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Only CP violating phase affecting quark sector?
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Unitarity Triangle
[CKMÞtter 09/14]
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“The” unitarity triangle exploits the relation

VudV ⇤
ub + VcbV ⇤

cb + VtdV ⇤
tb = 0
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The LHCb detector
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JINST 3 (2008) S08005

 Excellent Run-I performance. 
Int. J. Mod. Phys. A 30, 1530022 (2015).

 3 fb-1 !  O(1012) b hadrons!

http://arxiv.org/abs/1412.6352
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Recent CPV results
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sin2! with B d ! J/"K s 3 fb-1 PRL 115, 031601
[LHCb-PAPER-2015-004]

#M d with semileptonic B decays 3 fb-1 LHCb-CONF-2015-003
preliminary

Penguin study with Bs ! J/"K* 3 fb-1 arXiv:1509.00400 
[LHCb-PAPER-2015-034]

!  with B !  Dh$$ 3 fb-1 arXiv:1505.07044
[LHCb-PAPER-2015-020]

|Vub|/|Vcb| with %b ! p&' 2 fb-1 Nature Phys 10 (2015) 1038
[LHCb-PAPER-2015-013] 

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.031601
http://cds.cern.ch/record/2003792?ln=en
https://cds.cern.ch/record/2038142?ln=en
http://arxiv.org/abs/1509.00400
http://arxiv.org/abs/1505.07044
https://cds.cern.ch/record/2019536?ln=en
http://www.nature.com/nphys/
http://cds.cern.ch/record/2007377?ln=en
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sin2"  with Bd ! J/# Ks
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Julian Wishahi (TU Dortmund) | CPV in the B(s) system at LHCb | Moriond EW | 20th March2015

CPV in Interference of Mixing/Decay

! interference between direct decay and decay after oscillation "
!  phase difference ! q = ! mix – 2 ! dec"

! phases related to CKM angles 
• “golden modes” (dominant b" cc!s tree decay) 

- Bs ! #J/"  h+h– (! s = –2#s) 

- B0#! #J/"$KS (! d = 2#) 

• precise constraints from other measurements 

- sin ! d = 0.771 +0.017
–0.041 

- sin ! s = –0.0365 +0.0013
–0.0012 

• excellent probe for NP contributions

2

J. Charles et al.  
arXiv:1501.05013

Time dependent CP asymmetry

S=sin2"

PRL 115, 031601
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sin 2� with B0! J/ K 0
S

Golden mode forCP violation in
B0 decays, sensitive to
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PRL 115, 031601

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.031601
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PRL 115, 031601
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40k ßavour
tagged signal

Compared to previous analysis (PLB 721 24 (2013)), tagging 
efÞciency, $D2 increased from 2.4% to 3%, with addition of 
SS% algorithm.

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.031601
http://www.sciencedirect.com/science/article/pii/S0370269313001974
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PRL 115, 031601
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[LHCb, Phys.Rev.Lett. 115 (2015) 031601, arXiv:1503.07089]
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Tagged time-dependent analysis

Exploit OS and for Þrst time SS!
tag. "D2 = 2 .99± 0.03%

Acceptance using splines for
trigger (low times) and reco (high
times) [LHCb, JHEP 04 (2014) 114, arXiv:1402.2554]

Production asymmetry from[LHCb,

Phys. Lett. B718 (2013) 902-909, arXiv:1210.4112]

S = 0 .731± 0.035± 0.020

C = " 0.038± 0.032± 0.005

# = 0 .483

SC=0 = 0 .746± 0.030
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.031601
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LHCb already competitive with the B-factories

sin 2! with B0! J/" K 0
S

[LHCb, Phys.Rev.Lett. 115 (2015) 031601, arXiv:1503.07089]
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Golden mode forCP violation in B0

World average
sin 2�exp = 0 .682± 0.019.

Expectation from global Þts
sin 2�SM = 0 .771+ 0 .017

! 0.041.
[CKMFitter, arXiv:1501.05013]

Systematic uncertainties mostly
from data ‹ will improve

S = 0 .731± 0.035± 0.020

SBelle
J/! K 0

S
= 0 .670± 0.029± 0.013

SBaBar
J/! K 0

S
= 0 .662± 0.039± 0.012

[Belle, Phys. Rev. Lett. 108, 171802 (2012), arXiv:1201.4643]

[Babar, Phys. Rev. D79 072009 (2009), arXiv:0902.1708]

Now competitive
with B factories!
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PRL 115, 031601

The best three

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.031601
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Flavour tag as mixed or unmixed, and study the asymmetry

LHCb-CONF-2015-003
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1 Introduction

Flavour oscillation, or mixing, of neutral meson systems is due to mass eigenstates being
di↵erent from ßavour eigenstates. InB 0 mesons, the mass di↵erence between mass
eigenstates,�md, is directly related to the square of the product of the CKM matrix
elementsVtb and V !

td , and therefore probes the CKM mechanism ofCP violation in the
Standard Model.

Several measurements of�md have been performed by experiments at LEP, Tevatron,
B Factories and, most recently, at LHCb [1Ð3], resulting in a world average value with
a relative precision of 0.6% [4]. This letter reports a measurement of�md based on
B 0! D " µ+! µX and B 0! D !" µ+! µX decays1 in a data sample ofpp collisions collected
at LHCb during Run1 in 2011 at

p
s =7 and in 2012 at 8TeV, corresponding to an

integrated luminosity of about 1 and 2 fb" 1, respectively.
The relatively high branching fraction for semileptonic decays ofB 0 mesons, when

paired with the highly e�cient lepton identiÞcation and ßavour tagging capabilities at
LHCb, result in abundant samples ofB 0! D (! )" µ+! µX decays where the ßavour of the
B 0 meson at the time of production and decay is known. In addition, the decay time,
t, of B 0 mesons can be determined with good resolution though the decay is not fully
reconstructed due to the missing neutrino. It is therefore possible to precisely measure the
oscillation frequency�md from a time-dependent analysis of the decay rates of unmixed
and mixed events,N unmix(t) and N mix(t):

N unmix(t) ⌘ N (B 0! D (! )" µ+! µX )(t) / e" ! d t [1 + cos(�mdt)] ,

N mix(t) ⌘ N (B 0 ! B 0! D (! )+µ" ! µX )(t) / e" ! d t [1� cos(�mdt)] , (1)

where the mixing state assignement is based on the ßavour of theB 0 meson at production
and decay being the same (unmixed) or the opposite (mixed). In Eqn. 1,�d = 1/ "d is
the decay width of theB 0 meson, while the di↵erence in the decay widths of the mass
eigenstates,��d, is assumed to vanish, andCP violation in mixing is neglected. The
ßavour asymmetry between unmixed and mixed events is

A(t) =
N unmix(t) � N mix(t)
N unmix(t) + N mix(t)

= cos(�mdt) . (2)

A concise description of theLHCb detector and the collision and simulated datasets
used in this measurement is given in Section 2. Section 3 presents the selection criteria,
the ßavour tagging algorithms, and the method chosen to reconstruct theB decay time.
The Þtting strategy and results are shown in Section 4. A summary of the systematic
uncertainties is given in Section 5. Conclusions are reported in Section 6.

1charge-conjugation is always implied throughout this letter.

1

Dependence on &( d is 
neglected in the above formula

https://cds.cern.ch/record/2038142?ln=en
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Correct decay time for average momentum loss to 
neutrino, as estimated from simulation

�md measurement at LHCb

Determination ofB decay time

¥ Wrong B momentum due to missing

neutrino ! wrong t

¥ Use k-factor method to correctt

• k(mDµ ): prec
Dµ / ptrue as a function of B

mass (simulation)
• Apply correction function on data

tcorr =
LB MB 0

PDG
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¥ k(mDµ ): average correction! additional resolution functionF(k)

N±(t ) " e
! t
! (1 + qmixing(1 # 2! ) cos(�mdt )) $ R(t ) $ F(k)

B. Khanji, LHCb (Milano-Bicocca, INFN, CERN) �md in semi-leptonics at LHCb 23-July-2015 9 / 23

áK

LHCb-CONF-2015-003
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Figure 1: Decay topologies contributing to the B 0
s ! J/ ! " channel (a,b) and B 0

s ! J/ ! K ! 0

channel (c,d). The tree diagrams (a,c) are shown on the left and the penguin diagrams (b,d) on
the right.

2 Experimental setup39

The LHCb detector [17,18] is a single-arm forward spectrometer covering thepseudorapidity40

range 2< ! < 5, designed for the study of particles containingb or c quarks. The detector41

includes a high-precision tracking system consisting of a silicon-strip vertex detector sur-42

rounding the pp interaction region, a large-area silicon-strip detector located upstream of43

a dipole magnet with a bending power of about 4Tm, and three stations of silicon-strip44

detectors and straw drift tubes placed downstream of the magnet. The tracking system45

provides a measurement of momentum,p, of charged particles with a relative uncertainty46

that varies from 0.5% at low momentum to 1.0% at 200GeV/c . The minimum distance47

of a track to a primary vertex, the impact parameter, is measured with a resolution of48

(15+29/p T ) µm, wherepT is the component of the momentum transverse to the beam,49

in GeV/c . Di! erent types of charged hadrons are distinguished using information from50

two ring-imaging Cherenkov detectors. Photons, electrons and hadrons are identiÞed by a51

calorimeter system consisting of scintillating-pad and preshower detectors, an electromag-52

2

For the longitudinal polarisation state the phase! is unconstrained. Correlations between471

the experimental inputs are ignored, but the e! ect of including them is small. The472

two-dimensional conÞdence level contours are given in Fig. 6. This Þgure also shows the473

constraints on the penguin parameters derived from the individual observables entering474

the " 2 Þt as di! erent coloured bands. The thick inner darker-coloured line represents the475

contour associated with the central value of the input quantity, while the outer darker-476

coloured lines represent the contours associated with the 1# values. For the parallel477

polarisation the central value of theH observable does not lead to physical solutions in478

the ! ! Ða! plane, and the thick inner line is thus absent.479

When decomposed into its di! erent sources, the angle$s takes the form480

$s,i = ! 2%s + $BSM
s + " $J/ ! "

s,i (a"
i , ! "

i ) , (30)

where! 2%s is the SM contribution, $BSM
s is a possible BSM phase, and" $J/ ! "

s,i is a shift481

introduced by the presence of penguin pollution in the decayB 0
s " J/ & $. In terms of the482

penguin parametersa"
i and ! "

i , the shift " $J/ ! "
s,i is deÞned as483

tan(" $J/ ! "
s,i ) =

2' a"
i cos! "

i sin( + ' 2a"2
i sin(2( )

1 + 2' a"
i cos! "

i cos( + ' 2a"2
i cos(2( )

. (31)

Using Eqs.(28) and (31), the Þt results onai and ! i given above constrain this phase shift,484

giving485

" $J/ ! "
s,0 = 0.001 +0 .087

# 0.011 (stat) +0 .013
# 0.008 (syst)+0 .048

# 0.030 (|A"
i / Ai |) rad ,

" $J/ ! "
s,! = 0.031 +0 .049

# 0.038 (stat) ±0.013 (syst)+0 .031
# 0.033 (|A"

i / Ai |) rad ,

" $J/ ! "
s,$ = ! 0.046±0.012 (stat)±0.008 (syst)+0 .017

# 0.024 (|A"
i / Ai |) rad ,

which is in good agreement with the values measured in Ref. [15], and with the predictions486

given in Refs. [12Ð14].487

The above results are obtained assumingSU(3) ßavour symmetry and neglecting con-488

tributions from additional decay topologies. Becauseai ei#i represents a ratio of hadronic489

amplitudes, the leading factorisableSU(3)-breaking e! ects cancel, and the relation be-490

tween ai ei#i and a"
i e

i#!
i is only a! ected by non-factorisableSU(3)-breaking. This can be491

parametrised using two SU(3)-breaking parameters) and * as492

a"
i = ) # ai , ! "

i = ! i + * . (32)

The above quoted results assume) = 1 and * = 0, exactly. The dependence of the493

uncertainty on " $J/ ! "
s,i on the uncertainty on) is illustrated in Fig. 7, while the dependence494

on the uncertainty on * is negligible for the solutions obtained for{ai , ! i }.495

9.2 Combination with B 0 ! J/ ! " 0
496

The information on the penguin parameters obtained fromB 0
s " J/ &K %0 can be comple-497

mented with similar information from the SU(3)-related modeB 0 " J/ & +0 [15]. Both498
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Figure 1: Decay topologies contributing to the B 0
s ! J/ ! " channel (a,b) and B 0

s ! J/ ! K ⇤0

channel (c,d). The tree diagrams (a,c) are shown on the left and the penguin diagrams (b,d) on
the right.

2 Experimental setup39

The LHCb detector [17,18] is a single-arm forward spectrometer covering thepseudorapidity40

range 2< ! < 5, designed for the study of particles containingb or c quarks. The detector41

includes a high-precision tracking system consisting of a silicon-strip vertex detector sur-42

rounding the pp interaction region, a large-area silicon-strip detector located upstream of43

a dipole magnet with a bending power of about 4Tm, and three stations of silicon-strip44

detectors and straw drift tubes placed downstream of the magnet. The tracking system45

provides a measurement of momentum,p, of charged particles with a relative uncertainty46

that varies from 0.5% at low momentum to 1.0% at 200GeV/c . The minimum distance47

of a track to a primary vertex, the impact parameter, is measured with a resolution of48

(15+29/p T ) µm, wherepT is the component of the momentum transverse to the beam,49

in GeV/c . Di! erent types of charged hadrons are distinguished using information from50

two ring-imaging Cherenkov detectors. Photons, electrons and hadrons are identiÞed by a51

calorimeter system consisting of scintillating-pad and preshower detectors, an electromag-52

2

Study decay in which the tree diagram is CKM suppressed

Vcd

K*

For the longitudinal polarisation state the phase! is unconstrained. Correlations between471

the experimental inputs are ignored, but the e! ect of including them is small. The472

two-dimensional conÞdence level contours are given in Fig. 6. This Þgure also shows the473

constraints on the penguin parameters derived from the individual observables entering474

the " 2 Þt as di! erent coloured bands. The thick inner darker-coloured line represents the475

contour associated with the central value of the input quantity, while the outer darker-476

coloured lines represent the contours associated with the 1# values. For the parallel477

polarisation the central value of theH observable does not lead to physical solutions in478

the ! ! Ða! plane, and the thick inner line is thus absent.479

When decomposed into its di! erent sources, the angle$s takes the form480

$s,i = ! 2%s + $BSM
s + " $J/ ! "

s,i (a"
i , ! "

i ) , (30)

where! 2%s is the SM contribution, $BSM
s is a possible BSM phase, and" $J/ ! "

s,i is a shift481

introduced by the presence of penguin pollution in the decayB 0
s " J/ & $. In terms of the482

penguin parametersa"
i and ! "

i , the shift " $J/ ! "
s,i is deÞned as483

tan(" $J/ ! "
s,i ) =

2' a"
i cos! "

i sin( + ' 2a"2
i sin(2( )

1 + 2' a"
i cos! "

i cos( + ' 2a"2
i cos(2( )

. (31)

Using Eqs.(28) and (31), the Þt results onai and ! i given above constrain this phase shift,484

giving485

" $J/ ! "
s,0 = 0.001 +0 .087

# 0.011 (stat) +0 .013
# 0.008 (syst)+0 .048

# 0.030 (|A"
i / Ai |) rad ,

" $J/ ! "
s,! = 0.031 +0 .049

# 0.038 (stat) ±0.013 (syst)+0 .031
# 0.033 (|A"

i / Ai |) rad ,

" $J/ ! "
s,$ = ! 0.046±0.012 (stat)±0.008 (syst)+0 .017

# 0.024 (|A"
i / Ai |) rad ,

which is in good agreement with the values measured in Ref. [15], and with the predictions486

given in Refs. [12Ð14].487

The above results are obtained assumingSU(3) ßavour symmetry and neglecting con-488

tributions from additional decay topologies. Becauseai ei#i represents a ratio of hadronic489

amplitudes, the leading factorisableSU(3)-breaking e! ects cancel, and the relation be-490

tween ai ei#i and a"
i e

i#!
i is only a! ected by non-factorisableSU(3)-breaking. This can be491

parametrised using two SU(3)-breaking parameters) and * as492

a"
i = ) # ai , ! "

i = ! i + * . (32)

The above quoted results assume) = 1 and * = 0, exactly. The dependence of the493

uncertainty on " $J/ ! "
s,i on the uncertainty on) is illustrated in Fig. 7, while the dependence494

on the uncertainty on * is negligible for the solutions obtained for{ai , ! i }.495

9.2 Combination with B 0 ! J/ ! " 0
496

The information on the penguin parameters obtained fromB 0
s " J/ &K %0 can be comple-497

mented with similar information from the SU(3)-related modeB 0 " J/ & +0 [15]. Both498
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Figure 2: The J/ K ! ⇡+ invariant mass distribution with the sum of the Þt projections in the 20
mK ! ! + and cos(✓µ) bins. Points with error bars show the data. The projection of the Þt result
is represented by the solid blue line, and the contributions from the di! erent components are
detailed in the legend. At this scale the contribution of the ⇤0

b ! J/ p⇡! is barely visible. All
the other peaking background components are subtracted as described in the text.

smaller than 4%. The ratio between theB 0
s to B 0 yields is found to beNB 0

s
/N B 0 =152

(8.66± 0.24 (stat)+0 .18
! 0.16 (syst)) " 10! 3. Figure 2 shows the sum of the Þt results for each153

bin, overlaid on theJ/ ! K ! " + mass spectrum for the selected data sample.154

6 Angular analysis155

6.1 Angular formalism156

This analysis uses the decay angles deÞned in the helicity basis. The helicity angles are157

denoted by (#K , #µ, $h), as shown in Fig. 3. The polar angle#K (#µ) is the angle between158

the kaon (µ+ ) momentum and the direction opposite to theB 0
s momentum in the K ! " +

159

(µ+ µ! ) centre-of-mass system. The azimuthal angle between theK ! " + and µ+ µ! decay160

planes is$h. This angle is deÞned by a rotation from the pion side of theK ! " + plane to161

the µ+ side of theµ+ µ! plane. The rotation is positive in theµ+ µ! direction in the B 0
s162

rest frame. The deÞnitions are the same forB 0
s or B 0

s decays. They are also the same for163

B 0 ! J/ ! K " 0 decays.164

The probability density function (PDF) of the angular distribution of B 0
s ! J/ ! K " 0

165
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¥ Measure the branching fraction,

|A 0/ A| can be determined directly from the Þt, providing experimental information on this526

quantity. E ! ectively, the threeCP asymmetry parametersACP
i , Ci and Si determine the527

penguin parametersai and ! i . Thus, this result for ai and ! i predicts the values of the two528

observablesHi (B 0
s ! J/ " K ⇤0) and Hi (B 0 ! J/ " # 0). By comparing these two quantities529

with the branching fraction and polarisation information onB 0
s ! J/ " K ⇤0, B 0 ! J/ " # 0

530

and B 0
s ! J/ " $ , the hadronic amplitude ratios|A 0

i / A i | can be determined. The impact of531

the Hi observables on the penguin parametersai and ! i is negligible in the combined Þt.532

For the combined analysis ofB 0
s ! J/ " K ⇤0 and B 0 ! J/ " # 0 a modiÞed least-squares533

Þt is performed. External input on%=
!
73.2+6 .3

�7.0

"�
[6] and $d = 0.767± 0.029 rad [53] is534

included as a Gaussian constraint in the Þt. The values obtained from the Þt are535

a0 = 0.01+0 .10
�0.01 , ! 0 = "

!
82+98

�262

"�
,

#
#
#
#
A 0

0

A 0

#
#
#
#= 1.190+0 .074

�0.056 ,

ak = 0.07+0 .11
�0.05 , ! k = "

!
85+71

�63

"�
,

#
#
#
#
#

A 0
k

A k

#
#
#
#
#

= 1.233+0 .104
�0.079 ,

a? = 0.04+0 .12
�0.04 , ! ? =

!
38+142

�218

"�
,

#
#
#
#
A 0

?
A?

#
#
#
#= 1.039+0 .080

�0.063 ,

with the two-dimensional conÞdence level contours given in Fig. 8. This Þgure also shows536

the constraints on the penguin parameters derived from the individual observables entering537

the &2 Þt as di! erent coloured bands. Note that the plotted contours for the twoH538

observables do not include the uncertainty due to|A 0/ A| .539

The results on the penguin phase shift derived from the above results onai and ! i are540

" $J/ ! "
s,0 = 0.000+0 .009

�0.011 (stat) +0 .004
�0.009 (syst) rad ,

" $J/ ! "
s,k = 0.001+0 .010

�0.014 (stat) ± 0.008 (syst) rad,

" $J/ ! "
s,? = 0.003+0 .010

�0.014 (stat) ± 0.008 (syst) rad.

These results are dominated by the input from theCP asymmetries inB 0 ! J/ " # 0, and541

show that the penguin pollution in the determination of$s is small.542

10 Conclusions543

Using the full LHCb Run I data sample, the branching fraction, the polarisation fractions544

and the direct CP violations in B 0
s ! J/ " K ⇤0 decays have been measured. The results,545

which supersede those of Ref. [16], are546

B(B 0
s ! J/ " K ⇤0) =

$
4.17± 0.18(stat) ± 0.26(syst)± 0.24(f d/f s)

%
# 10�5

547

f 0 = 0.497 ± 0.025 (stat) ± 0.025 (syst)
f k = 0.179 ± 0.027 (stat) ± 0.013 (syst)

ACP
0 (B 0

s ! J/ " K ⇤0) = " 0.048 ± 0.057 (stat) ± 0.020 (syst)
ACP

k (B 0
s ! J/ " K ⇤0) = 0 .171 ± 0.152 (stat) ± 0.028 (syst)

ACP
? (B 0

s ! J/ " K ⇤0) = " 0.049 ± 0.096 (stat) ± 0.025 (syst) .

26

¥ Polarisation fractions,

|A !/ A| can be determined directly from the Þt, providing experimental information on this526

quantity. E ! ectively, the threeCP asymmetry parametersACP
i , Ci and Si determine the527

penguin parametersai and ! i . Thus, this result for ai and ! i predicts the values of the two528

observablesHi (B 0

s ! J/ " K " 0) and Hi (B 0 ! J/ " # 0). By comparing these two quantities529

with the branching fraction and polarisation information onB 0

s ! J/ " K " 0, B 0 ! J/ " # 0

530

and B 0

s ! J/ " $ , the hadronic amplitude ratios|A !
i / A i | can be determined. The impact of531

the Hi observables on the penguin parametersai and ! i is negligible in the combined Þt.532

For the combined analysis ofB 0

s ! J/ " K " 0 and B 0 ! J/ " # 0 a modiÞed least-squares533

Þt is performed. External input on%=
!
73.2+6.3

# 7.0

"$
[6] and $d = 0.767± 0.029 rad [53] is534
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with the two-dimensional conÞdence level contours given in Fig. 8. This Þgure also shows536

the constraints on the penguin parameters derived from the individual observables entering537

the &2 Þt as di! erent coloured bands. Note that the plotted contours for the twoH538

observables do not include the uncertainty due to|A !/ A| .539

The results on the penguin phase shift derived from the above results onai and ! i are540

" $J/ ! "
s,0 = 0.000+0.009

# 0.011 (stat) +0.004
# 0.009 (syst) rad ,

" $J/ ! "
s,% = 0.001+0.010

# 0.014 (stat) ± 0.008 (syst) rad,

" $J/ ! "
s,& = 0.003+0.010

# 0.014 (stat) ± 0.008 (syst) rad.

These results are dominated by the input from theCP asymmetries inB 0 ! J/ " # 0, and541

show that the penguin pollution in the determination of$s is small.542

10 Conclusions543

Using the full LHCb Run I data sample, the branching fraction, the polarisation fractions544

and the direct CP violations in B 0

s ! J/ " K " 0 decays have been measured. The results,545

which supersede those of Ref. [16], are546

B(B 0

s ! J/ " K " 0) =
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4.17± 0.18(stat) ± 0.26(syst)± 0.24(f d/f s)
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f
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= 0.497 ± 0.025 (stat) ± 0.025 (syst)
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26

¥ And CP asymmetries,

|A !/ A| can be determined directly from the Þt, providing experimental information on this526

quantity. E ! ectively, the threeCP asymmetry parametersACP
i , Ci and Si determine the527

penguin parametersai and ! i. Thus, this result for ai and ! i predicts the values of the two528

observablesH i(B 0
s ! J/ " K " 0) and H i(B 0 ! J/ " # 0). By comparing these two quantities529

with the branching fraction and polarisation information onB 0
s ! J/ " K " 0, B 0 ! J/ " # 0

530

and B 0
s ! J/ " $ , the hadronic amplitude ratios|A !

i/ A i| can be determined. The impact of531

the H i observables on the penguin parametersai and ! i is negligible in the combined Þt.532

For the combined analysis ofB 0
s ! J/ " K " 0 and B 0 ! J/ " # 0 a modiÞed least-squares533
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with the two-dimensional conÞdence level contours given in Fig. 8. This Þgure also shows536

the constraints on the penguin parameters derived from the individual observables entering537

the &2 Þt as di! erent coloured bands. Note that the plotted contours for the twoH538

observables do not include the uncertainty due to|A !/ A| .539

The results on the penguin phase shift derived from the above results onai and ! i are540

" $J/! "
s,0 = 0.000+0 .009

# 0.011 (stat) +0 .004
# 0.009 (syst) rad ,

" $J/! "
s,% = 0.001+0 .010

# 0.014 (stat) ± 0.008 (syst) rad,

" $J/! "
s,& = 0.003+0 .010

# 0.014 (stat) ± 0.008 (syst) rad.

These results are dominated by the input from theCP asymmetries inB 0 ! J/ " # 0, and541

show that the penguin pollution in the determination of$s is small.542

10 Conclusions543

Using the full LHCb Run I data sample, the branching fraction, the polarisation fractions544

and the direct CP violations in B 0
s ! J/ " K " 0 decays have been measured. The results,545

which supersede those of Ref. [16], are546

B(B 0
s ! J/ " K " 0) =

$
4.17± 0.18(stat) ± 0.26(syst)± 0.24(f d/f s)

%
# 10# 5

547

f 0 = 0.497 ± 0.025 (stat) ± 0.025 (syst)
f % = 0.179 ± 0.027 (stat) ± 0.013 (syst)

ACP
0 (B 0

s ! J/ " K " 0) = " 0.048 ± 0.057 (stat) ± 0.020 (syst)
ACP

% (B 0
s ! J/ " K " 0) = 0 .171 ± 0.152 (stat) ± 0.028 (syst)

ACP
& (B 0

s ! J/ " K " 0) = " 0.049 ± 0.096 (stat) ± 0.025 (syst) .
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Combination with LHCb study of SU(3) related Bd !  J/#+  
(PLB 742 (2015) 38-49)

|A !/ A| can be determined directly from the Þt, providing experimental information on this526

quantity. E ! ectively, the threeCP asymmetry parametersACP
i , Ci and Si determine the527

penguin parametersai and ! i . Thus, this result for ai and ! i predicts the values of the two528

observablesHi (B 0
s ! J/ " K " 0) and Hi (B 0 ! J/ " # 0). By comparing these two quantities529

with the branching fraction and polarisation information onB 0
s ! J/ " K " 0, B 0 ! J/ " # 0

530

and B 0
s ! J/ " $ , the hadronic amplitude ratios|A !

i / A i | can be determined. The impact of531

the Hi observables on the penguin parametersai and ! i is negligible in the combined Þt.532

For the combined analysis ofB 0
s ! J/ " K " 0 and B 0 ! J/ " # 0 a modiÞed least-squares533

Þt is performed. External input on%=
!
73.2+6 .3

# 7.0

"$
[6] and $d = 0.767± 0.029 rad [53] is534

included as a Gaussian constraint in the Þt. The values obtained from the Þt are535

a0 = 0.01+0 .10
# 0.01 , ! 0 = "

!
82+98

# 262

"$
,

#
#
#
#
A !

0

A 0

#
#
#
#= 1.190+0 .074

# 0.056 ,

a%= 0.07+0 .11
# 0.05 , ! %= "

!
85+71

# 63

"$
,

#
#
#
#
#

A !
%

A %

#
#
#
#
#

= 1.233+0 .104
# 0.079 ,

a& = 0.04+0 .12
# 0.04 , ! & =

!
38+142

# 218

"$
,

#
#
#
#
A !

&

A &

#
#
#
#= 1.039+0 .080

# 0.063 ,

with the two-dimensional conÞdence level contours given in Fig. 8. This Þgure also shows536

the constraints on the penguin parameters derived from the individual observables entering537

the &2 Þt as di! erent coloured bands. Note that the plotted contours for the twoH538

observables do not include the uncertainty due to|A !/ A| .539
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For the longitudinal polarisation state the phase! is unconstrained. Correlations between471

the experimental inputs are ignored, but the e! ect of including them is small. The472

two-dimensional conÞdence level contours are given in Fig. 6. This Þgure also shows the473

constraints on the penguin parameters derived from the individual observables entering474

the " 2 Þt as di! erent coloured bands. The thick inner darker-coloured line represents the475

contour associated with the central value of the input quantity, while the outer darker-476

coloured lines represent the contours associated with the 1# values. For the parallel477

polarisation the central value of theH observable does not lead to physical solutions in478

the ! ! Ða! plane, and the thick inner line is thus absent.479

When decomposed into its di! erent sources, the angle$s takes the form480

$s,i = ! 2%s + $BSM
s + " $J/ ! "

s,i (a"
i , ! "

i ) , (30)

where! 2%s is the SM contribution, $BSM
s is a possible BSM phase, and" $J/ ! "

s,i is a shift481

introduced by the presence of penguin pollution in the decayB 0
s " J/ & $. In terms of the482

penguin parametersa"
i and ! "

i , the shift " $J/ ! "
s,i is deÞned as483

tan(" $J/ ! "
s,i ) =

2' a"
i cos! "

i sin( + ' 2a"2
i sin(2( )

1 + 2' a"
i cos! "

i cos( + ' 2a"2
i cos(2( )

. (31)

Using Eqs.(28) and (31), the Þt results onai and ! i given above constrain this phase shift,484

giving485

" $J/ ! "
s,0 = 0.001 +0 .087

# 0.011 (stat) +0 .013
# 0.008 (syst)+0 .048

# 0.030 (|A"
i / Ai |) rad ,

" $J/ ! "
s,! = 0.031 +0 .049

# 0.038 (stat) ±0.013 (syst)+0 .031
# 0.033 (|A"

i / Ai |) rad ,

" $J/ ! "
s,$ = ! 0.046±0.012 (stat)±0.008 (syst)+0 .017

# 0.024 (|A"
i / Ai |) rad ,

which is in good agreement with the values measured in Ref. [15], and with the predictions486

given in Refs. [12Ð14].487

The above results are obtained assumingSU(3) ßavour symmetry and neglecting con-488

tributions from additional decay topologies. Becauseai ei#i represents a ratio of hadronic489

amplitudes, the leading factorisableSU(3)-breaking e! ects cancel, and the relation be-490

tween ai ei#i and a"
i e

i#!
i is only a! ected by non-factorisableSU(3)-breaking. This can be491

parametrised using two SU(3)-breaking parameters) and * as492

a"
i = ) # ai , ! "

i = ! i + * . (32)

The above quoted results assume) = 1 and * = 0, exactly. The dependence of the493

uncertainty on " $J/ ! "
s,i on the uncertainty on) is illustrated in Fig. 7, while the dependence494

on the uncertainty on * is negligible for the solutions obtained for{ai , ! i }.495

9.2 Combination with B 0 ! J/ ! " 0
496

The information on the penguin parameters obtained fromB 0
s " J/ &K %0 can be comple-497

mented with similar information from the SU(3)-related modeB 0 " J/ & +0 [15]. Both498
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LHCb-CONF-2014-004
! combination for CKM

New results sensitive to�
came out in the meantime
B+ ! D(h± h! ⇡0)h+

[Phys.

Rev. D91 (2015) 112014]

B+ ! Dh+ ⇡+ ⇡"

[arXiv:1505.07044] and more will
come soon.

[LHCb, LHCb-CONF-2014-004]
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Table 1: Fitted yields in the ADS modes with f = K ! , for the signal and corresponding
normalization modes.

Decay mode B� yield B + yield
(N f

Þt,X !
d

) (N f
Þt,X +

d
)

B ± ! DX ±
d , D ! K �! + 36 956± 214 37 843± 219

B ± ! DX ±
d , D ! K + ! � 161± 20 162± 20

(N f
Þt,X !

s
) (N f

Þt,X +
s

)

B ± ! DX ±
s , D ! K �! + 1234± 37 1226± 37

B ± ! DX ±
s , D ! K + ! � 13.0 ± 5.3 6.6 ± 4.0

Table 2: Fitted yields used in the GLW analysis with f = K ± ! ± , K + K � and ! + ! �, for the
signal and corresponding normalization modes.

Decay mode B� yield B + yield
(N f

Þt,X !
d

) (N f
Þt,X +

d
)

B ± ! DX ±
d , D ! K �! + 45 213± 226 46 488± 230

B ± ! DX ±
d , D ! K + K � 3899± 63 4084± 65

B ± ! DX ±
d , D ! ! + ! � 1669± 38 1739± 40

(N f
Þt,X !

s
) (N f

Þt,X +
s

)

B ± ! DX ±
s , D ! K �! + 1699± 47 1744± 47

B ± ! DX ±
s , D ! K + K � 155± 14 171± 14

B ± ! DX ±
s , D ! ! + ! � 59± 9 70± 9

CF decay or aCP eigenstate, the Þtted yields can be written as

N f
Þt,X ±

d
=

1
2

!
N f

corr ,X d

1 + F f
!D,X d

"

(1 ⌥ A f
raw,X d

) + Cf

"c,X ±
d

, (14)

whereN f
corr ,X d

is the total corrected yield (sum ofB� and B + ), F f
!D,X d

are the estimated

fractions of signal events removed by theD 0 and D (⇤)+
(s) vetoes,Cf

"c,X ±
d

are the estimated

charmless background yields, andA f
raw,X d

is the raw CP asymmetry.
The Þtted yields in the correspondingB ± ! DX ±

s decays are written in terms of
the correctedB ± ! DX ±

d yields in Eq. 14 and theCP observableRf
s/d deÞned in Eqs. 9
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are the estimated

charmless background yields, andA f
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d yields in Eq. 14 and theCP observableRf
s/d deÞned in Eqs. 9

12

Measure BRs and CP asymmetries in 16 different decay 
modes (8 x D0K%%, 8 x D0%%%)

ADS modes
Quasi ßavour speciÞc D decays 

into K±%-

GLW modes
D decays into CP-eigenstates 
K+K- and %+%-.

arXiv:1505.07044

(Xs = K±%+%-, Xd = %±%+%-)
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Figure 8: Mass distributions for the suppressed ADS mode,B ± ! [K ! ! ± ]D K ± ! ! ! ± (sum of
B + and B " ).

where N K ± ! !

corr ,X ±
s

= N K ± ! !

corr ,X s
(1 " A K ± ! !

raw,X s
) gives the corrected yield for the favoredB ± !

[K ± ! ! ]D X ±
s decays.

The corrections for theD 0 and D (#)+
(s) vetoes,F f

!D,X d,s
, are determined by interpolating

from the mass regions just above and below the veto region, and lead to corrections that
range from 0.6% to 5.8% of the expected yield. Uncertainties on these corrections are
considered as sources of systematic uncertainty. Potential contamination from charmless
Þve-body decays is determined by Þtting for aB ± signal component when theD candidates
are taken from theD 0 mass sideband region, as described previously. The charmless
contributions are negligible, and the uncertainties are included in the systematic error.
The yields, as determined from the Þtted values of theCP parameters in Eqs. 14-17, are
given in Tables 1 and 2.

The raw observables,A f
raw,X and RX ±

raw include small biases due to the production
asymmetry ofB ± mesons,A B ± (a! ectingA f

raw,X only), and from the detection asymmetries
of kaons and pions,A K and A ! . The corrected quantities are then computed according to

17

19.6 ± 6.6 

Evidence (3.6. ) for the ADS decay,

arXiv:1505.07044
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Figure 9: Projections of 1! CL versus (left) ! and (right) rB , using only B ! " DK ! " + " !

decays (purple), and the combination ofB ! " DK ! " + " ! and B ! " D" ! " + " ! decays
(green). The 68.3% and 95.4% conÞdence level (CL) limits are indicated.

commonly used, as

RADS # (RX !
s + R

X +
s )/2 = (0 .82+0 .38

! 0.30) $ 10! 4
,

A ADS #
R

X !
s ! R

X +
s

R

X !
s + R

X +
s

= ! 0.32+0 .27
! 0.34.

The uncertainties include both statistical and systematical sources, but are dominated by
the statistical component.

To assess the constraints on! that these observables provide, they have been imple-
mented in the Þtter for ! described in Ref. [14]. Two Þts are performed, one that uses
only information from B

! " DX

!
s , and a second that uses the observables from both

B

! " DX

!
s and B

! " DX

!
d decays. In both Þts, the parameters from theD-meson

system,rD , " K !
D , xD , yD , Adir

CP (K+
K

! ), and A

dir
CP (#+ #! ), are constrained in an analogous

way to what was done for theB! " DK

! and B

! " D#! case [14]. The four parameters
rB , "B , $ and ! are freely varied in each Þt. In the combined Þt, three additional strong
parameters,rDX d

B , " DX d
B , $DX d are included, which are analogous to those that apply to

the B

! " DX

!
s decay.

The projections of the Þt results for! and rB are shown in Fig. 9 using the method of
Ref. [52] (see also Refs. [14].) The 1! CL peaks at ! = 74o in the B

! " DX

!
s -only Þt, as

well as the combinedB! " DX

!
s,d Þt. As expected, most of the sensitivity comes from

the B

! " DX

!
s decay mode. This value is almost identical to the LHCb combined result

of (73+9
! 10)

o found in Ref. [14]. The value ofrB is found to berB = 0 .08± 0.03, at 68%
CL, which is similar to the values found inB! " DK

! decays [50,53Ð56], but smaller
than the value of 0.240+0 .055

! 0.048 [57] found in neutralB-meson decays. The strong phase"B ,
averaged over the phase space, peaks at 172o for both Þts, but at 95% CL all angles are
allowed. The constraints on the coherence factor are relatively weak; while the most likely
value is close to 1, any value in the interval [0, 1] is allowed at one standard deviation.
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Vub history

There has been a long standing
discrepancy between the value of
|Vub| determined from exclusive
B ! !"# and inclusiveb! u"#
decays.

PDG 2014 reports

Inclusive : (4.41± 0.15+ 0 .15
! 0.10) " 10! 3

Exclusive : (3.28± 0.29) " 10! 3

Average : (4.13± 0.49) " 10! 3

CKMFitter uses
3.55+ 0 .17

! 0.15 " 10! 3,

UTFit 3.75± 0.46" 10! 3

Patrick Koppenburg CP Violation and CKM Physics 29/7/2015 Ñ EPS-HEP [44 / 50]
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|Vub|/ |Vcb| from ⇤0
b ! pµ" ø⌫

[LHCb, Nature Physics 3415 (2015) , arXiv:1504.01568]
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|Vub|/ |Vcb| from ⇤0
b ! pµ" ø⌫

[LHCb, Nature Physics 3415 (2015) , arXiv:1504.01568]
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|Vub|/ |Vcb| from ! 0
b! pµ�ø"

[LHCb, Nature Physics 3415 (2015) , arXiv:1504.01568]
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Using 2 fb! 1 (2012) we measure

B(! 0
b! pµ" )q2> 15 GeV/ c2

B(! 0
b! ! +

c µ" )q2> 7 GeV/ c2

= (1 .00± 0.04± 0.08)⇥ 10! 2

The result is|Vub| =
(3.27± 0.15± 0.17± 0.06)⇥ 10! 5

where the uncertainties are statistical,
experimental and from lattice.

We measure|Vub|/ |Vcb|, while the
B factories measure|Vub| and |Vcb|
separately

! The puzzle is still alive
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candidates. The ratio of e! ciencies is 3.52± 0.20,
with the sources of the uncertainty described be-
low.

Systematic uncertainties associated with the
measurement are summarised in Table 1. The
largest uncertainty originates from the! +

c !
pK ! #+ branching fraction, which is taken from
Ref. [35]. This is followed by the uncertainty
on the trigger response, which is due to the
statistical uncertainty of the calibration sam-
ple. Other contributions come from the track-
ing e! ciency, which is due to possible di" er-
ences between the data and simulation in the
probability of interactions with the material
of the detector for the kaon and pion in the
! 0

b ! (! +
c ! pK ! #+ )µ! " µ decay. Another sys-

tematic uncertainty is assigned due to the lim-
ited knowledge of the momentum distribution
for the ! +

c ! pK ! #+ decay products. Uncer-
tainties related to the background composition
are included in the statistical uncertainty for
the signal yield through the use of nuisance pa-
rameters in the Þt. The exception to this is the
uncertainty on the ! 0

b ! N " µ! " µ mass shapes
due to the limited knowledge of the form factors
and widths of each state, which is estimated by
generating pseudoexperiments and assessing the
impact on the signal yield.

Smaller uncertainties are assigned for the
following e" ects: the uncertainty in the! 0

b life-
time; di" erences in data and simulation in the
isolation BDT response; di" erences in the rel-
ative e! ciency andq2 migration due to form
factor uncertainties for both signal and normali-
sation channels; corrections to the! 0

b kinematic
properties; the disagreement in theq2 migra-
tion between data and simulation; and the Þnite
size of the PID calibration samples. The to-
tal fractional systematic uncertainty is +7 .8

! 8.2%,
where the individual uncertainties are added in
quadrature. The small impact of the form factor
uncertainties means that the measured ratio of

Table 1: Summary of systematic uncertainties.
The table shows the relative systematic uncertainty
on the ratio of the ! 0

b ! pµ! " µ and ! 0
b ! ! +

c µ! " µ

branching fractions broken into its individual con-
tributions. The total is obtained by adding them in
quadrature. Uncertainties on the background levels
are not listed here as they are incorporated into the
Þts.

Source Relative uncertainty (%)
B(! +

c ! pK + #! ) +4 .7
! 5.3

Trigger 3.2
Tracking 3.0
! +

c selection e! ciency 3.0
! 0

b ! N " µ! " µ shapes 2.3
! 0

b lifetime 1.5
Isolation 1.4
Form factor 1.0
! 0

b kinematics 0.5
q2 migration 0.4
PID 0.2
Total +7 .8

! 8.2

branching fractions can safely be considered in-
dependent of the theoretical input at the current
level of precision.

From the ratio of yields and their determined
e! ciencies, the ratio of branching fractions of
! 0

b ! pµ! " µ to ! 0
b ! ! +

c µ! " µ in the selectedq2

regions is

B(! 0
b ! pµ! " µ)q2> 15 GeV/c 2

B(! 0
b ! ! +

c µ! " µ)q2> 7 GeV/c 2
=

(1.00± 0.04± 0.08) " 10! 2 ,

where the Þrst uncertainty is statistical and
the second is systematic. Using Eq. 1 with
RFF = 0.68 ± 0.07, computed in Ref. [20] for
the restricted q2 regions, the measurement

|Vub|
|Vcb|

= 0.083± 0.004± 0.004,

is obtained. The Þrst uncertainty arises from
the experimental measurement and the second is

6

=
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PRD 92, 034503 (2015)

In the Standard Model (SM) of particle physics,
the decay of one quark to another by the emis-
sion of a virtual W boson is described by the 3! 3
unitary Cabibbo-Kobayashi-Maskawa (CKM)
matrix [1, 2]. This matrix arises from the cou-
pling of the quarks to the Higgs boson. While
the SM does not predict the values of the four
free parameters of the CKM matrix, the mea-
surements of these parameters in di! erent pro-
cesses should be consistent with each other. If
they are not, it is a sign of physics beyond the
SM. In global Þts combining all available mea-
surements [3, 4], the sensitivity of the overall
consistency check is limited by the precision in
the measurements of the magnitude and phase
of the matrix elementVub, which describes the
transition of a b quark to a u quark.

The magnitude of Vub can be measured
via the semileptonic quark-level transition
b " u! ! " ! . Semileptonic decays are used to
minimise the uncertainties arising from the in-
teraction of the strong force, described by quan-
tum chromodynamics (QCD), between the Þnal-
state quarks. For the measurement of the mag-
nitude of Vub, as opposed to measurements of
the phase, all decays of theb quark, and the
equivalent b quark, can be considered together.
There are two complementary methods to per-
form the measurement. From an experimental
point of view, the simplest is to measure the
branching fraction (probability to decay to a
given Þnal state) of a speciÞc (exclusive) decay.
An example is the decay of aB 0 (bd) meson
to the Þnal state #+ ! ! " , where the inßuence
of the strong interaction on the decay, encom-
passed by aB 0 " #+ form factor, is predicted
by non-perturbative techniques such as lattice
QCD (LQCD) [5] or QCD sum rules [6]. The
world average from Ref. [7] for this method, us-
ing the decaysB 0 " #+ ! ! " and B ! " #0! ! " ,
is |Vub| = (3 .28 ± 0.29) ! 10! 3, where the
most precise experimental inputs come from the
BaBar [8,9] and Belle [10,11] experiments. The

uncertainty is dominated by the LQCD calcula-
tions, which have recently been updated [12,13]
and result in larger values ofVub than the average
given in Ref. [7]. The alternative method is to
measure the di! erential decay rate in an inclusive
way over all possibleB meson decays contain-
ing the b " u! ! " quark level transition. This
results in |Vub| = (4 .41± 0.15+0 .15

! 0.17) ! 10! 3 [14],
where the Þrst uncertainty arises from the ex-
perimental measurement and the second from
theoretical calculations. The discrepancy be-
tween the exclusive and inclusive|Vub| determi-
nations is approximately three standard devi-
ations and has been a long-standing puzzle in
ßavour physics. Several explanations have been
proposed, such as the presence of a right-handed
(vector plus axial-vector) coupling as an exten-
sion of the SM beyond the left-handed (vector
minus axial-vector) W coupling [15Ð18]. A simi-
lar discrepancy also exists between exclusive and
inclusive measurements of|Vcb| (the coupling of
the b quark to the c quark) [14].

This article describes a measurement of the
ratio of branching fractions of the $ 0

b (bud)
baryon into the p! ! " and $ +

c ! ! " Þnal states.
This is performed using proton-proton collision
data from the LHCb detector, corresponding to
2.0fb! 1 of integrated luminosity collected at a
centre-of-mass energy of 8TeV. The b " u tran-
sition, $ 0

b " pµ! " µ , has not been considered be-
fore as$ 0

b baryons are not produced at ane+ e!

B -factory; however, at the LHC, they consti-
tute around 20% of theb-hadrons produced [19].
These measurements together with recent LQCD
calculations [20] allow for the determination of
|Vub|2/ |Vcb|2 according to

|Vub|2

|Vcb|2
=

B($ 0
b " pµ! " µ)

B($ 0
b " $ +

c µ! " µ)
RFF (1)

whereB denotes the branching fraction andRFF

is a ratio of the relevant form factors, calcu-
lated using LQCD. This is then converted into a
measurement of|Vub| using the existing measure-

1

In the Standard Model (SM) of particle physics,
the decay of one quark to another by the emis-
sion of a virtual W boson is described by the 3! 3
unitary Cabibbo-Kobayashi-Maskawa (CKM)
matrix [1, 2]. This matrix arises from the cou-
pling of the quarks to the Higgs boson. While
the SM does not predict the values of the four
free parameters of the CKM matrix, the mea-
surements of these parameters in di! erent pro-
cesses should be consistent with each other. If
they are not, it is a sign of physics beyond the
SM. In global Þts combining all available mea-
surements [3, 4], the sensitivity of the overall
consistency check is limited by the precision in
the measurements of the magnitude and phase
of the matrix elementVub, which describes the
transition of a b quark to a u quark.

The magnitude of Vub can be measured
via the semileptonic quark-level transition
b " u! ! " ! . Semileptonic decays are used to
minimise the uncertainties arising from the in-
teraction of the strong force, described by quan-
tum chromodynamics (QCD), between the Þnal-
state quarks. For the measurement of the mag-
nitude of Vub, as opposed to measurements of
the phase, all decays of theb quark, and the
equivalent b quark, can be considered together.
There are two complementary methods to per-
form the measurement. From an experimental
point of view, the simplest is to measure the
branching fraction (probability to decay to a
given Þnal state) of a speciÞc (exclusive) decay.
An example is the decay of aB 0 (bd) meson
to the Þnal state #+ ! ! " , where the inßuence
of the strong interaction on the decay, encom-
passed by aB 0 " #+ form factor, is predicted
by non-perturbative techniques such as lattice
QCD (LQCD) [5] or QCD sum rules [6]. The
world average from Ref. [7] for this method, us-
ing the decaysB 0 " #+ ! ! " and B ! " #0! ! " ,
is |Vub| = (3 .28 ± 0.29) ! 10! 3, where the
most precise experimental inputs come from the
BaBar [8,9] and Belle [10,11] experiments. The

uncertainty is dominated by the LQCD calcula-
tions, which have recently been updated [12,13]
and result in larger values ofVub than the average
given in Ref. [7]. The alternative method is to
measure the di! erential decay rate in an inclusive
way over all possibleB meson decays contain-
ing the b " u! ! " quark level transition. This
results in |Vub| = (4 .41± 0.15+0 .15

! 0.17) ! 10! 3 [14],
where the Þrst uncertainty arises from the ex-
perimental measurement and the second from
theoretical calculations. The discrepancy be-
tween the exclusive and inclusive|Vub| determi-
nations is approximately three standard devi-
ations and has been a long-standing puzzle in
ßavour physics. Several explanations have been
proposed, such as the presence of a right-handed
(vector plus axial-vector) coupling as an exten-
sion of the SM beyond the left-handed (vector
minus axial-vector) W coupling [15Ð18]. A simi-
lar discrepancy also exists between exclusive and
inclusive measurements of|Vcb| (the coupling of
the b quark to the c quark) [14].

This article describes a measurement of the
ratio of branching fractions of the $ 0

b (bud)
baryon into the p! ! " and $ +

c ! ! " Þnal states.
This is performed using proton-proton collision
data from the LHCb detector, corresponding to
2.0fb! 1 of integrated luminosity collected at a
centre-of-mass energy of 8TeV. The b " u tran-
sition, $ 0

b " pµ! " µ , has not been considered be-
fore as$ 0

b baryons are not produced at ane+ e!

B -factory; however, at the LHC, they consti-
tute around 20% of theb-hadrons produced [19].
These measurements together with recent LQCD
calculations [20] allow for the determination of
|Vub|2/ |Vcb|2 according to

|Vub|2

|Vcb|2
=

B($ 0
b " pµ! " µ)

B($ 0
b " $ +

c µ! " µ)
RFF (1)

whereB denotes the branching fraction andRFF

is a ratio of the relevant form factors, calcu-
lated using LQCD. This is then converted into a
measurement of|Vub| using the existing measure-

1

! 0
b ! pµ! " µ and ! 0

b ! (! +
c ! pK ! #+ )µ! " µ

candidates. The ratio of e! ciencies is 3.52± 0.20,
with the sources of the uncertainty described be-
low.

Systematic uncertainties associated with the
measurement are summarised in Table 1. The
largest uncertainty originates from the! +

c !
pK ! #+ branching fraction, which is taken from
Ref. [35]. This is followed by the uncertainty
on the trigger response, which is due to the
statistical uncertainty of the calibration sam-
ple. Other contributions come from the track-
ing e! ciency, which is due to possible di" er-
ences between the data and simulation in the
probability of interactions with the material
of the detector for the kaon and pion in the
! 0

b ! (! +
c ! pK ! #+ )µ! " µ decay. Another sys-

tematic uncertainty is assigned due to the lim-
ited knowledge of the momentum distribution
for the ! +

c ! pK ! #+ decay products. Uncer-
tainties related to the background composition
are included in the statistical uncertainty for
the signal yield through the use of nuisance pa-
rameters in the Þt. The exception to this is the
uncertainty on the ! 0

b ! N " µ! " µ mass shapes
due to the limited knowledge of the form factors
and widths of each state, which is estimated by
generating pseudoexperiments and assessing the
impact on the signal yield.

Smaller uncertainties are assigned for the
following e" ects: the uncertainty in the! 0

b life-
time; di" erences in data and simulation in the
isolation BDT response; di" erences in the rel-
ative e! ciency andq2 migration due to form
factor uncertainties for both signal and normali-
sation channels; corrections to the! 0

b kinematic
properties; the disagreement in theq2 migra-
tion between data and simulation; and the Þnite
size of the PID calibration samples. The to-
tal fractional systematic uncertainty is +7 .8

! 8.2%,
where the individual uncertainties are added in
quadrature. The small impact of the form factor
uncertainties means that the measured ratio of

Table 1: Summary of systematic uncertainties.
The table shows the relative systematic uncertainty
on the ratio of the ! 0

b ! pµ! " µ and ! 0
b ! ! +

c µ! " µ

branching fractions broken into its individual con-
tributions. The total is obtained by adding them in
quadrature. Uncertainties on the background levels
are not listed here as they are incorporated into the
Þts.

Source Relative uncertainty (%)
B(! +

c ! pK + #! ) +4 .7
! 5.3

Trigger 3.2
Tracking 3.0
! +

c selection e! ciency 3.0
! 0

b ! N " µ! " µ shapes 2.3
! 0

b lifetime 1.5
Isolation 1.4
Form factor 1.0
! 0

b kinematics 0.5
q2 migration 0.4
PID 0.2
Total +7 .8

! 8.2

branching fractions can safely be considered in-
dependent of the theoretical input at the current
level of precision.

From the ratio of yields and their determined
e! ciencies, the ratio of branching fractions of
! 0

b ! pµ! " µ to ! 0
b ! ! +

c µ! " µ in the selectedq2

regions is

B(! 0
b ! pµ! " µ)q2> 15 GeV/c 2

B(! 0
b ! ! +

c µ! " µ)q2> 7 GeV/c 2
=

(1.00± 0.04± 0.08) " 10! 2 ,

where the Þrst uncertainty is statistical and
the second is systematic. Using Eq. 1 with
RFF = 0.68 ± 0.07, computed in Ref. [20] for
the restricted q2 regions, the measurement

|Vub|
|Vcb|

= 0.083± 0.004± 0.004,

is obtained. The Þrst uncertainty arises from
the experimental measurement and the second is
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|Vub|
|Vcb|

= 0 .083± 0.004exp ± 0.004R F F

Resulting in

Form Factors 
from LQCD
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Using 2 fb! 1 (2012) we measure

B(! 0
b! pµ" )q2> 15 GeV/ c2

B(! 0
b! ! +

c µ" )q2> 7 GeV/ c2

= (1 .00± 0.04± 0.08)⇥ 10! 2

The result is|Vub| =
(3.27± 0.15± 0.17± 0.06)⇥ 10! 5

where the uncertainties are statistical,
experimental and from lattice.

We measure|Vub|/ |Vcb|, while the
B factories measure|Vub| and |Vcb|
separately

! The puzzle is still alive
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Conclusions

¥ Successful LHCb Run-I

¥ The data seem to be compatible with the CKM picture 
of CPV, but |Vub| puzzle remains.

¥ Much more to come from LHCb in Run-II and beyond.
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|Vub| with  / b !  pµ'

What LHCb really measures though is |Vub|/|Vcb|, while the 
B-factories measure |Vub| and |Vcb| separately
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[LHCb, Nature Physics 3415 (2015) , arXiv:1504.01568]
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Using 2 fb! 1 (2012) we measure

B(! 0
b ! pµ" )q2> 15 GeV/ c2

B(! 0
b ! ! +

c µ" )q2> 7 GeV/ c2

= (1 .00± 0.04± 0.08) # 10! 2

The result is|Vub| =
(3.27± 0.15± 0.17± 0.06) # 10! 5

where the uncertainties are statistical,
experimental and from lattice.

We measure|Vub|/ |Vcb|, while the
B factories measure|Vub| and |Vcb|
separately

! The puzzle is still alive

Patrick Koppenburg CP Violation and CKM Physics 29/7/2015 Ñ EPS-HEP [45 / 50]

Nature Phys 10 (2015) 1038

http://www.nature.com/nphys/
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Flavour tagging at LHCb
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! md measurement at LHCb

Flavour tagging:qmixing

¥ Mixing state qmixing: ßavour at decay! ßavour at production = ± 1

¥ Determine the ßavour ofB0 at

production in LHCb

Eur. Phys. J. C72 (2012) 2022

indico.cern.ch/event/356420/session/3/contribution/167

¥ Use Opposite B and Fragmentation

products
¥ Flavour at production ( qi : ± 1, 0)
¥ ... With Mistag probability

3/20 Ulrich Eitschberger | !Updates on Flavour Tagging | 72nd LHCb week | June 19th, 2014 

Flavour Tagging: Determine B production ßavours 
SS Pion 
SS Kaon Signal Decay 

Same Side 

Opposite Side 

OS Vertex Charge OS Muon 
OS Electron 

OS Kaon 

PV 

¥ Flavour at decayin B0 " D(! )" µ+ ! µ is determined byµ charge

N± (t ) # e
! t
! (1 + qmixing(1 $ 2" ) cos(! mdt ))

¥ Events areGroupedin 4 categoriesin increasing mistag probability

¥ a ! [0, 0.25], b ! [0.25, 0.33], c ! [0.33, 0.41], d ! [0.41, 0.47]

B. Khanji, LHCb (Milano-Bicocca, INFN, CERN) ! md in semi-leptonics at LHCb 23-July-2015 8 / 23

Opposite-side Charm Tagger

NEW

[LHCb, submitted to J. Instr., arXiv:1507.07892]
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New opposite-side ßavour tagging
algorithm using exclusively
reconstructedD decays fromb
hadrons.

Complementary to vertex charge
(uses PID) and to OS kaon (softer
cuts onK , but requirements on
other tracks)

Low-ish! tag = 3Ð4%, good
" ! 35% ! ! e! = 0 .3Ð0.4%
depending on mode

Patrick Koppenburg CP Violation and CKM Physics 29/7/2015 Ñ EPS-HEP [24 / 50]

New OS charm tagger
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|Vub| with  / b !  pµ'
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Nature Phys 10 (2015) 1038
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