υ(11020) → B(*) anti-BJ(*) **

2 σ(B(*)B(*)), σ(Bs(*)Bs(*)), possible structure study *

3 fBs, fBd @ Y(6S), Characterisation of Y(6S) decay for 
open flavour. *

4 Rb - may be of partial interest ?

5 q anti-q production - Pythia tuning.  
Doesn’t have to at 6S. ?
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Physics	study	preparaNon

• Currently	working	on	large	MC	samples	to	test	analyses	and	build	physics	case.	

• Incremental	step	from	5.6o-1		(6S)	@	Belle	(but	not	all	at	σ(peak))	

• Great	opportunity/exercise	for	analysis	and	paper	produc>on.	

• Keeping	in	mind	alternaNve	operaNng	points	as	Plan	B.

45

?" ϒ(6S)"
PRD	93,	011101	(2016)	



Phase	II  
Dark	Seuor	&	Other	

exo>cs
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Dark	Sector

• If	dark	maHer	is	non-WIMP	what	hope	do	we	have?	
• Dark	gauge	bosons,	or	dark	photons,	A'	=	g'	=	A	=	U	postulated:		

• Very	small	couplings	to	SM,	may	be	ow	mass:	of	order	MeV	to	GeV	

• Recent	interest	in	dark	sector	models	that:		
• Explain	observed	anomalies	

• O{en	introduce,	in	addiNon,	a	dark	Higgs	boson,	h'

47
  

Dark gauge bosons, or dark photons, A' =  g' = A = U, have been searched since the late 

80s and are postulated to have:

Very small couplings to Standard Model particles

Low mass: of order MeV to GeV

Recent interest in dark sector models (Unied DM) that:

Explain observed anomalies

Often introduce, in addition, a dark Higgs boson, h', by a Higgs mechanism

Dark gauge bosons 

arXiv:1002.0329v1

astrophysical and 
cosmological constraints and 
experimental limits

kinetic mixing ( c = e) vs. A' boson mass

BaBar, Belle, and Belle II can cover region between a few MeV/c2 and 10 GeV/c2

LHCSKI-2016 Luigi Li Gioi 11

“Kinetic Mixing”

Standard Model
�g A0 (massive)W±, Z

Holdom

X
A0�

ordinary photon & Aʹ can mix

�L =
✏

2
FY,µ⌫F 0

µ⌫

✏

Galison, Manohar

Dark Photons

Dark Sector
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Dark	Photon	Mechanisms

48

• Some dark photon production mechanisms:

3

e+e- annihilation e- bremsstrahlung

meson decay

� / "2↵3Z2/m2
A0

B = 2"2
�
1�m2

A0/m2
⇡0

�3

� / "2↵2
�
1�m2

A0/E2
CM

�
/E2

CM
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Dark	photon	to	invisible,	e+e-	→	γ	A’,	A’	→	invisible.

• Requirements:	single	photon	trigger,	charged	track	
detecNon	efficiency		

• BaBar:	28o-1	single-photon	trigger	(Y(2S,3S))	
unpublished.	

49

e−

e+ γ

A′

ℓ−

ℓ+

e+e− → γA′

A′ → ℓ+ℓ−

e−
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γ
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γ

e+e− →
ℓ+ℓ−γ

e−

e+ γ

γ

e+e− → γγ

ℓ e µ e+e− →
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∼ 1 2

e+e− → γγ
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∼ 1000 −1

ε
e+e− →
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0.02 < mA′ < 10.2 2
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e+e− → γγ e+e−

Predicted backgrounds in 20 fb-1 

• Final sample is almost entirely e+e- → γ γ (γ) with ≥3γ  
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 ~ 0

← ~300 events → 

← ~25k events →  
with E

∗
 <3.9 GeV

final θ selection, 
not optimized
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Signal extraction using E
∗
 for B2TiP report

• Fit signal with Novosibirsk. Signal region is [-3σ, +1.5σ] 
around peak. Contains ~85% of signal. 

17

ECMSFine
Entries  33811
Mean    2.901
RMS    0.1233
Underflow       0
Overflow        0
Integral  3.337e+04

 / ndf 2χ   52.2 / 22
Prob   0.0002935
normalization  23.4±  2189 
peak      0.001± 2.968 
effSigma  0.00046± 0.05965 
eta       0.0155± 0.5093 

E* (GeV)
2.2 2.4 2.6 2.8 3 3.20
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2000 ECMSFine
Entries  33811
Mean    2.901
RMS    0.1233
Underflow       0
Overflow        0
Integral  3.337e+04

 / ndf 2χ   52.2 / 22
Prob   0.0002935
normalization  23.4±  2189 
peak      0.001± 2.968 
effSigma  0.00046± 0.05965 
eta       0.0155± 0.5093 

E* after KLM cutPhoton energy spectrum for mA′ = 7 GeV/c2

signal region
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SensiNvity	(work	in	progress)

50

 (GeV)A'm
2−10 1−10 1 10

ε

4−10

3−10

2−10
E787, E949

NA64

σ 2±
µ

(g-2)

α vs e(g-2)
)-1BaBar expected (28 fb

-150 fb

-150 ab

 (PRELIMINARY)-1Belle II 20 fb

Projected upper limits on ε as a function of mA′ for 
20 fb-1 Phase 2 data set

• Limits are much better than earlier projections derived 
from BaBar because of better detector performance. 
- no projective cracks in φ; fully functioning muon system

19

earlier projections

∗∗ note MC truth-

based background 
estimation ∗∗



Y(nS)	@	Belle	II,	MIAPP	October	2016 Phillip	URQUIJO

Dark	photon	to	charged	final	states

51
  

Belle II prospects for radiative decays 
C. Hearty, B2TIP2014

Predicted Belle II upper limits extrapolated from BaBar PRL 113, 201801 (2014)

e+e- →  g A', with A' →  l+l- , with l = e, m
Extrapolation assuming BaBar trigger efficiency 

Belle II di–muon invariant mass resolution 
improved by 35% compared to Belle

LHCSKI-2016 Luigi Li Gioi 14
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Di-pion tagged Y(1S) to invisible (once Y(3S) data are collected) 

 
1

Gianluca Inguglia- DESY

15/09/2015
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Y(1S)→νν 
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➔ Low mass dark matter particles however might might play a 
role in the decays of Y(1S), having Y(1S)→χχ if kinematic 
allowed. [Phys. Rev. D 80, 115019, 2009]

➔ Also, new mediators (Z', A0, h0) or SUSY particles might 
enhance Y(1S)→νν(γ). [Phys. Rev. D 81, 054025, 2010] 

➔ In absence of new physics enhancement, Belle2 should be 
able to strongly constrain the SM  Y(1S)→νν
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BR (Y (1S )→ν ν̄)∼9.9×10
−6

(4.4%)

(18.1%)

No signal was observed over the expected background and upper 
limits have been obtained: BR(Y→νν) < 3x10-4 (BaBar) and 
BR(Y→νν) < 3.0x10-3(Belle).

If we collect >200fb-1 of data @ Y(3S) [Y(2S)] we should reconstruct 
between 30 and 300 [~200 and ~2000] events , assuming 
10-5 (SM)<BR

Y→invisible
< 10-4 (NP) and ε

tot
=10%.
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Invisible	boZomonium,	Full	simulaPon
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Further	exoNc	ideas	for	phase	II	data?

•MagneNc	monopoles?
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ConvenNonal	boHomonium	below	Y(4S)

•BoHomonium	offers	a	unique	way	to	study	interacNons	of	
QCD.	Can	use	nonrelaNvisNc	QM	and	effecNve	theories.	Spin-
singlet	states	permit	study	of	spin-spin	interacNons.	

•Υ(1S)	and	Υ(2S)	are	expected	to	decay	mainly	via	3	gluons,	
with	a	few	%	probability	to	two	gluons	and	a	γ.	
• 2	and	3-gluon	channels	probe	states	made	of	pure	glue	
(glueballs),	light	Higgs	bosons,	and	light	quark	states.		

•Υ(1S)	and	Υ(2S)	hadronic	decays	can	be	studied	to	improve	
understanding	of	gluon	fragmenNon	into	hadrons.
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BoHomonium	plan	beyond	Phase	II
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Goals and opportunities for phaseIII

4

Working hypotheses for Phase III (in order of feasibility): 
 → 300 fb-1 at Y(3S)  (early phase III?)
 → 1-5 ab-1 at Y(5S)
 → Scan of Y(1D, 2D)
 → More Y(6S) ?
 → Spin singlets from Y(4S)
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Table 1.4: Missing bottomonium levels below the BB̄ threshold, their quantum numbers, potential model
predictions for masses [35], light hadrons emitted in the transitions from vector bottomonium-like states
to the considered bottomonia and thresholds of these transitions.

Name L S JPC Mass, MeV/c2 Emitted hadrons [Threshold, GeV/c2]
⌘b(3S) 0 0 0�+ 10336 ! [11.12], � [11.36]
hb(3P ) 1 0 1+� 10541 ⇡+⇡� [10.82], ⌘ [11.09], ⌘0 [11.50]
⌘b2(1D) 2 0 2�+ 10148 ! [10.93], � [11.17]
⌘b2(2D) 2 0 2�+ 10450 ! [11.23], � [11.47]
⌥J(2D) 2 1 (1, 2, 3)�� 10441� 10455 ⇡+⇡� [10.73], ⌘ [11.00], ⌘0 [11.41]
hb3(1F ) 3 0 3+� 10355 ⇡+⇡� [10.63], ⌘ [10.90], ⌘0 [11.31]
�bJ(1F ) 3 1 (2, 3, 4)++ 10350� 10358 ! [11.14], � [11.38]
⌘b4(1G) 4 0 4�+ 10530 ! [11.31], � [11.55]
⌥J(1G) 4 1 (3, 4, 5)�� 10529� 10532 ⇡+⇡� [10.81], ⌘ [11.08], ⌘0 [11.49]

Table 1.5: Expected molecular states with the structure BB̄, BB̄⇤ and B⇤B̄⇤.

IG(JP ) Name Composition Co-produced particles Decay channels
[Threshold, GeV/c2]

1+(1+) Zb BB̄⇤ ⇡ [10.75] ⌥ (nS)⇡, hb(nP )⇡, ⌘b(nS)⇢
1+(1+) Z 0

b B⇤B̄⇤ ⇡ [10.79] ⌥ (nS)⇡, hb(nP )⇡, ⌘b(nS)⇢
1�(0+) Wb0 BB̄ ⇢ [11.34], � [10.56] ⌥ (nS)⇢, ⌘b(nS)⇡
1�(0+) W 0

b0 B⇤B̄⇤ ⇢ [11.43], � [10.65] ⌥ (nS)⇢, ⌘b(nS)⇡
1�(1+) Wb1 BB̄⇤ ⇢ [11.38], � [10.61] ⌥ (nS)⇢
1�(2+) Wb2 B⇤B̄⇤ ⇢ [11.43], � [10.65] ⌥ (nS)⇢
0�(1+) Xb1 BB̄⇤ ⌘ [11.15] ⌥ (nS)⌘, ⌘b(nS)!
0�(1+) X 0

b1 B⇤B̄⇤ ⌘ [11.20] ⌥ (nS)⌘, ⌘b(nS)!
0+(0+) Xb0 BB̄ ! [11.34], � [10.56] ⌥ (nS)!, ⌘b(nS)⌘
0+(0+) X 0

b0 B⇤B̄⇤ ! [11.43], � [10.65] ⌥ (nS)!, ⌘b(nS)⌘
0+(1+) Xb BB̄⇤ ! [11.39], � [10.61] ⌥ (nS)!
0+(2+) Xb2 B⇤B̄⇤ ! [11.43], � [10.65] ⌥ (nS)!
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NP in bottomonium decays at Y(3S)

Caveats:
   Limits from theoretical study  ~ background, no efficiency→

   Large e-e+  → g tt background 

But:
  Quite clear signature
  Good complementarity with LHC searches

8

1510.04659 (PRD 2016)NP in bottomonium decays at Y(3S)

SM predictions

Assuming 250 fb-1 and no efficiency issues
7

1510.04659 (PRD 2016)

NP in bottomonium decays at Y(3S)

SM predictions

Assuming 250 fb-1 and no efficiency issues
7

1510.04659 (PRD 2016)
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Y(5S)

•Did	not	discuss	Y(5S)	here.	Early	running	precludes	Y(5S)	as	
we	already	have	120	o-1.	

•σ(Y(5S))	=	0.3	nb,	fBs	=	0.2	

•In	1	ab-1,	expect	60M	BS	pairs.	

•Y(5S)→	BS	anN-BS	full	reconstrucNon	algorithms	under	
development.		

•Challenge	due	to	large	excited	state	producNon	
resulNng	in	lack	of	resoluNon	in	extra	track	and	cluster	
quanNNes.
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b-quark	mass

• Data	at	high	ECM	may	help	provide	an	accurate	determinaNon	of	mb	via	
boHomonium	sum-rules.		

• Currently	there	is	a	discrepancy	between	pQCD	and	e+e-	near	the	
accelerator	threshold	region.		

• This	is	important	as	it	is	well	into	the	bb	conNnuum	region.

61
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FIG. 4: The comparison of CLEO and Babar R
b

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.

• Improved determination of the electronic widths of the narrow ⌥ resonances.

• Independent measurement of the R ratio in the region from the ⌥(4S) up to 11.24
GeV.

• Measurements into the pQCD problematic region.

Belle has recently measured R

b

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 m

b

, 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 A

0 that
mixes with strength ✏ to the standard model photon [59]. Annihilation of heavy dark matter
fermions would produce an A

0, which would decay to standard model particles, if the A

0 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
A

0 mass M

A

0 in the MeV/c2 to GeV/c2 range. With this mass, the A

0 could be radiatively
produced in e

+

e

� collisions, e

+

e

� ! �A

0 (Fig. 5).
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Other	areas

62

Light quark Fragmentation Cross section measurements as a function of z below the
B threshold. Improved particle identification and ver-
tex reconstruction in Belle II will help to suppress charm
background.

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

↵

s

Determination of the strong coupling constant from frag-
mentation data.

Pythia tuning Tuning of Pythia 8 with early Belle II fragmentation data
in ⌥(1S) and e

+

e

� ! qq̄ 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.

The topics not covered in this report includie 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 ⌥(1S).

7
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Summary

• Phase	II	starts	in	Jan	2018,	for	a	5	month	run.		Machine	can	reach	up	to	11.1	
GeV	ECM.	

• Expect	about	20	o-1	for	Phase	II	Physics	@	Y(6S).	
• Y(6S)	program	looks	to	further	probe	boHomonium	and	boHomonium-like	

structures	through	many	channels.	

• AddiNonal	10-20	o-1	to	be	taken	@	Y(4S)	
• New	triggers	open	up	low	mulNplicity	physics,	dark	sectors.	

• Phase	III	starts	~Dec	2018,	with	a	full	detector.	
• Y(5S)-Y(6S)	scans,	Y(3S),	Y(nD)	scans	all	on	the	table.		

•MANY	more	ideas	discussed	in	B2TiP	workshops	and	in	B2TiP	Quarkonium	chapter.
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