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So far (so good?)

★ No primordial antimatter observed, universe matter dominated

★ Need breaking of CP symmetry to explain this

★ C and P are violated by weak interactions (CP looks still healthy…)

★ Matter-antimatter oscillations: K0 can turn into anti-K0;  
the physical states are not the flavour eigenstates. 

★ Using flavour-specific decays we can observe the flavour oscillations
 



Mixing: who can?
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Intermezzo: Neutral Meson Mixing

• Need to be neutral and have distinct anti-particle (x)

• Needs to have a non-zero lifetime 

• top is so heavy, it decays long before it can even form a meson (♢)

• That leaves four distinct cases...

d s b
d � K0 B0

s K0 � Bs

b B0 Bs �

u c t
u � D0 ⇥
c D0 � ⇥
t ⇥ ⇥ �

Note: for (much!) more detail, see eg. arXiv:hep-ex/0103016v1
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• Need to be neutral and have distinct anti-particle (x)

• Needs to have a non-zero lifetime: top is so heavy,  
it decays long before it can even form a meson (♢)

• That leaves four distinct cases... 



What do M12 and Γ12 represent?
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anti-P0 P0

M12

-i/2 Γ12

    P0 anti-P0

M12*

-i/2 Γ12*

M12 describes oscillations 
via virtual states

Γ12 describes oscillations 
via real states, e.g. ππ

September 27, 2012 0:11 WSPC/INSTRUCTION FILE D˙mixing˙review

Review of D Mixing 3

u

c u

c

d, s, b d, s, b

W

W

D0 D0(a)

(b)

c
d, s, b

u

cu

WW

d, s, b

D0 D0

u

c u

c

D0D0(c) g

c

W
u

cu

d, s, b

H+

D0 D0 (e)d, s, b

u

c

(f )

c

u

d, s, b d, s, b

H+

H−

D0 D0

u

c u

c

D0 D0 (d)
Z ′0

λuc λ∗
uc

Fig. 1. Possible short-distance amplitudes contributing to D0-D0 mixing. (a–b) SM boxes; (c)
SM di-penguin; (d): new physics flavor-changing neutral current process mediated by a heavy Z′0;
(e–f): charged Higgs in the mixing loop.
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Fig. 2. Long-distance contribution from an intermediate state I to D0-D0 mixing. H is the
Hamiltonian governing weak decays. From Ref. 16.

1.1. D0-D0 Mixing Formalism

The D0 and D0 mesons are produced as flavor eigenstate with charm quantum
numbers C = +1 and −1, respectively. They propagate and decay according to the
Schrödinger equation:

i
∂

∂t

(

D0(t)
D0(t)

)

=

(

M−
i

2
Γ

)(

D0(t)
D0(t)

)

. (3)

Mixing betweenD0 andD0 occurs because these flavor states are not the eigenstates
D1 and D2 of the D0-D0 mass matrix M− iΓ/2, but linear combinations of them.
Assuming that the product of charge conjugation, parity and time reversal (CPT)
is conserved,17 the eigenstates of Eq. 3, |D1,2⟩ are given by:17,18

|D1⟩ = p|D0⟩+ q|D0⟩,
|D2⟩ = p|D0⟩ − q|D0⟩, (4)

“short” distance amplitude “long” distance amplitude

Non-perturbative QCD: much more 
difficult to calculate! More relevant  

for K and D mesons. 

Will see discuss in the 2nd part  
this “box” diagram



Mixing phenomenology
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M12 and Γ12 determine the mass and width splittings ∆M and ∆Γ, respectively:

∆M ≡ M1 −M2 = 2Re

[

q

p
(M12 −

i

2
Γ12)

]

(15)

∆Γ ≡ Γ1 − Γ2 = −4Im

[

q

p
(M12 −

i

2
Γ12)

]

, (16)

and therefore the characteristics of D0-D0 mixing. We show the unmixed and mixed
intensities as a function of the dimensionless variable, Γt, for initially pure states of
K0, D0, B0 and Bs, in Figs. 3(a–d), respectively. Of the four lowest-lying neutral
pseudoscalar meson systems, the D0-D0 system shows the smallest mixing, as noted
earlier. In the K0 system, both |x| and |y| are both of order 1; in the D0 system,
|x| and |y| are both of order 1%; in the B0 and Bs systems, |x| ≫ |y|.
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Fig. 3. The unmixed (blue) and mixed (red) intensities for an initially pure (a) K0; (b) D0; (c)
B0; (d) Bs state. The vertical scale in (b) is logarithmic, the others linear. The values of the mixing
parameters as defined in Eqs. 1 and 2 are obtained using data from Ref. 19, assuming ||q/p| = 1.

From Eq. 9 (Eq. 10), the amplitude that a D0 (D0) produced at t = 0 will
develop into a linear combination of D0 and D0 and decay into f (f̄) at time t is:

⟨f |H|D0(t)⟩ = Afg+(t) + Āf
q

p
g−(t), (17)

⟨f̄ |H|D0(t)⟩ = Āf̄g+(t) +Af̄

p

q
g−(t), (18)

[arXiv:1209.5806]

Mixing of neutral mesons: phenomenology
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“Short” and “Long” not much sense…
but look at mass difference

BL: “L” for Light
BH: “H” for Heavy
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and therefore the characteristics of D0-D0 mixing. We show the unmixed and mixed
intensities as a function of the dimensionless variable, Γt, for initially pure states of
K0, D0, B0 and Bs, in Figs. 3(a–d), respectively. Of the four lowest-lying neutral
pseudoscalar meson systems, the D0-D0 system shows the smallest mixing, as noted
earlier. In the K0 system, both |x| and |y| are both of order 1; in the D0 system,
|x| and |y| are both of order 1%; in the B0 and Bs systems, |x| ≫ |y|.
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To compare the expected time distribution (1)with 
the observed distribution we require knowledge of the 
time-dependent acceptance of the apparatus e(r). This 
function has been calculated by a realistic simulation 
of the experiment using Monte Carlo m. ethods. The 
procedure simulates the production of K ° with the 
help of experimental K ° -~ n+n - data [10]. Details of 
the spark chamber performance such as the resolution 
and its angular dependence, and the local efficiency 
are derived frorfl the data sample. Particles undergo 
scattering in traversing matter or are absorbed. The full 
field map is used to track orbits through the magnet. 
The reliability of this simulation, is, however, only 
weakly dependent on either of these inputs, and on the 
precise location of the geometrical aperture of the de- 
tector. 

This is due to two design features of the apparatus: 
1) it accepts for each decay point K°-origins distri- 

butes over 5 K~ lifetimes and thereby smears out rela- 
tions between geometrical aperture and a given eigen- 
time; 

2) the frequency distribution of electrons over the 
cells of the Cerenkov counter and over the allowed 
phase space depends even more weakly on eigentime 
because of the preceding momentum analysis. 

We have done several tests to convince ourselves 
that this simulation gives a reliable acceptance func- 
tion including time resolution effects. 

The time distribution of K ° -~ r r + n  - events has 
been fitted with the result 

r s = (0.877 -+ 0.018) ! 10-10s, (5) 

in good agreement wiht the world average [11 ]. 
Using I~3 data we have done two additional tests. 

The time dependence of the charge asymmetry in Ke°3 
decays follows from eq. (2) 
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and therefore the characteristics of D0-D0 mixing. We show the unmixed and mixed
intensities as a function of the dimensionless variable, Γt, for initially pure states of
K0, D0, B0 and Bs, in Figs. 3(a–d), respectively. Of the four lowest-lying neutral
pseudoscalar meson systems, the D0-D0 system shows the smallest mixing, as noted
earlier. In the K0 system, both |x| and |y| are both of order 1; in the D0 system,
|x| and |y| are both of order 1%; in the B0 and Bs systems, |x| ≫ |y|.
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From Eq. 9 (Eq. 10), the amplitude that a D0 (D0) produced at t = 0 will
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intensities as a function of the dimensionless variable, Γt, for initially pure states of
K0, D0, B0 and Bs, in Figs. 3(a–d), respectively. Of the four lowest-lying neutral
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|x| and |y| are both of order 1%; in the B0 and Bs systems, |x| ≫ |y|.

0 1 2 3 4

In
te

ns
ity

0

0.5

1

y = 0.997
x = -0.946:  0K(a)            

0 1 2 3 4

-610

-410

-210

1

y = 0.0075
x = 0.0063:  0D(b)            

 t!
0 1 2 3 4

In
te

ns
ity

0

0.5

1

y = 0.005
x = 0.773:  0B(c)            

 t!
0 1 2 3 40

0.5

1

y = 0.046
x = 25.194:  sB(d)            

Fig. 3. The unmixed (blue) and mixed (red) intensities for an initially pure (a) K0; (b) D0; (c)
B0; (d) Bs state. The vertical scale in (b) is logarithmic, the others linear. The values of the mixing
parameters as defined in Eqs. 1 and 2 are obtained using data from Ref. 19, assuming ||q/p| = 1.
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M12 and Γ12 determine the mass and width splittings ∆M and ∆Γ, respectively:

∆M ≡ M1 −M2 = 2Re
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∆Γ ≡ Γ1 − Γ2 = −4Im
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Γ12)

]

, (16)

and therefore the characteristics of D0-D0 mixing. We show the unmixed and mixed
intensities as a function of the dimensionless variable, Γt, for initially pure states of
K0, D0, B0 and Bs, in Figs. 3(a–d), respectively. Of the four lowest-lying neutral
pseudoscalar meson systems, the D0-D0 system shows the smallest mixing, as noted
earlier. In the K0 system, both |x| and |y| are both of order 1; in the D0 system,
|x| and |y| are both of order 1%; in the B0 and Bs systems, |x| ≫ |y|.
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From Eq. 9 (Eq. 10), the amplitude that a D0 (D0) produced at t = 0 will
develop into a linear combination of D0 and D0 and decay into f (f̄) at time t is:
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of the experiment using Monte Carlo m. ethods. The 
procedure simulates the production of K ° with the 
help of experimental K ° -~ n+n - data [10]. Details of 
the spark chamber performance such as the resolution 
and its angular dependence, and the local efficiency 
are derived frorfl the data sample. Particles undergo 
scattering in traversing matter or are absorbed. The full 
field map is used to track orbits through the magnet. 
The reliability of this simulation, is, however, only 
weakly dependent on either of these inputs, and on the 
precise location of the geometrical aperture of the de- 
tector. 

This is due to two design features of the apparatus: 
1) it accepts for each decay point K°-origins distri- 

butes over 5 K~ lifetimes and thereby smears out rela- 
tions between geometrical aperture and a given eigen- 
time; 

2) the frequency distribution of electrons over the 
cells of the Cerenkov counter and over the allowed 
phase space depends even more weakly on eigentime 
because of the preceding momentum analysis. 

We have done several tests to convince ourselves 
that this simulation gives a reliable acceptance func- 
tion including time resolution effects. 

The time distribution of K ° -~ r r + n  - events has 
been fitted with the result 

r s = (0.877 -+ 0.018) ! 10-10s, (5) 

in good agreement wiht the world average [11 ]. 
Using I~3 data we have done two additional tests. 

The time dependence of the charge asymmetry in Ke°3 
decays follows from eq. (2) 
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M12 and Γ12 determine the mass and width splittings ∆M and ∆Γ, respectively:

∆M ≡ M1 −M2 = 2Re

[

q

p
(M12 −

i

2
Γ12)

]

(15)

∆Γ ≡ Γ1 − Γ2 = −4Im

[

q

p
(M12 −

i

2
Γ12)

]

, (16)

and therefore the characteristics of D0-D0 mixing. We show the unmixed and mixed
intensities as a function of the dimensionless variable, Γt, for initially pure states of
K0, D0, B0 and Bs, in Figs. 3(a–d), respectively. Of the four lowest-lying neutral
pseudoscalar meson systems, the D0-D0 system shows the smallest mixing, as noted
earlier. In the K0 system, both |x| and |y| are both of order 1; in the D0 system,
|x| and |y| are both of order 1%; in the B0 and Bs systems, |x| ≫ |y|.
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From Eq. 9 (Eq. 10), the amplitude that a D0 (D0) produced at t = 0 will
develop into a linear combination of D0 and D0 and decay into f (f̄) at time t is:

⟨f |H|D0(t)⟩ = Afg+(t) + Āf
q

p
g−(t), (17)

⟨f̄ |H|D0(t)⟩ = Āf̄g+(t) +Af̄

p

q
g−(t), (18)
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To compare the expected time distribution (1)with 
the observed distribution we require knowledge of the 
time-dependent acceptance of the apparatus e(r). This 
function has been calculated by a realistic simulation 
of the experiment using Monte Carlo m. ethods. The 
procedure simulates the production of K ° with the 
help of experimental K ° -~ n+n - data [10]. Details of 
the spark chamber performance such as the resolution 
and its angular dependence, and the local efficiency 
are derived frorfl the data sample. Particles undergo 
scattering in traversing matter or are absorbed. The full 
field map is used to track orbits through the magnet. 
The reliability of this simulation, is, however, only 
weakly dependent on either of these inputs, and on the 
precise location of the geometrical aperture of the de- 
tector. 

This is due to two design features of the apparatus: 
1) it accepts for each decay point K°-origins distri- 

butes over 5 K~ lifetimes and thereby smears out rela- 
tions between geometrical aperture and a given eigen- 
time; 

2) the frequency distribution of electrons over the 
cells of the Cerenkov counter and over the allowed 
phase space depends even more weakly on eigentime 
because of the preceding momentum analysis. 

We have done several tests to convince ourselves 
that this simulation gives a reliable acceptance func- 
tion including time resolution effects. 

The time distribution of K ° -~ r r + n  - events has 
been fitted with the result 

r s = (0.877 -+ 0.018) ! 10-10s, (5) 

in good agreement wiht the world average [11 ]. 
Using I~3 data we have done two additional tests. 

The time dependence of the charge asymmetry in Ke°3 
decays follows from eq. (2) 
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M12 and Γ12 determine the mass and width splittings ∆M and ∆Γ, respectively:

∆M ≡ M1 −M2 = 2Re
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Γ12)

]

(15)

∆Γ ≡ Γ1 − Γ2 = −4Im

[
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p
(M12 −
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2
Γ12)

]

, (16)

and therefore the characteristics of D0-D0 mixing. We show the unmixed and mixed
intensities as a function of the dimensionless variable, Γt, for initially pure states of
K0, D0, B0 and Bs, in Figs. 3(a–d), respectively. Of the four lowest-lying neutral
pseudoscalar meson systems, the D0-D0 system shows the smallest mixing, as noted
earlier. In the K0 system, both |x| and |y| are both of order 1; in the D0 system,
|x| and |y| are both of order 1%; in the B0 and Bs systems, |x| ≫ |y|.
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parameters as defined in Eqs. 1 and 2 are obtained using data from Ref. 19, assuming ||q/p| = 1.

From Eq. 9 (Eq. 10), the amplitude that a D0 (D0) produced at t = 0 will
develop into a linear combination of D0 and D0 and decay into f (f̄) at time t is:
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intensities as a function of the dimensionless variable, Γt, for initially pure states of
K0, D0, B0 and Bs, in Figs. 3(a–d), respectively. Of the four lowest-lying neutral
pseudoscalar meson systems, the D0-D0 system shows the smallest mixing, as noted
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|x| and |y| are both of order 1%; in the B0 and Bs systems, |x| ≫ |y|.
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From Eq. 9 (Eq. 10), the amplitude that a D0 (D0) produced at t = 0 will
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To compare the expected time distribution (1)with 
the observed distribution we require knowledge of the 
time-dependent acceptance of the apparatus e(r). This 
function has been calculated by a realistic simulation 
of the experiment using Monte Carlo m. ethods. The 
procedure simulates the production of K ° with the 
help of experimental K ° -~ n+n - data [10]. Details of 
the spark chamber performance such as the resolution 
and its angular dependence, and the local efficiency 
are derived frorfl the data sample. Particles undergo 
scattering in traversing matter or are absorbed. The full 
field map is used to track orbits through the magnet. 
The reliability of this simulation, is, however, only 
weakly dependent on either of these inputs, and on the 
precise location of the geometrical aperture of the de- 
tector. 

This is due to two design features of the apparatus: 
1) it accepts for each decay point K°-origins distri- 

butes over 5 K~ lifetimes and thereby smears out rela- 
tions between geometrical aperture and a given eigen- 
time; 

2) the frequency distribution of electrons over the 
cells of the Cerenkov counter and over the allowed 
phase space depends even more weakly on eigentime 
because of the preceding momentum analysis. 

We have done several tests to convince ourselves 
that this simulation gives a reliable acceptance func- 
tion including time resolution effects. 

The time distribution of K ° -~ r r + n  - events has 
been fitted with the result 

r s = (0.877 -+ 0.018) ! 10-10s, (5) 

in good agreement wiht the world average [11 ]. 
Using I~3 data we have done two additional tests. 

The time dependence of the charge asymmetry in Ke°3 
decays follows from eq. (2) 
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D0  →  K- π+ This is the dominant decay for a D0.  
We call it Right Sign (RS)

D0  →  K+ π- This is the CP conjugate decay

Flavour at production for D0 determined by (soft) pion from D* (strong) decays
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before it decays
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D*+ → D0 π+ 

D0  →  K- π+ This is the dominant decay for a D0.  
We call it Right Sign (RS)

D0  →  K+ π- 

A WS decay can happen also 
for the D0, but it’s very rare (why?)D0  →  K+ π- 

Flavour at production for D0 determined by (soft) pion from D* (strong) decays

A Wrong Sign (WG) is observed 
when the D0 has oscillated  
before it decays
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Count WS and RS decays in bins of decay time of the D0.
The ratio WG/RS is:

Charm mixing with D0→K+!!

• Exploit interference between mixing and doubly-Cabibbo-suppressed 
decay amplitudes

• Compare to RS events which are dominated by Cabibbo-favored amplitude
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fit procedure is stable and free of any bias
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• independent from time

if there is NO MIXING 
(it’s the ratio of the rate of rare and dominant decays) 

• dependent on time

if there is MIXING (eq. valid for |x|, |y| << 1) with
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LHCb detector performance paper

http://arxiv.org/pdf/1412.6352v2.pdf
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Hadronic charm 
decays at LHCb

13

D0

D* πs

π

K

IP
pp

The D* is produced in the pp 
interaction and decays promptly 

The D0 has lifetime ~0.4 ps, at LHCb 
it flights about 5 mm before decays.

It’s impact parameters is (on average) 
different from 0.
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Hadronic charm 
decays at LHCb
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Silicon Vertex Locator  
20 μm IP resolution,  

corresponds to ~0.1τ decay-time 
resolution for a 2-body charm decay 

The D* is produced in the pp 
interaction and decays promptly 

The D0 has lifetime ~0.4 ps, at LHCb
it flights about 5 mm before decays.

It’s impact parameters is (on average) 
different from 0.
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Silicon Vertex Locator  
20 μm IP resolution,  

corresponds to ~0.1τ decay-time 
resolution for a 2-body charm decay 

The D* is produced in the pp 
interaction and decays promptly 

The D0 has lifetime ~0.4 ps, at LHCb 
it flights about 5 mm before decays.

It’s impact parameters is (on average) 
different from 0.

the alignment from the commissioning phase, after a track based alignment that only740

corrects for the relative alignment of the two halves, and after the full alignment of the741

sensors. The refinement of the alignment improves the IP resolution by about 25% at high742

momentum. Since we expect remaining alignment uncertainties to be smaller than the743

corrections obtained in the last step, we conclude that the remaining misalignment has no744

significant e↵ect on the IP resolution.745
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Figure 21: IP resolution as a function of 1/pT , comparing di↵erent qualities of alignment,
measured on 2010 data.

2.3.2 Alignment of the silicon tracker and outer tracker746

The rest of the spectrometer is aligned relative to the VELO using long tracks. The747

alignment is performed at di↵erent levels of granularity, exploiting di↵erences in the748

precision of survey between ‘small’ and ‘large’ structures. Typical alignment degrees of749

freedom are displacements in x and rotations around the z axis for the smallest structures750

(modules in the OT and ladders in IT and ST) and displacements in z for the layers.751

A concern in a parallel plane forward spectrometer are global deformations, in particular752

x scaling, z scaling, xz shearing and curvature (q/p) bias. An x scaling corresponds to753

an x displacement of detector modules assembled in a single layer proportional to the754

x coordinate. In the TT and IT detectors such a scaling is constrained by tracks that755

traverse neighbouring ladders in the same layer. To profit from this constraint we enrich756

the sample of tracks by preferentially selecting such ‘overlap’ tracks.757

The z scaling of the spectrometer is in principle fixed by the z scale of the vertex758

detector, which, as explained in section 2.3.1, comes from a survey. In practise, this leads759

to a relatively poor constraint on the tracking layers behind the magnet. It has been760

31
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Hadronic charm 
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Silicon Vertex Locator  
20 μm IP resolution,  

corresponds to ~0.1τ decay-time 
resolution for a 2-body charm decay 

Excellent tracking:  
Δp/p = 0.5-0.8% at 5-100 GeV/c,  
corresponds to ~8 MeV/c2 mass 

resolution for a 2-body charm decay  
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Figure 17: Relative momentum resolution versus momentum for long tracks in data obtained
using J/ decays.

As can be seen in Fig. 17 the momentum resolution depends on the momentum of624

the final-state particles, and therefore the mass resolution is not expected to behave as625

a pure single Gaussian. Nevertheless, a double Gaussian function is often su�cient. In626

addition, final-state radiation will create a tail to the left side of the mass distribution,627

which is modeled by a power-law tail. Furthermore, to describe the Z

0 mass distribution,628

the Gaussian function with power-law tail is convolved with a Breit-Wigner, where the629

natural width is fixed to 2495.2 MeV/c

2 [37]. In all cases, an exponential shape models630

the background. The result of the are overlaid in Fig. 18. The overall mass resolution is631

calculated by taking the weighted average of the widths of the Gaussian functions. The632

mass resolution obtained from the fits are shown in Table 2. The errors are obtained by633

varying between di↵erent mass models. Figure 19 shows the mass resolution and relative634

mass resolution versus the mass of the resonance. It can be seen that the relative mass635

resolution, �m/m, is about 5 per mille up to the ⌥ masses. For the precision measurements636

of b-hadron and D meson masses [38,39,40,41], large statistics samples of J/ ! µ

+

µ

� and637

B

+ ! J/ K

+ decays are used for the calibration of the momentum scale. By comparing638

the measured masses of known resonances with the world average values [37], a systematic639

error of 0.03% on the momentum scale is obtained.640

641

2.3 Spatial alignment of the tracking detectors642

The alignment of the LHCb tracking detector uses information from optical and mechanical643

survey and from reconstructed charged particle trajectories. In order not to jeopardize644

26

4 Tm  
lever-arm



Tracking

22

Hadronic charm 
decays at LHCb

13

D0

D* πs

π

K

IP
pp

Silicon Vertex Locator  
20 μm IP resolution,  

corresponds to ~0.1τ decay-time 
resolution for a 2-body charm decay 

Excellent tracking:  
Δp/p = 0.4-0.6% at 5-100 GeV/c,  
corresponds to ~8 MeV/c2 mass 

resolution for a 2-body charm decay  
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Figure 1: K⇡ mass distribution of selected RS (left) and WS (right) candidates, separately
for the “wide” (top) and “tight mass” (bottom) triggered events, with, highlighted in
green, the corresponding signal regions. All plots have the logarithmic scale on the y-axis.

candidates with S/B ratio (calculated within 3� of the peak) of approximately 0.5 (98).
The D0⇡

s

mass is calculated using the vector sum of the momenta of the three particles

6
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Silicon Vertex Locator  
20 μm IP resolution,  

corresponds to ~0.1τ decay-time 
resolution for a 2-body charm decay 

Excellent tracking:  
Δp/p = 0.4-0.6% at 5-100 GeV/c,  
corresponds to ~8 MeV/c2 mass 

resolution for a 2-body charm decay  

Momentum (GeV/c)Momentum (GeV/c)
2

Figure 38: Reconstructed Cherenkov angle for isolated tracks, as a function of track momentum
in the C

4

F
10

radiator [69]. The Cherenkov bands for muons, pions, kaons and protons are clearly
visible.

In general, the photoelectron yields are slightly lower than those predicted by the1197

simulation. One reason for this is a slight detector readout ine�ciency, which became1198

evident once LHCb achieved stable high trigger rate running in 2011. This small ine�ciency1199

will be removed in LHC Run II by a re-optimisation of the readout chip settings. The1200

remaining discrepancy is accounted to an over estimate of the yield in simulation, which1201

will be addressed by improved Monte Carlo tunings. It must be stressed however, that1202

the smaller yield measured in data does not have a significant impact on the final particle1203

identification performance, as illustrated in Section 4.2.3.1204

4.2.3 Particle identification performance1205

To determine the RICH particle identification performance on data, large samples of1206

genuine K

±
, ⇡

±
, p and p̄ tracks are required. Such control samples must be independent1207

of PID information that would otherwise bias the result. The strategy employed is1208

to reconstruct, through purely kinematic selections independent of RICH information,1209

exclusive decays of particles copiously produced and reconstructed at LHCb.1210

The following decays, and their charge conjugates, are identified: K

0

S ! ⇡

+

⇡

�, ⇤!1211

p⇡

� and D

⇤+ ! D(K�
⇡

+)⇡+. This ensemble of final states provides a complete set of1212

charged particle types needed to assess comprehensively the hadron PID performance.1213

Utilising the track samples obtained from the control channels, Fig. 39 (left) demon-1214

strates the kaon e�ciency (kaons identified as kaons) and pion misidentification (pions1215

misidentified as kaons) fraction achieved in LHCb data, as a function of momentum, with1216

two di↵erent PID requirements.1217
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Silicon Vertex Locator  
20 μm IP resolution,  

corresponds to ~0.1τ decay-time 
resolution for a 2-body charm decay 

Excellent tracking:  
Δp/p = 0.4-0.6% at 5-100 GeV/c,  
corresponds to ~8 MeV/c2 mass 

resolution for a 2-body charm decay  

Good PID:  
K-π separation in  

wide range of momentum 
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Secondary D decays

Rm(t) =
NWS(t) +NWS

B (t)

NRS(t) +NRS
B (t)

= R(t)

⇢
1� fRS

B (t)


1� RB(t)

R(t)

��

fRS
B (t) =

NRS
B (t)

NRS(t) +NRS
B (t)

, RB(t) =
NWS

B (t)

NRS
B (t)

• D from B decays have wrong decay time

• Neglecting the secondary component could induce a time-dependent bias on 
the measured WS/RS ratio:

where

D0

D*
Bt

PV

X

πs

π
K

22

Hadronic charm 
decays at LHCb

13

Silicon Vertex Locator:
20 μm impact parameter resolution, 
corresponding to ~0.1τ decay-time 
resolution for a 2-body charm decay

Excellent tracking:
Δp/p = 0.4-0.6% at 5-100 GeV/c,
corresponding to ~8 MeV/c2 mass 

resolution for a 2-body charm decay

LHCb Particle identification

4

Excellent pion-kaon-proton separation between 
2 and 100 GeV/c of momentum

RICH detectors:
K-" separation in wide 
range of momentum
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removed 

• cτ(B) " 450 μm, D from B have 
non-zero impact parameter

• Cut on χ2(IP) removes most of them 
but still ~3% of our candidates are 
likely to come from a B decay

• Fit log χ2(IP) vs decay time and 
extrapolate fraction below cut

• Secondary shape estimated from 
events reconstructed also as 
B→D*(3)#, B→D*μX or B→D0μX

Measuring fBRS(t)

23

D0B
πs

π
K

IP

X

D from B decays have wrong decay time. 
Neglecting the secondary component could 
induce a time-dependent bias. 

• B flights ~1 cm (τ~1.5 ps): large IP. 

• Cut on χ2(IP) removes most of them  
but still ~3% of our candidates  
are likely to come from a B decay 

• Fit log χ2(IP) vs decay time and  
extrapolate fraction below cut 

Signal Background
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Table 1: Results of the time-dependent fit to the data. The uncertainties include statistical
and systematic sources; ndf indicates the number of degrees of freedom.

Fit type Parameter Fit result Correlation coe⇤cient
(⇥2/ndf) (10�3) RD y⇥ x⇥2

Mixing RD 3.52± 0.15 1 �0.954 +0.882
(9.5/10) y⇥ 7.2± 2.4 1 �0.973

x⇥2 �0.09± 0.13 1
No mixing RD 4.25± 0.04
(98.1/12)
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Figure 3: Estimated confidence-level (CL) regions in the (x⇥2, y⇥) plane for 1� CL = 0.317
(1�), 2.7⇥ 10�3 (3�) and 5.73⇥ 10�7 (5�). Systematic uncertainties are included. The
cross indicates the no-mixing point.

estimated uncertainties on RD, y⇥ and x⇥2 become respectively 6%, 10% and 11% smaller,
showing that the quoted uncertainties are dominated by their statistical component. To
evaluate the significance of this mixing result we determine the change in the fit ⇥2 when
the data are described under the assumption of the no-mixing hypothesis (dashed line
in Fig. 2). Under the assumption that the ⇥2 di⇥erence, �⇥2, follows a ⇥2 distribution
for two degrees of freedom, �⇥2 = 88.6 corresponds to a p-value of 5.7 ⇥ 10�20, which
excludes the no-mixing hypothesis at 9.1 standard deviations. This is illustrated in Fig. 3
where the 1�, 3� and 5� confidence regions for x⇥2 and y⇥ are shown.

As additional cross-checks, we perform the measurement in statistically independent
sub-samples of the data, selected according to di⇥erent data-taking periods, and find
compatible results. We also use alternative decay-time binning schemes or alternative
fit methods to separate signal and background, and find no significant variations in the

6
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Phys. Rev. Lett. 110 (2013) 101802 
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http://www.slac.stanford.edu/xorg/hfag/charm/CHARM15/results_mix_cpv.html


B0 mixing at high precision 

30

Time Evolution of K0 and K0...
�

K0(t)
K0(t)

⇥
=

�
g+(t) p

q g�(t)
q
pg�(t) g+(t)

⇥ �
K0(0)
K0(0)

⇥

t = 0 t

K0

K0

K0

g+(t)

q

p
g�(t)

p

q
g�(t)

K0

K0
g+(t)

K0

g±(t) =
e�i�St ± e�i�Lt

2

50

⇡�e+⌫e

⇡+e�⌫̄e



B0 mixing at high precision 

31
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Figure 1: D� invariant mass distributions for the B0! D�µ+⌫
µ

X candidates in (left) 2011 and
(right) 2012 data. Projections of the fit function are superimposed for (blue continuous line) the
full PDF and its components: (red dashed line) signal D� from B0 or B+ decays and (filled
yellow histogram) combinatorial background.

for the mass distributions of D⇤ from B decays is defined by the sum of two Gaussians154

and a Crystal Ball function in the m mass projection and by two Gaussians and a Johnson155

function [25] in the �m mass projection. A combinatorial background of the order of156

4% under the D⇤ peak is modelled with an exponential distribution for m and a phase157

space distribution for �m. Background candidates containing a D0 originating from a b158

hadron decay without an intermediate D⇤ resonance, which contribute about 15% in the159

full �m mass range, are described by the same distribution as that of the signal for m,160

and by the same function used for the combinatorial background component for �m. All161

parameters that describe signal and background shapes vary freely in the invariant mass162

fits. The results of the 2011 and 2012 fits for these parameters are compatible within163

the statistical uncertainties. Figure 2 shows the results of the fit to the B0! D⇤�µ+⌫
µ

X164

samples, projected on the two mass observables. The yields corresponding to the D⇤ peak165

are (2.514± 0.006)⇥ 105 and (5.776± 0.009)⇥ 105 in 2011 and 2012 data.166

The fraction of B+ background in data, f
B

+ , is determined with good precision by167

fitting the distribution of the BDT classifier, where templates for signal and B+ background168

are obtained from simulation. Fits are performed separately in tagging categories for 2011169

and 2012 data, giving fractions of B+ of 6% and 3% on average for the B0! D�µ+⌫
µ

X170

and the B0 ! D⇤�µ+⌫
µ

X modes with relative variation of the order of 10% between171

samples. The results of the fits to 2012 data for both modes is given in Fig. 3. Systematic172

uncertainties of 0.5% and 0.4% are assigned on the B+ fractions for B0! D�µ+⌫
µ

X and173

B0! D⇤�µ+⌫
µ

X, respectively, which are due to the knowledge of the exclusive decays174

used to build the simulation templates. In the decay time fit, the B+ fractions are kept175

fixed. The statistical and systematic uncertainties on f
B

+ lead to a systematic uncertainty176
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Figure 2: Distributions of (top) m
K⇡

and (bottom) �m for B0! D⇤�µ+⌫
µ

X candidates in (left)
2011 and (right) 2012 data. Projections of the fit function are superimposed for (blue continuous
line) the full PDF and its components: (red dashed line) signal D⇤� from B0 or B+ decays,
(black dashed-dotted line) D0 from B and (filled yellow histogram) combinatorial backgrounds.

on �m
d

, which is reported in Sect. 5.177

The oscillation frequency �m
d

is determined from a binned maximum likelihood fit178

to the distribution of the B0 decay time t of candidates classified as mixed (q = �1) or179

unmixed (q = 1) according to the flavour of the B0 meson at production and decay time.180

The total probability distribution function for the fit is given by181

P(t, q) = S(t, q) + f
B+B+(t, q) , (3)

6

D-→K+π-π-

1.3 M 

D*-→D0π-

0.8 M 

Huge samples of these decays in LHCb!

But how do we know the  
initial flavour of the B0 meson? 
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b

b
Main production mechanism of b quark 
at hadron collider: b anti-b pair production
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The two b quarks hadronise independently 
into two b hadron (incoherent production)

Λb0
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π+
The signal B0 can be accompanied by  
a charged pion (~50% of the time):  
its charge gives the flavour of the B!

(Same Side tagging)
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The signal B0 can be accompanied by  
a charged pion (~50% of the time):  
its charge gives the flavour of the B!

(Same Side tagging)
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The decay product of the other b hadron 
can also carry information about the 
original flavour

(Opposite Side tagging) µ-

K-
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d
Λb0
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“Just” need to find the right tracks  
in all the mess… 

Mis-tag sources:

- wrong track (backgrounds, fakes)

- the OS B has oscillated!

- …

The tagging algorithm takes this  
into account, and compute a  
mistag probability for each  
tagged event.

Combining the tagging efficiency (how many events we can tag)  
and the mistag probability (how often wrong), the size of a  

“perfectly tagged” sample (tagging power)  
is just O(2-5%) of the original one!

But still…
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Figure 6: Mixing asymmetry projections in the four tagging categories for (top plots) B0 !
D�µ+⌫

µ

X and (bottom plots) B0! D⇤�µ+⌫
µ

X for 2012 data. The average mistag per category
is increasing when going from (a) to (d).
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B0 →D–(→K+π–π–)μ+ X (2012)!
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mistag ω ≈ 23% !

ω ≈ 46% !

ω ≈ 31% !
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1 – 2ω!
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respect to the PV, the fits are repeated with a k-factor histogram obtained with a tighter297

cut on the IP, and the di↵erence with respect to the default is taken as systematic298

uncertainty. The systematic uncertainties (0.5 and 0.3 ns�1 for B0 ! D�µ+⌫
µ

X and299

B0! D⇤�µ+⌫
µ

X, respectively) related to the bias are considered as uncorrelated between300

the channels, as they are determined from di↵erent simulation samples and the time-biasing301

cuts, responsible for the systematic uncertainty on the bias, are di↵erent between the two302

channels.303

The knowledge of the length scale of the LHCb experiment is limited by the uncertainties304

coming from the metrology measurements of the silicon-strip vertex detector. This was305

evaluated in the context of the �m
s

measurement and found to be 0.022% [27]. This306

translates in an uncertainty on �m
d

of ±0.1 ns�1. The uncertainty on the knowledge307

of the momentum scale was determined by studying the masses of various well known308

resonances and found to be 0.03% [28]. This uncertainty results in a 0.2 ns�1 uncertainty309

in �m
d

in both modes.310

E↵ects due to the choice of the binning scheme and fitting ranges are found to be311

negligible.312

6 Conclusion313

A combined value of �m
d

is obtained as a weighted average of the four measurements314

performed in B0 ! D�µ+⌫
µ

X and B0 ! D⇤�µ+⌫
µ

X in the two years 2011 and 2012.315

First, the 2011 and 2012 results of each decay mode are averaged according to their316

statistical uncertainties. The combined results are shown in the last column of Table 1.317

Then, the resulting �m
d

values of each mode are averaged according to the combination318

of the corresponding statistical and uncorrelated systematic uncertainties. The correlated319

systematic uncertainty is added in quadrature to the resulting uncertainty. The combined320

result is shown in the last row of Table 1.321

In conclusion, the oscillation frequency in B0–B0 system (�m
d

) is measured in semilep-322

tonic B0 decays using data collected in 2011 and 2012 at LHCb. The B0! D�µ+⌫
µ

X323

and B0! D⇤�µ+⌫
µ

X decays are used, where the D mesons are reconstructed in Cabibbo-324

favoured decays: D�! K+⇡�⇡� and D⇤�! D0⇡�, with D0! K+⇡�. A combined �m
d

325

measurement is obtained:326

�m
d

= (505.0± 2.1 (stat)± 1.0 (syst)) ns�1 ,

which is compatible with previous LHCb measurements and the previous world average [10].327

This is the most precise single determination of this quantity, with a total uncertainty328

similar to the current world average.329
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M12 and Γ12 determine the mass and width splittings ∆M and ∆Γ, respectively:

∆M ≡ M1 −M2 = 2Re

[

q

p
(M12 −

i

2
Γ12)

]

(15)

∆Γ ≡ Γ1 − Γ2 = −4Im

[

q

p
(M12 −

i

2
Γ12)

]

, (16)

and therefore the characteristics of D0-D0 mixing. We show the unmixed and mixed
intensities as a function of the dimensionless variable, Γt, for initially pure states of
K0, D0, B0 and Bs, in Figs. 3(a–d), respectively. Of the four lowest-lying neutral
pseudoscalar meson systems, the D0-D0 system shows the smallest mixing, as noted
earlier. In the K0 system, both |x| and |y| are both of order 1; in the D0 system,
|x| and |y| are both of order 1%; in the B0 and Bs systems, |x| ≫ |y|.
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Fig. 3. The unmixed (blue) and mixed (red) intensities for an initially pure (a) K0; (b) D0; (c)
B0; (d) Bs state. The vertical scale in (b) is logarithmic, the others linear. The values of the mixing
parameters as defined in Eqs. 1 and 2 are obtained using data from Ref. 19, assuming ||q/p| = 1.

From Eq. 9 (Eq. 10), the amplitude that a D0 (D0) produced at t = 0 will
develop into a linear combination of D0 and D0 and decay into f (f̄) at time t is:

⟨f |H|D0(t)⟩ = Afg+(t) + Āf
q

p
g−(t), (17)

⟨f̄ |H|D0(t)⟩ = Āf̄g+(t) +Af̄

p

q
g−(t), (18)

[arXiv:1209.5806]
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Need good  
B flavour tagging  
(what does change in 
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Very fast oscillations, 
(period of 350 fs), 
require demanding  
time resolution…
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further in Ref. [17]883

2.4.3 Decay time resolution884

The distance between the primary and secondary decay vertex of long lived mesons is885

used to reconstruct the particle’s decay time. This is required for lifetime measurements886

and reconstructing particle oscillations in the B

0 and, notably, the B
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s systems in time887

dependent CP violation measurements. Consequently, we illustrate the performance of888

the VELO with an analysis of the decay time resolution of B
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s! J/ � decays.889

Time dependent CP violation e↵ects are measured as the amplitude of an oscillation890

in the B decay time distribution. The size of the observed amplitude is damped by a891

dilution factor from the finite decay time resolution [55]. Hence, achieving optimal decay892

time resolution is important and any bias in the estimated decay time resolution leads to893

a bias in the measurement of the CP violating e↵ect.894

The reconstructed decay time in the rest frame of the decaying particle can be expressed895

in terms of the reconstructed decay length l, momentum p and mass m of the particle in896

the LHCb frame as t = ml/p. The decay time is computed with a vertex fit that constrains897

the decaying particle to originate from the primary vertex. The uncertainty on the decay898
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This expression shows an explicit dependence on the decay time. However, for decay times902

up to a few times the B lifetime, the uncertainty is dominated by the �l term, motivating903

the use of a ‘prompt’ control channel to calibrate the decay time uncertainty.904

The decay time resolution depends on the topology of the decay and is calibrated for905

each final state on data. For B

0

s ! J/ � decays, the calibration method uses prompt906

combinations that fake signal candidates. Subtracting the small contribution from signal907

candidates and long-lived background using the s-Plot technique [56], the shape of the908

decay time distribution is determined only by the resolution function. The B

0

s! J/ �909

candidate selection is described in Ref. [57].910

Figure 26 shows the resolution as a function of the (fake) B candidate momentum.911

It should be noted that the decay time resolution is essentially independent of the B912

momentum, illustrating that �l / p. This is a consequence of the fact that the larger the913

momentum is, the smaller the opening angle, and hence the larger the uncertainty on914

the position of the vertex in the direction of the boost. The resolution is also shown as a915
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Table 2. Systematic uncertainties on the 1ms measurement. The total systematic
uncertainty is calculated as the quadratic sum of the individual contributions.
Source Uncertainty (ps�1)

z-scale 0.004
Momentum scale 0.004
Decay time bias 0.001
Total systematic uncertainty 0.006

9. Conclusion

A measurement of the B0
s – B

0
s oscillation frequency 1ms is performed using B0

s ! D�
s ⇡+

decays in five different D�
s decay channels. Using a data sample corresponding to an integrated

luminosity of 1.0 fb�1 collected by LHCb in 2011, the oscillation frequency is found to be

1ms = 17.768 ± 0.023 (stat) ± 0.006 (syst) ps�1,

in good agreement with the first result reported by the LHCb experiment [13] and the current
world average, 17.69 ± 0.08 ps�1 [27]. This is the most precise measurement of 1ms to date,
and will be a crucial ingredient in future searches for BSM physics in B0

s oscillations.
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So far (so good?)
★ No primordial antimatter observed, universe matter dominated

★ Need breaking of CP symmetry to explain this

★ C and P are violated by weak interactions (CP looks still healthy…)

★ Matter-antimatter oscillations: K0 can turn into anti-K0;  
the physical states are not the flavour eigenstates. 

★ Using flavour-specific decays we can observe the flavour oscillations

★ A very rich phenomenology of mixing of K, D, and B mesons
 


