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CP Violation: What, Why, How?

• During the big-bang, matter and
antimatter were produced in equal
quantities

• Now we observe a matter
dominated universe - What
happened to the antimater?

• Theories of baryogenesis can
address this asymmetry, but
require several ingredients, one of
which is CP Violation (CPV)

CP
Fundamental symmetry in which
antiparticles behave exactly like
particles in a mirror
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CP Violation in the standard model

• Weak interactions are governed
by mixing matrices
(neutrino,quark) - which have
complex phases.

• CKM phases means quark and
antiquark coupling can be
different: CP Violation

• Degree of CPV in the Standard
Model is far too small to account
for observed matter-antimatter
asymetry.

• New physics models can
significantly enhance size of CP
violating phases.
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Search for anomalous CPV is a
sensitive probe of posible physics
beyond the SM
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Motivation

• The two flavor eigenstates, mix via
the weak interaction.∣∣BH

s
〉

= p
∣∣B0

s
〉
− q

∣∣B̄0
s
〉

∣∣BL
s
〉

= p
∣∣B0

s
〉

+ q
∣∣B̄0

s
〉

• The mass eigenstates of the B0
s

system have sizeable mass and
decay width difference ∆Ms and
∆Γs

• The two vector mesons can have
their spins transversely polarized
with respect to their momentum and
be either parallel

∣∣P||〉 or
perpendicular to each other |P⊥〉.
Alternatively, they can both be
longitudinally polarized |P0〉.
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CPV in Interference: B0
s → J/ψφ

Same final state available to B0
s and B

0
s

• Amplitudes interfere
• Final CPV phase is combination of mixing φs and decay φD phases:

φ
J/ψφ
s = −2arg

(
−VtsV ∗tb
VcsV ∗cb

)
= −2βs ≈ −0.04(SM)

Enhancements to the mixing phase will give same enhancement to φJ/ψφ
s
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Event distribution
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• Bs → J/ΨΦ admixture of
CP-even/odd states

• Linear polarization eigenstates
of the J/ψ and φ, provide a
convenient basis for the
analysis of the decay.

• Transversity basis
~ω = (ψ, θ, ϕ):

• CP-odd (l=1): A⊥
• CP-even (l=0,2): A0, A‖
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DØ Detector

• Excellent muon detection to |η| < 2.2, low
punch-through

• Fiber and Silicon Tracker in 2T Solenoid
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Fig. 1. The upgraded SMT detector consists of 6 Barrels, 12 ’F-disks’ and 2 ’H-disks’. Barrels are interspersed with ’F-disk’.
Additional ’F-disks’ and ’H-disks’ are placed at both ends of the detector.

’H-disk’ was removed from each end of the detector in 2006 to accommodate the Layer 0 readout channels.
There are two different types of readout chips used for the SMT: SVX-IIe [4] for the original SMT and SVX4
readout chips [5] for Layer 0. The SVX-IIe readout chips are mounted on so-called HDIs (High Density
Interconnects), made from Kapton flex circuits laminated to Beryllium substrates. The silicon sensors are
glued to them and are referred to as ’module’ [1]. There are 432 such modules for the barrel, 288 for the
’F-disks’ and 96 for the ’H-disks’, for a total of 5712 SVX-IIe chips installed. For L0 the HDIs are ceramic
hybrids made of Beryllium oxide. Including Layer 0 there are a total of 730k readout channels providing
the largest data flow of all DØ sub-detectors.

2. Long-term Operational Experience

The SMT has generally operated 24 hours per day 7 days a week since 2001, which required dedicated
shift personnel and experts. In general, the operation is very stable and the response and recovery from
problems is usually quick. Shift personnel are supported by on-call experts. Furthermore senior experts
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Fig. 2. The hardware and readout chain of the original SMT from the sensor-HDI
level to the movable counting house level (MCH) via horse shoe, cathedral and
platform level.

are available for support in various
aspects. Over time many tools have
been developed to monitor low and
high level information such as volt-
ages of power supplies or on-line
cluster charge and size histograms
as well as on-line track efficiencies.
The hardware and readout chain of
the SMT as sketched in Figure 2
is distributed over several physical
locations. These locations are not
entirely accessible on a daily ba-
sis: the ’Horse shoe’ and ’Cathedral’
area only during longer shutdowns
whereas the ’Platform’ area can be
accessed between stores with agree-
ment of Tevatron operations.
A failure in the hardware and read-
out chain needs to be understood and
then traced down to its physical lo-
cation with the monitoring informa-
tion at hand. In order to do that it
is very important to have monitoring
capabilities for low and high level information. This includes the monitoring of voltages and current draws
of the power supplies (PS) of the detector. For example a failure of a power supply at the ’Platform’ area typ-
ically causes lower efficiency for approximately a couple of hours until the failure is addressed. On average

• Single and dimuon
triggers
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Data Samples
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Event Selection
• We require two reconstructed

muons of opposite charge.
• Form J/Ψ candidates
• Form Φ candiates from opposite

charged tracks assuming the tracks
are kaons.

• Form Bs candidates from J/Ψ and
Φ candidates.

• Make cuts in the kinematic and the
mass windows:

• Pt (K±) > 0.4GeV
• 2.84 < M(µ+µ−) < 3.35GeV
• 0.98 < M(K +K−) < 1.04GeV
• 5.0 < M(µ+µ−K +K−) < 5.8GeV

• With this loose selection we found
approx. 5 million events.

• Remove IP biased triggers.

p p
_
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Background suppression

• BDT used to suppress background.
• Prompt pp → J/ΨX

Prompt BDT Output
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• b-inclusive pp → bb → J/ΨX

Inclusive BDT Output
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• Simple-Cut as in 2008 PRL, for
cross-check and systematic
uncertainties.
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Optimizing selection
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• Tight cuts implies better signal significance but fewer signal events
• Optimized selection cuts using toy Monte Carlo studies
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Probability Distribution Function

ε(~ω)×
(
Bs(λ; t , ~ω)

1− D
2

+ Bs(λ; t , ~ω)
1 + D

2

)
⊗ R(t)

where:
• ~ω = (ψ, θ, ϕ)− angles
• D− initial flavor tagging dilution
• ε(~ω)− acceptance
• R(t)−resolution.

Bs =
∣∣∣[√1− Fsg(µ)A + e−iδs

√
Fsh(µ)B

]
× n̂
∣∣∣2

• A(λ; t, ~ω)− P-Wave
• B(λ; t, ~ω)− S-Wave.

• λ = (τs,∆Γs, φ
J/Ψφ
s , |A0|2, |A⊥|2,Fs, δs, δ‖, δ⊥,∆ms)
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Real Measurables

• Two constraints:
• ∆ms ≡ 17.77± 0.12
• cos(δ⊥) < 0

Parameter Definition
|A0|2 P-wave amplitude squared
|A‖|2 P-wave amplitude squared
τ s (ps) B0

s mean lifetime
∆Γs (ps−1) Heavy-light decay width difference

FS K +K− S-wave fraction
φ

J/ψφ
s CP-violating phase
δ‖ arg(A‖/A0)
δ⊥ arg(A⊥/A0)
δs arg(As/A0)
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Acceptance, Resolution and Flavor Tagging
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• Data selection
criteria were applied
to flat MC

• 2D cos(θ), φ
acceptance
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• Event-by-Event
resolution width

• Distribution of proper
decay time
resolution

• MC - Dots
• Data - Crosses
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• Opposite Flavor
tagging using:

• Muon
• Electron
• Jet Charge
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Maximum Likelihood Fit

Proper Decay Time (ps)
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Maximum Likelihood Fit (Signal Enriched)
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Fit Results

Parameter BDT Sample Simple Cut Sample
τ s 1.426+0.035

−0.032 ps 1.444+0.041
−0.033 ps

∆Γs 0.129+0.076
−0.053 ps−1 0.179+0.059

−0.060 ps−1

φ
J/ΨΦ
s −0.49+0.48

−0.40 −0.56+0.36
−0.32

|A0|2 0.552+0.016
−0.017 0.565± 0.017

|A‖|2 0.219+0.020
−0.021 0.249+0.021

−0.022

δ‖ −3.15± 0.27 −3.15± 0.19
cos(δ⊥ − δs) −0.06± 0.24 −0.20+0.26

−0.027

FS(eff ) 0.146± 0.035 0.176± 0.036
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Independent determination of Fs

• The invariant mass distribution of B0
s candidates with ct > 0.02 cm in two

slices of M(K +K−)

• Gaussian Signal
• First order polynomial + B0 → J/ΨK ∗ reflection template from MC

background.
• Fs = 0.12± 0.03
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1.03 < M(K +K−) < 1.05
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Markov Chain technique

• Since φs is very correlated with ∆Γs we want to know how the likelihood
depends on these variables.

• We can’t simply make a grid in the parameters because we have many
parameters.

• We use the Metropolis-Hasting algorithm to obtain a random sample of
the likelihood.

• Finally we use this sample to obtain contours and combine systematics.
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Systematic Uncertainties

• Acceptance systematic from differences between BDT and Simple-cut
samples

• Variation in resolution parameters
• Random variations in the resolution parameters

• Different widths of Φ
• Different resolution for the Φ mass, important since s-wave is around 15%

• Variation OST calibration curve
• Markov Chain technique for contours and systematics
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B0
s → J/ΨΦ Result

P x
τ s 1.443+0.038

−0.035 ps

∆Γs 0.163+0.065
−0.064 ps−1

φ
J/ΨΦ
s −0.55+0.38

−0.36

|A0|2 0.558+0.017
−0.019

|A‖|2 0.231+0.024
−0.030

δ‖ −3.15± 0.22
(δ⊥-δs) −0.11+0.027

−0.025

FS(eff ) 0.173± 0.036

SM p-value = 29.8%

−1 0.12 ps± 17.77 ≡ sM∆

SM

68% CL

90% CL

95% CL
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Summary

• Measurement of B0
s mixing parameters, polarization amplitudes and

phases in the B0
s → J/ΨΦ analysis using 8fb−1 data sample.

• Inclusion of K +K− s-wave
• Multivariate selection and toy Monte Carlo optimization
• Bayesian confidence regions using Markov Chain
• Published 02/22/2012: Phys. Rev. D85, 032006.
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