
Mirco	
  Dorigo	
  (EPFL)	
  
for	
  the	
  LHCb	
  Collabora8on	
  

	
  	
  	
  
PHENO	
  2014,	
  May	
  5-­‐7	
  	
  2014,	
  PiEsburgh	
  	
   1	
  



2	
  

50 years of CP Violation!

Physics	
  laws	
  are	
  not	
  
invariant	
  for	
  mirror-­‐reversal	
  
of	
  the	
  spa8al	
  arrangement	
  	
  

and	
  replacement	
  of	
  	
  
all	
  par8cles	
  with	
  
an8par8cles	
  

Who	
  ordered	
  this?	
  

Not	
  the	
  SM	
  –	
  but	
  has	
  sufficient	
  complexity	
  to	
  accommodate	
  it,	
  
	
  by	
  a	
  single	
  complex	
  phase	
  in	
  the	
  CKM	
  mechanism.	
  

	
  

NP	
  can	
  generate	
  addi8onal	
  source	
  of	
  CP	
  (and	
  flavour)	
  viola8on.	
  
Mul8ple,	
  precise	
  experimental	
  tests	
  of	
  the	
  CKM	
  paradigm	
  	
  

can	
  reveal	
  early	
  signs	
  of	
  new	
  par8cles/couplings.	
  

The Cronin & Fitch Experiment

Incoming 
K2 beam

Decay of K2 into 2 pions

Plot the angle between the 
momentum direction of two 
pions and the beamline

Essential idea: Look for (CP violating) 
K2 → π+π- decays 20 meters away from 
K0 production point

50
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Broad	
  class	
  of	
  SM	
  extensions	
  can	
  easily	
  	
  
alter	
  Bs0	
  mixing	
  dynamics.	
  	
  

	
  
o  Mass	
  difference	
  ∆ms	
  sensi8ve	
  to	
  NP,	
  but	
  

requires	
  input	
  from	
  la\ce.	
  	
  
	
  
o  Decay	
  with	
  difference	
  ∆Γs	
  less	
  sensi8ve	
  to	
  

NP,	
  but	
  nice	
  byproduct.	
  	
  
	
  

Best	
  NP	
  probes,	
  accurate	
  SM	
  predic8ons	
  
	
  

o  CP-­‐viola8ng	
  mixing	
  phase	
  φs	
  	
  
	
  very	
  sensi8ve	
  to	
  NP.	
  	
  

	
  

o  Flavour	
  specific	
  CP	
  asymmetry	
  assl	
  	
  	
  
	
  very	
  sensi8ve	
  to	
  NP	
  (assl≈∆Γs/∆mstanφs)	
  

Bs
0 Handles on NP!

Δms	
  =	
  17.768	
  ±	
  0.024	
  ps-­‐1	
  	
  

NJP	
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Topics for Today!
LHCb	
  has	
  a	
  broad	
  program	
  to	
  measure	
  CP	
  viola8on	
  in	
  the	
  Bs0	
  system.	
  
In	
  this	
  talk,	
  CP	
  asymmetries	
  

decay-­‐8me	
  integrated:	
  
	
  

Bs⁰→	
  Ds
+	
  Xμ-­‐ν	
  

measurement	
  of	
  assl	
  	
  	
  
probe	
  CP	
  viola8on	
  on	
  mixing.	
  	
  

decay-­‐8me	
  dependent:	
  	
  
	
  

Bs⁰→J/ψ	
  h+h-­‐	
  (h	
  =	
  K,π)	
  
Bs⁰→φφ	
  	
  

	
  direct	
  probe	
  of	
  mixing	
  phase.	
  	
  
	
  

Bs⁰→	
  K+K-­‐	
  
	
  probe	
  also	
  CP	
  viola8on	
  in	
  decay.	
  	
  	
  

Mixing and indirect CP violation

�8

D0    D0   f 2≠ D0    D0   f 2_ _

|D1,2>=p|D0>±q|D0>_

x=(m1-m2)/|_
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Bs Bs Bs Bs 

Mixing and indirect CP violation

�8

D0    D0   f 2≠ D0    D0   f 2_ _

|D1,2>=p|D0>±q|D0>_

x=(m1-m2)/|_

y=(| 1-| 2)/2|___

Bs Bs Bs Bs 
Direct CP violation

�3
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_ _
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More	
  than	
  2	
  years	
  of	
  7-­‐8	
  TeV	
  proton-­‐proton	
  collisions:	
  
180	
  ×	
  1012	
  collisions	
  visible	
  at	
  LHCb,	
  	
  

1.4%	
  yields	
  a	
  bb	
  pair	
  in	
  LHCb	
  acceptance,	
  

allows	
  to	
  store	
  the	
  world’s	
  largest	
  sample	
  of	
  Bs0	
  mesons	
  

Large Hadron Collider beauty!



Large Hadron Collider beauty!
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Decay	
  8me	
  resolu8on	
  
40-­‐50	
  fs	
  

for	
  fully	
  reco’d	
  decays	
  
	
  

Track	
  σp/p:	
  0.4%-­‐0.6%	
  

PID:	
  
	
  	
  	
  	
  	
  ε(μ)=97%,	
  mis-­‐id:	
  0.7%	
  
	
  	
  	
  	
  	
  ε(K)>90%,	
  π	
  mis-­‐id:	
  <5%	
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CPV in Mixing: assl !
Analyse	
  Bs⁰→	
  DsXμν	
  decays	
  (2011	
  data).	
  
	
  
	
  
	
  
	
  
	
  
Bso	
  produc8on	
  asymmetry	
  negligible:	
  
highly	
  suppressed	
  (10-­‐4)	
  due	
  to	
  fast	
  
oscilla8ons.	
  
	
  

Opposite	
  magnet	
  polari8es:	
  	
  
cancel	
  most	
  of	
  detec8on	
  asymmetries	
  	
  
of	
  charged	
  par8cles.	
  	
  
	
  

Using	
  large	
  control	
  samples:	
  
correct	
  for	
  tracking	
  (0.13%)	
  and	
  
background	
  asymmetries	
  (0.05%);	
  
account	
  for	
  difference	
  in	
  trigger	
  and	
  	
  
PID	
  efficiencies	
  for	
  μ+	
  and	
  μ-­‐.	
  

World’s	
  best	
  measurement,	
  
consistent	
  with	
  SM	
  expecta8on	
  

	
  

D0	
  3σ	
  devia8on	
  from	
  SM	
  
neither	
  ruled	
  out	
  nor	
  confirmed	
  

assl=(-­‐0.06	
  ±	
  0.50	
  ±	
  0.36)%	
  

	
  PLB	
  728	
  (2014),	
  607-­‐615	
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aP ≡ N(B) − N(B)

N(B) + N(B)
, (3)

where aP may in general be different for different species of
b-hadron.

In this Letter we report the measurement of the asymmetry be-
tween D+

s Xµ−ν and D−
s Xµ+ν decays, with X representing pos-

sible associated hadrons. We use the D±
s → φπ± decay. For a

time-integrated measurement we have, to first order in as
sl

Ameas ≡ Γ [D−
s µ+] − Γ [D+

s µ−]
Γ [D−

s µ+] + Γ [D+
s µ−]

= as
sl

2
+

[
aP − as

sl

2

]∫ ∞
t=0 e−Γst cos(%Mst)ε(t)dt

∫ ∞
t=0 e−Γst cosh(%Γst

2 )ε(t)dt
, (4)

where %Ms and Γs are the mass difference and average decay
width of the B0

s –B0
s meson system, respectively, and ε(t) is the

decay time acceptance function for B0
s mesons. Due to the large

value of %Ms , 17.768 ± 0.024 ps−1 [9], the oscillations are rapid
and the integral ratio in Eq. (4) is approximately 0.2%. Since the
production asymmetry within the detector acceptance is expected
to be at most a few percent [10–12], this reduces the effect of ap
to the level of a few 10−4 for B0

s decays. This is well beneath our
target uncertainty of the order of 10−3, and thus can be neglected,
therefore yielding Ameas = 0.5as

sl .
The measurement could be affected by a detection charge-

asymmetry, which may be induced by the event selection, tracking,
and muon selection criteria. The measured asymmetry can be writ-
ten as

Ameas = Ac
µ − Atrack − Abkg, (5)

where Ac
µ is given by

Ac
µ =

N(D−
s µ+) − N(D+

s µ−) × ε(µ+)
ε(µ−)

N(D−
s µ+) + N(D+

s µ−) × ε(µ+)
ε(µ−)

. (6)

N(D−
s µ+) and N(D+

s µ−) are the measured yields of Dsµ pairs,
ε(µ+) and ε(µ−) are efficiency corrections accounting for trigger
and muon identification effects, Atrack is the track-reconstruction
asymmetry of charged particles, and Abkg accounts for asymme-
tries induced by backgrounds.

2. The LHCb detector and trigger

We use a data sample corresponding to an integrated luminos-
ity of 1.0 fb−1 collected in 7 TeV pp collisions with the LHCb
detector [13]. This detector is a single-arm forward spectrome-
ter covering the pseudorapidity range 2 < η < 5, designed for the
study of particles containing b or c quarks. The detector includes
a high precision tracking system consisting of a silicon-strip ver-
tex detector surrounding the pp interaction region, a large-area
silicon-strip detector located upstream of a dipole magnet with a
bending power of about 4 Tm, and three stations of silicon-strip
detectors and straw drift-tubes placed downstream. The combined
tracking system has momentum resolution %p/p that varies from
0.4% at 5 GeV to 0.6% at 100 GeV.2 Charged hadrons are identified
using two ring-imaging Cherenkov (RICH) detectors [14]. Photon,
electron and hadron candidates are identified by a calorimeter sys-
tem consisting of scintillating-pad and pre-shower detectors, an
electromagnetic calorimeter and a hadronic calorimeter. Muons are
identified by a system composed of alternating layers of iron and

2 We work in units with c = 1.

multiwire proportional chambers [15]. The LHCb coordinate system
is a right handed Cartesian system with the positive z-axis aligned
with the beam line and pointing away from the interaction point
and the positive x-axis following the ground of the experimental
area, and pointing towards the outside of the LHC ring.

The trigger system [16] consists of a hardware stage, based on
information from the calorimeter and muon systems, followed by
a software stage which applies a full event reconstruction. For the
Dsµ signal samples, the hardware trigger (L0) requires the de-
tection of a muon of either charge with transverse momentum
pT > 1.64 GeV. In the subsequent software trigger, a first selection
algorithm confirms the L0 candidate muon as a fully reconstructed
track, while the second level algorithm includes two possible se-
lections. One is based on the topology of the candidate muon and
one or two additional tracks, requiring them to be detached from
the primary interaction vertex. The second category is specifically
designed to detect inclusive φ → K +K − decays. We consider all
candidates that satisfy either selection algorithm. We also study
two mutually exclusive samples, one composed of candidates that
satisfy the second trigger category, and the other satisfying the
topological selection of events including a muon, but not the in-
clusive φ algorithm. Approximately 40% of the data were taken
with the magnetic field up, oriented along the positive y-axis in
the LHCb coordinate system, and the rest with the opposite down
polarity. We exploit the fact that certain detection asymmetries
cancel if data from different magnet polarities are combined.

3. Selection requirements

Additional selection criteria exploiting the kinematic properties
of semileptonic b-hadron decays [17–19] are used. In order to min-
imize backgrounds associated with misidentified muons, additional
selection criteria on muons are that the momentum, p, be between
6 and 100 GeV, that the pseudorapidity, η, be between 2 and 5,
and that they are inconsistent with being produced at any primary
vertex. Tracks are considered as kaon candidates if they are iden-
tified by the RICH system, have pT > 0.3 GeV and p > 2 GeV. The
impact parameter (IP), defined as the minimum distance of ap-
proach of the track with respect to the primary vertex, is used to
select tracks coming from charm decays. We require that the χ2,
formed by using the hypothesis that each track’s IP is equal to 0,
which measures whether a track is consistent with coming from
the PV, is greater than 9. To be reconstructed as a φ meson can-
didate, a K +K − pair must have invariant mass within ±20 MeV
of the φ meson mass. Candidate φ mesons are combined with
charged pions to make Ds meson candidates. The sum of the pT
of K + , K − and π± candidates must be larger than 2.1 GeV. The
vertex fit χ2 divided by the number of degrees of freedom (ndf)
must be less than 6, and the flight distance χ2, formed by us-
ing the hypothesis that the D+

s flight distance is equal to 0, must
be greater than 100. The B0

s candidate, formed from the Ds and
the muon, must have vertex fit χ2/ndf < 6, be downstream of the
primary vertex, have 2 < η < 5 and have invariant mass between
3.1 and 5.1 GeV. Finally, we include some angular selection criteria
that require that the Bs candidate have a momentum aligned with
the measured fight direction. The cosine of the angle between the
Dsµ momentum direction and the vector from the primary vertex
to the Dsµ origin must be larger than 0.999. The cosine of the an-
gle between the Ds momentum and the vector from the primary
vertex to the Ds decay vertex must be larger than 0.99.

4. Analysis method

Signal yields are determined by fitting the K +K −π+ invariant
mass distributions shown in Fig. 1. We fit both the signal D+

s and



Going Time Dependent!
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Flavour	
  tagging	
  
Need	
  knowledge	
  of	
  the	
  produc8on	
  
flavour:	
  Bs0	
  or	
  Bs0?	
  
Use	
  flavour	
  tagging	
  algorithms.	
  
	
  

Tagging	
  power:	
  ε	
  (1	
  –	
  2ω)2	
  
ε	
  	
  =	
  N(tagged)/N(total)	
  
ω	
  =	
  N(wrong	
  tag)/N(tagged)	
  
	
  

Mistag	
  probability	
  ω	
  dilutes	
  the	
  	
  
asymmetry.	
  Calibrated	
  in	
  large	
  
samples	
  of	
  flavour	
  specific	
  decays.	
  
	
  
	
  

Decay	
  8me	
  resolu8on	
  
Measured	
  in	
  control	
  sample	
  of	
  
prompt	
  decays:	
  40-­‐50	
  fs.	
  
Reduce	
  the	
  asymmetry	
  by	
  O(30%).	
  

B0(Δt) B0(Δt) ACP(Δt) = (1-2w)⋅sin(ΔmdΔt)

sin2β

(1-2w)⋅sin2β

Putting it all together:

Imperfect flavor tagging

Finite Δt resolution

Δt Δt

158

B0(Δt) B0(Δt) ACP(Δt) = (1-2w)⋅sin(ΔmdΔt)

sin2β

(1-2w)⋅sin2β

Putting it all together:

Imperfect flavor tagging

Finite Δt resolution

Δt Δt

158

Decay	
  8me	
  
A
sy
m
m
et
ry
	
  

A
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m
m
et
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Bs⁰→K+K-­‐ CP asymmetries!
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2011	
  data,	
  simultaneous	
  analysis	
  of	
  
	
  	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  

ML	
  fit	
  to	
  B	
  mass	
  and	
  decay	
  8me.	
  
Tagging	
  power:	
  (2.45	
  ±	
  0.25)%	
  
Mistag	
  calibrated	
  in	
  a	
  sample	
  	
  
of	
  B(s)⁰→K+π-­‐	
  	
  decays.	
  
	
  
Decay	
  8me	
  resolu8on	
  
from	
  large	
  samples	
  of	
  	
  
ψ(1S,2S)	
  →	
  μ+μ-­‐	
  

Υ(1S,2S,3S)	
  →	
  μ+μ-­‐	
  	
  

Bs⁰→K+K-­‐	
  	
  

JHEP	
  10	
  (2013),	
  183	
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Figure 5. Distributions of K+K� (a) mass and (b) decay time, with the result of the fit overlaid.
The main components contributing to the fit model are also shown.
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in the region dominated by signal events, 5.30 < m < 5.44GeV/c2, and belonging to the

first two tagging categories. The B0
s ! K+K� event yield is determined to be N(B0

s !
K+K�) = 14646 ± 159 (stat), while the B0

s decay width di↵erence from the fit is ��s =
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Figure 7. Distributions of ⇡+⇡� (a) mass and (b) decay time, with the result of the fit overlaid.
The main components contributing to the fit model are also shown.

0.104± 0.016 (stat) ps�1. The values of CKK and SKK are determined to be

CKK = 0.14± 0.11 (stat), SKK = 0.30± 0.12 (stat),

with correlation coe�cient ⇢ (CKK , SKK) = 0.02. The small value of the correlation coe�-

cient is a consequence of the large B0
s mixing frequency. An alternative fit, fixing the value

of ��s to 0.106 ps�1 [37] and leaving A��
KK free to vary, is also performed as a cross-check.

Central values and statistical uncertainties of CKK and SKK are almost unchanged, and

A��
KK is determined to be 0.91± 0.08 (stat).

Although very small, a component accounting for the presence of the B0
s ! ⇡+⇡�

decay [12] is introduced in the B0 ! ⇡+⇡� fit. This component is described using the

signal model, but assuming no CP violation. The ⇡+⇡� invariant mass and decay time

distributions are shown in figure 7. The raw time-dependent asymmetry is shown in figure 8

for candidates with invariant mass in the region dominated by signal events, 5.20 < m <

5.36GeV/c2. The B0 ! ⇡+⇡� event yield is determined to be N(B0 ! ⇡+⇡�) = 9170 ±
144 (stat), while the B0 average lifetime from the fit is ⌧(B0) = 1.55± 0.02 (stat) ps. The

values of C⇡⇡ and S⇡⇡ are determined to be

C⇡⇡ = �0.38± 0.15 (stat), S⇡⇡ = �0.71± 0.13 (stat),

with correlation coe�cient ⇢ (C⇡⇡, S⇡⇡) = 0.38.

8 Systematic uncertainties

Several sources of systematic uncertainty that may a↵ect the determination of the direct

and mixing-induced CP -violating asymmetries in B0
s ! K+K� and B0 ! ⇡+⇡� decays
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Figure 7. Distributions of ⇡+⇡� (a) mass and (b) decay time, with the result of the fit overlaid.
The main components contributing to the fit model are also shown.
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Although very small, a component accounting for the presence of the B0
s ! ⇡+⇡�

decay [12] is introduced in the B0 ! ⇡+⇡� fit. This component is described using the

signal model, but assuming no CP violation. The ⇡+⇡� invariant mass and decay time
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C⇡⇡ = �0.38± 0.15 (stat), S⇡⇡ = �0.71± 0.13 (stat),

with correlation coe�cient ⇢ (C⇡⇡, S⇡⇡) = 0.38.
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in the region dominated by signal events, 5.30 < m < 5.44GeV/c2, and belonging to the

first two tagging categories. The B0
s ! K+K� event yield is determined to be N(B0

s !
K+K�) = 14646 ± 159 (stat), while the B0

s decay width di↵erence from the fit is ��s =

– 14 –

CP	
  asymmetries	
  in	
  Bs0→K+K-­‐:	
  	
  
	
  	
  mix-­‐induced	
  	
  	
  	
  SKK=	
  0.14	
  ±	
  0.11	
  ±	
  003	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  direct	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  CKK=	
  0.30	
  ±	
  0.12	
  ±	
  004	
  

World’s	
  first.	
  Consistent	
  with	
  SM.	
  
	
  

CP	
  asymmetries	
  in	
  B0→π+π-­‐:	
  	
  

	
  	
  	
  mix-­‐induced	
  	
  	
  Sππ=	
  -­‐0.38	
  ±	
  0.15	
  ±	
  002	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  direct	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Cππ=	
  -­‐0.71	
  ±	
  0.13	
  ±	
  002	
  
confirms	
  Babar’s	
  result	
  [PRD	
  87	
  (2013)	
  052009]	
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Need	
  to	
  disentangle	
  amplitudes	
  with	
  
different	
  CP	
  parity	
  (have	
  different	
  8me	
  
dependence)	
  
	
  
o  In	
  case	
  of	
  K+K-­‐	
  around	
  the	
  φ	
  mass:	
  	
  	
  	
  	
  	
  	
  	
  	
  

P-­‐wave	
  (3	
  polariza8on	
  amplitudes)	
  and	
  
S-­‐wave	
  (f0(980)	
  and	
  NR)	
  
	
  

o  For	
  J/ψπ+π-­‐	
  :	
  resonances	
  in	
  wide	
  π+π-­‐	
  
spectrum	
  (almost	
  pure	
  CP-­‐odd).	
  	
  

	
  
Disentangle	
  the	
  amplitudes	
  by	
  fi\ng	
  
helicity	
  angles	
  of	
  final	
  state	
  par8cles	
  
(muons,	
  kaons/pions).	
  
	
  
Properly	
  describe	
  angular	
  acceptance	
  	
  
with	
  MC	
  simula8on.	
  Devia8on	
  from	
  
uniformity	
  within	
  10-­‐20%.	
  	
  

370 LHCb Collaboration / Physics Letters B 713 (2012) 369–377

Fig. 1. Decay angles for the B0
s → φφ decay, where the K + momentum in the φ1,2 rest frame, and the parent φ1,2 momentum in the rest frame of the B0

s meson span the
two φ meson decay planes, θ1,2 is the angle between the K + track momentum in the φ1,2 meson rest frame and the parent φ1,2 momentum in the B0

s rest frame, Φ is the
angle between the two φ meson decay planes and n̂1,2 is the unit vector normal to the decay plane of the φ1,2 meson.

K1(t) = 1
2

A2
0
[
(1 + cosφs)e−ΓLt + (1 − cosφs)e−ΓHt

± 2e−Γst sin(%mst) sinφs
]
,

K2(t) = 1
2

A2
‖
[
(1 + cosφs)e−ΓLt + (1 − cosφs)e−ΓHt

± 2e−Γst sin(%mst) sinφs
]
,

K3(t) = 1
2

A2
⊥
[
(1 − cosφs)e−ΓLt + (1 + cosφs)e−ΓHt

∓ 2e−Γst sin(%mst) sinφs
]
,

K4(t) = |A‖||A⊥|
[
±e−Γst{sin δ1 cos(%mst)

− cos δ1 sin(%mst) cosφs
}

− 1
2

(
e−ΓHt − e−ΓLt) cos δ1 sinφs

]
,

K5(t) = 1
2
|A0||A‖| cos(δ2 − δ1)

×
[
(1 + cosφs)e−ΓLt + (1 − cosφs)e−ΓHt

± 2e−Γst sin(%mst) sinφs
]
,

K6(t) = |A0||A⊥|
[
±e−Γst{sin δ2 cos(%mst)

− cos δ2 sin(%mst) cosφs
}

− 1
2

(
e−ΓHt − e−ΓLt) cos δ2 sinφs

]
, (4)

where the upper of the ± or ∓ signs refers to the B0
s meson and

the lower refers to a B0
s meson. Here, ΓL and ΓH are the decay

widths of the light and heavy B0
s mass eigenstates,1 %ms is the

B0
s oscillation frequency, δ1 = arg(A⊥/A‖) and δ2 = arg(A⊥/A0)

are CP-conserving strong phases and φs is the weak CP-violating
phase. It is assumed that the weak phases of the three polarization
amplitudes are equal. The quantities ΓH and ΓL correspond to the
observables %Γs = ΓL − ΓH and Γs = (ΓL + ΓH)/2. In the Standard
Model, the value of φs for this mode is expected to be very close to
zero due to a cancellation between the phases arising from mixing
and decay [20].2 A calculation based on QCD factorization provides
an upper limit of 0.02 rad for φs [21,6]. This is different to the

1 Units are adopted such that h̄ = 1.
2 The convention used in this Letter is that the symbol φs refers solely to the

weak phase difference measured in the B0
s → φφ decay.

situation in the B0
s → J/ψφ decay, where the Standard Model pre-

dicts φs( J/ψφ) = −2 arg(−Vts V ∗
tb/V cs V ∗

cb) = −0.036 ± 0.002 rad
[22]. The magnitude of both weak phase differences can be en-
hanced in the presence of new physics in B0

s mixing, where recent
results from LHCb have placed stringent constraints [23]. For the
B0

s → φφ decay, new particles could also contribute in b → s pen-
guin loops.

To measure the polarization amplitudes, a time-integrated un-
tagged analysis is performed, assuming that an equal number of
B0

s and B0
s mesons are produced and that the CP-violating phase

is zero as predicted in the Standard Model.3 In this case, the func-
tions Ki(t) integrate to

K1 = |A0|2/ΓL,

K2 = |A‖|2/ΓL,

K3 = |A⊥|2/ΓH,

K4 = 0,

K5 = |A0||A‖| cos(δ‖)/ΓL,

K6 = 0, (5)

where the strong phase difference is defined by δ‖ ≡ δ2 − δ1 =
arg(A‖/A0) and the time integration assumes uniform time accep-
tance.

In addition, a search for physics beyond the Standard Model
is performed by studying the triple product asymmetries [1–3]
in the B0

s → φφ decay. Non-zero values of these quantities can
be either due to T -violation or final-state interactions. Assuming
CPT conservation, the former case implies that CP is violated. Ex-
perimentally, the extraction of the triple product asymmetries is
straightforward and provides a measure of CP violation that does
not require flavour tagging or a time-dependent analysis.

There are two observable triple products denoted U = sin(2Φ)/2
and V = ± sin(Φ), where the positive sign is taken if the T -even
quantity cos θ1 cos θ2 ! 0 and the negative sign otherwise. These
variables correspond to the T -odd triple products

sinΦ = (n̂1 × n̂2) · p̂1,

sin(2Φ)/2 = (n̂1 · n̂2)(n̂1 × n̂2) · p̂1, (6)

where n̂i (i = 1,2) is a unit vector perpendicular to the φi decay
plane and p̂1 is a unit vector in the direction of the φ1 momentum

3 In the case of non-zero φs deviations from these formulas are suppressed by a
factor of %Γs/Γs and hence only small variations would be observed on the fitted
parameters.

Example:	
  χ	
  acceptance	
  
for	
  	
  Bs⁰→	
  J/ψ	
  π+π-­‐	
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rest frame, and (iii) �, the angle between the J/ and h

+

h

� decay planes in the B

0

s

rest
frame. Figure 2 shows these angles pictorially2. In this paper hh is equivalent to ⇡+

⇡

�.

From the time-dependent decay rate of
(–)

B

0

s

! J/ h

+

h

� derived in Ref. [4], the time-
integrated and flavor-averaged decay rate is proportional to the function

S(m
hh
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hh

, ✓

J/ 

,�) =|A(m
hh
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hh
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J/ 
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hh
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� 2DRe

✓
q
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⇤(m
hh
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hh
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J/ 

,�)A(m
hh
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hh

, ✓

J/ 

,�)

◆
, (1)

where
(–)

A, the amplitude of
(–)

B

0

s

! J/ h

+

h

� at proper time t = 0, is a function of
m

hh

, ✓

J/ 

, ✓

hh

,�, and is summed over all resonant (and possibly non-resonant) compo-
nents; q and p are complex parameters that describe the relation between mass and flavor
eigenstates [5]. The interference term arises because we must sum the B

0

s

and B

0

s

ampli-
tudes before squaring. Even when integrating over proper time, the terms proportional
to sinh (��

s

t/2) do not vanish because of the finite ��
s

in the B

0

s

system, where ��
s

is
the width di↵erence between the light and the heavy mass eigenstates. The factor D is

D =

R1
0

"(t)e��st sinh ��st

2

dtR1
0

"(t)e��st cosh ��st

2

dt

, (2)

where �
s

is the average B

0

s

decay width, and "(t) is the detection e�ciency as a function
of t. For a uniform e�ciency, D = ��

s

/(2�
s

) and is (6.2± 0.9)% [6].
The amplitude, A

R

(m
hh

), is used to describe the mass line-shape of the resonance R,
that in most cases is a Breit-Wigner function. It is combined with the B resonance decay
properties to form the expression

A
R

(m
hh
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p

2J
R

+ 1
p

P
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hh

)

✓
P
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m
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◆
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✓
P
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m

hh

◆
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. (3)

Here P

B

is the J/ momentum in the B

0

s

rest frame, P

R

is the momentum of either of

the two hadrons in the dihadron rest frame, m

B

is the B

0

s

mass, J

R

is the spin of R,

2These definitions are the same for B0
s

and B0
s

, namely, µ+ and h+ are used to define the angles in
both cases.

2

J/ψ(→	
  μ+μ-­‐)	
  h+h-­‐	
  	
  

φ(→K+K-­‐)φ(→K+K-­‐)	
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Analysis	
  of	
  2011	
  data	
  set	
  

CP-­‐viola8ng	
  phase:	
  
φs

(φφ)	
  	
  in	
  [-­‐2.37,-­‐0.92]	
  

@	
  68%	
  C.L.	
  
Consistent	
  with	
  the	
  SM	
  (p-­‐value	
  16%).	
  

World’s	
  first	
  constraint.	
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propagated to the statistical uncertainties of the physics
parameters, following the procedure described in Ref. [6].
For events tagged by both the OS and SSK methods, a
combined tagging decision is made. The total tagging
power is "tagD2 ¼ ð3:29# 0:48Þ%, with a tagging effici-

ency of"tag ¼ ð49:7# 5:0Þ% and a dilutionD ¼ ð1% 2!Þ
where! is the average mistag probability. Untagged events
are included in the analysis as they increase the sensitivity
to !s through the bi terms in Eq. (2).

The total S-wave fraction is determined to be ð1:6þ2:4
%1:2Þ%

where the double S-wave contribution ASS is set to zero,
since the fit shows little sensitivity to ASS. A fit to the two-
dimensional mass mKK for both kaon pairs where back-
ground is subtracted using sidebands is performed and
yields a consistent S-wave fraction of ð2:1# 1:2Þ%.

The results of the fit for the main observables are shown
in Table II. Figure 2 shows the distributions for the decay
time and helicity angles with the projections for the best fit
PDF overlaid. The likelihood profile for the CP-violating
weak phase!s, shown in Fig. 3, is not parabolic. To obtain
a confidence level a correction is applied due to a small
undercoverage of the likelihood profile using the method
described in Ref. [25]. Including systematic uncertainties
(discussed below) and assuming the values of the polariza-
tion amplitudes and strong phases observed in data, an
interval of ½%2:46;%0:76( rad at a 68% confidence level
is obtained for!s. The polarization amplitudes and phases,
shown in Table II, differ from those reported in Ref. [9] as
!s is not constrained to zero.

The uncertainties related to the calibration of the tagging
and the assumed values of !s, "!s, and "ms are absorbed
into the statistical uncertainty, described above. Systematic
uncertainties are determined and the sum in quadrature of

all sources is reported in Table II for each observable. To
check that the background is properly accounted for, an
additional fit is performed where the angular and time
distributions are parametrized using the B0

s mass side-
bands. This gives results in agreement with those presented
here and no further systematic uncertainty is assigned. The
uncertainty due to the modeling of the S-wave component
is evaluated by allowing the SS-wave component to vary in
the fit. The difference between the two fits leads to the
dominant uncertainty on !s of 0.20 rad. The systematic
uncertainty due to the decay time acceptance is found by
taking the difference in the values of fitted parameters
between the nominal fit, using a binned time acceptance,
and a fit in which the time acceptance is explicitly parame-
trized. This is found to be 0.09 rad for !s. Possible differ-
ences in the simulated decay time resolution compared to
the data are studied by varying the resolution according to
the discrepancies observed in the B0

s ! J=c! analysis [6].
This leads to a systematic uncertainty of 0.01 rad for !s.
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helicity angles (c) "1 and (d) "2. The data are marked as points, while the solid lines represent the projections of the best fit. TheCP-even
P-wave, the CP-odd P-wave and S-wave components are shown by the long dashed, short dashed, and dotted lines, respectively.
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propagated to the statistical uncertainties of the physics
parameters, following the procedure described in Ref. [6].
For events tagged by both the OS and SSK methods, a
combined tagging decision is made. The total tagging
power is "tagD2 ¼ ð3:29# 0:48Þ%, with a tagging effici-

ency of"tag ¼ ð49:7# 5:0Þ% and a dilutionD ¼ ð1% 2!Þ
where! is the average mistag probability. Untagged events
are included in the analysis as they increase the sensitivity
to !s through the bi terms in Eq. (2).

The total S-wave fraction is determined to be ð1:6þ2:4
%1:2Þ%

where the double S-wave contribution ASS is set to zero,
since the fit shows little sensitivity to ASS. A fit to the two-
dimensional mass mKK for both kaon pairs where back-
ground is subtracted using sidebands is performed and
yields a consistent S-wave fraction of ð2:1# 1:2Þ%.

The results of the fit for the main observables are shown
in Table II. Figure 2 shows the distributions for the decay
time and helicity angles with the projections for the best fit
PDF overlaid. The likelihood profile for the CP-violating
weak phase!s, shown in Fig. 3, is not parabolic. To obtain
a confidence level a correction is applied due to a small
undercoverage of the likelihood profile using the method
described in Ref. [25]. Including systematic uncertainties
(discussed below) and assuming the values of the polariza-
tion amplitudes and strong phases observed in data, an
interval of ½%2:46;%0:76( rad at a 68% confidence level
is obtained for!s. The polarization amplitudes and phases,
shown in Table II, differ from those reported in Ref. [9] as
!s is not constrained to zero.

The uncertainties related to the calibration of the tagging
and the assumed values of !s, "!s, and "ms are absorbed
into the statistical uncertainty, described above. Systematic
uncertainties are determined and the sum in quadrature of

all sources is reported in Table II for each observable. To
check that the background is properly accounted for, an
additional fit is performed where the angular and time
distributions are parametrized using the B0

s mass side-
bands. This gives results in agreement with those presented
here and no further systematic uncertainty is assigned. The
uncertainty due to the modeling of the S-wave component
is evaluated by allowing the SS-wave component to vary in
the fit. The difference between the two fits leads to the
dominant uncertainty on !s of 0.20 rad. The systematic
uncertainty due to the decay time acceptance is found by
taking the difference in the values of fitted parameters
between the nominal fit, using a binned time acceptance,
and a fit in which the time acceptance is explicitly parame-
trized. This is found to be 0.09 rad for !s. Possible differ-
ences in the simulated decay time resolution compared to
the data are studied by varying the resolution according to
the discrepancies observed in the B0

s ! J=c! analysis [6].
This leads to a systematic uncertainty of 0.01 rad for !s.
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Analysis	
  of	
  2011	
  data	
  set.	
  	
  

	
  
Γs	
  =	
  0.661	
  ±	
  0.004	
  ±	
  0.006	
  ps-­‐1	
  

ΔΓs	
  =	
  0.106	
  ±	
  0.011	
  ±	
  0.007	
  ps-­‐1	
  

CP-­‐viola8ng	
  	
  phase:	
  

φs	
  =	
  0.01	
  ±	
  0.07	
  ±	
  0.01	
  
Consistent	
  with	
  the	
  SM.	
  

World’s	
  best	
  measurements.	
  	
  

	
  PRD	
  87,	
  112010	
  (2013)	
  

By	
  a	
  simultaneous	
  fit	
  with	
  7500	
  Bs⁰→J/ψπ+π-­‐	
  	
  	
  

candidates	
  of	
  2011	
  data.	
  

27600	
  Bs⁰→J/ψK+K-­‐	
  candidates	
  

Tagging	
  power	
  (3.13	
  ±	
  0.23)%,	
  8me	
  resolu8on	
  45	
  fs.	
  

Therefore, the systematic uncertainties from these sources
are included in the statistical uncertainty on the physics
parameters. The remaining systematic effects are discussed
below and summarized in Tables IX, X, and XI.

The parameters of the mðJ=cKþK#Þ fit model are
varied within their uncertainties, and a new set of event
weights are calculated. Repeating the full decay time and

angular fit using the new weights gives negligible differ-
ences with respect to the results of the nominal fit. The
assumption that mðJ=cKþK#Þ is independent of the
decay-time and angle variables is tested by reevaluating
the weights in bins of the decay time and angles. Repeating
the full fit with the modified weights gives new estimates
of the physics parameter values in each bin. The total
systematic uncertainty is computed from the square root
of the sum of the individual variances, weighted by the
number of signal events in each bin in cases where a
significant difference is observed.
Using simulated events, the only identified peaking

background is from B0 ! J=cK%ð892Þ0 events where the
pion from the K%ð892Þ0 decay is misidentified as a kaon.
The fraction of this contribution was estimated from the
simulation to be at most 1.5% for mðJ=cKþK#Þ in the
range ½5200; 5550' MeV=c2. The effect of this background
(which is not included in the PDF modelling) was esti-
mated by embedding the simulated B0 ! J=cK%ð892Þ0
events in the signal sample and repeating the fit. The
resulting variations are taken as systematic uncertainties.
The contribution of B0

s mesons coming from the decay of
Bþ
c mesons is estimated to be negligible.
Since the angular acceptance function, "!, is deter-

mined from simulated events, it is important that the
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FIG. 13 (color online). Two-dimensional profile likelihood in
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s ! J=cKþK# data set. Only the
statistical uncertainty is included. The SM expectation of "#s ¼
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the black point with error bar [2,41].
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is composed of CP-even (long-dashed red), CP-odd (short-dashed green), and S-wave (dotted-dashed purple) contributions.
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Therefore, the systematic uncertainties from these sources
are included in the statistical uncertainty on the physics
parameters. The remaining systematic effects are discussed
below and summarized in Tables IX, X, and XI.

The parameters of the mðJ=cKþK#Þ fit model are
varied within their uncertainties, and a new set of event
weights are calculated. Repeating the full decay time and

angular fit using the new weights gives negligible differ-
ences with respect to the results of the nominal fit. The
assumption that mðJ=cKþK#Þ is independent of the
decay-time and angle variables is tested by reevaluating
the weights in bins of the decay time and angles. Repeating
the full fit with the modified weights gives new estimates
of the physics parameter values in each bin. The total
systematic uncertainty is computed from the square root
of the sum of the individual variances, weighted by the
number of signal events in each bin in cases where a
significant difference is observed.
Using simulated events, the only identified peaking

background is from B0 ! J=cK%ð892Þ0 events where the
pion from the K%ð892Þ0 decay is misidentified as a kaon.
The fraction of this contribution was estimated from the
simulation to be at most 1.5% for mðJ=cKþK#Þ in the
range ½5200; 5550' MeV=c2. The effect of this background
(which is not included in the PDF modelling) was esti-
mated by embedding the simulated B0 ! J=cK%ð892Þ0
events in the signal sample and repeating the fit. The
resulting variations are taken as systematic uncertainties.
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s mesons coming from the decay of
Bþ
c mesons is estimated to be negligible.
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Total	
  
CP-­‐even	
  

CP-­‐odd	
  

S-­‐wave	
  
4115! 43 were exclusively selected by the biased trigger.
The uncertainties quoted here come from propagating the
uncertainty on the signal fraction evaluated by the fit.

Figure 5 shows the invariant mass of the !þ!#

and KþK# pairs satisfying the selection requirements.
The background has been subtracted using the sPlot [32]
technique with mðJ=cKþK#Þ as the discriminating vari-
able. In both cases fits are also shown. For the dimuon
system, the fit model is a double Crystal-Ball shape [33].
For the dikaon system, the total fit model is the sum of
a relativistic P-wave Breit-Wigner distribution convolved
with a Gaussian function to model the dominant "-meson
peak and a polynomial function to describe the small
KþK# S-wave component.

V. DECAY-TIME RESOLUTION

If the decay-time resolution is not negligibly small
compared to the B0

s-meson oscillation period 2#=!ms &
350 fs, it affects the measurement of the oscillation ampli-
tude, and thereby "s. For a given decay-time resolution,

$t, the dilution of the amplitude can be expressed as
D ¼ exp ð#$2

t!m
2
s=2Þ [34]. The relative systematic un-

certainty on the dilution directly translates into a relative
systematic uncertainty on "s.
For each reconstructed candidate, $t is estimated by the

vertex fit with which the decay time is calculated. The signal
distribution of $t is shown in Fig. 6, where the sPlot tech-
nique is used to subtract the background. To account for the
fact that track parameter resolutions are not perfectly cali-
brated and that the resolution function is not Gaussian, a
triple Gaussian resolution model is constructed:

Rðt;$tÞ ¼
X3

i¼1

fiffiffiffiffiffiffiffi
2#

p
ri$t

exp
"
#ðt# dÞ2

2r2i$
2
t

#
; (8)

where d is a common small offset of a few fs, ri are
event-independent resolution scale factors, and fi is the
fraction of each Gaussian component, normalized such thatP

fi ¼ 1.
The scale factors are estimated from a sample of prompt

!þ!#KþK# combinations that pass the same selection
criteria as the signal except for those that affect the decay-
time distribution. This sample consists primarily of prompt
combinations that have a true decay time of zero.
Consequently, the shape of the decay-time distribution close
to zero is representative of the resolution function itself.
Prompt combinations for which the muon pair originates

from a real J=c meson have a better resolution than those
with random muon pairs. Furthermore, fully simulated
events confirm that the resolution evaluated using prompt
J=c ! !þ!# decays with two random kaons is more
representative for the resolution of B0

s signal decays than
the purely combinatorial background. Consequently, in the
data only J=cKþK# events are used to estimate the
resolution function. These are isolated using the sPlot
method to subtract the !þ!# combinatorial background.
The background-subtracted decay-time distribution for

J=cKþK# candidates is shown in Fig. 7 using linear and
logarithmic scales. The distribution is characterized by a
prompt peak and a tail due to J=c mesons from B decays.
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FIG. 5 (color online). Background-subtracted invariant-mass distributions of the (a) !þ!# and (b) KþK# systems in the selected
sample of B0

s ! J=cKþK# candidates. The solid blue line represents the fit to the data points described in the text.
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J/ψπ+π-­‐	
  amplitudes Analysis!
13	
  

Full	
  2011+2012	
  data	
  set.	
  
	
  
Fit	
  simultaneously	
  the	
  	
  	
  	
  	
  	
  	
  
mπ+π-­‐	
  spectrum	
  and	
  	
  	
  	
  	
  
helicity	
  angles	
  	
  
	
  
Five	
  interfering	
  states.	
  
Adding	
  also	
  non-­‐resonant	
  	
  	
  
J/ψπ+π-­‐	
  describes	
  	
  
well	
  the	
  data.	
  
Given	
  the	
  resonances	
  
composi8on:	
  

CP-­‐odd	
  >97.7%	
  confirmed	
  @	
  95%	
  C.L.	
  
	
  

f0(500)	
  not	
  observed.	
  Stringent	
  limit	
  on	
  the	
  mixing	
  angle	
  
between	
  f0(500)	
  and	
  f0(980):	
  |φm|<	
  7.7°	
  @	
  90%	
  C.L.	
  

arXiv:1402.6248	
  [hep-­‐ex]	
  



Full	
  2011+2012	
  data	
  set,	
  
×3	
  more	
  data	
  than	
  PLB	
  713	
  (2012)	
  378	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Improved	
  tagging	
  power,	
  2.43%	
  →	
  3.89%.	
  	
  
40	
  fs	
  8me	
  resolu8on	
  from	
  prompt	
  J/ψπ+π-­‐	
  
combina8ons.	
  
	
  

Include	
  the	
  full	
  amplitude	
  analysis,	
  and	
  fit	
  	
  	
  	
  	
  
B	
  mass,	
  decay	
  8me,	
  mππ,	
  and	
  	
  
helicity	
  angles.	
  	
  
	
  

Time	
  acceptance	
  from	
  control	
  	
  
sample	
  of	
  B0→J/ψK*	
  decay.	
  

φs	
  with	
  J/ψπ+π-­‐ !
14	
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Figure 5: Decay time distribution of (B0
s + B0

s ) ! J/ ⇡+⇡� candidates. The signal PDF is
shown with a (red) dashed line, the background with a (black) dotted line, and the (blue) solid
line represents the total.

7 Results188

Several of the model parameters have Gaussian constraints applied in the fit. They are189

the measured values of �ms = 17.768± 0.024 ps�1 [28], �s = 0.663± 0.005± 0.006 ps�1
190

and ��s = 0.100± 0.016± 0.003 ps�1 [4], the tagging parameters, the mass and width of191

the f0(1790) [29], the f 0
2(1525) fit fractions, and the scale factors in the time resolution192

function, multiplied by (1.00 ± 0.05) to take into account the systematic uncertainty193

on the time resolution estimate [5]. Except for �s and |�|, the other free parameters194

are the amplitudes and phases of the ⇡+⇡� states. The fit procedure is checked by195

pseudoexperiments with the same size as data. We use the amplitude model with the196

five final state ⇡+⇡� resonances. The fit reproduces the input �s values with negligible197

bias. For our first fit we do not allow direct CP violation and therefore fix |�| to 1.198

The fit determines �s = 75 ± 67 ± 8mrad. When two uncertainties are quoted, the first199

is statistical and the second the systematic. The systematic uncertainty is discussed in200

Sec. 8. Figure 5 shows the decay time distribution superimposed with the fit projection.201

Projections formhh and ⌦ are shown in Fig. 2. Fit fractions of the contributing resonances202

are consistent with the results from the amplitude analysis [10]. We also perform the fit203

with |�| treated as a free parameter. The fit determines �s = 70 ± 68 ± 8mrad and204

|�| = 0.89 ± 0.05 ± 0.01, consistent with no direct CP violation (|�| = 1), under the205

assumption that we have the same strong phases for all the intermediate ⇡+⇡� states.206

(Note that the correlation between �s and |�| is very small, about 1%.)207

Since the J/ ⇡+⇡� final state is known to be >97.7% CP-odd at a 95% CL [10], we208

9

used in the previous analysis. A wrong-tag probability, ⌘, is estimated event-by-event,118

based on the output of a neural network trained on simulations. It is calibrated with data119

using flavour-specific decay modes in order to predict the true wrong-tag probability of120

the event,
(–)

!(⌘) for an initial flavour
(–)

B0
s meson, that has a linear dependence on ⌘. The121

calibration is performed separately for the OS and the SSK taggers. When events are122

tagged by both the OS and the SSK algorithms, a combined tag decision and wrong-tag123

probability are given by the algorithm defined in Ref. [26]. This combination algorithm124

is implemented to be used in the overall fit. The overall e↵ective tagging power obtained125

is characterized by "tagD2 = 3.89%, where D ⌘ (1� 2!avg) is the dilution, !avg being the126

average wrong-tag probability, and "tag = (68.68± 0.33)% is signal tagging e�ciency.127

The flavour tag q takes values of �1, 1, 0, respectively, if the signal meson is tagged

Co
mb

ina
tio

ns
/ (2

0 M
eV

)

0
500

1000
1500
2000
2500
3000
3500

) [GeV]-π+πm(
0.5 1 1.5 2 -5

0
5

LHCb(a)

Co
mb

ina
tio

ns
/ 0

.05

0
200
400
600
800

1000
1200

-π+πθcos 
-1 -0.5 0 0.5 1-5

0
5

LHCb(b)

Co
mb

ina
tio

ns
/ 0

.05

0
200
400
600
800

1000
1200

ψJ/θcos 
-1 -0.5 0 0.5 1-5

0
5

LHCb(c)

)π
Co

mb
ina

tio
ns

/ (0
.1 

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200
2400

χ
-2 -5

0
5

LHCb(d)

0 2
.

Figure 2: Projections of (a) m(⇡+⇡�), (b) cos ✓⇡⇡, (c) cos ✓J/ and (d) � [10]. The points with
error bars are data, the signal fits are shown with (red) dashed lines, the background with a
(black) dotted lines, and the (blue) solid lines represent the total fits. The di↵erence between
the data and the fits divided by the uncertainty on the data is shown below.
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is characterized by "tagD2 = 3.89%, where D ⌘ (1� 2!avg) is the dilution, !avg being the126
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Figure 2: Projections of (a) m(⇡+⇡�), (b) cos ✓⇡⇡, (c) cos ✓J/ and (d) � [10]. The points with
error bars are data, the signal fits are shown with (red) dashed lines, the background with a
(black) dotted lines, and the (blue) solid lines represent the total fits. The di↵erence between
the data and the fits divided by the uncertainty on the data is shown below.
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Total	
  
Signal	
  
Backg	
  

The signal
(–)

B0
s mass distribution is described by a double Crystal Ball function [25].101

The background consists of a large combinatorial component whose mass distribution is102

modeled by an exponential function, a 2.3% contribution from the sum of
(–)

B0
s ! J/ ⌘0103

with
(–)

B0
s ! J/ �, � ! ⇡+⇡�⇡0, and 2.0% from B⌥ ! J/ K⌥ + J/ ⇡⌥ decays, both of104

which leak into the
(–)

B0
s signal region. The latter two background mass shapes are obtained105

from the simulation. The parameters of the signal and the combinatorial backgrounds are106

obtained from a fit to the
(–)

B0
s mass distribution in an extended region (see Fig. 1) and are107

subsequently fixed for use in the �s fit.108

As can be seen from Eqs. (1) and (2), knowledge of the B0
s flavour at production greatly109

enhances the sensitivity. The process of determining the initial flavour is called “tagging.”110

We use both opposite-side [26] and same-side tagging information [4]. The opposite-side111

(OS) tag identifies the flavour of another b hadron in the event using information from the112

charges of leptons and kaons from its decay, or the charge of another detached vertex. The113

same-side kaon (SSK) tagger utilizes the hadronization process, where the fragmentation114

of a b (b̄) quark into B0
s (B0

s ) meson can lead to an extra s (s̄) quark being available115

to form a hadron, often leading to a K� (K+) meson. This kaon is correlated to the116

signal
(–)

B0
s in phase space, and the sign of charge identifies its initial flavour. SSK was not117
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Figure 1: Invariant mass of J/ ⇡+⇡� combinations. The data are fitted with double Crystal
Ball signal functions and several background functions. The (red) solid line shows the sum of
B0

s and B0
s signals, the (brown) dotted line shows the exponential combinatorial background, the

(green) short-dashed line shows the B⌥ background, the (magenta) dot-dashed line is the shows
the sum of B0 and B0 signal, the (light blue) dashed line is the sum of

�
B0

s +B0
s

�
! J/ ⌘0,�

B0
s +B0

s

�
! J/ �, � ! ⇡+⇡�⇡0 backgrounds and the ⇤0

b ! J/ K�p plus ⇤0
b ! J/ K+p

reflections, the (black) dot-dashed line is the
�
B0 +B0

�
! J/ K⌥⇡± reflection and the (blue)

solid line is the total.
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27100	
  Bs⁰→J/ψπ+π-­‐	
  	
  candidates	
  

φs	
  =	
  0.075	
  ±	
  0.067	
  ±	
  0.008	
  
Consistent	
  with	
  the	
  SM.	
  	
  

60%	
  more	
  precise	
  than	
  PLB	
  713	
  (2012)	
  378	
  

BRAN
D	
  NEW

!	
   PRELIMINARY	
  



Conclusions!
15	
  

CP	
  viola8on	
  in	
  the	
  Bs0	
  system:	
  	
  
rich	
  opportunity	
  to	
  probe	
  	
  

non-­‐SM	
  physics.	
  	
  
	
  

LHCb	
  leads	
  the	
  effort.	
  	
  
	
  

Improved	
  constraints:	
  	
  
no	
  anomalies	
  but	
  s8ll	
  room	
  for	
  NP.	
  

Measurements	
  sta8s8cally	
  
dominated.	
  

New	
  updates	
  and	
  more	
  with	
  
2011+2012	
  data,	
  coming	
  soon!	
  

47 

Parameterize NP in mixing (arXix:1309.2293) 
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12M  constraints on NP (2013)

 O(20%) NP contributions still feasible.. 
 Bs constraints are in the same ballpark as B0! 
 Either Cij’s are small, or mass scale of NP () very large (or both) 
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⇢CP in interference mixing and decay B0
s ! J/ � and B0

s ! J/ ⇡+⇡-

B0
s ! J/ � and B0

s ! J/ ⇡+⇡- combined results
. [Phys. Rev. D 87, 112010]
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LHCb The results using B0
s ! J/ � data

corresponding to L = 1 fb

-1 are:

�s = 0.07 ± 0.09 (stat) ± 0.01 (syst) rad
�s = 0.663 ± 0.005 (stat) ± 0.006 (syst) ps

-1

��s = 0.100 ± 0.016 (stat) ± 0.003 (syst) ps

-1

A simultaneous fit of B0
s ! J/ � and

B0
s ! J/ ⇡+⇡- gives:

�s = 0.01 ± 0.07 (stat) ± 0.01 (syst) rad

�s = 0.661 ± 0.004 (stat) ± 0.006 (syst) ps

-1

��s = 0.106 ± 0.011 (stat) ± 0.007 (syst) ps

-1

Ambiguity solved: sign of ��s positive!

F. Dordei (Heidelberg University) CP violation in the B0
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