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•  Introduction 
 

² Why are we interested in flavour physics? 
²  Three ways of CPV 
² Phenomenology of mixing 
 

•  Selected measurements at LHCb (only a few spectacular ones) 
 

²  The LHCb detector 
²  Mixing and CPV for beauty  

²  Phase φs from B0
s → J/ψ φ 

²  CKM angle γ from B± → D0K± 
²  Rare decays of  B → K*µµ

²  Mixing and CPV for charm 
²  Searches for mixing and CPV in D0 → K±π∓ 
²  AΓ asymmetry from D0 → K+K-,   D0 → π+π- 

²  Model-independent searches for CPV in D+ → π-π+π+,  D0 → π-π+π0 
²  AT asymmetry from D0 → K-K+π-π+,   D0 → π-π+π-π+ 

•  Summary 



Why are we interested in flavour physics? 
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The main goal of particle physics is to search for physics beyond the Standard 
Model (SM) 
  

There are two ways of search for New Physics: 
 
•  direct searches for produced new objects (Atlas and CMS) 
 
•  LHCb contributes to indirect searches: 
 

²  testing of the SM by precision measurements of 
    especially processes which are very well predicted 
 

²  finding of disagreements is indirect indication  
     for the existence of new objects 
 

²  in particular we are interested in: 
Ø  CPV in B and D  
     – CPV in SM is too small to explain the observed size of matter  
        domination over antimatter in the Universe 
     – it is a good tool in searches for New Physics  
Ø  and very rare decays (B and D) – highly suppressed in the SM  

2                   11/02/2010      Warszawska Grupa LHCb: A.Chłopik, Z.Guzik, A.Nawrot, M.Szczekowski, A.Ukleja;  http://lhcb.fuw.edu.pl

Eksperyment LHCb

LHCb specjalnie zbudowany do badań fizyki B przy LHC

badanie łamania parzystości przestrzenno-ładunkowej CP
i rzadkich rozpadów cząstek pięknych

wykrycie niezgodności z przewidywaniami Modelu Standardowego 
są pośrednim wskazaniem na istnienie nowych zjawisk fizycznych

eksperymenty ATLAS/CMS – bezpośrednie poszukiwania cząstek Nowej Fizyki
                                               przy coraz wyższych energiach

eksperyment LHCb – poszukiwania Nowej Fizyki w dokładniejszych pomiarach
                                   znanych procesów w Modelu Standardowym,
                                   potrzebne duże statystyki przypadków z cząstkami pięknymi

                                        (⇒ duże energie)

Zakładana świetlność (√s=14 TeV):
     ~   2 fb-1/rok (107 s) → ( N = σ L  ; σ

bb
 = 0.5 mb )   1012 par  bb

     ~ 10 fb-1 w 5 lat

Na początku – rok 2010 (√s=7 TeV; p-p: 3.5-3.5 TeV):
Przewidywana świetlność: 0.2 – 0.3 fb-1



Three ways of CP violation 
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1. in mixing (indirect) 
    D0 → anti-D0   ≠   anti-D0 → D0  
2. in decay amplitudes (direct) 
    D → f   ≠   anti-D → anti-f  
3. in interference (indirect)  
    between direct decays and  
    decays with mixing 

D0                             f = anti-f 
 
            anti-D0 

anti-D0                            f = anti-f 
 
                        D0 

A 

anti-A 

A 

anti-A 

 
•  Mixing is described by box diagrams and 
    direct decays by tree and penguin diagrams 
•  In loops new particles could be exchanged 
 
•  CPV in mixing does not depend on final state (universal)  
•  Direct CPV depends on final states and it has to be searched everywhere it is 

possible: D → hh, hhh, hhhh, …… 

Search for New Physics in the Flavour Sector

New Physics are corrections to Standard Model processes:

Standard Model New Physics

ABSM = A0

(

CSM

m2
W

+ CNP

λ2
NP

)

What is the scale of λNP ? How much different are CNP and CSM?
Stephanie Hansmann-Menzemer 2

c 

c 

D0 – as an example, the same for B0, B0
s 



Neutral mesons can oscillate between matter and anti-matter: 
  
 
 
 
mass eigenstates are different from flavor eigenstates 
 
 
 
 
 

Two parameters describe mixing: 
       mass difference Δm:                                    decay width difference ΔΓ: 
 
 
 
 
 
 

 
weak phase:  
 

Δm, ΔΓ, φ – measured experimentally  

Mixing of neutral mesons 
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Motivation

• Neutral mesons can oscillate between matter 

and anti-matter: mass eigenstates are different 

from flavor eigenstates

• Oscillations in K0 and B0, B0
s are well 

established and provide precision tests of the 

standard model CKM parameters

• What about charm?

• Almost completely unexplored

• Low standard model rate, potentially a 

powerful probe for new physics

• Only up-type quark where we can look for 

mixing and/or CP violation
2
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experiment              theory 

K0 � K̄0 , (ds̄)� (d̄s)
B0 � B̄0 , (db̄)� (d̄b) ; B0

s � B̄0
s , (sb̄)� (s̄b)

D0 � D̄0 , (cū)� (c̄u)

(D0 – as an example, the same for B0, B0
s) 

For B0
s:  ΔΓs = ΓL - ΓH  



For charm:  
       x ≈ 0.0074  
       y ≈ 0.0048 
•  x, y very small 
•  mixing is very slow  
•  very precise 

measurements needed     
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Mixing of neutral mesons 

A.Ukleja                                   LHCb results on CPV 14/04/2015    6   

Chavez, Cowan, Lockman, Int.J.M.Phys.A27(2012)1230019 

lo
g 

sc
al

e D0 → D0 

D0 → D0 

B0 → B0 
B0

s
 → B0

s 

For B0: 
x ≈ 0.775  
y ≈ 0.007 (very small) 

For B0
s: 

x ≈ 26.82 (large) 
y ≈ 0.058 (much smaller than x) 

In
te

ns
ity

 

Γ time 

The frequency of B0
s – anti-B0

s oscillations is the highest. 
On average, a B0

s meson changes its flavour 9 times 
between production and decay 

Marseille, March 2015 T.M. Karbach / CERN / LHCb 18

New Physics in particle oscillation?

Some neutral particles can transition into their own anti-particle 
(mixing):

There are only 4 particles that can oscillate:

● D0 mesons: very, very slowly

● K0 mesons: very slowly

● B
d
 mesons: slowly

● B
s
 mesons: fast!



LHCb 

Hadronic b decays

Introduction

Measuring γ

γ Combination

✚✚CP in B± → D0h

Λb →πKph

b → cc

Conclusions

C. Fitzpatrick

March 24, 2014

Introduction

! Hadronic beauty decays offer a wealth of interesting measurements
! This talk:

! [PRELIMINARY]✟✟CP in the beauty sector: CKM angle γ
! [NEW] Measurements of beauty baryons

! LHCb is uniquely positioned to make precise measurements with fully hadronic final
states:

250m
rad

100mrad

! Excellent vertex resolution

! Precise tracking

! Flexible & efficient software trigger

! Hadronic PID up to 100GeV/c

2 / 14

! LHCb is a forward spectrometer studying pp collisions 
!   Excellent vertex resolution of O(10 μm) 
!   Time Resolution of 40-50 fs (14% of Bs oscillation period) 
!   RICH detectors provide K±/π± separation 

!   Particle ID of >90% efficiency for kaons [5% pion misid] 
!   ECAL for electromagnetic particles 

 

2011 1 fb-1 

2012 2 fb-1 

 
Total 3 fb-1 

LHCb – precision detector 
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•  VELO – resolution of IP: 20 µm, decay lifetime resolution ~ 45 fs: 0.1 τ(D0)  
•  Excellent tracking resolution: Δp/p = 0.4% at 5 GeV to 0.6% at 100 GeV 
•  RICH – very good particle identification for π and K 
•  Dedicated trigger lines for beauty and charm with high efficiency 
•  The polarity of the magnet is reversed repeatedly during data taking 
•  LHCb has possibilities of precise measurements of beauty and charm particles 

Single-arm forward spectrometer covering range: 2<η<5 

Run 1: 
1/fb (2011), 2/fb (2012) 
 
For each 1/fb:  
~28k  B0

s → J/ψ(µµ) φ(K+K-) 
~2M   D*± → D0(→K-K+)π±    Marseille, March 2015 T.M. Karbach / CERN / LHCb 8

LHCb

● one arm forward spectrometer

● b pair production angles
strongly correlated

● covers 1.9 < η < 4.9

● 100'000 bb pairs produced per 
second (104 x B factories)

[PLB 694 (2010) 209]

[LHCb-CONF-2010-013]
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Beauty part 
 

(the selected LHCb measurements on B meson decays) 



Measurement of the B0
s – anti-B0

s oscillation 
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New J.Phys.15(2013)053021 
9
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Figure 2. Decay time distribution for the sum of the five decay modes for
candidates tagged as mixed (different flavour at decay and production; red,
continuous line) or unmixed (same flavour at decay and production; blue, dotted
line). The data and the fit projections are plotted in a signal window around the
reconstructed B0

s mass of 5.32–5.55 GeV/c2.

8. Systematic uncertainties

With respect to the first measurement of 1ms at LHCb [13], all sources of systematic
uncertainties have been reevaluated.

The dominant source is related to the knowledge of the absolute value of the decay time.
This has two main contributions. First, the imperfect knowledge of the longitudinal (z) scale
of the detector contributes to the systematic uncertainty. It is obtained by comparing the track-
based alignment and survey data and evaluating the track distribution in the vertex detector.
This results in 0.02% uncertainty on the decay time scale and thus an absolute uncertainty of
±0.004 ps�1 on 1ms.

The second contribution to the uncertainty of the decay time scale comes from the
knowledge of the overall momentum scale. This has been evaluated by an independent study
using mass measurements of well-known resonances. Deviations from the reference values [27]
are measured to be within 0.15%. However, since both the measured invariant mass and
momentum enter the calculation of the decay time, this effect cancels to some extent. The
resulting systematic uncertainty on the decay time scale is evaluated from simulation to be
0.02%. This again translates to an absolute uncertainty of ±0.004 ps�1 on 1ms.

The next largest systematic uncertainty is due to a possible bias of the measured decay time
given by the track reconstruction and the selection procedure. This is estimated from simulated
data to be less than about 0.2 fs, and results in ±0.001 ps�1 systematic uncertainty on 1ms.

Various other sources contributing to the systematic uncertainty have been studied such
as the decay time acceptance, decay time resolution, variations of the value of 10s, different
signal models for the invariant mass and the decay time resolution, variations of the signal
fraction and the fraction of B0

s ! D⌥
s K± candidates. They are all found to be negligible. The

sources of systematic uncertainty on the measurement of 1ms are summarized in table 2.

New Journal of Physics 15 (2013) 053021 (http://www.njp.org/)

different flavour 
the same flavour 

at decay and production 

The oscillation frequency:      
Δms = 17.768 ± 0.023stat ± 0.006syst ps-1 

Most precise measurement to date 
 
 

agrees with world av. 17.69 ± 0.08 ps-1 
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Oscillation frequency for B
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: : Fast oscillationsFast oscillations
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Also measured in semileptonic decaysAlso measured in semileptonic decays [arXiv:1308.1302] [arXiv:1308.1302] !  ! 

We use flavour-specific decay mode: 
        B0

s → D-
sπ+ 

 

five D-
s decay modes: 

       D-
s → φ(K+K-)π-  

       D-
s → K*0(K+π-)K-  

       D-
s → K+K-π-  

       D-
s → K-π+π-  

       D-
s → π-π+π-   

 

LHCb: 1/fb 2011, 34000 B0
s → D-

sπ+ 
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Figure 1. Invariant mass distributions for B0
s ! D�

s ⇡+ candidates with the D�
s

meson decaying as (a) D�
s ! �(K+K�)⇡�, (b) D�

s ! K⇤0(K+⇡�)K�, (c) D�
s !

K+K�⇡� nonresonant, (d) D�
s ! K�⇡+⇡� and (e) D�

s ! ⇡�⇡+⇡�. The fits
and the various background components are described in the text. Misidentified
backgrounds refer to background from B0 and 30

b decays with one misidentified
daughter particle.

4. Invariant mass description

The invariant mass of each B0
s candidate is determined in a vertex fit constraining the D�

s
invariant mass to its known value [27]. The invariant mass spectra for the five decay modes
after all the selection criteria are applied are shown in figure 1. The fit to the five distributions
takes into account contributions from signal, combinatorial background and b-hadron decay
backgrounds. The signal components are described by the sum of two Crystal Ball (CB)
functions [29], which are constrained to have the same peak parameter. The parameters of the
CB function describing the tails are fixed to values obtained from simulation, whereas the mean
and the two widths are allowed to vary. These are constrained to be the same for all five decay
modes. It has been checked on data that the mass resolution is compatible among all modes.

The b-hadron decay background includes B0 and 30
b decays with one misidentified

daughter particle. Their mass shapes are derived from simulated samples. The yields for the

New Journal of Physics 15 (2013) 053021 (http://www.njp.org/)
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Also measured in semileptonic decaysAlso measured in semileptonic decays [arXiv:1308.1302] [arXiv:1308.1302] !  ! 

Example: D-
s → K*0K- 



The CPV phase φs  from B0
s decays 
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The measurement of  φs  is crucial in LHCb: 
•  measured from B0

s → J/ψ X ,  mainly:  B0
s → J/ψ(µµ) φ(KK)  (golden mode) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
•  interference between direct decays (D) and decays with mixing (M) allows us to 

measure the value of φs 
 

•  if new particles are exchanged in box diagram, then value of φM will be different 
 

•  very well predicted in the SM:    φSM
s = - 0.0368 ± 0.0017 rad 

B0
s                                J/ψ X 

 
               anti-B0

s 

φs = φM – 2φD 

-φD φM 

φD 
�s = �2�s = �2arg(� VtsV

⇤
tb

VcsV ⇤
cb
)

from mixing: 
φM = 2arg(VtsV*tb) 

from direct decays: 
φD = arg(VcsV*cb) 

φD 
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Figure 1: Feynman diagrams for B0
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Figure 2: Feynman diagrams contributing to the decay B0
s ! J/ h+h� within the SM, where

h = ⇡,K.

tagging. The maximum likelihood fit is explained in Sect. 8. The results and systematic
uncertainties for the B0

s ! J/ K

+
K

� channel are given in Sections 9 and 10, the results
for the B0

s ! J/ ⇡

+
⇡

� channel are given in Sect. 11 and finally the combined results are
presented in Sect. 12. Charge conjugation is implied throughout the paper.

2 Phenomenology

The B

0
s ! J/ K

+
K

� decay proceeds predominantly via B

0
s ! J/ � with the � meson

subsequently decaying to K

+
K

�. In this case there are two intermediate vector particles
and the K

+
K

� pair is in a P-wave configuration. The final state is then a superposition
of CP -even and CP -odd states depending upon the relative orbital angular momentum of
the J/ and the �. The phenomenological aspects of this process are described in many
articles, e.g., Refs. [13, 14]. The main Feynman diagrams for B

0
s ! J/ K

+
K

� decays
are shown in Fig. 2. The e↵ects induced by the sub-leading penguin contributions are
discussed, e.g., in Ref. [15]. The same final state can also be produced with K

+
K

� pairs
in an S-wave configuration [16]. This S-wave final state is CP -odd. The measurement
of �s requires the CP -even and CP -odd components to be disentangled by analysing the
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 pseudo scalar          vectors 
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s → J/ψ(µ+µ-) φ(K+K-)

The relative orbital angular momentum of the 
final state (mixture of CP-even and CP-odd):       
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The various components  
of CP can be separated 
statistically by measurement 
of three angles 

The decay rate: 
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distribution of the reconstructed decay angles of the final-state particles.
In contrast to Ref. [5], this analysis uses the decay angles defined in the helicity

basis as this simplifies the angular description of the background and acceptance. The
helicity angles are denoted by ⌦ = (cos ✓K , cos ✓µ,'h) and their definition is shown in
Fig. 3. The polar angle ✓K (✓µ) is the angle between the K

+ (µ+) momentum and the
direction opposite to the B
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of the angles in terms of the particle momenta is given in Appendix A.
The decay can be decomposed into four time-dependent complex amplitudes, Ai(t).

Three of these arise in the P-wave decay and correspond to the relative orientation of the
linear polarisation vectors of the J/ and � mesons, where i 2 {0, k,?} and refers to the
longitudinal, transverse-parallel and transverse-perpendicular orientations, respectively.
The single K

+
K

� S-wave amplitude is denoted by AS(t).
The distribution of the decay time and angles for a B

0
s meson produced at time t = 0

is described by a sum of ten terms, corresponding to the four polarisation amplitudes
and their interference terms. Each of these is given by the product of a time-dependent
function and an angular function [13]
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states. The expressions for the fk(⌦) and the coe�cients of Eq. 2 are given in Ta-
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ventions �0 = 0 and |A0|2 + |Ak|2 + |A?|2 = 1. The S-wave fraction is defined as
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The single K
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The phase is accessible experimentally via a time-dependent angular analysis to 
measure the time-dependent CP asymmetry 
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Julian Wishahi (TU Dortmund) | CPV in the B(s) system at LHCb | Moriond EW | 20th March2015

!s from Bs → J/" K+K–

‣ ≈96000 signal candidates in 3 fb–1 

‣ analysis 
• decay-time dependent (resolution ≈46 fs) 

• flavour tagged (tagging power ≈3.7%) 

• angular analysis in 6 bins of mKK 

- describe three P-wave and an S-wave state 

- disentangle CP-even and -odd P-wave contributions 

‣ results (polarization-independent)
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Phys. R
ev. Lett. 114, 041801 (2015)

CP even

CP odd
S-wave

The most precise measurement: 
 
φs = - 0.058 ± 0.049(stat) ± 0.006(syst) 
 
agree with the SM:   φSM

s = -0.0368 ± 0.0017 
 
The statistical error is higher than systematic.  
It will be reduced using data which will be recorded 
soon 

LHCb: 3/fb ,  ~ 96 000 signal candidates 

In Warsaw we work on B0
s → J/ψ(e+e-) φ(K+K-)  
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LHCb measurements: the world most precise,  
agree with other experiments, agree with SM predictions 



CKM angle γ
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The γ is the only CKM angle that can be directly measured at tree-level  
 
 
 
 
•  theory:  

γ is known very well  δγ/γ ≈ O(10-7)   [JHEP1401(2014)051] 
 
 
•  experiment:  

²  γ is not known very well 
² Many different channels to study – typically   B± → DK±   decays 
          interference between   b → c anti-u s   and   b → u anti-c s   transitions 
  
          gives γ sensitivity 
²  It is quite challenging to measure since the decay rates are very small 
 

 
² Some final states with K0

s (hard to reconstruct)  

Marseille, March 2015 T.M. Karbach / CERN / LHCb 32

γ is not known very well

                      it is quite challenging to measure!

● The decay rates are small.

● Low interference effects of typically 10%.

● Fully hadronic decays – hard to trigger on.

● Many channels contain a K
S
 in the final state – low efficiency.

● Many channels contain a π0 in the final state – very challenging at LHCb.

● Many decay channels involved.

● Many observables – statistically challenging.

experiment

20/03/2015 Alexis Vallier @ Moriond EW 2

γ a standard candle to probe new physics

● The only angle measurable from tree only processes.

● Theoretically clean :                      
                                         [JHEP 1401(2014)051]

● γ is the least known CKM angle.

● Direct measurements:

– BaBar:  [PRD 87(2013)052015]

– Belle:  [arXiv:1301.2033]

– LHCb:  [LHCb-CONF-2014-004]

● Indirect measurements (dominated by loops):

– CKMFitter:                  (global fit w/o γ meas.)

Goal: highlight or discard tension between 
direct and indirect measurements.

Need better precision from direct measurements.

With only “Tree” quantities

With only “Loop” quantities

Vub = |Vub| eiγ

(colour suppressed) 
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Many different channels to study – typically  B± → DK±  decays 
•  interference between  D0 → f   and   anti-D0 → f   gives  γ  sensitivity 

Measuring γ from B Decays 

! γ is the only CKM angle that can be directly measured at tree-level 
!   Comparison between direct and indirect measurements can be 

a probe of new physics 
! Many different channels to study – typically B±�DK± decays  

!   Interference between D0�f  and  D0�f  gives γ sensitivity 
!   Rich variety of D final states 
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Figure 1.5.: Global fit to the UT. Top: constraints from “tree” quantities only. Bottom:
constraints from “loop” quantities only.

Figure 1.6.: Feynman diagrams for B

± ! DK

± decays. Both processes proceed via tree-
level diagrams. Left: colour favoured amplitude Afav. Right: colour suppressed
amplitude Asup. rB defines the ratio of the two amplitudes and it is defined as
rB = |Asup/Afav|.

be written as:

A(B� ! D0K�) / 1 (1.42)

A(B� ! D̄0K�) / rBe
i(�

B

��) (1.43)

A(B+ ! D̄0K+) / 1 (1.44)

A(B+ ! D0K+) / rBe
i(�

B

+�) (1.45)
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V ∗
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Figure 1.5: Feynman diagrams of the decays (a) D0 → K−π+ and (b) D̄0 → K−π+.
There is a relative phase and magnitude ratio of δKπ

D and rKπ
D , respectively, between

the corresponding amplitudes. Decay (a) is referred to as Cabibbo Favoured (CF)
since the amplitude is proportional to two diagonal CKM matrix elements. Decay (b),
however, is referred to as Doubly Cabibbo Suppressed (DCS) since its amplitude is
proportional two off-diagonal CKM matrix elements. An additional diagram exists for
the DCS mode involving the internal emission of a W− boson.

process are of similar magnitude. This is the situation shown in Fig (1.4(b)). In the
opposite scenario, however, for same sign kaons, the total amplitude is given by

A(B− → (K−π−)K−) ∝ 1 + rB rKπ
D ei(δB−δKπ

D −γ), (1.55)

where it is observed the interfering amplitudes differ greatly in magnitude. Considering
all possible charge combinations, four distinct final states can be reconstructed. The
rates of these four processes take the following form:

Γ(B− → (K−π+)DK−) ∝ 1 + (rBrD)2 + 2 rBrD cos(δB − δD − γ), (1.56)

Γ(B− → (K+π−)DK−) ∝ r2
B + r2

D + 2 rBrD cos(δB + δD − γ), (1.57)

Γ(B+ → (K+π−)DK+) ∝ 1 + (rBrD)2 + 2 rBrD cos(δB − δD + γ), (1.58)

Γ(B+ → (K−π+)DK+) ∝ r2
B + r2

D + 2 rBrD cos(δB + δD + γ), (1.59)

where the constant of proportionality, NKπ, is the same in each expression. It can be
seen that whilst Eqs. (1.57) and (1.59) are the more suppressed of the four rates, they
provide enhanced sensitivity to γ as a result of the interference terms appearing at
leading order. With dependencies on five separate parameters, an unambiguous deter-
mination of γ can not be made from these four rates alone. Although, by considering
the GLW final states hh = {K+K−,π+π−}, one obtains two further rate equations:

Γ(B− → (hh)DK−) ∝ 1 + r2
B + 2 rB cos(δB − γ), (1.60)

Γ(B+ → (hh)DK+) ∝ r2
B + 2 rB cos(δB + γ), (1.61)

with a different constant of proportionality, Nhh. This then leaves a total of six ob-
servable rates with dependence on six unknowns, allowing γ to be solved for.

Parameters of 
interest 

LHCb-CONF-2014-004 

Parameters  
of interest:  

Measuring γ from B Decays 

! γ is the only CKM angle that can be directly measured at tree-level 
!   Comparison between direct and indirect measurements can be 

a probe of new physics 
! Many different channels to study – typically B±�DK± decays  

!   Interference between D0�f  and  D0�f  gives γ sensitivity 
!   Rich variety of D final states 
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Figure 1.5: Feynman diagrams of the decays (a) D0 → K−π+ and (b) D̄0 → K−π+.
There is a relative phase and magnitude ratio of δKπ

D and rKπ
D , respectively, between

the corresponding amplitudes. Decay (a) is referred to as Cabibbo Favoured (CF)
since the amplitude is proportional to two diagonal CKM matrix elements. Decay (b),
however, is referred to as Doubly Cabibbo Suppressed (DCS) since its amplitude is
proportional two off-diagonal CKM matrix elements. An additional diagram exists for
the DCS mode involving the internal emission of a W− boson.

process are of similar magnitude. This is the situation shown in Fig (1.4(b)). In the
opposite scenario, however, for same sign kaons, the total amplitude is given by

A(B− → (K−π−)K−) ∝ 1 + rB rKπ
D ei(δB−δKπ

D −γ), (1.55)

where it is observed the interfering amplitudes differ greatly in magnitude. Considering
all possible charge combinations, four distinct final states can be reconstructed. The
rates of these four processes take the following form:

Γ(B− → (K−π+)DK−) ∝ 1 + (rBrD)2 + 2 rBrD cos(δB − δD − γ), (1.56)

Γ(B− → (K+π−)DK−) ∝ r2
B + r2

D + 2 rBrD cos(δB + δD − γ), (1.57)

Γ(B+ → (K+π−)DK+) ∝ 1 + (rBrD)2 + 2 rBrD cos(δB − δD + γ), (1.58)

Γ(B+ → (K−π+)DK+) ∝ r2
B + r2

D + 2 rBrD cos(δB + δD + γ), (1.59)

where the constant of proportionality, NKπ, is the same in each expression. It can be
seen that whilst Eqs. (1.57) and (1.59) are the more suppressed of the four rates, they
provide enhanced sensitivity to γ as a result of the interference terms appearing at
leading order. With dependencies on five separate parameters, an unambiguous deter-
mination of γ can not be made from these four rates alone. Although, by considering
the GLW final states hh = {K+K−,π+π−}, one obtains two further rate equations:

Γ(B− → (hh)DK−) ∝ 1 + r2
B + 2 rB cos(δB − γ), (1.60)

Γ(B+ → (hh)DK+) ∝ r2
B + 2 rB cos(δB + γ), (1.61)

with a different constant of proportionality, Nhh. This then leaves a total of six ob-
servable rates with dependence on six unknowns, allowing γ to be solved for.

Parameters of 
interest 

LHCb-CONF-2014-004 

Measuring γ from B Decays 

! γ is the only CKM angle that can be directly measured at tree-level 
!   Comparison between direct and indirect measurements can be 

a probe of new physics 
! Many different channels to study – typically B±�DK± decays  

!   Interference between D0�f  and  D0�f  gives γ sensitivity 
!   Rich variety of D final states 
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Figure 1.6.: Feynman diagrams for B

± ! DK

± decays. Both processes proceed via tree-
level diagrams. Left: colour favoured amplitude Afav. Right: colour suppressed
amplitude Asup. rB defines the ratio of the two amplitudes and it is defined as
rB = |Asup/Afav|.
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D and rKπ
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the corresponding amplitudes. Decay (a) is referred to as Cabibbo Favoured (CF)
since the amplitude is proportional to two diagonal CKM matrix elements. Decay (b),
however, is referred to as Doubly Cabibbo Suppressed (DCS) since its amplitude is
proportional two off-diagonal CKM matrix elements. An additional diagram exists for
the DCS mode involving the internal emission of a W− boson.

process are of similar magnitude. This is the situation shown in Fig (1.4(b)). In the
opposite scenario, however, for same sign kaons, the total amplitude is given by

A(B− → (K−π−)K−) ∝ 1 + rB rKπ
D ei(δB−δKπ

D −γ), (1.55)

where it is observed the interfering amplitudes differ greatly in magnitude. Considering
all possible charge combinations, four distinct final states can be reconstructed. The
rates of these four processes take the following form:

Γ(B− → (K−π+)DK−) ∝ 1 + (rBrD)2 + 2 rBrD cos(δB − δD − γ), (1.56)

Γ(B− → (K+π−)DK−) ∝ r2
B + r2

D + 2 rBrD cos(δB + δD − γ), (1.57)

Γ(B+ → (K+π−)DK+) ∝ 1 + (rBrD)2 + 2 rBrD cos(δB − δD + γ), (1.58)

Γ(B+ → (K−π+)DK+) ∝ r2
B + r2

D + 2 rBrD cos(δB + δD + γ), (1.59)

where the constant of proportionality, NKπ, is the same in each expression. It can be
seen that whilst Eqs. (1.57) and (1.59) are the more suppressed of the four rates, they
provide enhanced sensitivity to γ as a result of the interference terms appearing at
leading order. With dependencies on five separate parameters, an unambiguous deter-
mination of γ can not be made from these four rates alone. Although, by considering
the GLW final states hh = {K+K−,π+π−}, one obtains two further rate equations:

Γ(B− → (hh)DK−) ∝ 1 + r2
B + 2 rB cos(δB − γ), (1.60)

Γ(B+ → (hh)DK+) ∝ r2
B + 2 rB cos(δB + γ), (1.61)

with a different constant of proportionality, Nhh. This then leaves a total of six ob-
servable rates with dependence on six unknowns, allowing γ to be solved for.

Parameters of 
interest 

LHCb-CONF-2014-004 

strong phase difference 

ratio  B- → anti-D0K-  to  B- → D0K-  amplitudes  

The equivalent expression for the charge-conjugated decay  B+ → D0K+  is 
obtained by making the substitution  γ → -γ

CP-violating parameters: 

Today: world’s most precise single measurement   

Marseille, March 2015 T.M. Karbach / CERN / LHCb 49

second method: “GGSZ”

unofficial

World's most precise single measurement!
JHEP 1410 (2014) 97,

arXiv:1408.2748.
Marseille, March 2015 T.M. Karbach / CERN / LHCb 49

second method: “GGSZ”

unofficial

World's most precise single measurement!
JHEP 1410 (2014) 97,

arXiv:1408.2748.
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γ from time independent measurement

γ

● Interference between b→cus and b→ucs: sensitive to weak phase γ.

● Several D decays are used:
– Counting analysis:

● GLW: CP eigenstates (e.g. D→KK) 
● ADS: flavoured states (e.g. D→Kπ)
● GLS: singly Cabbibo suppressed (e.g. D→K0

S
Kπ)

– Amplitude analysis:
● GGSZ: 3-body CP conjugate states (e.g. D→K0
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�, divided between the (top) long and (bottom) downstream K

0
S categories.

Fit results, including the signal and background components, are superimposed.
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�. The result of an extended maximum likelihood fit to these
distributions is superimposed. The fit is performed simultaneously for B

± ! DK

±

and B
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± candidates, including both D ! K
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� and D ! K
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SK
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� decays,
allowing several independent parameters for long and downstream K

0
S categories. The fit

range is between 5080MeV/c2 and 5800MeV/c2 in the B

± invariant mass. The purpose of
this simultaneous fit to data integrated over the Dalitz plot is to determine the parameters
that describe the invariant mass spectrum in preparation for the binned fit described in
Sect. 7. The mass spectrum of B± ! D⇡

± candidates is fitted because it is similar to
the B

± ! DK

± spectrum, aiding the determination of the signal lineshape due to the
higher yield and lower background. The yield of B± ! D⇡

± candidates misidentified as
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± candidates can be determined from knowledge of the B± ! D⇡

± signal yield
and the PID selection e�ciencies.

The signal probability density function (PDF) is a Gaussian function with asymmetric
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long K0
s category, ~0.8k events downstream K0

s category, ~1.8k events 

To enrich sample we reconstruct:  B± → D0h± , D0 → K0
sh+h- , where  h = K  or  π

                                                                                             K0
s → π+π-

JHEP10(2014)97 

The two K0
s categories: 

1O:  long – the K0
s vertex is reconstructed  

       in the VELO 
2O:  downstream – track segments of  
       the pions cannot be formed in  
       the VELO 

The γ measurement 
does not depend on 
the K0

s category 
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second method: “GGSZ”

JHEP 1410 (2014) 97, arXiv:1408.2748.

20/03/2015 Alexis Vallier @ Moriond EW 9

B±  DK→ ±   GGSZ

● Use B→DK with:                           and 

● Dalitz plot made with:

● World most precise single γ measurement:

[JHEP 10 (2014) 097]

B+ B-

Measuring γ from B decays 
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JHEP10(2014)97 LHCb: 3/fb,  B± → D0K± ,  D0 → K0
sπ+π-  

•  The analysis is performed in bins of the D decay Dalitz plot and existing 
measurements of the CLEO-c experiment are used to provide input of the D 
decay strong-phase parameters 

•  The CP asymmetries are not uniformly distributed in the phase space, some 
regions of the phase space are more sensitive, it shows importance of a 
strong phase. 
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Marseille, March 2015 T.M. Karbach / CERN / LHCb 49

second method: “GGSZ”

unofficial

World's most precise single measurement!
JHEP 1410 (2014) 97,

arXiv:1408.2748.

JHEP10(2014)97 

•  The measured values are consistent 
with the world average of results from 
previous experiments 

 
•  World’s most precise single 

measurement 

Table 3: Results for x± and y± from fits of both the D ! K

0
S⇡

+
⇡

� and D ! K

0
SK

+
K

� samples,
and from fits of the D ! K

0
S⇡

+
⇡

� sample only. The first, second, and third uncertainties are
the statistical, the experimental systematic, and the error associated with the precision of the
strong-phase parameters, respectively.

Parameter All data D ! K

0
S⇡

+
⇡

� only
x+ [⇥10�2] �7.7± 2.4± 1.0± 0.4 �7.5± 2.7± 1.1± 0.5
x� [⇥10�2] 2.5± 2.5± 1.0± 0.5 2.6± 2.8± 1.1± 0.7
y+ [⇥10�2] �2.2± 2.5± 0.4± 1.0 �1.4± 2.6± 0.6± 0.9
y� [⇥10�2] 7.5± 2.9± 0.5± 1.4 7.5± 3.0± 0.4± 1.5
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Figure 9: Confidence levels at 39.3%, 86.5% and 98.9% probability for (x+, y+) and (x�, y�) as
measured in B

± ! DK

± decays (statistical uncertainties only). The parameters (x+, y+) relate
to B

+ decays and (x�, y�) refer to B

� decays. The stars represent the best fit central values.

in each bin. The latter is determined by fitting directly in each bin for the B

± ! DK

±

candidate yield. This study is performed using e↵ective bin numbers and with long and
downstream K

0
S decays combined. Figure 10 shows the results separately for the sum of

B

+ and B

� candidates, N
B

+ +N

B

� , and for the di↵erence, N
B

+ �N

B

� , which is sensitive
to CP violation. The expected signal yields assuming CP symmetry (x± = y± = 0) in
the N

B

+ �N

B

� distribution are also shown. These are not constant at N
B

+ �N

B

� = 0
because they are calculated using the total B+ and B

� yields, which do not have identical
values. The data and fit expectations are compatible for both distributions yielding a �

2

probability (p-value) of 93% for N
B

+ +N

B

� and 80% for N
B

+ �N

B

� . The results for the
N

B

+ �N

B

� distribution are less compatible with the hypothesis of CP symmetry, which
has a p-value of 4%.
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The Dalitz plot fit is used to measure CP-violating 
parameters: 

LHCb: 3/fb,  B± → D0K± ,  D0 → K0
sπ+π-  
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Figure 12: The three-dimensional confidence volumes, corresponding to 19.9%, 73.9% and 97.1%
confidence levels, are projected onto the (�, r

B

) and (�, �
B

) planes. The confidence levels are
given by solid, dashed and dotted contours. The diamonds mark the central values.

strong-phase di↵erence between them, and � is an angle of the unitarity triangle. The
analysis is performed in bins of the D decay Dalitz plot, and existing measurements of the
CLEO-c experiment are used to provide input on the D decay strong-phase parameters
(c

i

, s

i

) [18]. Such an approach allows the analysis to be free from any model-dependent
assumptions on the strong-phase variation across the Dalitz plot. The following results
are obtained:

x+ = (�7.7± 2.4± 1.0± 0.4)⇥ 10�2
, x� = (2.5± 2.5± 1.0± 0.5)⇥ 10�2

,

y+ = (�2.2± 2.5± 0.4± 1.0)⇥ 10�2
, y� = (7.5± 2.9± 0.5± 1.4)⇥ 10�2

,

where the first uncertainties are statistical, the second are systematic and the third arise
from the experimental knowledge of the (c

i

, s

i

) parameters. The results are the most
precise values of these CP observables obtained from a single measurement.

From the above results, the following values of the underlying physics parameters are
derived: r

B

= 0.080+0.019
�0.021, � = (62+15

�14)
� and �

B

= (134+14
�15)

�. These values are consistent
with the world averages of results from previous measurements [20], but should not be
combined with the model-dependent measurements [15]. These values improve upon and
supersede the results from a previous model-independent measurement performed with
1.0 fb�1 of data collected by LHCb in 2011 [4].
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,

where the first uncertainties are statistical, the second are systematic and the third arise
from the experimental knowledge of the (c
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) parameters. The results are the most
precise values of these CP observables obtained from a single measurement.

From the above results, the following values of the underlying physics parameters are
derived: r
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= 0.080+0.019
�0.021, � = (62+15
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� and �
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�. These values are consistent
with the world averages of results from previous measurements [20], but should not be
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supersede the results from a previous model-independent measurement performed with
1.0 fb�1 of data collected by LHCb in 2011 [4].
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γ combination

LHCb-CONF-2014-004

Frequentist (plugin-method)

LHCb-CONF-2014-004

Marseille, March 2015 T.M. Karbach / CERN / LHCb 71

expected sensitivities

σ(γ) [deg] 2018 2022 2025?

LHCb 4 (8fb-1) 1.0 (50fb-1) LHCb Run4?

Belle-II startup 3 (20ab-1) 1.5 (50ab-1)

Sources
LHCb: arXiv:1208.3355

Belle-II: https://belle2.cc.kek.jp/~twiki/bin/view/Public/B2TIPGoldenModes

(20ab-1 point scaled)
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LHCb 4 (8fb-1) 1.0 (50fb-1) LHCb Run4?

Belle-II startup 3 (20ab-1) 1.5 (50ab-1)

Sources
LHCb: arXiv:1208.3355

Belle-II: https://belle2.cc.kek.jp/~twiki/bin/view/Public/B2TIPGoldenModes

(20ab-1 point scaled)

Combining all LHCb tree-level γ measurements 
LHCb-CONF-2014-004 
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•  Rare flavour changing neutral current (FCNC) decay (proceeds via a b- to s-
quark) is forbidden at tree level in the SM 

 
•  It only occurs via electroweak penguin and box processes 

B. Adeva, University of  Santiago de Compostela           XXIXth Int. Workshop on HEP          Protvino   26th  June, 2013                                                                                       9 

          The rare decay B ! K* µ+µ- 

In the Standard Model, AFB 
flips sign at a 
well defined q2 point, 
no hadronic uncertainties :  
q0

2 =4.36±0.33 GeV2/c4  

 q0
2 = 4.9 ± 0.9 GeV2  

Angular analysis in  
B ! K*0(K+π-)µ+µ-  
sensitive to right-handed  
currents 

CERN-PAPER-2013-019  arXiv: 1304.6325 

CDF, Belle, BaBar, ATLAS, CMS 
existing measurements not shown 

A9 asymmetry : null test of  
CP violation in RH currents 

Zero crossing point q0
2  very sensitive to  

Flavour Blind  MSSM models arXiv:0811.1214 

New, heavy particles can  
enter in competing processes 
and can significantly change 
 

•  the branching fraction           
of the decay  

 

•  and the angular distribution  
of the final state particles    

SM diagrams                        NP diagrams 
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Golden decay B0 ! K⇤0[! K+⇡�]µ+µ�

d

b̄

d

s̄

B0 K⇤0

µ�
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t̄

W+

Z0, �

B
K* K*

z

K

+
+

Figure 1. Kinematic variables of

B̄0

d ! K̄⇤0(! K�⇡+) + ¯̀̀ decays:

i) the (¯̀̀ )-invariant mass squared q2,

ii) the angle ✓` between ` = `� and B̄

in the (¯̀̀ ) center of mass (c.m.), iii)

the angle ✓K⇤ between K� and B̄ in

the (K�⇡+) c.m. and iv) the angle �

between the two decay planes spanned

by the 3-momenta of the (K⇡)- and

(¯̀̀ )-systems, respectively.

V is assumed to be on-shell in the narrow-resonance approximation which restricts the number

of kinematic variables to four4. Using B̄0

d ! K̄⇤0(! K�⇡+) + ¯̀̀ for illustration, they might be

chosen as depicted in figure 1.

The di↵erential decay rate, after summing over lepton spins, factorises into

8⇡

3

d4�

dq2 d cos ✓` d cos ✓K⇤ d�
= Js

1

sin2 ✓K⇤ + Jc
1

cos2 ✓K⇤ + (Js
2

sin2 ✓K⇤ + Jc
2

cos2 ✓K⇤) cos 2✓`

+J
3

sin2 ✓K⇤ sin2 ✓` cos 2� + J
4

sin 2✓K⇤ sin 2✓` cos � + J
5

sin 2✓K⇤ sin ✓` cos �

+(Js
6

sin2 ✓K⇤ + Jc
6

cos2 ✓K⇤) cos ✓` + J
7

sin 2✓K⇤ sin ✓` sin �

+J
8

sin 2✓K⇤ sin 2✓` sin � + J
9

sin2 ✓K⇤ sin2 ✓` sin 2�, (1)

that is, into q2-dependent observables5 J j
i (q

2) and the dependence on the angles ✓`, ✓K⇤ and

�. No additional angular dependencies can be induced by any extension of the SM operator

basis [11] as found by [12, 13]. The following simplifications arise in the limit m` ! 0: Js
1

= 3Js
2

,

Jc
1

= �Jc
2

and Jc
6

= 0.

The di↵erential decay rate d4�̄ of the CP-conjugated decay B0

d ! K0⇤(! K+⇡�) + ¯̀̀ is

obtained through the following replacements

J j
1,2,3,4,7 ! J̄ j

1,2,3,4,7[�W ! ��W ], J j
5,6,8,9 ! � J̄ j

5,6,8,9[�W ! ��W ], (2)

due to ` $ ¯̀) ✓` ! ✓` � ⇡ and � ! ��. The CP-violating (weak) phases �W are conjugated.

The angular distribution provides twice as many observables (J j
i and J̄ j

i ) when the decay

and its CP-conjugate decay are measured separately. This doubles again if the ` = e and µ

lepton flavours are not averaged. Notably, CP-asymmetries can be measured in an untagged

sample of B-mesons due to the presence of CP-odd observables (i = 5, 6, 8, 9) [7]. Moreover,

T-odd observables ⇠ cos �s sin �W (i = 7, 8, 9) are especially sensitive to weak BSM phases �W
[10, 14] contrary to T-even ones ⇠ sin �s sin �W (i = 1, . . . , 6), since the CP-conserved (strong)

phase �s is often predicted to be small. Note, that in the SM CP-violating e↵ects in b ! s are

doubly-suppressed by the Cabibbo angle as Im[VubV
⇤
us/(VtbV

⇤
ts)] ⇡ ⌘̄� ⇠ 10�2.

4 The o↵-resonance case has been studied in [9].
5 Possibilities to extract q2-integrated Jj

i from single-di↵erential distributions in ✓`, ✓K⇤ or � can be found in [10].

⌅ Decay fully described by three helicity angles ~⌦ = (✓`, ✓K , �) and q2 = m2
µµ

⌅ 1

d(� + �̄)/dq2

d3(� + �̄)

d~⌦
=

9

32⇡

⇥
3
4 (1 � FL) sin2 ✓K + FL cos2 ✓K + 1

4 (1 � FL) sin2 ✓K cos 2✓`

� FL cos2 ✓K cos 2✓` + S3 sin2 ✓K sin2 ✓` cos 2�

+ S4 sin 2✓K sin 2✓` cos � + S5 sin 2✓K sin ✓` cos �

+ 4
3AFB sin2 ✓K cos ✓` + S7 sin 2✓K sin ✓` sin �

+ S8 sin 2✓K sin 2✓` sin � + S9 sin2 ✓K sin2 ✓` sin 2�
⇤

⌅ FL, AFB, Si combinations of K⇤0 spin amplitudes

depending on Wilson coe�cients C
(0)
7 , C

(0)
9 , C

(0)
10

⌅ Large part of theory uncertainty due to hadronic form-factors
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The final state of the decay can be fully 
described by three angles and q2 = m2

µµ   

Introduction 3 / 28

Golden decay B0 ! K⇤0[! K+⇡�]µ+µ�

d

b̄

d

s̄

B0 K⇤0

µ�

µ+

t̄

W+

Z0, �

B
K* K*

z

K

+
+

Figure 1. Kinematic variables of

B̄0

d ! K̄⇤0(! K�⇡+) + ¯̀̀ decays:

i) the (¯̀̀ )-invariant mass squared q2,

ii) the angle ✓` between ` = `� and B̄

in the (¯̀̀ ) center of mass (c.m.), iii)

the angle ✓K⇤ between K� and B̄ in

the (K�⇡+) c.m. and iv) the angle �

between the two decay planes spanned

by the 3-momenta of the (K⇡)- and

(¯̀̀ )-systems, respectively.

V is assumed to be on-shell in the narrow-resonance approximation which restricts the number
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d ! K̄⇤0(! K�⇡+) + ¯̀̀ for illustration, they might be
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and its CP-conjugate decay are measured separately. This doubles again if the ` = e and µ

lepton flavours are not averaged. Notably, CP-asymmetries can be measured in an untagged

sample of B-mesons due to the presence of CP-odd observables (i = 5, 6, 8, 9) [7]. Moreover,

T-odd observables ⇠ cos �s sin �W (i = 7, 8, 9) are especially sensitive to weak BSM phases �W
[10, 14] contrary to T-even ones ⇠ sin �s sin �W (i = 1, . . . , 6), since the CP-conserved (strong)

phase �s is often predicted to be small. Note, that in the SM CP-violating e↵ects in b ! s are

doubly-suppressed by the Cabibbo angle as Im[VubV
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us/(VtbV
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4 The o↵-resonance case has been studied in [9].
5 Possibilities to extract q2-integrated Jj

i from single-di↵erential distributions in ✓`, ✓K⇤ or � can be found in [10].
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depending on Wilson coe�cients C
(0)
7 , C

(0)
9 , C

(0)
10

⌅ Large part of theory uncertainty due to hadronic form-factors

C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb

The CP-averaged angular distribution of the decay: 

Sj – CP-averaged observables (relationships reduce the number of observable) 
FL (= S1) – the longitudinal polarisation fraction of the K*0 

AFB (= 3/4 S6) – the forward-backward asymmetry of the dimuon system 
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B0 ! K⇤0µ+µ� 15 / 28

Angular analysis of B0 ! K⇤0µ+µ� using 3 fb�1

PV
SV µ

µ

⇡

K
C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb
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Figure 3: Invariant mass m(K+⇡�µ+µ�) for (left) the control decay B0! J/ K⇤0 and (right)
the signal decay B0! K⇤0µ+µ�, integrated over the full q2 range. The B0! K⇤0µ+µ� signal
yield integrated over q2 is determined to be 2398± 57. Overlaid are the projections of the total
fitted distribution (black line) and its di↵erent components. The signal is shown by the blue
component and the background is shown by the red hatched component.

7 Angular analysis

In each q

2 bin, an unbinned maximum likelihood fit to m(K+

⇡

�
µ

+

µ

�) and the three
decay angles cos ✓l, cos ✓K and � is used to determine the angular observables introduced
in Section 2. The K

+

⇡

�
µ

+

µ

� invariant mass is included in the fit to separate signal from
background. The signal and background mass distributions are parameterised as described
in Section 6. The background angular distribution is modelled by a series of Chebychev
polynomials in cos ✓`, cos ✓K and � up to order two.

In order to correctly describe the signal angular distribution, the angular acceptance
described in Section 5 needs to be accounted for. The acceptance is treated in one of
two ways depending on the q

2 range being fitted. In narrow q

2 bins, the acceptance can
be treated as being constant across each bin. The acceptance is then included in the fit
by multiplying Eq. 5 by the acceptance function evaluated at the centre of each bin. In
the wider 1.1 < q

2

< 6.0GeV2

/c

4 and 15.0 < q

2

< 19.0GeV2

/c

4 bins, the shape of the
acceptance can vary significantly across the q

2 bin. To account for the acceptance, the
candidates are therefore weighted in the likelihood fit by the inverse of their e�ciency. The
event weights are corrected such that this pseudo-likelihood fit has confidence intervals
with the correct coverage.

In all of the q2 bins, to ensure correct coverage for the angular observables, the Feldman-
Cousins method [46] is used to determine the uncertainties. Nuisance parameters are
treated using the plug-in method [47] throughout.

In order to better constrain the S-wave fraction, a simultaneous fit of the m(K+

⇡

�)
distribution is also performed using the parameterisation described in Section 6. The
signal and background yields are shared between this fit and that made to the angular
distribution.

10

LHCb-CONF-2015-002 

Full q2 range:  2398 ± 57 events  

LHCb 3/fb, 2011+2012 
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B0 ! K⇤0µ+µ� likelihood projections [1.1, 6.0]GeV2/c4
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⌅ E�ciency corrected distributions show good agreement
with overlaid PDF projections

C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb

B0 ! K⇤0µ+µ� 17 / 28

Mass model and B0 ! K⇤0µ+µ� signal yield
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[LHCb-CONF-2015-002]

B0! K⇤0µµ signal

1.1 < q2 < 6.0GeV

2/c4

⌅ Signal mass model from high statistics B0 ! J/ K⇤0

Correction factor from simulation to account for q2 dep. resolution
⌅ Finer q2 binning to allow more flexible use in theory
⌅ Significant signal yield in all bins, q2 integrated N

sig

= 2398 ± 57

C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb

The CP-averaged observables  FL,  AFB  and  Sj 
are determined from a simultaneous unbinned 
maximum likelihood fit to three angles and 
invariant mass distributions in q2 bins 
 
Good agreement of the fitted function with the data 
is observed  

LHCb-CONF-2015-002 

background component signal component 

Example in one q2 bin 
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B0 ! K⇤0µ+µ� Results: FL, S3, S4, S5
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[1503.05534][1411.3161][1503.05534][1411.3161]

[1503.05534][1411.3161][1503.05534][1411.3161]

C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb

The measured CP-averaged observables FL, S3, S4, S5  (LHCb-CONF-2015-002) 

We determine the P’ series observables:  P 0
4,5 = S4,5/

p
FL(1� FL)

examples 
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[LHCb-CONF-2015-002]

[1407.8526]

⌅ Tension seen in P 0
5

in [PRL 111, 191801 (2013)] confirmed
⌅ [4.0, 6.0] and [6.0, 8.0] GeV2/c4 show deviations of 2.9� each
⌅ Naive combination results in a significance of 3.7�
⌅ Compatible with 1 fb�1 measurement

C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb

B0 ! K⇤0µ+µ� 26 / 28

Forward-backward asymmetry AFB
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[LHCb-CONF-2015-002]

[1503.05534][1411.3161]

⌅ Data points slightly below SM prediction at low q2

⌅ ZCP q2
0

= 3.7+0.8
�1.1 GeV2/c4 evaluated as in [JHEP 08 (2013) 131]

C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb

LHCb-CONF-2015-002 P 0
5 = S5/

p
FL(1� FL)

A naïve combination of the deviations in two bins 
of  P’5:  4 < q2 < 8 GeV2 give a significance of 
3.7σ agreement with the SM prediction 
 
The q2 at zero of AFB is a good probe of New 
Physics. The zero-crossing point of AFB is 
determined to be 3.7+0.8

-1.1 GeV2, which is in 
good agreement with the SM prediction 

B0 o K*P�P� 

Forward-backward asymmetry AFB  sensitive  to modification of  the helicity structure.  
AFB(q2) – asymmetry in the P�P��rest frame, q2 = m2

P�P� 

Sensitive to NP in loops which modify 
angular distributions (SUSY, graviton 
exchange , extra dimension). 
 

q2 at zero of AFB is a good probe of NP 

21 TME 2013 - M. Witek 10-06-2013 

Phys. Rev. Lett.110 (2013) 031801 
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So far: 
 
•  LHCb experiment has broad and important beauty program 
 
•  Many world’s most sensitive measurements: 
 

²  precise measurement of  φs = - 0.058 ± 0.049(stat) ± 0.006(syst) 
 

² CKM angle  γ = 72.9+9.2
-9.9

0  from B decays 
 

² Some interesting deviations in rare B0 → K*0µ+µ- decays:  
    observable P’5 in   4 < q2 < 8 GeV2   give a significance of  3.7σ   
    agreement with the Standard Model 
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Charm part 
 

(the selected LHCb measurements on D meson decays) 



•  In SM: 
 

²  expected CPV in charm sector  
    is small  ≲ 10-3 (much smaller  
    than in the beauty sector) 
 

² SM predictions vary widely 
 

² New Physics contributions can  
    enhance CPV up to 10-2 
    Int.J.Mod.Phys.A21(2006)5381 ; 
      Ann.Rev.Nucl.Part.Sci.58(2008)249 

 
 

•  Perfect place for New Physics searching (small background from SM) 

SM predictions for charm 
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LHCb uses two statistically independent methods to identify D0 flavour 
 
 
²  pion-tagged method (exclusive) 
    the sign of slow pion from D* decays is used  
    to tag the initial D0 flavour 
 

    D*+ → D0 π+
s 

 

    D*-  → anti-D0 π-
s 

 
 
² muon-tagged method (inclusive) 
    the sign of muon from semileptonic B decays  
    is used to tag D0 flavour 
 

    B- (anti-B0) → D0 µ- anti-νµ X 
 

    B+ (B0) → anti-D0 µ+ νµ X 

prompt D0 

secondary D0 



Measure the time-dependent ratio of D0 decays with Wrong Sign to Right Sign 
 
 
 
 
 
 
 
 
 
In the limit of small mixing |x|,|y| << 1 and for no CPV: 
 
 
 
 
 
 
 
 
 
 

δ is a strong phase difference between DCS and CF amplitudes 

Charm oscillations with D0
!K+

!
-

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

• Assuming |x|,|y|<<1 and no CPV

x� = x cos � + y sin � y� = y cos � � x sin �

R(t) =
NWS(t)

NRS(t)
= RD +

�
RDy�t+

x�2 + y�2

4
t2

5

_

D0

D*+ ! D0 !+

K+
!
-

D0

mix CF

DCS

K-
!
+

wrong-sign events

right-sign events

CF

D0 – anti-D0 mixing 
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Charm oscillations with D0
!K+

!
-

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

• Assuming |x|,|y|<<1 and no CPV

x� = x cos � + y sin � y� = y cos � � x sin �

R(t) =
NWS(t)

NRS(t)
= RD +

�
RDy�t+

x�2 + y�2

4
t2

5

_

D0

D*+ ! D0 !+
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!
-

D0

mix CF

DCS

K-
!
+

wrong-sign events

right-sign events

CF

the ratio of 
DCS to CF 
decay rates 

the interference of  
the DCS and mixed decays 

mixing  
parameters 

D0 K+ π-

D0 
mixing 

DCS (λ2) 

CF (1) 

δ 

R(t) = N(D0�K+��)
N(D0�K��+)

WS D0 K- π+ CF (1) 
RS 

D0 
mixing DCS (λ2) 

negligible 

DCS – double Cabibbo 
            suppressed 
CF – Cabibbo favoured 

If CPV not negligible  
 R+ (t)             R- (t) 
(for D0)       (for anti-D0) 
 

≠ 
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Results for D0 – anti-D0 mixing  
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We determine the time-dependent WS/RS ratios 
in thirteen D0 decay time bins 

τ/t
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Figure 2: E�ciency-corrected ratios of WS-to-RS yields for (a) D⇤+ decays, (b) D⇤� decays,
and (c) their di↵erences as functions of decay time in units of D0 lifetime. Projections of fits
allowing for (dashed line) no CP violation, (dotted line) no direct CP violation, and (solid line)
full CP violation are overlaid. The abscissa of the data points corresponds to the average decay
time over the bin; the error bars indicate the statistical uncertainties.

weights to the D� ! K

+
⇡

�
⇡

� events so that their kinematic distributions match those in
the D

+ ! K

0
S⇡

+ event sample. Similarly, these samples are weighted as functions of K⇡

momentum to match the RS momentum spectra. The parameters associated with �
B

,
�p, and ✏

r

are determined separately for TOS and TOS subsets and vary independently
in the fit within their �2 constraints �2

B

, �2
p, and �

2
✏

in Eq. (2).
To avoid experimenters’ bias in the CP violation parameters, the observed WS-to-RS

yield ratios for the D

0 and D

0 samples are studied first with bin-by-bin arbitrary o↵sets
designed to mimic the e↵ect of substantially di↵erent mixing parameters in the two samples.
To search for global systematic uncertainties not accounted for in Eq. (2) these time-
integrated data, with the o↵sets still in place, are divided into statistically independent
subsets according to criteria likely to reveal biases from specific instrumental e↵ects. These
include the number of primary vertices in the events, the K laboratory momentum, the
⇡s impact parameter �

2 with respect to the primary vertex, the D

0 impact parameter
�

2 with respect to the primary vertex, the magnetic field orientation, and the hardware
trigger category. The variations of the time-integrated charge asymmetry in WS-to-RS
yield ratios in these samples are consistent with originating from statistical fluctuations.
We further investigate decay-time-dependent biases by dividing the time-binned sample
according to the magnet polarity and the number of primary vertices per event. In the TOS

4

Table 1: Results of fits to the data for di↵erent hypotheses on the CP symmetry. The reported
uncertainties are statistical and systematic, respectively.

Direct and indirect CP violation
R

+
D

[10�3] 3.545± 0.082± 0.048
y

0+ [10�3] 5.1± 1.2 ± 0.7
x

02+ [10�5] 4.9± 6.0 ± 3.6
R

�
D

[10�3] 3.591± 0.081± 0.048
y

0� [10�3] 4.5± 1.2 ± 0.7
x

02� [10�5] 6.0± 5.8 ± 3.6
�

2
/ndf 85.9/98

No direct CP violation
R

D

[10�3] 3.568± 0.058± 0.033
y

0+ [10�3] 4.8± 0.9 ± 0.6
x

02+ [10�5] 6.4± 4.7 ± 3.0
y

0� [10�3] 4.8± 0.9 ± 0.6
x

02� [10�5] 4.6± 4.6 ± 3.0
�

2
/ndf 86.0/99

No CP violation
R

D

[10�3] 3.568± 0.058± 0.033
y

0 [10�3] 4.8± 0.8 ± 0.5
x

02 [10�5] 5.5± 4.2 ± 2.6
�

2
/ndf 86.4/101

sample, di↵erences of WS-to-RS yield ratios as functions of decay time for opposite magnet
polarities yield �

2 values of 12, 17, and 14 (for 12 degrees of freedom, ndf), for events with
one, two, and more than two primary vertices, respectively. The corresponding �

2 values
in the TOS sample, 9, 11, and 8, suggest a systematically better consistency. Hence, the
statistical uncertainty of each of the WS-to-RS ratios in the TOS samples is increased by
a factor of

p
17/12, following the method of Ref. [23]. These scaled uncertainties are used

in all subsequent fits. Independent analyses of the 2011 and 2012 data yield consistent
results, indicating no significant bias due to changes in reconstruction software. The ratio
between RS D

0 to D

0 decay rates is consistent with being independent of decay time.
It has a 62% p-value for being constant and a standard deviation of 0.16%, showing no
evidence of correlations between particle identification or reconstruction e�ciency and
decay time.

Three fits are performed to the data shown in Fig. 2. The first allows direct and
indirect CP violation; the second allows only indirect CP violation by constraining R

±
D

to
a common value; and the third is a CP -conserving fit that constrains all mixing parameters
to be the same in the D

0 and D

0 samples. The fit results and their projections are shown
in Table 1 and Fig. 2, respectively. Figure 3 shows the central values and confidence regions
in the (x02

, y

0) plane. For each fit, 104 WS-to-RS ratio data points are used, corresponding

5

R+   for  D*+ → D0 π+
s 

R-   for  D*- → anti-D0 π-
s 

D0 – anti-D0 mixing is observed  

No-mixing hypothesis 
is a line parallel  
to the t/τ axis 

PRL 111 (2013) 251801 

LHCb 3/fb 
(2011+2012): 
 
0.23M  WS  decays  
D0 → K+π- 
 
54M  RS  decays   
D0 → K-π+ 



Translation into D0 – anti-D0 mixing parameters 
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Figure 3: Two-dimensional confidence regions in the (x02, y0) plane obtained (a) without any
restriction on CP violation, (b) assuming no direct CP violation, and (c) assuming CP conserva-
tion. The dashed (solid) curves in (a) and (b) indicate the contours of the mixing parameters
associated with D

0 (D0) decays. The best-fit value for D0 (D0) decays is shown with an open
(filled) point. The solid, dashed, and dotted curves in (c) indicate the contours of CP -averaged
mixing parameters at 68.3%, 95.5%, and 99.7% confidence levels (CL), respectively. The best-fit
value is shown with a point.

to 13 ranges of decay time, distinguishing D

⇤+ from D

⇤� decays, TOS from TOS decays,
and 2011 data from 2012 data. The consistency of the data with the hypothesis of CP
symmetry is determined from the change in �

2 between the fit with no CP violation and
the fit with CP violation allowed, taking into account the di↵erence in number of degrees
of freedom. The resulting p-value, for the fit with direct and indirect (indirect only) CP
violation allowed, is 91% (81%), showing that the data are compatible with CP symmetry.

The fit uncertainties incorporate both statistical and systematic contributions. The
statistical uncertainty is determined in a separate fit and used to calculate the systematic
component by subtraction in quadrature. All reported results, p-values, and the contours
shown in Fig. 3 are based on the full uncertainties.

Direct CP violation would produce a nonzero intercept at t = 0 in the e�ciency-
corrected di↵erence of WS-to-RS yield ratios between D

0 and D

0 mesons shown in
Fig. 2 (c). It is parametrized by the asymmetry measured in the first fit, A

D

⌘
(R+

D

�R

�
D

)/(R+
D

+R

�
D

) = (�0.7 ± 1.9)%. Indirect CP violation results in a time de-
pendence of the e�ciency-corrected di↵erence of yield ratios. The e↵ective slope observed
in Fig. 2 (c) is about 5% of the individual mixing slopes observed in Figs. 2 (a) and (b), and
is consistent with zero. From the results of the fit allowing for direct and indirect CP viola-
tion, a likelihood for |q/p| is constructed using the relations x0± = |q/p|±1(x0 cos�±y

0 sin�)
and y

0± = |q/p|±1(y0 cos�⌥x

0 sin�). Confidence intervals are derived with a likelihood-ratio
ordering and assuming that the parameter correlations are independent of the true values of
the mixing parameters. The magnitude of q/p is determined to be 0.75 < |q/p| < 1.24 and
0.67 < |q/p| < 1.52 at the 68.3% and 95.5% confidence levels, respectively. Significantly
more stringent bounds on |q/p| and additional information on � is available by combining

6

Estimated confidence-level (CL) regions  

Results assuming CP conservation: 
 

      x’2 = (5.5 ± 4.9) × 10-5       
 

      y’  =  (4.8 ± 1.0) × 10-3 
 

      RD = (3.568 ± 0.066) × 10-3 

 
x’2 is very small 
 

Measurement is more sensitive to y’ 
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CP-violating parameters: 
 

1. CPV in mixing 
    0.75 < |q/p| < 1.24    (68.3% CL) 
 

2. Direct CPV 
 

 
No indication of direct or indirect CPV  

AD =
R+

D�R�
D

R+
D+R�

D

= (�0.7± 1.9)%

D0 – anti-D0 mixing is observed  No mixing  



The asymmetry of the inverse of effective lifetimes in decays of D0 and anti-D0  
to CP eigenstate:  K-K+  and  π-π+ 
 
 
 
 
 
 
  
 
 
 
 
                                    

AΓ makes a measurement of indirect CPV,  as the contributions from direct CPV 
are measured to be small compared to the current precision    
 
 
 

We measure AΓ in two ways: 
 

1)  in   B → D0 µ- X     and    B → anti-D0 µ+ X    (arXiv:1501.06777) 
 

2)  in   D*+ → D0 π+
s    and    D*-  → anti-D0 π-

s     (PRL 112 (2014) 041801) 

AΓ asymmetry 
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M.Gersabeck et al, J.Phys.G39 (2012) 045005 

 in mixing         direct 
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AΓ asymmetry 
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•  The raw CP asymmetry (Araw) is determined from fits to the mass distributions in 
50 bins of the D0 decay time 

•  The value of AΓ is determined from a χ2 fit to the time-dependent asymmetry 
 
 
 
•  The Araw is affected by the detection and production asymmetries which introduce 

shift to the constant term. It introduces a bias on  Adir
CP (ACP ≈ Adir

CP – AΓ t/τ)      
but not on AΓ. 

B → D0 µ- X     and    B → anti-D0 µ+ X    (arXiv:1501.06777,  L = 3/fb) 
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Figure 1: Invariant mass distributions for (a) D0! K�K+, (b) D0! ⇡�⇡+ and (c) D0! K�⇡+

candidates. The results of the fits are overlaid. Underneath each plot the pull in each mass bin
is shown, where the pull is defined as the di↵erence between the data point and total fit, divided
by the corresponding uncertainty.

The measured asymmetries in bins of decay time are shown in Fig. 2, including the
result of the time-dependent fit. The results in the three decay channels are

A

�

(K�
K

+) = (�0.134± 0.077)% ,

A

�

(⇡�
⇡

+) = (�0.092± 0.145)% ,

A

�

(K�
⇡

+) = ( 0.009± 0.032)% .

The values for A
�

are compatible with the assumption of no indirect CP violation. The fits
have good p-values of 54.3% (D0! K

�
K

+), 30.8% (D0! ⇡

�
⇡

+) and 14.5% (D0! K

�
⇡

+).
The measured values for the raw time-integrated asymmetries, which are sensitive to direct
CP violation, agree with those reported in Ref. [12].

6 Systematic uncertainties and consistency checks

The contributions to the systematic uncertainty on A

�

are listed in Table 1. The largest
contribution is due to the background coming from random combinations of muons and

5

D0,anti-D0 → K-K+, 2.3M events D0,anti-D0 → π-π+, 0.8M events 

Phys.Rev.D85(2012)012009 Araw
CP (t) ⇡ A0 �A�

t

⌧
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1)  In  B → D0 µ- X     and    B → anti-D0 µ+ X    (arXiv:1501.06777,  L = 3/fb) 
D0,anti-D0 → K-K+ D0,anti-D0 → π-π+ 

AΓ(K-K+) = (-0.035 ± 0.062 ± 0.012) % AΓ(π-π+) = (0.033 ± 0.106 ± 0.014) % 

•  No significant difference between the two final states 

•  No evidence for indirect CPV within 1 per mil 
    (Expected value of CPV in SM is small ≲ 10-3,  predictions vary widely) 

AΓ(K-K+) = (-0.134 ± 0.077 +0.026
-0.034) % AΓ(π-π+) = (-0.092 ± 0.145 +0.025

-0.033) % 

2)  Consistent with previous measurements in D*+ → D0 π+
s  and  D*-  → anti-D0 π-

s 
     (PRL 112 (2014) 041801, L = 1/fb) 
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Figure 2: Raw CP asymmetry as function of D0 decay time for (a) D0! K�K+, (b) D0! ⇡�⇡+

and (c) D0! K�⇡+ candidates. The results of the �2 fits are shown as blue, solid lines with
the ±1 standard-deviation (�) bands indicated by the dashed lines. Underneath each plot the
pull in each time bin is shown.
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Figure 2: Raw CP asymmetry as function of D0 decay time for (a) D0! K�K+, (b) D0! ⇡�⇡+

and (c) D0! K�⇡+ candidates. The results of the �2 fits are shown as blue, solid lines with
the ±1 standard-deviation (�) bands indicated by the dashed lines. Underneath each plot the
pull in each time bin is shown.
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Searches for CPV in multi-body charm decays  
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PLB 728 (2014) 585 

•  Decay products form many resonance  
    states visible in Dalitz plot   
    ⇒ strong phases vary from region to region 
 
 
 
 
 
•  The charge asymmetry can be measured  
     locally in the regions of Dalitz plots 
 
•  No clear indications where CPV would  
    appear 
 
•  To find asymmetries we compare locally 
     Dalitz plots for D+ and D- (we perform  
     here searches based on techniques  
     that are model-independent) 
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Figure 2: Dalitz plots for (a) D+! ⇡�⇡+⇡+ and (b) D+

s

! ⇡�⇡+⇡+ candidates selected within
±2�̃ around the respective m̃ weighted average mass.

4 Binned analysis

4.1 Method

The binned method used to search for localised asymmetries in the D+ ! ⇡�⇡+⇡+

decay phase space is based on a bin-by-bin comparison between the D+ and D� Dalitz
plots [18,19]. For each bin of the Dalitz plot, the significance of the di↵erence between the
number of D+ and D� candidates, S i

CP

, is computed as

S i

CP

⌘ N+

i

� ↵N�
ip

↵(N+

i

+N�
i

)
, ↵ ⌘ N+

N� , (1)

where N+

i

(N�
i

) is the number of D+ (D�) candidates in the ith bin and N+ (N�) is
the sum of N+

i

(N�
i

) over all bins. The parameter ↵ removes the contribution of global
asymmetries which may arise due to production [20, 21] and detection asymmetries, as
well as from CPV . Two binning schemes are used, a uniform grid with bins of equal size
and an adaptive binning where the bins have the same population.

In the absence of localised asymmetries, the S i

CP

values follow a standard normal
Gaussian distribution. Therefore, CPV can be detected as a deviation from this behaviour.
The numerical comparison between the D+ and D� Dalitz plots is made by a �2 test,
with �2 =

P
i

(S i

CP

)2. A p-value for the hypothesis of no CPV is obtained considering that
the number of degrees of freedom (ndf) is equal to the total number of bins minus one,
due to the constraint on the overall D+/D� normalization.

A CPV signal is established if a p-value lower than 3⇥10�7 is found, in which case it
can be converted to a significance for the exclusion of CP symmetry in this channel. If no
evidence of CPV is found, this technique provides no model-independent way to set an
upper limit.

4

f0(980) 

f0(980) 

ρ

f2(1270)/f0(1370) 

D+ → π-π+π+ 

ACP / sin(�1 � �2)sin(�1 � �2)
weak phases strong phases 
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Gettin’ local
Separate D from Dbar using final-state 
charge or D*-tag.

Divide phase-space into subregions 

Seek differences in relative density 
between D and Dbar in each region by 
constructing a pull-like variable S.

Distribution of S sensitive to CPV. 
Provides χ²-like quantity to  check 
consistency with CP symmetry

Insensitive to global asymmetries 
(physics or spurious). Truly a search -- 
no measurement or limit setting.

1o-10o sensitivity on phase differences 
and 1-10% on magnitude differences.

charm anticharm

Ni Ni

Binned method 
 
•  In each bin we calculate a significance of  
    a difference between D+ and D- 
 
 
 
 
•  To cancel global asymmetries (production  
     asymmetry, etc.) we normalize Dalitz plots 

 
•  If no CPV (only statistical fluctuations)  
     then SCP is Gauss distributed (µ=0, σ=1) 
 
•  We calculate χ2 = ΣSi

CP
2  to obtain p-value  

     for the null hypothesis to test if D+ and D-  
     distributions are statistically compatible 
 
            p-value ≪ 1  in case of CPV 
 

Si
CP �

Ni(D+)��Ni(D�)⇥
Ni(D+)+�2Ni(D�)

� = N(D+)
N(D�)

PLB 728 (2014) 585 

Figure 9: Top row: DPSCP for the bins in Fig. 8b that pass the statistical cut, fit to
a centred Gaussian with unit width for model ”f0”. P1 is the normalization parameter.
Bottom two rows: Distribution of top row divided into the regions shown in Fig. 5. P1
is the normalization parameter.

a nicely complementary process.

• The more unconventional channels B± → π±pp̄, K±pp̄ : the presence of the me-
son allows us to measure the proton and anti-proton polarization, probing for a
CP asymmetry, otherwise impossible in two-body decays like Bd → pp̄.

• Bd− B̄d oscillations would lead to Dalitz plots for Bd → KSπ+π−, where the weight
of different components would shift with the time of decay thus producing time
dependent Dalitz plots.

• The same will happen for Bs → KSK−π+, KSK+K−, albeit with a much faster
oscillation rate.

We will address these transitions in future work.
In this note we have shown how mirandizing the analysis of Dalitz plots – i.e., studying

the ‘significance’ distributions – can act as a powerful filter against statistical fluctuations.
Yet real data are also vulnerable to systematic experimental uncertainties. For a full

18

if asymmetry Monte Carlo 

Bediaga et al. 
Phys.Rev.D80(2009)096006 
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Figure 9: Distributions of Si

CP

across the D+ Dalitz plane, with the adaptive binning scheme of
uniform population for the total D+! ⇡�⇡+⇡+ data sample with (a) 49 and (c) 100 bins. The
corresponding one-dimensional Si

CP

distributions (b) and (d) are shown with a standard normal
Gaussian function superimposed (solid line).

the control channel (see Fig. 6). It is accounted for in the kNN method as a deviation of
the measured value of µ

T

from the reference value µTR shown in Fig. 12. In the signal
sample the values µ

T

� 0.5 = (98± 15)⇥ 10�7 and (µ
T

�µTR)/�(µ
T

�µTR) = 6.5� in the
full Dalitz plot is a consequence of the 0.4% global asymmetry similar to that observed in
the control mode and consistent with the previous measurement from LHCb [20].

The pull values of T and the corresponding p-values for the hypothesis of no CPV
are shown in Fig. 13 for the same regions. To check for any systematic e↵ects, the test is
repeated for samples separated according to magnet polarity. Since the sensitivity of the
method increases with n

k

, the analysis is repeated with n
k

= 500 for all the regions. All
p-values are above 20%, consistent with no CP asymmetry in the signal mode.

12

100 adaptive bins 

Binned method 

No evidence for CP asymmetry using binned method 

We tested uniform and adaptive binning schemes with different bin numbers 
 

SCP distributions agree with the normal Gaussian function 

PLB 728 (2014) 585 

N(0,1) 

LHCb 2011, 1/fb ~3.1M D+ → π-π+π+  
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Unbinned k-nearest neighbour method (kNN) 
 
•  To compare D+ and D- we define a test statistic T  
     which is based on the counting particles with  
     the same sign to each event for a given number  
     of the nearest neighbour events   

    
   
     I(i,k) = 1   if  ith  event and its  kth  nearest neighbor 
                     have the same charge (D+—D+ , D-—D-) 
     I(i,k) = 0   if pair has opposite charge (D+—D-) 
 
•  T is the mean fraction of like pairs in the pooled sample of the two datasets 
 
•  We calculate p-value for case of no CPV by comparing T with expected mean 

µT and variance σT 
 
            p-value ≪ 1  in case of CPV 

x 

y
D- D+ 

query event nk=10 

PLB 728 (2014) 585 

T = 1
nk(n++n�)

Pn++n�
i=1

Pnk

k=1 I(i, k)
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Figure 12: (a) Raw asymmetry and (b) the pull values of µ
T

for D+! ⇡�⇡+⇡+ candidates
restricted to each region. The horizontal lines in (b) represent pull values +3 and +5. The
region R0 corresponds to the full Dalitz plot. Note that the points for the overlapping regions
are correlated.
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Figure 13: (a) Pull values of T and (b) the corresponding p-values for D+! ⇡�⇡+⇡+ candidates
restricted to each region obtained using the kNN method with n

k

= 20. The horizontal blue
lines in (a) represent pull values �3 and +3. The region R0 corresponds to the full Dalitz plot.
Note that the points for the overlapping regions are correlated.

originating from CPV .
No single bin in any of the binning schemes presents an absolute S i

CP

value larger
than 3. Assuming no CPV , the probabilities of observing local asymmetries across the
phase-space of the D+ meson decay as large or larger than those in data are above 50% in
all the tested binned schemes. In the unbinned method, the p-values are above 30%. All
results are consistent with no CPV .

14

Unbinned kNN method 

No evidence for CPV  
using binned and unbinned 
methods and both methods 
provide similar sensitivities 
for CPV searches 

To increase the sensitivity 
of the method we divide 
the Dalitz plot into regions 
 
Two different divisions:  
7 and 3 regions defined 
around resonances 
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Figure 10: (a) Distribution of Si

CP

with 98 bins in the uniform binning scheme for the total
D+! ⇡�⇡+⇡+ data sample and (b) the corresponding one-dimensional Si

CP

distribution (b)
with a standard normal Gaussian function superimposed (solid line).
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Figure 11: Dalitz plot for D+! ⇡�⇡+⇡+ candidates divided into (a) seven regions R1-R7 and
(b) three regions P1-P3.

7 Conclusion

A search for CPV in the decay D+ ! ⇡�⇡+⇡+ is performed using pp collision data
corresponding to an integrated luminosity of 1.0 fb�1 collected by the LHCb experiment
at a centre-of-mass energy of 7 TeV. Two model-independent methods are applied to a
sample of 3.1 million D+! ⇡�⇡+⇡+ decay candidates with 82% signal purity.

The binned method is based on the study of the local significances S i

CP

in bins of the
Dalitz plot, while the unbinned method uses the concept of nearest neighbour events in
the pooled D+ and D� sample. Both methods are also applied to the Cabibbo-favoured
D+

s

! ⇡�⇡+⇡+ decay and to the mass sidebands to control possible asymmetries not

13

All p-values are above 30% 

PLB 728 (2014) 585 
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Unbinned energy test method 
 
•  We define a test statistic T, which depends on the distance  
     between events pairs in the Dalitz plot Δxij 
 
      
 
 
 
      
 
 
 
 
 
 
•  It is analogy to the electrostatic energy for negative and positive statistical 

charge distributions which is at minimum if the distributions agree 
 
•  If no CPV then T will fluctuate around a value close to zero 
•  T > 0  in case of CPV and a corresponding p-value is calculated 

Moriond QCD, La Thuile March 21 -28                           14 Angelo Carbone 

Strategy 
•  Model independent and unbinned method to search for local CP 

asymmetry in the Dalitz plane [Phys. Rev. D, 84 (2011), p. 054015] 
•  Define test statistic T, which depends on the distance between pair 

of events in the Dalitz plane 

•  If the distributions of events in both flavour samples are identical, T 
will fluctuate around a value close to zero  

• Larger CP asymmetries lead to larger value of T  
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asymmetry in the Dalitz plane [Phys. Rev. D, 84 (2011), p. 054015] 
•  Define test statistic T, which depends on the distance between pair 

of events in the Dalitz plane 

•  If the distributions of events in both flavour samples are identical, T 
will fluctuate around a value close to zero  

• Larger CP asymmetries lead to larger value of T  
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Strategy 
•  Model independent and unbinned method to search for local CP 

asymmetry in the Dalitz plane [Phys. Rev. D, 84 (2011), p. 054015] 
•  Define test statistic T, which depends on the distance between pair 

of events in the Dalitz plane 

•  If the distributions of events in both flavour samples are identical, T 
will fluctuate around a value close to zero  

• Larger CP asymmetries lead to larger value of T  

B.Aslan, G. Zech, NIM A537 (2005) 626 
M.Williams, Phys.Rev.D84 (2011) 054015 
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Phys.Lett.B740(2015)158 

•  Using unbinned energy test method, for no CPV hypothesis:  
  
                           p-value = (2.6 ± 0.5) % 

•  Result consistent with no CP violation   
  

Moriond QCD, La Thuile March 21 -28                           12 Angelo Carbone 

Search for CPV in D0!π-π+π0 decays   [Phys. Lett. B 740 (2015) 158]  

The D0 mesons are produced in D*+ 
decays, where the charge of 
the accompanying pion is used to 
determine the initial state as D0 or D0 

Direct CP violation 

π0#

π-#

π+#
660k  D0 → π-π+π0  decays (2012,  2/fb)  
 
 
Decay dominated by ρ770 resonances:   
ρ0π0 , ρ+π- , ρ-π+ 
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We measure CP-violating observable AT which is built using triple products of final 
state particle momenta in the D0 center-of-mass frame  
 
for D0: 
 
for anti-D0: 
 
But AT and anti-AT can be non zero if there are final state interactions  

CT ⌘ ~pK+ · (~p⇡+ ⇥ ~p⇡�)

C̄T ⌘ ~pK� · (~p⇡� ⇥ ~p⇡+)

AT ⌘ �D0 (CT>0)��D0 (CT<0)
�D0 (CT>0)+�D0 (CT<0)

ĀT ⌘ �D̄0 (�C̄T>0)��D̄0 (�C̄T<0)
�D̄0 (�C̄T>0)+�D̄0 (�C̄T<0)

AT ⌘ 1
2 (AT � ĀT )

ACP / sin(�1 � �2)sin(�1 � �2)

AT / sin(�1 � �2)cos(�1 � �2)

 
•  CPV vanishes when strong phase of two interfering amplitudes (δ1-δ2) is zero 
•  while AT is maximal 

weak phases strong phases 

JHEP10(2014)005 
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LHCb 3/fb (2011+2012) 
LHCb-PAPER-2014-046 

To probe direct and indirect CPV, AT is measured:  
 

1) in integrated the phase space 
    for D0:                  AT = (-7.18 ± 0.41 ± 0.13)% 
    for anti-D0:    anti-AT = (-7.55 ± 0.41 ± 0.12)% 
                          AT  = (0.18 ± 0.29 ± 0.04)% 

2) in different regions of the phase space 
done by dividing the sample using variables 
m2(K+K-), m2(π+π-), cos(θ(K+)), cos(θ(π+)), φ

3) as a function of D0 proper time 

No evidence for CP asymmetry  

Measurements have small syst. uncertainties (larger datasets will improve result) 
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dashed line, is also quoted.

A according to A ! A(1� f) + fAd where f is the fraction of the contaminating sample164

and Ad is its own asymmetry. The uncertainties are evaluated by using as input the165

fraction f
prompt

and the asymmetries of the prompt charm sample. Assuming that the166

flavour mistag rate for the prompt D0 and D0 samples is 0.5, these are related to the167

signal asymmetries as follows: Ad

T

= A
T

, Ād

T

= �A
T

, and Ad

T

= A
T

.168

The experimental bias is tested by measuring A
T

(D0 ! K�⇡+⇡�⇡+) on the D0 !169

K�⇡+⇡+⇡� control sample. In this case, the fastest pion of the pair with identical charge170

is used to define C
T

and C̄
T

triple products. Since this is a Cabibbo favoured decay, no171

CP -violating e↵ects are expected, and any significant deviation from 0 can be assumed172

as a bias introduced by the experimental technique and the detector reconstruction.173

The asymmetry obtained on the control sample is compatible with no bias, A
T

(D0 !174

K�⇡+⇡�⇡+) = (0.05±0.04)%; a systematic uncertainty equal to the statistical uncertainty175

of this measurement is quoted.176

The systematic uncertainty from C
T

resolution is estimated from a simulated sample of177

8

Phase space region
0 10 20 30

]
-2

 [
1
0

T
A

-40

-30

-20

-10

0

10

20

30

40

(a)LHCb

Phase space region
0 10 20 30

]
-2

 [
1
0

T
A

-40

-30

-20

-10

0

10

20

30

40

(b)LHCb

Phase space region
0 10 20 30

]
-2

A
T

V
 [

1
0

-8

-6

-4

-2

0

2

4

6

8

10

(c)LHCb

/ndof = 26.4/32
2

χ

Figure 4: Distribution of the asymmetry parameters A
T

(a), Ā
T

(b) and A
T

(c) in 32 regions of
the phase space.

-1   -1 -0.9

]
-2

 [
1
0

T
A

-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

 proper time [ps]  
0

D

0 0.2 0.4 0.6

(a) LHCb

  43.9 4

-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

-1   -1 -0.9

]
-2

 [
1
0

T
A

-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

 proper time [ps]  
0

D

0 0.2 0.4 0.6

(b) LHCb

  43.9 4

-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

-1   -1 -0.9

]
-2

A
T

V
 [

1
0

-8

-6

-4

-2

0

2

4

6

8

10

 proper time [ps]  
0

D

0 0.2 0.4 0.6

(c) LHCb

/ndof = 7.0/10
2

χ

  43.9 4

-8

-6

-4

-2

Figure 5: Distribution of the asymmetry parameters A
T

(a), Ā
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A according to A ! A(1� f) + fAd where f is the fraction of the contaminating sample164

and Ad is its own asymmetry. The uncertainties are evaluated by using as input the165

fraction f
prompt

and the asymmetries of the prompt charm sample. Assuming that the166

flavour mistag rate for the prompt D0 and D0 samples is 0.5, these are related to the167

signal asymmetries as follows: Ad

T

= A
T

, Ād

T

= �A
T

, and Ad

T

= A
T

.168

The experimental bias is tested by measuring A
T

(D0 ! K�⇡+⇡�⇡+) on the D0 !169

K�⇡+⇡+⇡� control sample. In this case, the fastest pion of the pair with identical charge170

is used to define C
T

and C̄
T

triple products. Since this is a Cabibbo favoured decay, no171

CP -violating e↵ects are expected, and any significant deviation from 0 can be assumed172

as a bias introduced by the experimental technique and the detector reconstruction.173

The asymmetry obtained on the control sample is compatible with no bias, A
T

(D0 !174

K�⇡+⇡�⇡+) = (0.05±0.04)%; a systematic uncertainty equal to the statistical uncertainty175

of this measurement is quoted.176

The systematic uncertainty from C
T

resolution is estimated from a simulated sample of177
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Preliminary Preliminary 
AT AT 

Large asymmetries can be 
explained with final state 
interaction effects 



Summary 
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So far: 
 
•  LHCb experiment has broad and important beauty and charm physics program 
 
•  LHCb has performed spectacularly well in Run 1 (2011+2012, 3/fb) confirming 

so far the robustness of the Standard Model 
 
•  Many world’s most sensitive measurements: 
 

²  precise measurement of  φs = - 0.058 ± 0.049(stat) ± 0.006(syst) 
 

² CKM angle  γ = 72.9+9.2
-9.9

0  from B decays 
 

² Some interesting deviations in rare  B0 → K*0µ+µ- decays:           
observable  P’5  in   4 < q2 < 8 GeV2   give a significance of  3.7σ    
agreement with the Standard Model 

 

²  first observation of charm mixing in a single measurement 
 

²  so far, all results are consistent with CP conservation in charm, but we are 
within 1 per mil sensitivity for CP searches in  (very close to the SM) 



Prospects 
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Future: 
 
•  We enhance discovery potential during  2015-18 > 8/fb  at  √s=14TeV (Run 2) 
 
•  We add new measurements and improve existing ones with more statistics,    

for example  δγ ~ 40 
  
•  LHCb upgrade (starting 2019) plans to collect ~50/fb data in 2022 and reach 

sensitivity which are comparable or better than theoretical uncertainties 
 
•  CP violation at LHCb has a large room for improvements! 
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Backup 



LHCb upgrade 
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EPJ C73(2013)2373 
Table 16: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the current sensitivity is compared to
that which will be achieved by LHCb before the upgrade, and that which will be achieved with 50 fb�1 by the upgraded experiment.
Systematic uncertainties are expected to be non-negligible for the most precisely measured quantities. Note that the current
sensitivities do not include new results presented at ICHEP 2012 or CKM2012.

Type Observable Current LHCb Upgrade Theory
precision 2018 (50 fb�1) uncertainty

B0
s mixing 2�s (B0

s ! J/ �) 0.10 [138] 0.025 0.008 ⇠ 0.003
2�s (B0

s ! J/ f0(980)) 0.17 [214] 0.045 0.014 ⇠ 0.01
as
sl 6.4 ⇥ 10�3 [43] 0.6 ⇥ 10�3 0.2 ⇥ 10�3 0.03 ⇥ 10�3

Gluonic 2�e↵
s (B0

s ! ��) – 0.17 0.03 0.02
penguins 2�e↵

s (B0
s ! K⇤0K̄⇤0) – 0.13 0.02 < 0.02

2�e↵(B0 ! �K0
S) 0.17 [43] 0.30 0.05 0.02

Right-handed 2�e↵
s (B0

s ! ��) – 0.09 0.02 < 0.01
currents ⌧ e↵(B0

s ! ��)/⌧B0
s

– 5% 1% 0.2%
Electroweak S3(B0 ! K⇤0µ+µ�; 1 < q2 < 6GeV2/c4) 0.08 [67] 0.025 0.008 0.02
penguins s0 AFB(B0 ! K⇤0µ+µ�) 25% [67] 6% 2% 7%

AI(Kµ+µ�; 1 < q2 < 6GeV2/c4) 0.25 [76] 0.08 0.025 ⇠ 0.02
B(B+ ! ⇡+µ+µ�)/B(B+ ! K+µ+µ�) 25% [85] 8% 2.5% ⇠ 10%

Higgs B(B0
s ! µ+µ�) 1.5 ⇥ 10�9 [13] 0.5 ⇥ 10�9 0.15 ⇥ 10�9 0.3 ⇥ 10�9

penguins B(B0 ! µ+µ�)/B(B0
s ! µ+µ�) – ⇠ 100% ⇠ 35% ⇠ 5%

Unitarity � (B ! D(⇤)K(⇤)) ⇠ 10–12� [244,258] 4� 0.9� negligible
triangle � (B0

s ! DsK) – 11� 2.0� negligible
angles � (B0 ! J/ K0

S ) 0.8� [43] 0.6� 0.2� negligible
Charm A� 2.3 ⇥ 10�3 [43] 0.40 ⇥ 10�3 0.07 ⇥ 10�3 –

CP violation �ACP 2.1 ⇥ 10�3 [18] 0.65 ⇥ 10�3 0.12 ⇥ 10�3 –

122



γ angle 
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20/03/2015 Alexis Vallier @ Moriond EW 2

γ a standard candle to probe new physics

● The only angle measurable from tree only processes.

● Theoretically clean :                      
                                         [JHEP 1401(2014)051]

● γ is the least known CKM angle.

● Direct measurements:

– BaBar:  [PRD 87(2013)052015]

– Belle:  [arXiv:1301.2033]

– LHCb:  [LHCb-CONF-2014-004]

● Indirect measurements (dominated by loops):

– CKMFitter:                  (global fit w/o γ meas.)

Goal: highlight or discard tension between 
direct and indirect measurements.

Need better precision from direct measurements.

With only “Tree” quantities

With only “Loop” quantities

20/03/2015 Alexis Vallier @ Moriond EW 5

γ from time independent measurement

γ

● Interference between b→cus and b→ucs: sensitive to weak phase γ.

● Several D decays are used:
– Counting analysis:

● GLW: CP eigenstates (e.g. D→KK) 
● ADS: flavoured states (e.g. D→Kπ)
● GLS: singly Cabbibo suppressed (e.g. D→K0

S
Kπ)

– Amplitude analysis:
● GGSZ: 3-body CP conjugate states (e.g. D→K0

S
ππ) 

Decay width
asymmetries 

and ratios

Dalitz plot
distributions

B- B+

[1,2]

[3-5]

[6]

[7,8]

Marseille, March 2015 T.M. Karbach / CERN / LHCb 35

first method to measure γ

“GLW” “ADS”

Gronau, London, Wyler (1991) Atwood, Dunietz, Soni (1997, 2001)

Depending on the final state f
D
 the method is called:

Phys. Rev. D63 (2001) 036005
Phys. Rev. Lett. 78 (1997) 3257

Phys. Lett. B253 (1991) 483
Phys. Lett. B265 (1991) 172

Marseille, March 2015 T.M. Karbach / CERN / LHCb 41

second method: “GGSZ”
● Idea: perform an GLW/ADS type analysis in 

every bin of the D decay phase space

● GGSZ uses                   followed by 
self-conjugate three-body final states

● Most precise at B-factories.

● Observables: the “cartesian coordinates”

Giri, Grossman, Soffer, Zupan, hep-ph/0303187; Bondar 2002 (unpublished)
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“Dalitz plot”

Marseille, March 2015 T.M. Karbach / CERN / LHCb 41

second method: “GGSZ”
● Idea: perform an GLW/ADS type analysis in 

every bin of the D decay phase space

● GGSZ uses                   followed by 
self-conjugate three-body final states

● Most precise at B-factories.

● Observables: the “cartesian coordinates”

Giri, Grossman, Soffer, Zupan, hep-ph/0303187; Bondar 2002 (unpublished)
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CP violation 
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Marseille, March 2015 T.M. Karbach / CERN / LHCb 10

CP violation
● Matter/Antimatter, baryon genesis

● CP violation is one crucial ingredient (Sacharov)

● The CKM matrix is the one place in the SM with CP violation.

PRDD90 (2014) 112004
arXiv:1408.5373

CP

LHCb 2011+2012, 3/fb Phys.Rev.D90(2014)112004 

Huge direct CP violation in decay amplitudes seen in B-/B+ decays  

Neutral particles give possibilities to measure CP violation in three ways: 
in decay amplitudes, in mixing and in interference   

ACP =  -0.123 ± 0.017 ± 0.012 



Identification of B0
s flavour  

A.Ukleja                                   LHCb results on CPV 14/04/2015    51   

Bs weak mixing phase φs

arX
iv:1304.2600

Bs → J/ψK+K−

K+

Bs

D−

s• Tag the flavour of B at origin with:

– associated s with Bs (SST)

– decay product other B (OST)

• Calibrate OST(SST) in data with:
B+ → J/ψK+ (Bs → D−

s π
+)

• Effective tagging efficiency:
(3.13± 0.12± 0.20)%

• Combined result:

• φs = 0.01± 0.07(stat)± 0.01(syst) rad

• Decay width difference: ∆Γs =
0.661± 0.004(stat)± 0.006(syst) ps−1

Shanghai, June 3-5, 2013 - 28 -

H.Dijkstra

•  same-side (SS) 
²  uses the fact that s quark needed for  
    the hadronization of the B0

s is produced  
    in association with anti-s quark 
²  in about 50%, anti-s quark forms  
    a charged kaon 
²  uses charge of kaon correlated with B0

s 
 

•  opposite-side (OS) 
²  uses the fact that b quarks at LHC are  
     predominantly produced in pair with anti-b 
²  uses charge of lepton or kaon from second B decay  
    or global charge of particles coming from secondary vertex (vertex of B)  

 
•  LHCb uses both sides to identify flavour of  B0

s  
 
 

•  Total effective tagging efficiency: ε(1-2ω)2  
     ε – efficiency of each tagging algorithm, ω – frequency of events with wrong tagging 
 

           SSK:  Eff = (1.2 ± 0.3)%                       OS:  Eff = (2.6 ± 0.4)% 



Searches for CPV in D0 → π-π+π0 
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Phys.Lett.B740(2015)158 

The nominal T value measured in data is compared to a distribution of T values 
obtained from 1000 permutation samples  
 

•  where the flavour of each candidate is randomly reassigned to simulate 
samples without CPV 

E.Gersabeck, Charm mixing and CP violation at LHCb, 50th Rencontres de Moriond EW

Results

• With1000 permutations

• For no-CPV hypothesis:

• p-value = (2.6±0.5)%

Method allows visualisation of 
local asymmetry significances

Result consistent with 
no CP violation

World’s best sensitivity 
for CPV in D0→π-π+π0 

10

PLB 740 (2015) 158-167

Measured:  T = 1.84 × 10-6 

 
For no CPV hypothesis:  
p-value = (2.6 ± 0.5) % 
 
World best sensitivity for CPV in  
D0 → π-π+π0  

Result consistent with no CP violation   


