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Measurement of thebb Cross Section in800 GeV /¢ Proton-Silicon Interactions
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The cross section fobbh production in800 GeV/c pN interactions has been measured in Fermilab
experiment E771 to bd3’{/(stad”7(sysh nb per nucleon from the observation of events in which
both theb and theb decay semimuonically or & decays into a//¢ followed by J/¢ — u* ™.

[S0031-9007(98)07987-3]

PACS numbers: 13.85.Ni, 13.85.Qk, 13.20.He, 25.40.Ve

The measurement of the production cross sections dbr (5x, 5y and twou,v planes oriented at=45° with
mesons containing beauty quarks by pions [1] and protonsespect to the horizontal) was positioned downstream of
[2] at fixed target energies is important because the prothe target for measurement of primary and secondary ver-
duction mechanisms of heavy quarks in this energy rangtices. Additionalx andy silicon planes were placed up-
are sensitive to the quark and gluon distributions of thestream of the target to count the incoming protons and
nucleons. Prediction of theb cross section at these en- measure their trajectories. A multiwire proportional and
ergies is a challenge for perturbative QCD [3]. Moreoverdrift chamber system and a dipole analysis magnet, which
the presence of additional nucleons in the target nucleusnparted a transverse momentum kick 0821 GeV/c,
causes nonperturbative QCD modifications of heavy quarkvere used to determine charged particle trajectories and
production. Finally, the measurement bb production momenta. The remaining element of the spectrometer re-
cross sections in this energy range provides essential infoguired for this experiment was a muon detector that con-
mation for the design of future experiments [4]. The E771sisted of three planes of resistive plate counters (RPC's) [6]
spectrometer [5] was operated for one month of data takingnbedded in a steel and concrete shield. The muon shield
in which events were collected where both thandb de-  presented 6 GeV (10 GeV in the region near the beam)
cayed with the emission of a single muon (“semimuonicof energy loss for incident muons. The spectrometer had
decay”), or where aB — J/i + X decay followed by acceptance for muons from the direct decayBahesons
J/¥ — utu~ took place. TheB00 GeV/c pN — bb  with —0.25 =< xp = 0.50.
cross section has been determined using these data. An integrated luminosity of (1.48 = 0.04) X

The E771 target consisted of twelve 2 mm Si foils10°° cm™2, corresponding to (1.23 = 0.03) x 103
spaced by 4 mm. A 12 plane silicon microvertex detecprotons on target, was accumulated during data taking.
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The average proton beam intensity was approximatelyecessary to eliminate events in which an interaction of
3.5 X 107 protons per second during a 23 sec spill anda secondary or the interaction of a second beam track
the average interaction rate was approximately 1.9 MHzconfused the reconstruction of a primary vertex.

A dimuon trigger [7] in which a muon was identified as a The acceptances and efficiencies for trigger, reconstruc-
triple coincidence of pad signals in the three RPC planesion, and the physics cuts for the final setif — uu

was used to collect the data. The dimuon trigger rate wasandidates were determined usipgrHIA [8], the Lund

240 Hz, due mostly tar /K — u decays. Approximately Monte Carlo generator for hadronic processes. Ahe—

1.27 X 108 dimuon triggers were recorded during the run. wu events (including neutraB mixing) were generated

searched for in the//¢y — u* u~ data sample.

Events containingB — J/¢ + X — uu have been with defaultPyTHIA branching ratios and passed through
The aGeaNT [9] simulation of the E771 spectrometer and the

bb — uu double semimuonic decays have been lookedlimuon trigger, which included wire chamber and mi-

for in the events containing continuum muon pairs. Sincecrovertex plane measured efficiencies.

the largest beauty statistics were obtained usingthe-
up decays in the continuum dimuon events, the analysisual dimuon triggers in which the hits belonging to the
of these data is discussed in detail below.

Two methods have been used to determinestheross

The muon hits
from these simulated decays were then overlaid with ac-

reconstructed muon track candidates had been removed.
These “overlaid” events were subjected to the same re-

section usinggb — uu decays. Method | used a set of construction process and physics cuts that were applied to
physics cuts to isolate a sample of candidate— wu T
double semimuonic decay events and minimize othetimes efficiency fobb — wu events passing through this

dimuon backgrounds.

The backgrounds to the —

the dimuon data. The branching ratio times acceptance

process wag.74 x 1075,

wp sample were estimated from Monte Carlo and data The backgrounds to the six candiddt& events come
studies. The sequence of cuts imposed onlthe X 108
dimuon triggers to isolate theb — wu decays are given hadrons decay semimuonically, (2) oppositely charged
in Table | together with numbers of events surviving atdimuons from Drell-Yan production, or (3) mismeasured

each stage. As a final step, physicists visually inspected/s — u* ™ decays.

from three sources: (1) Charm events in which both charm

To determine the level of the

all surviving events using a computer generated eventharm backgroundpyTHIA was used to generate3 X
display which showed hits in the vertex dectector asl0® events in which bothD’s were required to decay
well as the reconstructed tracks. One same sign and fiveemimuonically. These events were subjected to the same
opposite sign dimuon events survived these requirementprocedure as the double semimuoBialecays described
The rationale for the muop,, and impact parameter cuts above. Using the number of double semimuonic charm
was to eliminater /K — w and to reduce the charm
backgrounds. Thé7,, mass cut was made to eliminate section of38 wb [10] and the integrated luminosity, the
theJ/¢ — u™ u~ background to the opposite sigh —
pnp decays. The visual inspection by a physicist wago be0.95 = 0.26 events.

TABLE I. Method | muon criteria forbb — uu double
semimuonic decays.
No. of
Requirement/cut events

1. Muon track candidate reconstruction with

leading muonp, = 1.5 GeV/c,

M,, = 1.0 GeV/c2. 4.3 X 10°
2. Full track reconstruction with very tight track

quality criteria plus primary vertex with

X%, = 30 within 30, of a Si target foil. 3.0 X 10°
3. Leading muon momentum 15 GeV/c,

M,, =20 GeV/c2. 2.0 X 10*
4. Leading muon impact parameter (ip)

Jd2 + d2 = 100, 421
5. Leading muon hit multiplicity requirement on

spectrometer and vertex detectors. 96
6. M,, =29 GeV/c* orM,, =33 GeV/c’. 69
7. Second muomp,; = 1.0 GeV/c. 20
8. Leading muonx impact parameters: 3oy, 8
9. Require primary vertex to pass a visual

inspection by physicist. 6
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decays surviving the full procedure BD inclusive cross
charm background to the s& candidates was estimated

The Drell-Yan dimuon background events were gener-
ated with the double differential distributiell o /dxpdm
measured ir800 GeV/c pN interactions [11], then passed
through aGeanT simulation of the spectrometer, which
included wire chamber efficiencies, and finally inserted
into real dimuon events. The resulting events were sub-
jected to trigger, reconstruction, and physics cuts as dis-
cussed above. After this process, a Drell-Yan background
of 0.15 = 0.20 dimuons remained to the siB double
semimuonic decay candidates.

The background due to mismeasurédy — u™ u™
decays was estimated by using fits to tha) peak in
the mass regio.90 < M, < 3.3 GeV/c? to determine
the leakage out of the region into the adjacent mass
bins. The fraction of the/ /¢ events falling outside the
mass cut and contaminating the opposite gign— uu
sample is estimated in this way to lg¢ = 1) X 1073,
Applying the double semimuonic decay cuts gy —
utu~ data and using the “spillage” fraction, 040.03
opposite sign background events are estimated to be due
to mismeasured /¢y — ut .

All background events in the three categories that sur-
vived thebb — uu selection procedure were subjected



VOLUME 82, NUMBER 1 PHYSICAL REVIEW LETTERS 4 ANuARY 1999

to the same inspection by physicists that was applied tevents selected to be enrichedih — uu. The cuts
the data. All background events survived the inspectionthat were used to select the 158 event sample were the
The final result of this procedure was an estimated backsame as requirements 1—4 and 6 of Table | except that the
ground of1.21 £ 0.33 events from all sources to the dou- second muon was also subjected to the impact parameter
ble B semimuonic event sample. After the subtractioncut of requirement 4, in order to make the muon criteria
of this estimated background, a cross section per nucleaimilar for both muons. Figure 1 shows the variation of
of o(pN — bb) = 42%3] nb has been obtained fétb  L(b,c,d, o) as a function ofhb cross section (as derived
production in800 GeV/c¢ pN interactions, assuming an from b, the number obb — uu events in the data sample
atomic weight dependence af. from the likelihood fit) whene, d, ando are set to the
Method | does not allow for the ambiguities that arise be-values that maximizd. at a givenb. At the point of
tween background events ahél — uu candidate events maximum likelihood,b, ¢, d, ando equal approximately
selected by a given set of cuts. No matter how selectivd5, 26, 0.28, and 117 events, respectively, resulting in
the cuts are, some features of the selected events overlapbb cross section of45'%(stad, consistent with the
the background. In addition, the severity of the cuts thatesult of method I. Figure 1 also shows the result of
must be imposed lowers the statistical significance of tha similar likelihood study o8 — J/# — u™ u~ where
data. Forthese two reasons, a second method has been ahe data set was chosen to selecthes J/ — u™u~
ployed to extract the beauty cross section. In method Il @ecays. Since the analysis of tie— J/¢ — u ™
likelihood fit has been performed using a likelihood func-mode yielded substantially few®revents than the double
tion which depends on the muon kinematic distributionssemimuonic analysis, the — J /4 likelihood distribution
for B and charm semimuonic decays and Drell-Yan procesis considerably broader than thé — uu distribution as
muons generated usiryTHIA. This likelihood function shown in Fig. 1. The two independent likelihoods have

for a sample ofV events can be written as been combined in a single likelihood fit. This resulted in
(b + ¢+ d+ o)Ne bretdro) abb cross sectiqn o43i1;_(stab nb. ' .
L(b,c,d,o) =[ ‘ } The systematic error in théb cross section arises
N! from the uncertainties in beam flux, in acceptances due

b+c+d+o branching ratio, and in microvertex detector efficiencies,
all of which apply equally to methods | and Il. In
where b is the number of théh — pu events in this addition, since method | depends on the subtraction of
sample, and, 4, ando refer, respectively, to the number of background, the error in th® cross section and in the
charm, Drell-Yan, and “other” backgrounds (mainly resid-D — w branching ratio will contribute an additional error
ual 7/K — u decays). The other background distribu-to method I. Since method Il depends on the shapes of
tions were determined from the same sign dimuon eventthe Monte Carlo distributions which are model dependent,
in the data. The first factor ik(b, c,d, 0) incorporates an extra systematic error in method Il is due to the
the fluctuations due to Poisson statistics of various comuncertainty in these distributions. Various studies give
ponents and describes the probability of gettMgvents
in general. The second factor is the product of probability
functions, P;, describing the expected distributions of the 12

" {lﬁ[(be + ¢P, + dPy + oP(,):| to different B and D production models, in thé —

i=1

B decays and the backgrounds in dimuon mass, dimuon L B—Jy—> pp
opening angle, the, and p, of the leading muon, and the L /

x andy impact parameters of both muons. TRedistri- -

butions of theB decays and charm and Drell-Yan back- L A

grounds have been generated using the same techniques as o %% [ Combined

were used in determination of the efficiencies of method I~ & i Seg‘lig‘;‘f“?ic

as described above, i.e., all Monte Carlo events were sub- = 6 [ data sets

jected to the dimuon acceptances and trigger requirements, ﬁ r

inserted into real dimuon triggers, required to undergo the -

track reconstruction process, and, finally, required to pass “r bb —> uyt

some of the same physics cuts as were used in method I. C semimuonic

The likelihood technique has been successfully tested by 02 - decays

generating events according to the probability distributions i

P with a wide range ob, c, d, ando parameters and then o ol L L
subsequently analyzing them usib@, ¢, d, o). The tech- 0 1020 30 40 50 60 70 80 90 100
nique has also been tested by inserting a known number of o (bb) nb

B events into a sample of the dimuon triggers. FIG. 1. Likelihood fits for thebb cross section usingb —

L(b,c,d,0) has been maximized as a function Bf ., double semimuonic and3 — J/ — u*u~ candidate
¢, d, and o for a sample of 158 opposite sign dimuon events.
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(1]
FIG. 2. The bb cross section from the E77bb — uu
double semimuonic decay artd— J/¢ data as compared to
other experiments and to the latest QCD calculations by Nason
et al.[12]. The dashed (solid) curves represent the theoretical
uncertainty inmN(pN) bb cross section due to the uncertainty
in a;.

2]

the following systematic errors in thieb cross section:
(1) 10% geometric and trigger acceptance uncertainties
due to production model uncertainties, (2) 5% due to
beam flux uncertainty, (3) 9% due to microvertex detector
efficiency error, (4) 7% due to uncertainty in the overall
acceptance times efficiency férb — wu, and (5) 7%
due to the uncertainty in the — u branching ratio. The
extra systematic error in method | due to the combination
of a 25% uncertainty in the charm cross section and
a 30% uncertainty in theB(D — u) is 5.7%. The
extra systematic error in method Il due to variations
in the shapes of the Monte Carlo distributions is 7.7%.

[7]

section for the method Il likelihood approach together
with the other measurements ofN and pN bb cross
sections at similar energies. We also show in Fig. 2 the
most recent next-to-leading-order QCD calculations [12]
where the variations of the predictions fpiv and 7N
cross sections are due to the uncertaintyrin We find

the 800 GeV/c pN — bb cross section obtained using
pSi interactions differs by 2.3 from the 800 GeV/c

pN — bb cross section [2] obtained usingAu data.
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