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Abstract. The bb̄ production cross section has been measured in collisions of 920 GeV protons off a nuclei target using the
HERA–B detector. The identification of bb̄ events was done via inclusive bottom quark decays into J/ψ by exploiting the
longitudinal separation of the J/ψ → l+l− decay vertices from the primary proton nucleus interaction, where both the µ+µ−

and the e+e− decay channels have been reconstructed. The first measurement, using data collected during a short period in
2000, yields a cross section in the combined analysis of σ(bb̄) = 32+14

−12(stat)+6
−7(sys) nb/nucleon. On the most recent data

samples taken in 2002/3, a much more accurate measurement with the uncertainties reduced to 10% is expected.

INTRODUCTION

Despite the good theoretical description of open charm
and charmonium production in various experimental en-
vironments, the open beauty production description is
still not satisfactory at least for higher center of mass en-
ergies. While the behavior of differential cross sections
as a function of kinematical variables is usually repro-
duced quite well, the absolute values are still in disagree-
ment by a factor of 2 to 7 [1]. This has been observed
by several experiments: in γγ reactions at LEP (OPAL
[2] and L3 [3]), in pp̄ interactions at CDF [4], and in
ep scattering at HERA (H1 [5, 6] and ZEUS [7]). Al-
though new calculations for CDF of the theoretical cross
section [8] reduced the discrepancy, the theoretical pre-
dictions contain still large uncertainties and the measured
cross sections and QCD NLO expectations are not yet in
good agreement [9]. This emphasizes the need of precise
measurement of the bb̄ production cross sections as an
important input to perturbative QCD calculations.

For the measurement of σ(bb̄) in the kinematical re-
gion of

√
s ≈ 40 GeV the recent situation is not satisfac-

tory. Only two experimental measurements exist for this
region those of the E789 [10] and E771 [11] collabora-
tions (see. Tab. 1). Their results show large uncertainties
and poor compatibility. A new accurate measurement is
therefore highly desirable and would be a sensitive test
for QCD predictions.

THE HERA–B EXPERIMENT

The HERA–B [12, 13] experiment (Fig. 1) has been de-
signed to identify B–mesons decays in a dense hadronic

TABLE 1. Other σ(bb̄) Measurements

Exp. Ep
[GeV]

σ(J/ψ)
[nb/nucleon]

channel

E789 800 5.7±1.5±1.3 b → J/ψ(µ+µ−)X
E771 800 43 +27

−17 ±7 µ(s.l.) / b(b̄) dec.

Theory prediction: 9 ≤ σ(bb̄) ≤ 55 nb/nucleon

environment with a large geometrical coverage. The B
mesons are produced by interaction of the proton in the
halo of the 920 GeV HERA beam with different target
wires, which can be used individually or simultaneously.
Since there are various target materials available, the A–
dependence of heavy quark production can be measured.
The events from different wires can be separated easily
by applying accurate spatial separation cuts.

The bb̄ production cross section σ A
bb̄ on a nucleus of

atomic number A is obtained from the inclusive reaction

pA → bb̄X with bb̄ → J/ψX ′ → (e+e−/µ+µ−)X ′ (1)

The b–hadron decays into a J/ψ are distinguished from
the large prompt J/ψ background by exploiting the long
b lifetime in a detached vertex analysis. HERA–B is able
to reconstruct the J/ψ either in the µ+µ−X or in the
e+e−X decay channel. The availability of both channels
is important to increase the statistics and to cross check
the results.

In the data taking period of 2002/03 starting in Oc-
tober 2002 HERA–B was routinely running and able to
collect 164 · 106 events triggered by a dilepton J/ψ–
trigger. The data were taken using a trigger configura-
tion, selecting the events by the requirement of two pre-
trigger (PT) seeds originating either from the muon pre-
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FIGURE 1. HERA–B is a fixed target spectrometer at the
HERA proton beam at Ep = 920 GeV

trigger or the pretrigger of the electromagnetic calorime-
ter (ECAL). The PT information was then used as seeds
for the first level trigger (FLT), where a single track can-
didate was searched. The PT and FLT information was
finally passed to the second level trigger (SLT) where
the FLT track had to be confirmed and combined with a
second track. On the SLT in addition a vertex constraint
was applied. Using this trigger configuration, HERA-B
was able to collect up to 1400 fully reconstructed J/ψ’s
per hour. With the achieved event yield and an interac-
tion rate of 5 MHz we collected about 300.000 J/ψ’s
approximately equally distributed to both decay chan-
nels J/ψ → e+e− and J/ψ → µ+µ−. Furthermore, for
other charmonium states a quite large statistics could be
achieved: N(χc)≈ 20000, N(ψ ′)≈ 5000. In the B–sector
the number of candidates was increased by more than
an order of magnitude with respect to the year 2000:
N(b → J/ψX)≈ 180, N(ϒ(1S)) ≈ 60.

MEASUREMENT

In order to minimize the systematic errors and to remove
the dependence on the absolute luminosity determina-
tion, the σ(bb̄) cross section is measured relative to the
known prompt J/ψ cross section σ A

J/ψ [14, 15]. Within
the HERA–B acceptance, the first fixed–target experi-
ment covering the negative x f region (xF ∈ [−0.35,0.15],
xF =

pcms
L

(pcms
L )max

), the cross section can be written as as:

∆σbb̄ = ∆σr ·
nB

nP
· 1

εR · ε∆z
B ·BR(bb̄ → J/ψX)

(2)

where nB/nP are the observed b and prompt J/ψ events,
εR the relative efficiency (εR = εJ/ψ

B /ε tot
P , ε tot

B = εJ/ψ
B ·

ε∆z
B ) of B– to prompt J/ψ–efficiency ratio (trigger +

reconstruction + selection), BR(bb̄ → J/ψ) = (2.32±
0.20)% is the branching ratio measured at LEP [16], ∆σr

TABLE 2. Reference J/ψ–prompt cross sections of other
experiments.

Exp. Target Ep
[GeV]

σ(J/ψ)
[nb/nucleon]

α

E789 Au 800 442±2±88 0.9±0.02
E771 Si 800 375±4±30 0.92±0.008

is the reference (prompt J/ψ) cross section re-weighted
to the HERA–B acceptance and finally ∆σbb̄ the mea-
sured cross section in HERA–B acceptance.

The reference prompt J/ψ production cross section
per nucleon σ(pN → J/ψX) was previously measured
by two fixed target experiments (E789 and E771, see
Tab. 2, [14, 15]). After correcting for the most recent
measurement of the nuclear dependence Aα using α =
0.955± 0.005 (E866, [17]) and scaling to HERA–B en-
ergies [18] a reference cross section of σ(pN → J/ψ) =
(357± 8 ± 27) nb/nucleon is obtained. Within the ac-
ceptance of HERA-B only a fraction of fP = (77±1)%
[14] of the prompt J/ψ and fB = (90.6±0.5)% of the bb̄
events can be measured. Therefore, the reference prompt
J/ψ cross section to be used writes as:

∆σr = fP · σ(pN → J/ψ) · Aα (3)

Since no nuclear suppression has been observed in D–
Meson production [19] and a similar behavior is ex-
pected in the b channel, a nuclear dependence of α = 1.0
is assumed for the bb̄ production cross section [20] in
this analysis, i.e. σ A

bb̄ = σ(pN → bb̄) ·A.

MONTE CARLO MODELS

A Monte Carlo (MC) simulation is used to determine the
efficiencies of Eq. 2 and to describe the background con-
tribution of the prompt J/ψ events to the b → J/ψX
decay channel. The simulation of heavy flavour quark
(Q) production in pA → QQ̄X interactions and the heavy
quark hadronization in the nuclear environment is done
using the PYTHIA 5.7 event generator [21]. For the re-
maining part of the process (X) as light quark production
inside the nucleus, secondary interactions and pA inelas-
tic interactions, the FRITIOF 7.02 [22] package is used.

The bb̄ events generated by PYTHIA are weighted
using a model with various contributions. First, the
generated b–quark kinematics (xF , pT ) are given by a
model by M. Mangano [23, 24] based on the most re-
cent next-to-next-to-leading-logarithmic (NNLL) MRST
parton density functions [25] with a b–quark mass of
mb = 4.75 GeV/c2 and a QCD renormalization scale of

µR =
√

m2
b + p2

T . Furthermore, the intrinsic transverse
momenta kT of the colliding partons are smeared with
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FIGURE 2. The prompt J/ψ → µ+µ− signal of the data
taken in 2000. The signal has been optimized to obtain a higher
significance Σ =

√

S/(S +B). The fit (solid line) assumes a
Gaussian in the signal region and describes the background
with an exponential.

a Gaussian distribution leading to 〈k2
T 〉 = 0.5 GeV2/c2

[26]. Finally, the b fragmentation to hadrons is described
by a Peterson function using a parameter of εpeterson =
0.006 [27].

To obtain a realistic description of the kinematical
distribution of the prompt J/ψ’s, the generated events are
re-weighted to match the known prompt J/ψ differential
cross sections measured in proton–gold collisions [14].
These results were obtained in the positive xF (x f >
−0.05) region while HERA–B has mainly access to the
negative x f region. MC studies based on the Color Octet
Model [28] of charmonium production show a symmetric
XF distribution of the prompt J/ψ decays. Therefore
the experimental parameterization of [14] was used to
extrapolate to the full xF space.

PROMPT J/ψ SELECTION

Since the number of prompt J/ψ decays nP is used as
a normalization factor of the bb̄ cross section measure-
ment, nP will be determined before applying the de-
tached vertex cuts. The selection of the J/ψ → l+l− dif-
fers between the µ– and e–channel due to the different
shapes of the background. To select the µ+µ− decays,
a dimuon vertex is required in addition to muon identi-
fication cuts in the Muon and RICH systems. The final
selection used for the analysis based on the data taken in
2000 is presented in Fig. 2. The selection of the e–events
is more difficult. Aside from the dilepton vertex two ad-
ditional identifications cuts were applied:

• Electrons are fully absorbed in the ECAL, therefore
the ratio of the cluster energy E associated with the
track and the track momenta p should be around
1. The E/p spectrum has to be compatible with

e+e− invariant mass (GeV/  2)
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FIGURE 3. The prompt J/ψ → e+e− signal of the data
taking period of 2000, with an E/p cut at 1 σ and 0 (a), 1 (b) or
2 (c) BR requirements in addition. The signal is described by a
Gaussian and the background shape by a polynomial.
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FIGURE 4. Average decay length of B–mesons at HERA–B:
DL ≈ 8 mm � σ∆z

a Gaussian distribution of mean 1.00 and width
σ ≈ 9%.

• Bremsstrahlung (BR) photons that are emitted by
electrons traveling through the layers of material be-
fore the magnet keeping the original direction of the
lepton. To purify the electron signal, a photon clus-
ter in the ECAL could be required in conjunction
with the electron.

In Fig. 3 the invariant mass distributions for the data
taken in 2000 are presented. In addition to the require-
ment that E/p is within ±3σ it shows, how the signifi-
cance of the signal improves by requiring 1 or 2 BR clus-
ters.

DETACHED ANALYSIS

To identify b–hadrons from the decay chain in Eq. 1
their decay length ∆z, defined as the distance along the
beam axis between the J/ψ decay vertex and the closest
target wire, is used (Fig. 4). Additionally, cuts on the
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FIGURE 5. The combined fit for the 2000 measurement

minimum impact parameter of both leptons are applied.
For the selection in the µ–channel in 2000 the cuts were
set for the decay length to |∆z| > 0.4 cm and |∆z| >
7.5 · σZ , where σZ is the uncertainty of the secondary
vertex position. For the impact parameter to the primary
vertex the cut was set at IP > 160 µm. In case of the e–
channel the cuts were chosen to ∆z > 0.5 cm, the minimal
distance in the z–plane, zw, of the wire to any other track
to zW > 250 µm or for the impact parameter to the wire
to IW > 200 µm.

The 2000 σ(bb̄) Measurement

To extract the number of detached J/ψ’s NB, an un-
binned likelihood fit was performed on the invariant mass
spectra of the selected detached data. The target materials
used in 2000 were mainly carbon (77%, A = 12) and tita-
nium (23%, A = 48). Overall, in the e–channel a number
of nB = 8.6+3.9

−3.2 detached J/ψ’s were found, compared
to the number of nP = 5710±380 of prompt J/ψ’s. Due
to the good knowledge of the particle identification ef-
ficiencies, no BR tag requirement was necessary and nP
was determined applying a ±3 σ cut in E/p. For the µ–
channel nB = 1.9+2.2

−1.5 and nP = 2880±60 was extracted.
To get the maximum information on the bb̄ production

cross section a combined fit to the e+e− and µ+µ− data
samples was performed (Fig. 5) delivering the final result
in the HERA–B xF range of ∆σ(bb̄) = 30+13

−11 nb/nucleon.
Extrapolating to the full xF range a value of [29]

σ(bb̄) = 32+14
−12stat+6

−7sys nb/nucleon (4)

was found. The main sources of systematic uncertain-
ties originate (for µ/e) from the reference cross sec-
tion (11%), the b production and decay model (8%), the
trigger simulation (5%) and the description of the back-
ground shape (11/20%) and fluctuations (11/23%).
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FIGURE 7. Detached Signal of 40% of the data of 2002/3 in
the e+e−–channel

New Measurement (2002/3)

The search for detached J/ψ vertices was performed
on the new data of 2002/3 on 40% of the full statistics.
Using this amount of data a number of nµ

B = 38 ± 7
(Fig. 6) detached J/ψ’s were found in the µ–channel and
ne

B = 31±9 (Fig. 7) within the e–channel. Extrapolating
these numbers to the full statistics, we expect a total
number of detached events in 2002/3 of nµ

B ≈ 95±11 and
ne

B ≈ 80±13. This corresponds to an improvement of the
statistical error from ≈ 40% (2000) to ≈ 10% (2002/3)
and a reduction of the systematic uncertainties from 24%
(33%) down to 16% (18%) for µ(e).

A first complete analysis of the bb̄ production cross
section was done on the sample shown in Fig. 8 cor-
responding to 16% of the full µ+µ− data sample of
2002/3. The selection cuts for the detached J/ψ’s were
set to |∆z|> 0.4 cm, |∆z| > 12 ·σz and IP > 160 µm. Out
of a total amount of nP = 22658± 172 prompt events a
number of nB = 11+4.4

−3.7 events within in the detached sig-
nal was extracted. Since this sample was taken using a
carbon wire, a value of ∆σC

r = (245±6±19)nb/nucleon
was calculated for the corresponding reference prompt
J/ψ cross section.

The efficiency evaluations and the detached cut op-
timizations are under evaluation. The cuts are opti-
mized by maximizing the significance function Σ =
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FIGURE 9. Comparison of the HERA–B (2000) σ(bb̄ mea-
surement value with other experiments and the theoretical pre-
dictions.

S/
√

S+BG, where S stands for signal events and BG
for the corresponding background. Using B events from
MC for the signal events, the background is described
using various models including real data samples and
MC events. Once the cuts are optimized on this subsam-
ple, they will be used in a blind analysis for the whole
data sample to avoid any biased cut selection. Prelimi-
nary evaluation provide a measurement of the production
cross section σ(bb̄) on the 2002/3 data in full agreement
with the previous result (Eq. 4).

CONCLUSIONS

The measurement using the data of 2000 shows good
agreement with QCD calculations beyond NLO [30, 31]
and the existing experimental results (Fig. 9) [10, 11, 29].
The measurement with new data (2002/3), dealing with
∼ 30 times more statistics, can be used to reduce the the-
oretical uncertainties, originating mainly from uncertain-
ties on the mass of the b–quark (mb ∈ [4.5,5.0] GeV). To
analyze the full data sample, the cut optimization will be

done on the presented 16% of the data. Afterwards, the
fixed cuts will be used for a blind analysis on the full
sample. For the whole available data sample, ∼ 95 de-
tached J/ψ’s in the µ–channel and∼ 80 in the e–channel
are expected, enabling us to improve the statistical and
systematic errors of the first measurement in 2000. From
the updated results, an input on b-quark mass and on
QCD calculations is expected. A preliminary evaluation
of the bb̄ production cross sections with reduced statis-
tics is fully compatible with the measurement of 2000.

Searches for exclusive b–decay search B± → J/ψK±,
B0 → J/ψK±π∓ and B0 → J/ψKs are in progress, as
well as searches for double semileptonic decays bb̄ →
µµX , b → µνX . These analyses will provide alternative
σbb̄ measurements and allow to cross check the inclusive
cross section measurement.
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