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Spin triplet states 

• !(4S)

• !(5S)

• "b(13PJ), "b(23PJ) 

• 13D2   

Consistency between       and      
systems validates NRQCD approach.

• masses
• spin splittings
• EM transitions
• hadronic transitions
• direct decays
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have a branching ratio an order of magnitude higher than the

expected signal rate. In fact, the branching ratio measured for

a subsample of events in which two !0 candidates can be

formed is consistent with the previous measurements "11#.
To suppress this background, we require the invariant mass

for any photon pair to be at least 2 standard deviations away

from the nominal !0 mass.

To look for $(1D) events, we constrain events to be
consistent with a photon cascade from the $(3S) to the
$(1S) via one of the %b(2PJ) and one of the %b(1PJ)

states. Only J!1 or 2 are used since the J!0 states have
small decay fractions for electromagnetic transitions. For

each J2P , J1P combination we calculate a chi-squared:

%1D ,J2P ,J1P
2 &M$(1D)'

!(
j!1

4 ! E) j"E) j
expected&M$(1D) ,J2P ,J1P'

*E) j

" 2,
where E) j are the measured photon energies; E) j

expected are

the expected photon energies calculated from the known

masses of the bb̄ states and the measured photon directions

in each event. The masses of the $(1D) states are not
known. Therefore, we minimize the above chi-squared with

respect to M$(1D) which is allowed to vary for each event.

The above formalism requires that we know how to order the

four photons in the cascade. While the highest energy photon

must be due to the fourth transition, and the second highest

energy photon must be due to the third transition, there is

sometimes an ambiguity in the assignment of the two lower

energy photons from the first two transitions, since the range

of photon energies in the $(3S)→)%b(2PJ) decay overlaps

the similar energy range in the %b(2PJ)→)$(1D) transi-
tion. We choose the combination that minimizes the above

chi-squared. There are four possible combinations of J2P ,

J1P values. We try all of them and choose the one that pro-

duces the smallest chi-squared, %1D
2 !min %1D,J2P ,J1P

2 .

In addition to the four-photon cascade via the $(1D)
states, our data contain events with the four-photon cascade

via the $(2S) state: $(3S)→)%b(2PJ), %b(2PJ)

→)$(2S), $(2S)→)%b(1PJ), %b(1PJ)→)$(1S),
$(1S)→l#l" &see Fig. 1'. The product branching ratio for
this entire decay sequence "including $(1S)→l#l"] is pre-

dicted by Godfrey and Rosner "7# to be 3.84$10"5, thus

comparable to the predicted $(1D) production rate. In these
events, the second highest energy photon is due to the second

photon transition &see Fig. 1'. Unfortunately, these events
can sometimes be confused with the $(1D) events due to
our limited experimental energy resolution. The second and

third photon transitions in the $(2S) cascade sequence can
be mistaken for the third and second transitions in the

$(1D) cascade sequence, respectively. Therefore, it is im-
portant to suppress the $(2S) cascades. We achieve this by
finding the J2P , J1P (!0,1 or 2' combination that minimizes
the associated chi-squared for the $(2S) hypothesis, %2S

2

!min %2S,J2P ,J1P
2 , where %2S

2 is exactly analogous to %1D
2 with

the M$(1D) replaced with M$(2S) . We then require %2S
2

%12. Notice that the masses of all intermediate states are
known for the $(2S) cascade, thus this variable is more
constraining than %1D

2 .

To further suppress the $(2S) cascade events, we con-
struct a quasi-chi-squared variable, %2S

2# , that sums in

quadrature only positive deviations of the measured photon

energies from their expected values. This variable is less sen-

sitive than %2S
2 to fluctuations in the longitudinal and trans-

verse energy leakage in photon showers that sometimes pro-

duce large negative energy deviations and correspondingly a

large %2S
2 value. With the additional criteria %2S

2#%3 and

%1D
2 &10, the cross-feed efficiency for $(2S) events is re-
duced to 0.3%, while the signal efficiency is 12%. The !0!0

background cross-feed efficiency is 0.02%. Monte Carlo

simulation of the signal events is based on the photon tran-

sition rate predicted for the J!2 $(1D) state by Godfrey
and Rosner "7#. We use the J!1 assumption to estimate the
model dependence of the signal efficiency. The proper angu-

lar distribution of the first photon in the cascade, $(3S)
→)%b(2P), is taken into account, resulting in a 4% relative

change of the efficiency compared to the uniform distribu-

tion. Angular correlations in the subsequent photon transi-

tions are neglected.

The data %1D
2 distribution after all these cuts is shown by

the solid histogram in Fig. 2a. A narrow peak near zero is

observed, just as expected for $(1D) events. The signal
Monte Carlo distribution for $(1D) events is shown by the
solid histogram in Fig. 2b. The background Monte Carlo

distribution for the $(2S) cascades, after a factor of 10 en-
hancement relative to the $(1D) normalization, is also
shown for comparison. The $(3S)→!0!0$(1S) Monte
Carlo distribution is shown without the !0 veto cuts to in-

crease the statistics. We conclude that the backgrounds can-

not produce as narrow a peak as observed in the data.

FIG. 1. The expected bb̄ mass levels. The four-photon transition

sequence from the $(3S) to the $(1S) via the $(1D) states is
shown &solid lines'. An alternative route for the four-photon cascade
via the $(2S) state is also displayed &dashed lines'.

FIRST OBSERVATION OF A $(1D) STATE PHYSICAL REVIEW D 70, 032001 &2004'

032001-3

Potential model

Basics of Quarkonium Spectroscopy

• QQ bound state, with

• Spin: SQQ = 1/2x1/2 = 0 + 1→ singlet + triplet (-1,0,+1) for same L

• conserved is total angular momentum 

• Parity: P=(-1)L+1

• C-parity: C=(-1)L+S 

• some JPC forbidden: 0--,0+-,1-+,2+-,...

• Heavy Quarks : non-relativistic

4

!J = !L + !S
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Bottomonium

5

M(ϒ(1S))=9.40±0.013 GeV

M(ϒ(2S))=10.00±0.04 GeV

M(ϒ(3S))=10.43±0.12 GeV

( PRL 39, 242 (1977) and PRL 39,1240 (1977) )

p+(Cu,Pt)→µ+µ-X

• Bottomonium (bb) history started 30 years ago 

• states below threshold usually narrow

• annihilation through virtual gluons/photons 
(OZI-rule)

• states above threshold broad

R

PDG 2008

BB-threshold GeV

Γ=54 keV
Vis.σ: 20 nb Γ=32 keV

Vis.σ: 7 nb

Γ=20 keV
Vis.σ: 4 nb

Γ=20 MeV
Vis.σ: 1.1 nb
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Open bottom thr. Increasing L 

Bottomonium Spectrum

• Below BB threshold, 8 states are still 
missing

• S-wave ηb(1S,2S,3S)

• P-wave hb(1P,2P)

• D-wave 13D1, 13D2, 13D3

• ground state still to be observed

• above BB threshold: further 
resonances

6
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Open bottom thr. Increasing L 

Bottomonium Spectrum
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S. Gottlieb et al, 
 LAT 2006

• study the strong interaction

• measure masses, transition rates, 
splitting

• test of NRQCD, Lattice QCD, 
potential models

• QCD models are important for 
implications for “New Physics” from 
B-measurements
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•Υ(4S) wider than Υ(1-3S) 
resonances: above BB-
threshold

• also “continuum” reactions:

•  

• take data at “Off-Peak” 
energy to obtain event sample 
containing only continuum 
events

9

The Upsilon Resonances

41
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Figure 2.3: The hadronic cross section in the Upsilon region.

Off-Peak

On-Peak
10.58 GeV

10.54 GeV

BB-thres.

e+e− → uu,dd, ss, cc, ττ
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Experimental Setup: PEP-II
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Experimental Setup: Dataset
• collected 433 fb-1 at the Υ(4S) 

resonance (~475x106 M BB-pairs)

• with shortened Run 7: proposed to 
run on Υ(3S) as best way to use 
remaining beam time

11

complete 
Υ(4S) 

Run1-6
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Experimental Setup: Dataset
• collected 433 fb-1 at the Υ(4S) 

resonance (~475x106 M BB-pairs)

• with shortened Run 7: proposed to 
run on Υ(3S) as best way to use 
remaining beam time

• collected 33 fb-1 (122x106 M Υ(3S))

• also added run on Υ(2S) (14 fb-1)

• and energy scan above Υ(4S) (4 fb-1)

12
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Cherenkov Detector
     144 quartz bars

    K, π, p separation

Electromagnetic Calorimeter
6580 CsI crystals

e+ ID, π0 and γ reco

Drift Chamber
40 layers

tracking + dE/dx

Instrumented Flux Return
  19 layers of RPCs (+LSTs) 

μ ID

Silicon Vertex Tracker
5 layers (double-sided Si strips)
vertexing + tracking (+ dE/dx)

e+ [3.1 GeV]

e- [9 GeV for 4S]
       [8.6 GeV for 3S]

…. and a Good Detector to Catch Them

1.5T Magnet

Experimental Setup: BaBar - Detector
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Hadronic Υ(mS) ➝Υ(nS) Transitions

• Hadronic transitions between heavy quarkonia generally described in the framework 
of the QCD Multipole Expansion QCDME

• In analogy to Electromagnetism, expand in power of ak gluon radiation from the QQ 
bound state, with radius a much smaller than wavelength a/λ≈ak<<1

• in cc system: only a few possible transitions and data fitted well by predictions
• Γ(ψ(2S)→J/ψη) / Γ(ψ(2S)→J/ψπ+π-)  well explained

• M(π+π-) shape in ψ(2S)→J/ψπ+π- well explained

• in bb system: many more transitions are possible

15
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Υ(4S) ➝Υ(1S)π+π- and Υ(4S) ➝Υ(2S) π+π-

• Reconstruct Υ(4S)➝Υ(nS)π+π- with 
Υ(nS)➝l+l-

• M(l+l-) compatible with Υ(nS)

•ΔM=M(π+π- l+l-)-M(l+l-) compatible with 
M(4S)-M(nS)

• signal extraction: 1D fit to ΔM

PRL 96, 232001(2006)

16

B(ϒ(4S)→π+π-ϒ(1S)) = (0.90±0.15)×10-4 

Γ(ϒ(4S)→π+π-ϒ(1S)) = (1.8±0.4) keV

B(ϒ(4S)→π+π-ϒ(2S)) = (1.29±0.32)×10-4 

Γ(ϒ(4S)→π+π-ϒ(2S)) = (2.7±0.8) keV
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Υ(4S) ➝Υ(1S)π+π- and Υ(4S) ➝Υ(2S) π+π-

• Reconstruct Υ(4S)➝Υ(nS)π+π- with 
Υ(nS)➝l+l-

• M(l+l-) compatible with Υ(nS)

•ΔM=M(π+π- l+l-)-M(l+l-) compatible with 
M(4S)-M(nS)

• signal extraction: 1D fit to ΔM

• Look at π+π-  invariant mass distribution 
and compare to QCDME model

• good agreement for Υ(4S)➝ Υ(1S) 
transitions

• structure in Υ(4S)➝ Υ(2S) transitions ?

PRL 96, 232001(2006)

QCDME model

17
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Υ(4S) ➝Υ(1S)η
• Reconstruct Υ(mS)➝Υ(nS)η with Υ(nS)➝l+l-

•η➝ π+π-π0

•ΔMη=M(3π l+l-)-M(l+l-)-M(3π) ≡ M(mS)-M(nS)-
M(η)

• signal extraction: 1D fit to ΔMη

• m=2,3 selected from ISR production

• Data compatible with background for n=2,3

• First Observation of Υ(4S)➝Υ(1S)η

• Unexpected ratio ⇒

• expect E1M2/E1E1 < 1!

18

B(ϒ(4S)→ϒ(1S)η ) = (1.96±0.06±0.09)10-4

hep-ex/0807.2014 submitted to PRD

Γ(Υ(4S)→ Υ(1S)η)
Γ(Υ(4S)→ Υ(1S)π+π−)

= 2.41± 0.40± 0.12

8

TABLE II: Results for the products of partial widths and branching fractions for the Υ (mS) hadronic transitions. Ncand is the
number of candidates in the signal box, Nbck is the number of background events from the fit or estimated from data sidebands
as described in the text, Ncorr is the efficiency-corrected number of signal events. The first error is statistical, the second is
systematic. All upper limits are 90%CL.

Transition Our Measurement Ncand Nbck Ncorr

Γee(2S) × B(Υ (2S) → π+π−Υ (1S)) × B(Υ (1S) → µ+µ−) (meV) 2582±28±94 9036 156±11 24319±268

Γee(2S) × B(Υ (2S) → π+π−Υ (1S)) × B(Υ (1S) → e+e−) (meV) 2618±60±97 3139 230±9 25202±574

Γee(2S) × B(Υ (2S) → ηΥ (1S)) × B(Υ (1S) → µ+µ−) × B(η → π+π−π0) (meV) < 3.1 0 2.5±1.1 < 28

Γee(3S) × B(Υ (3S) → π+π−Υ (1S)) × B(Υ (1S) → µ+µ−) (meV) 457±8±18 4198 207±10 9945±174

Γee(3S) × B(Υ (3S) → π+π−Υ (1S)) × B(Υ (1S) → e+e−) (meV) 441±12±18 3604 1234±20 9821±261

Γee(3S) × B(Υ (3S) → π+π−Υ (2S)) × B(Υ (2S) → e+e−) (meV) 206±11±12 975 180±21 4477±241

Γee(3S) × B(Υ (3S) → ηΥ (1S)) × B(Υ (1S) → µ+µ−) × B(η → π+π−π0) (meV) < 2.0 1 0.8±0.4 < 41

Γee(3S) × B(Υ (3S) → ηΥ (1S)) × B(Υ (1S) → e+e−) × B(η → π+π−π0) (meV) < 9.6 4 2.8±0.8 < 210

B(Υ (4S) → π+π−Υ (1S)) × B(Υ (1S) → µ+µ−) (×10−6) 1.99±0.16±0.07 687 378±11 739± 60

B(Υ (4S) → π+π−Υ (1S)) × B(Υ (1S) → e+e−) (×10−6) 1.76±1.05±0.06 1057 934±17 676±397

B(Υ (4S) → π+π−Υ (2S)) × B(Υ (2S) → µ+µ−) (×10−6) 1.65±0.21 ±0.11 377 204±8 615± 78

B(Υ (4S) → π+π−Υ (2S)) × B(Υ (2S) → e+e−) (×10−6) 1.76±1.03 ±0.11 251 206±8 669±392

B(Υ (4S) → ηΥ (1S)) × B(Υ (1S) → µ+µ−) × B(η → π+π−π0) (×10−6) 1.08±0.17±0.05 40 0.2±0.4 387±60

B(Υ (4S) → ηΥ (1S)) × B(Υ (1S) → e+e−) × B(η → π+π−π0) (×10−6) 1.15±0.29±0.05 16 0.7±0.6 424±106
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FIG. 3: Distributions of m3π vs ∆Mη for the mS → η 1S
transitions studied. Crosses are for the Υ (1S) → e+e− sam-
ple and dots are for the Υ (1S) → µ+µ− sample. Solid lines
delimit the signal box region. Dashed lines delimit the side-
band regions used for background extrapolation. The signal
box for the 2S → η 1S transition (top left) is at the bound-
ary of the kinematically allowed region of ∆Mη and only one
sideband can be defined.
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2 log [L(Nsig)/L(0)] between a fit that in-
cludes a signal function and a fit with only a background
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FIG. 4: Fits to the ∆Mη distribution for 4S → η 1S candi-
dates with Υ (1S) → µ+µ− (left) and Υ (1S) → e+e− (right).
Data are shown as crosses. The solid lines show the best fit
to the data. Dashed lines show the background contribution.

hypothesis, is 11 σ and 6.2 σ, respectively in the µµ and
the ee samples.

The 90% CL upper limits on the signal yields for the
3S → η 1S and 2S → η 1S transitions are conserva-
tively estimated from the numbers of events in the signal
boxes, taking into account the uncertainties in the effi-
ciencies [13]. The background level in the µ+µ− sample is
negligible, and background subtraction in the e+e− sam-
ple, which also has a lower efficiency, would not affect the
result.

V. SYSTEMATIC UNCERTAINTIES

We have considered a number of possible sources of
systematic uncertainties, in addition to the number of
Υ (4S) and the calculated luminosity for ISR events. The

QCDME model

QCDME model
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Outline

•Quarkonium Spectroscopy - Reminder

•Experiment and Dataset

•Hadronic Bottomonium Transitions

•Scan above the Υ(4S) resonance

•The Bottomonium Ground State: The Discovery of the ηb

•Summary and Outlook

19



Silke Nelson, SLAC       December 9/10th 2008                Bottomonium Spectroscopy and the ηb discovery at 

Bottomonium Spectrum
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Bottomonium Spectrum
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Increasing L 

• many not well understood exotic states 
in charmonium spectrum 

• Y(4260)➝J/ψ π+π-

• look for analogue in bottomonium

• last detailed scan ~ 25 years ago 

• BaBar took data from 10.54 GeV ➝ 
11.2 GeV from 

• 5 MeV steps, ~25 pb-1/step, ~3.3 
fb-1 total

•Υ(6S) region not well measured

• collected 600 pb -1 in scan from 
10.96 to 11.10 GeV

ϒ(6S)

ϒ(4S)
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Measurement of Rb above the BB-threshold

• Rb = σb(s)/σμ(s) (√s = Ecm)

•σb(s): total cross section for e+e-➝bb including bound bb states below open 
B-threshold produced by ISR (initial state radiation)

•σμ(s): Born cross section

• select B-enriched sample for measurement

• require minimal number of tracks, event shape

• use off-peak Υ(4S) data (√s=10.54 GeV) as reference sample

22
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Measurement of Rb
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FIG. 1: (Left) Measured Rb as a function of
√

s with the position of the opening thresholds of the e+e− → B(∗)
(s) B̄

(∗)
(s) processes

indicated by dotted lines. (Right) A zoom of the same plot with the result of the fit described in the text superimposed. The
errors on data represent the statistical and the uncorrelated systematic errors added in quadrature.

TABLE I: Contributions to the relative correlated systematic
error on Rb.

Contribution Relative error (%)
µµ MC statistics 0.2
µµ radiative corrections 1.4
εµ 1.3
εB 1.3
εcont < 2.0
εISR < 0.7
σγγεγγ < 0.2

ization result [13]. We correct for this bias and verify on357

simulated events that it does not depend on
√

s.358

TABLE II: Fit results for the Υ (10860) and Υ (11020) reso-
nances resulting from the fit described in the text. The φ
phases are relative to the interfering continuum. The corre-
sponding world averages [17] are also reported.

Υ (10860) Υ (11020)
mass (GeV) 10.876 ± 0.002 10.996 ± 0.002
width (MeV) 43 ± 4 37 ± 3

φ (rad) 2.11 ± 0.12 0.12 ± 0.07
PDG mass (GeV) 10.865 ± 0.008 11.019 ± 0.008
PDG width (MeV) 110 ± 13 79 ± 16

The resulting measurements of Rb as a function of
√

s359

are shown in Fig. 1, where the error bars represent the360

sum of the statistical and uncorrelated systematic errors361

and dotted lines show the different B meson production362

thresholds. The relative correlated systematic errors on363

Rb are summarized in Table I. The numerical results364

for each energy point, together with the estimated ISR365

cross section, can be found in Ref. [14]. It is important366

to stress that radiative corrections have not been applied367

since they would require an a-priori knowledge of the 368

resonant region. The measured Rb includes then all final- 369

or initial- state radiation processes. 370

The large statistics and the small energy steps of this 371

scan make it possible to observe clear structures corre- 372

sponding to the opening of new thresholds: dips cor- 373

responding to the B(∗)B∗ and BsB∗
s openings and a 374

plateau close to the B∗
sB∗

s one. It is also evident that the 375

Υ (10860) and Υ (11020) behave differently above and be- 376

low the corresponding peaks. Finally, the plateau above 377

the Υ (11020) is clearly visible. 378

We fit the following simple model to our data be- 379

tween 10.80 and 11.20 GeV: a flat component represent- 380

ing bb-continuum states not interfering with resonance 381

decays, added incoherently to a second flat component 382

interfering with two relativistic Breit Wigner resonances: 383

σ = |Anr|2 + |Ar + A10860eiφ10860BW (M10860, Γ10860) + 384

A11020eiφ11020BW (M11020, Γ11020)|2, with BW (M, Γ) = 385

1/[(s−M2)+ iMΓ]. The results summarized in Table II 386

and Fig. 1 differ substantially from the PDG values. In 387

particular the B∗
sBs and B∗

sB∗
s thresholds have a very 388

large impact on the determination of the Υ (10860) width. 389

The number of states is, a priori, unknown as are their 390

energy dependencies. Therefore, a proper coupled chan- 391

nel approach [15, 16] including the effects of the various 392

thresholds outlined earlier, would be likely to modify the 393

results obtained from our simple fit. As an illustration 394

of the systematic uncertainties arising from the assump- 395

tions in our fit, a simple modification is to replace the flat 396

nonresonant term by a threshold function at
√

s = 2mB. 397

This leads to a larger width (74 ± 4 MeV) and a lower 398

mass (10869± 2 MeV) for the Υ (10860). 399

In summary, we have performed an accurate measure- 400

ment of Rb in fine grained center-of-mass energy steps 401

and have shown that these measurements have the poten- 402

(dashed lines indicate BB thresholds)

• interpretation of structures at ~10.62 GeV and ~10.7 GeV depend on threshold 
openings

Paul Jackson ICHEP 2008, Philadelphia 16/22
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FIG. 1: (Left) Measured Rb as a function of
√

s with the position of the opening thresholds of the e+e− → B(∗)
(s) B̄

(∗)
(s) processes

indicated by dotted lines. (Right) A zoom of the same plot with the result of the fit described in the text superimposed. The
errors on data represent the statistical and the uncorrelated systematic errors added in quadrature.

TABLE I: Contributions to the relative correlated systematic
error on Rb.

Contribution Relative error (%)
µµ MC statistics 0.2
µµ radiative corrections 1.4
εµ 1.3
εB 1.3
εcont < 2.0
εISR < 0.7
σγγεγγ < 0.2

sult [13]. We correct for this bias and verify on simulated358

events that it does not depend on
√

s.359

The resulting measurements of Rb as a function of
√

s360

are shown in Fig. 1, where the error bars represent the361

sum of the statistical and uncorrelated systematic errors362

and dotted lines show the different B meson production363

thresholds. The relative correlated systematic errors on364

Rb are summarized in Tab. I for the whole scan range365

and detailed in Tab. III-IV for each energy point. It366

is important to stress again that radiative corrections367

have not been applied since they would require an a-priori368

knowledge of the resonant region. Measured Rb includes369

then all final- or initial- state radiation processes.370

The statistical error on Rb achieved by this measure-371

ment is several times better than the current ones and372

a step of 5 MeV in c.o.m. energy was achieved. How-373

ever, the study of resonances in the presence of opening374

thresholds is an complicated topic. In particular coupled375

channel models [14, 15] indicate that thresholds can fake376

resonant structures, thus making it extremely difficult to377

interpret the structures clearly visible around
√

s = 10.62378

and 10.70 GeV. We cannot therefore quantify whether379

we observe exotic resonances and how stringent the con-380

straints on their production cross-sections are before this 381

complete analysis is performed. 382

Some information can nonetheless be obtained about 383

the Υ (10860) and Υ (11020) states by performing a fit 384

with the isobar model in the region above 10.8 GeV. We 385

fit the cross-section as the sum of two non-interfering 386

components, one flat, and one which is the interference 387

of a flat term and two relativistic Breit Wigner functions, 388

with non-comoving widths. This is an exact fit in the 389

isobar model only under the assumption that the two 390

resonances decay exclusively in a common decay mode 391

far from its threshold. The non-interfering flat compo- 392

nent represents instead all the other possible selected fi- 393

nal states that are assumed not to resonate. The results, 394

which are sensitive to the abovementioned assumptions, 395

are shown in Fig. 1 and the measured parameters of the 396

two resonances are reported in Tab. II and compared with 397

the PDG values, the systematic error on the energy scale 398

being 1.5 MeV. The squares of the amplitudes of the 399

non-interfering and the interfering flat components are 400

0.205± 0.003 and 0.069± 0.050 respectively. 401

In summary, we have performed an accurate measure- 402

ment of Rb in fine grained center-of-mass energy steps 403

and have shown that these measurements have unprece- 404

dented potentials to yield information on the bottomo- 405

nium spectrum and possible exotic extensions. 406
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B± -> !± " inclusive result 
Candidate lepton momentum very discriminating, both in B rest frame (pREST) and in 

CM frame (pCM)

Signal and background yields extracted from a Fisher discriminant distribution built 

up from pCM and pREST

pFIT = a1 + a2 · pCM + a3 · pRest

Using BaBar package StatPatternRecognition [10], we obtain the variable:

pFIT = a1 + a2 · pCM + a3 · pREST (13)

with a1 = −60.5203, a2 = 6.6544 and a3 = 18.272. This will be the final distribution from which
we are going to extract the number of signal and background events and from now on it will be
referred to as pFIT . As, by definition, the linear combination of pCM and pREST orthogonal to
pFIT is completely uncorrelated to it, we can exploit also

pCUT = −a1 − a2 · pREST + a3 · pCM (14)

and study the possibility to cut on this variable, which from now on we will call pCUT . The two
distributions, with background events stacked on top of each other and signal events arbitrarly
normalized, are shown in figure 18
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Figure 18: Distribution of pFIT (top) and pCUT (bottom): signal in blue dots, background events
are stacked on top of each other: uds in red, cc̄ in yellow, τ+τ− in green, B0B̄0 in dark blue and
B+B− in light blue

7 ∆E and mES Cut Optimization

It has been decided to re-optimize the ∆E and mES cuts with respect to BAD 1331 as there
they where fixed by the Neural Network optimization. Figure 19 show ∆E lower cut, upper cut
and mES upper cut significance for the muon sample after the loose cuts described above (ntuples
production + tracks quality cuts + tight PID requirement + in the detector fiducial volume). We
use as F.O.M.

F.O.M =
εSIG√
Nbkg

(15)

and it suggests to cut mES > 5.248 GeV and −2.25 < ∆E < 0 GeV.

30

branching fraction up to a maximuum of B(B± → µ±ν) = 3 × 10−6 is205

B(B+ → µ+νµ) < 1.3 × 10−6

at the 90% confidence level. The 95% bayesian UL is B(B+ → µ+νµ) < 1.6×10−6. This correspond 206

to a central value B(B± → µ±ν) = −5.7 ± 7.1(stat) ± 6.8(syst) × 10−7. 207
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Figure 5: Final fit to the data pFIT distribution: full blue line is the total PDF, dashed red line is
background PDF, dashed black line is signal PDF.
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Figure 46: Distributions of the posterior PDFs for the BR : the 90 % confidence level UL BR(B+ →
µ+νµ) < 1.3 × 10−6

flat from zero to 3 · 10−6, being the SM expectation 4 · 10−7 . At this point, the posterior PDF can
be written as:

P (BR|data) ∝ P (data|BR)P (BR) ∝

∝
∫

dεsigdNbbL(Ns = BR · εsig · Nbb)P (εsig)P (Nbb)P (BR) (27)

This integral can be evaluated numerically very simply. We generate random positive value for BR
according to the flat distribution described above and random values for εsig and Nbb according to
a Gaussian distribition centered in their nominal value and as wide as their nominal errors. Then,
a weight will be associated at the generated BR given by the Ns likelihood. This procedure will
be iterated several ($ 10000) times and the weighted output BR distribution will be the posteriori
PDF from which evaluate the UL. In Figure 46 the posterior PDF is shown. Table 30 summarize
teh quantities from which we are going to evaluate the expected UL together with their estimated
total error for the two PID selection.

source Value ± Tot. Error
Nbb 4.47e+08 ± 1.1%
signal efficiency 0.0464 ± 0.00191
signal yield -11.9 ± 20.3

Table 30: Contributions to the UL estimation for muBDTTight selection

The obtained UL at 90 % of confidence level are

BR(B+ → µ+νµ) < 1.3 × 10−6 (28)

The 95% UL is B(B± → µ+νµ) < 1.6 × 10−6.

64

UL @ 90% CL in Bayesian approach

13
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Fitting beyond the Υ(4S)

• Fit using simple model:

• two Breit-Wigner resonances

• flat component, not 
interfering with BW, added 
incoherently to

• flat component, interfering 
with BW

24

• replace non-resonant term with 
threshold function √s=2mB

• mass Υ(10860) = (10869±2) MeV

• width: (74±4) MeV

QCDME model

submitted to PRL

arXiv:0809.4120
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•Experiment and Dataset

•Hadronic Bottomonium Transitions

•Scan above the Υ(4S) resonance
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Open bottom thr. Increasing L 

Bottomonium Spectrum

• Ground state not found until recently

• Measurement of its mass and width 
helpful to test Lattice QCD, pNRQCD 
and Potential models

• Hyperfine splitting M(ϒ(1S))-M(ηb) 

• role of spin-spin interaction in 
heavy meson system

• analogue to positronium

• sensitive to αs: measurement of 
M(ηb) with a few MeV can measure 
αs(MZ) with accuracy similar to 
current PDG value

26

In
cr

ea
si

ng
 n

 
ϒ(1S)

ϒ(2S)

ϒ(3S)

χ(1P)b{2,1,0} 

χ(2P)b{2,1,0} 

Y(1D)

ηb

M
(M

eV
)

(2S+1)LJ



Silke Nelson, SLAC       December 9/10th 2008                Bottomonium Spectroscopy and the ηb discovery at     46

The Bottomonium Ground State

• Previous searches

• ALEPH: 1 candidate compatible with 
background in γγ→ηb (PL B530(2002) 56)

• DELPHI: γγ→ηb in 4-6-8 prong final states       
(PL B634(2006) 340)

• CDF(2006): ηb → J/ψJ/ψ → μ+μ-μ+μ-

• CLEO: (PRL 94(2005) 032001)

• Upper Limit on BF[ϒ(3S)→γηb]<4.3x10-4 @ 
90% CL

• Upper Limit on BF[ϒ(2S)→γηb]<5.1x10-4 @ 
90% CL

27

Predictions
(Quarkonium Yellow Report)
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Eγ =
s−m2

2
√

s

Search for ηb: Analysis Outline

• Decay modes of ηb  not known well

• Search in the inclusive γ spectrum: process is 
e+e- ➝Υ(3S)➝γηb

• Monochromatic line in Eγ spectrum: perform 
1-D binned maximum-likelihood fit to Eγ 

spectrum

•ηb Mass at 9.4 GeV ➝ Eγ peak = 911 MeV

• Large Background 

• reject as much as possible

• understand background components for 
fitting procedure 

• Blind Analysis

28

Expected BF~10-4

(~4000 events)
QCDME model
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Event Selection

• Aim to reduce background while retaining high signal efficiency: use S/√B

• S (number of signal events): from signal MC

• B (number of background events): from Data - no reliable event generator

• use a fraction (9%) of the data (~10x106 Υ) - not used in final fit

• Need to be careful not to rely too much on signal MC

• expect ηb decay mostly via two gluons: high track multiplicity

• reject QED background by requiring spherical events

• Candidate Photon:

• isolated from tracks
• shower shape consistent with electromagnetic shower
• photon in barrel region of EMC
•π0-veto
• use angle between photon and the “rest-of-the-event”

29

Total Efficiency
ε(signal)=37%

ε(background)=  6%
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Event Selection (II)

•π0-veto

• |M(γγ2)-M(π0)|< 15 MeV

• optimize minimum energy of second 
photon and cut on cosθT 
simultaneously

• similar veto on η did not improve S/√B

• cuts: |cosθT|<0.7 and E(γ2)>50 MeV

30

(q=u,d,s,c)

Signal MC
Background (2.5 fb -1 Test Data)

|cos θ(Thrust) |

• strong correlation between 
photon direction and thrust 
axis of other particles in 
event
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The ηb Signal Model

• Signal model determined from MC simulation

• Functional form: P(Eγ) = CB(Eγ) ⊗ BW(Eγ, Γηb)

• BW: Breit-Wigner function, the natural shape of the ηb

• expect Γ(ηb) < Γ(ηc) with Γ(ηc )=26.5 MeV

• Width set to 10 MeV, and varied as a systematic

• CB: Crystal Ball function (Gaussian + power-law low side)

• Models the detector energy resolution

• CB shape, determined with signal 

MC generated with Γ=0.0 MeV

31

5 Fit to signal MC

We parameterize the ηb signal PDF using a Crystal Ball function with parameters obtained by
fitting truth-matched signal MC. We then fix the parameters and fit the non-truth-matched data
to determine the efficiency. Figure 20 shows the fits to signal MC and Table 15 shows the fitted
PDF parameters. The efficiency determined in this way is 37.0 ± 0.1%.

The PDF for non-zero width is determined by convoluting the PDF determined from zero width
MC with a Breit-Wigner of the appropriate width.
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Figure 20: Fit of zero-width MC using truth-matched (top) and non-truth-matched (bottom)
photons.
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Eγ (GeV)

signal MC
m(ηb)=9.4 GeV
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Background to the Eγ Spectrum

• Non-peaking background:

• qq (udsc)

• ϒ(3S) decays

• fitted by a single component:

32

χbJ(2P) 

ISR
A(C + e−αEγ−βE2

γ )
Excluded 
Region

QCDME model
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Background to the Eγ Spectrum

33

χbJ(2P) 

ISR

• Peaking backgrounds next to signal      
(~900 MeV)

• ϒ(3S)→γsχbJ(2P), χbJ(2P) →γhϒ(1S), J=0,1,2                
E(γh)~760 MeV

•  e+e- →γISR ϒ(1S) : 856 MeV (“ISR”)

•  ISR-line very close to expected unknown 
signal position

• both line-shape + yield very important

+

-
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Peaking Background: 

 χbJ(2P) Events

•ϒ(3S)→γχbJ(2P), χbJ(2P) →γϒ(1S), J=0,1,2

• three transitions: model each as a Gaussian+power law tail (Crystal Ball function)

• transition point+power tail parameter fixed to same value for all peaks

• peaks fixed to PDG values, allow for common offset for photon calibration scale

• yield ratios fixed to PDG values (cannot resolve separate peaks)

• cross-checked using soft transition in tagged dataset (ϒ(1S)→l+l-)

• peaks overlap <Eγ>≈760 MeV due to detector resolution and broadening as result of 
the motion of χbJ(2P) in ϒ(3S) rest-frame

• PDF parameters obtained from fit to full dataset, with the ISR and signal regions 
excluded

34

1 Introduction

1.1 Bottomonium spectrum and ηb

It’s been 30 years since bb states were discovered and still no one has discovered the ground state
of the bb system, the ηb. The current picture of the bottomonium spectrum is show on Figure 1.

Figure 1: Spectrum of bb̄ levels. Solid lines indicates known states, dashed lines indicates states
not yet observed.

It has been suggested [1] that a favorable way to produce and detect the ηb is via the photon
produced in magnetic dipole transitions from the Υ ((3S)) to the ηb. The rate for this transition in
the nonrelativistic approximation is given by

Γ(Υ (3S) → ηbγ) =
4
3
α

e2
b

m2
b

I2k3

where α is the fine structure constant, eb is the b quark charge in units of |e|, and mb is the b
quark mass. The overlap integral I is defined by

I =< f |j0(kr/2)|i >

4
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Peaking Background: 

 χbJ(2P) Events

•ϒ(3S)→γχbJ(2P), χbJ(2P) →γϒ(1S)

• PDF parameters obtained from fit to full dataset, with the ISR and signal regions 
excluded
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1 Introduction

1.1 Bottomonium spectrum and ηb

It’s been 30 years since bb states were discovered and still no one has discovered the ground state
of the bb system, the ηb. The current picture of the bottomonium spectrum is show on Figure 1.

Figure 1: Spectrum of bb̄ levels. Solid lines indicates known states, dashed lines indicates states
not yet observed.

It has been suggested [1] that a favorable way to produce and detect the ηb is via the photon
produced in magnetic dipole transitions from the Υ ((3S)) to the ηb. The rate for this transition in
the nonrelativistic approximation is given by

Γ(Υ (3S) → ηbγ) =
4
3
α

e2
b

m2
b

I2k3

where α is the fine structure constant, eb is the b quark charge in units of |e|, and mb is the b
quark mass. The overlap integral I is defined by

I =< f |j0(kr/2)|i >

4
Signal region

excluded

γISR ϒ(1S) PDF

Bkgd subtracted distributionχbJ(2P)->γ2 ϒ(1S) 

J=0,1,2

• common offset: (3.8±2.0) MeV

(~2.5 fb-1) test 
data-sample
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Peaking Background: 
	 ISR Events

36

Bkgd 
subtraction

Below-ϒ(4S) 

At ϒ(4S) Off-Peak, Eγ=1.03 GeV

1 Introduction

1.1 Bottomonium spectrum and ηb

It’s been 30 years since bb states were discovered and still no one has discovered the ground state
of the bb system, the ηb. The current picture of the bottomonium spectrum is show on Figure 1.

Figure 1: Spectrum of bb̄ levels. Solid lines indicates known states, dashed lines indicates states
not yet observed.

It has been suggested [1] that a favorable way to produce and detect the ηb is via the photon
produced in magnetic dipole transitions from the Υ ((3S)) to the ηb. The rate for this transition in
the nonrelativistic approximation is given by

Γ(Υ (3S) → ηbγ) =
4
3
α

e2
b

m2
b

I2k3

where α is the fine structure constant, eb is the b quark charge in units of |e|, and mb is the b
quark mass. The overlap integral I is defined by

I =< f |j0(kr/2)|i >

4

(43.9 fb-1)

• Take line shape from Monte Carlo

• Yield estimated from measurement in Υ(4S) 
“Off-Peak” data (40 MeV below resonance) 

• correct for ratio of theoretical cross-
sections, efficiencies and luminosities

• Fitted yield: 35800±1600

• Extrapolated to Υ(3S): 25200±1700

• check with yield in Υ(3S) “Off-Peak” data 
(2.4 fb-1):

• extrapolated to 29400±5000: good 
agreement
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Figure 22: (a) Inclusive photon spectrum in the region 0.50 < Eγ,CM < 1.1GeV. (b) Background
subtracted photon spectrum in the signal region, showing χbJ(2P ) peaks (red), ISR Υ (1S) (green),
signal (blue) and the sum of the contributions (purple).
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Fit to Analysis Dataset: 109x106 Υ(3S)

• now subtract non-peaking background...

37

χb peaks

γISRϒ(1S)

ηb ?

QCDME model
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Fit to Analysis Dataset: 109x106 Υ(3S)

• and subtract peaking backgrounds also ...

38

ηb!
peak 

height  
>60k evts

QCDME model
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Fit to Analysis Dataset: 109x106 Υ(3S)

•ηb signal observed with a statistical significance of 10σ 
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ηb!
peak 

height  
>60k evts

• Peak position:               MeV921.2+2.1
−2.8
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Additional Checks

• Detector Effects

• noisy channels are monitored online; no hot spots in EMC

• remove photon candidates with small lateral moment to veto possible hot crystals

• signal remains strong

• remove photon candidates with large lateral moment to veto accidental photon 
overlaps

• no effect on signal significance

• χb line shape

• floating the ISR yield: yield (24800±4000) consistent with expectation (25000)

• line shape also consistent with exclusive reconstruction                                     
Υ(3S) → γ χb(2P); χb(2P) → γ Υ(1S) ; Υ(1S) → µ+µ−

40
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Systematic Uncertainties

• Signal Yield:

• vary ISR yield by ±1σ (stat + syst)

• vary all PDF parameters by ±1σ
• fits with BW width set to 5,15 and 20 MeV

• Largest systematic error: 10%

• Mass:

• main error from χb(2P) peak shift: 3.8±2.0 MeV

• Branching fraction:

• efficiency: data/MC comparison on χb(2P): 12.6%

• PDG branching fractions: 18%

• Total error: 25%

41

•Significance:

•varied all parameters 

•independently 

•all in dis-favorable direction

•no significant change
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Observation of the ηb: Summary of Results 
(PRL 101, 701801 (2008))

• Is this indeed the ηb?

• only candidate for the state below the Υ(1S), but other 
explanations as a low-mass Higgs not ruled out.

• Assuming this is the ηb:

• Mass m(ηb):

• Hyperfine Splitting:

• Branching fraction Υ(3S)➝γηb :

42

9388.9+3.1
−2.3(stat)± 2.7(syst)MeV/c2

71.4+2.3
−3.1(stat)± 2.7(syst)MeV/c2

[4.8± 0.5(stat)± 1.2(syst)]× 10−4

wide range of LQCD 
results: some agree with 
measurement 

Splitting larger than 
predicted by most Potential 
Models

{
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Observation of the ηb: Summary of Results 
(PRL 101, 701801 (2008))

• Is this indeed the ηb?

• only candidate for the state below the Υ(1S), but other 
explanations as a low-mass Higgs not ruled out.

• Assuming this is the ηb:

• Mass m(ηb):

• Hyperfine Splitting:

• Branching fraction Υ(3S)➝γηb:
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9388.9+3.1
−2.3(stat)± 2.7(syst)MeV/c2

71.4+2.3
−3.1(stat)± 2.7(syst)MeV/c2

[4.8± 0.5(stat)± 1.2(syst)]× 10−4
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Search for ηb: Inclusive search in the Υ(2S) Dataset

• Dataset contains ~100 M Υ(2S) Events

• Branching Fraction of  Υ(2S)→γηb is expected to be 1-5 10-4

• Eγ is 611 MeV for Signal

• e+e- →γISR ϒ(1S) :  545 MeV

• ϒ(3S)→γsχbJ(1P), χbJ(1P) →γhϒ(1S), J=0,1,2:  E(γh)~455 MeV

• Analysis is very similar to Υ(3S)

• photon resolution is better at lower energies: better peak separation

• more random photon background at lower energies: less significance for similar BF

44
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Photon Selection and Optimization

• same selection of hadronic events and signal candidates

• except:

• Event shape: loosen cut on angle between photon and “rest-of-event”

• relatively less continuum background: σ(Υ(2S)) > σ(Υ(3S)) 

•π0- veto: lower energy threshold for second photon as for Υ(3S)-analyses

• 50 MeV @ 3S -> 40 MeV @2S

45
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Fitting the Eγ Spectrum: χ2 fit to Eγ spectrum

• Smooth non-peaking background

• use a exponential polynomial of 4th order: higher order needed as spectrum 
changes faster than in signal region of the ϒ(3S)

•Υ(2S)→γηb signal events

• take shape from MC simulation

• e+e- →γISR ϒ(1S) :  545 MeV

• shape from MC simulation, normalization floated in fit

•  ϒ(3S)→γsχbJ(1P), χbJ(1P) →γhϒ(1S), J=0,1,2: 

• shape is a Crystal Ball function convolved with a flat-top (Doppler Broadening)

• 3 components, relative yields determined from measurement in exclusive γγμ+μ_ 
events

46
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Fit Result

47

Υ(2S)→ γX

QCDME model
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Fit Result, Smooth Background subtracted

48

χb

     ISR ηb

Eγ = 610.5± 4.4MeV
Nsignal = 13920± 3500

QCDME model
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Systematic Uncertainties on Υ(2S) Result

• Signal Yield:

• vary all PDF parameters by ±1σ
• fits with BW width set to 5,15 and 20 MeV; adding an extra χb(1P) tail, different pdf 

for smooth background

• latter two largest errors each ~16%

• Mass:

• error from χb(2P) peak shift/χb masses: 0.9/0.4 MeV

• different pdf for smooth background: 1.3 MeV ➝ 1.8 MeV total

• Branching fraction:

• efficiency: data/MC comparison on χb(2P): 6.1%

• Total error: 22%
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Fit Results

•ηb signal yield

•ηb peak position

• Significance including systematics: 3.5 σ

• Goodness-of-fit: χ2/ndof = 116.2/93

• Bump at 680 MeV: too narrow for detector resolution of photon at this energy

• interpret as statistical fluctuation

50
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Summary of Υ(2S) Results 

• Mass m(ηb):

• Hyperfine Splitting:

• Branching fraction Υ(2S)➝γηb :
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Comparison of the Υ(3S) and the Υ(2S) Results

52
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Outline

•Quarkonium Spectroscopy - Reminder

•Experiment and Dataset

•Hadronic Bottomonium Transitions

•Scan above the Υ(4S) resonance

•The Bottomonium Ground State: The Discovery of the ηb

•Summary and Outlook
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Summary

• The BaBar Run 7 has already produced a lot of interesting physics

• Rb scan above the Υ(4S)

• Observation and Confirmation of the ηb

• Dedicated searches for New Physics

• light Higgs ϒ(3S)→γ a0, a0→μ+μ-,τ+τ-

• Dark Matter candidates ϒ(3S)→ π+π- ϒ(1S), ϒ(1S)→nothing

• Lepton Universality in Υ(nS) decays

• much more to come!
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