
Ulrich Kerzel
University of Cambridge

Flavour Physics
Starting a new era at LHC

Learned a few lessons from Tevatron ? 
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Overview

The name of the game
The players at CERN
The other team at FNAL

Bs mixing at CDF - precision measurements at a hadron machine
Early physics

Think Trigger !

Will not cover B-factories
Extremely successful  
Many significant contributions to Flavour Physics
Cannot access Bs system from Υ(4S) resonance 
(but remember Belle ‘engineering run’)
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Flavour Physics

Phases in some of the Vxy

➥ CP violation: matter treated differently from anti-matter
Popular parametrisation: Wolfenstein → ρ,η, λ, A

triangle in complex ρ,η plane
Precision tests of CP violation:

Over-constrain triangle
Ongoing effort !
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Weak Eigenstates are non-trivial 
superposition of flavour Eigenstates 
→ CKM matrix 

Overconstraining the Unitarity triangle 

Precise determination of parameters through B-decays study. 
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Flavour Physics
Current averages / summary from the UTFit collaboration
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ρ = 0.1454 ± 0.022
η = 0.342 ± 0.014
α = 92.0 ± 3.2 °
β = 22.0 ± 0.8 °
γ = 65.6 ± 3.3 °
….

(many more …
worth a summary 
talk on its own…)
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The Road ahead...
All measurements fit into the Standard Model / CKM picture

Over-constrained tests OK to theoretical uncertainties
CKM phase consistent with source of CP violation
➥ need further sources to explain cosmic abundance of 
matter

Searching for New Physics
Direct searches: Expect NP at TeV scale 
Indirect searches

Complement direct searches
Measure properties, flavour structure of NP
E.g.

Enhancing rare decay branching ratios
Precision measurements - theoretical expectations
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LHC at CERN
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Mainly Higgs, direct 
searches, QCD, ...

ATLAS & CMS

General purpose 
detector
“Hermetic” design 
➥ missing energy

Both ATLAS & CMS have 
flavour programme
➥more extensive at ATLAS
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Detector optimised towards Flavour Physics
➥ both b quarks produced in forward direction
Only look in a cone - no measurements with missing energy
High-precision vertex detector (inside beam-pipe) and RICH 
detectors for particle ID
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CMS / ATLAS
CMS:

Flavour physics not in centre of 
physics effort
➥ b tagging mainly part of Higgs
Bs → J/ψ ϕ 
(resolution: 51 MeV for J/ψ, 
65 MeV for B)
σ(J/ψ → μμ)  for“first physics”

5.1. Benchmark Channels: study of the decay Bs → J/ψφ 119
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Figure 5.1: Four-track invariant mass distribution after the HLT (left) and offline (right)
requirements. The right distribution includes only combinatorial background and the left
distribution the expected inclusive b→ J/ψX and B0 → J/ψ K∗0 background.

1 and the CP-even states to transitions in which L is either 0 or 2. The amplitude of the
decay can be decomposed in three independent decay amplitudes which correspond to the
linear polarisation states of the two mesons. The first, A0, describes states in which the linear
polarisation vectors are longitudinal and is CP-even. The other two describe states in which
the linear polarisation vectors are transverse, either parallel (A‖– CP-even) or perpendicular
(A⊥– CP-odd) to each other.

The differential decay rate can be written as:

d4Γ(Bs(t))
dΘ dt = f(Θ,α, t) =

6∑
i=1

Oi(α, t) · gi(Θ) , (5.1)

where Oi are the kinematics-independent observables and gi the angular distributions. The
set of physical parameters are represented by α and the angles which define the kinematics
are generically denoted Θ. The time evolution of the different observables is given by bilin-
ear combinations of the polarisation amplitudes, |A0(t)|2, |A‖(t)|2, |A⊥(t)|2, "(A∗

‖(t)A⊥(t)),
#(A∗

0(t)A‖(t)) and "(A∗
0(t)A⊥(t)). These are functions of the widths of the two light and

heavy eigenstates, ΓL and ΓH , the weak phase φCKM , the magnitudes of the amplitudes at
t = 0 (A0(0), A‖(0) and A⊥(0)) which describe all hadronisation effects, and, for a flavour-
tagged sample, the mass difference ∆ms = mH − mL. Since the overall phase of the po-
larisation states is not observable, two strong phases are defined as δ1 ≡ arg |A∗

‖A⊥| and
δ2 ≡ arg |A∗

0A⊥|. These are CP conserving, and are expected to be 0 (mod π) in the absence
of final-state interactions. Assuming SU(3) flavour-symmetry, the magnitudes and the two
strong phases are equal for the decays B0

s → J/ψ φ and B0 → J/ψ K∗0 in unmixed samples.
The measurement of these parameters is of interest to study and improve the phenomeno-
logical models used to calculate all hadronic effects.

In such decays, the kinematics are uniquely defined by a set of three angles. The transversity
base is used in this analysis, in which the set of variables is Θ = (cos θ, φ, cos ϕ). In this base,
(θ, ϕ) are the polar and azimuthal angles of the momentum of the µ+ in the J/ψ rest frame.
This coordinate system is defined such that the φ moves in the positive x direction and the z

HLT Offline

ATLAS:
Much more extensive flavour programme
B mass resolution ~40MeV
Centered on b → J/ψ X

Bs oscillation, sin(2β), ΔΓ/Γ
(including Bs → Dsπ, Dsa1)
cross sections, e.g. B± → J/ψ K±

Rare decays, e.g. Bs → μμ
Spin properties, e.g. Λb → J/ψΛ
Quarkonia, e.g. χb → J/ψ J/ψ
σ(J/ψ, ϒ → μμ) for “first physics” 
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Figure 16: The cumulative plot of the invariant mass of di-muons from various sources, recon-
structed with a µ6µ4 trigger, with the requirement that both muons are identified as coming from
the primary vertex and with a pseudo-proper time cut of 0.2 ps. The dotted line shows the cumu-
lative distribution without vertex and pseudo-proper time cuts.

used to select prompt J/! events. The expected background here, although much larger than in di-
muon case, is well under control. For ! however, the single muon sample is only likely to be useful at
significantly higher statistics and higher transverse momenta.

3.5 Summary of cuts and efficiencies

Table 4 summarises the efficiencies of all the selection and background suppression cuts described above,
for both the di-muon and single muon trigger samples. Not all cuts are applicable to all samples; those
which are not are labelled accordingly. Numbers in italics are estimates in cases where no adequate
fully simulated sample was available. The efficiencies for µ6µ4 samples are calculated relative to the
Monte Carlo sample with generator-level cuts on the two highest muon transverse momenta of 6 and 4
GeV. For the µ10 samples, the generator-level cut of 10 GeV was applied to the pT of the highest-pT
muon. Expected yields NS of quarkonia for 10 pb−1 are given at the bottom of the table, along with
background yields NB within the invariant mass window of ±300 MeV for J/! and ±1 GeV for ! , and
the signal-to-background ratios at respective J/! and ! peaks for each sample.
For higher, excited quarkonium states with vector quantum numbers the efficiencies are expected to

be similar, but not necessarily identical. The biggest differences are expected for ! ′, where the produc-
tion mechanisms as well as decay kinematics are significantly different.

4 Polarisation and cross-section measurement

The Colour Octet Model predicts that prompt quarkonia produced in pp collisions are transversely po-
larised, with the degree of polarisation increasing as a function of the transverse momentum. Other
production models predict different pT dependencies of the polarisation and so this quantity serves as an
important measurement for discrimination of these models (see Figure 1(b)).
Quarkonium polarisation can be assessed by measuring the angular distribution of the muons pro-

duced in the decay. The relevant decay angle " ∗ is defined in Figure 7. The spin alignment of the parent
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LHCb physics

Dedicated B physics experiment
Covering all aspects of Charm and Bottom physics

Cross-section, rare decays, lifetimes, spectroscopy, ...
Higher cross-section than FNAL, better detector, trigger
➥ more B (D) per fb-1 

Channel 1 fb-1 at LHCb =
 … fb-1 at Tevatron

D0 → Kπ 20 50M / 2fb-1 at LHCb
0.5M / 0.35fb-1 at CDF

B→ hh 30 200k / 2fb-1 at LHCb
6.5k / 1fb-1 at CDF

B+ → J/ψ K+ 60 1.7M / 2fb-1 at LHCb
3.4k / 0.25fb-1 at CDF

Bs → Ds π 10 120k / 2fb-1 at LHCb
5.6k / 1fb-1 at CDF
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LHCb - Key Analyses
? !

? !

MSSM !

Integrated luminosity (fb–1) 
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Bs → μμ
 Very rare decay
 Strongly enhanced in some

   SUSY models

 s = (mµµ)
2  [GeV2] 

AFB(s), theory  !

µ+!

µ–! "!!

#0! $!
AFB in B0 → K* μμ

 Suppressed loop decay
 AFB(s) in μμ rest-frame probe of NP

 Shape of distribution
 Zero crossing

 Determine ratio of Wilson coefficients
  C7/C9 with 13% stat. uncertainty
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LHCb - Key Analyses
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FIG. 1: The allowed range for hs, σs using the data before (left) and after (right) the recent ∆ms and ∆Γs measurements. For
∆ms only the CDF result was used. The dark, medium, and light shaded areas have CL > 0.90, 0.32, and 0.05, respectively.

Thus we are interested in finding the allowed ranges of
hi, for σi not near 0 mod π/2. The present constraints
are roughly

hd
<
∼ 0.3 , hs

<
∼ 2 , hK

<
∼ 0.6 . (6)

Let us now discuss some implications of the above re-
sults. Equation (6) shows that at present none of the
bounds on the NP parameters have reached the 0.1 level,
so NMFV survives the current tests. It is then interest-
ing to ask which future measurements will be most im-
portant to verify or disfavor the NMFV framework. The
constraints on hd,K , even though they underwent signif-
icant improvements in the last few years due to new SM
tree-level measurements [11], are now limited by the sta-
tistical errors in the measurements of γ (and effectively
α) and the hadronic parameters in the determination of
|Vub| from semileptonic decays and |Vtd| from ∆md. The
improvements in these constraints will be incremental,
as they depend on the integrated luminosities at the B
factories and on progress in lattice QCD. The constraint
from εK on the K system is also dominated by hadronic
uncertainties. At present, the bound on hs is weaker than
that on hd, since only one measurement, ∆ms, constrains
it, and the hadronic uncertainties are comparable.

However the Bs system is exceptional because a mea-
surement of Sψφ (or a strong bound on it) would pro-
vide a very sensitive test of NMFV, which is neither ob-
scured by hadronic uncertainties nor by uncertainties in
the CKM parameters. In the SM Sψφ is suppressed by λ2

(the SM CKM fit gives sin 2βs = 0.038± 0.003), whereas
Eq. (4) implies

Sψφ = −
hs sin(2σs)

|1 + hse2iσs |
+ sin(2βs)

1 + hs cos(2σs)

|1 + hse2iσs |
, (7)

where we set cos 2βs to unity. Thus when the sensitiv-
ity of the measurement of Sψφ reaches the SM level, it
will provide us with a strong test of NMFV. The pre-
cision that will be achieved in forthcoming experiments
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FIG. 2: The allowed range for hs, σs using the 1 year LHCb
projection, assuming the SM prediction as the central value.

depends on the value of ∆ms, but since we now know
∆ms, we can use the LHC projections for the SM case.
LHCb expects to reach σ(Sψφ) ≈ 0.03 with the first year
(2 fb−1) data [12] (in several years the uncertainty may
be reduced to 0.01). Figure 2 shows the resulting con-
straint on hs, σs, assuming an experimental measurement
Sψφ = 0.04 ± 0.03. This plot demonstrates that already
with one year of data the bound on hs will be better
than 0.1, which will severely constrain the NMFV class
of models. Even initial data on Sψφ at the Tevatron may
constrain new physics in Bs mixing comparable to similar
bounds on hd, σd in the Bd sector.

Another sensitive probe of this class of models is the
CP asymmetry in semileptonic Bs decays, As

SL. In the
SM it is unobservably small, because the short distance
contributions are much larger than the long distance
part, |Γs

12/M
s
12| ∝ m2

b/m2
t , and the two contributions

are highly aligned, arg(Γs
12/M

s
12) ∝ (m2

c/m2
b) sin 2βs [7].

Given the new ∆ms result, we know that even in the
presence of NP the first suppression factor can only be
moderately affected, while the second one can be signif-
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depends on the value of ∆ms, but since we now know
∆ms, we can use the LHC projections for the SM case.
LHCb expects to reach σ(Sψφ) ≈ 0.03 with the first year
(2 fb−1) data [12] (in several years the uncertainty may
be reduced to 0.01). Figure 2 shows the resulting con-
straint on hs, σs, assuming an experimental measurement
Sψφ = 0.04 ± 0.03. This plot demonstrates that already
with one year of data the bound on hs will be better
than 0.1, which will severely constrain the NMFV class
of models. Even initial data on Sψφ at the Tevatron may
constrain new physics in Bs mixing comparable to similar
bounds on hd, σd in the Bd sector.
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|Vub| from semileptonic decays and |Vtd| from ∆md. The
improvements in these constraints will be incremental,
as they depend on the integrated luminosities at the B
factories and on progress in lattice QCD. The constraint
from εK on the K system is also dominated by hadronic
uncertainties. At present, the bound on hs is weaker than
that on hd, since only one measurement, ∆ms, constrains
it, and the hadronic uncertainties are comparable.

However the Bs system is exceptional because a mea-
surement of Sψφ (or a strong bound on it) would pro-
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depends on the value of ∆ms, but since we now know
∆ms, we can use the LHC projections for the SM case.
LHCb expects to reach σ(Sψφ) ≈ 0.03 with the first year
(2 fb−1) data [12] (in several years the uncertainty may
be reduced to 0.01). Figure 2 shows the resulting con-
straint on hs, σs, assuming an experimental measurement
Sψφ = 0.04 ± 0.03. This plot demonstrates that already
with one year of data the bound on hs will be better
than 0.1, which will severely constrain the NMFV class
of models. Even initial data on Sψφ at the Tevatron may
constrain new physics in Bs mixing comparable to similar
bounds on hd, σd in the Bd sector.

Another sensitive probe of this class of models is the
CP asymmetry in semileptonic Bs decays, As

SL. In the
SM it is unobservably small, because the short distance
contributions are much larger than the long distance
part, |Γs

12/M
s
12| ∝ m2

b/m2
t , and the two contributions

are highly aligned, arg(Γs
12/M

s
12) ∝ (m2

c/m2
b) sin 2βs [7].

Given the new ∆ms result, we know that even in the
presence of NP the first suppression factor can only be
moderately affected, while the second one can be signif-

3

w/o FNAL Δms, ΔΓs w/ FNAL Δms, ΔΓs +nominal year LHCb

? !

Bs mixing phase ϕs very small in SM 
➥ potentially large contributions from NP
Analyses: Bs → J/ψϕ, J/ψη, DsDs || cτ(B) → ΔΓ ...

Tree Level:
Bs → DsK" " " "
Bd → D(*)π
B±, Bd →D(*)K(*), with D0 decaying to:
" " 2 bodies: πK, KK, ππ""
" " 3 bodies: KS ππ, KS KK, KS Kπ"
" " 4 bodies: Kπππ, KKππ

Penguin Level:
Bs → KK, Bd → ππ 
➥ PID paramount

U spin approach

CKM angle γ
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LHCb - Key Analyses
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Let us now discuss some implications of the above re-
sults. Equation (6) shows that at present none of the
bounds on the NP parameters have reached the 0.1 level,
so NMFV survives the current tests. It is then interest-
ing to ask which future measurements will be most im-
portant to verify or disfavor the NMFV framework. The
constraints on hd,K , even though they underwent signif-
icant improvements in the last few years due to new SM
tree-level measurements [11], are now limited by the sta-
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|Vub| from semileptonic decays and |Vtd| from ∆md. The
improvements in these constraints will be incremental,
as they depend on the integrated luminosities at the B
factories and on progress in lattice QCD. The constraint
from εK on the K system is also dominated by hadronic
uncertainties. At present, the bound on hs is weaker than
that on hd, since only one measurement, ∆ms, constrains
it, and the hadronic uncertainties are comparable.

However the Bs system is exceptional because a mea-
surement of Sψφ (or a strong bound on it) would pro-
vide a very sensitive test of NMFV, which is neither ob-
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depends on the value of ∆ms, but since we now know
∆ms, we can use the LHC projections for the SM case.
LHCb expects to reach σ(Sψφ) ≈ 0.03 with the first year
(2 fb−1) data [12] (in several years the uncertainty may
be reduced to 0.01). Figure 2 shows the resulting con-
straint on hs, σs, assuming an experimental measurement
Sψφ = 0.04 ± 0.03. This plot demonstrates that already
with one year of data the bound on hs will be better
than 0.1, which will severely constrain the NMFV class
of models. Even initial data on Sψφ at the Tevatron may
constrain new physics in Bs mixing comparable to similar
bounds on hd, σd in the Bd sector.

Another sensitive probe of this class of models is the
CP asymmetry in semileptonic Bs decays, As

SL. In the
SM it is unobservably small, because the short distance
contributions are much larger than the long distance
part, |Γs
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12| ∝ m2

b/m2
t , and the two contributions

are highly aligned, arg(Γs
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b) sin 2βs [7].

Given the new ∆ms result, we know that even in the
presence of NP the first suppression factor can only be
moderately affected, while the second one can be signif-
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Thus we are interested in finding the allowed ranges of
hi, for σi not near 0 mod π/2. The present constraints
are roughly

hd
<
∼ 0.3 , hs

<
∼ 2 , hK

<
∼ 0.6 . (6)

Let us now discuss some implications of the above re-
sults. Equation (6) shows that at present none of the
bounds on the NP parameters have reached the 0.1 level,
so NMFV survives the current tests. It is then interest-
ing to ask which future measurements will be most im-
portant to verify or disfavor the NMFV framework. The
constraints on hd,K , even though they underwent signif-
icant improvements in the last few years due to new SM
tree-level measurements [11], are now limited by the sta-
tistical errors in the measurements of γ (and effectively
α) and the hadronic parameters in the determination of
|Vub| from semileptonic decays and |Vtd| from ∆md. The
improvements in these constraints will be incremental,
as they depend on the integrated luminosities at the B
factories and on progress in lattice QCD. The constraint
from εK on the K system is also dominated by hadronic
uncertainties. At present, the bound on hs is weaker than
that on hd, since only one measurement, ∆ms, constrains
it, and the hadronic uncertainties are comparable.

However the Bs system is exceptional because a mea-
surement of Sψφ (or a strong bound on it) would pro-
vide a very sensitive test of NMFV, which is neither ob-
scured by hadronic uncertainties nor by uncertainties in
the CKM parameters. In the SM Sψφ is suppressed by λ2

(the SM CKM fit gives sin 2βs = 0.038± 0.003), whereas
Eq. (4) implies

Sψφ = −
hs sin(2σs)

|1 + hse2iσs |
+ sin(2βs)

1 + hs cos(2σs)

|1 + hse2iσs |
, (7)

where we set cos 2βs to unity. Thus when the sensitiv-
ity of the measurement of Sψφ reaches the SM level, it
will provide us with a strong test of NMFV. The pre-
cision that will be achieved in forthcoming experiments

sh
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

s
!

0

20

40

60

80

100

120

140

160

180

FIG. 2: The allowed range for hs, σs using the 1 year LHCb
projection, assuming the SM prediction as the central value.

depends on the value of ∆ms, but since we now know
∆ms, we can use the LHC projections for the SM case.
LHCb expects to reach σ(Sψφ) ≈ 0.03 with the first year
(2 fb−1) data [12] (in several years the uncertainty may
be reduced to 0.01). Figure 2 shows the resulting con-
straint on hs, σs, assuming an experimental measurement
Sψφ = 0.04 ± 0.03. This plot demonstrates that already
with one year of data the bound on hs will be better
than 0.1, which will severely constrain the NMFV class
of models. Even initial data on Sψφ at the Tevatron may
constrain new physics in Bs mixing comparable to similar
bounds on hd, σd in the Bd sector.

Another sensitive probe of this class of models is the
CP asymmetry in semileptonic Bs decays, As

SL. In the
SM it is unobservably small, because the short distance
contributions are much larger than the long distance
part, |Γs

12/M
s
12| ∝ m2

b/m2
t , and the two contributions

are highly aligned, arg(Γs
12/M

s
12) ∝ (m2

c/m2
b) sin 2βs [7].

Given the new ∆ms result, we know that even in the
presence of NP the first suppression factor can only be
moderately affected, while the second one can be signif-

3

sh

0 0.5 1 1.5 2 2.5 3 3.5

s
!

0

20

40

60

80

100

120

140

160

180

sh

0 0.5 1 1.5 2 2.5 3 3.5

s
!

0

20

40

60

80

100

120

140

160

180

FIG. 1: The allowed range for hs, σs using the data before (left) and after (right) the recent ∆ms and ∆Γs measurements. For
∆ms only the CDF result was used. The dark, medium, and light shaded areas have CL > 0.90, 0.32, and 0.05, respectively.

Thus we are interested in finding the allowed ranges of
hi, for σi not near 0 mod π/2. The present constraints
are roughly

hd
<
∼ 0.3 , hs

<
∼ 2 , hK

<
∼ 0.6 . (6)

Let us now discuss some implications of the above re-
sults. Equation (6) shows that at present none of the
bounds on the NP parameters have reached the 0.1 level,
so NMFV survives the current tests. It is then interest-
ing to ask which future measurements will be most im-
portant to verify or disfavor the NMFV framework. The
constraints on hd,K , even though they underwent signif-
icant improvements in the last few years due to new SM
tree-level measurements [11], are now limited by the sta-
tistical errors in the measurements of γ (and effectively
α) and the hadronic parameters in the determination of
|Vub| from semileptonic decays and |Vtd| from ∆md. The
improvements in these constraints will be incremental,
as they depend on the integrated luminosities at the B
factories and on progress in lattice QCD. The constraint
from εK on the K system is also dominated by hadronic
uncertainties. At present, the bound on hs is weaker than
that on hd, since only one measurement, ∆ms, constrains
it, and the hadronic uncertainties are comparable.

However the Bs system is exceptional because a mea-
surement of Sψφ (or a strong bound on it) would pro-
vide a very sensitive test of NMFV, which is neither ob-
scured by hadronic uncertainties nor by uncertainties in
the CKM parameters. In the SM Sψφ is suppressed by λ2

(the SM CKM fit gives sin 2βs = 0.038± 0.003), whereas
Eq. (4) implies

Sψφ = −
hs sin(2σs)

|1 + hse2iσs |
+ sin(2βs)

1 + hs cos(2σs)

|1 + hse2iσs |
, (7)

where we set cos 2βs to unity. Thus when the sensitiv-
ity of the measurement of Sψφ reaches the SM level, it
will provide us with a strong test of NMFV. The pre-
cision that will be achieved in forthcoming experiments

sh
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

s
!

0

20

40

60

80

100

120

140

160

180

FIG. 2: The allowed range for hs, σs using the 1 year LHCb
projection, assuming the SM prediction as the central value.

depends on the value of ∆ms, but since we now know
∆ms, we can use the LHC projections for the SM case.
LHCb expects to reach σ(Sψφ) ≈ 0.03 with the first year
(2 fb−1) data [12] (in several years the uncertainty may
be reduced to 0.01). Figure 2 shows the resulting con-
straint on hs, σs, assuming an experimental measurement
Sψφ = 0.04 ± 0.03. This plot demonstrates that already
with one year of data the bound on hs will be better
than 0.1, which will severely constrain the NMFV class
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bounds on hd, σd in the Bd sector.
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w/o FNAL Δms, ΔΓs w/ FNAL Δms, ΔΓs +nominal year LHCb

? !

Bs mixing phase ϕs very small in SM 
➥ potentially large contributions from NP
Analyses: Bs → J/ψϕ, J/ψη, DsDs || cτ(B) → ΔΓ ...

Tree Level:
Bs → DsK" " " "
Bd → D(*)π
B±, Bd →D(*)K(*), with D0 decaying to:
" " 2 bodies: πK, KK, ππ""
" " 3 bodies: KS ππ, KS KK, KS Kπ"
" " 4 bodies: Kπππ, KKππ

Penguin Level:
Bs → KK, Bd → ππ 
➥ PID paramount

U spin approach

CKM angle γ
Wake-up call from NP ?
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Calorimeter

Shielding
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Muon Chambers
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Typical Events at FNAL

D0: Ωb
PRL 101,232002 (2008)

CDF: Bs oscillations
PRL 97, 062003 (2006)

B physics “soft”
➥ no nice jets
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http://link.aps.org/abstract/PRL/v101/e232002
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http://www-cdf.fnal.gov/physics/new/bottom/060406.blessed-Bsmix/


Typical Events at LHC

ATLAS: Higgs LHCb: Bs → J/ψ ϕ
Much busier events (again)
Pile-up, multiple events, …. 
Again requires (steep) learning curve: 
➥ LEP → FNAL → LHC
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Precision measurements
Tevatron can perform precision 
flavour measurements !
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Bs mixing at FNAL
One of the key analyses at FNAL
Many FTE and PhD theses to make this measurement possible
Experimentally very challenging

Bs oscillations much 
faster than Bd

➥ large statistics
➥ high resolution

18



Bs mixing at FNAL
“same side”: 

(semi) exclusively reconstructed Bs
 

“opposite side” 

2) proper time  

 measurement 

e, µ!

opposite 

side kaon 

3) production flavour from 

 opposite side tag and 

 same-side Kaon tagger 

1) decay flavour from 

 decay products 
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Bs mixing at FNAL
Tagger:

Same Side Tagger (SST)
Jet Charge
Soft lepton ID

Flavour from semi-lep. B decay
Diluted by oscillation and cascade

Calibrated on data 

Opposite Side Tagger (OST)
K± leading fragmentation partner
Very powerful tagger
Checked using Bs → Ds π data
Calibration / Performance via MC
➥ many FTE data/MC agreement
➥ extensive checks to verify MC

Qjet =
∑

i wiQi∑
i wi

20



Bs mixing at FNAL
“Pushing” on all fronts…

Neural Networks:
Identify tracks from B decays
Identify B jets
Identify leptons from B
Jet Charge Tagger
B candidate selection

→ significant improvements w.r.t. “conventional” approaches
Requires detailed understanding of simulation, including correlations
Rigorous tuning …
… and still not good enough for all tasks
➥ signal events modeled reasonably well
➥ have to take background from data
Many iterations until cut-based, etc. analyses could be replaced

➩ Has to be done all over again at LHC !
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Data vs MC: CDF Example

Check not only each variable - but also all correlations!
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Early Physics
… but it’s been a 
long way to go…

Indeed not too 
much B-physics - 
but Charm!
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Understanding the Detector
J/! to calibrate mass 
and momentum scale

6

• Detector model was 
missing some mass -  
presumably cables. 

• Therefore, default track 
reconstruction assumed 
too little energy loss.

• Added “phantom layer” of 
material to detector 
description in order to 
account for energy loss.

• And the B field needed 
correcting, too.
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Use known resonances to calibrate 
detector
➥ missing material
➥ introduce several “phantom layers”

Note absence of
fitted mass value !

resolution 
improved 
quickly
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Trigger

Hadronic environment very 
challenging for Flavour 
Physics.
Interesting signal “buried” 
under large hadronic 
background.
Triggers are essential
Much more challenging than

B-factories “event shape”
LEP(1): Z0 event 

(at Tevatron)
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Trigger
Trigger approaches:

First level:
Di-muon (J/ψ): “easy” trigger, clean signal
Single lepton  : Semi-leptonic B decays

Combine with displaced track (CDF)
Hadronic B    : ~80% of B decays

Require several displaced tracks at trigger level
Needs precision tracking at trigger level
Biases lifetimes, etc.
Challenging for first physics…

PID based at LHCb ?
High Level Trigger (HLT)

Fully reconstructed decays
Need to adapt to changing luminosity - maximise recorded data

Set of fixed pre-scales
Dynamic pre-scaling
“Uber-prescaling”
Need to keep track of recorded luminosity ….
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(3S):2.0K %
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LHC Start-Up

The “big adventure” is about to begin … again ...
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BACKUP

Further material
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