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Outline
• Introduction

- Detector
- Triggers
- Muons and Photons

• χc Reconstruction
• χb(3P) Discovery
• Bc Reconstruction
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ATLAS
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Recorded Data
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ATLAS Recorded 
   >   5 fb-1 of 7 TeV data in 2010 and 2011
   > 21 fb-1 of 8 TeV data in 2012

Available statistics for analysis also depends on 
selected triggers.
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Recorded Data
Steady increase in instantaneous luminosity
    = greater number of collisions per bunch crossing

      → slight degradation in tracking efficiency
      → higher combinatoric background
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• Seeded by high pT muon, pT > 4/6 GeV
• Additional muon pT > 2.5/4 GeV

• μμ Mass windows
- J/ψ 
- Υ
- b → di-muon

• Efficient and inclusive, moderate threshold
• No lifetime cuts or pre-scales in trigger

B physics Triggers
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2010
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Muons
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• Combined muons
- Reconstructed MS muon
- Combined with ID track
- Resolution optimised for 

high pT muons from MS

• Tagged Muon
- Good ID track 
- Tagged with segment in MS
- Good resolution and 

improved efficiency for 
lower pT muons

• Only ID used for b-physics

Muon system
(MS)

Inner detector
(ID)
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Photons
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• Unconverted photons from E-cal

E cal

ID
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Photons
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• Unconverted photons from E-cal
- Fit polar angle fitted using E-cal and μμ vertex

E cal

ID

μ μ
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Photons
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• Unconverted photons from E-cal
- Fit polar angle fitted using E-cal and μμ vertex

• Converted photons from ID tracks
- Vertex inside ID, combined γ close to μμ vertex

E cal

ID

μ μ
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Photons
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• Unconverted photons from E-cal
- Fit polar angle fitted using E-cal and μμ vertex

• Converted photons from ID tracks
- Vertex inside ID, combined γ close to μμ vertex

• For boosted state: small 3D opening angle Φ(μμ,γ)

E cal

ID

μ μ
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χC →J/ψ γ Signal
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• Combined or tagged muons

- pT(μ) > 2.5 GeV, |η| < 2.5,   2.9 < M(μ+μ-)/GeV< 3.25
• Unconverted photons

- ET > 2.5 GeV, |η| < 2.5
• pT(μμγ)>10 GeV,   |η(μμγ)|<2.4,    cos(Φ(μμ,γ)) > .99
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χC →J/ψ γ Signal
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• Combined or tagged muons

- pT(μ) > 2.5 GeV, |η| < 2.5,   2.9 < M(μ+μ-)/GeV< 3.25
• Unconverted photons

- ET > 2.5 GeV, |η| < 2.5
• pT(μμγ)>10 GeV,   |η(μμγ)|<2.4,    cos(Φ(μμ,γ)) > .99

ATLAS-CONF-2011-136
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χb Search
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• 4.4 fb-1 of 7 TeV data (2011)
- Search for χb in radiative decays to Υ(1S), Υ(2S)

- Υ(1,2S) → μμ

- Using converted and                            
unconverted photons

- χb(3P) predicted with
- m ≈ 10.52 GeV
- splitting ≈ 10 - 20 MeV

Υ(4S)

Υ(3S) χb(2P)

Υ(2S)

Υ(1S)

BB threshold

χb(1P)
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Υ Selection
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• Two track matched muons 
- Opposite charge
- pT > 4 GeV, |η| < 2.3

• Di-muon Vertex
- χ2/ Nd.o.f < 20

- pT > (12) 20 GeV 
(un)converted 

- |y| < 2.0
- Mass windows:
  9.25 < m(μμ)/GeV < 9.65
  9.80 < m(μμ)/GeV < 10.10



C. Buszello - QWG 2013

Converted Photons
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• Two ID tracks, opposite sign 
- pT > 500 MeV
- electron ID from TRT

• Vertex fit:
- opening angle constrained
- χ2 probability > 0.01
- 40 mm from beam axis
- IP(γ) < 2 mm
- |η(γ)| < 2.3
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Unconverted Photons
• “Loose” photon selection using E-cal

- low H-cal fraction
- Narrow shower shape
- |η| < 2.37 , crack at 1.37 < |η| < 1.52 excluded
- ET > 2.5 GeV
- Fit to E-cal clusters and μμ Vertex: χ2/Nd.o.f. < 200
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χb Selection
• For combined di-muon and photon candidates

- use mk = m(μμγ) - m(μμ) + mΥ(kS) for k=1,2
➡ Additional peak at ≈ 10.5 GeV

➡ using log(Lmax/L0):  Significance > 6σ in each channel
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χb Selection
• For combined di-muon and photon candidates

- use mk = m(μμγ) - m(μμ) + mΥ(kS) for k=1,2
➡ Additional peak at ≈ 10.5 GeV

➡ using log(Lmax/L0):  Significance > 6σ in each channel
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χb(3P) Mass 
• Unbinned extended likelihood fit 

- Signals: doublets of Crystal Ball Functions               
(alternatively Gaussians for unconverted photons)

• - J=1 and J=2 components set equal
• - suppressed state J=0 excluded 

- Background: exponential with turn-on     
•  NB ⋅ (Δm-q0)A ⋅ exp(B (Δm-q0))

- Masses of known χb states fixed:   λ⋅ m(χb(1P,2P))

22

Main systematics unconv.Main systematics unconv.
BG model ±21 MeV

mass scale λ ±2%→22MeV
χb1,2,3 mixture ±5 MeV

unconverted: m(χb(3P)) =
10.541 ± .011(stat.) ± .03(syst.) GeV 
converted: m(χb(3P)) =
10.530 ± .005(stat.) ± .009(syst.) GeV
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Masses
m/MeV predicted measured

χb(1P) 9900 9910 ±6 ±11

χb(2P) 10260 10246 ±5 
±18χb(3P) 10525 10541 

±11±30

Unconverted

Converted
m/MeV predicted measured

χb(1P) 9900 fixed

χb(2P) 10260 fixed

χb(3P) 10525 10530 ±5 ±9
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Spectrum
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Bc measurements
• Bc mass predicted in various models

- Measure ground and excited states to test them

• Using decay mode Bc± → J/ψ π±

• Using 4.3 fb-1 of 7 TeV data, triggered by
- di-muon pT(μ1) > 4/6 GeV, pT(μ2) > 4 GeV
- single muon pT(μ) > 6 GeV
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FIG. 1: The Bc mass spectrum.

TABLE III: E1 transition rates (continued).

Initial Final Mi Mf ω i → f 〈f |r|i〉 Cfi Width

state state (MeV) (MeV) (MeV) (GeV−1) (keV)

13F4 13D3 γ 7271 7045 222 13F4 → 13D3 3.156 3

7
81

1F ′

3 13D3 γ 7266 7045 218 13F3 → 13D3 3.159 1

21
3.7

1D′

2 γ 7036 226 11F3 → 11D2 3.104 3

7
78

1D2 γ 7041 222 13F3 → 13D2 3.091 8

21
0.5

1F3 13D3 γ 7276 7045 227 13F3 → 13D3 3.159 1

21
5.4

1D′

2 γ 7036 236 11F3 → 11D2 3.104 3

7
0.04

1D2 γ 7041 231 13F3 → 13D2 3.091 8

21
82

13F2 13D3 γ 7269 7045 221 13F2 → 13D3 3.160 1

525
0.4

1D′

2 γ 7041 224 13F2 → 13D2 3.095 1

15
6.3

1D2 γ 7036 229 13F2 → 13D2 3.095 1

15
6.5

13D1 γ 7028 237 13F2 → 13D1 3.026 9

25
75

where

µ =
ec

mc
−

eb̄

mb̄
, (16)

ec and eb̄ are the c-quark and b-antiquark charges in units
of |e| (ec = 2/3 and eb̄ = 1/3), and mc and mb are the
quark masses given above.

The M1 widths and overlap integrals are given in Ta-
ble V. They are compared to other calculations in Table
VI. Transitions in which the principle quantum number
changes are refered to as hindered transitions which are
not allowed in the non-relativistic limit due to the orthog-

onality of the wavefunctions. M1 transitions, especially
hindered transitions, are notorious for their sensitivity to
relativistic corrections [51]. In our calculations the wave-
function orthogonality is broken by including a smeared
hyperfine interaction directly in the Hamiltonian so that
the 3S1 and 1S0 states have slightly different wavefunc-
tions. Ebert et al. are more rigorous in how they include
relativistic corrections [12] but to improve the J/ψ → ηcγ
result they modify the confining potential by making it a
linear combination of Lorentz vector and Lorentz scalar
pieces.

BD threshold

From: S. Godfrey,
PRD 70, 054017 (2004) 
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J/ψπ Selection
• Two oppositely charged muons:

- pT(μ1) > 6 GeV, pT(μ2) > 4 GeV,  |η| < 2.5

• Good μμ Vertex: χ2/Nd.o.f < 15
• M(μμ) mass window: 180 MeV around m(J/ψ) 
• π± candidate

- 1 Pixel, 6 SCT hits
- pT(π±) > 4 GeV
- IPS: d0xy/σ(d0xy) > 5

• μμπ Vertex: 
- χ2/Nd.o.f < 15
- pT(μμπ) > 15 GeV

ATLAS-CONF-2012-028
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Bc Mass 
• Unbinned extended likelihood fit 

- Signal: Gaussian fit of 
• mass: miJ/ψπ - mBc
• width: S⋅δmiJ/ψπ 
• signal fraction

- Background: exponential 
- Signal events given for ±3 σ around central mass

• Starting point for excited Bc states
28

m(Bc) = 6282 ± 7 MeV
World avg.: 6277 ± 6 MeV
σ     = 36 ± 9 (stat.) GeV
Nsig = 82 ± 17



Summary

• >6 σ observation of χb(3P)
• m(χb(3P)) = 10.530 ± 0.005 (stat.) ± 0.009 (syst.) GeV

29

ATLAS allows for quality b-physics program
mainly through muon and di-muon triggers
in the central rapidity region

> 4 times more luminosity (i.e. J/ψ) in 2012 data. 

Converted and unconverted photons allow 
spectroscopy in charmonium and bottomonium

Large number of reconstructed Bc
  ⇒ search for excited Bc states possible.


