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Abstract

The effective lifetime of the BY meson in the decay mode BY — J/i f5(980) is
measured using 1.0fb~! of data collected in pp collisions at /s = 7 TeV with the
LHCb detector. The result is 1.700 = 0.040 + 0.026 ps where the first uncertainty
is statistical and the second systematic. As the final state is CP-odd, and CP
violation in this mode is measured to be small, the lifetime measurement can be
translated into a measurement of the decay width of the heavy BY mass eigenstate,
'y = 0.588 +0.014 £ 0.009 ps .
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The decay BY— J/) £5(980), fo(980)— m+7~, discovered by LHCD [1] at close to the
predicted rate [2], is important for CP violation [3] and lifetime studies. In this Letter,
we make a precise determination of the lifetime. The J/ f5(980) final state is CP-odd,
and in the absence of CP violation, can be produced only by the decay of the heavy
(H), and not by the light (L), B? mass eigenstate [4]. As the measured CP violation
in this final state is small [5], a measurement of the effective lifetime, 7, can be
translated into a measurement of the decay width, I'y. This helps to determine the decay
width difference, Al'y = I'y, — I'y, a number of considerable interest for studies of physics
beyond the Standard Model (SM) [6]. Furthermore, this measurement can be used as a
constraint in the fit that determines the mixing-induced CP-violating phase in B? decays,
¢s, using the J/ip ¢ and J/i) f(980) final states, and thus improve the accuracy of the
¢s determination [5,/7]. In the SM, if sub-leading penguin contributions are neglected,

¢s = —2arg [“Zs—&’;], where the V;; are the Cabibbo-Kobayashi-Maskawa matrix elements,

which has a value of —0.036 T5001¢ rad [8]. Note that the LHCb measurement of ¢, [5]
corresponds to a limit on cos ¢, greater than 0.99 at 95% confidence level, consistent with
the SM prediction.

The decay time evolution for the sum of BY and B? decays, via the b — cés tree

amplitude, to a CP-odd final state, f_, is given by [9]

— N
I'(B)— f.)+D(B)— f-) = ?e_rst eAT2(1 4 cos ¢ ) + e 22 (1 —cos @) p, (1)
where N is a time-independent normalisation factor and Iy is the average decay width.
We measure the effective lifetime by describing the decay time distribution with a single
exponential function

I'(BY— f)+T(BY— f.) = Ne /T, (2)

Our procedure involves measuring the lifetime with respect to the well measured B°
lifetime, in the decay mode B®— J/ip K*°, K**— K—n* (the inclusion of charge conjugate
modes is implied throughout this Letter). In this ratio, the systematic uncertainties largely
cancel.

The data sample consists of 1.0 fb~! of integrated luminosity collected with the LHCb
detector [10] in pp collisions at the LHC with 7 TeV centre-of-mass energy. The detector is
a single-arm forward spectrometer covering the pseudorapidity range 2 < n < 5, designed
for the study of particles containing b or ¢ quarks. The detector includes a high precision
tracking system consisting of a silicon-strip vertex detector surrounding the pp interaction
region, a large-area silicon-strip detector located upstream of a dipole magnet and three
stations of silicon-strip detectors and straw drift-tubes placed downstream. Charged
hadrons are identified using two ring-imaging Cherenkov (RICH) detectors. Muons
are identified by a muon system composed of alternating layers of iron and multiwire
proportional chambers. The trigger consists of a hardware stage, based on information
from the calorimeter and muon systems, followed by a software stage that applies a
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full event reconstruction. The simulated events used in this analysis are generated
using PYTHIA 6.4 [11] with a specific LHCb configuration [12], where decays of hadronic
particles are described by EVTGEN [13], and the LHCb detector simulation [14] based on
GEANT4 [15].

The selection criteria we use for this analysis are the same as those used to measure ¢ in
BY— Jhpmtn~ decays [16]. Events are triggered by a J/) — pup~ decay, requiring two
identified muons with opposite charge, transverse momentum greater than 500 MeV (we
work in units where ¢ = A = 1), invariant mass within 120 MeV of the J/i) mass [17], and
form a vertex with a fit x? less than 16. Jjp 7 7~ candidates are first selected by pairing
an opposite sign pion combination with a J/i) candidate that has a dimuon invariant mass
from -48 MeV to +43 MeV from the J/i) mass [17]. The pions are required to be identified
positively in the RICH detector, have a minimum distance of approach with respect to the
primary vertex (impact parameter) of greater than 9 standard deviation significance, have
a transverse momentum greater than 250 MeV and fit to a common vertex with the J/
with a x? less than 16. Furthermore, the J/) 7 7~ candidate must have a vertex with a
fit x? less than 10, flight distance from production to decay vertex greater than 1.5 mm
and the angle between the combined momentum vector of the decay products and the
vector formed from the positions of the primary and the BY decay vertices (pointing angle)
is required to be consistent with zero. Events satisfying this preselection are then further
filtered using requirements determined using a Boosted Decision Tree (BDT) [18]. The
BDT uses nine variables to differentiate signal from background: the identification quality
of each muon, the probability that each pion comes from the primary vertex, the transverse
momentum of each pion, the BY vertex fit quality, flight distance from production to decay
vertex and pointing angle. It is trained with simulated B? — J/ f5(980) signal events
and two background samples from data, the first with like-sign pions with J/7*7* mass
within £50 MeV of the BY mass and the second from the B? upper mass sideband with
Jhb 77~ mass between 200 and 250 MeV above the BY mass.

As the effective B — J/ f5(980) lifetime is measured relative to that of the decay
B — Jhp K*°, we use the same trigger, preselection and BDT to select J/) K~ events,
except for the hadron identification that is applied independently of the BDT. The selected
7tn~ and K~ 7t invariant mass distributions, for candidates with Japntn~ (Jip K- 7t)
mass within 20 MeV of the respective B mass peaks are shown in Fig.[I] The background
distributions shown are determined by fitting the Japntn~ (J/ip K~ ) mass distribution
in bins of 777~ (K~ 7") mass. Further selections of +£90 MeV around the f;(980) mass
and £100 MeV around the K* mass are applied. The f,(980) selection results in a
BY— Jh) f5(980) sample that is greater than 99.4% CP-odd at 95% confidence level [19].

The analysis exploits the fact that the kinematic properties of the B%— J/) f5(980)
decay are very similar to those of the B® — Jj) K* decay. We can select B mesons in
either channel using identical kinematic constraints and hence the decay time acceptance
introduced by the trigger, reconstruction and selection requirements should almost cancel in
the ratio of the decay time distributions. Therefore, we can determine the B?— J/i) f3(980)
lifetime, 7 5,, relative to the BY — Jhp K*0 lifetime, 7 T K0 from the variation of the
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Figure 1: Invariant mass distributions of selected (a) 777~ and (b) K~ 7" combinations
(solid histograms) for events within 420 MeV of the respective B? and B’ mass peaks.
Backgrounds (dashed histograms) are determined by fitting the Japntn™ (Jp K- n™)
mass in bins of 777~ (K~ 7") mass. Regions between the arrows are used in the subsequent
analysis.

ratio of the B meson yields with decay time
R(t) = R(0)e V710" 7 ur) = R(0)e™ S0t (3)

where the width difference Ay g, = 1/7 1o — 1/7 55 go0- B
We test the cancellation of acceptance effects using simulated B?— J/) f5(980) and
B®— Jhp K* events. Both the acceptances themselves and also the ratio exhibit the same
behaviour. Due to the selection requirements, they are equal to 0 at ¢t = 0, after which
there is a sharp increase, followed by a slow variation for ¢ greater then 1ps. Based on
this, we only use events with ¢ greater than 1 ps in the analysis. To good approximation,
the acceptance ratio is linear between 1 and 7 ps, with a slope of a = 0.0125 £ 0.0036 ps~!
(see Fig. . We use this slope as a correction to Eq. |3| when fitting the measured decay
time ratio
R(t) = Ro(1 + at)e "2 s, (4)

Differences between the decay time resolutions of the decay modes could affect the
decay time ratio. To measure the decay time resolution, we use prompt events containing a
J/i» meson. Such events are found using a dimuon trigger, plus two opposite-charged tracks
with similar selection criteria as for Jipntn~ (J/ K~ nt) events, apart from any decay
time biasing requirements such as impact parameters and B flight distance, additionally
including that the JAp 77~ (JAp K~7F) mass be within 420 MeV of the B? (BY) mass.
To describe the decay time distribution of these events, we use a triple Gaussian function
with a common mean, and two long lived components, modelled by exponential functions
convolved with the triple Gaussian function. The events are dominated by zero lifetime
background with the long lived components comprising less than 5% of the events. We find
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Figure 2: Ratio of decay time acceptances between BY— J/) f5(980) and B°— J/ K*0
decays obtained from simulation. The solid (blue) line shows the result of a linear fit.

the average effective decay time resolution for B — J/ f5(980) and B°— J/p K*° decays
to be 41.0 = 0.9fs and 44.1 4+ 0.2 fs respectively, where the uncertainties are statistical only.
This difference was found not to bias the decay time ratio using simulated experiments.

In order to determine the B? — J/ fo(980) lifetime, we determine the yield of B
mesons for both decay modes using unbinned maximum likelihood fits to the B mass
distributions in 15 bins of decay time of equal width between 1 and 7ps. We perform a x>
fit to the ratio of the yields as a function of decay time and determine the relative lifetime
according to Eq. We obtain the signal and peaking background shape parameters
by fitting the time-integrated dataset. In each decay time bin, we use these shapes and
determine the combinatorial background parameters from the upper mass sidebands,
5450 < m(J/Y fy) < 5600 MeV and 5450 < m(JAp K*°) < 5550 MeV. With this approach,
the combinatorial backgrounds are re-evaluated in each bin and we make no assumptions
on the shape of the background decay time distributions. This method was tested with
high statistics simulated experiments and found to be unbiased.

The time-integrated fits to the J/i fo(980) and the J/i) K*° mass spectra are shown in
Fig.[3] The signal distributions are described by the sum of two Crystal Ball functions [20]
with common means and resolutions for the Gaussian core, but different parameters
describing the tails

(o2
: = r a2 m—ul """ me
f(m’/'b’0-7 nl,ryo[l,r) - Ry - exp ) oy = |OZT| — B4 s if 8> (07
£ >

exp( 7(75;2“ ) ), otherwise,

()

where f1 is the mean and o the width of the core, while n;, are the exponent of the left

n \™ —|ay|? n |m—p —m pm—p
() o0 (). (5 mi-=) ", s
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Figure 3: Invariant mass distributions of selected (a) Jintn~ and (b) Jap K~ 7" candi-
dates. The solid (blue) curves show the total fits, the long dashed (purple) curves show
the respective B?— J/) f5(980) and B® — J/ip K*° signals, and the dotted (gray) curve
shows the combinatorial background. In (a) the short dashed (blue-green) curve shows the
BY— Jhp 77~ background and the dash dotted (green) curve shows the B®— Jap K~
reflection. In (b) the short dashed (red) curve near 5370 MeV shows the BY — Jhy K—nt
background.

and right tails, and «;, are the left and right transition points between the core and tails.
The left hand tail accounts for final state radiation and interactions with matter, while the
right hand tail describes non-Gaussian detector effects only seen with increased statistics.
The combinatorial backgrounds are described by exponential functions. All parameters
are determined from data. There are 4040 + 75 BY — J/) £5(980) and 131920 =4 400
BY — Jhp K*° signal decays. The decay time distributions, determined using fits to the
invariant mass distributions in bins of decay time as described above, are shown in Fig. [4l
These are made by placing the fitted signal yields at the average B° — J/i K** decay time
within the bin rather than at the centre of the decay time bin. This procedure corrects for
the exponential decrease of the decay time distributions across the bin. The subsequent
decay time ratio distribution is shown in Fig. [5] and the fitted reciprocal lifetime difference
is Ay, = —0.070 £ 0.014 ps—!, where the uncertainty is statistical only. Taking 7 Thp K+0

to be the mean B lifetime 1.519 & 0.007 ps [17], we determine 7,7, = 1.700 £ 0.040 ps.

Sources of systematic uncertainty on the BY— J/) f3(980) lifetime are investigated and
listed in Table [} We first investigate our assumptions about the signal and combinatorial
background mass shapes. The relative change of the determined B%— J/i f(980) lifetime
between fits with double Crystal Ball functions and double Gaussian functions for the signal
models is 0.001 ps, and between fits with exponential functions and straight lines for the
combinatorial background models is 0.010 ps. The different particle identification criteria
used to select BY — J/ fo(980) — ptpu~ntr and B® — Jhp K0 — ptpu~ K" decays
could affect the acceptance cancellation between the modes. In order to investigate this
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Figure 4: Decay time distributions for (a) B — J/ fo(980) and (b) B®— J/p K*0. In (b)
the error bars are smaller than the points.
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Figure 5: Decay time ratio between B? — J/) f5(980) and B° — J/ip K*° and the fit
for AJ/wa .

effect, we loosen and tighten the particle identification selection for the kaon, modifying the
B° — Jhp K*0 signal yield by +2% and —20% respectively, and repeat the analysis. The
larger difference with respect to the default selection, 0.007 ps, is assigned as a systematic
uncertainty. We also assign half of the relative change between the fit without the
acceptance correction and the default fit, 0.018 ps, as a systematic uncertainty. Potential
statistical biases of our method were evaluated with simulated experiments using similar
sample sizes to those in data. An average bias of 0.012ps is seen and included as a
systematic uncertainty. The observed bias vanishes in simulated experiments with large
sample sizes. As a cross-check, the analysis is performed with various decay time bin widths



Table 1: Summary of systematic uncertainties on the B%— J/i f5(980) effective lifetime.

Source Uncertainty (ps)
Signal mass shape 0.001
Background mass shape 0.010
Kaon identification 0.007
Acceptance 0.018
Statistical bias 0.012
CP-even component 0.001
B lifetime [17] 0.009
Sum in quadrature 0.026

and fit ranges, and consistent results are obtained. The possible CP-even component,
limited to be less than 0.6% at 95% confidence level [19], introduces a 0.001 ps systematic
uncertainty. Using the PDG value for the B lifetime [17] as input requires the propagation
of its error as a systematic uncertainty. All the contributions are added in quadrature
and yield a total systematic uncertainty on the lifetime of 0.026 ps (1.5%). Thus the
effective lifetime of the J/ fo(980) final state in BY decays, when describing the decay
time distribution as a single exponential is

Tip fo = 1.700 £ 0.040 4= 0.026 ps . (6)

Given that ¢, is measured to be small, and the decay is given by a pure b— ccs tree
amplitude, we may interpret the inverse of the BY — J/ f5(980) effective lifetime as a
measurement of I'y with an additional source of systematic uncertainty due to a possible
non-zero value of ¢5. For cos ¢, = 0.99, T's = 0.6580 ps™ and ATy = 0.116ps™" [5], T ,
changes by 0.002 ps. This is added in quadrature to the systematic uncertainties on 7 f,
to obtain the final systematic uncertainty on I'y.

In summary, the effective lifetime of the B? meson in the CP-odd J/ fo(980) final
state has been measured with respect to the well measured B° lifetime in the final state
Jhp K*°. The analysis exploits the kinematic similarities between the B? — J/) f5(980)
and B°— Jhp K*0 decays to determine an effective lifetime of

T fo = 1.700 £ 0.040 £ 0.026 ps,
corresponding to a width difference of
Ajjy o = —0.070 £ 0.014 £ 0.001 ps ',

where the uncertainties are statistical and systematic respectively. This result is consistent

with, and more precise than, the previous measurement of 1.70 701740.03 ps from CDF [21].

Interpreting this as the lifetime of the heavy B? eigenstate, we obtain

'y = 0.588 £ 0.014 4 0.009 ps .
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This value of I'y is consistent with the value 0.600 4+ 0.013 ps~!, calculated from the values
of I'y and AT in Ref. [5].

Acknowledgements

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

References

[1] LHCDb collaboration, R. Aaij et al., First observation of By — J/1¢ f,(980) decays,
Phys. Lett. B698 (2011) 115, arXiv:1102.0206.

[2] S. Stone and L. Zhang, S-waves and the Measurement of CP Violating Phases in B
Decays, Phys. Rev. D79 (2009) 074024, arXiv:0812.2832.

3] LHCbD collaboration, R. Aaij et al., Measurement of the CP wviolating phase ¢4 in
BY — J/4f5(980), Phys. Lett. B707 (2012) 497, arXiv:1112.3056.

[4] LHCb collaboration, R. Aaij et al., Determination of the sign of the decay width
difference in the By system, Phys. Rev. Lett. 108 (2012) 241801, arXiv:1202.4717.

[5] LHCD collaboration, Tagged time-dependent angular analysis of B — Jh) ¢ decays at
LHCbH, LHCb-CONF-2012-002.

[6] M. Freytsis, Z. Ligeti, and S. Turczyk, A new constraint on CP wviolation in neutral
meson mixing, arXiv:1203.3545; A. Lenz et al., New Physics in B-Bbar mizing in
the light of recent LHCb data, arXiv:1203.0238; C. Bobeth and U. Haisch, New
Physics in I'5y: (sb) (T1) Operators, arXiv:1109.1826.

(7] R. Fleischer and R. Knegjens, Effective Lifetimes of Bs Decays and their Constraints
on the B2-B? Mizing Parameters, Eur. Phys. J. C71 (2011) 1789, arXiv:1109.5115.

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


http://dx.doi.org/10.1016/j.physletb.2011.03.006
http://arxiv.org/abs/1102.0206
http://arxiv.org/abs/1102.0206
http://dx.doi.org/10.1103/PhysRevD.79.074024
http://arxiv.org/abs/0812.2832
http://arxiv.org/abs/0812.2832
http://dx.doi.org/10.1016/j.physletb.2012.01.017
http://arxiv.org/abs/1112.3056
http://arxiv.org/abs/1112.3056
http://dx.doi.org/10.1103/PhysRevLett.108.241801
http://arxiv.org/abs/1202.4717
http://arxiv.org/abs/1202.4717
http://cdsweb.cern.ch/search?p=LHCb-CONF-2012-002&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://arxiv.org/abs/1203.3545
http://arxiv.org/abs/1203.3545
http://arxiv.org/abs/1203.0238
http://arxiv.org/abs/1203.0238
http://arxiv.org/abs/1109.1826
http://arxiv.org/abs/1109.1826
http://arxiv.org/abs/1109.5115
http://arxiv.org/abs/1109.5115
http://dx.doi.org/10.1103/PhysRevD.84.033005
http://arxiv.org/abs/1106.4041
http://arxiv.org/abs/1106.4041

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[21]

U. Nierste, Three lectures on meson miring and CKM phenomenology,
arXiv:0904.1869; I. I. Bigi and A. Sanda, CP wiolation, Camb. Monogr. Part.
Phys. Nucl. Phys. Cosmol. 9 (2000) 1.

LHCb collaboration, A. A. Alves Jr. et al., The LHCb detector at the LHC, JINST 3
(2008) S08005.

T. Sjostrand, S. Mrenna, and P. Skands, PYTHIA 6.4 Physics and manual, JHEP 05
(2006) 026, arXiv:hep-ph/0603175.

I. Belyaev et al., Handling of the generation of primary events in GAUSS, the LHCb
simulation framework, Nuclear Science Symposium Conference Record (NSS/MIC)
IEEE (2010) 1155.

D. J. Lange, The EvtGen particle decay simulation package, Nucl. Instrum. Meth,
A462 (2001) 152.

M. Clemencic et al., The LHCb Simulation Application, Gauss: Design, Evolution
and Ezperience, J. of Phys: Conf. Ser. 331 (2011) 032023,

GEANT4 collaboration, J. Allison et al., Geant4 developments and applications,
[EEE Trans. Nucl. Sci. 53 (2006) 270; GEANT4 collaboration, S. Agostinelli et al.,
GEANTY: A simulation toolkit, Nucl. Instrum. Meth. A506 (2003) 250.

LHCD collaboration, R. Aaij et al., Measurement of the CP wiolating phase ¢s in
BY— Jhbmtw™ decays, Phys. Lett. B713 (2012) 378, arXiv:1204.5675.

Particle Data Group, J. Beringer et al., Review of particle physics, Phys. Rev. D86
(2012) 010001, http://pdg.1bl.gov /.

B. P. Roe et al., Boosted decision trees as an alternative to artificial neu-
ral networks for particle identification, Nucl. Instrum. Meth. A543 (2005) 577,
arXiv:physics/0408124; A. Hoecker et al., TMVA - Toolkit for multivariate data
analysis, PoS ACAT (2007) 040, [arXiv:physics/0703039.

LHCD collaboration, R. Aaij et al., Analysis of the resonant components in B® —
Jhpmtr arXiv:1204.5643, submitted to Phys. Rev. D.

T. Skwarnicki, A study of the radiative cascade transitions between the
Upsilon-prime and Upsilon resonances, PhD thesis, Institute of Nu-
clear Physics, Krakow, 1986, |DESY-F31-86-02, http://Iss.fnal.gov/cgi+
bin/find_paper.pl?other/thesis/skwarnicki.pdf.

CDF Collaboration, T. Aaltonen et al., Measurement of branching ratio and BY
lifetime in the decay B° — J/vfo(980) at CDF, Phys. Rev. D84 (2011) 052012,
arXiv:1106.3682.


http://arxiv.org/abs/0904.1869
http://arxiv.org/abs/0904.1869
http://dx.doi.org/10.1088/1748-0221/3/08/S08005
http://dx.doi.org/10.1088/1748-0221/3/08/S08005
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://arxiv.org/abs/hep-ph/0603175
http://dx.doi.org/10.1109/NSSMIC.2010.5873949
http://dx.doi.org/10.1109/NSSMIC.2010.5873949
http://dx.doi.org/10.1016/S0168-9002(01)00089-4
http://dx.doi.org/10.1016/S0168-9002(01)00089-4
http://dx.doi.org/10.1088/1742-6596/331/3/032023
http://dx.doi.org/10.1109/TNS.2006.869826
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/j.physletb.2012.06.032
http://arxiv.org/abs/1204.5675
http://arxiv.org/abs/1204.5675
http://pdg.lbl.gov/
http://dx.doi.org/10.1016/j.nima.2004.12.018
http://arxiv.org/abs/physics/0408124
http://arxiv.org/abs/physics/0408124
http://arxiv.org/abs/physics/0703039
http://arxiv.org/abs/physics/0703039
http://arxiv.org/abs/1204.5643
http://arxiv.org/abs/1204.5643
http://lss.fnal.gov/cgi-bin/find_paper.pl?other/thesis/skwarnicki.pdf
http://lss.fnal.gov/cgi-bin/find_paper.pl?other/thesis/skwarnicki.pdf
http://lss.fnal.gov/cgi-bin/find_paper.pl?other/thesis/skwarnicki.pdf
http://arxiv.org/abs/1106.3682
http://arxiv.org/abs/1106.3682

	References

