CPC(HEP & NP), 2009, 33(8): 609—616

Chinese Physics C

Vol. 33, No. 8, Aug., 2009

Feasibility study of a J/1{ cross section measurement
with early CMS data”

YANG Zong-Chang(#571)

QIAN Si-Jin(£R83E)D

(State Key Laboratory of Nuclear Science and Technology, Peking University, Beijing 100871, China)

Abstract We report the methods and plans for measuring the differential cross section of J/\ — utp~

production, using data to be collected in the first LHC run by the CMS detector. Making use of the large

B-hadron lifetime, we show how to separate the promptly produced J/{’s from those coming from B-hadron

decays. Since the J/{ production cross section is expected to be large, the analysis should be viable with

relatively small data sets, that will become available early in the startup of the LHC. We also address effects

of a non-perfect detector alignment, as well as systematic uncertainties.

About 70 thousand J /1 decays are reconstructed from Monte Carlo data, which corresponds to an integrated

luminosity of 3 pb~* in 14 TeV collisions, in the range of p%/ ¥ between 5 and 40 GeV/c. The precision of the

result is limited by systematic uncertainties, and is at the 15% level.
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1 Introduction

The Large Hadron Collider (LHC) was success-
fully started in September, 2008. The LHC! is built
at the European Organization for Nuclear Research
(CERN) in Geneva, Switzerland. It will hopefully
realize the proton-proton collision at the highest
energy in the world by the end of 2009. The designed
luminosity of LHC is 103* em~2-s7!, but normally it
will be reached only after a couple of years of in-
cremental upgrading from a lower initial luminosity.
Though the higher luminosity is a key factor for many
discovery physics topics (e.g. the searches for Higgs
bosons and supersymmetric particles, etc.), the lower
luminosity at the unprecedented high energy in the
early operational period of LHC will already enable
interesting explorations for some topics like Standard
Model physics (including the B-physics). This pa-
per describes the feasibility study of such a category
with early CMS data. As one of two general purpose
experiments at LHC, CMS has been explained, in de-
tail, elsewhere!?. The study reported in this paper
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has mainly used the robust tracker and muon sub-
systems of the CMS detector.

Regarding the J/1{ meson, although it has been
studied extensively since its discovery more than 30
years ago, its underlying production mechanism at
hadron colliders is still not well understood. The re-
views on quarkonium production can be referred to
Refs. [3—5]. Three processes dominate J/{ hadro-
production: the prompt J/1{’s produced directly, the
prompt J/1’s produced indirectly (via the decay of
heavier charmonium states, such as x.), and the non-
prompt J/1’s from the decay of a B-hadron. It is the
prompt production of quarkonia which continues to
be particularly puzzling.

Initially, the prompt production of J/1{’s was as-
sumed to take place via the leading order Colour
Singlet Model (CSM). However, in 1997, the Col-
lider Detector at the Fermilab (CDF) Collaboration
reported large excesses in the amount of prompt
quarkonia produced with respect to the theoreti-
cal predictions'® ® and new production mechanisms
were invented. Among them, the most popular ap-
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proach is the Non-Relativistic QCD (NRQCD), where
production at the parton level can also take place via
a colour octet quark pair. The Colour Octet Mecha-
nism (COM) is successful in explaining the transverse
momentum spectra of quarkonia; however, the COM
polarisation predictions are in disagreement with the
experimental data: the production via a colour-octet
state predicts a significant transverse polarisation of
J/W’s and Y’s, while the recent Tevatron data con-
tradict this prediction® '°'. The CSM in its own has
been revived recently, when it was shown that NLO
and NNLO QCD contributions' ¥ as well as s-
channel cut contributions™*
corrections could lead to an enhancement of the pro-
duction cross section of the CSM, while predicting a
polarisation closer to the data.

arising from relativistic

In view of the puzzling situation, and given the
large yields of quarkonia which will be produced at
the LHC, the early data collected by CMS present an
excellent opportunity to study quarkonia. Thanks to
the higher collision energy and luminosity, the studies
of quarkonia with CMS will probe higher momentum
values than feasible at CDF and DO, extending the
test of different production mechanisms; CMS also
offers a better pseudorapidity coverage, giving the
possibility to study many other dependencies. The
precise tracking permits us to disentangle the prompt
J /¥ production from that coming from B-hadron de-
cays, and therefore it allows us to determine the B-
hadron cross section with a relatively small integrated
luminosity.

In this paper, by using Monte Carlo data we de-
scribe the procedure to measure the J/{ — utp~ dif-
ferential cross section as a function of p%/ Ywith future
early CMS data (e.g. the first 3 pb™! of data to be
collected at a centre-of-mass energy of 14 TeV). Con-
tributions from the prompt and non-prompt J/i’s
will be separated by using lifetime distributions. In
the following sections we discuss the event generation,
the trigger issues, the muon and J/1 reconstruction,
and the measurement of the prompt and non-prompt
J/U pr differential cross sections. Misalignment ef-
fects and systematic uncertainties on the measure-
ment are also addressed.

2 Event generation and Monte Carlo
samples

Events containing prompt J/i’s were produced
using Pythia 6.409™", which generates events based
on the leading-order singlet and octet mechanisms.
The colour octet states undergo a shower evolution.

We used the NRQCD matrix element tuning as was
obtained by comparing the NRQCD calculations with
the CDF datal® %,
generation was set to zero. Events containing non-
prompt J/1’s from B-hadron decays were generated
by using the generic QCD 2—2 event generation in
Pythia (MSEL=1). All J/{ events were generated by
requiring the J/1 to be produced with |n’/*| < 2.5
and both decay muons to have pk > 2.0 GeV/c and
[n*| < 2.5.

As background events we have considered any

The polarization during event

other source of muons that, when paired, could ac-
cidentally have an invariant mass close to that of
the J/1. The following sources of background events
were considered:

1) Generic QCD 2—2 events produced with
Pythia (MSEL=1), require the presence of one p
with ph > 2.5 GeV/c and |n*| < 2.5 at the gener-
ator level, mainly coming from D and B meson de-
cays. These events are referred to as “muon enriched
QCD background” in the following. This background
sample takes into account the combinations of two
muons from different origins except the case where
both muons would be due to the pion or kaon de-
cays. Neglecting this background contribution has a
small effect on our results and will be considered as
a contribution to the systematic uncertainties.

2) Drell -Yan events where both muons have pk >
2.0 GeV/c and |n*| < 2.5.

Totally, about 2 million prompt J/{ events, 1
million B-hadron decay events, 2 million Drell -Yan
and 20 million muon-enriched minimum-bias events
were produced and processed through a full GEANT
based detector simulation, and they passed through
the standard CMS reconstruction program.

3 J/u trigger selection

The J /1 trigger is described in Ref. [17]. It con-
sists of a Level-1 trigger (L1), based on the muon
chamber information, followed by a High Level Trig-
ger (HLT) step, that confirms the L1 and refines the
reconstruction adding the silicon tracker information.
The L1 is based on the request of two muons each with
p >3 GeV/c as measured in the muon stations, while
the HLT step recomputes the ph with better preci-
sion, requiring it to be larger than 3 GeV/c and that
the invariant mass of the reconstructed muon pair lies
between 2.8 and 3.4 GeV/c?. The trigger rates after
the full trigger chain (L1 followed by the HLT) at an
instantaneous luminosity of 10%? ecm=2-s7!
in Table 1, together with the number of events NV ex-

are shown
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pected to be triggered in a sample with an integrated
luminosity of 3 pb™'.

Table 1. The combined L1+HLT J/1 trigger
rates at an instantaneous luminosity of 1032
2.57! and the number of expected events

cm
Nin 3 pb~ %
trigger rate/Hz N
prompt J/{ 1.92 58 K
B-decay J/¥ 0.85 26 K
QCD background 0.40 12 K

4 Muon and J/ reconstruction

Muon reconstruction is described in detail in
Ref. [18]. Reconstruction makes use of the muon
chambers and the silicon tracker by first finding a seg-
ment in the muon stations, which is then matched to
a compatible track in the silicon tracker. A combined
fit of the muon segment and silicon tracks trajectory
yields the final reconstructed muon track. The n-
coverage for muon reconstruction in the CMS detec-
tor is |n*| < 2.4. The muon reconstruction efficiency,
defined as the ratio between the number of recon-
structed muons and the number of generated muons,
depends on ph and n*, and also takes into account
the detector acceptance. For |n*| > 1.4 the muon re-
construction efficiency is about 85% for muons with
py > 3 GeV/e. For |n*| < 1.4 the reconstruction
efficiency drops dramatically for ph < 7 GeV/c due
to the ionization energy losses in the material be-
fore reaching the muon stations. The maximum ef-
ficiency, which is much more than 90%, is reached
for pi > 7 GeV/c, for all n*, except for a few inter-
detector boundaries. The momentum resolution of
the muons is at the percent level. Among the re-
constructed muons that survive our selection criteria,
only a very small fraction (around 0.3%) is due to the
decays of pions or kaons. Indeed, most of these muons
fail to pass the pl cut or are rejected in the matching
step between the track in the muon chambers and the
track in the silicon layers.

J/¥ candidates are reconstructed by pairing
muons with at least 3 GeV/c transverse momentum
and opposite charge. The invariant mass of the muon
pair is required to be between 2.8 and 3.4 GeV/c?.
The two muons are required to come from a common
vertex, which is determined by the point of their clos-
est approach in space. Since the dimuon mass resolu-
tion depends on the pseudorapidity (~17 MeV/c? at
n=0 and ~40 MeV/c? at |n| =2.4), we used a dou-
ble Gaussian to fit the simulated J/1 signal. For the
background continuum we used a linear function but

the results remain the same if we use an exponential.
The dimuon mass spectrum including the background
and signal is given in Fig. 1. The level of the Drell-
Yan background in the same mass window, is com-
puted to be less than a percent with respect to the
other background sources, and hence neglected from
now on. In our event sample, the muon pairs where
both muons come from pion or kaon decays should
occur at a rate around 10% of the “muon enriched
QCD background” we have considered; it is taken
into account as a systematic uncertainty.
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Fig. 1. Dimuon invariant mass distribution
normalized to 3 pb~! in the logarithmic scale.
The light grey, black and dark grey areas
are the prompt, non-prompt and QCD back-
ground contributions, respectively.
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The resulting number of fitted events for the sig-
nal, divided by the total number of generated events,
defines the signal reconstruction efficiency convoluted
with acceptance, which depends on pi/*, n*/¥ and
the J/1{ polarization. The reconstruction efficiency
is given in Fig. 2, as a function of pJT/w, for J/1 pro-
duced with |’/*| < 2.4. This efficiency takes into ac-
count the finite acceptance of the detector and thus
the plateaus in Fig. 2 are significantly lower than the

intrinsic efficiency for high pr muons of about 95%—
99%!"%.

5 Measurement of prompt and non-
prompt J/1 cross sections

5.1 Inclusive measurement

The inclusive pJT/ ¥ differential cross section mea-
surement, covering the region |’/*| <2.4, is based on
the following expression:

do _
) B ) =
Ny | W
JLdt <A )eerr

. )\corr . APT

trigger reco

where

e NJ}, is the number of reconstructed J/{ in a
given pr bin resulting from the mass spectrum
fit, as explained in Section 4.

e Apq is the size of the pr bin.
) JLdt is the integrated luminosity.

e A is the total efficiency for triggering and re-
constructing the J/1 events, as extracted from
Monte Carlo simulation, taking also into ac-
count the finite acceptance of the detector. This
is shown in Fig. 2 as a function of p}/*. As men-
tioned earlier, the value for the polarization in
the Monte Carlo was set to zero, and the de-
pendence of the acceptance on the polarization
is treated as systematic effect.

® \hger and AL are the correction factors to
the trigger and offline efficiencies, respectively,
determined by comparing the measured distri-
butions with those simulated by Monte Carlo.
We will make use of the so-called “tag and
probe” methods to determine all corrections™.
In this method one reconstructs a known reso-
nance (for instance a Y) decaying into a muon

pair, in single muon triggered events. As an

example, in order to check the muon tracking
reconstruction efficiency one fully reconstructs
only one muon (the tag) while the other one
(the probe) is only required to be reconstructed
with the muon chambers. The pair is required
to have an invariant mass compatible with the
resonance. By checking how many times the
probe is reconstructed in the tracker one deter-
mines the tracking efficiency. This method can
be applied to any reconstruction variable both
in data and in Monte Carlo simulations, thus
determining the A correction factors.

5.2 Measurement of the J/1{ feed-down frac-
tion from B decays

For each J/{ candidate, we computed ¢,, = L, -
myy/ p%/ ¥ where L., is the distance in the transverse
plane between the vertex of the two muons (as defined
in Section 4) and the primary vertex of the event, and
myyy is the J/1 mass.

To determine the fraction fg of J/’s from B-
hadron decays, we performed an unbinned maximum-
likelihood fit to the data. In analogy with the method
used in Ref. [8], the dimuon mass spectrum and the
4., distribution were simultaneously fitted by a log-
likelihood function L:

N
1DL221DF(61y7 mpp)v (2)

i=1
where N is the total number of events and m,,, is the
invariant mass of the muon pair. The expression for
F(l,,,my,) is given by:

F(Kryvmuu) = fSig X FSig(gxy) X MSig(muu) +

(1 - fSig) X FBkg(gry) X MBkg(muu)v
3)

where

o fsip is the fraction of events attributed to J/y
sources coming from both the prompt and non-
prompt components,

o Fyi.(lyy,) and Fpy.(¢,,) are the functional forms
describing the ¢, distribution for the signal and
background, respectively. The signal part is
given by a sum of the prompt and non-prompt
components:

Fuig(lay) = fo X F(lay)+(1=f5) X Fp(Lay), (4)

where fg is the fraction of J/1 from the B-
hadron decays, and F,({,,) and Fy({,,) are
the /., distributions for the prompt and non-
prompt J/\’s respectively. F,(¢,,) is described
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by a resolution function that is taken from the
Monte Carlo reconstructed events, but that can
be determined from the p-p collision data, once
available. The /., shape of the non-prompt
component of Eq. (4) is given by the convo-
lution of the same resolution function with the
true £, distribution of the J/\’s from B-decays

coming from the Monte Carlo simulation.

With regard to the background /., distribu-
tion, Fpig(ley), we used the functional form
that CDF employed in their analysis!®.

o Msig(my,) and Mgy, (my,,) are the functional
forms describing the invariant dimuon mass dis-
tributions for the signal and background, re-
spectively.

We divided the event sample in 15 pJ/* bins (of at

least 2000 reconstructed events each) and performed
the unbinned likelihood fit in each of them. Fig. 3

shows an example of the fit results in the region of
9 <py/P < 10 GeV/e.

CMS preliminary

e combined data
total fit
s b primpt J/y
E b—Jhy
I | non-J/y background

~ 10° &
£ E
(o} -
“- o
8 C
< L
e
210 |
5 E
5 r

10" &

10° 3l i

—0.2 —0.1 0 0.1 0.2 0.3
fyy/om
Fig. 3. Distribution of ¢;, and the likelihood fit

result in the range of 9 <pr <10 GeV/c.

6 Effects due to residual misalign-
ments

The alignment of the tracking detectors will be
pursued with data, with increasing precision follow-
ing the rise of the integrated luminosity. In order to
understand any possible bias and degradations in the
mass fit and in disentangling the prompt and non-
prompt components due to residual misalignments,
we have re-reconstructed the same samples in dif-
ferent misalignment scenarios!™®, that represent the

assumed precision of the alignment after some inte-
grated luminosity. The effect of misalignment on the
J /1 mass resolution is shown in Table 2. The worse
tracking performance will influence the ¢,, distribu-
tion.

Figure 4 shows the ¢,, distributions of both the
prompt and B-decay J/1{ for perfect alignment and
the alignment expected with 10 pb~! of data. The
unbinned likelihood fit to obtain the fraction of J/1
from the B-hadron decays was repeated with the
10 pb~! misalignment sample. The relative difference
between the fitted B-hadron fractions for the two mis-
alignment scenarios is about 4%, averaged over the
full pJ/* range.

Table 2. J/1{ mass resolution in different mis-
alignment scenarios.

10 pb~1 100 pb~!  ideal
J /1 mass resolution/(MeV/c?) 34.2 30.5 29.5
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Fig. 4. The /., distribution for the prompt
and non-prompt J/1 for different misalign-
ment scenarios. The non-prompt J/1{ expo-
nential tail is clearly visible and is almost in-
sensitive to misalignment.

7 Systematic uncertainties

A full estimation of all systematic uncertainties is
only possible when the actual collision data are avail-
able. For example, the tag and probe methods will
be used to assess the systematic uncertainties on the
reconstruction and trigger efficiencies coming from a
non-perfect detector Monte Carlo simulation. The
dedicated study groups will assess this uncertainty for
CMS. Extrapolating from the CDF measurement!®
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it is expected to be around 5%. The uncertainties in
luminosity and momentum scale will also be evalu-
ated by the dedicated study groups and are expected
to be 10% and 1%, respectively. The most important
contributions to the systematic uncertainties are sum-
marized in Table 3. The effects of these systematic
uncertainties were evaluated in each pJT/ ¥ bin.

The uncertainties due to the J/1 invariant mass
fit affect the number of J/1 events and were esti-
mated by comparing a double Gaussian with a sin-
gle Gaussian fit in three different n’/¥ regions for
each pJT/ ¥ bin. The uncertainty from the J/ po-
larization affects the acceptance (see Fig. 2) and was
taken into account by shifting the polarization mea-

Table 3.
All the uncertainties are pJT/ hd

sured by CDF" (for prompt J/1’s) and BaBar!*
(for non-prompt J/{) by +30, a conservative but
justified shift given the inconsistencies between the
CDF Run 1 and Run 2 measurements. Uncertain-
ties arising from the B-hadron lifetime model were
estimated by varying the shape of the non-prompt
J/ £, distribution in Fg(4,,) in the unbinned max-
imum likelihood fit (see Eq. (4)) and comparing the
results. Uncertainties in the resolution function for
prompt and non-prompt J/1’s in Eq. (4) were taken
into account by varying its shape in the likelihood fit.
Uncertainties from the background description and
normalisation, resulting for example from the level of
the background due to two muons from pion or kaon

Summary of systematic uncertainties in the J/1{ cross section measurement using CMS early data.
dependent, except for the uncertainty from luminosity. The total uncertainty

is about 13% in the region pfr/“b >20 GeV/c and around 19% in the lowest pfr/“b bin, 5—6 GeV/ec.

parameter affected source Ao /o
luminosity luminosity ~10%
number of J/{ J /b mass fit 1.0%—6.3%

number of J/{ momentum scale ~1%
total efficiency J/¥ polarization 1.8%—7.0%
total efficiency J/¥ pr binning 0.1%—10%
total efficiency MC statistics 0.5%—1.7%
Areconstruction non-perfect detector simulation ~ 5%
Atrigger non-perfect detector simulation ~5%
B fraction £y resolution model 0—1.9%
B fraction B-hadron lifetime model 0.01%—0.05%
B fraction background 0.1%—3.0%
B fraction misalignment 0.7%—3.5%

total systematic uncertainty 13%—19%

Table 4. The prompt and B-decay J/1 differential cross sections as a function of pi

3/

with statistical and

systematic uncertainties. The cross section in each pJT/ ¥ bin is integrated over the n’/¥ range |7]J/ V| <24,
The Monte Carlo input values are listed in the last 2 columns.

MC fitted do/dpt - Br/(nb/GeV/c)

MC input do/dpt - Br/(nb/GeV/c)

p%/lp/(GcV/c) prompt J /P B-decay J/¢ prompt J/{ B-decay J/{
5-6 216415(stat)+£42(syst) 52.643.6(stat)+10.1(syst) 217 50.6
6-7 1294+4+18 31.14+1.04+4.3 128 32.9
7-8 73.84+1.6+£10.2 22.940.543.2 73.6 23.8
8-9 44.140.84+6.0 15.6£0.3£2.1 43.8 16.4
9-10 26.940.5+3.8 11.3£0.2£1.6 27.1 11.5
10-11 16.6+£0.3+2.2 7.884+0.141+1.06 16.7 8.09
11-12 11.0+0.2+£1.4 5.57+£0.10£0.71 10.9 5.88
12-13 6.984+0.1440.94 4.1540.0840.56 7.03 4.23
13-14 4.8040.1040.63 2.87+0.06+0.38 4.76 2.98
14-15 3.3940.084+0.46 2.15+0.05+0.29 3.35 2.23
15-17 2.04+0.04+0.30 1.4440.034+0.21 2.03 1.48

17-20 0.944+0.0194+0.133 0.7424+0.0154+0.105 0.934 0.765
20-24 0.379+0.0104+0.055 0.320+0.008+0.046 0.377 0.325
24-30 0.1314+0.0044+0.019 0.12240.0044+0.017 0.128 0.125
30-40 0.03484+0.0015+0.0052 0.0346+0.001540.0051 0.0333 0.0356




No. 8

YANG Zong-Chang et al: Feasibility study of a J/{ cross section measurement with early CMS data 615

decays, were taken into account by varying the back-
ground level conservatively by 50%. Uncertainties
from misalignment in early data were assessed by
comparing different misalignment scenarios.

8 Results and prospects

Table 4 displays the values of the J/1 differential |

CMS preliminary

cross section with systematic and statistical uncer-
tainties. Fig. 5 displays the inclusive (left) and
prompt (right) J/{ differential cross sections, with
combined systematic and statistical uncertainties,
corresponding to an integrated luminosity of 3 pb~?.
Fig. 6 shows the result of the fits to the fraction of
J/’s from B-hadron decay in each bin of pi/*.
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The inclusive (left) and prompt (right) J/1 differential cross section, do/dpr - Br(J/{ — putu™), as

a function of pJT/ ‘1’, integrated over the pseudorapidity range |7]J/ Y| < 2.4, corresponding to an integrated

luminosity of 3 pb~* based on the Monte Carlo data.
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Fig. 6. The fitted fraction of J/i’s from B-

hadron decays, as a function of pi]r/ ll’, inte-
grated over the pseudorapidity range |77J/ V<
2.4, corresponding to an integrated luminosity
of 3 pb~! based on the Monte Carlo data.

The measurement of the differential J/1 cross

| section is shown to be feasible already for an inte-

grated luminosity of 3 pb™'. The low background
level and the excellent performance of the reconstruc-
tion permit us to measure the inclusive p%/ Y differen-
tial J/{p — ptu~ production cross section, and deter-
mine the fraction of J/{ produced by the B-hadron
decays, in the p:]r/ ¥ range between 5 and 40 GeV/c.
The precision of the result is limited by systematic
uncertainties, and is around 15%. Given the rather
low integrated luminosity considered here, these re-
sults are less precise than those published by CDF!®- #
in the p}/* range common to both measurements, but
CMS will probe the cross section beyond 20 GeV/c
for the first time, as well as at a higher center of mass
energy. Some of the systematics will, of course, bene-
fit from the larger data set that will be collected with
higher integrated luminosities. The uncertainties in
the background level will be checked in data directly,
by studying the same-sign muon pairs. They will be
used to check the agreement between the data and
the Monte Carlo simulation, in terms of yield and
shape of the background distributions. The tag and
probe methods will also be more accurate, since the
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invariant mass fit will be feasible in different 1?/% re-
gions, where the momentum resolution is expected to
differ noticeably. Therefore, after a few months of
LHC operation, the measurement presented in this
note should be feasible with significantly improved
precision.

9 Conclusion

In this paper, by using the Monte Carlo data we
have described the feasibility study for measuring the
J /¥ production cross section in the di-muon channel
with 3 pb~* of data to be collected by the CMS detec-
tor. We have shown how to measure the inclusive J /1
cross section, as well as the prompt and non-prompt
components separately, by making use of the large
B-hadron lifetime. The most important uncertainties
affecting the measurement are systematic. With the
precision reported here, we should be able to probe
the different charmonium production models with the
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first LHC data.

The measurement of the J/{ production cross
section is only the first step to understand the mech-
anisms of J/1{ hadro-production. In particular, with
more data we will be able to directly measure the
prompt J /1 polarization.
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