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So where did all the antimatter go?

Finding antimatter



The standard model...

Very predictive, wonderfully accurate, and wholly incompatible with cosmology!

Electromagnetic force

Strong force

Weak force



...ptolemaic model?

Deferent

Epicycle

Equant

Earth

A sometimes forgotten property of the Ptolomeic model : it was very predictive and 
accurate. One just had to some epicycles (particles?)...
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Flavour physics constrains new particles at TeV scale => complements direct detection!

4

Any extension of Standard Model found in DIRECT SEARCHES must comply with a 
non-trivial flavor structure: Flavor is a key ingredient of any BSM theory, which may 
help to discover NP!
!
The absence of FCNC already now sets strong constraints on the multi TeV-scale 
physics (higher than those found in direct searches so far, even foreseeable at LHC)!

LHC : direct vs. indirect searches!

3"This technique has been used since a long time in particle physics with great success!

arXiv:1302.0661!

2.1 Flavour Changing Neutral Currents 7

searches allow us to access new particles produced virtually in loop processes. In indirect
searches, flavour observables play a key-role to explore New Physics at higher energy scales.

This chapter is devoted to the theoretical description of rare processes involving FCNCs,
with particular attention to the B0

d ! µ

+
µ

� and B0
s ! µ

+
µ

� decays. The search for such rare
decays ultimately aims at testing the Standard Model of particle interactions and eventually
uncovering New Physics beyond the Standard Model.

�.� Flavour Changing Neutral Currents
Flavour Changing Neutral Currents are absent at the tree level in the Standard Model.
Charged currents mediated by W± bosons can instead violate flavour, therefore one can
use a W boson in a loop to create an overall Flavour Changing Neutral process: FCNC pro-
cesses are thus possible at higher orders. The diagrams in 2 represent decay amplitudes at
the level of elementary particles (quarks, leptons, bosons).

(a)

Figure 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Feynman diagrams of the SM processes contributing to B0

s ! µ

+
µ

� decays, involving top quarks and W bosons: Z0-
penguin diagrams on the left and box diagram on the right. Self energy (gluonic) corrections and Higgs contributions
are here not considered.

To actually calculate a decay rate, one needs to account for the fact that quarks are con-
fined inside hadrons, bound by the exchange of soft gluons. The case of the B0

s(d) ! µ

+
µ

�

decay is the cleanest possible exclusive B-decay: due to the purely leptonic final state, all
non-perturbative effects can be confined to a single parameter, the B-meson decay constant,
defined via the axial-vector current matrix element [28]:

⌦
0|q̄g

µ

g5b|B̄q(p)
↵
= ip

µ

FBq , (11)

where p
µ

is the four-momentum of the initial B-meson and q represents the d or s quark.
Theoretical calculations of hadronic decay rates are based on effective Hamiltonians of

the type [29]:

Heff =
GFp

2 Â
i

Ci(µ)Qi(µ) , (12)

and the decay amplitude for a meson |Mi (e.g. K, D, B) into a final state |Fi (e.g. pp, µµ),
is given by

A(M ! F) = hF| Heff |Mi = GFp
2 Â

i
Ci(µ) hF| Qi(µ) |Mi . (13)
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Fig. 1. Leading order diagrams for neutral meson mixing in the SM.

2. Beauty mixing phenomenology in a nutshell

Excellent pedagogical introductions to neutral meson mixing can be found in
textbooks

4
, recent reviews

5,6
and lecture notes.

7,8
An up-to-date review of exper-

imental constraints on B meson mixing can also be found in the PDG.
9
The fol-

lowing discussion applies to neutral mesons of any kind. However, we shall denote
the flavour eigenstate with the symbol B

0
for beauty meson and use numerical

estimates that apply to B
0
s and B

0
d .

2.1. Time-evolution of the B
0
-B

0
system

Consider the wave function B
0
(t) for a neutral meson that is the superposition of

flavour eigenstates B
0
and B

0
. The time-evolution of its projections into flavour

eigenstates is given by a Schrödinger equation

i
d

dt

 
hB0|B(t)i
hB0|B(t)i

!
=

✓
H11 H12

H21 H22

◆  hB0|B(t)i
hB0|B(t)i

!
. (2)

Since the meson decays and we do not consider the wave function of final states, the
Hamiltonian H is not hermitian. However, like any other complex matrix, it can be
decomposed in terms of two hermitian matrices, which we label by M and �,

H = M � i
2�. (3)

Since M and � are hermitian, their diagonal elements are real and we have M21 =
M

⇤
12 and �21 = �

⇤
21. CPT invariance requires M11 = M22 and �11 = �22. Ignoring

for the moment the interference with phases in the final state, the common phase
of B

0
and B

0
is arbitrary such we can choose either the phase of M12 or �12 and

only their phase di↵erence matters. Consequently, the mixing can be parametrized
by five real parameters, which are conventionally chosen to be

M11, �11, |M12|, |�12| and �12 = arg

✓
�M12

�12

◆
. (4)

The mass M11 is determined by the quark masses and strong interaction binding
energy. In the B system it is about 5 GeV and more than ten orders of magnitude
larger than the size of the other elements, which all involve the weak interaction.

The time-evolution of the meson-anti-meson system is described in terms of the
eigenstates of the Hamiltonian. The two mass eigenstates can be written as linear

Chapter 3

Flavor physics beyond the SM: models and predictions

If the physics beyond the SM respects the SM gauge symmetry, as we expect from general arguments,
the corrections to low-energy flavor-violating amplitudes can be written in the following general form

A(fi ! fj +X) = A0


cSM
M2

W

+

cNP

⇤

2

�
, (3.1)

where ⇤ is the energy scale of the new degrees of freedom. This structure is completely general: the
coefficients cSM(NP) may include appropriate CKM factors and eventually a ⇠ 1/(16⇡2

) suppression if
the amplitude is loop-mediated. Given our ignorance about the cNP, the values of the scale ⇤ probed by
present experiments vary over a wide range. However, the general result in Eq. (3.1) allows us to predict
how these bounds will improve with future experiments: the sensitivity on ⇤ scale as N1/4, where
N is the number of events used to measure the observable. This implies that is not easy to increase
substantially the energy reach with indirect NP searches only. Moreover, from Eq. (3.1) it is also clear
that indirect searches can probe NP scales well above the TeV for models where (cSM ⌧ cNP), namely
models which do not respect the symmetries and the symmetry-breaking pattern of the SM.

The bound on representative �F = 2 operators have already been shown in Table 1.1. As can
be seen, for cNP = 1 present data probes very high scales. On the other hand, if we insist with the
theoretical prejudice that NP must show up not far from the TeV scale in order to stabilize the Higgs
sector, then the new degrees of freedom must have a peculiar flavor structure able to justify the smallness
of the effective couplings cNP for ⇤ = 1 TeV.

1 The Minimal Flavor Violation hypothesis
The main idea of MFV is that flavor-violating interactions are linked to the known structure of Yukawa
couplings also beyond the SM. In a more quantitative way, the MFV construction consists in identifying
the flavor symmetry and symmetry-breaking structure of the SM and enforce it also beyond the SM.

The MFV hypothesis consists of two ingredients [49]: (1) a flavor symmetry and (ii) a set of
symmetry-breaking terms. The symmetry is noting but the large global symmetry Gflavor of the SM
Lagrangian in absence of Yukawa couplings shown in Eq. (1.4). Since this global symmetry, and partic-
ularly the SU(3) subgroups controlling quark flavor-changing transitions, is already broken within the
SM, we cannot promote it to be an exact symmetry of the NP model. Some breaking would appear at the
quantum level because of the SM Yukawa interactions. The most restrictive assumption we can make to
protect in a consistent way quark-flavor mixing beyond the SM is to assume that Yd and Yu are the only
sources of flavor symmetry breaking also in the NP model. To implement and interpret this hypothesis
in a consistent way, we can assume that Gq is a good symmetry and promote Yu,d to be non-dynamical
fields (spurions) with non-trivial transformation properties under Gq:

Yu ⇠ (3, ¯3, 1) , Yd ⇠ (3, 1, ¯3) . (3.2)

If the breaking of the symmetry occurs at very high energy scales, at low-energies we would only be
sensitive to the background values of the Y , i.e. to the ordinary SM Yukawa couplings. The role of the
Yukawa in breaking the flavor symmetry becomes similar to the role of the Higgs in the the breaking
of the gauge symmetry. However, in the case of the Yukawa we don’t know (and we do not attempt to
construct) a dynamical model which give rise to this symmetry breaking.
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Quark mixing in the Standard Model

Transformations between up and down type quarks can be arranged in a 3x3 matrix

u c t

d s b



Quark mixing in the Standard Model

These transitions are very hierarchical, quarks in the same column mix almost maximally

u c t

d s b

[   ]
d

u
c
t

s b



VCKM

Quark mixing in the Standard Model

Imaginary component gives rise to matter-antimatter asymmetry (CP violation)

u c t

d s b

u c t

d s b



The unitarity triangle

Unitary matrix => 6 triangles in imaginary plane, one experimentally convenient



The apex of the triangle

Overconstraining the apex tests the consistency of the SM picture of CP Violation

http://ckmfitter.in2p3.fr
Similar plots with Bayesian 
treatment available at www.utfit.org
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Overconstraining the epicycles

Deferent

Epicycle

Equant

Earth

Any New Physics model must also exibit consistency in the triangle : a powerful 
experimental protection against further epicycles!
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γ and matter-antimatter asymmetries

Because γ is the argument of this term which contains the imaginary Vub, we measure it by 
observing matter-antimatter asymmetries



What scales does γ probe?

Here we expand �Ck = 4⇡
↵s
�C

(0)

k +O(1); note that in this way the artificially inserted factor

of 1/g2

s in the definition of Q̃k (25) is canceled. At LO it is not necessary to compute the

double insertions hQiQji since these are loop suppressed, and therefore we e↵ectively obtain

the matching condition for the Wilson coe�cients of the local operators (9)

�C

(0)

k (µb) = 2m2

b

p
2GF

16⇡2

�

�

�

�

VtbVtsVub

Vus

�

�

�

�

e

i�
C̃

(0)

k (µb) . (38)

Numerically, we find

|�C

1

| = (4.5± 0.2) · 10�9

, |�C

2

| = (4.3± 0.2) · 10�8 ; (39)

the errors reflect the uncertainty in the electroweak input parameters. This should be com-

pared to the unresummed result Eq. (22). Expanding the solution of the renormalization-group

equations around µ = MW and expressing GF in terms of the weak mixing angle we recover

exactly the logarithm in Eq. (21):

�C

1

= 0 , �C

2

= 2yb
↵

16⇡ sin2

✓w
(�4 log yb) . (40)

IV. CONCLUSIONS

The determination of the SM weak phase � from the B ! DK decays has a very small

irreducible theoretical error which is due to one-loop electroweak corrections. In this paper we

have estimated the resulting shift in �. Treating mb ⇠ MW or resumming logs of mb/MW gives

in both cases an estimated shift �� ⇠ 2 ·10�8, keeping only the local operator contributions at

the scale µ ⇠ mb. It is unlikely that the neglected non-local contributions, which come with

the same CKM suppression as the local contributions, would di↵er from the above estimate

by more than a factor of a few. We can thus safely conclude that the irreducible theoretical

error on the extraction of � from B ! DK is |��| . O(10�7).
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Any extension of Standard Model found in DIRECT SEARCHES must comply with a 
non-trivial flavor structure: Flavor is a key ingredient of any BSM theory, which may 
help to discover NP!
!
The absence of FCNC already now sets strong constraints on the multi TeV-scale 
physics (higher than those found in direct searches so far, even foreseeable at LHC)!
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searches allow us to access new particles produced virtually in loop processes. In indirect
searches, flavour observables play a key-role to explore New Physics at higher energy scales.

This chapter is devoted to the theoretical description of rare processes involving FCNCs,
with particular attention to the B0

d ! µ
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+
µ

� decays. The search for such rare
decays ultimately aims at testing the Standard Model of particle interactions and eventually
uncovering New Physics beyond the Standard Model.

�.� Flavour Changing Neutral Currents
Flavour Changing Neutral Currents are absent at the tree level in the Standard Model.
Charged currents mediated by W± bosons can instead violate flavour, therefore one can
use a W boson in a loop to create an overall Flavour Changing Neutral process: FCNC pro-
cesses are thus possible at higher orders. The diagrams in 2 represent decay amplitudes at
the level of elementary particles (quarks, leptons, bosons).
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Feynman diagrams of the SM processes contributing to B0

s ! µ

+
µ

� decays, involving top quarks and W bosons: Z0-
penguin diagrams on the left and box diagram on the right. Self energy (gluonic) corrections and Higgs contributions
are here not considered.

To actually calculate a decay rate, one needs to account for the fact that quarks are con-
fined inside hadrons, bound by the exchange of soft gluons. The case of the B0

s(d) ! µ

+
µ

�

decay is the cleanest possible exclusive B-decay: due to the purely leptonic final state, all
non-perturbative effects can be confined to a single parameter, the B-meson decay constant,
defined via the axial-vector current matrix element [28]:

⌦
0|q̄g

µ

g5b|B̄q(p)
↵
= ip

µ

FBq , (11)

where p
µ

is the four-momentum of the initial B-meson and q represents the d or s quark.
Theoretical calculations of hadronic decay rates are based on effective Hamiltonians of

the type [29]:

Heff =
GFp

2 Â
i

Ci(µ)Qi(µ) , (12)

and the decay amplitude for a meson |Mi (e.g. K, D, B) into a final state |Fi (e.g. pp, µµ),
is given by

A(M ! F) = hF| Heff |Mi = GFp
2 Â

i
Ci(µ) hF| Qi(µ) |Mi . (13)
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Fig. 1. Leading order diagrams for neutral meson mixing in the SM.

2. Beauty mixing phenomenology in a nutshell

Excellent pedagogical introductions to neutral meson mixing can be found in
textbooks

4
, recent reviews

5,6
and lecture notes.

7,8
An up-to-date review of exper-

imental constraints on B meson mixing can also be found in the PDG.
9
The fol-

lowing discussion applies to neutral mesons of any kind. However, we shall denote
the flavour eigenstate with the symbol B

0
for beauty meson and use numerical

estimates that apply to B
0
s and B

0
d .

2.1. Time-evolution of the B
0
-B

0
system

Consider the wave function B
0
(t) for a neutral meson that is the superposition of

flavour eigenstates B
0
and B

0
. The time-evolution of its projections into flavour

eigenstates is given by a Schrödinger equation

i
d

dt

 
hB0|B(t)i
hB0|B(t)i

!
=

✓
H11 H12

H21 H22

◆  hB0|B(t)i
hB0|B(t)i

!
. (2)

Since the meson decays and we do not consider the wave function of final states, the
Hamiltonian H is not hermitian. However, like any other complex matrix, it can be
decomposed in terms of two hermitian matrices, which we label by M and �,

H = M � i
2�. (3)

Since M and � are hermitian, their diagonal elements are real and we have M21 =
M

⇤
12 and �21 = �

⇤
21. CPT invariance requires M11 = M22 and �11 = �22. Ignoring

for the moment the interference with phases in the final state, the common phase
of B

0
and B

0
is arbitrary such we can choose either the phase of M12 or �12 and

only their phase di↵erence matters. Consequently, the mixing can be parametrized
by five real parameters, which are conventionally chosen to be

M11, �11, |M12|, |�12| and �12 = arg

✓
�M12

�12

◆
. (4)

The mass M11 is determined by the quark masses and strong interaction binding
energy. In the B system it is about 5 GeV and more than ten orders of magnitude
larger than the size of the other elements, which all involve the weak interaction.

The time-evolution of the meson-anti-meson system is described in terms of the
eigenstates of the Hamiltonian. The two mass eigenstates can be written as linear

Chapter 3

Flavor physics beyond the SM: models and predictions

If the physics beyond the SM respects the SM gauge symmetry, as we expect from general arguments,
the corrections to low-energy flavor-violating amplitudes can be written in the following general form

A(fi ! fj +X) = A0


cSM
M2

W

+

cNP

⇤

2

�
, (3.1)

where ⇤ is the energy scale of the new degrees of freedom. This structure is completely general: the
coefficients cSM(NP) may include appropriate CKM factors and eventually a ⇠ 1/(16⇡2

) suppression if
the amplitude is loop-mediated. Given our ignorance about the cNP, the values of the scale ⇤ probed by
present experiments vary over a wide range. However, the general result in Eq. (3.1) allows us to predict
how these bounds will improve with future experiments: the sensitivity on ⇤ scale as N1/4, where
N is the number of events used to measure the observable. This implies that is not easy to increase
substantially the energy reach with indirect NP searches only. Moreover, from Eq. (3.1) it is also clear
that indirect searches can probe NP scales well above the TeV for models where (cSM ⌧ cNP), namely
models which do not respect the symmetries and the symmetry-breaking pattern of the SM.

The bound on representative �F = 2 operators have already been shown in Table 1.1. As can
be seen, for cNP = 1 present data probes very high scales. On the other hand, if we insist with the
theoretical prejudice that NP must show up not far from the TeV scale in order to stabilize the Higgs
sector, then the new degrees of freedom must have a peculiar flavor structure able to justify the smallness
of the effective couplings cNP for ⇤ = 1 TeV.

1 The Minimal Flavor Violation hypothesis
The main idea of MFV is that flavor-violating interactions are linked to the known structure of Yukawa
couplings also beyond the SM. In a more quantitative way, the MFV construction consists in identifying
the flavor symmetry and symmetry-breaking structure of the SM and enforce it also beyond the SM.

The MFV hypothesis consists of two ingredients [49]: (1) a flavor symmetry and (ii) a set of
symmetry-breaking terms. The symmetry is noting but the large global symmetry Gflavor of the SM
Lagrangian in absence of Yukawa couplings shown in Eq. (1.4). Since this global symmetry, and partic-
ularly the SU(3) subgroups controlling quark flavor-changing transitions, is already broken within the
SM, we cannot promote it to be an exact symmetry of the NP model. Some breaking would appear at the
quantum level because of the SM Yukawa interactions. The most restrictive assumption we can make to
protect in a consistent way quark-flavor mixing beyond the SM is to assume that Yd and Yu are the only
sources of flavor symmetry breaking also in the NP model. To implement and interpret this hypothesis
in a consistent way, we can assume that Gq is a good symmetry and promote Yu,d to be non-dynamical
fields (spurions) with non-trivial transformation properties under Gq:

Yu ⇠ (3, ¯3, 1) , Yd ⇠ (3, 1, ¯3) . (3.2)

If the breaking of the symmetry occurs at very high energy scales, at low-energies we would only be
sensitive to the background values of the Y , i.e. to the ordinary SM Yukawa couplings. The role of the
Yukawa in breaking the flavor symmetry becomes similar to the role of the Higgs in the the breaking
of the gauge symmetry. However, in the case of the Yukawa we don’t know (and we do not attempt to
construct) a dynamical model which give rise to this symmetry breaking.
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Dramatis personae



Finding CPV in oscillations



The physics of Bs→DsK

21

Vcb × Vus ≈ λ3

B0
s

K−

D+
s

b

s

s

u

c

s

Vub × Vcs ≈ λ3

B0
s

D+
s

K−

bu, c, t

W±W±

u, c, t

s

b

s

c

u

s

Interference in mixing and decay => CPV

UNMIXED MIXED



We in fact have four decay rates

22

1. B0S        ! D+sK-
2. anti-B0S ! D+sK-
3. B0S        ! D-sK+
4. anti-B0S ! D-sK+

Each decay rate is a function of the decay-time of the B0s (anti)meson, and the 
parameters of that function depend on γ
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Signal yield : 
                       
Effective purity 74% with 3D fit, 
38% with 1D fit only.

4.3 Companion L(K/⇡) shapes

We obtain the PDFs describing the L(K/⇡) distributions of pions and kaons from dedicated
D⇤+ calibration samples. We obtain the PDF describing the protons using a calibration
sample of ⇤+

c ! pK�⇡+ decays. These samples are weighted to match the signal kinematic
and event occupancy distributions in the same way as the simulated events. The weighting
is done separately for each signal and background component, as well as for each magnet
polarity. The shapes for each magnet polarity are subsequently combined according to the
integrated luminosity in each sample.

The signal companion L(K/⇡) shape is obtained separately for each D�
s decay mode

to account for small kinematic di↵erences between them. The combinatorial background
companion L(K/⇡) shape is taken to consist of a mixture of pions, protons, and kaons, and
its normalisation is left floating in the multivariate fit. The companion L(K/⇡) shape for
fully or partially reconstructed backgrounds is obtained by weighting the PID calibration
samples to match the event distributions of simulated events, for each background type.

5 Multivariate fit to B0
s ! D⌥

s K
± and B0

s ! D�
s ⇡

+

The total PDF for the multivariate fit is built from the product of the signal and background
PDFs, since correlations between the fitting variables are measured to be small in simulation.
These product PDFs are then added for each D�

s decay mode, and almost all background
yields are left free to float. The only exceptions are those backgrounds whose yield is
below 2% of the signal yield. These are B0 ! D�K+, B0 ! D�⇡+, ⇤0

b ! ⇤�
c K

+, and
⇤0

b! ⇤�
c ⇡

+ for the B0

s ! D⌥
s K

± fit, and B0! D�⇡+, ⇤0

b! ⇤�
c ⇡

+, and B0

s ! D⌥
s K

± for
the B0

s ! D�
s ⇡

+ fit. These background yields are fixed from known branching fractions
and relative e�ciencies measured using simulated events. The multivariate fit results
in a signal yield of 28 260 ± 180 B0

s ! D�
s ⇡

+ and 1770 ± 50 B0

s ! D⌥
s K

± decays, with
an e↵ective purity of 85% for B0

s ! D�
s ⇡

+ and 74% for B0

s ! D⌥
s K

±. The multivariate
fit is checked for biases using large samples of data-like pseudoexperiments, and none is
found. The results of the multivariate fit are shown in Fig. 3 for both the B0

s ! D�
s ⇡

+

and B0

s ! D⌥
s K

±, summed over all D�
s decay modes.
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Flavour tagging

27

OS Tagger

SSK Tagger

Tagging: identification of flavour at t = 0

We use:

combination of opposite side (OS) taggers

same side kaon (SSK) tagger

See Mirco’s talk “b-flavour
tagging in pp collisions”

tomorrow at 10:45.

Event type ✏tag [%]

OS-only 19.80 ± 0.23
SSK-only 28.85 ± 0.27
OS-SSK 18.88 ± 0.23
Total 67.53

Event type ✏e↵ [%]

OS-only 1.61 ± 0.03 ± 0.08
SSK-only 1.31 ± 0.22 ± 0.17
OS-SSK 2.15 ± 0.05 ± 0.09
Total 5.07

LHCb-PAPER-2014-038

A.Dziurda (IFJ) The CKM angle � from B0
s ! D⌥

s K± ICHEP, 04.07.2014 14 / 39
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Figure 4: Measured mistag rate against the average predicted mistag rate for the (left) OS
and (right) SSK taggers in B0

s ! D�
s ⇡

+ decays. The error bars represent only the statistical
uncertainties. The solid curve is the linear fit to the data points, the shaded area defines the
68% confidence level region of the calibration function (statistical only).

Table 2: Flavour tagging performance for the three di↵erent tagging categories for B0

s ! D�
s ⇡

+

candidates.

Event type "
tag

[%] "
e↵

[%]
OS-only 19.80 ± 0.23 1.61 ± 0.03 ± 0.08
SSK-only 28.85 ± 0.27 1.31 ± 0.22 ± 0.17
OS-SSK 18.88 ± 0.23 2.15 ± 0.05 ± 0.09
Total 67.53 5.07

6.3 Mistag distributions

Because the fit uses the per-candidate mistag prediction, it is necessary to model the
distribution of this observable for each event category (SS-only, OS-only, OS-SSK for the
signal and each background category). The mistag probability distributions for all B0

s decay
modes, whether signal or background, are obtained using sWeighted B0

s ! D�
s ⇡

+ events.
The mistag probability distributions for combinatorial background events are obtained
from the upper B0

s mass sideband in B0

s ! D�
s ⇡

+ decays. For B0 and ⇤0

b backgrounds the
mistag distributions are obtained from sWeighted B0! D�⇡+ events. For the SSK tagger
this is justified by the fact that these backgrounds di↵er by only one spectator quark and
should therefore have similar properties with respect to the fragmentation of the ss pair.
For the OS tagger, the predicted mistag distributions mainly depend on the kinematic
properties of the B candidate, which are similar for B0 and ⇤0

b backgrounds.
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Time fit to DsK
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Time fit to DsK

29

lab0_LifetimeFit_ctau
2 4 6 8 10 12 14

C
an

d
id

at
es

 /
 (

 0
.1

 p
s)

1

10

210
LHCb

Data

±

K±

s D→
0
sB

) [ps]

±

K±

s D→
0

s
(Bτ

2 4 6 8 10 12 14

-2
0
2

) [ps]sm∆/π modulo (2τ

0 0.1 0.2 0.3

) +
K − s

A
(D

-0.6

-0.4

-0.2

0

0.2

0.4

0.6 LHCb

) [ps] sm∆/π modulo (2τ

0 0.1 0.2 0.3
) −

K + s
A

(D
-0.6

-0.4

-0.2

0

0.2

0.4

0.6 LHCb

LHCb-PAPER-2014-038

http://cds.cern.ch/record/1745361?ln=en
http://cds.cern.ch/record/1745361?ln=en


The measurement of γ
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is fixed to the tested value. The value of �s is constrained to the LHCb measurement from
B0

s ! J/ K+K� and B0

s ! J/ ⇡+⇡� decays, �s = 0.01± 0.07 (stat)± 0.01 (syst) rad [13].
Neglecting penguin pollution and assuming no BSM contribution in these decays,
�s = �2�s. The resulting confidence intervals are, at 68% CL,

� = (115+28

�43

)� ,

� = (3+19

�20

)� ,

rDsK = 0.53+0.17
�0.16 ,

where the intervals for the angles are expressed modulo 180�. Figure 7 shows
the 1 � CL curve for �, and the two-dimensional contours of the profile likelihood
L(~↵0

min

). The systematic contributions to the uncertainty are quoted separately as
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Figure 7: Graph showing 1�CL for �, together with the central value and the 68.3% CL interval
as obtained from the frequentist method described in the text (top). Profile likelihood contours
of rDsK vs. � (bottom left), and � vs. � (bottom right). The contours are the 1� (2�) profile
likelihood contours, where ��2 = 1 (��2 = 4), corresponding to 39% CL (86% CL) in Gaussian
approximation. The markers denote the best-fit values.
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The impact of LHCb on γ

31

Results robust combination

Result of the robust combination
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Figure: Graphs for the robust combination (left: frequentist 1 � CL curves, right:
Bayesian posterior).

T.M. Karbach (CERN) CKM2014 � from LHCb 11.09.2014 15 / 21

LHCb-CONF-2014-004

LHCb-CONF-2014-014

Combining all channels, LHCb has the world’s most precise measurement of γ. The world 
average is now approximately ±6.5°, so we still have a way to go to catch up with α/β.

Conclusion

Conclusion

I We updated the LHCb � combination of tree-level measurements.

I The e↵ect of D

0–D0 mixing is taken into account, the frequentist
coverage was tested.

I robust Bayesian results are available and agree.

I We explore B

+ ! D⇡

+ channels: they show up early all obstacles on
the way to high precision.

I The robust coverage is good.

I Robust frequentist combination:

� = (72.9

+9.2
�9.9)

�
@ 68% CL ,

� 2 [63.0, 82.1]

�
@ 68% CL ,

� 2 [52.0, 90.5]

�
@ 95% CL .

I More precise than the B factory legacy.

T.M. Karbach (CERN) CKM2014 � from LHCb 11.09.2014 22 / 21



Finding particles at 40 MHz
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Collisions at the LHC: summary

Particle

Proton - Proton 2804 bunch/beam
Protons/bunch 1011

Beam energy 7 TeV (7x1012 eV)
Luminosity 1034cm-2s-1

Crossing rate 40 MHz
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New physics rate § .00001 Hz 
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A good approach in Run1
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Figure 7: Lifetime acceptance function for an event of a two-body hadronic decay. The
shaded, light blue regions show the bands for accepting a track IP . After IP2 is too low in
(a) it reaches the accepted range in (b). The actual measured lifetime lies in the accepted
region (c), which continues to larger lifetimes (d).

43

beamline

B+

K+

π+

π-

In Run I, this was a good approach : only 0.5% of bunch crossings contain bbar, so we 
can use simple inclusive criteria to distinguish bbar from the rest and save them

LHCb-PUB-2011-003

15 MHz collision rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger
29000 Logical CPU cores
Offline reconstruction tuned to trigger 
time constraints
Mixture of exclusive and inclusive 
selection algorithms

5 kHz Rate to storage

Defer 20% to disk
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Real time event selection

Information gathering 
(“reconstruction”) stage1.
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Real time event selection

Information gathering 
(“reconstruction”) stage1. ⇒
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Real time event selection

Information gathering 
(“reconstruction”) stage1. ⇒⇒
Event selection stage2.
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Real time event selection

Information gathering 
(“reconstruction”) stage1. ⇒⇒
Event selection stage2. ⇒ Rejected
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Real time event selection
Information gathering 

(“reconstruction”) stage1. ⇒⇒
Event selection stage2. ⇒⇒

Next reconstruction stage3. ⇒⇒

Rejected
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Displaced track trigger

Full reconstruction of tracks in 
vertex locator1.

Reconstruction of displaced tracks 
in regions of interest 2.

Select displaced tracks

⇒

⇒
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Region of interest defined by assumed track P&PT
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Figure 1 The percentage of minimum bias
events failing the GECS as a function of µ.

Figure 2 The timing of the VELO 3D pattern
recognition and PV reconstruction, as well as
the timing of the forward reconstruction, as
a function of µ. See comments in Section 3
regarding the interpretation of this plot.
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Figure 3 The number of hits on the VELO
track for minimum bias (dashed red) and the
highest pT offline selected B+

→ (D0
→

h+h+h−h−)K+ daughter (solid blue).

Figure 4 The difference between the ex-
pected and observed number of hits on a
VELO track for minimum bias (dashed red)
and the highest pT offline selected B+

→

(D0
→ h+h+h−h−)K+ daughter (solid blue).
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Figure 5 The percentage of VELO tracks fail-
ing the IP and quality cuts as a function of µ.

Figure 6 The percentage of events failing the
forward track upgrade as a function of µ.
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Figure 7 The track χ2 of forward re-
constructed tracks in minimum bias events
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tum daughter from offline selected real data
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→ h+h+h− decays (solid blue).

Figure 8 Output rates of the one track lines
assuming an L0 output rate of 1 MHz.
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Figure 9 The average number of tracks caus-
ing a positive trigger decision per minimum
bias event passing the trigger as a function
of µ.

Figure 10 Distributions of φ for offline selected
and TOS Bd → K∗µ+µ−.
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A topological decision tree trigger
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Figure 7: Lifetime acceptance function for an event of a two-body hadronic decay. The
shaded, light blue regions show the bands for accepting a track IP . After IP2 is too low in
(a) it reaches the accepted range in (b). The actual measured lifetime lies in the accepted
region (c), which continues to larger lifetimes (d).
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Figure 1: B-candidate masses from B → Kππ decays: (left) HLT2 2-body topological
trigger candidates; (right) HLT2 3-body topological trigger candidates. In each plot, both
the measured mass of the n = 2, 3 particles used in the trigger candidate (shaded) and the
corrected mass obtained using Eq. 1 (unshaded) are shown. See Section 2 for discussion.

from candidates with ghost tracks and to keep the HLT2 topological lines in line with
HLT1, the HLT2 topological lines require that at least one daughter particle has a track
χ2 value less than 3.

B mesons are long-lived particles; their mean flight distance in the LHCb detector
is O(1 cm). The HLT2 topological lines exploit this fact by requiring that the trigger
candidate’s flight-distance χ2 value be greater than 64. The direction of flight is also
required to be downstream, i.e., the secondary vertex must be downstream of the primary
vertex. A large flight distance combined with a high parent mass results (on average) in
daughters with large impact parameters. The HLT2 topological lines require that the sum
of the daughter IPχ2 values be greater than 100, 150 and 200 for the 2-body, 3-body and
4-body lines, respectively.

One of the larger background contributions to the HLT2 topological lines comes from
prompt D mesons. To reduce this background, the HLT2 topological lines require that
all (n− 1)-body objects used by an n-body line either have a mass greater than 2.5 GeV
(the object is too heavy to be a D) or that they have an IPχ2 > 16 (the object does not
point at the primary vertex). An exhaustive list of the cuts used in all three of the HLT2
topological lines is given in Table 1.

3 Performance

Table 2 gives the efficiency of the HLT2 topological lines on events that pass the L0
and HLT1 one-track triggers for various offline-selected B-decay Monte Carlo samples.
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A topological decision tree trigger
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Figure 7: Lifetime acceptance function for an event of a two-body hadronic decay. The
shaded, light blue regions show the bands for accepting a track IP . After IP2 is too low in
(a) it reaches the accepted range in (b). The actual measured lifetime lies in the accepted
region (c), which continues to larger lifetimes (d).
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Figure 1: B-candidate masses from B → Kππ decays: (left) HLT2 2-body topological
trigger candidates; (right) HLT2 3-body topological trigger candidates. In each plot, both
the measured mass of the n = 2, 3 particles used in the trigger candidate (shaded) and the
corrected mass obtained using Eq. 1 (unshaded) are shown. See Section 2 for discussion.

from candidates with ghost tracks and to keep the HLT2 topological lines in line with
HLT1, the HLT2 topological lines require that at least one daughter particle has a track
χ2 value less than 3.

B mesons are long-lived particles; their mean flight distance in the LHCb detector
is O(1 cm). The HLT2 topological lines exploit this fact by requiring that the trigger
candidate’s flight-distance χ2 value be greater than 64. The direction of flight is also
required to be downstream, i.e., the secondary vertex must be downstream of the primary
vertex. A large flight distance combined with a high parent mass results (on average) in
daughters with large impact parameters. The HLT2 topological lines require that the sum
of the daughter IPχ2 values be greater than 100, 150 and 200 for the 2-body, 3-body and
4-body lines, respectively.

One of the larger background contributions to the HLT2 topological lines comes from
prompt D mesons. To reduce this background, the HLT2 topological lines require that
all (n− 1)-body objects used by an n-body line either have a mass greater than 2.5 GeV
(the object is too heavy to be a D) or that they have an IPχ2 > 16 (the object does not
point at the primary vertex). An exhaustive list of the cuts used in all three of the HLT2
topological lines is given in Table 1.

3 Performance

Table 2 gives the efficiency of the HLT2 topological lines on events that pass the L0
and HLT1 one-track triggers for various offline-selected B-decay Monte Carlo samples.
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The n-body candidates are built as follows: two input particles are combined to form
a 2-body object; another input particle is added to the 2-body object (that, at this point,
is treated like a single particle; more on this below) to form a three-body object; a fourth
input particle is added to the three-body object (that is now treated like a single particle)
to form a 4-body candidate. Thus, an n-body candidate is formed by combining an
(n − 1)-body candidate and a particle, not by combining n particles.

The importance of this distinction is in how the DOCA cuts are made. When a
2-body object is built, a DOCA < 0.15 mm cut is imposed for the object to either
become a 2-body candidate or input (when combined with another particle) to a 3-body
candidate. When a 3-body object is made by combining a 2-body object and another
particle, another DOCA < 0.15 mm cut is imposed for the object to either become a
3-body candidate or input to a 4-body candidate. This DOCA is of the 2-body object
and the additional particle, not the maximum DOCA of the three particles. This is a very
important difference; it greatly enhances the efficiency of the HLT2 topological lines on
B → DX decays. A similar procedure is followed when making 4-body candidates from
3-body objects and an additional particle. All n-body candidates that pass these DOCA
cuts are then filtered using a number of other selection criteria.

If a trigger candidate only contains a subset of the daughter particles, then the mass of
the candidate will be less than the mass of the B. Thus, any cuts on the mass would need
to be very loose if the trigger is to be inclusive. A better approach is to not cut on the
mass but to instead correct the mass of the trigger candidate to account for the missing
daughters. Of course, it is not possible to do this exactly because one can never know
how many daughters are missing or what type of particles they are; however, it is possible
to obtain a very good approximation to the correction using the following equation [4]:

mcorrected =
√

m2 + |p′Tmissing|
2 + |p′Tmissing|, (1)

where p′Tmissing is the missing momentum transverse to the direction of flight of the trigger
candidate (obtained from the primary and secondary verticies). The quantity mcorrected

would be the mass of the parent if a massless particle was omitted from the trigger
candidate, i.e., it is the minimum correction to the trigger-candidate mass if any daughters
are missing.

Figures 1 and 2 demonstrate the performance of mcorrected. For cases where there
are missing daughters, the mcorrected distributions are fairly narrow and peak near the
B mass. When the trigger candidate is formed from all of the daughters, the mcorrected

distributions, as expected, are slightly wider and shifted upwards by a small amount as
compared with the mass distributions. Thus, the performance of mcorrected is ideal for an
inclusive trigger line. The HLT2 topological lines require 4 GeV < mcorrected < 7 GeV.

Because B’s are heavy high-momentum particles, their daughters tend to have large
PT values. The HLT2 topological lines use this fact to reduce the background retention
rate by requiring the PT of the hardest daughter be greater than 1.5 GeV and also that
the sum of the daughter PT values be greater than 4 GeV, 4.25 GeV and 4.5 GeV for
the 2-body, 3-body and 4-body lines, respectively. To further reduce the background rate

4



Optimal performance : real-time MVA

Gligorov&Williams http://arxiv.org/abs/1210.6861

See also LHCb-PUB-2011-002,003,016
http://arxiv.org/abs/1310.8544
http://arxiv.org/abs/1211.3055
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Optimal performance : real-time MVA
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Figure 10: Response from the BBDT for minimum bias LHCb 2010 data (shaded grey),
pp → cc̄X Monte Carlo (blue), pp → bb̄X Monte Carlo (red) and all minimum bias Monte
Carlo (black). The Monte Carlo is not normalized to the data (see text for details). N.b.,
no muon or electron requirements were used when making this plot.
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Google was at ~7000 PB/year in 2008, so goodness knows where it is today...
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It’s all about the benjamins
Facebook 

180 PB/yr

LHCb

15000 PB/yr

Storing data costs more than processing 
=> real time analysis!

LHCb  
Computing
O(10) M$/yr 

Facebook  
Computing

O(500) M$/yr 



July 2006
SSI 2006

3
P. Sphicas
Triggering

Collisions at the LHC: summary

Particle

Proton - Proton 2804 bunch/beam
Protons/bunch 1011

Beam energy 7 TeV (7x1012 eV)
Luminosity 1034cm-2s-1

Crossing rate 40 MHz

Collision rate § 107-109

Parton
(quark, gluon)

Proton

Event selection:
1 in 10,000,000,000,000
Event selection:
1 in 10,000,000,000,000

l
l

jetjet

Bunch

SUSY.....

Higgs

Zo

Zo
e+

e+

e-

e-

New physics rate § .00001 Hz 

Back to our traditional outreach slide...



Enter the MHz signal era

The anatomy of an LHCb event in the upgrade era, and implications for the LHCb trigger Ref: LHCb-PUB-2014-027
Public Note Issue: 1
6 Reconstructed yields Date: May 21, 2014

b-hadrons c-hadrons light, long-lived hadrons

Reconstructed yield 0.0317± 0.0006 0.118± 0.001 0.406± 0.002
✏(pT > 2GeV/c) 85.6± 0.6% 51.8± 0.5% 2.34± 0.08%
✏(⌧ > 0.2 ps) 88.1± 0.6% 63.1± 0.5% 99.46± 0.03%
✏(pT)⇥ ✏(⌧) 75.9± 0.8% 32.6± 0.4% 2.30± 0.08%
✏(pT)⇥ ✏(⌧)⇥ ✏(LHCb) 27.9± 0.3% 22.6± 0.3% 2.17± 0.07%

Output rate 270 kHz 800 kHz 264 kHz

Table 6: Per-event yields determined from 100k of upgrade minimum-bias events after partial offline
reconstruction. The first row indicates the number of candidates which had at least two tracks from
which a vertex could be produced. The last row shows the output rate of a trigger selecting such
events with perfect efficiency, assuming an input rate of 30 MHz from the LHC, as expected during
upgrade running. A breakdown of each category is available in Table 14.

Figure 1: HLT partially reconstructed (but fully reconstructible) signal rates as a function of decay
time for candidates with pT > 2 GeV/c (left) and transverse momentum cuts for candidates with
⌧ > 0.2 ps(right). The rate is for two-track combinations that form a vertex only for candidates that
can be fully reconstructed offline, ie: All additional tracks are also within the LHCb acceptance.

page 5

In the HL-LHC era triggers will discriminate between different signal classes!

Fitzpatrick&Gligorov 
LHCb-PUB-2014-027

http://cds.cern.ch/record/1670985?ln=en
http://cds.cern.ch/record/1670985?ln=en
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More precision ⇒ real time analysis



More precision ⇒ real time analysis
Align tracker with D0 decays tagged in HLT

TRIGGERING IN 2011-2012 CHARM TRIGGERS

PURITY OF EXCLUSIVE HLT2 SELECTIONS

The charm exclusive lines display clear signals directly from HLT2

For these lines, reasonably pure samples are achieved even without
RICH particle identification.
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Calibrate particle identification run-by-run

"

PID importance 

  PID requirements allowing exclusive selection and optimization 
the rate scaling for the CF modes (control channels in several 
measurements) 

8 

CS: D+→π+π-π+                     DCS: D+→K+-K-K+ 

HLT&stripping 
+PID 

LHCb week, 17 September 2014 Silvia Borghi 

Plots provided by  
Erica Polycarpo 

HLT&stripping 
+PID 
+tighter PID 



Real time data analysis...

Solve disk space problem by performing analysis 
online : no going back if we make mistakes.

TRIGGERING IN 2011-2012 CHARM TRIGGERS

PURITY OF EXCLUSIVE HLT2 SELECTIONS

The charm exclusive lines display clear signals directly from HLT2

For these lines, reasonably pure samples are achieved even without
RICH particle identification.
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Figure 2: Events selected by the lifetime-unbiased D0 ! K⇡ Cabibbo-favoured trigger selection.
The purity of the selection is clearly evident. This data would correspond to only 30 ms of
data-taking in the upgrade.

decay, we measure a rate of 20 kHz. The output of this selection is shown in Fig. 2.205

The purity of the selection is evident. Note that the sample used to produce this figure206

corresponds to only 30 ms of data-taking in the upgrade. The Cabibbo-favoured mode207

can be downscaled by a factor of 10 without any losses in physics performance. For208

D0 ! ⇡+⇡� and the Cabibbo-suppressed modes we measure a total output rate of about209

40 kHz. These modes cannot simply be downscaled so these selections will need to be210

tightened. The e↵ects of the selection criteria applied can be studied using the unbiased211

K+K� and downscaled Cabibbo-favoured data. Further study is required to determine how212

to maximize the physics output from these modes while satisfying the output-bandwidth213

constraints.214

The applied selection criteria are 10% e�cient on o✏ine reconstructible D0 ! h+h�
215

candidates. Most of the ine�ciency is caused by the lifetime cuto↵ at 0.2 ps and the216

c-hadron p
T

> 2.5 GeV/c requirement, which have a combined e�ciency of 25%. The217

remaining ine�ciency is caused by requiring the tracks to be in a momentum region218

where the upgraded RICH detector gives the best pion-kaon separation, and the particle219

identification criteria. Based on experience gained during Run I, these criteria are very well220

aligned with those which will be used in o✏ine selections in order to reduce backgrounds.221

As for the rate, D0 ! K+K� will be the easiest to fit into any budget. This is also222

the mode which o↵ers the greatest sensitivity to indirect CP violation. The Cabibbo-223

favoured control mode will likely need to be downscaled, something which will only be224

possible by using the particle identification requirements to separate it from its doubly225

Cabibbo-suppressed counterpart. This is a good illustration of the more general way in226

which particle identification will be used to achieve a more e↵ective trigger bandwidth227

division, by separating the suppressed (rare) decays used in physics analyses from their228

topologically identical favoured control modes.229

For the lifetime unbiased B
s

! �� selection, the rate without applying PID require-230

9

Upgrade HLT
30 ms of 
datataking



...at 10-5 precision?
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...at 10-5 precision?

The future is sub-permille measurements in real 
time. I hope you are scared.

Higgs couplings γCKM angle Charm CPV

O
bs
er
ve
d/
SM

0.9998

0.99985

0.9999

0.99995

1

1.00005

1.0001

1.00015

1.0002

That’s the one 
we will measure 
in real-time...
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A few key observables

https://twiki.cern.ch/twiki/bin/view/ECFA/PhysicsGoalsPerformanceReachHeavyFlavour

https://twiki.cern.ch/twiki/bin/view/ECFA/PhysicsGoalsPerformanceReachHeavyFlavour
https://twiki.cern.ch/twiki/bin/view/ECFA/PhysicsGoalsPerformanceReachHeavyFlavour


Let’s add a bit of wishful thinking

~2025-2030
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FIG. 1. The past (2003, top left) and present (top right) status of the unitarity triangle in the presence of NP in neutral-meson
mixing. The lower plots show future sensitivities for Stage I and Stage II described in the text, assuming data consistent with
the SM. The combination of all constraints in Table I yields the red-hatched regions, yellow regions, and dashed red contours
at 68.3%CL, 95.5%CL, and 99.7%CL, respectively.

tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both β and
βs will be ∼ 0.2◦ by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the Rfit model [8]). Consid-
ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,

K0!π0νν, 
KOTO++,
NA62++ (?)

K+!π+νν, NA62++

https://twiki.cern.ch/twiki/bin/view/ECFA/PhysicsGoalsPerformanceReachHeavyFlavour

J. Charles et al. http://arxiv.org/abs/1309.2293
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FIG. 1. The past (2003, top left) and present (top right) status of the unitarity triangle in the presence of NP in neutral-meson
mixing. The lower plots show future sensitivities for Stage I and Stage II described in the text, assuming data consistent with
the SM. The combination of all constraints in Table I yields the red-hatched regions, yellow regions, and dashed red contours
at 68.3%CL, 95.5%CL, and 99.7%CL, respectively.

tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both β and
βs will be ∼ 0.2◦ by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the Rfit model [8]). Consid-
ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,

Probe ~103 TeV for
non-hierarchical NP

Probe ~10-20 TeV for 
hierarchical tree-level NP

Probe ~1-2 TeV for 
hierarchical loop-level NP

Competitive/complementary 
with direct searches!

https://twiki.cern.ch/twiki/bin/view/ECFA/PhysicsGoalsPerformanceReachHeavyFlavour

J. Charles et al. http://arxiv.org/abs/1309.2293

K0!π0νν, 
KOTO++,
NA62++ (?)

K+!π+νν, NA62++
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Flavour sets scale of NP and guides 
design of future direct searches

Need to measure flavour structure 
to differentiate NP models


