
Recent Highlights from LHCb   

  
 



 

Hot off the press  
Intriguing hints for the Higgs boson? 

Faster than light neutrinos? 

“Hints of  new physics” in charm decays? 
LHCbeauty becomes LHCcharm

Highly unexpected result!

3.5� evidence for CP-violation! Could this be new physics?

Expect update next year when more data analyzed
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In flavour physics we aim to  
understand if 

Yukawa coupling to the Higgs field  
is the (only) origin of flavour and 

 CP violation. 
 

We currently believe  
Einstein’s special relativity is valid. 



Outline of the talk 

•  Flavour physics     
•  LHCb and physics program 
•  LHCb highlights  
–  φs measurement  
– Charm CP violation 
– Rare decay results  

•  Conclusions 



Flavour physics  
•  Search for and study quantum effects of new 

particles in loop-mediated processes 
–  can probe much higher mass scale (up to 

100 TeV) than √s  (7TeV at current LHC) 
–  E.g. predictions of charm and top quarks  

Two ways of search for New Physics 

Indirect searches 

Direct observations 

Direct  production  of  new  objects  at  √s  =14 TeV 
LHC  operates  now  at  √s  =7 TeV only 

Precision measurements of well predicted observables in SM , in 
particular these with small values, search for suppressed 
processes (LHCb approach). 
Size of the B mesons ~10-16 m . NP occurs at >10-19 m,  
But some processes with B or D mesons sensitive to 10-20-10-21 m due to 
virtual effects in loop mediated processes predicted by theories beyond SM 
 

Probe up to ~100 TeV 

Probe up to ~4 TeV 

Examples of indirect discoveries: 
•  Prediction of third generation of quarks (b,t) to introduce CPV in SM 
•  c and t quarks  first  „seen”  in  FCNC  processes  in  K and B mesons 
•  (ν+N→ν+N)  seen in 1973; direct Z observation 10 years later 
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•  Many flavour observables provide a model-independent 
search and help discriminating new physics scenarios    
–  SUSY, technicolor, extra dimensions, 4th generation… 

•  Provide information about magnitudes and phases of NP 
couplings needed for full understanding of underlying theory 

•  Interesting in its own right: need new source of CP violation 
to explain matter-antimatter asymmetry 
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CPV and Baryogenesis 
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The source of current matter domination over antimatter is unknown.  
CPV is one of the three necessary conditions (Sacharow 1967) 

The unique source of CPV in Standard Model is a 
single phase in the CKM matrix 
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CPV predicted in SM gives Δnbaryon/nγ ~O(10-20). It is 1010 too small. 
There must be come other CPV beyond SM  
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CKM unitarity test  
•  CKM is basically at work 
•  10% level NP in b→d and b→s 

transitions still allowed 
•  Some quantities not very well 

measured: γ, |Vub|  
•  Some interesting “anomalies”  

sin2β vs  B→ τν, D0 ASL 

■ The observed deviation in ASL (3.9D0 fb-1) might indicate an additional negative 
NP phase in Bs mixing. From the fit w/o  s we expect:                                          . It agrees 
with 2009 Tevatron average (2.8 fb-1) for s and latest observations.  Eagerly waiting from 
updated  Tevatron average and results from LHCb!
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NP in Bs Mixing : and with Updated ASL?
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LHCb results and prospects 
M. Witek   (IFJ PAN Cracow, Poland) 

On behalf of the LHCb Collaboration 
 

Miami 2011 Conference 
Fort Lauderdale, Florida 

CERN 

LHC – Large Hadron Collider 

CMS 

Alice 

LHCb 

Atlas 

800 physicists 
15 countries 
54 institutes 

LHCb: an experiment dedicated 
to  beauty and charm physics    

Ideal place to perform indirect search for new physics 



LHCb physics program 

•  Major physics objective: indirect search for new 
physics effects in loop-mediated processes  
–  New physics in Bs mixing: φs, Γs, ASL 

–  New physics in b → s loop decays: Bs → µ+µ-,              
B0 → K*µ+µ-, Bs → φγ, Bs → φφ ...  	


–  New physics in D0 mixing or decays:  direct CPV in D0 
→ K+K-/π+π-, mixing parameters from τ(K+K-), τ(π+π-) 
and τ(Κ+π- ), … 	


–  Precision test of CKM mechanism: γ measurements 
•  Also EW, exotics, spectroscopy, LFV, QCD …  
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An example of “DNA test” 



 

Bear in mind the limit  

(Courtesy of G. Hiller) 



 

The LHCb detector   
Single arm forward spectrometer optimized for flavour physics  

Precise tracking  
Good mass and IP resolution to 
suppress background  
Good vertex resolution for time 
dependent analysis  

Excellent  particle identification 
π/K separation over 2-100 GeV 
Powerful muon identification  
 
All B species produced  
B-, Bs, B0, Bc, Λb, …, +c.c. 

Efficient trigger 
Low PT thresholds for lepton, 
γ/π0 and hadron 
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2011 running 

Analyses presented today based on 2010 and early 2011 datasets 

Data taking efficiency close to 91 %  



Data processing Distributed computing

Only 2 months to reprocess all of our 2011
data!

Over 2PB of data on disk.

Using resources all over Europe to do this.

Data ready in plenty of time for the winter
conferences - expect great results.
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Search for new physics  
in Bs mixing    

Bs → J/ψφ 
Bs → J/ψf0 



 

New physics in Bs mixing  	


•  Precise SM prediction    

•  Measure CP violation through  interference of 
decays with and without mixing: φs = φM-2φD  

Tree decay diagram immune to NP Mixing affected by NP   
•  New physics can significantly enhance φs : SUSY, Little Higgs, 

extra dimension,  4th generation, extra Z’, … 

+ penguin diagrams +NP 

= -0.036±0.002 rad  

[A. Lenz, arXiv: 1102.4274] 
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Examples of NP effects 	

Little Higgs Model with T-Parity Warped Extra Dimension Model 

  SUSY “AC” Model 

[W. Altmannshofer et al., arXiv:0909.1333] 

[M. Blanke et al., JHEP 0903:001,2009] [M. Blanke et al., Acta Phys.Polon.B41:657, 2 010] 

MFV SUSY Model 

 



 

Describing Bs→ J/ψK+K-  
•  Bs →J/ψK+K- is mixture of 4 CP eigenstates  

–  3 K+K- P-waves and 1 S-wave  
•  Described in 4D space  

–  3 angles (θ, φ, ψ) and proper time t 
•  10 physics parameters  

–   6 amplitudes and strong phases  
–   φs, ΔΓs, Δms,  Γs  

(+ descriptions of background, efficiency, resolution, mistag rate.) 
Need flavour-tagged, time-dependent angular analysis.  



 

Extracting φs in Bs→ J/ψK+K- 
 

 φs is obtained from time evolution of Bs (Bs) to CP eigenstates  

e.g., Bs (Bs) to longitudinal final state  

± 

•  Analysis requirements  
–  Separate signal and background  
–  Separate different CP eigenstates  
–  Identify the initial B flavour and know mistag probability 
–  Resolve the fast Bs oscillation and know time resolution  

+ for Bs  
-  for Bs 



 

Time evolution for refernece  
Major source of  
sensitivity to φs  
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Separating signal and background 
•  Very clean Bs→ J/ψφ signal   

–  powerful muon trigger 
–  excellent kaon identification 
–  require t(Bs)>0.3 ps to 

remove dominant background 
from prompt J/ψ 

•  Use Bs candidate mass variable 
to statistically separate signal 
and background  in fit  

50 million  
J/ψ signals 
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FIG. 1. Invariant mass distribution for B0
s

! µ+µ�K+K�

candidates with the mass of the µ+µ� pair constrained to
the nominal J/ mass. Curves for fitted contributions from
signal (dashed), background (dotted) and their sum (solid)
are overlaid.

between the K

� momentum and the J/ momentum in
the rest frame of the �.

We perform an unbinned maximum likelihood fit to the
invariant mass m

B

, the decay time t, and the three decay
angles ⌦. The probability density function (PDF) used
in the fit consists of signal and background components
which include detector resolution and acceptance e↵ects.
The PDFs are factorised into separate components for
the mass and for the remaining observables.

The signal m
B

distribution is described by two Gaus-
sian functions with a common mean. The mean and
width of the narrow Gaussian are fit parameters. The
fraction of the second Gaussian and its width relative to
the narrow Gaussian are fixed to values obtained from
simulated events. The m

B

distribution for the combina-
torial background is described by an exponential func-
tion with a slope determined by the fit. Possible peaking
background from decays with similar final states such as
B

0 ! J/ K

⇤0 is found to be negligible from studies
using simulated events.

The distribution of the signal decay time and angles
is described by a sum of ten terms, each of which is the
product of a time-dependent term and an angular func-
tion [13]
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s

! J/ �)

dt d⌦
/

10X

k=1

h

k

(t) f
k

(⌦) . (1)

The functions h
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s
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s

oscillation frequency �m

s

and four complex
transversity amplitudes A

i

at t = 0. The label i takes
the values {?, k, 0} for the three P-wave amplitudes and
S for the S-wave amplitude. We parameterize each A

i

by
its magnitude squared |A

i

|2 and its phase �
i

, and adopt
the convention �0 = 0 and

P
|A

i

|2 = 1. The full set of

expressions is given in Refs. [13–15]. As an example, we
show here the time-dependent term for the A0 amplitude
for a particle produced in a B0

s

flavour eigenstate at t = 0,

h1(t) = |A0|2 e��st
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We neglect CP violation in mixing and in the decay
amplitudes. The di↵erential decay rates for a B

0
s

meson
produced at time t = 0 are obtained by changing the sign
of �

s

, A? and AS. The PDF is invariant under the trans-
formation (�

s

,��
s

, �k, �?, �S) 7! (⇡��
s

,���
s

,��k,⇡�
�?,��S) which gives rise to a two-fold ambiguity in the
results.

Using the data in the m
B

sidebands we determine that
the background decay time distribution can be modelled
by a sum of two exponential functions. The lifetime pa-
rameters and the relative fraction are determined by the
fit. The decay angle distribution is modelled using a
histogram obtained from the data in the m

B

sidebands.
The normalisation of the background with respect to the
signal is determined by the fit.

The measurement of �
s

requires knowledge of the
flavour of the B

0
s

meson at production. We exploit the
following flavour specific features of the accompanying
(non-signal) b-hadron decay to tag the B

0
s

flavour: the
charge of a muon or an electron with large transverse mo-
mentum produced by semileptonic decays, the charge of
a kaon from a subsequent charmed hadron decay and the
momentum-weighted charge of all tracks included in the
inclusively reconstructed decay vertex. These signatures
are combined using a neural network to estimate a per-
event mistag probability, !, which is calibrated with data
from control channels [16]. The fraction of tagged events
in the signal sample is "tag = (24.9±0.5)%. The dilution
of the CP asymmetry due to the mistag probability is
D = 1 � 2!. The e↵ective dilution in our signal sample
is D = 0.277± 0.006 (stat)± 0.016 (syst), resulting in an
e↵ective tagging e�ciency of "tagD2 = (1.91 ± 0.23)%.
The uncertainty in ! is taken into account by allowing
calibration parameters described in Ref. [16] to vary in
the fit with Gaussian constraints given by their estimated
uncertainties. Both tagged and untagged events are used
in the fit. The untagged events dominate the sensitivity
to the lifetimes and amplitudes.

To account for the decay time resolution, the PDF is
convolved with a sum of three Gaussian functions with a
common mean and di↵erent widths. Studies on simulated
data have shown that selected prompt J/ K

+
K

� combi-
nations have nearly identical resolution to signal events.
Consequently, we determine the parameters of the res-
olution model from a fit to the decay time distribution
of such prompt combinations in the data, after subtract-
ing non-J/ events with the sPlot method [17] using the

2

8500  
Bs signals 

0.37 fb-1  
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Separating CP eigenstates  
Different CP eigenstates are statistically separated in maximum 
likelihood fit using angular information 	


S-wave (odd) 
CP-odd 

CP-even 

Relative variation of angular efficiency <5% and accounted for 
according to full MC simulation  
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Identifying initial B flavour 

Wrong tagging probability 
very well calibrated with 
B+ → J/ψK+ 

Effective tagging efficiency 
(1.91 ±0.23)%  

•  Initial flavour of B inferred from  
–  Opposite Side: products of the other B meson  
–  Same Side: fragmentation particles associated to signal B 

•  Currently use OS, fully optimized and calibrated on data  
     (SS tagging will be used in next round of analysis) 
 

OS 
OS 
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Time resolution and acceptance  

•  Time resolution model obtained from 
prompt events 

•  Effective proper time resolution 50 fs 

Δms = 17.63 ± 0.11 ± 0.02 ps-1  

•  Compared with Bs oscillation period of about 350 fs 

LHCb-CONF-2011-049 

LHCb-CONF-2011-010 

•  Efficiency as a function of proper time obtained from data 
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Bs→ J/ψK+K-  fit projections 

Goodness-of-fit:  p-value 0.68 based on  
point-to-point dissimilarity test  
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83

 

[M. Williams, JINST 5 (2010) P09004] 

µ

+
µ

� invariant mass as discriminating variable. The re-
sulting dilution is equivalent to that of a single Gaussian
with a width of 50 fs. The uncertainty on the decay time
resolution is estimated to be 4% by varying the selection
of events and by comparing in the simulation the reso-
lutions obtained for prompt combinations and B

0
s

signal
events. This uncertainty is accounted for by scaling the
widths of the three Gaussians by a common factor of
1.00± 0.04, which is varied in the fit subject to a Gaus-
sian constraint. In similar fashion the uncertainty on
the mixing frequency is taken into account by varying it
within the constraint imposed by the LHCb measurement
�m

s

= 17.63± 0.11 (stat)± 0.02 (syst) ps�1 [18].
The decay time distribution is a↵ected by two accep-

tance e↵ects. First, the e�ciency decreases approxi-
mately linearly with decay time due to ine�ciencies in
the reconstruction of tracks far from the central axis
of the detector. This e↵ect is parameterized as ✏(t) /
(1 � �t) where the factor � = 0.016 ps�1 is determined
from simulated events. Second, a fraction of approxi-
mately 14% of the events has been selected exclusively
by a trigger path that exploits large impact parameters
of the decay products, leading to a drop in e�ciency at
small decay times. This e↵ect is described by the empiri-
cal acceptance function ✏(t) / (at)c / [1+(at)c], applied
only to these events. The parameters a and c are deter-
mined in the fit. As a result, the events selected with
impact parameter cuts do e↵ectively not contribute to
the measurement of �

s

.
The uncertainty on the reconstructed decay angles is

small and is neglected in the fit. The decay angle accep-
tance is determined using simulated events. The devia-
tion from a flat acceptance is due to the LHCb forward
geometry and selection requirements on the momenta of
final state particles. The acceptance varies by less than
5% over the full range for all three angles.
The results of the fit for the main observables are

shown in Table I. The likelihood profile for �k is not
parabolic and we therefore quote the 68% confidence level
(CL) range 3.0 < �k < 3.5. The correlation coe�cients
for the statistical uncertainties are ⇢(�

s

,��
s

) = �0.30,
⇢(�

s

,�

s

) = 0.12 and ⇢(��
s

,�

s

) = �0.08. Figure 2 shows
the data distribution for decay time and angles with the
projections of the best fit PDF overlaid. To assess the
overall agreement of the PDF with the data we calculate
the goodness of fit based on the point-to-point dissimilar-
ity test [19]. The p-value obtained is 0.68. Figure 3 shows
the 68%, 90% and 95% CL contours in the ��

s

-�
s

plane.
These contours are obtained from the likelihood profile
after including systematic uncertainties, and correspond
to decreases in the natural logarithm of the likelihood,
with respect to its maximum, of 1.15, 2.30 and 3.00 re-
spectively.
The sensitivity to �

s

stems mainly from its appear-
ance as the amplitude of the sin(�m

s

t) term in Eq. 1,
which is diluted by the decay time resolution and mistag

TABLE I. Fit results for the solution with ��
s

> 0 with
statistical and systematic uncertainties.

parameter value �stat. �syst.

�
s

[ps�1] 0.657 0.009 0.008

��
s

[ps�1] 0.123 0.029 0.011

|A?(0)|2 0.237 0.015 0.012

|A0(0)|2 0.497 0.013 0.030

|AS(0)|2 0.042 0.015 0.018

�? [rad] 2.95 0.37 0.12

�S [rad] 2.98 0.36 0.12

�
s
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FIG. 2. Projections for the decay time and transversity angle
distributions for events with m

B

in a ± 20 MeV range around
the B0

s

mass. The points are the data. The dashed, dotted
and solid lines represent the fitted contributions from signal,
background and their sum. The remaining curves correspond
to di↵erent contributions to the signal, namely the CP -odd P-
wave (dashed with single dot), the CP -even P-wave (dashed
with double dot) and the S-wave (dashed with triple dot).

probability. Systematic uncertainties from these sources
and from the mixing frequency are absorbed in the sta-
tistical uncertainties as explained above. Other system-
atic uncertainties are determined as follows, and added
in quadrature to give the values shown in Table I.
To test our understanding of the decay angle accep-

tance we compare the rapidity and momentum distribu-
tions of the kaons and muons of selected B

0
s

candidates
in data and simulated events. Only in the kaon momen-
tum distribution do we observe a significant discrepancy.
We reweight the simulated events to match the data, red-
erive the acceptance corrections and assign the resulting
di↵erence in the fit result as a systematic uncertainty.
This is the dominant contribution to the systematic un-
certainty on all parameters except �

s

. The limited size
of the simulated event sample leads to a small additional

3
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φs results from Bs→ J/ψK+K-    

•  Two ambiguous solutions        φs ↔ π-φs; ΔΓs ↔ -ΔΓs          
•  World’s most precise measurement of φs   

φs = 0.13  ± 0.18 (stat) ± 0.06 (syst) rad 
consistent with SM prediction φs

SM
  =-0.036 ± 0.002 rad 

•  4σ evidence for ΔΓs≠0 
   ΔΓs = 0.123  ± 0.029 (stat) ± 0.011 (syst) ps-1 
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FIG. 3. Likelihood confidence regions in the ��
s

-�
s

plane.
The black square and error bar corresponds to the Standard
Model prediction [3, 4].

uncertainty. The systematic uncertainty due to the back-
ground decay angle modelling was found to be negligible
by comparing with a fit where the background was re-
moved statistically using the sPlot method [17].
In the fit each |A

i

|2 is constrained to be greater than
zero, while their sum is constrained to unity. This can
result in a bias if one or more of the amplitudes is small.
This is the case for the S-wave amplitude, which is com-
patible with zero within 3.2 standard deviations. The
resulting biases on the |A

i

|2 have been determined us-
ing simulations to be less than 0.010 and are included as
systematic uncertainties.
Finally, a systematic uncertainty of 0.008 ps�1 was as-

signed to the measurement of �
s

due to the uncertainty
in the decay time acceptance parameter �. Other sys-
tematic uncertainties, such as those from the momentum
scale and length scale of the detector, were found to be
negligible.
In summary, in a sample of 0.37 fb�1 of pp collisions

at
p
s = 7TeV collected with the LHCb detector we ob-

serve 8492 ± 97 B

0
s

! J/ K

+
K

� events with K

+
K

�

invariant mass within ± 12 MeV of the � mass. With
these data we perform the most precise measurements
of �

s

, ��
s

and �
s

in B

0
s

! J/ � decays, substantially
improving upon previous measurements [7] and provid-
ing the first direct evidence for a non-zero value of ��

s

.
Two solutions with equal likelihood are obtained, related
by the transformation (�

s

,��
s

) 7! (⇡��

s

,���
s

). The
solution with positive ��

s

is

�

s

= 0.15 ± 0.18 (stat) ± 0.06 (syst) rad,

�
s

= 0.657 ± 0.009 (stat) ± 0.008 (syst) ps�1
,

��
s

= 0.123 ± 0.029 (stat) ± 0.011 (syst) ps�1
,

and is in agreement with the Standard Model predic-
tion [3, 4]. Values of �

s

in the range 0.52 < �

s

< 2.62

and �2.93 < �

s

< 0.21 are excluded at 95% confidence
level. In a future publication we shall di↵erentiate be-
tween the two solutions by exploiting the dependence of
the phase di↵erence between the P-wave and S-wave con-
tributions on the K

+
K

� invariant mass [14].
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“artist’s view” 

http://lhcb-public.web.cern.ch/lhcb-public/ 



Method to resolve the ambiguity    
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K+K- P-wave: 
Phase of Breit-Wigner amplitude 
increases rapidly across φ(1020) 
mass region        

K+K- S-wave:   
Phase of Flatté amplitude for f0(980)   
relatively flat (similar for non-resonance) 

Phase difference between S- and P-wave amplitudes 
Decreases rapidly across φ(1020) mass region        

Resolution method: choose the solution with decreasing trend of δs- 
δP vs mKK in the φ(1020) mass region  

[Y. Xie et al., JHEP 0909:074, 2009]  
      Similar to Babar measurement of sign of cos(2β), PRD 71, 032005 (2007) 
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Ambiguity resolution  
Paper in preparation,  to be submitted to PRL 

function for the �(1020) amplitude. In Fig. 4, the phase286

di↵erence between the S- and P-wave amplitudes is plot-287

ted in four mKK bins for solution I and solution II.288

Solution I shows a clear decreasing trend in the �(1020)289

mass region, as expected for the physical solution. To es-290

timate the significance of the result we perform a fit to291

the data by parameterizing the phase di↵erence �Sk� �?292

as a linear function of the average mKK value in the k-th293

interval. This leads to a slope of �0.050+0.013
�0.020 rad/MeV294

for solution I and +0.050+0.020
�0.013 rad/MeV for solution II,295

where the uncertainties are statistical only. The di↵er-296

ence of the lnL value between the fit with the phase297

di↵erence parameterized with a slope and another where298

where the slope is fixed to zero is 11. Since the linear299

approximation is a simplification of the true shape, the300

significance of the trend of �S � �P versus mKK being301

negative is greater than 4.5�. The pattern of solution I302

is also qualitatively consistent with the shap of �S � �P303

versus mKK measured in the decay D+
s ! K+K�⇡+ by304

the Babar experiment [9]. Therefore, we conclude that305

solution I, which has ��s > 0, is the physical solution306

for �s.307

Several possible sources of systematic uncertainty on308

the phase variation versus mKK have been considered.309

The only e↵ect which is not completely negligible is a310

possible background from decays with similar final states311

such as B0 ! J/ K⇤0. From simulation, the contami-312

nation from such decays is estimated to be 1.1% in the313

mKK range of 988–1050 MeV. . We add a 2.2% contribu-314

tion of simulated B0! J/ K⇤0 events to the data and315

repeat the analysis. The only noticeable change is a shift316

of �S4��? by 0.06 rad/MeV, which is only 20% of its sta-317

tistical uncertainty. We also repeat the analysis for dif-318

ferent mKK ranges, di↵erent ways of dividing the mKK319

range or di↵erent shapes of the signal and background320

mJ/ KK distributions, and the conclusion remains un-321

changed. More data is needed to measure precisely the322

S-wave lineshape and determine its resonance structure.323

However, the ambiguity resolution does not rely on know-324

ing the resonance structure.325

We do not evaluate all the sources of systematic un-326

certainty on �s and ��s that are considered in Ref. [1].327

The outcome of this analysis is simply to resolve the am-328

biguity, and we therefore retain the results given in Equa-329

tions 1a and 1b as our measured values of �s and ��s.330

In summary, we have resolved the two-fold ambiguity
in the measurements of the CP -violating phase �s and
the B0

s decay width di↵erence ��s in B0
s ! J/ K+K�

decays. By examining the dependence of the phase dif-
ference between the S-wave and P-wave amplitudes on
the K+K� mass, we identify the following solution from
Ref. [1] at 4.5� confidence level as the unambiguous re-
sults:

�s = 0.15 ± 0.18 (stat.) ± 0.06 (sys.) rad
��s = 0.123 ± 0.029 (stat.) ± 0.011 (sys.) ps�1.
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FIG. 3. Top: estimated numbers of K+K� S-wave signal
events in four intervals of m

KK

; bottom: estimated num-
bers of K+K� P-wave signal events in four intervals of m

KK

(solid), and numbers of simulated �(1020) events in the four
intervals assuming the same total number of P-wave signal
events (dashed).
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Model prediction [3, 4].

uncertainty. The systematic uncertainty due to the back-
ground decay angle modelling was found to be negligible
by comparing with a fit where the background was re-
moved statistically using the sPlot method [17].

In the fit each |A
i

|2 is constrained to be greater than
zero, while their sum is constrained to unity. This can
result in a bias if one or more of the amplitudes is small.
This is the case for the S-wave amplitude, which is com-
patible with zero within 3.2 standard deviations. The
resulting biases on the |A

i

|2 have been determined us-
ing simulations to be less than 0.010 and are included as
systematic uncertainties.

Finally, a systematic uncertainty of 0.008 ps�1 was as-
signed to the measurement of �

s

due to the uncertainty
in the decay time acceptance parameter �. Other sys-
tematic uncertainties, such as those from the momentum
scale and length scale of the detector, were found to be
negligible.

In summary, in a sample of 0.37 fb�1 of pp collisions
at

p
s = 7TeV collected with the LHCb detector we ob-

serve 8492 ± 97 B

0
s

! J/ K

+
K

� events with K

+
K

�

invariant mass within ± 12 MeV of the � mass. With
these data we perform the most precise measurements
of �

s

, ��
s

and �
s

in B

0
s

! J/ � decays, substantially
improving upon previous measurements [7] and provid-
ing the first direct evidence for a non-zero value of ��

s

.
Two solutions with equal likelihood are obtained, related
by the transformation (�

s

,��
s

) 7! (⇡��

s

,���
s

). The
solution with positive ��

s

is

�

s

= 0.15 ± 0.18 (stat) ± 0.06 (syst) rad,

�
s

= 0.657 ± 0.009 (stat) ± 0.008 (syst) ps�1
,

��
s

= 0.123 ± 0.029 (stat) ± 0.011 (syst) ps�1
,

and is in agreement with the Standard Model predic-
tion [3, 4]. Values of �

s

in the range 0.52 < �

s

< 2.62

and �2.93 < �

s

< 0.21 are excluded at 95% confidence
level. In a future publication we shall di↵erentiate be-
tween the two solutions by exploiting the dependence of
the phase di↵erence between the P-wave and S-wave con-
tributions on the K

+
K

� invariant mass [14].

ACKNOWLEDGEMENTS

We express our gratitude to our colleagues in the CERN
accelerator departments for the excellent performance of
the LHC. We thank the technical and administrative sta↵
at CERN and at the LHCb institutes, and acknowledge
support from the National Agencies: CAPES, CNPq,
FAPERJ and FINEP (Brazil); CERN; NSFC (China);
CNRS/IN2P3 (France); BMBF, DFG, HGF and MPG
(Germany); SFI (Ireland); INFN (Italy); FOM and NWO
(The Netherlands); SCSR (Poland); ANCS (Romania);
MinES of Russia and Rosatom (Russia); MICINN, Xun-
taGal and GENCAT (Spain); SNSF and SER (Switzer-
land); NAS Ukraine (Ukraine); STFC (United King-
dom); NSF (USA). We also acknowledge the support
received from the ERC under FP7 and the Region Au-
vergne.

[1] M. Kobayashi and T. Maskawa, CP Violation in the
renormalizable theory of weak interaction, Prog. Theor.
Phys. 49 (1973) 652; N. Cabibbo, Unitary symmetry and
leptonic decays, Phys. Rev. Lett. 10 (1963) 531.

[2] A. B. Carter and A. Sanda, CP Violation in cascade de-
cays of B mesons, Phys. Rev. Lett. 45 (1980) 952; A. B.
Carter and A. Sanda, CP Violation in B meson decays,
Phys. Rev. D23 (1981) 1567; I. I. Bigi and A. Sanda,
Notes on the observability of CP violations in B decays,
Nucl. Phys. B193 (1981) 85; I. I. Bigi and A. Sanda, CP
Violation in heavy flavor decays: predictions and search
strategies, Nucl. Phys. B281 (1987) 41.

[3] A. Lenz and U. Nierste, Theoretical update of B0
s

-B0
s

mix-
ing, JHEP 06 (2007) 072, [arXiv:hep-ph/0612167];
A. Badin, F. Gabbiani, and A. A. Petrov, Lifetime dif-
ference in B

s

mixing: Standard model and beyond, Phys.
Lett. B653 (2007) 230, [arXiv:0707.0294]; A. Lenz and
U. Nierste, Numerical updates of lifetimes and mixing pa-
rameters of B mesons, arXiv:1102.4274.

[4] J. Charles et al., Predictions of selected flavour observ-
ables within the Standard Model, Phys. Rev. D84 (2011)
033005, [arXiv:1106.4041].

[5] S. Faller, R. Fleischer, and T. Mannel, Precision physics
with B0

s

! J/ � at the LHC: the quest for new physics,
Phys. Rev. D79 (2009) 014005, [arXiv:0810.4248].

[6] For recent overviews see A. J. Buras, PoS EPS-HEP2009
(2009) 024 [arXiv:0910.1032] and C.-W. Chiang et al.,
JHEP 1004 (2010) 031 [arXiv:0910.2929] and references
therein.

[7] CDF collaboration, T. Aaltonen et al., First flavor-tagged
determination of bounds on mixing-induced CP viola-
tion in B0

s

! J/ � decays, Phys. Rev. Lett. 100

4

•  Winner solution is consistent with the SM predictions  
•  The other solution is excluded at 4.5σ CL 



30 

Bs→ J/ψf0  

 
Using ΔΓs and Γs from Bs→ J/ψφ  
φs = -0.44  ± 0.44 ± 0.02 rad 

CP odd final state alone 
cannot determine Γs and  ΔΓs   

arXiv:1112.3056 , submitted to PLB 

 
Combined fit of Bs→ J/ψf0 and 
Bs→ J/ψφ  
φs = 0.07  ± 0.17 ± 0.06 rad 
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 Prospects for φs 
•  Improve statistical error σ(φs) from Bs→ J/ψφ 
–  Expect 2 fb-1 by end of 2012 → σ(φs) ~ 0.07 from simple scaling 
–  Using same side kaon tagging will give further improvement  

•  Reduce systematic error significantly  
–  Use better method to treat background and angular acceptance 

•  Control theoretical uncertainties 
–  Main issue: effect of penguin contribution on φs needs to be controlled to 

match the experimental accuracy of φs with 2 fb-1 or more 
–  Expect using 2011+2012 data sample to measure ACP(Bs→ J/ψK*) and 

exploit the U-spin relation between Bs→ J/ψK* and Bs → J/ψφ	


•  Exploit more channels:  Bs→J/ψη, J/ψη’ and DsDs  
•  Measure ASL which probes the same physics     

[S. Faller et al., PRD 79:014005, 2009] 
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Search for new physics  
in charm sector   

ΔACP =  ACP(D0→K+K-) – ACP(D0→π+π-)  
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CP violation in Charm   

SM charm physics is almost CP conserving, 
CPV up to O(10-3)  plausible, being revisited!     

New Physics can enhance CP-violating observables 
up to O(%)  

Why search for CP 
violation in charm ? 

New Physics (NP) can enhance        
CP-violating observables  

4"

SM charm physics is CP conserving to 
first approximation                     

(dominance of 2 generation) 

With b-quark contribution 
neglected: only 2 

generations contribute            
 real 2x2 Cabibbo matrix 

Unitary triangle for charm 

CP violation in charm not observed  
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CP asymmetries in D→h+h-   

  

1 Introduction1

The time-integrated CP asymmetry, ACP (f), for the final states f = K�K+ and f =2

���+ has two contributions: an indirect component (universal for CP eigenstates in the3

Standard Model) and a direct component (in general di⇥erent for di⇥erent final states). In4

the Standard Model CP violation is expected to be small [1–3]. However, in the presence5

of new physics the rate of CP violation could be enhanced [3, 4]. No prior evidence of CP6

violation in charm has been found.7

The most precise measurements to date of the time-integrated CP asymmetries in8

D0 ⌅ K�K+ and D0 ⌅ ���+ were made by the CDF, BABAR, and BELLE collabora-9

tions [5–7]. In the limit that the e⌅ciency is independent of proper time, the di⇥erence10

between the two time-integrated asymmetries, �ACP ⇤ ACP (K�K+) � ACP (���+), is11

equal to the di⇥erence in direct CP asymmetry. However, if the dependence of the ef-12

ficiency on proper time is di⇥erent for the K�K+ and ���+ final states a contribution13

from indirect CP violation remains. The Heavy Flavor Averaging Group (HFAG) has14

combined time-integrated and time-dependent measurements of CP asymmetries taking15

account of the di⇥erent lifetime acceptance to obtain world-average values for the indirect16

CP asymmetry of aindCP = (�0.02 ± 0.23)% and the di⇥erence in direct CP asymmetry17

between the final states of �adirCP = (�0.48± 0.27)% [8, 9].18

In this report we present LHCb results for the measurement of the di⇥erence in inte-19

grated CP asymmetries between D0 ⌅ K�K+ and D0 ⌅ ���+. The initial state (D0 or20

D0) is tagged by requiring a D⇤+ ⌅ D0�+ decay. The use of charge-conjugate modes is21

implied throughout, except in the definition of asymmetries.22

2 Formalism23

The raw asymmetry for tagged D0 decays to a final state f is given by ARAW(f)⇤, defined24

as:25

ARAW(f)⇤ ⇤ N(D⇤+ ⌅ D0(f)�+) � N(D⇤� ⌅ D̄0(f̄)��)

N(D⇤+ ⌅ D0(f)�+) + N(D⇤� ⌅ D̄0(f̄)��)
, (1)

where N(X) refers to the number of reconstructed events of decay X after background26

subtraction.27

The raw asymmetries may be written as a sum of various components, coming from28

both physics and detector e⇥ects:29

ARAW(f)⇤ = ACP (f) + AD(f) + AD(�s) + AP(D
⇤+). (2)

Here ACP (f) is the intrinsic physics CP asymmetry, AD(f) is the asymmetry for selecting30

the D0 decay into the final state f , AD(�s) is the asymmetry for selecting the ‘slow pion’31

from the D⇤+ decay chain, and AP(D⇤+) is the production asymmetries for prompt D⇤+
32

mesons. The asymmetries ACP , AD and AP are defined in the same fashion as ARAW.33

1

D flavour tagged with  
slow pion from D*  

Production 
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FIG. 1. Fits to the m(K�K+) (a) and m(⇥�⇥+) (b) spec-
tra of D⇤+ candidates passing the selection and satisfying
0 < �m < 15 MeV/c2. The dashed line corresponds to the
background component in the fit, and the vertical lines indi-
cate the signal window of 1844–1884 MeV/c2.

net polarities. Second, the first 60% of data are processed332

separately from the remainder, with the division aligned333

with a break in data taking due to an LHC technical stop.334

In total, 216 statistically independent measurements are335

considered for each decay mode.336

In each bin, one-dimensional unbinned maximum like-337

lihood fits to the ⇥m spectra are performed. The signal338

is described as the sum of two Gaussian functions with339

a common mean µ but di⇥erent widths ⇧i, convolved340

with a function B(⇥m; s) = �(⇥m) ⇥ms taking account341

of the asymmetric shape of the measured ⇥m distribu-342

tion. Here, s ⇥ �0.975 is a shape parameter fixed to the343

value determined from the global fits shown in Fig. 2, �344

is the Heaviside step function, and the convolution runs345

over ⇥m. The background is described by an empirical346

function of the form 1 � e�(⇥m�⇥m0)/�, where ⇥m0 and347

� are parameters describing the threshold and shape of348

the function, respectively. The D⇤+ and D⇤� samples in349
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FIG. 2. Fits to the �m spectra, where the D0 is reconstructed
in the final states K�K+ (a) and ⇥�⇥+ (b), with mass ly-
ing in the window of 1844–1884 MeV/c2. The dashed line
corresponds to the background component in the fit.

a given bin are fitted simultaneously and share all shape350

parameters, except for a charge-dependent o⇥set in the351

central value µ and an overall scale factor in the mass352

resolution. The raw asymmetry in the signal yields is353

extracted directly from this simultaneous fit. No fit pa-354

rameters are shared between the 216 subsamples of data,355

nor between the K�K+ and ⌅�⌅+ final states.356

The fits do not distinguish between the signal and357

backgrounds that peak in ⇥m. Such backgrounds can358

arise from D⇤+ decays in which the correct slow pion is359

found but the D0 is partially mis-reconstructed. These360

backgrounds are suppressed by the use of tight particle361

identification requirements and a narrow D0 mass win-362

dow. From studies of the D0 mass sidebands (1820–1840363

and 1890–1910 MeV/c2), this contamination is found to364

be approximately 1% of the signal yield and to have small365

raw asymmetry (consistent with zero asymmetry di⇥er-366

ence between the K�K+ and ⌅�⌅+ final states). Its367

e⇥ect on the measurement is estimated in an ensemble368
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cate the signal window of 1844–1884 MeV/c2.

net polarities. Second, the first 60% of data are processed332

separately from the remainder, with the division aligned333

with a break in data taking due to an LHC technical stop.334

In total, 216 statistically independent measurements are335

considered for each decay mode.336

In each bin, one-dimensional unbinned maximum like-337

lihood fits to the ⇥m spectra are performed. The signal338

is described as the sum of two Gaussian functions with339

a common mean µ but di⇥erent widths ⇧i, convolved340

with a function B(⇥m; s) = �(⇥m) ⇥ms taking account341

of the asymmetric shape of the measured ⇥m distribu-342
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value determined from the global fits shown in Fig. 2, �344

is the Heaviside step function, and the convolution runs345
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a given bin are fitted simultaneously and share all shape350

parameters, except for a charge-dependent o⇥set in the351

central value µ and an overall scale factor in the mass352

resolution. The raw asymmetry in the signal yields is353

extracted directly from this simultaneous fit. No fit pa-354

rameters are shared between the 216 subsamples of data,355

nor between the K�K+ and ⌅�⌅+ final states.356

The fits do not distinguish between the signal and357

backgrounds that peak in ⇥m. Such backgrounds can358

arise from D⇤+ decays in which the correct slow pion is359

found but the D0 is partially mis-reconstructed. These360

backgrounds are suppressed by the use of tight particle361

identification requirements and a narrow D0 mass win-362

dow. From studies of the D0 mass sidebands (1820–1840363

and 1890–1910 MeV/c2), this contamination is found to364

be approximately 1% of the signal yield and to have small365

raw asymmetry (consistent with zero asymmetry di⇥er-366

ence between the K�K+ and ⌅�⌅+ final states). Its367

e⇥ect on the measurement is estimated in an ensemble368
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In the limit of U-spin symmetry, the direct component is166

equal in magnitude and opposite in sign for K�K+ and167

⇥�⇥+ [5]. In the Standard Model, CP violation is ex-168

pected to be small [5–8], with predictions up to O(10�3).169

However, in the presence of new physics the rate of CP170

violation could be enhanced [5, 9].171

The most precise measurements to date of the time-172

integrated CP asymmetries in D0 ⇧ K�K+ and D0 ⇧173

⇥�⇥+ were made by the CDF, BaBar, and Belle collab-174

orations [10–12]. The asymmetry for a final state f may175

be written at first order as [13]176

ACP (f) ⌅ adir
CP (f) +

⌥t�
⇤

aind
CP ,

where adir
CP (f) is the asymmetry coming from direct CP177

violation for the decay, ⌥t� is the average decay time in178

the sample used, ⇤ the true D0 lifetime, and aind
CP is the179

asymmetry associated with CP violation in the mixing.180

To a good approximation this latter quantity is univer-181

sal [5], and so182

�ACP ⇤ ACP (K�K+) � ACP (⇥�⇥+)

=
�
adir

CP (K�K+) � adir
CP (⇥�⇥+)

⇥
+

�⌥t�
⇤

aind
CP ,

where �⌥t� is the di⇥erence in average decay time of the183

D0 mesons in the K�K+ and ⇥�⇥+ samples. In the184

limit that �⌥t� vanishes, �ACP is equal to the di⇥er-185

ence in the direct CP asymmetry between the two de-186

cays. However, if the dependence of the e⇧ciency on187

decay time is di⇥erent for the K�K+ and ⇥�⇥+ final188

states, a contribution from indirect CP violation remains.189

The Heavy Flavor Averaging Group (HFAG) has com-190

bined time-integrated and time-dependent measurements191

of CP asymmetries taking account of the di⇥erent decay192

time acceptances to obtain world-average values for the193

indirect CP asymmetry of aind
CP = (�0.03 ± 0.23)% and194

the di⇥erence in direct CP asymmetry between the final195

states of �adir
CP = (�0.42± 0.28)% [3].196

In this letter, LHCb results for the measurement of197

the di⇥erence in integrated CP asymmetries between198

D0 ⇧ K�K+ and D0 ⇧ ⇥�⇥+, performed with approxi-199

mately 580 pb�1 of data collected in 2011, are presented.200

The initial state (D0 or D0) is tagged by requiring a201

D⇥+ ⇧ D0⇥+ decay. The use of charge-conjugate modes202

is implied throughout, except in the definition of asym-203

metries.204

The raw asymmetry for tagged D0 decays to a final205

state f is given by Araw(f), defined as:206

Araw(f) ⇤ N(D⇥+ ⇧ D0(f)⇥+) � N(D⇥� ⇧ D0(f̄)⇥�)
N(D⇥+ ⇧ D0(f)⇥+) + N(D⇥� ⇧ D0(f̄)⇥�)

,

where N(X) refers to the number of reconstructed events207

of decay X after background subtraction.208

At first order the raw asymmetries may be written as209

a sum of various components, coming from both physics210

and detector e⇥ects:211

Araw(f) = ACP (f) + AD(f) + AD(⇥s) + AP(D⇥+).

Here ACP (f) is the intrinsic physics CP asymmetry,212

AD(f) is the asymmetry for selecting the D0 decay into213

the final state f , AD(⇥s) is the asymmetry for selecting214

the tagging slow pion from the D⇥+ decay chain, and215

AP(D⇥+) is the production asymmetry for prompt D⇥+
216

mesons. The asymmetries ACP , AD and AP are defined217

in the same fashion as Araw. In making the first-order218

expansion, it is assumed that the individual asymmetries219

are small.220

For a two-body decay of a spin-0 particle to a self-221

conjugate final state there can be no D0 detection asym-222

metry, i.e. AD(K�K+) = AD(⇥�⇥+) = 0. Moreover,223

to first order AD(⇥s) and AP(D⇥+) cancel out in the dif-224

ference Araw(K�K+) � Araw(⇥�⇥+), leaving a quantity,225

defined as �ACP , equal to the di⇥erence in physics asym-226

metries:227

�ACP ⇤ ACP (K�K+) � ACP (⇥�⇥+)
= Araw(K�K+) � Araw(⇥�⇥+).

To minimize second-order e⇥ects, related to the slightly228

di⇥erent kinematic properties of the two decay modes,229

the analysis is done in bins of the relevant kinematic vari-230

ables, as discussed later.231

A description of the LHCb detector may be found in232

Ref. [14]. The downstream beam direction is approxi-233

mately aligned with the +z axis, and the field direction234

in the LHCb dipole is such that charged particles are235

deflected in the horizontal (xz) plane. The field polar-236

ity was changed several times during data taking; about237

60% of the data was taken with one polarity and 40%238

with the other.239

Selections are applied to provide samples of D⇥+ ⇧240

D0⇥+ candidate decays, with D0 ⇧ K�K+ and ⇥�⇥+.241

A loose D0 selection was already applied during data tak-242

ing, in the final stage of the high level trigger (HLT). In243

the o⌃ine analysis only candidates that were accepted244

by this trigger algorithm are considered. Both the o⌃ine245

and HLT selections impose a variety of requirements on246

kinematics and decay time to isolate the decays of in-247

terest, including requirements on the track fit quality248

(⌅2/NDF < 5), on the D0 and D⇥+ vertex fit quality249

(⌅2/NDF < 9 and 64, respectively) on the transverse250

momentum of the D0 (pT > 2 GeV/c), on the decay251

time t of the D0 (ct > 100 µm), on the helicity angle of252

the D0 decay (| cos �h| < 0.9), that the D0 point back to253

a primary vertex (impact parameter ⌅2 < 9), and that254

the D0 daughter tracks do not. In addition, the o⌃ine255

analysis exploits the capabilities of the RICH system to256

distinguish between pions and kaons when reconstructing257

the D0.258

D0 � K+K�

1.4 million  
candidates 

Detector Physics 

Time-integrated CP asymmetry 
(what we measure at LHCb) 

•  … if we take the raw asymmetry 
difference   

•  the production and the “slow” pion 
detection asymmetries will cancel#

€ 

ΔACP ≡ Araw (KK) − Araw (ππ) = ACP (KK) − ACP (ππ)

Production and detection asymmetries cancel  

0.4 million  
candidates 
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of simulated experiments and found to be negligible; a369

systematic uncertainty is assigned below based on the370

statistical precision of the estimate.371

A value of �ACP is determined in each measure-372

ment bin as the di⇥erence between Araw(K�K+) and373

Araw(⇥�⇥+). Testing these 216 measurements for mutual374

consistency, we obtain ⇧2/ndf = 211/215 (⇧2 probability375

of 56%). A weighted average is performed to yield the376

result �ACP = (�0.82 ± 0.21)%, where the uncertainty377

is statistical only.378

Numerous robustness checks are made. The value of379

�ACP is studied as a function of the time at which the380

data were taken (Fig. 3) and found to be consistent with381

a constant value (⇧2 probability of 57%). The mea-382

surement is repeated with progressively more restrictive383

RICH particle identification requirements, finding values384

of (�0.88 ± 0.26)% and (�1.03 ± 0.31)%; both of these385

values are consistent with the baseline result when cor-386

relations are taken into account. Table I lists �ACP for387

eight disjoint subsamples of data split according to mag-388

net polarity, the sign of px of the slow pion, and whether389

the data were taken before or after the technical stop.390

The ⇧2 probability for consistency among the subsam-391

ples is 45%. The significances of the di⇥erences between392

data taken before and after the technical stop, between393

the magnet polarities, and between px > 0 and px < 0394

are 0.4, 0.6, and 0.7 standard deviations, respectively.395

Other checks include applying electron and muon vetoes396

to the slow pion and to the D0 daughters, use of di⇥erent397

kinematic binnings, validation of the size of the statisti-398

cal uncertainties with Monte Carlo pseudo-experiments,399

tightening of kinematic requirements, testing for varia-400

tion of the result with the multiplicity of tracks and of401

primary vertices in the event, use of other signal and402

background parameterizations in the fit, and imposing a403

full set of common shape parameters between D⇥+ and404

D⇥� candidates. Potential biases due to the inclusive405

hardware trigger selection are investigated with the sub-406

sample of data in which one of the signal final-state tracks407

is directly responsible for the hardware trigger decision.408

In all cases good stability is observed. For several of these409

checks, a reduced number of kinematic bins are used for410

simplicity. No systematic dependence of �ACP is ob-411

served with respect to the kinematic variables.412

Systematic uncertainties are assigned by: loosening the413

fiducial requirement on the slow pion, assessing the e⇥ect414

of potential peaking backgrounds in Monte Carlo pseudo-415

experiments, repeating the analysis with the asymmetry416

extracted through sideband subtraction in �m instead of417

a fit, removing all candidates but one (chosen at random)418

in events with multiple candidates, and comparing with419

the result obtained without kinematic binning. In each420

case the full value of the change in result is taken as the421

systematic uncertainty. These uncertainties are listed in422

Table II. The sum in quadrature is 0.11%. Combin-423

ing statistical and systematic uncertainties in quadra-424

Run block
0 5 10 15 20

 (%
)

C
P

A
Δ

-6

-4

-2

0

2

4

6

LHCb

FIG. 3. Time-dependence of the measurement. The data are
divided into 19 disjoint, contiguous, time-ordered blocks and
the value of �ACP measured in each block. The horizontal
red dashed line shows the result for the combined sample.
The vertical dashed line indicates the technical stop referred
to in Table I.

TABLE I. Values of �ACP measured in subsamples of the
data, and the �2/ndf and corresponding �2 probabilities for
internal consistency among the 27 bins in each subsample.
The data are divided before and after a technical stop (TS),
by magnet polarity (up, down), and by the sign of px for
the slow pion (left, right). The consistency among the eight
subsamples is �2/ndf = 6.8/7 (45%).

Subsample �ACP [%] �2/ndf
Pre-TS, up, left �1.22± 0.59 13/26 (98%)
Pre-TS, up, right �1.43± 0.59 27/26 (39%)
Pre-TS, down, left �0.59± 0.52 19/26 (84%)
Pre-TS, down, right �0.51± 0.52 29/26 (30%)
Post-TS, up, left �0.79± 0.90 26/26 (44%)
Post-TS, up, right +0.42± 0.93 21/26 (77%)
Post-TS, down, left �0.24± 0.56 34/26 (15%)
Post-TS, down, right �1.59± 0.57 35/26 (12%)
All data �0.82± 0.21 211/215 (56%)

ture, this result is consistent at the 1⇤ level with the425

current HFAG world average [3].426

In conclusion, the time-integrated di⇥erence in CP427

asymmetry between D0 ⌅ K�K+ and D0 ⌅ ⇥�⇥+ de-428

cays has been measured to be429

�ACP = [�0.82± 0.21(stat.)± 0.11(syst.)] %

with 0.62 fb�1 of 2011 data. Given the dependence430

of �ACP on the direct and indirect CP asymmetries,431

shown in Eq. (3), and the measured value �⇧t⌃/⌅ =432

[9.83± 0.22(stat.)± 0.19(syst.)] %, the contribution from433

indirect CP violation is suppressed and �ACP is primar-434

ily sensitive to direct CP violation. Dividing the central435

35 

Results  

  

Is this sign of new physics? Need further information. 
from theorists: better understanding of SM predictions 
from experiments: measurements of  more charm 
observables  

Table 1: Summary of absolute systematic uncertainties for �ACP .

E⇥ect Uncertainty
Fiducial cut 0.01%
Peaking background asymmetry 0.04%
Fit procedure 0.08%
Multiple candidates 0.06%
Kinematic binning 0.02%
Total 0.11%

6 Conclusions114

LHCb has measured the time-integrated di⇥erence in CP asymmetry between D0 ⇤
K�K+ and D0 ⇤ ���+ decays, �ACP =

�
adirCP (K

�K+) � adirCP (�
��+)

⇥
+ 0.098 aindCP , to

be
�ACP = (�0.82± 0.21± 0.11)%

with 580 pb�1 of 2011 data, where the first uncertainty is statistical and the second115

systematic. Combining the statistical and systematic uncertainties in quadrature, the116

significance of the result is 3.5⇥. The result is consistent at the 1⇥ level with the current117

HFAG world-average value [8], taking into account the LHCb time acceptance.118
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First 3.5σ evidence for CP  
violation in charm sector!  

Analysis based on 60 %  
of collected data.  
 
Update on full dataset  
for Winter Conferences 

arXiv:1112.0938, submitted to PRL 
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Bottom line:
AΓ & ΔACP are discovery modes

For theoretical interpretation 
need to measure all together
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New HFAG combination 
(with LHCb result) 

€ 

aCP
ind = −0.02 ± 0.23( )%

€ 

ΔaCP
dir = −0.65 ± 0.18( )%

Consistency with NO CP violation: 0.15% 
67"

World average  DIRECT - INDIRECT CPV

16

no CPV

1σ 2σ 3σ
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Prospect with 2011 data DIRECT - INDIRECT CPV

17

ΔACP

LHCb 
2011

AΓ, LHCb 2011

no CPV

LHCb 2011 
sensitivity estimate

1σ 2σ 3σ
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Search for new physics  
in b→s loop decay processes 

Bs → µ+µ-       EW or Higgs penguin 
B0 → K*µ+µ-   EW penguin 
Bs → φφ         hadronic penguin 
Bs → φγ          radiative  penguin 
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Bs → µ+µ-  
•  Bs → µ+µ- is very rare but well predicted in 

the SM  
§  FCNC loop suppression  
§  Helicity suppression  
BRSM(Bs → µ+µ-) = (3.2 ± 0.2)×10-9  

•  Sensitive to new physics in scalar/pseudo-
scalar sector  

     e.g. MSSM with high tanβ 	


    

•  Measurement or limit will become strong 
constraint on NP, e.g. on (tanβ, MA) plane  

( ) 4
A

6

s M
βtanμμBBR ∝→ −+

[E. Gamiz et al., PRD 80:014503, 2009] 

[O. Buchmueller et al., Eur.Phys.J.C64:391, 2009] 
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Bs → µ+µ- status     

•  CDF recently reported a hint of 
signal with 7 fb-1 

§  p-value background only: 0.3%  
§  p-value background + SM BR: 1.9% 
§  p-value background + 5.6×SM BR: 50% 

[CDF, arXiv:1107.2304]   

(4.0x10-8 ) 

CMS                 1.14 fb-1   < 1.9 × 10-8   
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LHCb analysis strategy 
•  Discriminating  signal and background using 2 variables  
–  invariant mass of µ+µ-: parameterization from data  
–  output of a Boosted Decision Tree (BDT): built on 9 kinematical and 

topological variables,  trained on MC,  shape of BDT output obtained on 
B→hh  (signal) and B mass sideband  (background)  

•  Normalization  
–  using  B+→ J/ψK+ , Bs→ J/ψφ and Bd → Kπ  

–  LHCb fs/fd = 0.267+0.021-0.20  LHCb-CONF-2011-028, arXiv: 1106.4435 
•  Assessing BR and setting limit  
–  For a given BR, compare observed and expected  numbers of events in 6×4 

bins of m(µ+µ-) and BDT output for signal+bkg and bkg hypotheses 

–  Calculate  CLs [A. Read, J. Phys. G 28 (2002) 2693] 
–  Exclude the BR at 1-α C.L. if CLs < α 	


–  The highest BR which is not excluded is the CLs limit at 1-α C.L.   
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BDT and mass distributions  
4 bins in BDT output 
120 MeV B mass search window divided into 6 bins  

arXiv:1112.3056, submitted to PLB 

Figure 3: BDT probability distribution functions of signal events (solid squares) and
combinatorial background (open circles): the PDF for the signal is obtained from the
inclusive sample of TIS B0

(s)

! h+h
0� events, the PDF for the combinatorial background

is obtained from the events in the mass sidebands.

Figure 4: Di-muon invariant mass spectrum in the ranges (2.9 – 3.9) GeV/c2 (left) and
(9–11) MeV/c2 (right).

6 Normalization

To estimate the signal branching fraction, the number of observed signal events is
normalized to the number of events of a channel with a well known branching frac-
tion. Three complementary normalization channels are used: B+ ! J/ (µ+µ�)K+,
B0

s

! J/ (µ+µ�)�(K+K�) and B0 ! K+⇡�. The first two channels have similar trigger
and muon identification e�ciencies to the signal but di↵erent number of particles in the
final state. The third channel has a similar topology but is selected by di↵erent trigger

8
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Figure 6: Distribution of selected di-muon events in the invariant mass–BDT plane. The
orange short-dashed (green long-dashed) lines indicate the ±60MeV/c2 search window
around the mean B0

s

(B0) mass.

and 95% CL are shown in Table 4 and Table 5, respectively. For the B0

s

! µ+µ� decay,
the expected limits are computed allowing the presence of B0

s

! µ+µ� events according
to the SM branching fraction. For the B0 ! µ+µ� decay the expected limit is computed
in the background-only hypothesis and also allowing the presence of B0 ! µ+µ� events
with the SM rate: the two results are identical. In the determination of the limits, the
cross-feed of B0

s

! µ+µ� (B0 ! µ+µ�) events in the B0 (B0

s

) mass window has been
taken into account assuming the SM rates.

The observed CL
b

values are shown in the same tables. The comparison of the observed
distribution of events with the expected background distribution results in a p-value
(1 � CL

b

) of 5% for the B0

s

! µ+µ� and 32% for the B0 ! µ+µ� decay. For the
B0

s

! µ+µ� decay, the probability that the observed events are compatible with the sum
of expected background events and signal events according to the SM rate is measured
by 1�CL

s+b

and it is 33%.
The result obtained in 2011 with 0.37 fb�1 has been combined with the published

result based on ⇠ 37 pb�1 [6]. The expected and observed limits for 90 % and 95 % CL
for the combined results are shown in Table 4 for the B0

s

! µ+µ� decay and in Table 5
for the B0! µ+µ� decay.

8 Conclusions

With 0.37 fb�1 of integrated luminosity, a search for the rare decays B0

s

! µ+µ� and
B0 ! µ+µ� has been performed and sensitivities better than the existing limits have been
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Figure 7: Distribution of selected di-muon events in the B0

s

! µ+µ� mass window for
the four BDT output bins. The black dots are data, the light grey histogram shows
the contribution of the combinatorial background, the black filled histogram shows the
contribution of the B0

(s)

! h+h
0� background and the dark grey filled histogram the

contribution of B0

s

! µ+µ� signal events according to the SM rate. The hatched area
depicts the uncertainty on the sum of the expected contributions.

obtained. The observed events in the B0

s

and in the B0 mass windows are compatible
with the background expectations at 5% and 32% confidence level, respectively. For the
B0

s

! µ+µ� decay, the probability that the observed events are compatible with the sum
of expected background events and signal events according to the SM rate is 33%. The
upper limits for the branching fractions are evaluated to be

B(B0

s

! µ+µ�) < 1.3 (1.6)⇥ 10�8 at 90% (95%) CL,

B(B0! µ+µ�) < 3.0 (3.6)⇥ 10�9 at 90% (95%) CL.

The B(B0

s

! µ+µ�) and B(B0 ! µ+µ�) upper limits have been combined with those
published previously by LHCb [6] and the results are

B(B0

s

! µ+µ�)(2010 + 2011) < 1.2 (1.4)⇥ 10�8 at 90% (95%) CL,

B(B0! µ+µ�)(2010 + 2011) < 2.6 (3.2)⇥ 10�9 at 90% (95%) CL.

The above 90% (95%) CL upper limits are still about 3.8 (4.4) times the SM branching

12
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LHCb: Bs → µ+µ-? 

44 
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Introduction Rare decays and LHCb Other searches and conclusions

B

s

! µ+µ� at LHCb

Bs ! µ+µ�: Results and future outlook
World’s best limit: LHCb with 0.37 fb�1

]-8) [10-µ +µ → s
0B(B

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

C
Ls

0
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0.3
0.4
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0.7
0.8
0.9

1

LHCb

BR(B
s

! µ+µ�) < 1.6⇥ 10�8 at 95% CL

BR(B
d

! µ+µ�) < 3.6⇥ 10�9 at 95% CL

Submitted to PLB [arXiv:1112.1600]

Analysis being updated with the 1.02 fb�1

LHCb data on tape

) Good chance of a 3� discovery!

BR exclusion and discovery projections
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B0 → K*µ+µ-  
•  FCNC b→s decays  
•  Sensitive to NP in loops: MSSM, LHT, … 
•  Described by three angles (θl, θK, φ) and µ

+µ invariant mass q2 

•  Many observables, particularly lepton 
forward-backward asymmetry AFB vs q2  

JH
EP
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1:
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9,
20

09
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B factories and CDF results   
Intriguing behaviour with poor precision.  
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LHCb analysis 

•  Select 302±20 signals in 309 pb-1 
using a Boosted Decision Tree  

•  Veto J/ψ and psi(2S) 
•  Perform angular fit in six  bins of  

q2 to measure  
§  AFB, longitudinal fraction FL 

LHCb-CONF-2011-038 

ψ(2S)	


J/ψ	
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Angular fit  

•  Angular efficiency from full 
MC simulation  

•  Fit procedure validated on 
B0→J/ψK* data and full MC 

•  Background angular 
parameterization obtained from 
B mass sidebands 

•  Perform simultaneous fit of θl and θK  

B  mass signal 
window 

B mass sideband 

signal 

bkg 

total sideband 
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LHCb results: AFB 

arXiv:1112.3515, submitted to PRL 

Good agreement with SM predictions  
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LHCb results: AFB 

LHCb [arXiv:1112.3515, submitted to PRL] 

Positive AFB in low q2 region by previous experiments not confirmed   
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LHCb results: FL 

arXiv:1112.3515, submitted to PRL 

Good agreement with SM predictions  
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LHCb results: FL 

LHCb [arXiv:1112.3515, submitted to PRL] 



 

Prospects for B0 → K*µ+µ-     
•  Data in good agreement with SM 

predictions at current precision 
•  Constraints on Wilson Coefficients will 

be studied    
•  Measure zero-crossing point, well 

predicted in SM, sensitive to NP 
•  Interesting to study other observables 

in full angular analysis   
§  CP asymmetries  
§  AT

(2),and AT
(im), sensitive to right 

handed currents (C7’) 



 

NP in Bs → φφ 

+NP 

Time-integrated 
Triple product asymmetry 

SM prediction AU/V =0. Non-zero measurement means weak phase 
difference between CP even and odd eigenstates, clear sign of NP   
[M. Gronau and J. L. Rosner,  arXiv:1107.1232] 

sign from f6(Ω) 

)0()0(
)0()0(,

)0()0(
)0()0(

<−>

<−>
=

<−>

<−>
=

VNVN
VNVNA

UNUN
UNUNA VU



56 

Bs → φφ   
LHCb-CONF-2011-052 

Very clean mass peak. 
No flavour tagging needed for 

triple product  asymmetry 

•  Consistent with zero 
•  Next step :  measure CP asymmetry   



 

NP in Bs → φγ   

Experimental probe: AΔ (or effective lifetime)  
[F. Muheim, Y. Xie, R. Zwicky, PLB 664:174, 2008] 

( ) ( ) ( )[ ]2/sinh2/cosh tAtetR ss
ts ΔΓ+ΔΓ∝ Δ

Γ−

  AΔ  sensitive to fraction of right-handed photons (even for small φs)  
  AΔ ~ 0 in SM, can be enhanced by NP with large RH currents. 

Dominating SM quark level 
diagram has left handed photons 

An example MSSM diagram with 
right-handed photons  



 

Bs → φγ   
LHCb-CONF-2011-055 First step: measure BR. 

Next step: measure AΔ  

Bd → K*γ	
 Bs → φγ	




 

LHCb ugrade 
•  2 fb-1 by end of 2012 and  ~5 fb-1 up to 2017 

–  Pursue severe test of SM 

•  Upgrade  
–  40 MHZ full software trigger @ 2 ×1033 cm-2 s-1 

–  10 times more event yields  
–  Major upgrade of the tracking and RICH systems 
–  Ready by 2018 

•  Physics case in Letter of Intent 
–  Discover and fully understand physics beyond the SM through 

precision measurements of key parameters in B and D physics 
–  Search for lepton flavour violation: 1GeV Majorana neutrinos , LFV 
τ decays     

–  Explore physics in the forward direction: long lived exotics, EW 
measurement, QCD study …  



 

Conclusions  
•  LHCb has achieved excellent 

results in key measurements  
•  No significant deviation from SM 

seen yet 
•  Will continue new physics search  

–  at higher precision 
–  in boarder scope 
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plane.
The black square and error bar corresponds to the Standard
Model prediction [3, 4].

uncertainty. The systematic uncertainty due to the back-
ground decay angle modelling was found to be negligible
by comparing with a fit where the background was re-
moved statistically using the sPlot method [17].

In the fit each |A
i

|2 is constrained to be greater than
zero, while their sum is constrained to unity. This can
result in a bias if one or more of the amplitudes is small.
This is the case for the S-wave amplitude, which is com-
patible with zero within 3.2 standard deviations. The
resulting biases on the |A

i

|2 have been determined us-
ing simulations to be less than 0.010 and are included as
systematic uncertainties.

Finally, a systematic uncertainty of 0.008 ps�1 was as-
signed to the measurement of �

s

due to the uncertainty
in the decay time acceptance parameter �. Other sys-
tematic uncertainties, such as those from the momentum
scale and length scale of the detector, were found to be
negligible.

In summary, in a sample of 0.37 fb�1 of pp collisions
at

p
s = 7TeV collected with the LHCb detector we ob-

serve 8492 ± 97 B

0
s

! J/ K

+
K

� events with K

+
K

�

invariant mass within ± 12 MeV of the � mass. With
these data we perform the most precise measurements
of �

s

, ��
s

and �
s

in B

0
s

! J/ � decays, substantially
improving upon previous measurements [7] and provid-
ing the first direct evidence for a non-zero value of ��

s

.
Two solutions with equal likelihood are obtained, related
by the transformation (�

s

,��
s

) 7! (⇡��

s

,���
s

). The
solution with positive ��

s

is

�

s

= 0.15 ± 0.18 (stat) ± 0.06 (syst) rad,

�
s

= 0.657 ± 0.009 (stat) ± 0.008 (syst) ps�1
,

��
s

= 0.123 ± 0.029 (stat) ± 0.011 (syst) ps�1
,

and is in agreement with the Standard Model predic-
tion [3, 4]. Values of �

s

in the range 0.52 < �

s

< 2.62

and �2.93 < �

s

< 0.21 are excluded at 95% confidence
level. In a future publication we shall di↵erentiate be-
tween the two solutions by exploiting the dependence of
the phase di↵erence between the P-wave and S-wave con-
tributions on the K

+
K

� invariant mass [14].
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