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Introduction: What are the χb states?

The χb represent the spin triplet (S = 1) P-wave (L = 1) states of the
bottomonium (bb̄) spectrum.

I Each χb is a triplet
of states with
JPC = 0++, 1++, 2++

I Hyperfine mass
splittings between
the 3 states are
small O(10 MeV)

I Branching fractions
for the radiative
decays χb → Υ γ are
large O(10%)
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Radiative χb Decays

The radiative decays χb → Υ(nS)γ represent the most experimentally clean
channels to reconstruct χb at the LHC:

I The radiative χb decays benefit from large branching fractions X

I B(Υ(nS)→ µ+µ−) is 1− 2% and a di-muon signature is clean X

I Photons are very soft 7 (< 1 GeV in χb rest frame)

PDG Summary (masses rounded to nearest 1 MeV, Eγ in rest frame of χb)

Mass [MeV] Eγ [MeV] B(Υ(1S)γ) Eγ [MeV] B(Υ(2S)γ)

χb0(1P) 9859 391 <6% - -

χb1(1P) 9893 423 35% - -

χb2(1P) 9912 442 22% - -

χb0(2P) 10233 743 1% 207 5%

χb1(2P) 10255 764 9% 230 21%

χb2(2P) 10269 777 7% 242 16%
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Theoretical predictions for the χb(3P) states

Predictions from QCD inspired potential models:

1. Phys. Rev. D 36 3401 (1987)

2. Phys. Rev. D 38 279 (1988)

3. Eur. Phys. J. C. 4 107 (1998)

I Just below the BB̄ threshold (10.558 GeV)

I Narrow, Γ < 1 MeV if...

I ...Γ(χb(3P)→ Υ(1, 2, 3S)γ)/ΓTot. is large (expected to be so)

I Γ(Υ(3S)γ) > Γ(Υ(2S)γ) > Γ(Υ(1S)γ)

Publication 33P c.o.g ∆33P0 ∆33P1 ∆33P2

2. 10.520 GeV -19 MeV -4 MeV +6 MeV

3. 10.525 GeV -22 MeV -4.9 MeV +7.3 MeV

A. Chisholm Studying the χb states with ATLAS 5 / 45



History: 1974 - Lederman et al. propose E288
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History: 1977 - The CFS Collaboration discover the Υ with E288

“An experimental group at the Fermi National Accelerator Laboratory announced
recently that it has discovered a new particle. The new particle has a mass of 9.5 GeV...”
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History: 1982 - The CUSB Collaboration discover the χb at CESR

VOLUME 49, NUMBER 22 PHYSICAL REVIEW LETTERS 29 NOVEMBER I982

viations.
Having established the statistical significance

of the signal we prefer to obtain the net E1 signal
in a model-independent way, by fitting the back-
ground in the &" spectrum itself. A fit of a ninth
degree polynomial (10 parameters) to the entire
&" photon spectrum gives a X' of 148 for 86 de-
grees of freedom corresponding to a confidence
level of - 6~ 10 ', where most of the contribu-
tion comes from a region around the 100-MeV
enhancement. Excluding from the fit a region of
thirteen bins around the enhancement lowers X'
to 77 for 73 degrees of freedom, resulting in a
net excess of 2150 counts, in good agreement
with the previous result. The subtracted photon
spectrum is shown in Fig. 2(a). This method of
subtraction is extremely stable versus changes
of the excluded region. The subtracted signal
shows a very steep rise and fall compared to its
width of - 45 MeV. In general one expects the
triplet P-wave states to show a fine-structure
splitting which has been estimated to be in the
range of 30 to 60 MeV.' The shape of the ob-
served enhancement is inconsistent with its being
due to a single line; however, the three possible
lines are not resolved.
The intensity and position of the three lines

can be obtained from knowledge of the photon en-
ergy resolution function. We obtain the resolu-
tion function by Monte Carlo (MC) methods and
confirm its correctness by reconstrueting &"s.
Photon showers generated using the electron-
gamma shower MC code are randomly superim-
posed on hadronic events which are then pro-
cessed through the same photon-finding code.
Fluctuations in the energy lost (15% on average
at 100 MeV) in inactive material dominate our
resolution around 100 MeV. Using the same fit-
ting procedure we obtain the photon energy reso-
lution, shown in Fig. 2(b), and the overall recov-
ery efficiency. We note that this method is slight-
ly pessimistic since a little extra energy is add-
ed to the events (3.3%%uo on average). The validity
of this procedure has been checked by studying
&"s. The diphoton mass spectrum for hadronic
events shows a clean &' signal, due largely to
photons in the 50- to 300-MeV range. The same
MC program has been used to generate photons
from &' decays which again have been added to
real events. The excellent agreement of the mass
spectra for real and MC &"s confirms our ability
to obtain correctly the photon energy resolution
function. The position of the &' peak requires a
correction of -3%%uo upwards of the energy calibra-
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F&G. 2. (a) The subtracted photon signal for Y"—g&'
+ y, as described in the text. (b) The experimental
photon energy resolution function. The continuous line
is a fit with two Gaussians of widths 6.7% and 12.5% of
the peak position, the wider Gaussian displaced down
by 10% and contributing 35% to the total area. (b) Fit
of three lines to the subtracted photon spectrum; see
text.

tion obtained from radioactive sources and the
MC study of photon recovery.
Using the resolution function thus obtained we

fit the subtracted photon spectrum to three lines
of arbitrary intensity and position. The result
of the fit, which gives a y' of 16.0 for 14 degrees
of freedom, is shown in Fig. 2(c). A fit with two
lines is worse and a fit with only one line has a
confidence level of less than 10 '. Table I gives
the results of the three-line fit and Table II those
for the two-line fit. The fine-structure splittings
obtained from the three-line fit are 15 and 18
MeV. The center of gravity of the signal is 98

Phys. Rev. Lett. 49, 1612 and 1616 (1982)

I First saw evidence of Υ(3S)→ χb(2P)γ
(figure)

I Then observed the χb(2P)→ Υ(1, 2S)γ

Phys. Rev. Lett. 51, 160 (1983)

I The next year, Υ(2S)→ χb(1P)γ and
χb(1P)→ Υ(1S)γ were both observed
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History: Some time later... BaBar and Belle find the ηb and hb
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FIG. 2: (a) Inclusive photon spectrum in the region 0.50 <
Eγ < 1.1 GeV. The component PDFs determined from the fit
are overlaid on the data points. A prominent χbJ (2P ) peak is
clearly seen. The dashed line corresponds to the non-peaking
background component. (b) Inclusive photon spectrum af-
ter subtracting the non-peaking background, with PDFs for
χbJ (2P ) peak (solid), ISR Υ (1S) (dot), ηb signal (dash) and
the sum of all three (solid). (c) Inclusive photon spectrum
after subtracting all components except the ηb signal. The
CB function shape describes the data points well.

from the fit is 147/113 = 1.3. Finally Figure 2(c) shows
the data points with all components except the ηb signal
subtracted, overlaid with the ηb signal PDF. The fitted ηb

signal yield is 19200±2000±2100 events, where the first
error is statistical and the second systematic. A total
systematic uncertainty of 11% is estimated by varying
the Breit-Wigner width in the ηb PDF to 5, 15, and 20
MeV, setting the ISR Υ (1S) component to ±1 σ of the
nominal rate, and varying the PDF parameters fixed in
the fit by ±1 σ. The largest contribution (10%) is from
the ηb width variation.

The ηb signal significance is estimated using the ratio
log(Lmax/L0), where Lmax and L0 are the likelihood val-
ues obtained from the nominal fit and from a fit with the
ηb PDF removed, respectively. Fits have been performed
where the parameters entering the systematic uncertain-
ties have been varied within their errors. Data have then
been fitted with all parameters simultaneously moved by
one standard deviation in the direction of lower signifi-
cance. This conservative approach yields a signal signif-
icance greater than 10 standard deviations.

As a cross check, we also perform a fit where the yield
of the ISR Υ (1S) component is left free, and we obtain
24800±2300 events for this component. This is consistent
with the estimate using the below-Υ (4S) data and pro-
vides an important validation of the χbJ (2P ) line shape
parameterization. The yield and peak position of the ηb

signal from this fit are unchanged.
The Eγ signal peak value from the fit is 917.4+2.1

−2.8 MeV.
We apply a photon energy calibration shift of 3.8 ± 2.0
MeV, obtained by comparing the fitted position of the
χbJ(2P ) peak to the known PDG value. After including
an additional systematic uncertainty of 1.3 MeV from
the fit variations described above, we obtain a value of
Eγ = 921.2+2.1

−2.8 ± 2.4 MeV for the ηb signal.
The ηb mass derived from the Eγ signal is M(ηb) =

9388.9+3.1
−2.3 ± 2.7 MeV/c2. Using the PDG value of

9460.3 ± 0.3 MeV/c2 for the Υ (1S) mass, we determine
the Υ (1S)-ηb mass splitting to be 71.4+2.3

−3.1 ±2.7 MeV/c2.
The value we measure for the splitting is larger than

most predictions based on potential models [2], but rea-
sonably in agreement with predictions from lattice calcu-
lations [13]. The mass splitting between the Υ (1S) and
the ηb(1S) is a key ingredient in many theoretical cal-
culations. The precision of our measurement will allow,
among others, a more precise determination of the lattice
spacing [13] and new precision determinations of αs [14].

We estimate the branching fraction by correcting the
signal yield with the reconstruction efficiency (ε) from
simulated signal MC events, and then dividing it by the
number of Υ (3S) events in the data sample. The branch-
ing fraction of the decay Υ (3S) → γ ηb is found to be
(4.8±0.5±1.2)×10−4, where the first uncertainty is sta-
tistical and the second systematic. The systematic uncer-
tainty of 25% comes from uncertainties in the signal yield
(11%) and ε (22%). The latter is obtained by comparing

Phys. Rev. Lett. 101, 071801 (2008)

I Babar observed Υ(3S)→ ηb(1S)γ (left)

Phys. Rev. Lett. 108, 032001 (2012)

I Belle observed Υ(5S)→ hb(1, 2P)π+π+

(below)
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and signal component of the fit function overlaid (smooth curve). The vertical lines indicate boundaries of the fit regions.

respectively.

The measured masses of hb(1P ) and hb(2P ) are
M = (9898.3 ± 1.1+1.0

−1.1)MeV/c2 and M = (10259.8 ±
0.6+1.4

−1.0)MeV/c2, respectively. Using the world average
masses of the χbJ(nP ) states, we determine the hyper-
fine splittings to be ∆MHF = (+1.6 ± 1.5)MeV/c2 and
(+0.5+1.6

−1.2)MeV/c2, respectively, where statistical and
systematic uncertainties are combined in quadrature.

We also measure the ratio of cross sections for e+e− →
Υ(5S) → hb(nP )π+π− to that for e+e− → Υ(5S) →
Υ(2S)π+π−. To determine the reconstruction effi-
ciency we use the results of resonant structure stud-
ies reported in Ref. [12] that revealed the existence
of two charged bottmonium-like states, Zb(10610) and
Zb(10650), through which the π+π− transitions we are
studying primarily proceed. These studies indicate that
the Zb most likely have JP = 1+, and therefore in our
simulations the π+π− transitions are generated accord-
ingly. To estimate the systematic uncertainty in our re-
construction efficiencies, we use MC samples generated
with all allowed quantum numbers with J ≤ 2.

We find that the reconstruction efficiency for the
Υ(2S) is about 57%, and that those for the hb(1P ) and
hb(2P ) relative to that for the Υ(2S) are 0.913+0.136

−0.010 and

0.824+0.130
−0.013, respectively. The efficiency of the R2 < 0.3

requirement is estimated from data by measuring signal
yields with R2 > 0.3. For Υ(2S), hb(1P ) and hb(2P )
we find 0.863 ± 0.032, 0.723 ± 0.068 and 0.796 ± 0.043,
respectively. From the yields and efficiencies described
above, we determine the ratio of cross sections R ≡
σ(hb(nP )π+π−)
σ(Υ(2S)π+π−) to be R = 0.46 ± 0.08+0.07

−0.12 for the hb(1P )

and R = 0.77±0.08+0.22
−0.17 for the hb(2P ). Hence Υ(5S) →

hb(nP )π+π− and Υ(5S) → Υ(2S)π+π− proceed at sim-

ilar rates, despite the fact that the production of hb(nP )
requires a spin-flip of a b-quark.

The rate of Υ(5S) → hb(nP )π+π− is much larger than
the upper limit for that of Υ(3S) → hb(nP )π+π− ob-
tained by the BaBarCollaboration [13]. This is consis-
tent with the observation that the rates for Υ(5S) →
Υ(mS)π+π− with m = 1, 2, 3 are much larger than those
for Υ(nS) → Υ(mS)π+π− for n = 2, 3, 4 [5]. The
only previous evidence for the hb(1P ) is a 3.0σ excess
in Υ(3S) → π0hb(1P ) at (9902 ± 4)MeV/c2 presented
by BaBar [14].

We have also used 711 fb−1 of e+e− collisions at the
Υ(4S) resonance to search for Υ(4S) → hb(1P )π+π−

(hb(2P ) is kinematically forbidden). The overall effi-
ciency, assuming the R2 efficiency at Υ(4S) to be the
same as that at Υ(5S), is 0.94+0.11

−0.03 relative to that for
Υ(5S) → hb(1P )π+π−. From our observed yield of
(35 ± 21+24

−15) × 103, we therefore set an upper limit on
the ratio of σ(e+e− → hb(1P )π+π−) at the Υ(4S) to
that at the Υ(5S) of 0.27 at 90% C.L.

In summary, we have observed the P -wave spin-singlet
bottomonium states hb(1P ) and hb(2P ) in the reaction
e+e− → Υ(5S) → hb(nP )π+π−. The hb(nP ) masses
correspond to hyperfine splittings that are consistent
with zero. We also have observed that the cross sec-
tions for these processes and that for e+e− → Υ(5S) →
Υ(2S)π+π− are of comparable magnitude, indicating the
production of hb(nP ) at the Υ(5S) resonance must oc-
cur via a process that avoids the expected suppression
related to heavy quark spin-flip.

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

All discoveries in the bottomonium system since
the Υ made by e+e− experiments!
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Things get weird! Two charged bottomonium-like resonances!

Phys. Rev. Lett. 108, 122001 (2012)
(arXiv:1110.2251)

Belle recently reported the observation of
two narrow structures in π±Υ(nS) (n = 1,
2, 3) and π±hb(mS) (m = 1,2) pairs
produced in association with a single
charged pion in Υ(5S) decays!

Quarkonium physics can still surprise us!
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FIG. 2: Comparison of fit results (open histogram) with ex-
perimental data (points with error bars) for events in the
Υ(1S) (a,b), Υ(2S) (c,d), and Υ(3S) (e,f) signal regions. The
hatched histogram shows the background component.

available phase space is significantly smaller and contri-
butions from the f0(980) and f2(1270) channels are not
well constrained. Since the fit to the Υ(3S)π+π− signal
is insensitive to the presence of these two components,
we fix their amplitudes at zero. Due to the very limited
phase space available in the Υ(5S) → Υ(3S)π+π− decay,
there is a significant overlap between the two processes
Υ(5S) → Z+

b π
− and Υ(5S) → Z−

b π
+.

Results of the fits to Υ(5S) → Υ(nS)π+π− signal
events are shown in Fig. 2, where one-dimensional pro-
jections of the data and fits are compared. Numerical
results are summarized in Table I, where the relative nor-
malization is defined as aZ2/aZ1 and the relative phase
as δZ2 − δZ1 . The combined statistical significance of the
two peaks exceeds 10 σ for all tested models and for all
Υ(nS)π+π− channels.

The main source of systematic uncertainties in the
analysis of Υ(5S) → Υ(nS)π+π− channels is due to un-
certainties in the parameterization of the decay ampli-
tude. We fit the data with modifications of the nom-
inal model (described in Eq. 1). In particular, we vary
the M(π+π−) dependence of the non-resonant amplitude
Anr, include a D-wave component into Anr, include the
f0(600) state, etc. The variations in the extracted Zb

parameters determined from fits with modified models
are taken as estimates of the model uncertainties. Other
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FIG. 3: The (a) hb(1P ) and (b) hb(2P ) yields as a function
of Mmiss(π) (points with error bars) and results of the fit
(histogram).

major sources of systematic error include variation of the
reconstruction efficiency over the Dalitz plot and uncer-
tainty in the c.m. energy. Systematic effects associated
with uncertainties in the description of the combinato-
rial background are found to be negligible. The overall
systematic errors are quoted in Table I.

To study the resonant substructure of the Υ(5S) →
hb(mP )π+π− (m = 1, 2) decays we measure their yield
as a function of the hb(1P )π± invariant mass. The decays
are reconstructed inclusively using the missing mass of
the π+π− pair, Mmiss(π

+π−). We fit the Mmiss(π
+π−)

spectra in bins of hb(1P )π± invariant mass, defined as the
missing mass of the opposite sign pion, Mmiss(π

∓). We
combine the Mmiss(π

+π−) spectra for the corresponding
Mmiss(π

+) and Mmiss(π
−) bins and we use half of the

available Mmiss(π) range to avoid double counting.

Selection requirements and the Mmiss(π
+π−) fit pro-

cedure are described in detail in Ref. [3]. We consider all
well reconstructed and positively identified π+π− pairs
in the event. Continuum e+e− → qq̄ (q = u, d, s)
background is suppressed by a requirement on the ra-
tio of the second to zeroth Fox-Wolfram moments R2 <
0.3 [13]. The fit function is a sum of peaking compo-
nents due to dipion transitions and combinatorial back-
ground. The positions of all peaking components are
fixed to the values measured in Ref. [3]. In the case of
the hb(1P ) the peaking components include signals from
Υ(5S) → hb(1P ) and Υ(5S) → Υ(2S) transitions, and
a reflection from the Υ(3S) → Υ(1S) transition, where
the Υ(3S) is produced inclusively or via initial state ra-
diation. Since the Υ(3S) → Υ(1S) reflection is not well
constrained by the fits, we determine its normalization
relative to the Υ(5S) → Υ(2S) signal from the exclu-
sive µ+µ−π+π− data for every Mmiss(π) bin. In case of
the hb(2P ) we use a smaller Mmiss(π

+π−) range than
in Ref. [3], Mmiss(π

+π−) < 10.34 GeV/c2, to exclude
the region of the K0

S → π+π− reflection. The peak-
ing components include the Υ(5S) → hb(2P ) signal and
a Υ(2S) → Υ(1S) reflection. To constrain the normal-
ization of the Υ(2S) → Υ(1S) reflection we use exclu-
sive µ+µ−π+π− data normalized to the total yield of the
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The ATLAS Detector at the LHC

The ATLAS detector is a general purpose particle
physics detector designed to study physics at the
TeV scale:

ATLAS has a diverse physics programme including
Higgs Searches, SUSY + Exotics Searches, SM
Physics, Heavy Flavour Physics and more!

The LHC and ATLAS performed
very well throughout 2011:

ATLAS collected over 5 fb−1

of data during the 2011 LHC run
at
√
s = 7 TeV

Also, over 14 fb−1 collected to
date at

√
s = 8 TeV during 2012!
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Detector Components I

Inner Detector (ID) (|η| < 2.5)

I Silicon Pixels and Strips (SCT) with
Transition Radiation Tracker (TRT)

Liquid Argon EM Calorimeter (|η| < 3.2)

I Highly granular and longitudinally
segmented in 3-4 layers
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Detector Components II

Muon Spectrometer (MS) (|η| < 2.7)

I Toroid Magnet, 4 detector technologies, dedicated tracking and trigger chambers

I Barrel: MDT (Tracking) and RPC (Trigger)

I Endcaps: MDT + CSC (Tracking) and TGC (Trigger)
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Reconstructing radiative χb decays with ATLAS

Observation of a new χb state in radiative transitions to
Υ(1S) and Υ(2S) at ATLAS

Phys. Rev. Lett. 108, 152001 (2012) (arXiv:1112.5154 [hep-ex])

Radiative χb decays are studied with two simultaneous analyses which exploit
different reconstruction methods and detectors:

I Photons reconstructed using the EM calorimeter (denoted unconverted)

I γ → e+e− conversions reconstructed with the Inner Detector (denoted converted)

I Both share a common Υ→ µ+µ− selection

The two reconstruction methods have their own advantages and disadvantages.
In particular, the minimum pT (γ) threshold (2.5 GeV and 1.0 GeV respectively)
determines which radiative decays can be reconstructed:

I The unconverted photon analysis is capable of reconstructing χb → Υ(1S) γ
decays alone

I The converted photon analysis is capable of reconstructing both χb → Υ(1S) γ
and χb → Υ(2S) γ decays

A. Chisholm Studying the χb states with ATLAS 14 / 45



Data Sample and Trigger Selection

The analysis uses 4.4 fb−1 of pp collision data at
√
s = 7 TeV recorded throughout

the 2011 LHC run:

Trigger Strategy:

I Events containing radiative χb decays are triggered by the di-muon decay
Υ→ µ+µ− (the photons are too soft to trigger the event)

I The trigger records events which contain di-muon pairs or single high pT muons

I The majority of events are selected by dedicated Υ→ µ+µ− di-muon triggers
(blue shaded histograms)
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Common Υ Selection

Selection of Υ(1, 2S)→ µ+µ− candidates is common to both the unconverted and
converted photon analyses:

Muon Selection

I pT (µ±) > 4.0 GeV

I |η(µ±)| < 2.3

I Reconstructed from track in
ID combined with MS track

Υ→ µ+µ− Selection

I Oppositely charged di-muon
pair

I µ+µ− common vertex fit
χ2/ND.o.F < 20

I pT (µ+µ−) > 12 GeV

I Rapidity |y(µ+µ−)| < 2.0

I Both muons associated to
same primary pp interaction
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Υ→ µ+µ− invariant mass selection

I A - Υ(1S): 9.25 < m(µ+µ−) < 9.65 GeV

I B - Υ(2S): 9.80 < m(µ+µ−) < 10.10 GeV
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Unconverted Photon Analysis

An event containing a candidate χb → Υγ decay in which the photon is unconverted
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Unconverted Photon Selection

EM calorimeter energy deposits not matched to any track are considered as
unconverted photon candidates:

I ET (γ) > 2.5 GeV

I |η(γ)| < 2.37 (Barrel-Endcap transition region 1.37 < |η| < 1.52 excluded)

I “Loose”† photon ID selection: Including limits on hadronic leakage and
requirements on the EM shower shape (designed to reject backgrounds from
narrow jets and π0 decays)

Unconverted Photon Pointing Correction

I The polar angle of the photon 3-vector is corrected
to point back to µ+µ− vertex

I Loose cut of χ2/ND.o.F < 200 rejects photons not
compatible with having originated from the µ+µ−

vertex

χb → Υ(1S) γ Selection

I Reconstructed Υ(1S)→ µ+µ− candidates are associated with corrected
unconverted photons to form χb candidates

†
Described in detail in: Phys. Rev. D 83, 052005 (2011) (arXiv:1012.4389)
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Unconverted Photon Result I

The resulting m
(
µ+µ−γ

)
−m

(
µ+µ−

)
+ mPDG

Υ(1S) distribution exhibits three peaks:
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I Mass difference distribution
is analysed to minimise the
effects of experimental
Υ→ µ+µ− resolution

I The first two peaks (around
9.90 GeV and 10.25 GeV) are
compatible with the χb(1P)
and χb(2P) states

I The third peak (around
10.55 GeV) is compatible
with theoretical predictions
for the χb(3P) states

I Final selection of pT (µ+µ−) > 20 GeV chosen to maximise χb(1P) and χb(2P)
significance irrespective of effect on the third peak

I Statistical significance of third signal is greater than 6σ calculated from a
likelihood ratio approach (including systematic variations)
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Unconverted Photon Result II

An extended unbinned maximum likelihood fit is performed to the
m

(
µ+µ−γ

)
−m

(
µ+µ−

)
+ mPDG

Υ(1S) distribution to extract an estimate of the χb(3P)
mass barycentre:

Fit Model

I Signal: Single Gaussian for each χb(nP) peak, each with a free mean value and
width

I Background: Described by exp
(
A · (∆M) + B · (∆M)−2) where A and B are free

parameters

Assigned Systematic Uncertainties

I Unconverted photon energy scale
uncertainty (estimated at ±2% of the
∆M position)

I Modelling of the background
distribution (estimated from refitting
with various alternative models)

Fitted Mass (MeV)
χb(1P) 9910± 6 (stat.)± 11 (syst.)
χb(2P) 10246± 5 (stat.)± 18 (syst.)
χb(3P) 10541± 11 (stat.)± 30 (syst.)

The statistical significance of third signal
remains greater than 6σ with each
systematic variation
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Unconverted Photon Result III

Left: m
(
µ+µ−γ

)
−m

(
µ+µ−

)
+ mPDG

Υ(1S) distribution without a lower pT (µ+µ−) > 8
GeV cut.
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Right: Unconverted photon pT (γ)s distribution for Υ(1S)γ candidates.
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Converted Photon Analysis

An event containing a candidate χb → Υγ decay in which the photon has converted (γ → e+e−)
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Converted Photon Selection I

Reconstructing photons from e+e− conversions in the Inner Detector (ID) offers
improved resolution and access to softer photons:

I Reconstructed from ID
measurements alone
(no EM cluster matching)

I Minimum track momentum
pT (e±) > 500 MeV

I pT (γ) > 1 GeV

I |η(γ)| < 2.3

I Only two-track conversions
are retained

I 4 silicon detector hits
required for each electron
track
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I Candidate electron tracks must not already be selected as di-muon candidate
tracks

I Radius of conversion vertex R > 40 mm to reduce background contamination
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Converted Photon Selection II

The 3D impact parameter of the converted photon with respect to the di-muon
vertex, a0, is a powerful variable which can be used to select photons associated
with the di-muon vertex:
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I a0 < 2 mm is required to reject photon combinatorics not compatible with
having originated from the di-muon vertex

I The χ2 probability of the conversion vertex fit is required to be greater than 0.01
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Converted Photon Result I

Both the χb → Υ(1S) γ and χb → Υ(2S) γ distributions are shown together:
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I Statistical significance of the third signal (around 10.5 GeV) is greater than 6σ
calculated from a likelihood ratio approach (including systematic variations)

I Data points are not corrected for energy losses due to Bremsstrahlung (taken into
account in fit)
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Converted Photon Fit Description

Under the interpretation of the third signal as χb(3P), the experimental mass
barycentre is measured from a simultaneous unbinned extended maximum
likelihood fit to both the Υ(1S)γ and Υ(2S)γ mass distributions:

I The simultaneous fit allows a number of parameters to be shared across the two
samples to help constrain the model, with additional constraints applied from the
known masses (PDG)

Fit Model:

I As the J = 0 branching fraction is significantly smaller than for J = 1, 2 its
contribution can be neglected

I The χb(nP) state is therefore modelled by two Crystal Ball (CB) functions to
describe the low-mass Bremsstrahlung tail

I For n = 1, 2, the masses of the individual J=1,2 states are fixed to the known
PDG values, and for n=3 the hyperfine splitting is fixed to the theoretically
predicted value of 12 MeV

I The relative normalisations of the J=1 and J=2 components are fixed to be equal

I A free parameter λ, common to all the peaks, accounts for additional energy losses
and appears in the form ∆m · λ

I The background is modelled by (∆m − q0)α · exp {(∆m − q0) · β}

A. Chisholm Studying the χb states with ATLAS 26 / 45



Signal Fit Model
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I For demonstration, σ = 20 MeV (i.e. 1P J = 1, 2 splitting)

I No knowledge of σ · B for any of the states

I Relative normalisation of χb1 and χb2 components is fixed to be equal
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Converted Photon Result II

Assigned Systematic Uncertainties:

I Vary relative J = 1, 2 signal normalisation by ±0.25 (or left free in fit): ±5 MeV

I Alternative signal and background models: ±5 MeV

I Decoupled fits to the Υ(1S) and Υ(2S) distributions: ±5 MeV

I Individually releasing constraints to the PDG values for the χb(1P) and χb(2P)
masses: ±3 MeV

Fit Result:

I Energy scale factor λ = 0.961± 0.003

I Experimental mass barycentre for χb(3P) signal determined by fit to converted
photon candidates alone is:

m3 = 10.530± 0.005 (stat.)± 0.009 (syst.) GeV
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Demonstration of J = 1, 2 Normalisation Systematic
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Fit result is not very sensitive to J = 1, 2 normalisation as σ ∼ ∆M12

I Bye eye, difficult to notice any difference in the shape of the composite PDF!

I Reflected in small systematic shift in measured mass (±5 MeV)

A. Chisholm Studying the χb states with ATLAS 29 / 45



Relative Acceptance
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Summary

I The known χb(1, 2P) states are
observed in radiative decays to
Υ(1S) γ

I A new structure at a higher mass is
also observed in the Υ(1S) γ and
Υ(2S) γ spectra

I The interpretation of this as the
χb(3P) states is consistent with
theoretical predictions

I The mass of the structure is measured
with two separate analyses using
converted and unconverted photons
with compatible results

I The mass measurement with smaller
systematic uncertainties from the
converted photon analysis is chosen to
represent the final measurement
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Confirmation by DØ

Shortly after the publication of the ATLAS result, the DØ collaboration confirmed
the observation of a new structure in the Υ(1S)γ mass spectrum:

Observation of a narrow state decaying into Υ(1S) + γ
in pp̄ collisions at

√
s = 1.96 TeV

Phys. Rev. D 86, 031103(R) (2012) (arXiv:1203.6034 [hep-ex])
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m3 = 10.551± 0.014 (stat.)± 0.017 (syst.) GeV
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Confirmation by DØ

]2 [GeV/cµµm
8 8.5 9 9.5 10 10.5 11 11.5 12

2
E

v
e
n

ts
 /
 5

0
 M

e
V

/c

0

5

10

15

20

25

30

35

40

45

50
3

10×
Data
Total Fit
Bkg only

(1S)Υ

(2S)Υ

(3S)Υ

1DØ, 1.3 fb

x [cm]
−5 −4 −3 −2 −1 0 1 2 3 4 5

y
 [

c
m

]

−5

−4

−3

−2

−1

0

1

2

3

4

5
1DØ, 1.3 fb

]2 [GeV/cµµ  MγµµM
0 1 2 3 4 5

2
E

v
e
n

ts
 /
 5

0
 M

e
V

/c

0

5

10

15

20

25

30

35

40

45
Data

Mixed events

µSame sign 

1
DØ, 1.3 fb

A. Chisholm Studying the χb states with ATLAS 33 / 45



Confirmation by LHCb

LHCb later confirmed the observation at ICHEP2012 in a preliminary conference
note:

Observation of the χb(3P) state at LHCb in pp collisions
at
√
s = 7 TeV

LHCb-CONF-2012-020
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“Three peaks are clearly visible,
corresponding to the χb(1P), χb(2P), and
the new χb(3P) state recently observed

by the ATLAS experiment and confirmed
by DØ.”

m3 = 10.535± 0.010 (stat.) GeV
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Unofficial Combination!

Warning! This is my own† DIY “World Average”

(3P) Mass Barycenter [GeV]
b

χ
10.48 10.5 10.52 10.54 10.56 10.58 10.6 10.62 10.64 10.66

ATLAS  syst.) GeV⊕ 0.010 (stat. ±10.530 

D0  syst.) GeV⊕ 0.022 (stat. ±10.551 

LHCb  0.010 (stat.) GeV±10.535 

Average*  0.007 GeV±10.534 

 (1998) 1074Theory - Eur. Phys. J. C 

†Nothing to do with the PDG, ATLAS, DØ or LHCb!
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Some Renewed Theoretical Interest

Summary of theoretical work prompted by the observation of the χb(3P) candidate:

I Potential model results for the newly discovered χb(3P) states

I arXiv:1201.4096

I Production of χb mesons at LHC

I arXiv:1203.4893

I Comment on ”Observation of a New χb State in Radiative Transitions to
Υ(1S) and Υ(2S) at ATLAS”

I arXiv:1204.1984

I Developments in heavy quarkonium spectroscopy

I arXiv:1205.4189

I χb(3P) splitting predictions in potential models

I arXiv:1208.2186

Perhaps the most important implication:

I Another source of feed down into the inclusive Υ(nS) cross section

I The inclusive Υ(3S) cross section was previously thought to be free from
significant feed down, B(χb(3P)→ Υ(3S)γ) expected to be large
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Will we ever resolve hyperfine structure (in Υ(nS)γ) at the LHC?

You may need to squint!
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I Investigate with a crude model and purely qualitative analysis!

I Relative normalisation of J = 0, 1, 2 taken from PDG branching fractions (assume
equal production ratio and assume 2P values for 3P)

I Relative production of n = 1, 2, 3 taken from recent ATLAS Υ production paper

I No acceptance effects, resolution modelled by CB with various different Gaussian
widths σ
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Will we ever resolve hyperfine structure (in Υ(nS)γ) at the LHC?

It looks difficult! Need σ < 10 MeV at least!
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I Mass resolution of around 5 MeV very challenging at the LHC (for ATLAS at
least!)
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What next?

Important to look in other channels!

The (non-)observation of the new state in other decays could shed more
light on its nature and confirm / rule out the χb(3P) interpretation. Some
channels that might be possible at the LHC include:

I χb → Υ + ω

I χb → Υ + Φ

I χb → J/ψJ/ψ

I Other VV final states?

Cross section (1, 2P) and 3P σ · B(χb(3P)→ Υ(1S) γ) measurements

I Possible with 2012 dataset

Spin, Parity and Polarization measurements

I Likely to require more data, complex analyses...

I Polarization is accessible through an angular analysis of final state
di-muons in χb → Υ(nS)γ (arXiv:1103.4882)
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χb → Υ(1S)ω

CLEO has observed χb(2P)→ Υ(1S)ω decays (Phys. Rev. Lett. 92, 222002 (2004))

I Only χb1(2P) and χb2(2P) are above the Υ(1S)ω threshold

I B(χb(2P)→ Υ(1S)ω) = 1− 2% ! X
I ω momentum in χb rest frame only 135(94) MeV! 7
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Bottom Line - Low acceptance with ATLAS, huge backgrounds! Possible with
LHCb?
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χb → Υ(1S)φ(1020)

The new state at 10.53 GeV is above the Υ(1S)φ(1020) threshold...

I Not yet observed...

I B(χb(3P)→ Υ(1S)φ) not measured or calculated! (as far as I am aware) 7

I High acceptance with φ→ K+K− ( B(φ→ K+K−) is also large ∼ 50%) X

I Υ(1S) + 2 tracks with ATLAS’s limited PID might be messy! 7
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Bottom Line - B may be very low! LHCb (with good PID) more sensitive?
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χb → J/ψ J/ψ

χb → J/ψ J/ψ: a potentially a very clean signal at the LHC

I 4 Lepton (4µ more realistic at low pT ) very clean, low background X

I χb1 → J/ψ J/ψ is Landau-Yang forbidden, ∆m0,2 ≈ 53 MeV large enough to be
resolved? X

I B(χb0 → J/ψ J/ψ) ≈ 2× 10−4 (Phys. Rev. D72 (2005) 094018) 7

I B(J/ψ → µ+µ−)2 ≈ 3.6× 10−3 7

The inclusive cross section for χb0 at the LHC is estimated to be as much as
σ(pp → χb0 + X ) ≈ 1µb:

I Rough estimate of 700 events per fb−1 (before trigger, acceptance and
reconstruction)

I Strong potential for observation with > 20fb−1 from 2011 + 2012 (ATLAS /
CMS)
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χb → J/ψ J/ψ

Estimates suggest a large raw event yield, but how many χb are likely to be
reconstructed?

I Require pT (µ) > 6 GeV for triggered J/ψ and pT (µ) > 4 GeV for the other with
all muons required to be within |η(µ)| < 2.5
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I Acceptance and trigger thresholds allow only very boosted (pT > 20GeV ) χb to be
reconstructed

I This will significantly (factor of ∼ 100) reduce the yields on the previous slide!

Bottom Line - Likely to need 10s fb−1 data for an observation, possible in 2012?
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Conclusion

I The known χb(1, 2P) states are observed in radiative decays to
Υ(1S) γ at ATLAS

I A new structure at a higher mass is also observed in the Υ(1S) γ
and Υ(2S) γ spectra

I The interpretation of this as the χb(3P) states is consistent with
theoretical predictions

I Many more interesting opportunities at the LHC!

Thank you for listening!
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χc at the LHC
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