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Accessing the next scale

Direct way


High energy production 
of new particles. 

Probe directly structure of 
matter and its interactions

2

Indirect way (Flavour) 


Low-energy precision measurements. 
•  NP can alter mixing dynamics
•  NP can introduce new sources           

of CP violation
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Mixing formalism 

Mixing of neutral mesons: formalism

• Time-evolution described by Schrödinger’s equation

• Eigenstates can have different masses and decay width

• If CP is conserved, q and p are real, i.e. |q/p| = 1 and φ = arg(q/p) = 0
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Neutral K (D, B and Bs) system: 
“particle mixture”,    
time-evolution governed by 
2x2 Schroedinger’s equation  

Eigenstates superposition of flavour states, 
can have different masses and decay widths  

If CP is conserved, q and p are real, i.e. |q/p| = 1 and φ = arg(q/p) = 0
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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]
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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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Experimentally 

Crucial tracking and vertexing
-  Ỏp/p = 0.4-0.6% at 5-100 GeV/c
-  O(20) μm IP resolution on tracks
-  O(50) fs decay-time resolution  

Flavour at decay from final-state particles. 
Initial flavour:
-  use D0 coming from, D*+→D0π+ or B→D0 μ– X
-  for B0 and Bs

0 more complicated… 
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   ≈350 fs 	  

E.Gersabeck, CP violation searches in the charm sector at LHCb
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Charm	  tagging
IJMP A30 (2015) 1530022

Prompt tag	  

SL tag



Identifying the initial B flavour  7

Hadron collisions represent a challenging environments for B tagging
Don’t miss Vincenzo Battista’s talk at YSF!

Signal	  

New algorithm SS Kaon 
arXiv:1602.07252

New OS Charm algorithm 
JINST 10 (2015) 10005

OS algorithms in EPJC 72 (2012)  2022 

SS kaon (Bs) 	  

OS charm 	  

Performance metrics
ự  = N(tagged)/N(total)

ω = N(wrong tag)/N(tagged)
 ựeff = ự<(1 – 2ω)2>





Identifying the initial B flavour  8

Hadron collisions represent a challenging environments for B tagging
Don’t miss Vincenzo Battista’s talk at YSF!

Signal	  

New algorithm SS Kaon 
arXiv:1602.07252

New OS Charm algorithm 
JINST 10 (2015) 10005

OS algorithms in EPJC 72 (2012)  2022 

SS kaon (Bs) 	  

OS charm 	  

Performance metrics
ự  = N(tagged)/N(total)

ω = N(wrong tag)/N(tagged)
 ựeff = ự<(1 – 2ω)2>


ựeff(SS) ≈ 1-2%
ựeff(OS) ≈ 2-4%



Tagging power [%]	  
2011	   Run I	   Improvement	   Ref.	  

    B0→J/ψKS                 2.38         3.03          +27%         PRL 115 (2015) 031601 
    Bs

0→J/ψKK        3.13          3.73          +19%         PRL 114 (2015) 041801

    Bs
0→J/ψππ          2.43         3.89          +60%         PLB 736 (2014) 186

    Bs
0→φφ                                  5.33                             PRD   90 (2014) 052011

    Bs
0→DsK                                5.07                             JHEP 11  (2014) 060


Impressive improvements	  



9	  

Ỏmd  with high precision
Tagged B0 →D–(→K+π–π–)μ+ X (1.6M) 
and B0 →D*–(→D0

[Kπ]π–)μ+ X (0.8M) 
decays reconstructed in the Run I dataset

B+ →D(*)– μ+ X major offending background.
Develop a multivariate classifier to 
distinguish it from signal.

Use of OS tagging algorithm, 
tagging power of about 2.5%. 

Biased estimate of the decay time, 
due to the unreconstructed neutrino 
(B momentum partially reconstructed). 




Statistically correct by using simulation       
(k-factor). Decrease of the time resolution.
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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)
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Figure 8: The k-factor distribution and the average k-factor (black points) as a function of
the D(⇤)�µ+ invariant mass, in samples of simulated (top) B0 ! D�µ+⌫

µ

X and (bottom)
B0! D⇤�µ+⌫

µ

X decays. Polynomial fits to the average k-factor function are also shown in red.
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D*–→D0π–	  

Tracks are required to be identified as muons, kaons or pions. The charm mesons71

are reconstructed through the D� ! K+⇡�⇡� decay, or through the D⇤� ! D0⇡�,72

D0 ! K+⇡� decay chain. The masses of the reconstructed D� and D0 mesons should73

be within 70MeV/c2 and 40MeV/c2 of their respective known values [10], while the mass74

di↵erence between the reconstructed D⇤� and D0 mesons should lie between 140 and75

155MeV/c2. For D� and D0 candidates, the sum of the p
T

of the daughters should76

be above 1800MeV/c. A good quality vertex fit is required for the D�, D0, and D⇤�
77

candidates, and for the D(⇤)�µ+ combination (referred to as the B candidate from now on).78

The reconstructed vertices of D�, D0, and B candidates are required to be significantly79

displaced from the reconstructed PV. For D� and D0 candidates, a large IP with respect to80

the PV is required in order to suppress charm mesons promptly produced in pp collisions.81

The B momentum and its flight direction, measured using the PV and the B vertex82

positions, are required to be aligned. These selection criteria reduce the contribution83

of D(⇤)� decays, where the charmed meson originates from the primary vertex, to the84

per-mille level or lower. The invariant mass of the B candidate is required to be in the85

range [3.0, 5.2]GeV/c2.86

Vetoes based on invariant mass are applied firstly to suppress B ! J/ X decays, where87

one of the muons from the J/ decay is misidentified as a pion and used to reconstruct a88

D(⇤)�, and secondly to suppress semileptonic decays of the ⇤0

b

baryon, where the proton89

of the subsequent ⇤+

c

decay into pK�⇡+ is misidentified as a pion.90

The dominant background is due to B+! D�µ+⌫
µ

X and B+! D⇤�µ+⌫
µ

X decays91

where additional particles coming from the decay of higher charm resonances, or from92

multi-body decays of B mesons, are not considered. This background is reduced by using93

a multivariate discriminant based on a boosted decision tree (BDT) algorithm [20, 21],94

which exploits information on the B candidate, kinematics of the higher charm resonances95

and isolation criteria for tracks and composite candidates in the B decay chain. Training96

of the BDT classifier is carried out using simulation samples of B0! D⇤�µ+⌫
µ

X signal97

and B+! D⇤�µ+⌫
µ

X background. The variables used as input for the BDT classifier are98

described in the Appendix. Only events above a minimum value of the BDT classifier are99

used in the time-dependent analysis.100

Combinatorial background is evaluated by using reconstructed candidates in the D(⇤)�
101

signal mass sidebands. Backgrounds due to decays of B0

s

and ⇤0

b

into similar final states102

as those of the signal are studied through simulations.103

The decay time of the B0 meson is calculated as t = (M
B

0 · L)/(p
rec

· c/k), where M
B

0104

is the mass of the B0, taken from Ref. [10], L is the measured decay length and p
rec

105

is the magnitude of the visible momentum, measured from the D� or D⇤� meson and106

the muon. The correction factor k is determined from simulation by dividing the visible107

B0 momentum by its true value, k = hp
rec

/p
true

i. This correction depends on the decay108

time and represents the dominant source of uncertainty in the determination of the decay109

time of the B0 meson for t > 1.5 ps. Since the k-factor strongly depends on the decay110

kinematics, it is parametrised by a fourth-order polynomial as a function of the visible111

mass of the B0 candidate.112

The B0 flavour at production time is determined by using information from the other113

3

t = ML
precc

k(mDµ )
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Main sources of systematic 
related to the k-factor correction.  0.35 0.4 0.45 0.5 0.55 0.6 0.65

∆md (ps-1)

World average
Summer 2015

0.5055 ±0.0020 ps-1

CLEO+ARGUS
(χd measurements)

0.498 ±0.032 ps-1

Average of 32 above 0.5055 ±0.0020 ps-1

LHCb D(*)µ/OST
(3 fb-1, prel)

0.5036 ±0.0020 ±0.0013 ps-1

LHCb Dµ/OST,SST
(1 fb-1)

0.503 ±0.011 ±0.013 ps-1

LHCb B0
d(full)/OST,SST

(1 fb-1)
0.516 ±0.005 ±0.003 ps-1

LHCb B0
d(full)/OST
(0.036 fb-1)

0.499 ±0.032 ±0.003 ps-1

BABAR D*lν/l,K,NN
(23M BB− )

0.492 ±0.018 ±0.013 ps-1

BABAR D*lν(part)/l
(88M BB− )

0.511 ±0.007 ±0.007 ps-1

BELLE B0
d(full)+D*lν/comb

(152M BB− )
0.511 ±0.005 ±0.006 ps-1

BELLE l/l
(32M BB− )

0.503 ±0.008 ±0.010 ps-1

BELLE D*π(part)/l
(31M BB− )

0.509 ±0.017 ±0.020 ps-1

BABAR l/l
(23M BB− )

0.493 ±0.012 ±0.009 ps-1

BABAR B0
d(full)/l,K,NN

(32M BB− )
0.516 ±0.016 ±0.010 ps-1

D0 D(*)µ/OST
(02-05)

0.506 ±0.020 ±0.016 ps-1

CDF1 D*l/l
(92-95)

0.516 ±0.099 +0.029 ps-10.516 ±0.099  -0.035

CDF1 l/l,Qjet
(94-95)

0.500 ±0.052 ±0.043 ps-1

CDF1 µ/µ
(92-95)

0.503 ±0.064 ±0.071 ps-1

CDF1 Dl/SST
(92-95)

0.471 +0.078  ±0.034 ps-10.471  -0.068

OPAL π*l/Qjet
(91-00)

0.497 ±0.024 ±0.025 ps-1

OPAL D*/l
(90-94)

0.567 ±0.089 +0.029 ps-10.567 ±0.089  -0.023

OPAL D*l/Qjet
(90-94)

0.539 ±0.060 ±0.024 ps-1

OPAL l/Qjet
(91-94)

0.444 ±0.029 +0.020 ps-10.444 ±0.029  -0.017

OPAL l/l
(91-94)

0.430 ±0.043 +0.028 ps-10.430 ±0.043  -0.030

L3 l/l(IP)
(94-95)

0.472 ±0.049 ±0.053 ps-1

L3 l/Qjet
(94-95)

0.437 ±0.043 ±0.044 ps-1

L3 l/l
(94-95)

0.458 ±0.046 ±0.032 ps-1

DELPHI vtx
(94-00)

0.531 ±0.025 ±0.007 ps-1

DELPHI D*/Qjet
(91-94)

0.523 ±0.072 ±0.043 ps-1

DELPHI l/l
(91-94)

0.480 ±0.040 ±0.051 ps-1

DELPHI π*l/Qjet
(91-94)

0.499 ±0.053 ±0.015 ps-1

DELPHI l/Qjet
(91-94)

0.493 ±0.042 ±0.027 ps-1

ALEPH l/l
(91-94)

0.452 ±0.039 ±0.044 ps-1

ALEPH l/Qjet
(91-94)

0.404 ±0.045 ±0.027 ps-1

ALEPH D*/l,Qjet
(91-94)

0.482 ±0.044 ±0.024 ps-1

Heavy Flavour
Averaging Group

World’s best measurement 	  

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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Particle-antiparticle oscillations, also referred to as mixing, have been observed in strange,
beauty, and, most recently, charm mesons. Until now, all observations of charm oscillations
have been made in the decay mode D

0 ! K

+

⇡

� [1–3].1 This Letter reports the first
observation in a di↵erent decay channel, D0 ! K

+

⇡

�
⇡

+

⇡

�. The analysis makes novel use
of charm mixing, and exploits the phenomenon to improve sensitivity to the charge-parity
(CP ) violating parameter �.

In the Standard Model of particle physics, transitions between di↵erent quark flavours
are described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. An ongoing goal in
flavour physics is to overconstrain the CKM matrix to check for internal consistency.
The phase �, related to b ! u transitions, is of particular interest. It has a relatively
large experimental uncertainty, and can be measured, with negligible uncertainty from
theory input, in the decay B

+! DK

+ (and others) where D represents a superposition
of D0 and D

0 states [4–9]. Sensitivity to � arises when the final state, f , of the D decay
is accessible from both D

0 and D

0, allowing the necessary interference of B+! D

0

K

+

and B

+! D

0

K

+ amplitudes. In order to constrain � using these decay modes, external
input is required to describe both the interference and relative magnitude of D0! f and
D

0 ! f amplitudes. Previously, such input was thought to be accessible only at e

+

e

�

colliders operating at the charm threshold, where correlated DD pairs provide well-defined
superpositions of D0 and D

0 states. Recent studies [10, 11] have shown that this input
can also be obtained from a time-dependent measurement of D0–D0 oscillations. This is
the approach followed here.

An observation of D0–D0 oscillations is made by measuring the time-dependent ratio
of D0 ! K

+

⇡

�
⇡

+

⇡

� to D

0 ! K

�
⇡

+

⇡

�
⇡

+ decay rates. The flavour of the D meson at
production is determined using the decays D⇤(2010)+! D

0

⇡

+

s

and D

⇤(2010)�! D

0

⇡

�
s

,
where the charge of the soft (low-momentum) pion, ⇡

s

, tags the flavour of the meson.
The wrong-sign (WS) decay D

0! K

+

⇡

�
⇡

+

⇡

� has two dominant contributions: a doubly
Cabibbo-suppressed (DCS) amplitude, and a D

0–D0 oscillation followed by a Cabibbo-
favoured (CF) amplitude. The right-sign (RS) decay D

0! K

�
⇡

+

⇡

�
⇡

+ is dominated by
the CF amplitude, and has negligible contributions of O(10�4) from D

0–D0 oscillations.
Ignoring CP violation, to second order in t/⌧ , the time-dependence of the phase-space
integrated decay rate ratio R(t) is approximated by

R(t) ⇡ �
r

K3⇡

D

�
2 � r

K3⇡

D

R

K3⇡

D

· y0
K3⇡

t

⌧

+
x

2 + y

2

4

✓
t

⌧

◆
2

, (1)

where t is the proper decay-time of the D0 meson (measured with respect to production), ⌧
is the D0 lifetime, and r

K3⇡

D

gives the phase space averaged ratio of DCS to CF amplitudes.
The dimensionless parameters x and y describe mixing in the D

0 meson system, with x

proportional to the mass di↵erence of the two mass eigenstates, and y proportional to
the width di↵erence [12]. Here, y0

K3⇡

is defined by y

0
K3⇡

⌘ y cos �K3⇡

D

� x sin �K3⇡

D

, where
�

K3⇡

D

is the average strong phase di↵erence; this and the coherence factor, RK3⇡

D

, are
defined by R

K3⇡

D

e

�i�

K3⇡
D ⌘ hcos �i + ihsin �i, where hcos �i and hsin �i are the cosine and

1Unless otherwise stated, the inclusion of charge-conjugate modes is implied throughout.
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Particle-antiparticle oscillations, also referred to as mixing, have been observed in strange,
beauty, and, most recently, charm mesons. Until now, all observations of charm oscillations
have been made in the decay mode D

0 ! K

+

⇡

� [1–3].1 This Letter reports the first
observation in a di↵erent decay channel, D0 ! K

+

⇡

�
⇡

+

⇡

�. The analysis makes novel use
of charm mixing, and exploits the phenomenon to improve sensitivity to the charge-parity
(CP ) violating parameter �.

In the Standard Model of particle physics, transitions between di↵erent quark flavours
are described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. An ongoing goal in
flavour physics is to overconstrain the CKM matrix to check for internal consistency.
The phase �, related to b ! u transitions, is of particular interest. It has a relatively
large experimental uncertainty, and can be measured, with negligible uncertainty from
theory input, in the decay B

+! DK

+ (and others) where D represents a superposition
of D0 and D

0 states [4–9]. Sensitivity to � arises when the final state, f , of the D decay
is accessible from both D

0 and D

0, allowing the necessary interference of B+! D

0

K

+

and B

+! D

0

K

+ amplitudes. In order to constrain � using these decay modes, external
input is required to describe both the interference and relative magnitude of D0! f and
D

0 ! f amplitudes. Previously, such input was thought to be accessible only at e

+

e

�

colliders operating at the charm threshold, where correlated DD pairs provide well-defined
superpositions of D0 and D

0 states. Recent studies [10, 11] have shown that this input
can also be obtained from a time-dependent measurement of D0–D0 oscillations. This is
the approach followed here.

An observation of D0–D0 oscillations is made by measuring the time-dependent ratio
of D0 ! K

+

⇡

�
⇡

+

⇡

� to D

0 ! K

�
⇡

+

⇡

�
⇡

+ decay rates. The flavour of the D meson at
production is determined using the decays D⇤(2010)+! D

0

⇡

+

s

and D

⇤(2010)�! D

0

⇡

�
s

,
where the charge of the soft (low-momentum) pion, ⇡

s

, tags the flavour of the meson.
The wrong-sign (WS) decay D

0! K

+

⇡

�
⇡

+

⇡

� has two dominant contributions: a doubly
Cabibbo-suppressed (DCS) amplitude, and a D

0–D0 oscillation followed by a Cabibbo-
favoured (CF) amplitude. The right-sign (RS) decay D

0! K

�
⇡

+

⇡

�
⇡

+ is dominated by
the CF amplitude, and has negligible contributions of O(10�4) from D

0–D0 oscillations.
Ignoring CP violation, to second order in t/⌧ , the time-dependence of the phase-space
integrated decay rate ratio R(t) is approximated by

R(t) ⇡ �
r

K3⇡

D

�
2 � r

K3⇡

D

R

K3⇡

D

· y0
K3⇡

t

⌧

+
x

2 + y

2

4

✓
t

⌧

◆
2

, (1)

where t is the proper decay-time of the D0 meson (measured with respect to production), ⌧
is the D0 lifetime, and r

K3⇡

D

gives the phase space averaged ratio of DCS to CF amplitudes.
The dimensionless parameters x and y describe mixing in the D

0 meson system, with x

proportional to the mass di↵erence of the two mass eigenstates, and y proportional to
the width di↵erence [12]. Here, y0

K3⇡

is defined by y

0
K3⇡

⌘ y cos �K3⇡

D

� x sin �K3⇡

D

, where
�

K3⇡

D

is the average strong phase di↵erence; this and the coherence factor, RK3⇡

D

, are
defined by R

K3⇡

D

e

�i�

K3⇡
D ⌘ hcos �i + ihsin �i, where hcos �i and hsin �i are the cosine and

1Unless otherwise stated, the inclusion of charge-conjugate modes is implied throughout.
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New mixing observation
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Figure 2: Decay-time evolution of the background-subtracted and e�ciency corrected WS/RS
ratio (points) with the results of the unconstrained (solid line) and no-mixing (dashed line) fits
superimposed. The bin centres are set to the decay-time where R(t) is equal to the bin integrated
ratio R̃.

Table 1: Results of the decay-time dependent fits to the WS/RS ratio for the unconstrained and
mixing-constrained fit configurations. The results include all systematic uncertainties.

Fit Type Parameter Fit result Correlation coe�cient
�

2/ndf (p-value) r

K3⇡

D

R

K3⇡

D

· y0
K3⇡

1

4

(x2 + y

2)

Unconstrained r

K3⇡

D

(5.67± 0.12)⇥ 10�2 1 0.91 0.80
7.8/7 (0.35) R

K3⇡

D

· y0
K3⇡

(0.3± 1.8) ⇥ 10�3 1 0.94
1

4

(x2 + y

2) (4.8± 1.8) ⇥ 10�5 1

r

K3⇡

D

R

K3⇡

D

· y0
K3⇡

x y

Mixing-constrained r

K3⇡

D

(5.50± 0.07)⇥ 10�2 1 0.83 0.17 0.10
11.2/8 (0.19) R

K3⇡

D

· y0
K3⇡

(�3.0± 0.7) ⇥ 10�3 1 0.34 0.20
x (4.1± 1.7) ⇥ 10�3 1 -0.40
y (6.7± 0.8) ⇥ 10�3 1

consistent with the existing measurement from Belle [24], and has smaller uncertainties.
Using the RS branching fraction, B(D0! K

�
⇡

+

⇡

�
⇡

+) = (8.07±0.23)⇥10�2 [20], the WS
branching fraction, B(D0! K

+

⇡

�
⇡

+

⇡

�), is determined to be (2.66± 0.06± 0.08)⇥ 10�4

using the unconstrained result, and (2.60±0.04±0.07)⇥10�4 using the mixing-constrained
result. Here the first uncertainty is propagated from R

K3⇡

WS

and includes systematic e↵ects,
and the second is from the knowledge of B(D0! K

�
⇡

+

⇡

�
⇡

+).
In conclusion, the decay-time dependence of the ratio of D0! K

+

⇡

�
⇡

+

⇡

� to D

0!
K

�
⇡

+

⇡

�
⇡

+ decay rates is observed, and the no-mixing hypothesis is excluded at a

6
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CPV: a two slits experiment

B

f
a1

a2


Quantum interference between two amplitudes

ACP ≈ 2|a1 a2|sin(Ự1 – Ự2) sin(φ1 – φ2)
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15	  ữ  with B0→D0K+π–

ữ constraints from pure tree B→Dh 
decays are robustly free from NP.

ữ  uncertainty mainly statistical. 
Benefit from combining several inputs.
Latest LHCb combination:




using B+→Dh+(h–h+) with 

•  D→fCP              (GLW method)
•  D→fsup            (ADS method)
•  D→3-body (GGSZ method)

and time-dependent Bs
0→Ds

–K+.

First B0→D0K+π– Dalitz-plot analysis.
Despite low statistics, a new 
opportunity to access ữ  from 
interference of resonances in the DP.  




γ = 73+9−10( )°
[LHCb-CONF-2014-004]
    Will be updated 

very soon!	  
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16	  ữ  with B0→D0K+π–
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17	  ữ  with B0→D0K+π–

±x
-1 -0.5 0 0.5 1

±y

-1

-0.5

0

0.5

1
LHCb

B0→D0K*(892)0

No evidence of CP violation.

While no value of ︎ is excluded at 95% C.L., 
this is a powerful new method ︎ which will 
be very important in Run 2 and beyond! 



x± = rB cos(δB ±γ )
y± = rB sin(δB ±γ )
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the CP asymmetries
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ỎACP in D0→h+h– 

where hti is the arithmetic average of ht(K�K+)i and ht(⇡�⇡+)i.
The most precise measurements of the time-integrated CP asymmetries in D0 ! K�K+

and D0 ! ⇡�⇡+ decays to date have been performed by the LHCb [27, 28], CDF [29],
BaBar [30] and Belle [31] collaborations. The measurement in Ref. [28] uses D0 mesons
produced in semileptonic b-hadron decays, where the charge of the muon is used to identify
the flavour of the D0 meson at production, while the other measurements use D0 mesons
produced in the decay of the D⇤(2010)+ meson, hereafter referred to as D⇤+.

The raw asymmetry, Araw(f), measured for D0 decays to a final state f is defined as

Araw(f) ⌘
N (D⇤+ ! D0(f)⇡+

s

)�N
�
D⇤� ! D0(f)⇡�

s

�

N (D⇤+ ! D0(f)⇡+
s

) +N
�
D⇤� ! D0(f)⇡�

s

� , (4)

where N is the number of reconstructed signal candidates of the given decay and the
flavour of the D0 meson is identified using the charge of the soft pion (⇡+

s

) in the strong
decay D⇤+ ! D0⇡+

s

. The raw asymmetry can be written, up to O(10�6), as

Araw(f) ⇡ A
CP

(f) + AD(f) + AD(⇡
+
s

) + AP(D
⇤+), (5)

where AD(f) and AD(⇡+
s

) are the asymmetries in the reconstruction e�ciencies of the
D0 final state and of the soft pion, and AP(D⇤+) is the production asymmetry for D⇤+

mesons, arising from the hadronisation of charm quarks in pp collisions. The magnitudes
of AP(D⇤+) [32] and AD(⇡+

s

) [33] are both about 1%. Equation 5 is only valid when
reconstruction e�ciencies of the final state f and of the soft pion are independent. Since
both K�K+ and ⇡�⇡+ final states are self-conjugate, AD(K�K+) and AD(⇡�⇡+) are
identically zero. To a good approximation AD(⇡+

s

) and AP(D⇤+) are independent of the
final state f in any given kinematic region, and thus cancel in the di↵erence, giving

�A
CP

= Araw(K
�K+)� Araw(⇡

�⇡+). (6)

However, to take into account an imperfect cancellation of detection and production
asymmetries due to the di↵erence in the kinematic properties of the two decay modes, the
kinematic distributions of D⇤+ mesons decaying to the K�K+ final state are reweighted
to match those of D⇤+ mesons decaying to the ⇡�⇡+ final state.

The LHCb detector [34, 35] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. The two ring-imaging Cherenkov detectors [36] provide particle identification
(PID) to distinguish kaons from pions for momenta ranging from a fewGeV/c to about
100GeV/c. The direction of the field polarity (up or down) of the LHCb dipole magnet is
reversed periodically, giving data samples of comparable size for both magnet polarities.

To select D⇤+ candidates, events must satisfy hardware and software trigger require-
ments and a subsequent o✏ine selection. The trigger consists of a hardware stage, based
on high transverse momentum signatures in the calorimeter and muon systems, followed
by a software stage, which applies a full event reconstruction. When the hardware trig-
ger decision was initiated by calorimeter deposits from D0 decay products, the event

2

Probe CPV in charm with 
D0→K+K– and D0→π+π–.
	  

Prompt-tagged decays from 
full Run I dataset. Measure: 






Provided equal kinematic distributions 
for decays to K+K– and π+π– decays, 
spurious asymmetries 
cancel in the difference


Araw[hh]≡
N(D∗+ →D0

[hh]π s
+ )− N(D∗− →D

0
[hh]π s

− )

N(D∗+ →D0
[hh]π s

+ )+ N(D∗− →D
0
[hh]π s

− )

≈ ACP[hh]+ Aprod[D
∗]+ Adet[π s ]
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ỎACP in D0→h+h– 

No CPV violation observed. Supersedes PRL 108 (2012) 11162. 
Compatible with SL-tagged analysis [PLB 723 (2013) 23]. 

Figure 2: Contour plot of �a

dir
CP

versus aind
CP

. The point at (0,0) denotes the hypothesis of no CP

violation. The solid bands represent the measurements in Refs. [28, 44, 45] and the one reported
in this Letter. The contour lines shows the 68%, 95% and 99% confidence-level intervals from
the combination.

and D0 !⇡�⇡+ decays is measured using pp collision data corresponding to an integrated
luminosity of 3.0 fb�1. The final result is

�A
CP

= (�0.10± 0.08 (stat)± 0.03 (syst))%,

which supersedes the previous result obtained using the same decay channels based on
an integrated luminosity of 0.6 fb�1 [27]. This is the most precise measurement of a
time-integrated CP asymmetry in the charm sector from a single experiment.
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20	  2Ữs and 2Ữ quick reminder

≈–2Ữs	  

2Ữs
Bs

0→J/ψKK  PRL 114 (2015) 041801

Bs
0→J/ψππ    PLB 736 (2014) 186

Bs
0→Ds

– Ds
+   PRL 114 (2015) 041801

   

2Ữs 
ef f  Bs

0→φφ PRD 90 (2014) 052011
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sin2Ữ = 0.731±0.035±0.020   with B0→J/ψKS   PRL 115 (2015) 031601 


+ Control of penguin pollution
2Ữ 

ef f  B0→J/ψρ       PLB 742 (2015) 38

CPV in Bs
0→J/ψK*JHEP 11 (2015) 082  

CPV in Bs
0→J/ψKS JHEP 06 (2015) 131 
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Conclusions
!  LHCb continues to harvest rich results from Run I.



High precision measurements of mixing of neutral B mesons.
Continuing the exploration of the D mixing dynamics.


Measurements of CPV in B and D mesons  in good agreement 
with the SM, but (almost all) limited by statistics.


Full data sample not (yet) completely exploited, 
many important results foreseen very soon 
(e.g. new ữ  measurements, CPV in b baryons)



!  LHCb ready and fully operational for Run II. 

Eager to exploit the physics potential of new data!



   Backup
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ỎACP in D0→h+h– 
Going to sub-per-mill precision.



Analysis of 8 disjoint subsamples
Split by:

magnet polarity: test cancellation 
of detector-related asymmetries



year: data taking condition


L0 trigger: different kinematic 
of the decays


Numerous stability checks. 
Asymmetries as a function of





E.Gersabeck, CP violation searches in the charm sector at LHCb
42

Analysis done in 8 
disjoint subsamples 

Split by 
• magnet polarity: test 

the cancellation of 
detector related 
effects 

• year: different data 
taking conditions 

• hardware-level 
trigger: different 
kinematics of the 
decays LHCb-PAPER-2015-055

to be submitted to PRL

Results for the subsamples
χ2 = 6.3 (7 ndf)
p-value = 0.50.

number of primary vertices
quality of the D*vertex
π soft kinematics
D0 kinematics

PID requirements
D0 mass 
time (run numbers)
… 
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sin 2� at the B factories
[Eur. Phys. J. C74 (2014) 3026, arXiv:1406.6311]

A long history of sin 2� measurements at the B factories

Started in 1999,

First observation in 2001

Now BaBar: 0.687± 0.028± 0.012 [PRD 79, 072009 (2009)]

Belle: 0.667± 0.023± 0.012 [PRL 108, 171802 (2012)]

Patrick Koppenburg CP Violation and CKM Physics 29/7/2015 — EPS-HEP [22 / 50]


Indirect determination:
sin 2ỮSM = 0.771+0.017 

−0.041 
[CKMFitter arXiv:1501.05013]

A long history of sin 2Ữ 
measurements at the 
B factories, started in 1999. 
BaBar: 0.687 ± 0.028 ± 0.012 
[PRD 79, 072009 (2009)] 
Belle:    0.667 ± 0.023 ± 0.012 
[PRL 108, 171802 (2012)]

Intriguing tension 
between direct and indirect 
determinations 



25

Ữs angle–   

sβ
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s
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excluded at CL > 0.95

sb
ρ
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EPS 15

CKM
f i t t e r

Another unitary relation of 
CKM matrix, concerning Bs


Indirect determination:
2Ữs

SM = 0.0363 ± 0.0013 rad 
[CKMFitter arXiv:1501.05013]

Early measurements by 
Tevatron experiments showed 
interesting 2σ deviation from
indirect determination, but 
large uncertainties.

Moved to high precision era 
with LHC “Bs factory”.




Outlooks
We expect a huge increase in precision in the LHCb upgrade!

Table 27: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the expected sensitivity is
given for the integrated luminosity accumulated by the end of LHC Run 1, by 2018 (assuming 5 fb�1 recorded during Run
2) and for the LHCb Upgrade (50 fb�1). An estimate of the theoretical uncertainty is also given – this and the potential
sources of systematic uncertainty are discussed in the text.

Type Observable LHC Run 1 LHCb 2018 LHCb upgrade Theory
B

0

s

mixing �

s

(B0

s
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�

s
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A
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s
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