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Outline
• Introduction
• Observation of an excited 𝑩±
𝒄 meson state with the ATLAS
Detector (PRL 113, 212004 (2014))
• Measurement of the differential cross-section of 𝑩± meson
production in pp collisions at 𝒔 = 𝟕 𝐓𝐞𝐕 at ATLAS (JHEP
1310 (2013) 042)
• Flavor tagged time dependent angular analysis of the
𝑩𝟎𝒔 → 𝑱/𝜓𝜑 decay and extraction of ∆Γ𝒔 and the weak
phase 𝜑𝒔 in ATLAS (Phys. Rev. D 90, 052007 (2014))
• Summary of Results
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Introduction
• Observation of an excited 𝑩±
𝒄 meson state with the
ATLAS Detector describes the discovery of a new
particle, with implications for QCD bound-state models
• Measurement of the differential cross-section of 𝑩±
meson production in pp collisions at 𝒔 = 𝟕 𝐓𝐞𝐕 at
ATLAS extends the measurement of the 𝐵± production
cross-section into the ~100 GeV range

• Flavor tagged time dependent angular analysis of the
𝑩𝟎𝒔 → 𝑱/𝜓𝜑 decay and extraction of ∆Γ𝒔 and the
weak phase 𝜑𝒔 in ATLAS seeks Beyond the Standard
Model physics
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These analyses use data from the
ATLAS detector at the LHC

B-Physics relies mostly on
information from the Inner
Detector and Muon
Detectors

Triggering is mostly based
on di-muon signatures
with muon pT thresholds
around 4 GeV
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±
𝑩𝒄

Observation of an Excited
Meson
State with the ATLAS Detector
Phys. Rev. Lett. 113, 212004 (2014)
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The

±
Bc

1S and

±
Bc

2S Mesons

• The Bc± 2S was sought using its decay to the ground state,
𝐵𝑐± 2𝑆 → 𝐵𝑐± 1𝑆 𝜋 + 𝜋 −
• Why are the Bc± mesons important?
– They have nonzero flavor; are produced strongly, but decay only
by the weak field
– The Bc± mesons are the heaviest state of two differently-flavored
quarks
– The properties of this meson family are predicted by nonrelativistic heavy quark theories, including non-relativistic
potential models, perturbative QCD, and lattice calculations
– Measurement of ground and excited states provides tests of these
predictions, and ultimately of the strong interaction potential
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Bc+ :

Bc− :

• Bc± 1S and Bc± 2S states includes pseudoscalar and vector
states; ATLAS is not designed to detect the soft radiation from
transition, so these can’t be separated

•

B±
c 1S
mPDG

= 6275.6 ± 1.1 MeV

±
B
m c 2S

•
was estimated to be 6835 - 6917 MeV
• Both ground and excited states
decay through semileptonic and
hadronic modes; the hadronic
mode 𝐵𝑐± → 𝐽/𝜓 𝜇+ 𝜇− 𝜋 ± is
used for analysis, because it is fully
reconstructable
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Data
• This measurement uses 7 and 8 TeV ATLAS data from the
2011 and 2012 runs of the LHC
• These correspond to an integrated luminosity of 4.9 (± 1.8%)
and 19.2 fb-1 (± 2.8%), respectively
• Signal: 𝐵𝑐± 2𝑆 → 𝐵𝑐± 1𝑆 𝜋 + 𝜋 −
𝐵𝑐± → 𝐽/𝜓 𝜋 ±
𝐽/𝜓 → 𝜇+ 𝜇−

• The Bc± 1S hadronic decay is clean, with no missing
energy, and the dimuon decay of the J/ψ (present in ~10% of
Bc± 1S decays) leaves a distinct signature
• This creates a very clear signal
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Data Analysis

• To cancel systematics (specifically, resolution effects)
common to the Bc± 1S and Bc± 2S states, peaks were sought
in the distribution of the variable
𝑄 = 𝑚 𝐵𝑐± 𝜋 + 𝜋 − − 𝑚 𝐵𝑐± − 2𝑚 𝜋 ±

• Hadronic decays of Bc± 2S : no
observable displacement from the Primary
Vertex (PV)
• Bc± 1S candidates combined with 𝜋 + 𝜋 −
candidates from the corresponding PV
• Q is formed and analyzed in 0-700 MeV
• The mean mass value of the signal
Bc± 1S mass plots,
contribution is not constrained within the
for 7 and 8 TeV
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theoretical range, to account for the “look elsewhere” effect

Results

• A new state was observed at 𝑄 = 288.3 ± 3.5𝑠𝑡𝑎𝑡 ± 4.1𝑠𝑦𝑠
MeV, corresponding to
𝒎

𝑩±
𝒄 𝟐𝑺

= 𝟔𝟖𝟒𝟐 ± 𝟒𝒔𝒕𝒂𝒕 ± 𝟓𝒔𝒚𝒔 MeV

• This is calculated as the errorweighted mean of the 7/8 TeV
mass values
• The significance of this measurement
is 3.7σ and 4.5σ for 7 and 8 TeV, which
gives a total significance of 5.2σ when
accounting for the
“look elsewhere” effect

Q distribution plots, for
7 and 8 TeV data 10

Measurement of the differential
+
cross-section of 𝑩 meson production
in pp collisions at 𝒔 = 𝟕 𝐓𝐞𝐕 at
ATLAS
JHEP 1310 (2013) 042
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±
B

Mesons

• Dependence of theoretical predictions for b production on
factorization/renormalization scales and the mass mb results in
theoretical uncertainties on the cross-section of up to 40%
• Measurements of b-hadron production cross-sections are of
theoretical interest at higher 𝑠 and for B mesons of higher pT
• It is therefore important to measure b-quark production crosssections
B+:
•

B± 1S
mPDG

B−:

= 5279.26 ± 0.17 MeV

• As with the Bc± , ~10% of decays include a J/ψ, the dimuon
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decay of which acts as the main trigger to detect it

The Production Cross-Section
• If a bunch of particles of type α passes through a bunch of
particles of type β, with an overlap area of “A”, and the
numbers of particles swept into the overlap area are equal to
“Nα ” and “Nβ ” (Nα , Nβ < 1.1 x 1011 at the LHC), then the
reaction rate “Nreact ” is given by:
Nα Nβ f n
Nreact = σ ∙
A
where “n” is the number of bunches, “f” is the bunch crossing
frequency, and “σ” is the cross-section
• This is a measure of the probability that a certain reaction
will occur in a given area, in units of picobarns
• Measurements of the production cross-section of the B ± have
been previously performed at the 𝑆𝑝𝑝𝑆 and Tevatron colliders,
which made a significant contribution to the understanding of
heavy-quark production in hadronic collisions
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Data
• This measurement uses ATLAS 2011 7 TeV data, with an
integrated luminosity of 2.4 fb-1 (± 1.8%)
• Signal: 𝐵+ → 𝐽/𝜓 𝜇+ 𝜇− 𝐾 +
• Two Monte Carlo samples are used in this analysis:
– The 𝐵 ± → 𝐽/𝜓 𝜇 + 𝜇− 𝐾 ± signal
– 𝑏𝑏 → 𝐽 𝜓 𝑋 → 𝜇+ 𝜇 − X, representing the backgrounds

• Three background contributions are considered:

– 𝐵± → 𝐽 𝜓 𝜋 ± , for where the kaon mass is wrongly assigned to the pion
(Crystal Ball function)
– 𝐵± 0 → 𝐽 𝜓 𝐾 ∗± 0 → 𝐽 𝜓 𝐾𝜋 ± 0 and 𝐵 ± 0 → 𝐽 𝜓 𝐾𝜋 ± 0 , where a
resonant decay structure appears, displaced from the B + mass by mπ, due
to the final state pion not being associated to a decay vertex
(complementary error function)
– Combinatorial background from random combinations of 𝐽 𝜓
(exponential function)

• The 𝐽 𝜓 → 𝜇+ 𝜇− decay forms a signal that can be cleanly
reconstructed by the ATLAS detector
14

Data Analysis

• The differential cross-section times branching ratio for B +
meson production in the LHC is:
d2 𝜎 𝑝𝑝 → 𝐵+ 𝑋
𝑁𝐵 +
∙ 𝐁𝐑 =
d𝑝𝑇 d𝑦
𝐿𝑖𝑛𝑡 ∆𝑝𝑇 ∙ ∆𝑦
And the total production cross-section of the B + can be
simplified to
𝑁𝐵 +
+
𝜎 𝐵 ∙ 𝐁𝐑 =
𝐵+
𝐿𝑖𝑛𝑡 𝜀𝑡𝑜𝑡
• The 𝑁𝐵+ is derived from the average yield of the
reconstructed charged states in a given interval, Lint is the
B+
integrated luminosity, and the total efficiency εtot is the
product of trigger, muon and kaon reconstruction, and
vertexing efficiencies
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Theoretical Predictions
• FONLL (Fixed Order plus Next-to-Leading Logarithms): a
combination of fixed next-to-leading order QCD with NLL in
the limit where pT >> mb
𝑁𝑃
𝑤𝑒𝑎𝑘
𝑑𝜎𝑙𝑭𝑶𝑵𝑳𝑳 = 𝑑𝜎𝑄𝑭𝑶𝑵𝑳𝑳 ⊗𝐷𝑄→𝐻
⊗𝑔
𝐻𝑄→𝑙
𝑄

Particle l, perturbative cross-section 𝑑𝜎𝑄𝑭𝑶𝑵𝑳𝑳 , non-perturbative
𝑁𝑃
𝑤𝑒𝑎𝑘
fragmentation function 𝐷𝑄→𝐻
,
and
a
decay
function
𝑔
𝐻𝑄→𝑙
𝑄
• MC@NLO (Monte Carlo at Next-to-Leading Order): aims at
a consistent matching between NLO QCD corrections and
parton showers
• POWHEG (POsitive Weight Hard Event Generator):
designed to overcome certain drawbacks in the MC@NLO
technique, especially the independence of processes from
16
standard shower MC programs it will be matched to

Results
• In the range 9 GeV < pT < 120 GeV and
|y| < 2.25, the cross-section was
measured to be
𝝈 𝒑𝒑 → 𝑩+ 𝑿

= 𝟏𝟎. 𝟔 ± 𝟎. 𝟑𝒔𝒕𝒂𝒕 ± 𝟎. 𝟕𝒔𝒚𝒔 ± 𝟎. 𝟐𝒍𝒖𝒎𝒊 ± 𝟎. 𝟒𝑩𝑹 𝛍𝐛

• This agrees with the FONLL prediction,
using the hadronization fraction
𝑓𝑏→𝐵+ = 40.1 ± 0.8 %,

𝐝𝝈 𝐝𝒑𝑻 distribution plot;
data in agreement with theory

𝝈 𝒑𝒑 → 𝒃𝑿 ∗ 𝒇𝒃→𝑩+ = 𝟖. 𝟔+𝟑.𝟎
−𝟏.𝟗 𝒔𝒄𝒂𝒍𝒆 ± 𝟎. 𝟔𝒎𝒃 𝛍𝐛

• The 𝐝𝝈 𝐝𝒑𝑻 is also in agreement with
POWHEG, MC@NLO, and FONLL
predictions in each rapidity and pT range

𝐝𝝈 𝐝𝒚 distribution plot;
data not in agreement with
17
theory

Flavor tagged time dependent
𝟎
angular analysis of the 𝑩𝒔 → 𝑱/𝜓𝜑
decay and extraction of ∆Γ𝒔 and the
weak phase 𝜑𝒔 in ATLAS
Phys. Rev. D 90, 052007 (2014) + new preliminary
result
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The

0
Bs

Meson

• New phenomena beyond the Standard Model may enhance
CP violation in B-meson decays

• The CP violation is thought to occur due to interference
between direct decays and decays with 𝑩𝟎𝒔 − 𝑩𝟎𝒔 mixing,
characterized by a mass difference Δms between mass
eigenstates BH and BL
• It is expected that the decay 𝐵𝑠0 → 𝐽/𝜓𝜑 will be sensitive to
this new physics
• The Bs0 is a combination of an s and a b quark, with a rest
mass of 5366.3 ± 0.6 MeV
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• Two major decay parameters are measured:
– The CP-violating phase φs, defined as the weak phase difference
between the 𝑩𝟎𝒔 − 𝑩𝟎𝒔 mixing amplitude and the 𝒃 → 𝑐 𝑐𝑠 decay
amplitude; multiple new physics models predict a large φs while
also satisfying all existing constraints, such as Δms
– The width difference ∆Γ𝑠 = Γ𝐿 − Γ𝐻 ; while BSM physics are not
expected to affect this as strongly as φs, extracting it is still a good
test of theoretical predictions

• Four other decay parameters are also sought:
– Γ𝑠 , the inverse of the Bs0 ’s mean lifetime
– The amplitudes for CP-even components of the decay, 𝐴0 0

and 𝐴|| 0

2

2

– The strong phase variable δ⊥
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CP Violations
• Lacking CP violation, the BH (heavy) state would be the CP
odd state, and BL (light) the CP even
• The decay of the (pseudoscalar) Bs0 state to (vector) J/ψ +
(vector) φ creates an admixture of CP odd and even states,
with L = 0, 2 (CP-even) and L = 1 (CP-odd)
• Flavor tagging is used to distinguish between the initial Bs0
and Bs0 states
• Time-dependent angular analysis of the final-state particles is
used to statistically separate the CP states
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Analysis
• Uses ATLAS 2011 7 TeV and 2012 8 TeV data, representing a
total of 4.9 fb-1 (± 1.8%) and 14.3 fb-1 (± 2.8%), respectively
• The signal is the decay 𝐵𝑠0 → 𝐽/𝜓 𝜇+ 𝜇− 𝜑 𝐾 + 𝐾 − , with
candidates being sought by fitting the tracks for each
combination of dimuon and dikaon to a common vertex
• Makes use of “opposite-side tagging”, a technique by which
the initial flavor of a neutral B-meson can be inferred using
the other B-meson typically produced from the other b-quark
in the event; 𝐵± → 𝐽/𝜓𝐾 ± is used for this purpose
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Results
• φs = −0.094 ± 0.083stat ± 0.033sys rad
• ∆𝛤𝑠 = 0.082 ± 0.011stat ± 0.007sys ps −1
• 𝛤𝑠 = 0.677 ± 0.003stat ± 0.003sys ps −1

• 𝐴|| 0
• 𝐴0 0

2
2

= 0.220 ± 0.008stat ± 0.009sys
= 0.529 ± 0.006stat ± 0.012sys

• δ⊥ = 3.89 ± 0.47stat ± 0.11sys rad

Likelihood contours in the ∆𝛤𝑠 − φs plain,
for 7 TeV (large circle) and 8 TeV (small circle)
23

1D likelihood scans for φs (left) and ∆𝛤𝑠 (right),
for 7 TeV (top) and preliminary 8 TeV (bottom)

• In agreement with Standard Model expectations
• Improved precision on previous ATLAS measurement (JHEP
24
12 (2012) 072)

Summary
• A new particle was discovered, the Bc± 2S , at a mass of
𝟔𝟖𝟒𝟐 ± 𝟒𝒔𝒕𝒂𝒕 ± 𝟓𝒔𝒚𝒔 MeV
• The production cross-section of the B ± was refined, it was
found that
𝝈 𝒑𝒑 → 𝑩+ 𝑿
= 𝟏𝟎. 𝟔 ± 𝟎. 𝟑𝒔𝒕𝒂𝒕 ± 𝟎. 𝟕𝒔𝒚𝒔 ± 𝟎. 𝟐𝒍𝒖𝒎𝒊 ± 𝟎. 𝟒𝑩𝑹 𝛍𝐛

• The 𝐵𝑠0 → 𝐽/𝜓𝜑 decay was probed for new physics, and the
data were found to be in agreement with the Standard Model
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