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Abstract In this paper a feasibility study of the B, meson to measure its mass and lifetime is described with
the general purpose detector at the LHC. The study solely concentrated on the J/\mt, J/ — utu™ decay
channel of the B, and it was concluded that about 120 events can be selected in the first fb~! of data. With
this data sample, the mass resolution was estimated to be 2.0(stat.) MeV/c* while the cr resolution was found
to be 13.1(stat.) um, i.e. the lifetime resolution to be 0.044(stat.) ps.
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1 Introduction

The B, meson is the ground state of bc system. In
contrast to the common quarkonia, B, in fact is the
only one which carries different heavy flavors and de-
cays through the weak interactions. This unique char-
acter provides a great opportunity for studying heavy
quark dynamics, and helps to test the spin symmetry
derived in the non-relativistic quantum chronmody-
namics (NRQCD) and heavy quark effective theory
(HQET) approaches!™ .

The be system has a rich spectroscopy of orbital
and angular-momentum excitations. The majority
of the B, mesons at the LHC are produced indi-
rectly via the decay of excited bc mesons. The ex-
cited states cascade down through the spectrum via
a sequence of hadronic and electromagnetic transi-
tions, until they reach the ground state B.(1s). The
mass of B, and other states can be calculated us-
ing the non-relativistic potential models!* '™, The
range of the resulting predictions for the B, mass is
6.24+0.05 GeV/c%.

The decay of B. ground state can be subdivided
into three classes: the b quark decays with the ¢ quark
as a spectator, the ¢ quark decays with the b quark as
a spectator, and annihilation decay be — £+v,, cs, us,
where / = e, u or 1. Modern theoretical tools used
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for the calculations of the fundamental B, are the
Operator Product Expansion (OPE), sum rules (SR)
of QCD and NRQCD, and potential models (PM).
Table 1" shows the results from the three different
theoretical approaches. All predictions agree within
the errors, and the inclusive OPE and exclusive PM
approaches give the values consistent but with large
errors. The same is true for the prediction of the
lifetime!*®

T(Be)ope,pv = 0.55+0.15ps,
7(Be)sr = 0.4840.05ps.

It should be noted that the SR’s prediction is the
most precise one for the lifetime.

Table 1. The branching ratios of the B. decay
modes calculated in the framework of inclu-
sive OPE approach (OPE), by summing up
the exclusive modes in the potential models
(PM) and according to the semi-inclusive es-
timates in the sum rules of QCD and NRQCD

(SR).

Bc decay mode  OPE (%) PM (%) SR (%)
Yb—¢c 25.01+6.2 25.04+6.2 19.6£1.9
Yc—s 64.31+16.1 65.6+16.4 72.0£7.2

B —cs 7.24+1.8 7.2+1.8 6.6+£0.7

The first observation of the B, meson was reported
by the CDF Collaboration at Fermilab Tevatron col-
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lider in the semileptonic decay mode B, — J/{lv
with the J/1{ decaying into muon pairs!*® 2% Val-
ues for the mass and the lifetime of the B. meson
were given as M(B.) = 6.40 £0.39 +0.13 GeV/c?
and 7(B.) = 0.461015(stat.) £ 0.03(syst.) ps, repec-
tively. Based on Tevatron Run II, recently new re-
sult by the CDF Collaboration for the mass of B,
meson from decay mode B, — J/im, is 6.2857+
0.0053(stat.) £ 0.0012(syst.) GeV/c? with errors sig-
nificantly smaller'®, and for the lifetime from de-
cay mode B — J/(etv, is 0.463759%2 +0.036 ps®?.
Also DO Collaboration has observed the B, in the
semileptonic decay mode B, — J/{uX and reported
evidence that M(B.) = 5.957013 +0.34 GeV and
7(Be) = 0.45751240.12 ps?.

Because of the higher colliding energy, the pro-
duction cross section of the B. at the LHC is
higher than the one at the Tevatron: o(B.)"C ~
16 o(B.) vl Since also the LHC luminosity will
be higher, the experiments at the LHC poss the po-
tential to collect much more B, mesons and its excited
states than the experiments at the Tevatron. The
large sample allows the study of the spectroscopy and
decays of B, mesons, and open to full experimental
investigation and systematic test of the theory on its
mass, production rate and lifetime, etc.!'® 24 2%,

There have been some possibility studies on the
B. meson at the LHC® ?". Former work in Ref. [28]
gaves some estimation for such possibilities based on
lepton trigger but not through real detector simula-
tion.

In this paper the study of the B, meson in the
fully reconstructed decay chain B, — J/{7t followed
by J/i — utpu~ at the general purpose detector with
the prototype of the Compact Muon Solenoid®” at
the LHC is proposed. The emphasis here is for the
first 1 fb~! data at the initial phase with the advan-
tage of few pile-up events at the low luminosity mode
below 2x1073%cm™2-s7!. The signal and background
event samples are discussed and given in Section 2,
and event selection is described in Section 3. The
mass and lifetime fitting of the B, meson is presented
in Section 4.

2 Monte Carlo data samples

A large amount of Monte Carlo events have been
produced to study the measurement of B, mass and
lifetime for the detector described in Ref. [29] at the
LHC by using the first fb™' of recorded data.

2.1 The B, signal event sample

There are two dedicated B,
BCVEGPY? 3% and Protvinol®" *?,

generators,

both based

on perturbative QCD and integrated in the SIMUB
package®. PYTHIAPY can also generate B, events
but consumes much more CPU time for this process.
Fig. 1 gives a comparison of the B. pr distribution
generated by them. It shows that the Protvino pack-
age produces a harder pr spectrum, while PYTHIA
and BCVEGPY agrees with each other. In order
to save CPU time, the BCVEGPY generator was
used, and for the optimization, in the generation
process only signal events that satisfied the follow-
ing requirements on transverse momentum pr and
pseudorapidity n are generated:

1) pr(Be) > 10 GeV/c and |n(B.)| <2.0

2) pr(p) >4 GeV/c and |n(p)] <2.2

After these kinematic cuts the accepted cross sec-
tion including the branching ratio is 1.78 pb. The
produced 52 000 B, events therefore correspond to
29.2 fb~! of the integrated luminosity.
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Fig. 1. Comparison of pr distribution of B.

mesons, BCVEGPY (solid line) agrees with

PYTHIA (dot line), while Protvino package

(dash-dot line) generates higher pT[Qs].

2.2 The B, background event samples

B hadron decays containing J/1{ as well as the
prompt J /1 production are the most important back-
grounds for the analysis. Other important back-
ground sources are bb — ptu=X, c¢ — ptp X,
W+jets and Z+jets. B hadrons containing J/1 are
generated with PYTHIA 6.228 utilizing similar kine-
matic cuts on final muons as were used for the B,
production. Prompt J/1 events are generated with
PYTHIA 6.324 including color-octet contributions.

Table 2. The cross section multiplied by the
branching ratio after kinematic cuts and the
number of events produced for B hadrons and
prompt J/ and cc — ptp~X.

channel o-Br/pb Nevent
BO 70.3 740 000

B+ 70.7 740 000

Bs 14.8 190 000

Ay 194 200 000
prompt J/ 240.3 500 000
& —ptp—X 1690 210 000
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Table 2 shows the cross sections multiplied by
the branching ratio and number of produced events
for the important background processes. Therefore,
more than 10 fb~" B hadrons, 2 fb™" prompt J/1
and 0.12 fb™' c¢c¢ — ptpu~X events were produced for
this study. Furthermore about 950 000 QCD, 880 000
Wjets, 710 000 Z+jets and 100 000 bb — ptu~—X
background events were also used for this analysis.

3 Event selection

Signal events for this analysis are characterized
by a b-jet, a c-jet as well as a B. meson in the final
state. The B, is supposed to decay in a pion and
J/\p — ptu~. The selection of this topology starts
from 2 muon tracks where the pr of both muons must
be larger than 4 GeV/c and their absolute value of 7
is required to be less than 2.2. Furthermore the two
muons must have different charge, share the same ver-
tex, and their invariant mass must be within the J/{
mass window from 3.0 to 3.2 GeV/c?.

The analysis continues by requiring an additional
track at the J/{ vertex. This track must not be a
muon nor an electron candidate, with the conditions
pr>2 GeV/cand |n| <2.4.

The decay length, L,,, and the proper decay
length, LYP", are calculated from the primary ver-
tex and the J/\{ vertex candidate defined in the z-y
plane. A Gaussian fit to the distribution of the dif-
ference of reconstructed and generated proper decay
length yields a resolution of 25 wm for LEP". Tt is
interesting to note that this resolution is almost in-
dependent of the L7P" value.

In order to suppress the prompt J /1 background,
the secondary vertex must be displaced from the pri-
mary one significantly. Therefore, the significance of
the decay length L.,/04, >2.5 and L;P" > 60 um is
required. In addition, the cosine value of the opening
angle between the direction from primary to second
vertex and the reconstructed B. momentum cosf,
must be larger than 0.8.

The invariant mass of the J/1{ and pion candidate
after all the cuts is shown in Fig. 2. The plot is nor-
malized to the integrated luminosity 1 fb~'. Already
with this rather low luminosity a clear signal of the
B, meson in the mass region of 6.25 to 6.55 GeV/c?
can be established.
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Fig. 2. The invariant mass of J/1{ and pion can-

didate for the B. meson and its backgrounds.

Because of the large cross section, the number of
produced QCD Monte Carlo events is not sufficient
to directly determine the QCD background which is
therefore estimated in 3 steps. At first the efficiency
to select two muons (€,+,-) is obtained directly from
the QCD sample, then the efficiency to reconstruct
two muons into a J/{ candidate (€,.) is calculated
from the ¢c¢ — putu~X sample, and finally the effi-
ciency for a J/1{ candidate plus a charged track to
be taken as a fake B. meson (€,.ompt) is obtained
from the prompt J/1 sample. The so estimated num-
ber of background events for QCD is shown in Ta-
ble 3. Other processes as W+jets, c¢ — putpu~X and
bb — putu~X are presented in Tables 4, 5 and 6 re-
spectively. All numbers are normalised to 1 fb™".

Table 7 summarises the number of selected B,
events and background events after all analysis cuts.
The total background is dominated by B — J/1{X de-
cays and amounts to 2.640.4 events for 1 fb~". For
the same integrated luminosity 120411 signal events
are expected.

Table 3. QCD backgrounds estimation at 1 fb~! with different p'r bins.
source U/mb €P-+ u— €rec €prompt Nevent
QCD 0—15 55.22 (1.7£0.2) x 107 (1.3£0.1)x 1073 (6.2+1.2) x 1078 0.08+0.01
QCD 15—20 1.5 (7.44£0.1) x 10~ (1.34£0.1) x 1073 (6.24+1.2) x 1076 0.09+0.00
QCD 20—30 0.64 (4.44£2.2) x 1073 (1.34£0.1)x 1073 (6.241.2) x 1076 0.2340.07
QCD 30—50 0.16 (1.34£0.4) x 10~* (1.34£0.1) x 1073 (6.24+1.2) x 1076 0.16+0.02
QCD 50—80 0.02 (6.340.6) x 104 (1.34£0.1) x 1073 (6.241.2) x 1076 0.1140.01
QCD 80—120 0.0029 (1.64+0.1) x 1073 (1.34£0.1) x 1073 (6.24+1.2) x 1076 0.04+0.00
QCD 120—170  5.0x 10~4 (3.54£0.2) x 1073 (1.34£0.1) x 1073 (6.24+1.2) x 1076 0.0140.00
QCD 170230  1.0x 10~ (6.1£0.4) x 1073 (1.34£0.1)x 1073 (6.241.2) x 1076 0.0140.00
QCD 230—470 2.4x107° (1.54£0.1) x 102 (1.34£0.1) x 1073 (6.24+1.2) x 1076 0.00+£0.00
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Table 4. W+jets backgrounds estimation at 1 fb~! with different prr bins.
source o/mb €utu— €rec €prompt Nevent
W-tjets 0—20 1.1x10~4 (5.1£0.6) x 104 (1.3£0.1)x 1073 (6.24+1.2) x 1076 0.0040.00
Wjets 20—50  2.7x107° (1.440.1) x 1073 (1.3+£0.1)x 1073 (6.24+1.2) x 1076 0.0040.00
W-tjets 50—85 1.0x 1075 (2.840.1) x 1073 (1.34£0.1)x 1073 (6.241.2) x 1076 0.00+0.00
Wjets 85—150  6.3x 1076 (4.540.1) x 1073 (1.3+£0.1)x 1073 (6.24+1.2) x 1076 0.0040.00
Wjets 150—400 1.4x 1076 (1.140.1) x 1072 (1.34£0.1) x 1073 (6.241.2) x 1076 0.0040.00
Table 5. ¢t — pTu~X backgrounds estimation at 1 fb™!.
source o/mb €rec €prompt Nevent
cc 1.69x 10~ (9.1£0.7) x 10~% (6.2£1.2) x 1078 0.014£0.00
Table 6. bb— puTp~X backgrounds estimation at 1 fb™'.
source O'/mb €rec €prompt Nevent
bb 4.8x 106 (4.240.6) x 10~* (6.24+1.2) x 1076 0.0140.00
Table 7. The number of signal and background events estimation at 1 fb~?.
Be B+ Bs BO prompt J /4 Ay cc bb QCD
120+ 11 0.7£0.2 0.1 0.840.3 0.1 0.1 0.01 0.01 0.740.1

For this study any potential issues related to a
dedicated trigger strategy for the B. events have not
been considered. However, for the first b~ of data
the machine luminosity is expected to be low and,
therefore, the muon pr trigger threshold could be as
low as 2.5 GeV/c for the endcap and 3.5 GeV/c for
the barrel. In addition more sophisticated high level
trigger algorithms like a J/{ mass window cut can
be utilised to keep the trigger rate at an acceptable
level.

4 B, mass and lifetime fitting

A kinematic fit was performed to impose the J/1{
mass constraint as well as to require that the two
muons and the pion candidate stem from one common
vertex. Fig. 3 shows the invariant mass of J/1 and
pion after the kinematic fit. The plot contains 120 sig-
nal events as well as the background from B hadrons
and prompt J /1. A Gaussian fit to the mass distribu-
tion results in a center mass of 6402.0+2.0 MeV/c?,
and a mass resolution, the standard deviation of the
Gaussian at the central value, of 22.0 MeV/c?. The
input mass of the B, for the Monte Carlo event gen-
eration was 6400 MeV/c?.

A binned likelihood fitting was done on the proper
decay length distribution of the selected B, events.
The likelihood function .Z is the product of the Pois-
son distribution & (n, u;), n; is the number of events
observed, and pu; is the number of events predicted in
the ¢-th bin.

p=N-e(x)-exp(—z/cT)@G(z,0),

where x represents the proper decay length, NV and cr
are the parameters to be fitted, G(x,0) is the Gaus-
sian smear-function, while ¢ is the resolution of the
proper decay length to be 25 pm in the fitting as dis-
cussed above. €(z) is the efficiency obtained from the
large B. sample.
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Fig. 3. The invariant mass of J/1 and pion can-
didate for the selected B. events at 1 fb~!.
The mean value is 6402 MeV/c?, and the o is
22 MeV/c? from a Gaussian fit.

After the fitting, ¢t was obtained to be 148.8+
13.1 pm shown in Fig. 4. This result can be com-
pared to the input value for the Monte Carlo event
generation of 150 um. Similar to the mass determi-
nation, the extraction of ¢r shows no evidence for a
systematic bias.
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Fig. 4. The B. proper decay length distribu-
tion at 1 b1, the ¢r was fitted to be 148.8+
13.1pm.

5 Conclusion

With the first fb~" of data, the general purpose
detectors at the LHC are able to reconstruct roughly
120 B." — J/Pnt with J/ip — putp~ events. With
this data sample the B, mass can be measured with
an uncertainty of 2.0(stat.) MeV/c? and c¢r can be
extracted with a precision of 13.1(stat.) um, corre-
sponding lifetime uncertainty 0.044(stat.) ps, which
is better than the present experimental results from

References

1 Weinberg S. Phys. Rev. D, 1990, 42: 860

2 Lavoura L. Int. J. Mod. Phys. A, 1993, 8: 375

3 Jenkins E, Luke M, Monohar A V et al. Nucl. Phys. B,
1993, 390: 463

4 Kiselev V V| Kovalsky A E, Likhoded A K. Nucl. Phys. B,
2000, 585: 353

5 WU X G, CHANG C H, CHEN Y Q et al. Phys. Rev. D,

2003, 67: 094001

CHANG C H, CHEN Y Q. Phys. Rev. D, 1992, 46: 3854

CHANG C H, CHEN Y Q. Phys. Rev. D, 1993, 48: 4086

CHANG C H, CHEN Y Q. Phys. Rev. D, 1994, 49: 3399

CHANG C H, CHEN Y Q, HAN G P et al. Phys. Lett. B,

1995, 364: 78

10 CHANG C H, CHEN Y Q, Oakes R J. Phys. Rev. D, 1996,
54: 4344

11 CHANG C H, WU X G. hep-ph/0309121

12 Gershtein S S et al. Sov. J. Nucl. Phys., 1988, 48: 327

13 Kwong W, Rosner J. Phys. Rev. D, 1991, 44: 212

14 CHEN Y Q, KUANG Y P. Phys. Rev. D, 1992, 46: 1165

15 Eichten E J, Quigg C. Phys. Rev. D, 1994, 49: 5845

16 Kiselev V V| Likhoded A K, Tkabladze A V. Phys. Rev.
D, 1995, 51: 3613

17 Baldicchi M, Prosperi G M. Phys. Rev. D, 2000, 62: 114024

18 Kiselev V V. hep-ph/0211021

19 Abe F et al. (CDF Collaboration). Phys. Rev. Lett., 1998,
81: 2432

20 Abe F et al.(CDF Collaboration). Phys. Rev. D, 1998, 58:

112004
21 Abulencia A et al. Phys. Rev. Lett., 2006, 96: 082002
22 Abulencia A et al. Phys. Rev. Lett., 2006, 97: 012002

© 0w

the detectors at Tevatron. At the moment, the
theoretical calculation is at the leading order with-
out considering other possible additional produc-
tion mechanism®, the P-wave!®and the color-octet

contribution®”.  Therefore the theoretical uncer-

tainty on the total cross section and the pr distri-
bution are large.

For the systematic uncertainties, the muon tracks
as well as the vertex reconstruction will suffer from
misalignment which affects the B. measurement in

the momentum scale of muons and pions, the momen-

tum resolution® and the vertex determination®.

It’s expected to correct the misalignment and use the
inclusive J/1 — putu~ decays to calibrate the mo-
mentum scale of tracking system, especially in real
data analysis. Deviations from the well-measured
world averages in the " — ptp~ and T — ptp-
high statistics samples can be used to determine the
uncertainty of the momentum scale. Other uncertain-
ties include these from the theoretical uncertainty on
B. production mentioned above, trigger efficiency, de-
tection efficiency, momentum resolution, and the ro-
bustness cut and selections in the analysis, etc. With
the misalignment correction and detailed calibration
of the detector, a high precision measurement of B,
meson with the detectors at the LHC is anticipated.

23 Cheu E et al. (DO Collaboration). Int. J. Mod. Phys. A,
2005, 20: 3664

24 Ball P et al. B Decays at the LHC, CERN-TH-2000-101.
2000. hep-ph/0003238

25 Brambilla N et al. hep-ph/0412158

26 ATLAS Collaboration. ATLAS Detector and Physics
Performance Technical Design Report, Vol. I. CERN/
LHCC/99-14; Vol. II, CERN/LHCC/99-15. 1999

27 Yushchenko O P. LHCb NOTE 2003-113

28 ZHANG S H, Belkov A A, Shulga S et al. Chin. Phys. Lett.,
2004, 21: 2380

29 CMS Collaboration. CMS Physics TDR, Vol. 1. Detector
Performance and Software, CMS-TDR-8.1, CERN-LHCC-
2006-001. 2006

30 CHANG C H, Driouichi C, Eerola P et al. Comput. Phys.
Commun., 2004, 159: 192

31 Berezhnoy A V, Kiselev V V| Likhoded A K et al. Phys.
Atom. Nucl., 1997, 60: 1729

32 Gouz I P et al. hep-ph/0211432

33 Belkov A, Shulga S. Comput. Phys. Commun., 2004, 156:
221

34 Sjostrand T, Lonnblad L, Mrenna S et al. LU TP 03-38,
2003. hep-ph/0308153

35 CHANG C H, QIAO CF, WANG J X et al. Phys. Rev. D,
2005, 72: 114009

36 CHANG C H, WANG J X, WU X G. Phys. Rev. D, 2004,
70: 114019

37 CHANG C H, QIAO C F, WANG J X et al. Phys. Rev. D,
2005, 70: 074012

38 Belotelov I et al. CMS NOTE 2006,/017

39 Vanlaer P et al. CMS NOTE 2006,/029



